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Abstract. The characteristics of monocyte/macrophage
lineage are diversity and plasticity, mainly manifested
by M1 and M2 subtypes in the body tissues, and playing
different roles in the immunity. In the polarization process of
macrophages, the classic molecular mechanism is related to
sequential transcription factors. Whether in tumor or inflam-
matory local microenvironment, the pathological factors of
the local microenvironment often affect the polarization of
M1 and M2 macrophages, and participate in the occurrence
and development of these pathological processes. In recent
years, a growing number of research results demonstrated that
non-coding RNA (ncRNA) also participates in the polarization
process of macrophages, in addition to traditional cytokines
and transcriptional regulation signal pathway molecules.
Among numerous ncRNAs, microRNAs (miRNAs) have
attracted more attention from scholars both domestically and
internationally, and significant progress has been made in basic
and clinical research. Therefore, for improved understanding
of the molecular mechanism of miRNAs in macrophage
polarization and analysis of the potential value of this regula-
tory pathway in tumor and inflammatory intervention therapy,
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a comprehensive review of the progress of relevant literature
research was conducted and some viewpoints and perspectives
were proposed.
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1. Introduction

Recent studies have clearly revealed that the mono-
cyte/macrophage system exists in almost all tissues and
organs of the organism and consists of important cell types
that mediate immune response (1-3). Especially, the polar-
ization of macrophages towards M1 or M2 type has more
important pathological significance and is closely related
to the occurrence and development of diseases, such as
tumors or inflammation. Since abnormal polarization of
macrophages has important pathological value, it is crucial
to reveal the molecular mechanism of this polarization
phenomenon, as it is the molecular basis for targeted inter-
vention or reversal of abnormal polarization of macrophages
to play a therapeutic role in diseases. As for the molecular
mechanism of abnormal polarization of macrophages, most
of previous studies have mainly focused on the research of
transcriptional regulatory factors (4-6). In the recent years,
with the progress of basic research on epigenetics, it has been
observed that microRNAs (miRNAs or miRs) also play an
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important role in macrophage polarization, especially in
the local pathological processes of diseases such as tumors
and inflammation. miRNA is an endogenous non-coding
RNA (ncRNA), which regulates ~30 to 90% of genes in
life and affects the synthesis of corresponding proteins by
targeting to inhibit or promote the expression of mRNA (7).
In addition to transcription factors (TFs), previous studies
have shown that multiple miRNAs were also involved in
regulating macrophage polarization, thereby participating
in the development of inflammation and tumors (8-11). The
present review focuses on the important role of macrophage
polarization in tissue homeostasis and pathological regula-
tion, as well as the latest research progress in the relationship
between miRNAs and macrophage polarization towards M1
and M2, providing a theoretical basis for the treatment of
inflammation and tumors.

2. Biogenesis and function of miRNA

miRNA is a class of single-strand non-coding small molecule
RNA, with a length of ~18-24 nucleotides. The traditional
miRNA biogenesis supports that the primary miRNA is
generated by type II RNA polymerase in the nucleus, which
is split by the ribonuclease Drosha/DGCR8 complex to
generate precursor miRNA, and then to produce mature
miRNAs after being processed by the Dicer enzyme in the
cytoplasm (12). Usually, one of the main mechanisms by
which miRNA acts is by targeting the 3' untranslated region
of downstream genes to exert a sponge effect, which in turn
inhibits the expression level of downstream target genes,
regulates gene expression at the post-transcription level, and
thus participates in important cellular processes (7). It is
interesting that changes in the expression levels of certain
important miRNAs can often be achieved through changes in
the expression of target genes to regulate immune response
and affect immune homeostasis. A single miRNA can target
hundreds of mRNAs and affect the expression of multiple
genes (13). In addition, miRNA can also be packaged with
proteins or other RNAs (mRNA, circular RNA and long
ncRNA) to form exosomes or microbubbles and get secreted
out of cells, and subsequently taken up by receptor cells
through direct membrane fusion or endocytosis, thus regu-
lating their normal cellular activity. For example, exosome
miR-223 which is derived from stem cells, can inhibit the
expression of some pro-inflammatory cytokines by targeting
Semaphorin 3A and STAT3 in macrophages of sepsis
models (14).

It is well known that miRNA is widely present in various
tissues and involved in an important role in various biological
processes. In addition, numerous miRNAs, for example,
miR-223 and miR-142-3p were also associated to the prolif-
eration, differentiation and function of numerous kinds of
immune cells (15). Cancer could be classified as a signaling
pathway disease, which was induced by abnormal signaling
pathways (16,17); however, miRNA can regulate the down-
stream of numerous target genes, thus affecting the status of
almost all signaling pathways in cancer. On the other hand,
miRNAs can also participate in the occurrence and develop-
ment of certain inflammatory diseases, such as atherosclerosis
(AS). For example, a recent study revealed that miR-205-5p

can regulate ERBB4/AKT signaling pathway and has an
inhibitory effect on the occurrence of AS (18).

It is precisely due to the widespread involvement of
miRNA in diseases that it has become one of the targets for
tumor treatment and inflammation control, especially in the
treatment of tumors that it has demonstrated great potential.
Usually, miRNAs exhibit abnormal expression or mutations
in most malignant tumors and can function as oncogenes or
tumor suppressor genes. Therefore, miRNA-targeted therapy
has exhibited potential value for cancer treatment. At present,
miRNA-mediated clinical trials have shown a favorable effect
in cancer treatment. miRNAs or their analogues can be used
to treat cancer by regulating and restoring the expression
of cancer suppressor gene-related miRNAs, or inhibiting
proto-oncogene-related miRNAs in cancer cells (19). In
addition, the use of nanosomes to deliver miRNA and small
molecule drugs has become increasingly widespread. For
example, in the human pancreatic cancer cell line, two
miR-205 mimics were used to reduce the metastasis and inva-
sion of cancer cells (20). Therefore, a more important task is
to delve into the key miRNA types which are closely related
to diseases such as tumors, or upstream and downstream
key genes associated with miRNAs, and screen for more
significant targets or signaling pathways through in vitro and
in vivo experiments. Among them, the macrophage polariza-
tion by miRNAs has also been widely concerned by scholars
at home and abroad, and some important progress has been
made. As for the research progress of miRNA in macrophage
polarization, and as the marker for the treatment of tumors
and inflammation, the present review provided a detailed
introduction in the relevant paragraphs below.

3. Common diversity of macrophage polarization and
functions

It has been demonstrated that macrophages not only regulate
phagocytosis, exogenous antigen presentation and secre-
tion of cytokines, but also play roles in system metabolism,
hematopoiesis, angiogenesis, malignant tumors and repro-
duction (21). Macrophages have functional diversity and
high heterogeneity. The change of the local microenviron-
ment or under the action of different stimulators can obtain
different phenotypes and then exert different functions, and
this process is called polarization (Fig. 1) (22). Macrophage
polarization has a significant impact on tissue repair and
maintenance of tissue homeostasis, which were generally
divided into two phenotypes (Fig. 1). For example, one has
classically activated macrophages, namely, M1-type macro-
phages, which were usually induced by toll-like receptors
(TLR) ligands. This subset of macrophages expresses TLR2
and TLR4, CD80, CD86, inducible nitric oxide synthase
(INOS) and major histocompatibility complex II (MHCII),
and can produce a large number of cytokines to induce
further polarization of macrophages in the feedback cycle,
with high antigen presentation and expression of pro-inflam-
matory cytokines, such as IL-12, IL-23 and TNF-a, and has
antitumor effects (23-25). Another alternative is to replace
activated macrophages, namely M2 macrophages, which
express specific antigens, such as CD206, CD163, CD209,
FIZZ1 and Ym1/2. M2 macrophages can be divided into
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Figure 1. Macrophage phenotype and polarization. Macrophages are functionally diverse and highly heterogeneous and can differentiate into classically acti-
vated M1-type macrophages and alternatively activated M2-type macrophages under the action of different stimulating factors. Under the stimulation of LPS,
IFN-y, TNF-a, and other cytokines, MO macrophages can polarize into M1 macrophages with pro-inflammatory, anti-infective and antitumor effects, with
high expression of TLR2, TLR4, CD80, CD86,iNOS, and MHCII on the cell surface. M2 macrophages with high expression of CD206, CD163, CD209, FIZZ1
and Ym1/2, on the cell surface have anti-inflammatory, tissue repair and pro-tumor effects, and can be divided into M2a, M2b, M2c and M2d subgroups. IL-4
and IL-13 binding to receptors in Th2 cells induce the formation of M2a macrophages, and immunoglobulin complexes combined with TLR M2c macrophages
are induced by IL-10, TGF-p, or glucocorticoids and are associated with immune response suppression and tissue remodeling. M2d macrophages are mainly

induced by TLR and are involved in angiogenesis and tumorigenesis.

subgroups M2a, M2b, M2c and M2d. Certainly, these
different subtypes of M2 cells can exert immune regulatory
effects through different mechanisms of action (26-28).

