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MicroRNAs (miRNAs) are endogenous non-coding single-stranded small molecule RNAs
consisting of 20–24 nucleotides that are highly conserved in species evolution. Expression
of miRNAs is strictly tissue-specific, and it is chronological in fungi and plants, as well as in
animals. MiR-223 has been shown to play a key role in innate immunity, and dysregulation
of its expression contributes to the pathogenesis of multiple inflammatory diseases, and
cancers. In this article the biosynthesis and functions of miR-223 in innate immunity are
reviewed, and the role of miR-223 in liver physiopathology and therapeutic prospects
are highlighted.
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INTRODUCTION

In 1993, the microRNA (miRNA), Lin-4, was identified as a regulator of embryonic development in
C. elegans (1). Since then, miRNAs have been an active area of a research. Ongoing work continues
to elucidate the functions and regulatory networks of miRNAs, as well as their contributions to
regulation of post-transcriptional gene expression (2). MiRNAs are endogenous non-coding, single-
stranded small molecule RNAs that are 20-24 nucleotides in length and have been highly conserved
over species evolution. The expression profiles of miRNAs are strictly tissue-specific, and are
chronological in fungi, plants, and animals (3). One of the most authoritative databases currently
available for miRNAs is miRBase, which includes both name and sequence information for miRNAs
identified to date. The latest release of the miRBase database includes 38 589 hairpin precursors and
48 860 mature miRNAs from 271 organisms. These miRNAs regulate expression of at least 60% of
protein-coding genes (4). At the post-transcriptional level, miRNAs regulate protein expression
through complementary binding to 3′non-coding regions of target gene mRNAs to direct RNA-
induced silencing complex-mediated degradation or to inhibit translation. As non-coding RNAs
with important regulatory functions, miRNAs play important regulatory roles in normal
physiological processes such as organism development, tissue remodeling, metabolism, immune
responses, cell proliferation, cell differentiation, and intracellular signal transduction. Conversely,
dysregulated miRNAs are associated with inflammatory diseases, metabolic abnormalities, and
tumors (5).

Distinct expression profiles are observed for miRNAs from different cell types and organs, and
this is consistent with the variety of functions they perform. For example, hepatic miRNAs play an
important role in the pathogenesis of liver disease by regulating hepatic lipid metabolism,
inflammatory injury, fibrosis, and tumor progression. MiRNAs can also be released in
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extracellular vesicles (EVs) that function as messengers for
communication between hepatocytes and immune cells, or
between liver and other tissues (6).

Most recently, emerging evidences have demonstrated that
miR-223 is essential for development and homeostasis of the
immune system. It may also have an essential role in both
inflammation disorders and various liver diseases. The current
review discusses miR-223 biogenesis and the function of miR-
223 during innate immunity, while also highlighting its role in
liver diseases. Potential applications of miR-223 in disease
diagnosis and treatment are presented as well.
MIR-223 BIOSYNTHESIS AND FUNCTION

MiR-223 Biosynthesis
The miR-223 gene is located within the q12 locus of the X
chromosome and is highly conserved during evolution (7). The
long primary transcript of miR-223 (pri-miR-223) contains a
hairpin structure in exon 3 of the non-coding transcript which
primarily results in production of the miR-223-3p strand
(hereafter referred to as miR-223 unless specified). A minor
product, miR-223-5p, is also produced which is prone to
degradation, yet has been shown to play roles in several
diseases (8).

MiR-223 is highly expressed in the myeloid lineage and is
regulated by myeloid-transcription factors such as PU.1, CCAAT
enhancer-binding protein alpha (C/EBPa), CCAAT enhancer-
binding protein beta (C/EBPb), and Nuclear Factor I-A (NFIA).
PU.1, C/EBPa, and C/EBPb bind the promoter of miR-223 and
increase its expression. C/EBPa can also cooperate with PU.1 to
enhance miR-223 expression. In contrast, NFIA inhibits
expression of miR-223. Interestingly, both NFIA and C/EBPb
are targets of miR-223, thus a negative feedback loops exists
between miR-223 and its transcription factors (9, 10).
Peroxisome proliferator-activated receptor gamma (PPARg), a
nuclear transcription factor, can enhance miR-223 expression by
directly binding to PPARg regulatory elements that are located in
the promoter of miR-223 (11). Kruppel-like factor 6 (KLF6) is a
unique member of the zinc-finger family of transcription factors.
KLF6 represses miR-223 expression by occupying its promoter
region, thereby promoting proinflammatory gene expression in
macrophages (12). The factors that influence these transcription
factors are also involved in miR-223 expression. For example,
Sirtuin-1, an NAD+-dependent histone deacetylase, interacts
with C/EBPa to induce its deacetylation, thereby inducing
miR-223 expression in neutrophils (13). Meanwhile,
macrophage colony-stimulating factor and receptor activator of
nuclear factor kappa-B ligand can increase expression of
PU.1 (14).

Epigenetic mechanisms, such as DNA methylation and post-
translational modifications of nucleosomal histone proteins,
contribute to miRNA regulation. In patients with acute
myeloid leukemia (AML), AML1/ETO, a common AML-
associated fusion protein, reduces miR-223 expression by
recruiting a chromatin remodeling enzyme to the pre-miR-223
promoter binding site to silence heterochromatin of miR-223
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(15). In atherosclerotic cerebral infarction patients, miR-223
levels have been found to negatively correlate with mean
methylation levels of the miR-223 promoter, suggesting that
miR-223 expression is inhibited by promoter hypermethylation
(16). Furthermore, in hepatocellular carcinoma (HCC), miR-223
expression is suppressed by sulfatide, a sulfoglycolipid. The
presence of sulfatide reduces recruitment of acetylated histone
H3 and C/EBPa to the promoter of pre-miR-223, and this leads
to miR-223 downregulation (17).

Target Genes of MiR-223
The main function of miRNAs is to prevent expression of target
genes via degradation or inhibition of mRNA translation. Since
one miRNA may correspond to multiple target mRNAs. We
performed bioinformatics analysis to predict target genes of miR-
223. Several miRNA target genes databases were employed,
including TargetScan (18), miRDB (19), and miRanda (20).
The same databases were also used to perform functional
enrichment analyses to identify biological functions of
potential miR-223 target genes (Figure 1). The following
biological processes were identified: cellular response to insulin
stimulus, response to peptide hormone, regulation of ossification
(TargetScan database); myeloid cell differentiation, regulation of
cell morphogenesis, negative regulation of phosphorylation
(miRDB database); and dendrite cell development and
cytokinesis (miRanda database). While some of these miR-223
target genes have been reported, the others remain to be
explored. There are newly identified target genes of miR-223
which are not included in Figure 2 (e.g., Taz, Cxcl10, and Nlrp3),
and these will be discussed below. Additionally, we added data
from the experimentally validated database, miRTarBase (21) to
construct a miR-223 target gene network (Figure 2). Within this
network, 26 target genes have been confirmed experimentally
(e.g., FOXO3, LMO2, KAT6A, etc.), while 26 are unreported
(e.g., XPR1 and LACC1). It remains for future studies to
elucidate what regulatory relationships may exist between these
mRNAs and miR-223.

In summary, the gene encoding miR-223 is located within the
q12 locus of chromosome X and its expression is enhanced by
transcription factors, PU.1, C/EBPa, and PPARg, and inhibited
by NFIA and KLF6. Methylation and deacetylation also regulate
miR-223 expression. MiR-223 has multiple target genes. We
employed bioinformatics methods to predict new target genes,
which may contribute to regulation of myeloid cell
differentiation, insulin resistance, tumor cell proliferation or
other processes. Additional experiments are needed to confirm
and characterize the regulatory relationship of these target genes
with miR-223.
MIR-223 IN INNATE IMMUNITY
AND INFLAMMATION

Contribution of MiR-223 to Regulation of
Myeloid Differentiation
The role of miR-223 in granulocyte differentiation remains
controversial. Upon retinoic acid treatment, C/EBPa replaces
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NFIA on the miR-223 promoter to increase miR-223 expression.
While overexpression of miR-223 is sufficient to induce myeloid
precursor cells to differentiate into granulocytes (9), myeloid-
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specific miR-223 negatively regulates granulocyte differentiation
and activation. It has also been observed that miR-223 deficient
mice (miR-223-/y) have an expanded granulocytic compartment
due to an increased number of granulocyte progenitor cells (22).
The same study further demonstrated that transcription factor,
myocyte enhancer factor 2C (Mef2c) (another target of miR-
223), promotes myeloid progenitor proliferation (22).
Discrepancies among reported results may derive from use of
distinct gene manipulation strategies and granulocytic lineages.
Manipulates of miR-223 expression at defined granulocyte
differentiation stages in future studies could help elucidate the
multifarious roles of miR-223.

During the differentiation of monocytes to macrophages,
expression of miR-223 is downregulated significantly.
Repression of miR-223 expression leads to increased
expression of a target gene inhibitor which represses
expression of nuclear factor kappa-B kinase subunit alpha
(IKKa) and inhibits NF-kB pathways (23). Granulocyte
macrophage colony-stimulating factor-induced differentiation
of monocytes and phorbol12-myristate 13-acetate (PMA)-
induced differentiation of THP1 cells has also been abolished
by a miR-223 inhibitor (24).

