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Liver fibrosis is a highly conserved wound healing response to liver injury,

characterized by excessive deposition of extracellular matrix (ECM) in the liver

which might lead to loss of normal functions. In most cases, many types of

insult could damage hepatic parenchymal cells like hepatocytes and/or

cholangiocytes, and persistent injury might lead to initiation of fibrosis. This

process is accompanied by amplified inflammatory responses, with immune

cells especially macrophages recruited to the site of injury and activated, in

order to orchestrate the process of wound healing and tissue repair. In the liver,

both resident macrophages and recruited macrophages could activate

interstitial cells which are responsible for ECM synthesis by producing a

variety of cytokines and chemokines, modulate local microenvironment, and

participate in the regulation of fibrosis. In this review, we will focus on the main

pathological characteristics of liver fibrosis, as well as the heterogeneity on

origin, polarization and functions of hepatic macrophages in the setting of liver

fibrosis and their underlying mechanisms, which opens new perspectives for

the treatment of liver fibrosis.
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Introduction

Liver fibrosis is a coordinated protective response to acute and/or chronic injury of

the liver. A series of cellular and molecular responses could cause pathological changes

including death of parenchymal cells and deposition of ECM in the liver (1). As is known

that, infection with viruses or parasites, excessive alcohol, nonalcoholic fatty liver, toxins,

biliary obstruction, autoimmune disorders and metabolic diseases are the leading causes

of liver fibrosis (2, 3). Besides, genetic mutations may also be the cause of liver fibrosis (4).

For example, mutations in patatin-like phospholipase domain containing protein 3

(PNPLA3) are closely related to fibrosis caused by alcoholic liver injury or fatty liver (5).

Hepatitis C virus-induced liver fibrosis is also associated with a series of genetic

mutations (6).
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Different types of stimuli mentioned above could cause

destruction to the liver and induce a series of repair processes.

The very first intention of these repair processes is to maintain

normal functions of the liver and resist the damage of harmful

stimuli. However, when these harmful stimuli persist, the repair

processes tend to lose balance and aggravate the destruction of

the structure and normal functions, which could lead to liver

fibrosis. Fibrosis is usually caused by destruction of epithelial

cells and even some types of endothelial cells that die in the

forms of necrosis, apoptosis, programmed necrosis, pyroptosis,

ferroptosis, etc. (7). In the meanwhile, tissue resident

macrophages could be activated after the recognition of

damage related molecular patterns (DAMPs) released by

damaged cells through pattern recognition receptors (PRRs),

and then release large amount of inflammation-related factors

such as cytokines and chemokines (8, 9). These chemokines

could further recruit a large number of immune cells, including

lymphocytes, polymorphonuclear leukocytes, eosinophils,

basophils, mast cells and macrophages to the site of injury, to

take part in inflammatory responses (4). In addition, small

molecules generated by injury release into the blood, which

further attract phagocytic cells, promote their phagocytosis

abilities to fulfill the removal of cellular debris and harmful

substances in the tissue caused by injury (10). However, in many

cases, the above mechanisms may not be able to completely

remove harmful substances when injury continues to persist,

and as a result, inflammatory response will be amplified and

injury will last longer. In this process, activated immune cells

could promote the activation of quiescent effector cells by

releasing alarmins, cytokines and chemokines on the one

hand. And on the other hand, reactive oxygen species (ROS),

lipid, acetaldehyde, as well as inflammatory mediators secreted

by immune cells such as interleukin-1 b (IL-1b), IL-6, IL-13, IL-
33 and tumor necrosis factor a (TNF-a) could further aggravate

the death of hepatocytes and cholangiocytes, leading to the

destruction of tissue integrity and fibrosis progression (7).

During fibrosis progression, fibroblasts and myofibroblasts are

considered as the main effector cells, which play a role in

promoting the synthesis of ECM, upregulating pro-inflammatory

cytokines, chemokines and angiogenesis related cytokines, while

aggravating the impairment of hepatocytes and cholangiocytes (11,

12). In recent years, a series of studies have revealed the origins of

fibrotic effector cells, which include tissue resident fibroblasts, bone

marrow-derived circulating fibroblasts, vascular smooth muscle

cells, and perivascular gli1+ mesenchymal stem cell like cells.