Although recent research clearly indicates the types of
macrophage subtypes, the polarization process of macro-
phages is very complex. It has been confirmed that the local
microenvironment state of the tissue can affect the polariza-
tion state of macrophages, and this polarization between M1
and M2 is often reversible, and rapid type change occurs under
the induction of some factors, or when responding to changes
in the microenvironment (29). Thus, M1 macrophages and M2
macrophages can transform each other under different condi-
tions. If the M2 macrophage could be induced to switch to
M1 macrophage, the M1 macrophage would play an antitumor
immune role to inhibit tumor growth, which indicates that the
reversible way of polarization from M2 to M1 has potential
therapeutic value in clinical treatment of tumors.

4. TFs and signaling pathways related to macrophage
polarization

As aforementioned, the polarization of macrophages is a
process of multifactorial interaction, regulated by multiple
activating molecules and signaling pathways (Fig. 2). These
activating molecules bind to relevant receptors on the surface of
macrophages (30), activating downstream signaling pathways
and further inducing phenotype-specific gene expression (31),
and participating in macrophage polarization at the transcrip-
tional level. Multiple specific signaling molecules and TFs have
been demonstrated to activate macrophages, such as NF-«kB,
STATS:, interferon regulatory factors (IRFs), CCAAT enhancer
binding protein (C/EBP), peroxisome proliferator activated
receptor (PPAR) and Kruppel-like factors (KLFs) (32). Among
them, some are related to the M1 polarization and the others
are related to M2 polarization. For example, the NF-xB
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Figure 2. Polarization of macrophages is regulated by multiple activating molecules and signaling pathways. Multiple specific signaling molecules and tran-
scription factors have been demonstrated to activate macrophages, such as NF-xB, STATs, IRF, C/EBPs, PPARs and KLFs. Among them, NF-xB, STATI,
C/EBPa, and IRFS are related to the expression of M1 polarization-related genes, while STAT6, C/EBP-f, IRF4, PPARS and PPARY is involved in regulating
the expression of M2 polarization related genes. PPAR, peroxisome proliferator-activated receptor; KLF, Kruppel-like factor; IRF, interferon regulatory factor;

C/EBP, CCAAT enhancer binding protein.

signaling pathway was involved in host immune responses as a
pro-inflammatory signaling pathway (33), which is involved in
the regulation of macrophage polarization (34). Wu et al (35)
observed that macrophages in patients with Behcet's disease
(BD), expressed higher CD86 antigen, higher serum IL-12,
TNF-a and lower CD163 antigen, which could enhance cell
phagocytic ability and promote differentiation of Thl cells,
while the application of NF-«kB inhibitors could weaken the
M1 like phenotype stimulated by BD serum, indicating NF-xB
has a regulatory effect on M1 polarization stimulated by BD
serum. A recent study also reported that NF-kxB phosphoryla-
tion participates in M1 polarization of macrophages in foreign
body reaction (FBR). In the lipopolysaccharides (LPS)-induced
inflammatory microenvironment in vitro, JSH-23, an inhibitor
of NF-kB, could precisely inhibit PLA induced NF-xB phos-
phorylation and M1 macrophage polarization, which results
in the inhibition of FBR through their anti-inflammatory and
anti-adhesion effects (36). These all indicated that NF-xB was
involved in macrophage polarization.

Janus family of kinases (JAKs) are composed of four
members, such as JAK1, JAK2,JAK3 and Tyk2 (37). The JAK

kinase family can phosphorylate STATs, called the JAK-STAT
signaling pathway, to regulate its downstream genes. In the
STAT family, STAT1 and STAT3 are two important family
types, but they sometimes exhibit different functional char-
acteristics. For example, in the presence of IFN-vy, STAT1
is an important mediator that activates the polarization of
pro-inflammatory macrophages, while STAT3 can activate
the polarization of anti-inflammatory macrophages (38). A
recent related study have demonstrated that by disrupting the
synthesis of hyaluronic acid in glioblastoma or blocking its
binding to the receptor CD44 on macrophages, signal-regu-
latory protein alpha (SIRPa), can be induced to increase or
enhance the phosphorylation of STAT1 in macrophages and
inhibits STAT3 phosphorylation, which can induce M1 type
macrophage generation and inhibit the growth of glioblas-
toma (39). In addition, the TF KLF4 in rheumatoid arthritis
can promote M1 polarization by regulating STAT1 (40). The
JAK-STAT6 pathway is related to the M2 polarization, which
is mainly due to the modulation of IL-4 and IL-13, thereby
activating PPARy. On the other hand, the expression of key
nuclear TFs such as KLF4 can induce the specific markers of
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M2 macrophage (41). Fan ef al (42) demonstrated that extracel-
lular heat shock protein 90a (HSP90a) can induce activation
of JAK2/TYK2/STAT3 signaling pathways to promote M2
polarization (42). Liu et al (43) indicated that activating the
IL4/JAK/STAT signaling pathway through mechanical stimu-
lation can also regulate macrophage polarization towards the
M2 subtype, thereby promoting tendon-bone healing in mouse
rotator cuff repair. A different study also pointed out that acti-
vating nuclear factor erythroid 2-related factor 2 (Nrf2) can
inhibit M1 polarization and promote M2 polarization through
three signaling pathways, such as JAK/STAT, TGFg/SMAD
and TLR/NF-kB and potential signal transduction path-
ways, as well as signaling pathways, such as NLRP3, Notch,
PI3K/Akt and MAPK (44). In addition, the SENP1-Sirt3
signaling pathway can promote M2 macrophage polarization
by reducing glutamate dehydrogenasel (GLUDI) acetylation
and promoting GLUDI-mediated aKG production (45). The
aforementioned studies indicated that M1 or M2 polariza-
tion is regulated by specific signaling molecules and TFs. In
summary, based on the aforementioned literature analysis and
the results of literature analysis not specifically presented, it
is preliminarily indicated that TF C/EBPa, C/EBP9, STATI,
IRF9, NF-kB or KLF6 were usually involved in M1 macro-
phage polarization, while STAT3, STAT6, C/EBPf3, PPARs,
c-myc, KLF4, IRF4 and GATA3 are associated with M2
macrophage polarization (Fig. 2). As for the specific roles of
these listed transcription regulatory factors, although most
literature results have reached consistent conclusions, their
functional characteristics under different environmental
conditions still need further exploration.

To further demonstrate the complexity of the role of tran-
scriptional regulatory proteins, or their role in macrophage
polarization, only some illustrative examples were provided.
For example, it is interesting that even different members of the
same transcriptional regulatory proteins play different roles in
the polarization process of macrophages, for instance, in the
IRF family, IRF4 promotes M2 polarization by upregulating
expression of IL-10 in colon mucosal cancer (46). However,
IRFS5 plays a pro-inflammatory role by activating Akt2 to
participate in M1 macrophage polarization (47). As for lipoxin
A4 (LXA4), not only does it participate in the M1 polarization
process in LPS-induced M1 macrophage polarization, but it
is also related to the M2 polarization process in IL-4-induced
M2 macrophage polarization, through the FPR2/IRF5
signaling pathway and FPR2/IRF4 signaling pathway respec-
tively (48). C/EBPa of the C/EBP family can promote M1-type
macrophage polarization, while C/EBPf promotes M2 polar-
ization (49). Aktl inhibits the sensitivity of macrophages to
inflammatory stimuli and promotes M2 macrophage polariza-
tion while Akt2 can promote M1 macrophage polarization,
and knocking down Akt2 can enhance the expression of
C/EBPf and promotes polarization of M2 macrophages (50).
Therefore, macrophage polarization is considered an impor-
tant regulator of homeostasis and pathology in the organism's
tissues, and a key determinant of disease occurrence, develop-
ment and regression. Macrophages involve multiple TFs and
signaling pathways in maintaining M1/M2 phenotype balance.
Therefore, understanding the signaling pathway mechanisms
that regulate macrophage polarization is an extremely
important step in the treatment of diseases.
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5. The role of miRNAs in macrophage polarization

The reason why the transcriptional regulatory factors related
to macrophage polarization were first introduced or their
related signaling pathways were summarized, is because
miRNA often interacts with these important transcriptional
regulatory proteins, thereby exerting the polarization regula-
tion process of macrophages (51-53). Macrophage polarization,
as a key regulator of environmental homeostasis in the human
organism, relies on the expression of key TFs, whose expression
is modulated by miRNA (54-56). Recently, with the gradual
discovery of some miRNAs that regulate macrophage polar-
ization, significant progress has been made in the study of the
role of miRNA in macrophage polarization (7,8,57), and some
research results have achieved positive consensus and demon-
strated favorable application potential (58,59). Therefore, next,
the progress of miRNAs in macrophage polarization and the
impact of miRNA on the treatment of tumor and non-tumor
diseases were mainly summarized.