MiR-223 Regulates Inflammation in
Myeloid Cells
MiR-223 in Neutrophils
MiR-223 is the most abundant miRNA in neutrophils and it
plays an important role in modulation of neutrophil maturation
and activation. Correspondingly, miR-223-/y mice are
characterized by increased numbers of neutrophils in their
bone marrow, peripheral blood, and lungs. The neutrophils
FIGURE 2 | MiR-223 target genes. Combined with miRTarBase database,
the target gene network of miR-223 was constructed. The green shapes
represent experimentally validated target genes that have been reported, and
the red shapes represent target genes that have not been experimentally
validated yet.
A B

DC

FIGURE 1 | Biological function prediction of miR-223 target genes. Functions of miR-223 target genes analyzed in TargetScan database (A), miRDB database (B),
and miRanda database (C). (D) The intersecting target genes of the three databases.
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miR-223-/y mice are hypermature, and are hyperactive to
stimulation. It has been demonstrated that miR-223 controls
neutrophil recruitment to the lungs during Mycobacterium
tuberculosis (Mtb) infection by directly inhibiting the
expression of chemokines (CXCL2 and CCL3), as well as
cytokine, IL-6, in myeloid cells. Furthermore, miR-223
modulates the release of TNF-a and IL-10 from Mtb-infected
myeloid cells by reducing NF-kB activity (25). In agreement with
Mtb infection, miR-223 suppresses IL-6 expression and
subsequently suppresses p47phox expression to alleviate
production of reactive oxygen species (ROS) in ethanol-
induced liver injury (26). Additionally, miR-223 suppresses
NOD-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome activity through direct binding of the 3′
untranslated region of NLRP3, thereby reducing IL-1b
expression in neutrophils (27).

MiR-223 in Macrophages
MiR-223 contributes to regulation of macrophage polarization
and activation. For example, miR-223 facilitates the
differentiation of macrophages into the alternative M2
phenotype in the pathophysiology of many diseases, including
high fat diet (HFD)-induced adipose tissue inflammation (28),
coxsackievirus B3 (CVB3)-induced viral myocarditis (29),
wound repair (30), sepsis (31), liver inflammatory resolution
(32), viral myocarditis (33), and multiple sclerosis (34).
Mechanistically, miR-223 suppresses proinflammatory
activation of macrophages, and induces alternative activation
of M2 macrophages by inhibiting Pknox1 in adipose tissue
inflammation, CVB3-induced viral myocarditis, and cutaneous
wounds (28–30). Nfat5 and Rasa1 are direct targets of miR-223
and are critical for PPARg or IL-4-induced miR-223-mediated
alternative activation of macrophages in a HFD model and in
sepsis (11). M2-polarized macrophages exhibit an anti-
inflammatory phenotype and function, including phagocytosis,
and promote resolution of inflammation and tissue repair (35).

In addition to regulation of macrophage polarization, miR-
223 also inhibits macrophage inflammation responses to Toll-
like receptor (TLR) ligand stimulation. TLR ligands decrease
miR-223 expression in macrophages, and this increases
expression of the miR-223 target gene, STAT3. STAT3 then
enhances expression of the proinflammation cytokine IL-1b and
IL-6 (36). Interestingly, IL-6 has been shown to promote
macrophage inflammatory responses by down-regulating miR-
223 (37). In another study, it was observed that the down
regulation of miR-223 by TLR ligand promoted production of
TNF-a, IL-6, and IL-1b via increased expression of Ras homolog
gene family, member B (RhoB). RhoB activates both NF-kB and
mitogen-activated protein kinase signaling (38). MiR-223
dampens inflammasome activation and IL-1b secretion in
macrophages by targeting NLRP3 (39). MiR-223 also
negatively regulates NF-kB activation in human monocytic
cells by inhibiting p65 phosphorylation, which in turn leads to
decreased expression of inflammatory cytokines (40).
Additionally, miR-223 enhances matrix metalloproteinase
expression by targeting the circadian rhythm protein, brain
Frontiers in Immunology | www.frontiersin.org 4
and muscle ARNT-like protein-1 (BMAL1), during Mtb
infection (41).

In summary, miR-223 skews macrophages toward an anti-
inflammatory phenotype by targeting Pknox1/Rasal/NFAT5
during inflammation. In various inflammatory disease models,
macrophage inflammatory responses have been downregulated
by miR-223 via targeting of STAT3, RhoB, and NLRP3 (35).

MiR-223 in EVs and
Intercellular Communication
EVs are membrane-bound, nanometer-sized vesicles that are
released by cells under normal, stressed, or transformed
conditions. EVs can be packaged with mRNA, non-coding
RNAs, proteins, lipids, miRNAs, etc. MiRNAs can be released
into extracellular space within EVs, particularly exosomes. When
EVs containing miRNAs are taken up by neighboring cells or
when they gain access to the circulation, the miRNAs are able to
regulate target genes in recipient cells both locally and distally.
MiR-223 is one of the predominant miRNAs that has been
identified in EVs isolated from human peripheral blood (42). It
is hypothesized that it is released from peripheral blood
monocytes and neutrophils. It has also been reported that
activated human macrophages release microvesicles to deliver
miR-223 as a functional cargo into target cells such as
monocytes, epithelial cells, fibroblasts, and endothelial cells.
Furthermore, microvesicles from activated macrophages can
induce the differentiation of naive monocytes into
macrophages (43). Similarly, mesenchymal stem cells can skew
macrophages to a M2 phenotype by transferring exosome-
derived miR-223 (30).

During acute lung injury, neutrophils transfer miR-223 via
EVs to lung epithelial cells and dampen acute lung injury
through repression of poly (adenosine diphosphate-ribose)
polymerase-1 (PARP-1) (44). On the other hand, exosomes
containing miR-223 derived from vascular endothelial cells
cooperate with exosomes containing miR-27b-3p derived from
type II alveolar epithelial cells to regulate alveolar macrophage
phenotypes by targeting regulator of G protein signaling-1
(RGS1) (45). Notably, when miR-223/142 mimics have been
loaded into unstimulated microvesicles and delivered into
murine lung tissue, macrophage activation and lung
inflammation are suppressed via inhibition of NLRP3
inflammasome activity (46).

In the liver, hepatocytes express very low levels of pri-miR-
223. In contrast, miR-223 levels are much higher in the
hepatocytes of HFD-fed mice. This elevation is due to
preferential uptake of miR-223-enriched EVs derived from
neutrophils/macrophages. The selective transfer of miR-223
into hepatocytes is dependent on low-density lipoprotein
receptors (LDLRs) in hepatocytes and on apolipoprotein E
(APOE) in neutrophil-derived EVs (47). In addition, IL-6
signaling in myeloid cells promotes the transfer of miR-223-
enriched exosomes to hepatocytes (48). Taken together,
exosomal miR-223 is considered a source of new messengers
for myeloid cells to communicate among themselves and with
other cells.
March 2022 | Volume 13 | Article 860661
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In addition to EVs, lipoprotein particles such as high-density
lipoprotein (HDL) are enriched with miR-223 in serum. MiR-
223 is transported in plasma and delivered to recipient cells by
HDL with functional targeting capabilities. Moreover,
lipoprotein particles and EVs are easily distinguished. Thus,
HDL particles have been purified which express ApoA-I, yet
are negative for classic exosomal protein markers (e.g., CD63,
HSP70, and ICAM-1) (49).
MIR-223 IN LIVER HOMEOSTASIS

In the liver, miR-223 plays an important role in maintaining
cholesterol homeostasis, hepatocyte apoptosis, lipolysis, and cell
proliferation through negative regulation target genes. In
particular, miR-223 directly or indirectly regulates three key
processes that govern intracellular and systemic cholesterol
levels: in the cholesterol synthesis phase, miR-223 directly
targets and represses two cholesterol biosynthetic genes, 3-
hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) and
SC4MOL, to inhibit cholesterol biosynthesis. In the cholesterol
uptake phase, miR-223 represses cholesterol uptake by
controlling scavenger receptor class B member 1 (SCARB1,
SR-BI), while miR-223 promotes cholesterol efflux by indirectly
upregulating basolateral ATP binding cassette subfamily A
member 1(ABCA1) in hepatocytes (50). Most recently, Zhao
et al. have proposed a novel role for miR-223 in preventing
lithogenic diet-induced cholesterol gallstone development. It is
possible that miRNA-223 preferentially decreases cholesterol
transportation from hepatocytes into the bile by directly
targeting the biliary cholesterol transporters, ABCG5 and
ABCG8 (51). Another recent study reported that the lipolytic
gene diacylglycerol lipase alpha (DAGLA) is negatively regulated
by miR-223, and this may be associated with lipolysis in the liver
(52). Interestingly, under simulated microgravity, miR-223 is
upregulated in rat liver tissue, thereby inhibiting hepatocyte
proliferation via negative regulation of CDK2 and CUL1 (53).

Therefore, in summary, miR-223 regulates physiological
functions of the liver by maintaining cholesterol homeostasis,
hepatocyte apoptosis, lipolysis, and cell proliferation in
hepatocytes. Correspondingly, dysregulation of miR-223 is
associated with various liver diseases, including viral hepatitis,
acute liver injury, alcoholic and non-alcoholic liver disease,
cirrhosis, and HCC.
MIR-223 IN LIVER DISEASES

MiR-223 in Viral Hepatitis
Infections caused by hepatitis B virus (HBV) and hepatitis C
virus (HCV) infection can lead to acute and chronic hepatitis,
cirrhosis, or HCC. Moreover, progression of each of these
diseases is driven by sustained inflammation. To date, the roles
of miR-223 in HBV and HCV infections remain to be elucidated
due to a lack of suitable small animal models for HBV/HCV
infections. However, evidence from clinical studies and in vitro
Frontiers in Immunology | www.frontiersin.org 5
cell culture experiments suggest that miR-223 may play an
important role in controlling inflammation caused by virus
infection. For example, in HBV-infected patients, serum levels
of miR-223 are higher than in healthy controls. Similar levels of
miR-223 have also been observed in patients with HCC,
suggesting that miR-223 may represent a more general
biomarker for liver injury, rather than a specific biomarker for
HCC (54). However, it has been reported that miR-223 levels are
downregulated in the serum of HBV-positive HCC patients
compared to healthy controls. MiR-223 has also been found to
be downregulated in HBx-transfected HepG2 cells and
HepG2.2.15 cells, while its target gene, c-myc, is upregulated to
enhance hepatocyte proliferation (55). In addition, circulating
hepatitis B surface antigen particles can function as carriers of
miRNAs, including miR-223 (56).