Besides, epithelial and endothelial cells could also obtain the

phenotype of myofibroblasts through activation, transformation,

proliferation, infiltration, epithelial-mesenchymal transformation,

mesenchymal transformation and endothelial-mesenchymal

transformation (13). In addition, mesenchymal cells like hepatic

stellate cells (HSCs) and other resident mesenchymal stem cells or

precursor cells also appear to be precursors of myofibroblasts,

which contribute to the progression of fibrosis (14).
Frontiers in Immunology 02
ECM synthesized by fibroblasts and myofibroblasts during

fibrosis is the main component of fibrous scar, mainly including

type I and type III collagen, fibronectin, elastin, basement

membrane proteins such as laminin, and a small number of

other kind of proteins, among which type I collagen is the most

abundant protein in fibrotic tissue. Fibroblasts and

myofibroblasts first secrete procollagen into the tissue, and

mature collagen fibers are then formed through modification,

shearing and cross-linking (14). In addition, contractile

myofibroblasts could synthesize large amount of smooth

muscle protein, such as a-smooth muscle actin (a-SMA). The

contraction ability of these cells could lead to the twist of normal

parenchymal structures, which promotes fibrosis progression

and aggravates liver failure (15). And when chronic stimuli

persist, fibrotic effector cells like fibroblasts and myofibroblasts

appear to be in a state of continuous activation, and fibrous scars

further accumulate in the injured tissue, which will worsen

tissue impairment.

In the progression of fibrosis, many types of molecular

signaling pathways are involved. It is reported that both

immune cells and fibrotic effector cells can synthesize and

release transforming growth factor-beta (TGF-b) into the

tissue in autocrine or paracrine manners. As an essential

fibrogenic factor, TGF-b could promote a large number of

fibrotic effector cells to synthesize ECM on the one hand, and

on the other hand, TGF-b is also an important regulatory factor

which could inhibit excessive inflammatory responses (16).

Apart from TGF-b, platelet-derived growth factor (PDGF),

connective-tissue growth factor (CTGF) and vasoactive peptide

system including angiotensin II and endothelin I also contribute

to the progression of fibrosis (17). As a potential mitogen and

chemokine in the liver, PDGF could promote the proliferation

and recruitment of myofibroblasts (18, 19). In the vasoactive

peptide system, endothelin also participates in the progression of

fibrosis, mainly through G protein coupled endothelin A or

endothelin B receptors (20). In addition, angiogenic signaling

pathways and integrins may also participate in the regulation of

fibrosis. For example, integrins can promote proliferation,

migration, differentiation, survival and apoptosis of

myofibroblasts. And in the progression of liver fibrosis, av
integrins are upregulated in myofibroblasts (21). Recent

studies have shown that stiffness of the tissue is also an

important factor for the maintenance of myofibroblasts

activation, depending on stress-dependent activation of TGF-b
signaling (22).

However, fibrosis is reversible in most cases. Even when

fibrosis develops to late stages, it is not a unidirectional

irreversible process. When the stimuli of liver injury are

removed, the reparative mechanisms start, which inhibit the

activation of myofibroblasts. In the meanwhile, local

microenvironment is shifted from a pro-inflammatory state to

a reparative state, with immune cell, especially macrophages

switching from a pro-inflammatory state to a reparative one.
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During the resolution phases, myofibroblasts in the liver

undergo apoptosis, senescence, or inactivation, which is key to

fibrosis regression. Therefore, excessive ECM is degraded by

matrix metalloproteinases (MMPs), and macrophages

contribute to the reversal of fibrosis by phagocytizing ECM

fragments and inhibiting the expression of tissue inhibitors of

MMPs (TIMPs) (23, 24).