miRNAs are involved in M1 macrophage polarization. Among
them, the miRNAs in macrophage polarization, have received
widespread attention from domestic and foreign scholars,
and some important progress has been made. First, as a star
miRNA, miRNA-155 has been widely studied for its role in
macrophage polarization, and many studies so far revealed
that miRNA-155 was involved in promoting M1 polariza-
tion (60-65), for example, the expression of miRNA-155 was
significantly upregulated when macrophages polarized to the
M1 phenotype, however, its expression was obviously down-
regulated when macrophages polarized to M2 phenotype. In
addition, silencing miR-155 significantly promoted the polar-
ization of M2 macrophages, and overexpression of miRNA-155
could induce a switch from M2 to M1 phenotype (60). It has
been reported that miR-155 participates in inflammation and
tumors by regulating multiple signaling molecules, which can
modulate macrophage polarization in the immune micro-
environment, and affect the host's anti-infection or tumor
ability. However, the potential mechanisms of macrophage
polarization during inflammation and tumor development
remain unclear and complicated. In some cases, there may
even be different mechanisms and outcomes. For example,
one study investigated the mechanism by which miR-155
affects tumor-associated macrophage (TAM) polarization at
a molecular level in hepatocellular carcinoma (HCC) initiated
by hepatitis B virus infection. As compared with HBV- HCC
tissues, miR-155 was significantly highly expressed in
HBV* HCC tissues. In addition, miR-155 overexpression
significantly promoted M2-type macrophage polarization by
the miR-155/SHIP1 axis, which accelerated HCC cell inva-
sion, proliferation and migration. This finding provides new
insights into the development of novel therapeutic strategies
for combatting HBV* HCC and a new reference for exploring
antitumor immunotherapy (61). Recently, it has been reported
that miR-155-5p can regulate M1-type macrophage polariza-
tion by targeting downstream SOCS1/JAK1/STAT1 axis and
participate in liver fibrosis and hepatic lymphangiogenesis in
cirrhosis (62). Besides, miR-155-5p can regulate M1 polariza-
tion by other pathways, such as SOCS1/NF-«kB pathway (63),
and let-7a-5p can also target suppressor of cytokine signaling
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1 (SOCS1) to modulate NF-xB, and activate M1 macro-
phages (64). Shenlian extract was demonstrated to inhibit the
M1 polarization by inhibiting miR-155, upregulating SOCS3
and blocking the JAK2/STAT3 signaling pathway, thereby
reducing tissue damage and cell apoptosis (65). Another
literature study on the role of miRNA-155 in macrophage
polarization suggested that miR-155 could induce M1 polar-
ization by way of directly targeting the IL13Ral (IL-13
receptor a 1, IL13Ral), which interferes with the activation
of STAT6 and indirectly regulates the expression of other M2
related genes (66).

In addition to miRNA-155 playing a role in macrophage
polarization, other miRNAs have also been reported to play
a role in macrophage polarization. Histone demethylase
jumonji domain containing 1C (JMJDIC) targets methyltrans-
ferase like 3 (METTL3) by upregulating miR-302a, inhibits
SOCS2 expression through m6A modification, and promotes
M1 polarization to prevent the occurrence of glioma (67).
Overexpression of miR-130b-3p in LPS-treated mice inhibited
M1 polarization in lung and peritoneal macrophages by inhib-
iting the expression of IRF1, thereby reducing inflammation in
mouse lung tissue (68). It was revealed that the concentration
of M2-related miRNASs, such as miR-146a and miR-223 in
the serum of patients with sepsis was significantly reduced,
and overexpression of miR-146a could inhibit expressions of
TLR4-NF-kB pathway protein interleukin 1 receptor associ-
ated kinase 1 (IRAKI1) and TNF receptor associated factor
6 (TRAF®6), thereby inducing inhibition of M1 macrophage
polarization, and reducing inflammation caused by sepsis (69).
On the contrary, miR-495 can promote the M1 polarization
and inflammatory cytokines by inhibiting the expression of
the obesity-related gene FTO alpha-ketoglutarate dependent
dioxygenase (FTO), which leads to the exacerbation of inflam-
matory response in adipose tissue (57). Furthermore, the
PI3K/AKT signaling pathway activated by miR-21 can cause
MI-type polarization of macrophages and lead to fibrosis in
pig liver tissue (70), the activation of PPARS regulated by
miR-9 in monocytes may play an important role in human
M1 pro-inflammatory cells, while it does not play a role in
M2 anti-inflammatory macrophages (71), and a recent study
demonstrated that miR-9 enriched in HPV* head and neck
squamous cell carcinoma extracellular vesicles (EVs) can be
transported to macrophages and result in arrest in M1 pheno-
type by downregulation of the expression of PPARS (72).
Another study revealed that efficient gene transfer complex
RM125b carrying miR-125b can promote the polarization of
M1 type macrophages. At the same time, it was also observed
that RM125b can significantly inhibit the growth of tumor
through TAM M1 polarization and reduce the proliferation
of tumor cells (73). In addition, miR-125b-5p can promote
M1 polarization after mycobacterium tuberculosis infection,
which is related to A20/NF-kB-axis (74). In summary, some
miRNAs have been confirmed to be closely polarized with
M1, and the target and function of their action have been
preliminarily determined (Table I).

miRNAs are involved in M2 macrophage polarization. In
addition to playing an important role in M1 polarization, some
miRNAs also play important roles in M2 polarization. Among
the M2 polarization related miRNAs, one representative

miRNA with consistent research results is miRNA-21, which
has attracted the attention of numerous scholars. Some scholars
indicated that expression of miR-21 was significantly increased
in patients with non-small cell lung cancer (NSCLC) and
radiation-induced lung injury (RILI). The protective effects
of miR-21-overexpressing bone marrow mesenchymal stem
cells (BMSCs) against RILI was also assessed in rat models.
Animal-based experiments demonstrated that treatment with
BMSCs had a remarkable effect on alleviating RILI of rats,
and cell-based experiments demonstrated that BMSCs notably
inhibited M1 polarization with a miR-21 dependent manner.
These results indicated that BMSCs with miR-21 overexpres-
sion could be a potential therapeutic strategy for RILI (75).
Furthermore, Xue et al (76) revealed that in the livers of mice
exposed to arsenite, there were elevated levels of miRNA-21
and more extensive liver fibrosis. Arsenite induces the M2
polarization of macrophages via miR-21 regulation of PTEN,
which is involved in the activation of hepatic stellate cells
and hepatic fibrosis, which establish a previously unknown
mechanism for arsenicosis-induced fibrosis. To identify the
molecular mechanism by which miR-21 regulates macrophage
polarization in sepsis-induced intestinal injury, Li et al (77)
used a bioinformatics approach to predict the putative binding
site between miR-21 and STAT1, and their targeting relation-
ship was demonstrated by a luciferase reporter assay. The
results indicated that miR-21 overexpression significantly
inhibited the total and phosphorylated levels of STATI, the
miR-21 targeted STATI signaling and overexpression of
miR-21 significantly promoted M2 polarization, thereby
alleviating intestinal injury caused by sepsis. miR-21 in EVs
can promote macrophage polarization towards the M2-type by
targeting programmed cell death protein 4 PDCD4, reducing
sepsis (78). A different study has confirmed that cigarette
smoke extract can induce the M2 polarization by modulating
the expression of miR-21, and the downregulation of miR-21
could inhibit M2 polarization in chronic obstructive pulmo-
nary disease (79). However, a number of previous studies have
reported opposite results to the aforementioned results, as
miRNA-2lappeared to play a role in promoting M1 polariza-
tion and inhibiting M2 polarization under certain conditions.
For instance, Wang et al (80) identified that prostaglandin E2
(PGE2) induced M2 polarization was contributed to the inhi-
bition of miR-21 expression by activation of its direct target
STATS3, and silencing the STAT3 gene could abolish this
PGE2-mediated expression of M2 genes in miR-21 deficient
macrophages. These data suggested that the M1 polarization
will be induced if miR-21 was upregulated. In a different study
which investigated the relationship between miRNA-21 regu-
lation of macrophage polarization and disease occurrence and
development, most results indicated that miRNA-21 not only
plays an important role in balancing inflammatory states, but
also participates in the process of tumor occurrence and devel-
opment (81). According to another study, miR-21 can promote
chemotherapy resistance in ovarian cancer by regulating M2
polarization (82). In hypoxic environments, high levels of
miR-21 expression can promote M2 polarization and induce
the progression of lung cancer by targeting IRF1 (83). In addi-
tion, miR-21 in the exocrine body of bladder cancer cells can
regulate PI3K/AKT signalling by inhibiting PTEN activation
of macrophages and enhancing STAT3 expression, promoting
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Table I. miRNAs involved in macrophage polarization and possible functions.