In fresh liver biopsies collected from HCV patients, miR-223
levels were significantly lower than those in normal liver tissues
(57). Meanwhile, in a cohort study, higher levels of miR-223 were
detected in the plasma of HCV patients exhibiting a sustained
virologic response. In addition, miR-223 levels negatively
correlated with liver injury scores (58). Taken together, these
results suggest that miR-223 regulation is affected by HCV
infection and treatment-based viral cures. Correspondingly, in
patients co-infected with HCV and HIV, circulating miR-223
levels increased after treatment, possibly in association with
reduced inflammation and NF-kB activation. Furthermore,
these downstream effects have the potential to regulate other
immune pathways associated with chronic liver inflammation
and complications (59).

Thus, during viral infection, miR-223 may act as a negative
regulator of immune regulation and inflammatory response, and
therefore may represent a possible biomarker for viral hepatitis.
However, the mechanistic details for miR-223 in hepatitis virus-
induced inflammation and immune cell regulation remain to
be characterized.

MiR-223 in Acute Liver Injury
Acute liver failure is a rare and severe consequence of abrupt
hepatocyte injury. It can evolve over days or weeks before
reaching a lethal outcome. Substances that lead to hepatocyte
injury can either directly cause toxic necrosis or induce apoptosis
(within hours). Damaged hepatocytes release damage-associated
molecular patterns to activate immune cells and evoke immune-
based injury (which can occur over days to weeks). The most
common cause of acute liver failure in developed countries is
acetaminophen (APAP) overdose (60). In patients with acute
liver failure, and in mouse models of liver injury induced by
APAP, elevated serum levels of miR-223 have been observed (61,
62). In APAP-induced liver injury, damaged hepatocytes release
mitochondria DNA (mtDNA) which activates neutrophils by
binding to TLR9. TLR9 then up-regulates miR-223 by enhancing
NF-kB binding on the miR-223 promoter. MiR-223
subsequently acts as a negative feedback loop to control
APAP-induced liver inflammation by targeting IKKa in
neutrophils (62) (Figure 3). Most recently, Zhao et al.
demonstrated that mice with hepatocyte-specific deficiency of
B-cell receptor-associated protein 31 (BAP31-LKO) are more
March 2022 | Volume 13 | Article 860661
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susceptible to APAP-induced hepatotoxicity (63). This model
also exhibits reduced stability of factor erythroid 2-related factor
2 (Nrf2) mRNA and reduced miR-223 expression. Nrf2 is an
essential transcription factor that mediates cellular anti-oxidative
response in liver tissue. Since miR-223 can potentially upregulate
Nrf2 protein levels by targeting kelch-like ECH-associated
protein 1 (Keap1) in HepG2 cells (64), Zhao et al. have
hypothesized that reduced miR-223 expression in liver tissue of
BAP31-LKO mice contributes to reduce activation of Nrf2
signaling via an increase in Keap1 (63).

In concanavalin A-induced liver injury, miR-223 inhibits IL-
1b production by suppressing inflammasome AIM2 in Kupffer
cells in the early stage of acute liver failure (65). Surprisingly,
during Fas-induced hepatocyte damage, miR-223 deficiency
protects against hepatocyte apoptosis and liver injury by
targeting the transmembrane tyrosine kinase receptor, insulin-
like growth factor 1 receptor (66) (Figure 3).

MiR-223 in Alcoholic Liver Disease
ALD represents a spectrum of injury, ranging from simple
steatosis to alcoholic hepatitis to cirrhosis. Pathologic
progression of ALD is largely driven by inflammatory
responses, and it is well-known that hepatic neutrophil
infiltration is a hallmark of ALD. Thus, as a neutrophil-specific
miRNA, it is hypothesized that miR-223 plays an important role
in ALD. Indeed, miR-223 levels are elevated in the serum and/or
liver of patients or mouse models with ALD. In chronic-plus-
binge ethanol-fed mice, deletion of miR-223 gene exacerbates
hepatic neutrophil infiltration, ROS production, and liver injury.
Mechanistically, miR-223 inhibits IL-6 expression, and
subsequently inhibits p47phox expression in neutrophils,
thereby alleviating ethanol-induced hepatic injury and ROS
production. However, in alcoholic patients, miR-223 levels in
Frontiers in Immunology | www.frontiersin.org 6
neutrophils have been found to be downregulated, while
expression of IL-6 and p47phox are upregulated, compared to
healthy controls (26) (Figure 4).

A recent study showed that aging increases the susceptibility
of alcohol-induced liver injury in both mice and humans via
downregulation of the SIRT1-C/EBPa-miR-223 axis in
neutrophils (13). When circulating neutrophils were obtained
from both middle-aged and elderly subjects, levels of SIRT1 and
miR-223 were found to be lower than in circulating neutrophils
obtained from young individuals. It has been observed that
deletion of Sirt1 gene in myeloid cells exacerbates chronic-
plus-binge ethanol-induced liver injury and inflammation, and
inhibits miR-223 expression in neutrophils. Mechanistic studies
have further revealed that SIRT1 promotes C/EBPa
deacetylation by directly interacting with C/EBPa, and
subsequently elevated miR-223 levels in neutrophils (13).
However, the pathogenetic role of neutrophil infiltration in
ALD remains unclear. It is generally believed that neutrophils
that infiltrate the liver damage hepatocytes via ROS, proteases,
and other inflammatory mediators (67); yet in clinical studies of
ALD, infiltration of neutrophils is associated with better
prognosis. In patients with severe alcoholic hepatitis,
neutrophils clear necrotic hepatocytes and secrete hepatocyte
growth factor, thereby promoting hepatocyte regeneration and/
or controlling bacterial infection (68, 69). For miR-223, it has
been shown to contribute to the beneficial roles of neutrophils
in ALD.

MiR-223 in Non-Alcoholic
Fatty Liver Disease
The incidence of NAFLD has been increasing each year, and
disease progression includes hepatic steatosis, and nonalcoholic
steatohepatitis (NASH) which can progress to irreversible
FIGURE 3 | Role of miR-223 in acute liver injury. (A) In ConA-induced liver injury, miR-223 inhibits IL-1b production by suppressing inflammasome AIM2 in Kupffer
cells. (B) During APAP-induced liver injury, mtDNA released from damaged hepatocytes activates NF-kB depending on TLR9-pathway and subsequently increases
expression of inflammatory genes, thereby enhancing liver injury. Meanwhile, mtDNA/TLR9/NF-kB signaling also up-regulates expression of miR-223 in neutrophils.
MiR-223 then acts as a negative feedback loop to ameliorate APAP-induced liver injury by targeting IKKa. During Fas-induced hepatocyte apoptosis, miR-223
enhances Fas-induced hepatocyte apoptosis and liver injury by targeting the insulin-like growth factor 1 receptor (IGF1R).
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cirrhosis, liver failure, and HCC. The pathogenesis of NAFLD is
complex and includes metabolic disorders, lipid accumulation,
inflammation, oxidative stress, and insulin resistance in
hepatocytes (70). MiR-223 plays an important role in the
pathophysiology of NAFLD through neutrophils and
macrophages (71).

Highly elevated levels of miR-223 been found in the serum
and liver of HFD-fed mice and in human NASH samples (48,
72). In addition, miR-223 KO mice are reported to be more
susceptible to HFD-induced liver injury, steatosis, inflammation,
fibrosis, and HCC. MiR-223 plays a key role in controlling
steatosis-to-NASH progression by inhibiting expression of
Cxcl10 and transcriptional co-activator with PDZ-binding
motif (Taz) in the liver (72). IL-6 signaling in myeloid cells
promotes the release of miR-223-rich exosomes from both
macrophages and neutrophils. Translocation of these miR-223-
rich exosomes into hepatocytes, reduces TAZ (a pro-fibrotic gene
in hepatocytes) expression and attenuates NAFLD-associated
fibrosis (48). Free fatty acids also enhance the preferential
uptake of miR-223-enriched extracellular EVs by hepatocytes.
This uptake is dependent on LDLR on hepatocytes and APOE on
neutrophil-derived EVs (47) (Figure 4). As mentioned above,
miR-223 is an important regulator in macrophage polarization,
and miR-223 may affect NAFLD progression by inducing a
phenotype switch of M2 macrophages (11).

In NAFLD patients, miR-223 levels are increased with the
release of miR-223-rich exosomes from neutrophils and
macrophages. MiR-223 has been shown to play a role in
cellular communication in NAFLD and regulates miR-223
Frontiers in Immunology | www.frontiersin.org 7
levels in hepatocytes. Thus, miR-223 has the potential to serve
as a biomarker for diagnosis and treatment of NAFLD.