Hepatic macrophages play a central role in the pathogenesis

of chronic liver injury and are considered as potential targets for

anti-fibrosis treatment. However, through experimental liver

fibrosis models, researchers found that hepatic macrophages

actually play dual roles by both promoting and eliminating the

excessive deposition of ECM (17). In recent years, researchers

continue to focus on elaborating the mechanisms of the diverse

functions of hepatic macrophages in the process of liver fibrosis,

and have found that origins of macrophage subsets, their

differentiation and their polarization states might be the

reasons why they function differently during fibrosis. In this

review, we will summarize current knowledge on the

heterogeneity of hepatic macrophages in the progression and

resolution of fibrosis. In-depth understanding of heterogeneity

and various functions of hepatic macrophages will open new

perspectives for macrophage-based interventional strategies in

the treatment of liver fibrosis.
Heterogeneity of hepatic
macrophages

Origins of hepatic macrophages

Hepatic macrophages are abundant in the liver, which

account for 80% of the total macrophages in the body (25).

Macrophages are important contributors in the maintenance of

homeostasis of the liver, and could sense integrity of liver by

identifying and removing bacteria and microbial debris obtained

from small intestine through portal vein, in order to determine

the initiation or inhibition of immune response (8, 26).

According to previous concepts, KCs generally referred to all

kinds of macrophages in the liver, and they were roughly

identified by surface markers like F4/80 (specifically expressed

in mouse) or CD68 (mainly expressed in human). However,

according to recent findings, hepatic macrophages show strong

heterogeneity after liver injury, and can be divided into

embryonic tissue resident macrophages (KCs) and monocyte

derived macrophages based on their origins. The different

origins of hepatic macrophages are closely related to their

functional diversity during fibrosis (27).

KCs are the first line of defense against microbial invasion

and maintain homeostasis of the liver, which preferentially

reside in periportal and mid zones of murine liver and locate

in the mid zones of human liver, usually with larger size than

monocyte derived macrophages (28, 29). KCs function as main
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phagocytic macrophages which clear exogenous pathogens,

engulf aging red blood cells and participate in the regulation

of iron metabolism and lipid metabolism (30). However, due to

continuous exposure of the liver to intestinal antigens and low-

dose bacterial endotoxin, KCs avoid excessive self-activation

through a variety of mechanisms. For example, KCs maintain

immune tolerance through secreting anti-inflammatory

cytokines like IL-10 and modulating regulatory T cells (Tregs)

(27). Murine KCs were previously recognized as CD45+F4/

80+CD11bintCLEC4F+TIMD4+ cells, and additional surface

markers including V-set and immunoglobulin domain

containing 4 (VSIG4) and folate receptor beta (FOLR2) were

identified to better characterize KCs. And as for human KCs that

were generally characterized as CD68+ TIMD4+ cells, VSIG4 was

found to be one of the best human KC markers according to

cellular indexing of transcriptomes and epitomes by sequencing

(CITE-seq) data, while CD5L, FOLR2, CD163, and CD169 were

also useful markers to identify human KCs (28).

KCs are tissue resident macrophages and mainly derived

from primitive hematopoiesis of yolk sac and the definitive

hematopoiesis of fetal liver. According to recent researches,

embryonic hematopoietic stem cells could also be progenitors

of hepatic macrophages. Monocytes unlikely contribute to adult

macrophages pool in steady state, and KCs usually maintain

through self-renewal (31). However, with single cell sequencing

technology, recent researches indicated that there appear to be

two subsets of KCs with distinct functions in human liver, one of

which support tolerogenic immune responses, while the other

show pro-inflammatory phenotype (32). And in murine liver, a

major CD206 loESAM- subse t (KC1) and a minor

CD206hiESAM+ subset (KC2) were also identified. KC2 exhibit

a distinct metabolic signature, which regulate oxidative stress

associated with obesity. And this minor subset of KCs are

equipped with enriched IL-2 sensing machinery and antigen

presentation capacity (33, 34). In addition, a subset of

radioresistant KCs were discovered, which highly express

cyclin dependent kinase inhibitor 1A (CDKN1a) (35). During

mouse and human nonalcoholic steatohepatitis (NASH)

pathogenesis, a specific Trem2+ NASH-associated KC

population was identified (36). These new findings have

challenged our previous concept. However, the above results

still require further analysis to confirm whether these subsets of

KCs truly come from different origins, and whether pro-

inflammatory KCs are actually monocyte derived macrophages.