Phenotype Target genes
miRNAs promoted or pathways Function (Refs.)
miR-155 M2 SHIP1; SOCS3/ Accelerate the proliferation, migration and (61,65)
JAK2/STAT3 invasion of hepatocellular carcinoma cells
miR-155-5p M1 SOCS1/JAK1/ Promote liver fibrosis; attenuate Cx43 protein (62,63)
STAT1 or SOCS1/ degradation after MI
NF-«b
Csi-let-7a-5p M1 SOCS1/NF-xb Injury to the biliary tract (64)
miR-302a M1 METTL3/m6A/ Prevent the occurrence of glioma (67)
SOCS2
miR-130b-3p M2 IRF1 Reduce the inflammation of lung tissue in (68)
mice
miR-495 M1 FTO Aggravate insulin resistance and adipose (57)
tissue inflammation
miR-21 M1 PI3K/AKT Promote liver fibrosis in pigs (70)
miR-21 M2 PTEN/STAT3/ Promote liver fibrosis, lung cancer, ovarian (76-78,82-84)
PI3K/AKT or cancer, bladder cancer; Protect the intestinal
STAT1or PDCD4 injury caused by sepsis; Reduce sepsis
or IRF1
miR-9 M1 PPARO Increase the radiosensitivity of HPV+HNSCC (72)
miR-125b-5p Ml A20/NF-«B Alleviate chronic MTB infection in mice (74)
miR-182 M2 TLR4/NF-xB Alleviate inflammation in myocardial (85,86)
infarction
miR-146a M2 TLR4/NF-xB Reduce sepsis-induced cardiac dysfunction, (87,88)
inflammatory cell infiltration and inflamma-
tory cytokine production; Promote healing of
diabetic ulcers
miR-21a-5p M2 KLF6 ERK1/2 Reduce atherosclerosis (90)
miR-19b-3p M2 PTPRD/STAT3 Aggravated adenocarcinoma of the lung (C2))]
miR-27a-3p M2 EZH1/KDM3A/ Promote the development of glioma (92)
CTGF
miR-34a M1 KIF4 Promote obesity-induced fat inflammation 93)

miRNAs, microRNAs.

M2 polarization and leading to an increase of migration and
invasion of cancer cells (84). Ma et al (85) observed that
miR-182 expression in macrophages could directly inhibit
the expression of TLR4, leading to the inactivation of NF-xB
to induce M2 polarization of TAMs. In addition, the thera-
peutic delivery of miR-182 antagonist with EVs can lead to
inhibition of miR-182, which resulted in tumor suppression
in various models of breast cancer (BC). This is consistent
with a previous study which demonstrated that miR-182 can
alleviate inflammation in myocardial infarction by regulating
TLR4 in macrophages (86). Through literature review, it was
observed that another miRNA type related to M2 macrophage
polarization is miRNA-146a. For instance, miR-146a overex-
pression can lead to an increase in M2 phenotype markers.
On the contrary, knocking down miR-146a promotes M1
polarization and reduces M2 polarization (87). In terms of
its molecular mechanism of action, a previous study revealed
that miR-146a, at least partially, targets Notchl, PPARy and

inhibin beta A subunit (INHBA) to regulate macrophage
polarization. miR-146a can induce M2 polarization by
inhibiting TLR4/NF-kB axis, thus promoting the healing of
diabetes ulcers (88). In addition, miR-125a-5p is a regulatory
factor for the immune regulation of M2b macrophages (89).
However, the secretion of miR-21a-5p from mesenchymal stem
cells (MSCs) could induce M2 polarization and alleviate AS
by targeting KLF6 and ERK1/2 pathways (90). Chen et al (91)
demonstrated that lung adenocarcinoma (LUAD) cells can
induce M2 polarization of TAMS in vivo, and the M2 polariza-
tion can promote the invasion, migration and tumor metastasis
of LUAD cells. miR-19b-3p derived from exosomes of LUAD
cells also inhibited STAT3 dephosphorylation by targeting
protein tyrosine phosphatase receptor type D (PTPRD) in
TAMs, leading to activation of STAT3 and polarization of M2
macrophages, thus positive feedback aggravates the develop-
ment of cancer. The small miR-27a-3p released from EVs of
glioblastoma can induce macrophage polarization towards the
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M2 type through the EZHI/KDM3A/CTGF axis, promoting
the occurrence of glioblastoma (92). The EV miR-34a, secreted
by adipocytes, could inhibit M2 polarization by downregu-
lating KLF4 expression, promoting obesity-induced adipose
inflammation (93). After reviewing the aforementioned arti-
cles, it was observed that some miRNAs have been confirmed
to be closely related to the polarization of M2 macrophages
and have clear targets and characteristics of function (Table I).

Numerous other miRNAs involved in macrophage polar-
ization need to be further clarified. The results reported in
the aforementioned studies indicated that certain types of
miRNAs may play an important role in the polarization, func-
tion and regulation of macrophage polarization. The main
molecular mechanism by which these miRNAs manipulate
the macrophage polarization process is often through the
regulation of downstream key target genes or signaling
pathways, thereby affecting the balance of pro-inflammatory
and anti-inflammatory responses, or playing an important
role in the occurrence and development of tumors. Therefore,
in addition to understanding the positive miRNAs associ-
ated with macrophage polarization as aforementioned, it is
necessary to further detect other new miRNAs and analyze
whether they make sense in clinical validation. In a recent
study, Zhang et al (94) investigated the differential expres-
sion of 109 miRNAs during the polarization of M1 and M2
macrophages in humans and mice. The results showed that
in LPS and IFN-vy stimulated mouse bone marrow-derived
macrophages (BMDM), the expression of miR-127-3p,
miR-155-5p, miR-181a, miR-204-5p and miR-451 were
significantly upregulated, while the expression of miR-125-5p,
miR-143-3p, miR-145-5p and miR-146a-3p were significantly
increased in IL-4-induced mouse BMDM cells. In a different
study, whether in polarized BMDM cells or PMA-induced
THP-1 cells, after exposure to IFN-y/LPS treatment, miR-27a,
miR-29b, miR-125a, miR-146a and miR-155 were significantly
upregulated. However, after IL-4 co-treatment, the expression
of miR-26a and miR-193b was significantly increased (95).
Curtale et al (96) confirmed that miR-155 is highly expressed
in M1 polarized macrophages, while miR-146a, miR-125b and
miR-127 are highly expressed under M2 polarized conditions.
Furthermore, the important role of miR-15 in macrophage
polarization and inflammation was elucidated (60,97,98). In
addition, previous studies demonstrated that miR-127 and
miR-125b induce M1 polarization by targeting the expres-
sion levels of Bcl-6 and IRF4 genes, respectively, thereby
increasing the expression and release of pro-inflammatory
cytokines (99,100). It should be particularly emphasized at
this point that the inhibitory effect of miR-127 on Bcl-6 will
lead to a decrease in the expression of dual specificity phos-
phatase 1 (Duspl) and an increase in the phosphorylation level
of JINK. Knocking down its expression leads to a decrease in
the expression of M1 characteristic genes and promotes the
transcription level of M2-related genes (99). There are also
results confirming that overexpression of miR-720 can reduce
the expression level of GATA3, ultimately leading to inhibi-
tion of the M2 polarization level (101). Other miRNAs that
are highly expressed in M2 macrophages include miR-511-3p,
miR-223 and let-7¢ (96,102), which have been revealed to
significantly promote M2 polarization. Some slightly reported

miRNA types are involved in the polarization process of
macrophages to varying degrees. For example, miR-511-3p
is also highly expressed in TAMs (103) and promotes the
expression level of M2-related genes. miR-223 can limit the
polarization and pro-inflammatory activity of M1 macro-
phages by targeting the TF Pknox1 (104,105). Similarly,
Zhang et al (106) demonstrated that there was a loss of let-7c
and elevated expression of p21-activated kinase 1 (PAKI1) in
human and murine macrophages induced by inflammatory
stimuli, and the let-7c dependent upregulation of PAK1 by
upstream EZH?2 could promote macrophage M1 polarization.
Usually, the expression of let-7c is higher in M2 macrophage
than that in M1 macrophage, the overexpression of let-7c
reduces the expression of M1-related genes and increases the
M2 markers, and the opposite result will occur when knocking
down let-7c (107). These results preliminarily indicated that
macrophage polarization is also related to miR-23a, miR-27a
and miR-24-2, their expression is downregulated in M1
polarization and upregulated in M2 polarization. More inter-
estingly, overexpression of miR-23a or miR-27a can promote
the expression of pro-inflammatory cytokines by acting on
different signaling pathways, while inhibiting the expression
level of M2-type cytokines. For example, miR-23a reduces
M2 cytokine production by targeting TNF inducible protein 3
(TNFAIP3), then JAK1 and STAT6, while miR-27a can target
interferon regulatory factor 4 (IRF4) and peroxisome prolif-
erators v (PPAR ) to regulate the express of ion-inflammatory
factors and activate their receptors (108).