MiR-223 in Liver Fibrosis
Liver fibrosis is the outcome of chronic damage and
inflammation caused by various factors such as viral infection,
alcohol consumption and non-alcoholic steatohepatitis. In recent
years, immune cells, especially macrophages, have increasingly
become an active area of research in regard to liver fibrosis.
Inflammatory Ly6Chi macrophages and restorative Ly6Clow

macrophages acts as drivers or inhibitors of liver fibrosis,
respectively. Consequently, it is hypothesized that macrophages
play a key role in fibrosis (73), and that inflammatory Ly6Chi

monocytes could differentiate into Ly6Clow macrophages at the
site of injury (74).

Considering that miR-223 plays an important role in
monocyte/macrophage differentiation, it may also contribute to
the pathology of liver fibrosis. In a recent study of the CCl4
mouse model, neutrophil-derived miR-223 was found to
promote silencing of NLRP3 in proinflammatory macrophages
and to induce alternative activation of these macrophages to
achieve a restorative phenotype after cessation of injury.
Subsequently, production of IL-10 by the restorative
macrophages can indirectly reduce inflammation and early
fibrosis by suppressing hepatic stellate cell activation and
ameliorating collagen formation and deposition (32).

In HCV-positive cirrhosis, serum miR-223 is dysregulated
(75). Meanwhile, in HBV-related liver fibrosis, serum miR-223 is
progressively downregulated from S0-S2 (early fibrosis) to S3-S4
FIGURE 4 | Role of miR-223 in the progression of NAFLD and ALD. During HFD, free fatty acids elevate miR-223 expression in neutrophils by regulating APOE/PU.1
signaling. MiR-223 directly targets NLRP3, CXCL2, IL-6 to ameliorate inflammatory responses. And miR-223 can also form a feedback loop to prevent NASH progression
by promoting the preferential uptake of neutrophil-derived miR-223/APOE-enriched EVs in hepatocytes. IL-6 signaling promotes macrophages to release miR-223-
enriched exosomes that inhibit expression of several miR-223-targeted genes in hepatocytes, thereby attenuating NASH-associated liver fibrosis. In addition, PPARg/
miR-223 axis control macrophage polarization and protects against diet-induced adipose tissue inflammatory response and systemic insulin resistance. PPARg can
enhance miR-223 expression by directly binding to pre-miR-223 promoter. MiR-223 is required for PPARg-induced M2 macrophage polarization by controlling expression
of the target genes Nfat5 and Rasa1. Moreover, miR-223 inhibits Pknox1 expression, thereby suppressing proinflammatory activation of M1 response. Ethanol elevates
miR-223 levels. MiR-223 attenuates neutrophil function by inhibiting the IL-6–p47phox–ROS pathway, thereby protecting against ALD.
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(late fibrosis) (76). However, it has also been reported that serum
miR-223 is upregulated in significant fibrosis (≥F2) compared
with no/mild fibrosis (F0-F1); and is upregulated in severe
fibrosis (≥F3) and cirrhosis (F4) compared with F0-F2 and F0-
F3, respectively (77). Therefore, further studies are needed to
evaluate the potential for miR-223 to serve as a noninvasive
biomarker of fibrosis progression.

MiR-223 in HCC
MiR-223 is commonly repressed in human HCC, partly due to
epigenetic regulation by sulfatide (17, 78). MiR-223 inhibits tumor
cell proliferation and promotes apoptosis via inhibition of the
mTOR pathway by targeting Rab1 or by targeting NLRP3 (as
observed in several HCC cell lines) (79, 80). In patients with HBV-
related HCC, miR-223 was found to be significantly reduced in
cancerous tissues compared with non-cancerous tissues, and it
also exhibited a negative correlation with tumor size and
Barcelona Clinic Liver Cancer stage. Therefore, circulating
miRNA-223-3p may represent a novel diagnostic and prognostic
marker for patients with HBV-associated HCC (81).

There are several carcinogenesis genes which have been
identified as potential targets of miR-223 and contributors to the
anti-HCC effect of miR-223. For example, stathmin1 is a target gene
of miR-223 which is overexpressed in HCC. Functional inhibition
of stathmin1 has decreased cell viability and proliferation, while
increasing apoptosis in HCC cells (78). Microarray analyses of
hepatic gene expression in HFD-fed miR-223 KO mice have also
revealed that the most dysregulated genes are cancer-related, and
this likely contributes to the increased susceptibility of miR-223 KO
mice to HFD-induced liver cancer (72).

Patients with HCC usually acquire resistance over the course
of long-term chemotherapy, and this can severely compromise
the therapeutic benefits of this treatment approach. To date, the
role of miR-223 in chemoresistance remains contradictory. For
example, miR−223 expression is increased in sorafenib−resistant
HCC cells, and knockdown of miR−223 markedly enhances the
sensitivity of HCC cells to sorafenib. The latter involves an
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increase in expression of miR-223 target genes, F-box and WD
repeat domain-containing 7 (FBW7), suggesting that miR-223
may represent a potential target for overcoming sorafenib
resistance (82). However, it has also been reported that miR-
223 is expressed at low levels in doxorubicin-treated HCC
cells. It is possible that overexpression of miR-223 can inhibit
doxorubicin-induced autophagy, thereby increasing doxorubicin
cytotoxicity in HCC cells. Moreover, miR-223 has been shown to
inhibit excessive autophagy in HCC cells by targeting FOXO3a
(83). Figure 5 and Table 1 summarized the role of miR-223
in HCC.

MiR-223-Based Therapies
MiR-223 regulates multifarious biological functions in the
pathogenesis of liver diseases, thereby making it an attractive
therapeutic target. As such, it has been tested in various
preclinical models of liver diseases. For example, a synthetic
miR-223 analog, miR-223-3p, has been used to treat acute and
chronic hepatitis by silencing activation of the NLRP3
inflammasome. It has also been demonstrated that miR-223-3p
reduces the infiltration of neutrophils, monocytes, and early
activated macrophages, and it suppresses transcriptional
expression of pro-inflammatory cytokines (IL-6 and IL-12) and
chemokines (Ccl2, Ccl3, Cxcl1, and Cxcl2) in lipopolysaccharide
(LPS)/D-GalN-induced endotoxin acute hepatitis. MiR-223 3p
treatment inhibited the activation of hepatic stellate cells and
ameliorated fibrosis development in mice with fibrotic NASH.
Furthermore, miR-223-3p negatively regulates activation of the
NLRP3 inflammasome by downregulating expression of NLRP3,
IL-1b, and activation of caspase-1 in both endotoxin acute
hepatitis and fibrotic NASH (84).

As mentioned above, EVs are highly stable, less toxic, and are
preferentially taken up by the liver. Thus, EVs represent an
attractive delivery vehicle for miRNA-based therapies in liver
diseases. Indeed, fibroblast-derived EVs have been used as
vehicles to deliver miR-195 to cancer cells and reduce tumor
volume, and have also improved survival in a rat model of
FIGURE 5 | Role of miR-223 in HCC. In HCC, sulfatide acts on the promoter region of pre-miR-223, thereby reducing the recruitment of histone H3 with C/EBPa
and decreasing miR-223 expression. MiR-223 directly targets Rab1, NLRP3, Stathmin1, FBW7, and FOXO3a, which involved in tumor cell proliferation, apoptosis,
autophagy, and drug resistance.
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cholangiocarcinoma (87). Meanwhile, hepatic stellate cell-derived
EVs loaded with miR-335-5p have decreased HCC growth and
invasion both in vitro and in vivo (88). Therefore, the potential for
EVs to deliver miR-223 to treat liver diseases appears to be
promising, although identification and characterization of the
factors that mediate EV stabilization and uptake is still needed.
CONCLUSIONS AND PROSPECTS

In summary, miR-223 plays an important role in cell differentiation
and inflammatory response. MiR-223 is also involved in regulating
Frontiers in Immunology | www.frontiersin.org 9
several processes in myeloid differentiation, and activation of
neutrophils and macrophages. Many studies have shown that
miR-223 expression is dysregulated in liver physiology and
pathology, and dysregulated miR-223 is closely associated with
viral hepatitis, liver inflammation, fibrosis, steatosis, and HCC.
However, miR-223-mediated mechanisms among the various liver
diseases remain to be elucidated. For example, in viral hepatitis, the
accurate role of miR-223 in viral infection is still not well
understood, although it seems to act as a negative regulator of
immune regulation and inflammatory response during viral
infection. Yet the mechanistic details about regulation of virus-
induced inflammation by miR-223 remain to be characterized.
TABLE 1 | MiR-223 expression, target, and function in liver diseases.