In homeostatic conditions, there are only a few monocytes

derived macrophages in the murine liver, which originate from

CX3CR1+CD117+Lin- bone marrow derived progenitors and

modulate immune responses (37). Murine monocytes can be

further divided into different subsets by lymphocyte antigen 6

complex, locus C (Ly6C). Ly6Chi monocytes are also

CCR2hiCX3CR1loCD62L+ cells, which are rapidly recruited to

the site of injury and differentiate into monocyte derived

macrophages when tissue damage occurs. In comparison,
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Ly6Clo monocytes are CCR2loCX3CR1hi cells, showing a

patrolling behavior in the liver and expressing more

scavenging receptors (27). Based on CITE-seq data, other non-

KC macrophage subsets were identified, namely GPNMB+SPP1+

lipid-associated macrophages (LAMs), GPNMB+ bile duct

LAMs, CD207+CX3CR1+ liver capsular macrophages (LCMs),

as well as transitioning monocytes (28, 38, 39). Different subsets

of non-KC macrophages seem to be located in different zones of

the liver, for example, LCMs occupy the hepatic capsule, which

function in neutrophil recruitment in response to bacteria

reaching the liver capsule (39). Besides, it is reported that

LAMs were found only in portal zones of non-steatotic livers,

while in steatosis liver, LAMs were located across portal,

periportal and mid zones (28). The above findings further

suggest the need for spatial approaches to better reveal cell

identities. Different from murine monocytes, human monocytes

could be divided by CD14 and CD16 (40). Beside bone marrow,

peritoneum and spleen are also resources of hepatic

macrophages (41, 42).

With different origins and locations in the liver, identities

and functions of hepatic macrophage subsets are shaped by both

ontogenic and environmental factors, which could possibly

account for their diverse functions in response to different

conditions of the liver. It is interesting that monocytes

colonizing the liver macrophages niche could be imprinted

with KC identity. Interactions of the delta like canonical

Notch ligand 4 (DLL4) and TGF-b family ligands produced by

endothelial cells, as well as liver X receptor alpha (LXR-a)
induced by endothelial and stellate cells are required for the

fate of macrophages migrating to the liver followed by the

maintenance of KC identity. Therefore, signals from the tissue

microenvironment could shape the identity of macrophages

migrating to the liver to acquire tissue-specific phenotypes (43,

44). However, underlying epigenetic mechanisms maintain the

status of these migrated macrophages in liver still need to be

further investigated.
Polarization of hepatic macrophages

Different activation states of hepatic macrophages are also

closely related to their functional diversity during fibrosis.

According to the old dogma, hepatic macrophages was

described as M1 and M2 macrophages. M1 macrophages are

defined as classically activated macrophages under the

stimulation of interferon-g (IFNg) or lipopolysaccharide (LPS).

M1 macrophages take part in promoting inflammation and Th1

immune response, and exert anti-fibrotic role. In comparison,

M2 macrophages are alternatively activated macrophages under

the stimulation of IL-4 or IL-13. M2 macrophages are anti-

inflammatory cells promoting Th2 immune response as well as

tissue repair and regeneration (8, 45).
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However, in recent years, with the advent of single cell

sequencing technology, researchers have revealed that even

under physiological conditions, there are various macrophage

subsets with different activation states and diverse functions in

the liver. Stimulated by complex signals in microenvironment,

these macrophages actually show a broad spectrum of activation

states instead of a well-defined M1 or M2 phenotype. In injured

liver, macrophages usually express both inflammation and

resolution markers, and could change their phenotypes under

different microenvironments. Therefore, instead of classical M1/

M2 dichotomy, definition of activators and a collection of

markers that describe activation states of the macrophages

should be utilized, such as M(IL-4), M(IL-10) and M(TGF-b)
and so on (46). These findings may possibly explain why hepatic

macrophages play different or even completely opposite roles in

different stages of liver fibrosis.
Functions of hepatic macrophages in
liver fibrosis