In summary, in this section, a preliminary summary
and analysis of some miRNAs that have been less reported
have been conducted. However, the molecular mechanism of
miRNA in macrophage polarization is relatively complex,
involving the interaction between its upstream regulatory
factors and downstream target genes. In terms of the types
of miRNAs polarized by macrophages M1 and M2, both
directions of polarization have relatively specific associations
with miRNA types and have different effects on inhibiting
or promoting macrophage polarization (Fig. 3). As for their
exact role and molecular pathways in driving macrophage
polarization, further validation and clarification are needed.
Therefore, in addition to the confirmed miRNAs related to
M1 or M2 polarization aforementioned, other related miRNAs
have recently been discovered and are being further confirmed
(Table II).

6. Therapeutic role of macrophage polarization induced by
miRNA for tumors and inflammation

Although it has been confirmed that numerous miRNAs
can regulate different macrophage functions, it is known that
only a few miRNAs are closely related to the polarization
of macrophages. Increasing evidence suggests that miRNAs
in different tissues and cell types have their specificity, and
numerous studies have detected miRNA patterns in various
macrophage types and their potential roles in macrophage
polarization (109). So far, it has been observed that specific
miRNA mimics or anti-inflammatory drugs can control
immune and inflammatory responses, and it has been prelimi-
narily confirmed that the use or intervention of these miRNAs
can play a role in treating inflammatory diseases (110-112).
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Figure 3. Schematic of miRNAs involved in macrophage polarization. The role of miRNAs in macrophage polarization is relatively complex, involving the
interaction between its upstream regulatory factors and downstream target genes. In terms of types of miRNAs involved in polarization of macrophages,
some important miRNAs have been demonstrated to promote polarization of M1 and M2 macrophages, whereas a number of other miRNAs could inhibit
polarization of both of them. These polarization related miRNAs and their signaling pathways will be potential target for treatment. miRNAs, microRNAs.

However, in addition to the potential role of miRNA in acute
and chronic inflammation, it is necessary to conduct more
research on miRNA expression in diseases, such as inflam-
mation and tumors (113). Identifying specific targets for any
single miRNA remains a major challenge, and some advanced
technologies are continuously determining the target of
miRNA action (114). Therefore, further studies are needed
to determine the precise function and effects of miRNAs,
especially their regulatory effects on macrophage polarization
before being used as targets for therapies.

Macrophage polarization induced by miRNA for treatment of
tumors. With the continuous deepening of research on the

mechanism of action and biological functions of miRNAs, it
has been identified that certain important miRNAs have
certain physiological and pathological effects. Therefore, some
scholars have gradually transitioned from basic research to
applied research and have achieved favorable therapeutic
effects in disease experiments and clinical treatments.
Especially prominent is the research on the treatment of
inflammatory diseases and tumors with miRNAs. One of the
therapeutic effects is based on the role of miRNA in macro-
phage polarization. Because whether it is an inflammatory
disease or a malignant tumor, it is to some extent related to the
polarization of macrophages. Thus, whether miRNA is a new
tool for human cancer treatment has attracted the attention of
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Table II. A number of different miRNAs involved in macrophage polarization.

Phenotype Target genes
miRNAs promoted or pathways Function (Refs.)
miR-181a, miR-204-5p, Ml Unidentified Upregulated in M1 polarized macrophages (94,95)
miR-451, miR-29b,
miR-125a
miR-146a Ml Unidentified Upregulated in M1 polarized macrophages (95)
miR-143-3p, miR-145- M2 Unidentified Upregulated in M2 polarized macrophages (94,95)
5p, miR-26a, miR-193b
miR-127 M1 Bcl6 Increase expression of proinflammatory cytokines 99)
miR-125b M1 IRF4 Increase expression of proinflammatory cytokines (100)
miR-511-3p M2 IRF1 High expressed in tumor-associated macrophages, (103)
supporting the expression of M2-related genes
miR-223 M2 Pknox1 Promote the anti-inflammatory response and (104,105)
inhibits the pro-inflammatory activity of M1
macrophages
let-7c M2 PAK1,C/EBP-6  Decrease expression of M1-related genes (106)
(i.e.,iNOs and IL-12) and increase M2 markers
miR-23a M2 TNFAIP3, Promote the expression of proinflammatory (108)
JAK1/STAT6 cytokines and reduce production of M2-type
cytokines
miR-27a M1 IRF4, PPAR vy Promote the expression of proinflammatory (108)

cytokines and reduce production of M2-type
cytokines

miRNAs, microRNAs.

numerous scholars. For instance, in the research of tumors,
miRNAs are mainly divided into two categories based on their
different effects on tumor cells, such as promoting tumors and
inhibiting tumors. However, it is worth noting that certain
miRNAs occasionally have a dual effect of promoting or
inhibiting tumors under different environmental conditions. In
conclusion, macrophages are important immune cells in the
tumor microenvironment (TME), and miRNAs can regulate
the proliferation, metastasis and therapeutic response of tumor
cells mainly by influencing the polarization of macrophages,
which has been observed in various cancers. Naturally,
miRNAs associated with macrophages are a feasible new
treatment method for tumor immunotherapy. Therefore, after
determining the exact role of a certain miRNA, its targeted
therapeutic effect in treatment should be evaluated and a series
of necessary clinical studies should be conducted. With the
deepening understanding of immunotherapy, the current anti-
cancer treatment research is increasingly focused on the
direction of the TME. It is known that miRNAs play a crucial
role in regulating genetic information and expression and
mediate interactions between tumor cells and numerous
components in TME. Macrophages are abundant in TME, and
their different polarization directions can promote or inhibit
tumor growth and progression by regulating biological behav-
iors such as macrophage recruitment, infiltration and
polarization. In a review article describing the relationship
between macrophage activation and miRNA, Zhou et al (115)
focused on the progress and prospects of targeted therapy