Liver disease miR-223 expression target Clinical usage/function Reference

Circulating Cellular/
hepatic

Viral hepatitis
Chronic hepatitis C ↑ – – Regulate the infection process of HCV (58)
Chronic hepatitis B ↓ – – As a new marker for hepatitis B diagnosis (56)
HIV with HCV – ↑ MX1,

IFI27,
CD169

Inhibition of inflammatory NF- kB pathway (59)

Acute liver injury
Mouse model of FFC ↑ ↑ NLRP3,

IL-1b
Suppress the activation of the NLRP3 inflammasome (84)

Fas-Induced in miR-223
KO mouse

– ↓ IGF-1R MiR-223 deficiency protects against Fas-induced hepatocyte apoptosis and liver injury (66)

Mouse model of CCl4 or
BDL-induced liver injury

– ↑ – MiR-223 represents a promising diagnostic marker in a panel of serum markers of liver
injury

(61)

High glucose-induced
T2DM HepG2 cells

– ↑ keap1 MiR-233 regulates oxidative stress by targeting keap1-Nrf2 system to affect the
pathological process of liver injury in T2DM

(64)

Mouse model of APAP-
induced DILI

– ↑ IKKa Up-regulation of miR-223 in terminating the acute neutrophilic response (62)

ALD
SIRT1 KO mice – ↓ SIRT1 Increases the susceptibility of alcohol-induced liver injury in mice and humans through

the down-regulation of the neutrophilic SIRT1-C/EBPa-miR-223 axis
(13)

Chronic-plus-binge ethanol
feeding mouse model

↑ ↑ IL-6 MiR-223 directly inhibited IL-6 expression and subsequently inhibited p47phox
expression in neutrophils

(26)

NAFLD
HFD-fed miR-223 KO mice – ↑ Cxcl10,

Taz
MiR-223 controls steatosis-to-NASH progression by inhibiting hepatic Cxcl10 and Taz
expression

(72)

IL-6 KO mice – ↑ IL-6 IL-6 signaling promotes microRNA-223-enriched exosome production to attenuate
NAFLD-associated fibrosis

(48)

HFD-fed miR-223KO mice – ↑ – LDLR and APOE in the selective control of miR-223-enriched EV transfer from
neutrophils to hepatocytes

(47)

Mouse model of CFD diet
caused NFALD

– ↑ IRP1 Deregulation of hepatic iron homeostasis (85)

Liver fibrosis
HBV-related liver fibrosis ↓ – – Serum miRNA-223 levels could serve as a potential noninvasive biomarker of fibrosis

progression
(76)

HCV-related liver fibrosis ↑ – – Predicting the progression of hepatic fibrosis in patients with hepatitis C (77)
CCl4 mouse model – ↑ – Hepatic neutrophils as resolving effector cells that induce proinflammatory

macrophages into a restorative phenotype, potentially via miR-223
(32)

HCC
HBV-related HCC – ↓ – New diagnostic and prognostic markers representing patients with HBV related HCC (81, 86)
HCC cell lines ↓ ↓ Rab1,

NLRP3
Inhibit tumor cell proliferation and promote apoptosis (79, 80)

hepatocellular carcinoma
cells

– ↓ FOXO3a,
FBXW7

Promote drug resistance of hepatocytes (82, 83)

HCC patients ↓ ↓ Stathmin1 MiR-223 is down-regulated in the development of HCC (78)
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Dysregulation of miR-223 has been reported in liver diseases
which can be modified by miRNA mimics or anti-miRNAs. As
such, miR-223 has a potential to serve as a promising biomarker
and therapeutic strategy for the treatment of liver diseases.
However, circulating miR-223 is differentially expressed in
different periods of liver diseases, and even in the same disease.
For example, in HBV-related HCC, circulating miR-223 levels
was differently regulated that reported by different studies. Thus,
large-sample clinical studies are required to further determine its
diagnostic value in liver pathologies. It is also important to point
out that miR-223-based studies have mostly been conducted with
mouse models. However, there is a great need for clinical studies
to be conducted in order to further evaluate the effectiveness of
miR-223 against specific liver diseases. Furthermore, miR-223-
based therapy should consider the cell-specific and disease-
specific functions of miR-223 in the liver, which will likely help
us to increase the therapeutic potential and avoid off-target
effects. A combination of bioinformatic-based predictions to
identify miR-223 target genes and additional studies of the role
Frontiers in Immunology | www.frontiersin.org 10
of miR-223 in inflammation and cancer could provide a better
understanding of miR-223 biology, and facilitate the
development of safe, accurate, and specific therapies for
liver diseases.
AUTHOR CONTRIBUTIONS

JG and XH wrote the manuscript. HX and YC collected
literatures. NL revised the article. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 82170603) and the Natural Science
Foundation of Zhejiang Province (No. LY22H030006).
REFERENCES
1. Lee RC, Feinbaum RL, Ambros V, The C. Elegans Heterochronic Gene Lin-4

Encodes Small Rnas With Antisense Complementarity to Lin-14. Cell (1993)
75(5):843–54. doi: 10.1016/0092-8674(93)90529-y

2. Bartel DP. Metazoan Micrornas. Cell (2018) 173(1):20–51. doi: 10.1016/
j.cell.2018.03.006

3. Wang X, He Y, Mackowiak B, Gao B. Micrornas as Regulators, Biomarkers
and Therapeutic Targets in Liver Diseases. Gut (2021) 70(4):784–95.
doi: 10.1136/gutjnl-2020-322526

4. Kozomara A, Birgaoanu M, Griffiths-Jones S. Mirbase: From Microrna
Sequences to Function. Nucleic Acids Res (2019) 47(D1):D155–D62.
doi: 10.1093/nar/gky1141

5. Jeffries J, Zhou W, Hsu AY, Deng Q. Mirna-223 at the Crossroads of
Inflammation and Cancer. Cancer Lett (2019) 451:136–41. doi: 10.1016/
j.canlet.2019.02.051

6. Pimpin L, Cortez-Pinto H, Negro F, Corbould E, Lazarus JV, Webber L, et al.
Burden of Liver Disease in Europe: Epidemiology and Analysis of Risk Factors
to Identify Prevention Policies. J Hepatol (2018) 69(3):718–35. doi: 10.1016/
j.jhep.2018.05.011

7. Rodriguez AE, Hernandez JA, Benito R, Gutierrez NC, Garcia JL, Hernandez-
Sanchez M, et al. Molecular Characterization of Chronic Lymphocytic
Leukemia Patients With a High Number of Losses in 13q14. PLoS One
(2012) 7(11):e48485. doi: 10.1371/journal.pone.0048485

8. Qin D, Wang X, Li Y, Yang L, Wang R, Peng J, et al. Microrna-223-5p and -3p
Cooperatively Suppress Necroptosis in Ischemic/Reperfused Hearts. J Biol
Chem (2016) 291(38):20247–59. doi: 10.1074/jbc.M116.732735

9. Fazi F, Rosa A, Fatica A, Gelmetti V, De Marchis ML, Nervi C, et al. A
Minicircuitry Comprised of Microrna-223 and Transcription Factors Nfi-A
and C/Ebpalpha Regulates Human Granulopoiesis. Cell (2005) 123(5):819–
31. doi: 10.1016/j.cell.2005.09.023

10. SunW, ShenW, Yang S, Hu F, Li H, Zhu TH. Mir-223 and Mir-142 Attenuate
Hematopoietic Cell Proliferation, and Mir-223 Positively Regulates Mir-142
Through Lmo2 Isoforms and Cebp-Beta. Cell Res (2010) 20(10):1158–69.
doi: 10.1038/cr.2010.134

11. Ying W, Tseng A, Chang RC, Morin A, Brehm T, Triff K, et al. Microrna-223
Is a Crucial Mediator of Ppargamma-Regulated Alternative Macrophage
Activation. J Clin Invest (2015) 125(11):4149–59. doi: 10.1172/JCI81656

12. Kim GD, Ng HP, Patel N, Mahabeleshwar GH. Kruppel-Like Factor 6 and
Mir-223 Signaling Axis Regulates Macrophage-Mediated Inflammation.
FASEB J (2019) 33(10):10902–15. doi: 10.1096/fj.201900867RR

13. Ren R, He Y, Ding D, Cui A, Bao H, Ma J, et al. Aging Exaggerates Acute-On-
Chronic Alcohol-Induced Liver Injury in Mice and Humans by Inhibiting
Neutrophilic Sirtuin 1-C/Ebpalpha-Mirna-223 Axis. Hepatology (2021) 75
(3):646–60. doi: 10.1002/hep.32152

14. Taibi F, Metzinger-Le Meuth V, Massy ZA, Metzinger L. Mir-223: An
Inflammatory Oncomir Enters the Cardiovascular Field. Biochim Biophys
Acta (2014) 1842(7):1001–9. doi: 10.1016/j.bbadis.2014.03.005

15. Fazi F, Racanicchi S, Zardo G, Starnes LM, Mancini M, Travaglini L, et al.
Epigenetic Silencing of the Myelopoiesis Regulator Microrna-223 by the
Aml1/Eto Oncoprotein. Cancer Cell (2007) 12(5):457–66. doi: 10.1016/
j.ccr.2007.09.020

16. Li Z, Yu F, Zhou X, Zeng S, Zhan Q, Yuan M, et al. Promoter
Hypomethylation of Microrna223 Gene Is Associated With Atherosclerotic
Cerebral Infarction. Atherosclerosis (2017) 263:237–43. doi: 10.1016/
j.atherosclerosis.2017.06.924

17. Dong YW, Wang R, Cai QQ, Qi B, Wu W, Zhang YH, et al. Sulfatide
Epigenetically Regulates Mir-223 and Promotes the Migration of Human
Hepatocellular Carcinoma Cells. J Hepatol (2014) 60(4):792–801.
doi: 10.1016/j.jhep.2013.12.004

18. McGeary SE, Lin KS, Shi CY, Pham TM, Bisaria N, Kelley GM, et al. The
Biochemical Basis of Microrna Targeting Efficacy. Science (2019) 366(6472):
eaav1741. doi: 10.1126/science.aav1741

19. Chen Y, Wang X. Mirdb: An Online Database for Prediction of Functional
Microrna Targets. Nucleic Acids Res (2020) 48(D1):D127–D31. doi: 10.1093/
nar/gkz757

20. Miranda A, Hamilton PT, Zhang AW, Pattnaik S, Becht E, Mezheyeuski A,
et al. Cancer Stemness, Intratumoral Heterogeneity, and Immune Response
Across Cancers. Proc Natl Acad Sci USA (2019) 116(18):9020–9. doi: 10.1073/
pnas.1818210116

21. Huang HY, Lin YC, Cui S, Huang Y, Tang Y, Xu J, et al. Mirtarbase Update
2022: An Informative Resource for Experimentally Validated Mirna-Target
Interactions. Nucleic Acids Res (2022) 50(D1):D222–D30. doi: 10.1093/nar/
gkab1079

22. Johnnidis JB, Harris MH, Wheeler RT, Stehling-Sun S, Lam MH, Kirak O,
et al. Regulation of Progenitor Cell Proliferation and Granulocyte Function by
Microrna-223. Nature (2008) 451(7182):1125–9. doi: 10.1038/nature06607

23. Moser B, Hochreiter B, Basilio J, Gleitsmann V, Panhuber A, Pardo-Garcia A,
et al. The Inflammatory Kinase Ikkalpha Phosphorylates and Stabilizes C-Myc
and Enhances Its Activity. Mol Cancer (2021) 20(1):16. doi: 10.1186/s12943-
021-01308-8

24. Jiang M, Zhang J, Qian L, Miao Y, Song W, Liu H, et al. Moz Forms an
Autoregulatory Feedback LoopWith Mir-223 in Aml and Monocyte/Macrophage
Development. iScience (2019) 11:189–204. doi: 10.1016/j.isci.2018.12.016

25. Dorhoi A, Iannaccone M, Farinacci M, Fae KC, Schreiber J, Moura-Alves P,
et al. Microrna-223 Controls Susceptibility to Tuberculosis by Regulating
March 2022 | Volume 13 | Article 860661

https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1136/gutjnl-2020-322526
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1016/j.canlet.2019.02.051
https://doi.org/10.1016/j.canlet.2019.02.051
https://doi.org/10.1016/j.jhep.2018.05.011
https://doi.org/10.1016/j.jhep.2018.05.011
https://doi.org/10.1371/journal.pone.0048485
https://doi.org/10.1074/jbc.M116.732735
https://doi.org/10.1016/j.cell.2005.09.023
https://doi.org/10.1038/cr.2010.134
https://doi.org/10.1172/JCI81656
https://doi.org/10.1096/fj.201900867RR
https://doi.org/10.1002/hep.32152
https://doi.org/10.1016/j.bbadis.2014.03.005
https://doi.org/10.1016/j.ccr.2007.09.020
https://doi.org/10.1016/j.ccr.2007.09.020
https://doi.org/10.1016/j.atherosclerosis.2017.06.924
https://doi.org/10.1016/j.atherosclerosis.2017.06.924
https://doi.org/10.1016/j.jhep.2013.12.004
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1073/pnas.1818210116
https://doi.org/10.1073/pnas.1818210116
https://doi.org/10.1093/nar/gkab1079
https://doi.org/10.1093/nar/gkab1079
https://doi.org/10.1038/nature06607
https://doi.org/10.1186/s12943-021-01308-8
https://doi.org/10.1186/s12943-021-01308-8
https://doi.org/10.1016/j.isci.2018.12.016
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gu et al. MiR-223 in Liver Diseases
Lung Neutrophil Recruitment. J Clin Invest (2013) 123(11):4836–48.
doi: 10.1172/JCI67604

26. Li M, He Y, Zhou Z, Ramirez T, Gao Y, Gao Y, et al. Microrna-223 Ameliorates
Alcoholic Liver Injury by Inhibiting the Il-6-P47(Phox)-Oxidative Stress Pathway
in Neutrophils. Gut (2017) 66(4):705–15. doi: 10.1136/gutjnl-2016-311861

27. XuW,Wang Y, Ma Y, Yang J. Mir-223 Plays a Protecting Role in Neutrophilic
Asthmatic Mice Through the Inhibition of Nlrp3 Inflammasome. Respir Res
(2020) 21(1):116. doi: 10.1186/s12931-020-01374-4

28. Zhuang G, Meng C, Guo X, Cheruku PS, Shi L, Xu H, et al. A Novel Regulator
of Macrophage Activation: Mir-223 in Obesity-Associated Adipose Tissue
Inflammation. Circulation (2012) 125(23):2892–903. doi: 10.1161/
CIRCULATIONAHA.111.087817

29. Gou W, Zhang Z, Yang C, Li Y. Mir-223/Pknox1 Axis Protects Mice From
Cvb3-Induced Viral Myocarditis by Modulating Macrophage Polarization.
Exp Cell Res (2018) 366(1):41–8. doi: 10.1016/j.yexcr.2018.03.004

30. He X, Dong Z, Cao Y, Wang H, Liu S, Liao L, et al. Msc-Derived Exosome
Promotes M2 Polarization and Enhances Cutaneous Wound Healing. Stem
Cells Int (2019) 2019:7132708. doi: 10.1155/2019/7132708

31. Wang X, Zhang H, Guo R, Li X, Liu H, Wang Z, et al. Microrna-223
Modulates the Il-4-Medicated Macrophage M2-Type Polarization to
Control the Progress of Sepsis. Int Immunopharmacol (2021) 96:107783.
doi: 10.1016/j.intimp.2021.107783

32. Calvente CJ, Tameda M, Johnson CD, Del Pilar H, Lin YC, Adronikou N, et al.
Neutrophils Contribute to Spontaneous Resolution of Liver Inflammation and
Fibrosis Via Microrna-223. J Clin Invest (2019) 129(10):4091–109.
doi: 10.1172/JCI122258

33. Xue YL, Zhang SX, Zheng CF, Li YF, Zhang LH, Su QY, et al. Long Non-
Coding Rna Meg3 Inhibits M2 Macrophage Polarization by Activating Traf6
Via Microrna-223 Down-Regulation in Viral Myocarditis. J Cell Mol Med
(2020) 24(21):12341–54. doi: 10.1111/jcmm.15720

34. Galloway DA, Blandford SN, Berry T, Williams JB, Stefanelli M, Ploughman
M, et al. Mir-223 Promotes Regenerative Myeloid Cell Phenotype and
Function in the Demyelinated Central Nervous System. Glia (2019) 67
(5):857–69. doi: 10.1002/glia.23576

35. Locati M, Curtale G, Mantovani A. Diversity, Mechanisms, and Significance of
Macrophage Plasticity. Annu Rev Pathol (2020) 15:123–47. doi: 10.1146/
annurev-pathmechdis-012418-012718

36. Chen Q, Wang H, Liu Y, Song Y, Lai L, Han Q, et al. Inducible Microrna-223
Down-Regulation Promotes Tlr-Triggered Il-6 and Il-1beta Production in
Macrophages by Targeting Stat3. PLoS One (2012) 7(8):e42971. doi: 10.1371/
journal.pone.0042971

37. Cheng N, Liu C, Li Y, Gao S, Han YC, Wang X, et al. Microrna-223-3p
Promotes Skeletal Muscle Regeneration by Regulating Inflammation in Mice.
J Biol Chem (2020) 295(30):10212–23. doi: 10.1074/jbc.RA119.012263

38. Yan Y, Lu K, Ye T, Zhang Z. Microrna223 Attenuates Lpsinduced
Inflammation in an Acute Lung Injury Model Via the Nlrp3 Inflammasome
and Tlr4/Nfkappab Signaling Pathway Via Rhob. Int J Mol Med (2019) 43
(3):1467–77. doi: 10.3892/ijmm.2019.4075

39. Bauernfeind F, Rieger A, Schildberg FA, Knolle PA, Schmid-Burgk JL,
Hornung V. Nlrp3 Inflammasome Activity Is Negatively Controlled by
Mir-223. J Immunol (2012) 189(8):4175–81. doi: 10.4049/jimmunol.1201516

40. Liu Y, Wang R, Jiang J, Yang B, Cao Z, Cheng X. Mir-223 Is Upregulated in
Monocytes From Patients With Tuberculosis and Regulates Function of
Monocyte-Derived Macrophages. Mol Immunol (2015) 67(2 Pt B):475–81.
doi: 10.1016/j.molimm.2015.08.006

41. Lou J, Wang Y, Zhang Z, Qiu W. Activation of Mmps in Macrophages by
Mycobacterium Tuberculosis Via the Mir-223-Bmal1 Signaling Pathway.
J Cell Biochem (2017) 118(12):4804–12. doi: 10.1002/jcb.26150

42. Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, Yu L, et al. Detection of
Microrna Expression in Human Peripheral Blood Microvesicles. PLoS One
(2008) 3(11):e3694. doi: 10.1371/journal.pone.0003694

43. Iashchenko LV, Gakh LM, Piataeva GM. [Relation Between Immune and
Inflammatory Reactions]. Biull Eksp Biol Med (1987) 103(4):466–8. doi:
10.1007/BF00842490

44. Neudecker V, Brodsky KS, Clambey ET, Schmidt EP, Packard TA, Davenport
B, et al. Neutrophil Transfer of Mir-223 to Lung Epithelial Cells Dampens
Acute Lung Injury in Mice. Sci Transl Med (2017) 9(408):eaah5360.
doi: 10.1126/scitranslmed.aah5360
Frontiers in Immunology | www.frontiersin.org 11
45. Feng Z, Zhou J, Liu Y, Xia R, Li Q, Yan L, et al. Epithelium- and Endothelium-
Derived Exosomes Regulate the Alveolar Macrophages by Targeting Rgs1
Mediated Calcium Signaling-Dependent Immune Response. Cell Death Differ
(2021) 28(7):2238–56. doi: 10.1038/s41418-021-00750-x