based on miRNA, novel clinical biomarkers and drug delivery
systems. Through analysis of research studies, it was observed
that crosstalk between tumor-related macrophages and
miRNAs plays a key role in the TME. It was also pointed out
that miRNA-based therapies can be designed in two different
directions. One is to reduce the level of carcinogenic miRNAs
or increase the content of tumor suppressive miRNAs (116). In
terms of the relationship between cancer miRNAs, tumor
suppressor miRNAs and macrophage polarization aforemen-
tioned, various miRNAs play different roles in the M2
polarization of cancer TAM. Among them, miRNAs that
promote M2 polarization or inhibit M1 polarization are
referred to as ‘oncogenes’, mainly including miR-19a-3p,
miR-21, miR-29a-3p, miR-145, miR-195-5p, miR-224,
miR-301a-3p, miR-1246 and miR-let-7 that promote M2 polar-
ization. Correspondingly, another type of miRNAs that
promotes M1 polarization or inhibits M2 polarization is called
a ‘tumor inhibitor’, such as miR-142-3p and miR-155 that
promote M1 polarization. The other two types of ncRNAs are
designated as ‘juggle tumor inhibitors’ or ‘juggle oncogenes’.
Juggle tumor inhibitors refer to ncRNAs that promote M1
polarization, and these Juggle oncogenes inhibit M1 polariza-
tion. Multiple tumor suppressor miRNAs include miR-16,
miR-34a and miR-142-3p, while the main oncogene miRNAs
include miR-503, among others. Therefore, further research on
the role of miRNAs in cancer macrophage polarization may
lead to more precise screening of macrophage polarization
modulators for different cancer treatment methods (117). It has
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been proved so far that miRNA plays a significant role in the
diagnosis and treatment of clinical diseases, the first batch of
human miRNA therapy drugs have entered the first phase of
clinical trials, and recently entered the second phase of clinical
trials for advanced tumors. As proof, the miR-155 oligomeric
inhibitor Cobomarsen is used for the treatment of T-cell
leukemia/lymphoma. In addition, the miR-16 analog TargomiR
can be used for the treatment of mesothelioma (118). ncRNA,
as a regulatory factor for macrophage polarization, can also
mediate immune responses to various cancers by reprogram-
ming TME, thereby regulating immune responses (119).
MiRNA mimics and antagonists that can reprogram TME are
currently being tested in human clinical trials and may become
a new promising treatment strategy (120). In particular,
miR-138 mimics can specifically target and bind to PDL-1 and
CTLA-4 mRNA, mimic the effects of anti-PD-1 and
anti-CTLA-4 antibodies, and inhibit their expression (121).
Li et al (122) observed that miR-498 may inhibit esophageal
cancer by inhibiting macrophage autophagy and M2-like
polarization through MDM2/ATF3. There are also a number
of studies indicating that miRNA-related therapies have
improved efficacy and safety than small interfering RNA
(siRNA)-based therapies (123). In subsequent studies on
miRNA therapy, it was revealed that injecting miRNA-based
drugs into tumors can improve their specificity and efficacy
while reducing side effects. For example, injecting cationic
liposomes/pVAXmiR-143 complex into tumors can inhibit
subcutaneous tumor growth in vivo (124). Intra-tumoral injec-
tion of miR-19a-3p can downregulate the expression of
fos-related antigen-1 (Fra-1) and effectively reduce the invasive
ability of BC (125). The administration of miR-142-3p micro-
bubbles derived from TAM can significantly inhibit tumor
growth in tumor-bearing mice, indicating the potential anti-
cancer value of miRNA administration in TME (126). In
addition, due to the ability of miRNAs to interact with specific
target genes, they have a significant role in regulating gene
expression, and interference in their related signaling pathways
will also be a targeted intervention pathway for tumor treat-
ment. In TME, tumors and mesenchymal cells can
cross-communicate through various factors. One of the strate-
gies for the immune escape of tumor cells is to release miRNA,
which regulates the polarization and activity of circulating or
local monocytes/macrophages to perform tumor-promoting
effects. On the other hand, miRNAs derived from macro-
phages can also exert antitumor functions. In a previous
comprehensive article, the author provided a detailed summary
and analysis of the latest developments in miRNA-mediated
crosstalk between tumor cells and macrophages and their
uptake patterns in TME (127). However, there is relatively
little systematic research on the function and mechanism of
miRNA in tumor tissue TAMs. Li et al (128) demonstrated
that miR-146a promotes the expression of a number of M2
macrophage phenotype molecules and confirmed that overex-
pression of miR-222 inhibits TAM chemotaxis by targeting
C-X-C motif chemokine ligand 12 (CXCL12) and inhibiting
C-X-C motif chemokine receptor 4 (CXCR4), thereby inhib-
iting tumor cell proliferation and tumor growth. The main
reason is that miRNA affects the growth of breast tumors by
promoting M2-type polarization or regulating the recruitment
of TAMs. These results suggested that endogenous miRNAs
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may play an important role in controlling the polarization and
function of TAMs in BC. Pirlog et al (129) analyzed the role of
miRNAs in TME macrophage polarization and the role of this
macrophage polarization in NSCLC regions. The results
confirmed that the normal recovery of macrophage polariza-
tion in TME can produce significant antitumor effects. A
different study also revealed that miR-16 can produce signifi-
cant antitumor activity by promoting the polarization of
MIl-like macrophages (130). In terms of research on
miR-19a-3p, it has been detected that it is involved in the
induction of the polarization of M2-like macrophages and is
involved in the progression and invasion of breast tumors (110),
or in the promotion of the occurrence of colitis-related
colorectal cancer (CRC). However, so far, the mechanism by
which miR-19a-3p induces M2-like macrophages has not been
elucidated (131).

In addition, a number of studies have also demonstrated that
other miRNAs involved in M2 macrophage polarization play
a role in promoting tumor occurrence and development. For
instance, overexpression of miR-19a-1p induces the progres-
sion and metastasis of BC (125), tumor-derived exosomes
miR-21 cause polarization of M2 macrophages, promoting
the growth of head and neck tumors (132), and miR29a-3p
promotes polarization of M2 macrophages by activating
SOCS1/STATS signals, leading to invasion of oral squamous
cell carcinoma and tumor cell proliferation (133). On the
contrary, significant progress has been made regarding the role
of M1 polarization in tumors. For instance, Zhang et al (134)
comprehensively summarized the role of miRNA-34 in
tumors and concluded that miRNA-34 exhibits dysregulation
in various human cancers. miR-34a can inhibit M2 polariza-
tion and drive M1 polarization. Currently, its main functional
localization is tumor-suppressive miRNAs. With the develop-
ment of phase I clinical trials of miR-34a mimetic MRX34,
the importance of miR-34 has become increasingly recog-
nized and plays a crucial role in inhibiting tumor progression.
In addition, it has potential value as a candidate therapeutic
drug for miRNAs (135,136). A different study also showed
that the expression of miR-34a in triple-negative BC mediated
M1 polarization while antagonizing miR-34a could promote
M2 polarization. However, there have been opposing studies
regarding miR-34a stimulation of invasion and metastasis in
CRC (135). miR-142-3p is a tumor inhibitor that promotes
the polarization of macrophage M1 phenotype and has been
revealed to inhibit the growth of glioma. It has favorable thera-
peutic potential in anti-glioma therapy (136). miR-145 was
revealed to be a communication tool between TAM and cancer
cells, leading to the tumor-promoting effect induced by TME.
The main reason is that it has inhibitory effects on M1 and
promotes polarization of M2-like macrophages, indicating that
its siRNA has favorable therapeutic prospects for tumors (137).
As previously described, miR-155 is one of the most widely
studied miRNAs in different cancers and is involved in driving
M1 polarization in macrophages and its mimetics are candi-
date drugs for treating various tumors (60,138). Furthermore, a
number of miRNAs involved in potential tumor treatment have
attracted the attention of scholars. For example, it was revealed
that miRNA-224 is involved in inhibiting the progression of
prostate cancer (PC) by downregulating TRIBI to induce
the transformation of M2 macrophages into M1 cells (139).
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miR-301a-3p promotes the metastatic phenotype of human
pancreatic carcinoma cell line PANC-1 cells by inducing M2
macrophages to differentiate from stromal macrophages. In
addition, knocking out miR-301a-3p significantly weakens the
polarization of macrophages towards the M2 type, thereby
reducing the invasion, migration and metastasis ability of
PANC cells in vivo and in vitro (140). miR-503 plays a crucial
role in promoting brain metastasis by inducing M1 to M2
macrophage polarization in BC patients (141). miR-1246,
as an EV derived from hypoxic glioma cells, is assigned to
induce M2-like macrophage polarization (142), while in
ovarian cancer, miR-1245 also enhances chemotherapy resis-
tance through M2-like cell polarization (143). miRNA let-7b
plays an important role in regulating macrophage polariza-
tion, thereby enhancing the presence of TAM in PC. When
treated with let-7b inhibitors, it leads to reduced migration
and angiogenesis of PC cells (144). According to previous
studies, let-7c also has a role in regulating inflammation and
related cytokines through macrophages in the occurrence and
development of lung cancer (145). Additionally, it has been
reported that the lin-28B-let-7-HMGA?2 axis is involved in
the induction of BC through M1 macrophage activation (146),
and miR-let-7a has also been exhibited to participate in M2
macrophage polarization (147). Although it is not yet clear how
miRNA-let-7b regulates macrophage phenotype and function,
results have confirmed that TAM treated with let-7b inhibitors
reduces angiogenesis and migration in PC (144). However,
further research is needed to verify the role of miRNA in
tumor therapy by regulating macrophage polarization.

The role of macrophage polarization is induced by exosomal
miRNAs in treatment of tumors. An increasing number of
results demonstrated that cells in some microenvironments
can regulate the process of macrophage polarization in the
form of an exocrine body or microbubble. For example, in the
study of the lung metastasis model of breast adenocarcinoma
mice, Xun et al (148) preliminarily confirmed that miR-138-5p
was transferred from BC cells to tumor-related macrophages
through exosomes, and the polarization of M2 macrophages
was achieved by reducing the expression of lysine demethylase
6B (KDMG6B). Therefore, interfering with this exosome-derived
miR-138-5p may become a potential target for cancer treatment.
Xu et al (149) preliminarily demonstrated that miR-3184-3p
is enriched in cerebrospinal fluid EVs of glioma patients, and
promotes tumor progression by directly promoting glioma cell
proliferation and promoting M2-like macrophage polariza-
tion. The results indicate that interfering with the exosomes
miR-3184 may be a possible pathway for future glioma treat-
ment (149). Ma et al (85) used cationic mannan-modified EVs
to effectively target macrophages in the breast tumor mouse
model experiment, thereby inhibiting M2 cell polarization by
inhibiting the expression of miR-182 and achieving the goal
of treating cancer. Macrophages are abundant in TME and
their M2 dominant polarization is conducive to the malignant
proliferation of tumors. Various forms of miRNAs, including
exo-miRNAs, can dually induce/inhibit macrophage polariza-
tion and regulate tumor progression and treatment response by
influencing various molecular pathways (150). In the gastric
cancer liver metastasis (GC-LM) model, it was revealed that
the expression level of miR-519a-3p in serum EVs of patients