46. Zhang D, Lee H, Wang X, Groot M, Sharma L, Dela Cruz CS, et al. A Potential
Role of Microvesicle-Containing Mir-223/142 in Lung Inflammation. Thorax
(2019) 74(9):865–74. doi: 10.1136/thoraxjnl-2018-212994

47. He Y, Rodrigues RM, Wang X, Seo W, Ma J, Hwang S, et al. Neutrophil-To-
Hepatocyte Communication Via Ldlr-Dependent Mir-223-Enriched
Extracellular Vesicle Transfer Ameliorates Nonalcoholic Steatohepatitis.
J Clin Invest (2021) 131(3):e141513. doi: 10.1172/JCI141513

48. Hou X, Yin S, Ren R, Liu S, Yong L, Liu Y, et al. Myeloid-Cell-Specific Il-6
Signaling Promotes Microrna-223-Enriched Exosome Production to
Attenuate Nafld-Associated Fibrosis. Hepatology (2021) 74(1):116–32.
doi: 10.1002/hep.31658

49. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.
Micrornas Are Transported in Plasma and Delivered to Recipient Cells by
High-Density Lipoproteins. Nat Cell Biol (2011) 13(4):423–33. doi: 10.1038/
ncb2210

50. Vickers KC, Landstreet SR, Levin MG, Shoucri BM, Toth CL, Taylor RC, et al.
Microrna-223 Coordinates Cholesterol Homeostasis. Proc Natl Acad Sci
U.S.A. (2014) 111(40):14518–23. doi: 10.1073/pnas.1215767111

51. Zhao F, Ma S, Zhou Y, Wei B, Hao Z, Cui X, et al. Mirna-223 Suppresses
Mouse Gallstone Formation by Targeting Key Transporters in Hepatobiliary
Cholesterol Secretion Pathway. Int J Biol Sci (2021) 17(15):4459–73.
doi: 10.7150/ijbs.65485

52. Wang X, Li Y, Qu L, Guo J, Dou T, Hu Y, et al. Lipolytic Gene Dagla Is
Targeted by Mir-223 in Chicken Hepatocytes. Gene (2021) 767:145184.
doi: 10.1016/j.gene.2020.145184

53. Chen Y, Xu J, Yang C, Zhang H, Wu F, Chen J, et al. Upregulation of Mir-223
in the Rat Liver Inhibits Proliferation of Hepatocytes Under Simulated
Microgravity. Exp Mol Med (2017) 49(6):e348. doi: 10.1038/emm.2017.80

54. Xu J, Wu C, Che X, Wang L, Yu D, Zhang T, et al. Circulating Micrornas, Mir-
21, Mir-122, and Mir-223, in Patients With Hepatocellular Carcinoma or
Chronic Hepatitis. Mol Carcinog (2011) 50(2):136–42. doi: 10.1002/mc.20712

55. Yu G, Chen X, Chen S, YeW, Hou K, Liang M. Mir-19a, Mir-122 and Mir-223
Are Differentially Regulated by Hepatitis B Virus X Protein and Involve in Cell
Proliferation in Hepatoma Cells. J Transl Med (2016) 14(1):122. doi: 10.1186/
s12967-016-0888-7

56. Novellino L, Rossi RL, Bonino F, Cavallone D, Abrignani S, Pagani M, et al.
Circulating Hepatitis B Surface Antigen Particles Carry Hepatocellular
Micrornas. PLoS One (2012) 7(3):e31952. doi: 10.1371/journal.pone.0031952

57. El-Guendy NM, Helwa R, El-Halawany MS, Abdel Rahman Ali S, Tantawy
Aly M, Hasan Alieldin N, et al. The Liver Microrna Expression Profiles
Associated With Chronic Hepatitis C Virus (Hcv) Genotype-4 Infection: A
Preliminary Study. Hepat Mon (2016) 16(4):e33881. doi: 10.5812/
hepatmon.33881

58. Hyrina A, Olmstead AD, Steven P, Krajden M, Tam E, Jean F. Treatment-
Induced Viral Cure of Hepatitis C Virus-Infected Patients Involves a Dynamic
Interplay Among Three Important Molecular Players in Lipid Homeostasis:
Circulating Microrna (Mir)-24, Mir-223, and Proprotein Convertase
Subtilisin/Kexin Type 9. EBioMedicine (2017) 23:68–78. doi: 10.1016/
j.ebiom.2017.08.020

59. Sun B, Abadjian L, Monto A, Freasier H, Pulliam L. Hepatitis C Virus Cure in
Human Immunodeficiency Virus Coinfection Dampens Inflammation and
Improves Cognition Through Multiple Mechanisms. J Infect Dis (2020) 222
(3):396–406. doi: 10.1093/infdis/jiaa109

60. Stravitz RT, Lee WM. Acute Liver Failure. Lancet (2019) 394(10201):869–81.
doi: 10.1016/S0140-6736(19)31894-X

61. Schueller F, Roy S, Loosen SH, Alder J, Koppe C, Schneider AT, et al. Mir-223
Represents a Biomarker in Acute and Chronic Liver Injury. Clin Sci (Lond)
(2017) 131(15):1971–87. doi: 10.1042/CS20170218

62. He Y, Feng D, Li M, Gao Y, Ramirez T, Cao H, et al. Hepatic Mitochondrial
DNA/Toll-Like Receptor 9/Microrna-223 Forms a Negative Feedback Loop to
Limit Neutrophil Overactivation and Acetaminophen Hepatotoxicity in Mice.
Hepatology (2017) 66(1):220–34. doi: 10.1002/hep.29153

63. Zhao J, Lv X, Huo Y, Hu X, Li X, Sun S, et al. Hepatocyte-Specific Deficiency of
Bap31 Amplified Acetaminophen-Induced Hepatotoxicity Via Attenuating
March 2022 | Volume 13 | Article 860661

https://doi.org/10.1172/JCI67604
https://doi.org/10.1136/gutjnl-2016-311861
https://doi.org/10.1186/s12931-020-01374-4
https://doi.org/10.1161/CIRCULATIONAHA.111.087817
https://doi.org/10.1161/CIRCULATIONAHA.111.087817
https://doi.org/10.1016/j.yexcr.2018.03.004
https://doi.org/10.1155/2019/7132708
https://doi.org/10.1016/j.intimp.2021.107783
https://doi.org/10.1172/JCI122258
https://doi.org/10.1111/jcmm.15720
https://doi.org/10.1002/glia.23576
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1371/journal.pone.0042971
https://doi.org/10.1371/journal.pone.0042971
https://doi.org/10.1074/jbc.RA119.012263
https://doi.org/10.3892/ijmm.2019.4075
https://doi.org/10.4049/jimmunol.1201516
https://doi.org/10.1016/j.molimm.2015.08.006
https://doi.org/10.1002/jcb.26150
https://doi.org/10.1371/journal.pone.0003694
https://doi.org/10.1007/BF00842490
https://doi.org/10.1126/scitranslmed.aah5360
https://doi.org/10.1038/s41418-021-00750-x
https://doi.org/10.1136/thoraxjnl-2018-212994
https://doi.org/10.1172/JCI141513
https://doi.org/10.1002/hep.31658
https://doi.org/10.1038/ncb2210
https://doi.org/10.1038/ncb2210
https://doi.org/10.1073/pnas.1215767111
https://doi.org/10.7150/ijbs.65485
https://doi.org/10.1016/j.gene.2020.145184
https://doi.org/10.1038/emm.2017.80
https://doi.org/10.1002/mc.20712
https://doi.org/10.1186/s12967-016-0888-7
https://doi.org/10.1186/s12967-016-0888-7
https://doi.org/10.1371/journal.pone.0031952
https://doi.org/10.5812/hepatmon.33881
https://doi.org/10.5812/hepatmon.33881
https://doi.org/10.1016/j.ebiom.2017.08.020
https://doi.org/10.1016/j.ebiom.2017.08.020
https://doi.org/10.1093/infdis/jiaa109
https://doi.org/10.1016/S0140-6736(19)31894-X
https://doi.org/10.1042/CS20170218
https://doi.org/10.1002/hep.29153
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gu et al. MiR-223 in Liver Diseases
Nrf2 Signaling Activation in Mice. Int J Mol Sci (2021) 22(19):10788.
doi: 10.3390/ijms221910788

64. Ding X, Jian T, Wu Y, Zuo Y, Li J, Lv H, et al. Ellagic Acid Ameliorates
Oxidative Stress and Insulin Resistance in High Glucose-Treated Hepg2 Cells
Via Mir-223/Keap1-Nrf2 Pathway. BioMed Pharmacother (2019) 110:85–94.
doi: 10.1016/j.biopha.2018.11.018

65. Yang F, Lou G, Zhou X, Zheng M, He J, Chen Z. Microrna-223 Acts as an
Important Regulator to Kupffer Cells Activation at the Early Stage of Con a-
Induced Acute Liver Failure Via Aim2 Signaling Pathway. Cell Physiol
Biochem (2014) 34(6):2137–52. doi: 10.1159/000369658

66. Qadir XV, Chen W, Han C, Song K, Zhang J, Wu T. Mir-223 Deficiency
Protects Against Fas-Induced Hepatocyte Apoptosis and Liver Injury
Through Targeting Insulin-Like Growth Factor 1 Receptor. Am J Pathol
(2015) 185(12):3141–51. doi: 10.1016/j.ajpath.2015.08.020

67. Gao B, Ahmad MF, Nagy LE, Tsukamoto H. Inflammatory Pathways in
Alcoholic Steatohepatitis. J Hepatol (2019) 70(2):249–59. doi: 10.1016/
j.jhep.2018.10.023

68. Altamirano J, Miquel R, Katoonizadeh A, Abraldes JG, Duarte-Rojo A, Louvet
A, et al. A Histologic Scoring System for Prognosis of Patients With Alcoholic
Hepatitis. Gastroenterology (2014) 146(5):1231–9 e1-6. doi: 10.1053/j.gastro.
2014.01.018

69. Boussif A, Rolas L, Weiss E, Bouriche H, Moreau R, Perianin A. Impaired
Intracellular Signaling, Myeloperoxidase Release and Bactericidal Activity of
Neutrophils From Patients With Alcoholic Cirrhosis. J Hepatol (2016) 64
(5):1041–8. doi: 10.1016/j.jhep.2015.12.005

70. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
Nafld Development and Therapeutic Strategies. Nat Med (2018) 24(7):908–
22. doi: 10.1038/s41591-018-0104-9

71. Gjorgjieva M, Sobolewski C, Dolicka D, Correia de Sousa M, Foti M. Mirnas
and Nafld: From Pathophysiology to Therapy. Gut (2019) 68(11):2065–79.
doi: 10.1136/gutjnl-2018-318146

72. He Y, Hwang S, Cai Y, Kim SJ, XuM, Yang D, et al. Microrna-223 Ameliorates
Nonalcoholic Steatohepatitis and Cancer by Targeting Multiple Inflammatory
and Oncogenic Genes in Hepatocytes. Hepatology (2019) 70(4):1150–67.
doi: 10.1002/hep.30645

73. Ju C, Tacke F. Hepatic Macrophages in Homeostasis and Liver Diseases: From
Pathogenesis to Novel Therapeutic Strategies. Cell Mol Immunol (2016) 13
(3):316–27. doi: 10.1038/cmi.2015.104

74. Brempelis KJ, Crispe IN. Infiltrating Monocytes in Liver Injury and Repair.
Clin Transl Immunol (2016) 5(11):e113. doi: 10.1038/cti.2016.62

75. Oksuz Z, Serin MS, Kaplan E, Dogen A, Tezcan S, Aslan G, et al. Serum
Micrornas; Mir-30c-5p, Mir-223-3p, Mir-302c-3p and Mir-17-5p Could Be
Used as Novel Non-Invasive Biomarkers for Hcv-Positive Cirrhosis and
Hepatocellular Carcinoma. Mol Biol Rep (2015) 42(3):713–20. doi: 10.1007/
s11033-014-3819-9

76. Bao S, Zheng J, Li N, Huang C, Chen M, Cheng Q, et al. Serum Microrna
Levels as a Noninvasive Diagnostic Biomarker for the Early Diagnosis of
Hepatitis B Virus-Related Liver Fibrosis. Gut Liver (2017) 11(6):860–9.
doi: 10.5009/gnl16560

77. Shaker OG, Senousy MA. Serum Micrornas as Predictors for Liver Fibrosis
Staging in Hepatitis C Virus-Associated Chronic Liver Disease Patients.
J Viral Hepat (2017) 24(8):636–44. doi: 10.1111/jvh.12696

78. Wong QW, Lung RW, Law PT, Lai PB, Chan KY, To KF, et al. Microrna-223
Is Commonly Repressed in Hepatocellular Carcinoma and Potentiates
Frontiers in Immunology | www.frontiersin.org 12
Expression of Stathmin1. Gastroenterology (2008) 135(1):257–69.
doi: 10.1053/j.gastro.2008.04.003

79. Dong Z, Qi R, Guo X, Zhao X, Li Y, Zeng Z, et al. Mir-223 Modulates
Hepatocellular Carcinoma Cell Proliferation Through Promoting Apoptosis
Via the Rab1-Mediated Mtor Activation. Biochem Biophys Res Commun
(2017) 483(1):630–7. doi: 10.1016/j.bbrc.2016.12.091

80. Wan L, Yuan X, Liu M, Xue B. Mirna-223-3p Regulates Nlrp3 to Promote
Apoptosis and Inhibit Proliferation of Hep3b Cells. Exp Ther Med (2018) 15
(3):2429–35. doi: 10.3892/etm.2017.5667

81. Pratedrat P, Chuaypen N, Nimsamer P, Payungporn S, Pinjaroen N,
Sirichindakul B, et al. Diagnostic and Prognostic Roles of Circulating
Mirna-223-3p in Hepatitis B Virus-Related Hepatocellular Carcinoma.
PLoS One (2020) 15(4):e0232211. doi: 10.1371/journal.pone.0232211

82. Tang X, Yang W, Shu Z, Shen X, Zhang W, Cen C, et al. Microrna223
Promotes Hepatocellular Carcinoma Cell Resistance to Sorafenib by Targeting
Fbw7. Oncol Rep (2019) 41(2):1231–7. doi: 10.3892/or.2018.6908

83. Zhou Y, Chen E, Tang Y, Mao J, Shen J, Zheng X, et al. Mir-223
Overexpression Inhibits Doxorubicin-Induced Autophagy by Targeting
Foxo3a and Reverses Chemoresistance in Hepatocellular Carcinoma Cells.
Cell Death Dis (2019) 10(11):843. doi: 10.1038/s41419-019-2053-8

84. Jimenez Calvente C, Del Pilar H, Tameda M, Johnson CD, Feldstein AE.
Microrna 223 3p Negatively Regulates the Nlrp3 Inflammasome in Acute and
Chronic Liver Injury. Mol Ther (2020) 28(2):653–63. doi: 10.1016/
j.ymthe.2019.09.013

85. Shpyleva S, Pogribna M, Cozart C, Bryant MS, Muskhelishvili L, Tryndyak VP,
et al. Interstrain Differences in the Progression of Nonalcoholic Steatohepatitis
to Fibrosis in Mice Are Associated With Altered Hepatic Iron Metabolism.
J Nutr Biochem (2014) 25(12):1235–42. doi: 10.1016/j.jnutbio.2014.06.012

86. Xu J, An P, Winkler CA, Yu Y. Dysregulated Micrornas in Hepatitis B Virus-
Related Hepatocellular Carcinoma: Potential as Biomarkers and Therapeutic
Targets. Front Oncol (2020) 10:1271. doi: 10.3389/fonc.2020.01271

87. Li L, Piontek K, Ishida M, Fausther M, Dranoff JA, Fu R, et al. Extracellular
Vesicles Carry Microrna-195 to Intrahepatic Cholangiocarcinoma and Improve
Survival in a RatModel.Hepatology (2017) 65(2):501–14. doi: 10.1002/hep.28735

88. Wang F, Li L, Piontek K, Sakaguchi M, Selaru FM. Exosome Mir-335 as a
Novel Therapeutic Strategy in Hepatocellular Carcinoma. Hepatology (2018)
67(3):940–54. doi: 10.1002/hep.29586

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.

Copyright © 2022 Gu, Xu, Chen, Li and Hou. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
March 2022 | Volume 13 | Article 860661

https://doi.org/10.3390/ijms221910788
https://doi.org/10.1016/j.biopha.2018.11.018
https://doi.org/10.1159/000369658
https://doi.org/10.1016/j.ajpath.2015.08.020
https://doi.org/10.1016/j.jhep.2018.10.023
https://doi.org/10.1016/j.jhep.2018.10.023
https://doi.org/10.1053/j.gastro.2014.01.018
https://doi.org/10.1053/j.gastro.2014.01.018
https://doi.org/10.1016/j.jhep.2015.12.005
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1136/gutjnl-2018-318146
https://doi.org/10.1002/hep.30645
https://doi.org/10.1038/cmi.2015.104
https://doi.org/10.1038/cti.2016.62
https://doi.org/10.1007/s11033-014-3819-9
https://doi.org/10.1007/s11033-014-3819-9
https://doi.org/10.5009/gnl16560
https://doi.org/10.1111/jvh.12696
https://doi.org/10.1053/j.gastro.2008.04.003
https://doi.org/10.1016/j.bbrc.2016.12.091
https://doi.org/10.3892/etm.2017.5667
https://doi.org/10.1371/journal.pone.0232211
https://doi.org/10.3892/or.2018.6908
https://doi.org/10.1038/s41419-019-2053-8
https://doi.org/10.1016/j.ymthe.2019.09.013
https://doi.org/10.1016/j.ymthe.2019.09.013
https://doi.org/10.1016/j.jnutbio.2014.06.012
https://doi.org/10.3389/fonc.2020.01271
https://doi.org/10.1002/hep.28735
https://doi.org/10.1002/hep.29586
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	MiR-223 as a Regulator and Therapeutic Target in Liver Diseases
	Introduction
	MiR-223 Biosynthesis and Function
	MiR-223 Biosynthesis
	Target Genes of MiR-223

	MiR-223 in Innate Immunity and Inflammation
	Contribution of MiR-223 to Regulation of Myeloid Differentiation
	MiR-223 Regulates Inflammation in Myeloid Cells
	MiR-223 in Neutrophils
	MiR-223 in Macrophages

	MiR-223 in EVs and Intercellular Communication

	MiR-223 in Liver Homeostasis
	MiR-223 in Liver Diseases
	MiR-223 in Viral Hepatitis
	MiR-223 in Acute Liver Injury
	MiR-223 in Alcoholic Liver Disease
	MiR-223 in Non-Alcoholic Fatty Liver Disease
	MiR-223 in Liver Fibrosis
	MiR-223 in HCC
	MiR-223-Based Therapies

	Conclusions and Prospects
	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 /LeaveColorUnchanged
  /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