with GC-LM was significantly higher than that of patients
without LM. This exo-miR-519a-3p mainly activates the
MAPK/ERK pathway by targeting DUSP2, leading to M2-like
polarization in macrophages. M2 like polarized macrophages
can accelerate the development of GC-LM. The results indi-
cated that exo-miR-519a-3p plays a crucial role in mediating
the interaction between primary GC cells and hepatic macro-
phages, and is a potential therapeutic target for GC-LM (151).
Ma et al (152) investigated whether exosomes derived from
NSCLC affect TAMs and whether TAMs provide feedback
regulation on the progression of NSCLC. The results demon-
strated that miR-181b was upregulated in EVs derived from
NSCLC patient serum and NSCLC cells. This EV derived
from NSCLC cells can enhance the polarization of macro-
phage M2 by regulating the miR-181b/JAK2/STAT3 axis. The
silencing of miR-181b in NSCLC cells and the use of JAK2
inhibitors in macrophages blocked this effect. Therefore, the
involvement of extracellular miR-181b in crosstalk between
NSCLC cells and TAM:s is also a potential therapeutic target
for NSCLC (152). Although some studies have confirmed
that macrophage-derived exosomes (MDE) are involved in
tumor progression, their role in glioma is not fully understood.
In an experiment on the activation of macrophage, it was
observed that the circRNA BTG (circBTG2) in macrophage
exosomes is upregulated, which contributed to inhibiting
tumor progression through circBTG2/miR-25-3p/PTEN
pathway, indicating that miRNA-25 and circBTG2 can be
considered as diagnostic biomarkers and potential targets for
the treatment of glioma (153). Chuang et al (154) confirmed
that the exosomes transfected with miR-155 and miR-125b
could reverse M2 phenotype polarization induced by pancre-
atic cancer and promote M2-like cells to transform into M1
macrophages. Similarly, macrophages in glioblastoma TME
secrete EVs containing miR-21, and their levels are related to
the M2 polarization state. Reducing the secretion of miR-21
EVs by macrophages can reduce the polarization state of
M2 and achieve the goal of inhibiting tumor growth. In
addition, whether it is miR-195-5p (155), miR-130a (156), or
miR-31-3p (157,158), they are all related to the polarization of
macrophages and may also mediate the interaction between
tumor cells and macrophages. Interfering with exosomes
containing these miRNAs has the potential for targeted treat-
ment of tumors. Binenbaum ez al (159) observed that MDE
significantly reduced the sensitivity of pancreatic ductal adeno-
carcinoma (PDAC) cells to gemcitabine in vitro and in vivo.
This effect is mediated by the transfer of miR-365 in MDE.
MiR-365 weakens the effect of gemcitabine by upregulating the
adenosine triphosphate pool and inducing cytidine deaminase
in cancer cells. In mice carrying PDAC, miR-365 transloca-
tion in TAM was found to induce gemcitabine resistance. The
use of MDE as antagomir carriers can improve the efficacy of
chemotherapy in cancer and uncover new treatment options
for combating malignant tumors (159). The research results
of Moradi-Chaleshtori et al (160) indicated that exosomes
can effectively deliver miR-130 to macrophages, leading to
upregulation of M1-specific markers and cytokines, as well as
downregulation of M2-specific markers and cytokines. The
use of miRNA-containing EVs to reverse M2 macrophages
to the M1 phenotype may be one of the therapeutic strategies
for combating cancer invasion and metastasis. Chen et al (161)
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focused on the regulatory effects of miRNA on macrophage
differentiation, functional polarization and cell crosstalk, and
detected that crosstalk between tumor cells and macrophages
is crucial for the formation and progression of TME, miRNA
can act as different forms of communication mediators, such
as microbubbles or EVs. Papillary thyroid cancer (PTC) is an
endocrine malignancy, and the role and molecular mechanism
of miR-655-3p in PTC are currently unclear. A study conducted
by Qiao et al (162) revealed that overexpression of miR-655-3p
with mimics significantly reduced tumor cell viability, chemo-
taxis and invasiveness. Exosomes miR-655-3p inhibits growth,
invasion, and macrophage M2 polarization in papillary thyroid
carcinoma by targeting CXCR4. The results indicated that the
regulation of exosomes miR-655-3p/CXCR4 may be a poten-
tial therapeutic strategy for PTC (162). Some scholars have
also conducted corresponding research on the relationship
between extracellular miRNAs and drug resistance. Previous
studies have shown that cancer-associated fibroblasts (CAFs)
regulate gemcitabine resistance by transferring exosomes
miRNA-106b to cancer cells. Recently, it has been proven
that TAM can promote resistance to gemcitabine. However,
the role of CAF in regulating cancer TAM function remains
unclear. Zhao et al (163) extracted primary CAFs from tumor
tissue of PC patients and obtained CAFs-derived exosomes
(CAFs-Exo0). The results showed that conditional mediators
derived from CAFs have a higher potential to promote M2
polarization in macrophages. Furthermore, it was revealed that
miRNA-320a can transfer from CAFs to macrophages through
EVs, thereby promoting M2 polarization. Pretreatment of
CAFs with miRNA-320a inhibitors reduced the expression of
miRNA-320a in CAFs-Exo and resulted in reduced polariza-
tion of M2 macrophages. Therefore, targeted intervention of
this pathway may be an effective way to combat PC (163).
Some scholars have observed that in addition to the prevention
and treatment of EV delivery, miRNA can also mediate the
transmission of miRNA between cells through EVs. Loading
of miR-124 into 293T-derived EVs formed miR-124-EVs. The
results revealed that miR-124-EVs had an effective antitumor
effect in both glioblastoma cells and microglia cells. The
main mechanism of its effect is that EV-mediated miR-124
delivery can inhibit the growth of human glioblastoma cells
and inhibit the polarization of M2 microglia. These findings
provide substantial evidence for the development of potential
therapeutic strategies using miRNA-loaded EVs (164).

Therapeutic potential of miRNA-induced macrophage polar-
ization in inflammation-related disease. It has been proven
that the polarization state of macrophages under different
pathological conditions can promote or alleviate various
inflammations (158,165-167). Therefore, miRNAs that regu-
late macrophage polarization can also regulate inflammatory
responses or become targets for the treatment of inflammatory
diseases such as sepsis, obesity, cancer and multiple sclerosis.
Among them, sepsis is a severe inflammatory response
syndrome and the main cause of death in hospital intensive
care units (168-171). The pathophysiology of sepsis is very
complex, often involving simultaneous activation of
pro-inflammatory and anti-inflammatory responses (172).
Given the complex balance between pro-inflammatory and
anti-inflammatory responses, the role of macrophage
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polarization in sepsis remains unclear to this day. However, the
study of miRNAs involved in macrophage polarization will
help reveal the pathogenesis of sepsis (173-179). Numerous
research results have preliminarily confirmed that miRNAs
that inhibit M1 polarization or activate M2 polarization may
have favorable therapeutic potential in sepsis. For example,
previous studies have exhibited that serum concentrations of
M2 phenotype-related miRNAs, such as miR-146a and
miR-223, in patients with sepsis are significantly reduced (180).
Among them, overexpression of miR-146a can inhibit expres-
sion of TLR4-NF-kB pathway proteins, and block
sepsis-induced inflammatory cell infiltration (69).
Wang et al (180) observed the role of circulating miR-223 in
sepsis and observed an association between a decrease in
miR-223 levels and an increase in sepsis severity. However, a
recent study by Benz et al revealed that serum miR-223 levels
cannot predict the prognosis or survival rate of sepsis in criti-
cally ill patients (181). The conflicting results between these
two studies can be partially explained by differences in
experimental procedures. The aforementioned research results
appear to confirm that miR-146a and miR-223, as macrophage
polarization modulators, appear to be related to clinical
outcomes in patients with sepsis. However, despite extensive
research on the changes in miRNA expression in sepsis, the
exact role of miRNA-induced macrophage polarization in
sepsis remains unclear and further exploration is needed (173).
There are also other studies on the role of miRNA-induced
macrophage polarization in other inflammatory-related
diseases. For example, polarized macrophages are involved in
different disease processes such as obesity (182-187),
cancer (158,165-167), and multiple sclerosis (188,189).
Regulating macrophage activation or replacing activated
miRNAs in these disease states may have therapeutic effects.
Overall, overexpression of miRNAs such as M2-related
miR-223 (15,105) and inhibition of miRNAs such as M1-related
miR-33 and miR-155 are beneficial for the control of inflam-
mation (190,191). Similarly, the increased expression of
pro-inflammatory miR-155 (188) and the downregulation of
anti-inflammatory miR-124 (189) is associated with the dete-
rioration of multiple sclerosis, and the intervention of these
two miRNAs is also a possible target for inflammation control.
In addition, the increased expression levels of miR-19a-3p (125),
miR-16 (130), miR-155 (60,192), and miR-511-3p (103) all
promote the activation of TAMs to varying degrees, affecting
local inflammation of the tumor. By contrast, as aforemen-
tioned, MSC-derived EVs contain miR-21a-5p, which activates
macrophage polarization and reduces macrophage infiltration
by targeting the KLF6 and ERK1/2 signaling pathways,
thereby slowing down the development of AS (90). The disrup-
tion of miRNA-33-mediated aerobic glycolysis and
mitochondrial oxidative phosphorylation balance is also
related to the M2 polarization level of macrophages and is
mainly due to the targeted regulation of miR-33 on
AMP-activated protein kinase (AMPK). The antagonism of
miR-33 can reduce plaque inflammation and play a protective
role in AS (193). According to previous studies, miR-101 plays
a crucial role in macrophage polarization and innate immune
response. Overexpression of miR-101 in macrophages
increases Ml-related cytokine expression levels (194).
Gao et al (195) demonstrated that the miR-101/MKP-1/
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mitogen-activated protein kinase pathway plays a potential
anti-inflammatory target. Liu ef al (196) revealed that macro-
phages treated with TLR2, TLR3, or TLR4 ligands showed a
decrease in the expression level of miR-147 while silencing
miR-147 increased the expression level of inflammatory cyto-
kines. In addition, miR-203 has been demonstrated to play a
negative role in regulating the immune response to LPS,
subsequently reducing inflammatory mediators such as TNF-a
and IL-6 expression (197). Xie et al have confirmed that over-
expression of miR-27a in MDM can increase the level of
pro-inflammatory cytokines while knocking down miR-27a
can reduce the expression of these cytokines. miR-27a mainly
prevents excessive inflammatory response driven by TLR2/4
in macrophages by reducing the secretion of IL-10 (198).
Therefore, the aforementioned literature research results
clearly indicated that in addition to the antitumor effect of
miRNA by regulating M1 and M2 polarization, an increasing
number of research results indicated that this regulatory mode
also plays an important role in inflammation prevention and
control. For instance, M1 and M2 phenotypes play a unique
role in the progression of inflammatory-related diseases such
as sepsis, obesity, cancer and multiple sclerosis. Therefore,
miRNA regulation of macrophage polarization also demon-
strates the potential for targeted therapy in the treatment of
inflammatory-related diseases (9). Lv et al (199) investigated
the role of extracellular miRNAs derived from tubular epithe-
lial cells (TECs) in the development of renal tubulointerstitial
inflammation. Research has revealed that extracellular
miR-19b-3p mediates communication between damaged TECs
and macrophages, leading to M1 macrophage activation. The
EV/miR-19b-3p/SOCSI axis plays a crucial pathological role
in renal tubulointerstitial inflammation and is a new thera-
peutic target for renal diseases (199). Macrophage polarization
is also involved in the development and progression of asthma.
Some miRNAs can participate in the development of asthma
by inducing M1/M2 polarization. Therefore, targeting
miRNAs to regulate macrophage polarization may have thera-
peutic potential in allergic asthma and other allergic
diseases (58). The results of the study conducted by
Arora et al (200) suggested that miRNAs and other TFs can
induce changes in the macrophage phenotype. Understanding
the mechanism of macrophage polarization and its phenotype
regulation will help design new inflammatory treatment strate-
gies (200). Qiu et al (201) reviewed and analyzed the key role
of epigenetic modifications in the regulation of macrophage
polarization. They support that miRNA epigenetically-medi-
ated macrophage polarization may be a potential target for the
treatment of ischemic stroke and may provide a promising
treatment strategy for neuronal damage after cerebral isch-
emia (201). Recent studies have also shown that EVs derived
from mesenchymal stromal cells (MSCs) play an important
role in macrophage immune regulation after myocardial isch-
emia/reperfusion (I/R) and in heart injury repair. MSC-derived
exosome (MSC-Exo) alters the polarization state of macro-
phages by shuttle miR-182, thereby alleviating myocardial I/R
injury in mice. It was also hypothesized that MSC-Exo can
serve as a potential therapeutic tool for myocardial I/R
injury (86). Dang and Leelahavanichkul explored the polariza-
tion phenomenon of miRNA-induced anti-inflammatory
macrophages based on the close relationship between

inflammatory macrophages and sepsis. The research results
revealed that overexpression of miR-223 and miR-146a in
RAW264.7 plays an inducing role in M2 macrophage polariza-
tion. Further research confirmed that the anti-inflammatory
state induced by miR-223 is not only related to HIF-1 a. The
downregulation of the interfering glycolytic pathway is related
and can prevent LPS-induced polarization of M1 macrophages.
In the LPS model, pretreatment with miR-223 overexpressed
macrophages and IL-4 reduced the severity of sepsis.
Therefore, the concept of inducing anti-inflammatory macro-
phages through cell energy destruction for the treatment of
sepsis was proposed (202). Neuroinflammation is the main
cause of secondary neuronal damage, but the immune mecha-
nism of brain cell damage in neonatal hypoxic-ischemic
encephalopathy remains unclear. A previous study demon-
strated that miR-210 is a new regulator of microglia activation
in neonatal hypoxic-ischemic brain injury, and also a potential
therapeutic target for neonatal hypoxic-ischemic brain
injury (203). Macrophages also play a crucial role in the patho-
genesis of AS, but their molecular mechanism remains unclear.
For example, Xu er al (204) observed that miR-34a plays a
central role in the regulation of macrophage cholesterol
outflow, inflammation and AS, which indicates that miR-34a is
a promising target for the treatment of heart metabolic
diseases. There is increasing research on the role of MSCs and
MSC-Exos in alleviating myocardial I/R injury. Gao et al (205)
attempted to find an ideal microRNA candidate and determine
whether it could replicate the cardioprotective effects of MSCs
and MSC-Exos. The results indicated that miR-125a-5b is
enriched in MSC-Exos, and its modified oligonucleotide
miR-125a-5p atomic can increase the polarization of M2
macrophages, promote angiogenesis and help improve myocar-
dial cell apoptosis and inflammation, thereby achieving
effective therapeutic goals (205). The aforementioned studies
indicated that miRNAs play crucial regulatory role in macro-
phage polarization, inflammation and tumor development.
Given that the balance between M1/M2 macrophages plays an
important role in the occurrence and development of numerous
diseases, and miRNA can regulate the balance between
M1/M2 cells in various ways, identifying miRNAs related to
the dynamic changes in macrophage polarization and under-
standing their role in regulating this process is of great
significance for exploring the molecular basis of disease
progression and developing new miRNA-targeted therapy
strategies.

7. Conclusions

In conclusion, it is known that macrophage polarization plays
an important role in numerous physiological and patholog-
ical conditions, such as infection, inflammation, immunity,
regeneration and tumors. In the past few years, significant
progress has been made in regulating TFs of macrophage
polarization, as well as epigenetic modification mechanisms
including miRNA. It has been revealed that miRNAs can play
inflammatory and immune regulatory roles by participating
in the polarization process of macrophages. However, the
molecular mechanism of miRNA in macrophage polariza-
tion is relatively complex, involving the interaction between
its upstream regulatory factors and downstream target genes.
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The current research focus remains on how miRNA regu-
lates the polarization process of macrophages by regulating
downstream target genes or signal axes. In terms of the types
of miRNAs polarized by macrophages M1 and M2, both
directions of polarization have relatively specific associations
with miRNA types and have different effects on inhibiting
or promoting macrophage polarization. The specific regu-
latory effect of the same miRNA is related to the specific
pathological microenvironment and induction drugs. Some
miRNAs even exhibit opposite reported results of inhibiting
or promoting macrophage polarization. It is precisely due
to the important role of miRNA in regulating macrophage
polarization that it plays an important role in inflammation,
immune response and tumor growth. At present, there are
numerous studies on the regulation of macrophage polar-
ization by miRNAs involved in inflammation and tumor
occurrence and development, and some important miRNA
types have been preliminarily confirmed. At the same
time, in vitro and in vivo experiments have confirmed that
these miRNA mimics or inhibitors play an important role
in inflammation control and tumor treatment. miRNA is
expected to become a target for treating diseases related to
inflammation or tumors. Although both basic research and
early clinical findings indicated significant potential for
drug development based on miRNA expression interference,
there have been no studies of phase III clinical studies to
date. Therefore, in-depth exploration of miRNA on macro-
phage polarization will help to improve understanding of the
biological functions of macrophages, and further provide a
more effective theoretical basis and treatment strategies for
treating diseases centered on macrophage polarization.
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