Evidence from clinical and animal studies has shown that

hepatic macrophages play important roles in the process of liver

fibrosis. Upon injury, hepatic epithelial cells such as hepatocytes

or cholangiocytes are destroyed, which leads to the release of

DAMPs like high mobility group box 1 (HMGB1) (17, 47).

Interaction of HMGB1 with its receptor then triggers signal

transduction cascades, which could possibly result in cellular

responses like inflammation and fibrosis (48). Researches have

indicated that liver fibrosis caused by multiple etiologies might

yield context-dependent functions of different hepatic

macrophage subsets. For example, in alcohol-related cirrhosis,

hepatic macrophages express both M1 and M2 macrophage-

associated cytokines, and are more sensitive to endotoxin like

LPS. Moreover, ethanol could enhance the expression of

telomerase reverse transcriptase, which tends to promote M1

hepatic macrophage polarization. While in liver fibrosis

caused by Hepatitis B virus (HBV) and Hepatitis C virus

(HCV) infections, hepatic macrophages have a significant

immunoregulatory function and appear to play a role in

pathogen clearance and anti-viral immunity. Evidence suggests

that TNFa released by hepatic macrophages could induce HCV

entry of hepatoma cells. However, other cytokines such as IL-1b
and IL-6 could inhibit the replication of HCV, indicating that

hepatic macrophages play diverse roles in the context of HCV

infection. And in fibrosis induced by NAFLD, hepatic

macrophages accumulate dramatically, which show a M2

macrophage phenotype at the early stage and a M1 macrophage

at the late stage (45, 49). Despite exhibiting different functions in

response to diverse stimuli, hepatic macrophages are inclined to

play similar roles in the progression and resolution of liver

fibrosis, which are discussed as follows.
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A. Kupffer cells
Upon injury, KCs are activated and initiate immune

responses through rapidly secreting cytokines and chemokines,

such as IL-1b, TNF-a, CCL2 and CCL5, and then recruit other

types of immune cells such as monocytes to infiltrate the site of

injury (8, 25). However, the number of KCs decline rapidly in

the initiation stage of fibrosis, and gradually recover with the

regression of inflammation and resolution of fibrosis. Besides,

KCs could secrete pro-fibrotic cytokines like TGF-b and PDGF

to activate HSCs, which aggravate the progression of fibrosis. On

the other hands, KCs could also express many types of MMPs

such as MMP9, MMP12 and MMP13 to promote degradation of

ECM and contribute to the resolution of fibrosis (50, 51).

B. Monocyte-derived Ly6Chi macrophages
(Ly6ChiMs)

By contrast, monocyte-derived macrophages are significantly

accumulated after liver injury. In CCl4 induced liver fibrosis

models, the number of macrophages in the liver amplified 3-5

times due to the recruitment of Ly6Chi monocytes. After recruited

to the liver, Ly6Chi monocytes differentiate to Ly6Chi

macrophages which secrete inflammatory cytokines like TNF,

IL-6 and IL-1b, as well as chemokines like CCL2, CCL3 and CCL5

to promote the recruitment of other leukocytes (52). Although

these monocyte-derived Ly6Chi macrophages initially showed a

pro-inflammatory and pro-fibrotic phenotype, they further

differentiated into Ly6Clo macrophages with anti-inflammatory

functions which promote tissue repair and resolution of fibrosis

(53). CCL2-CCR2 pathway is essential for the recruitment of

Ly6Chi monocytes (54). Knockout of CCR2 or inhibition of CCL2

could alleviate liver fibrosis, indicating that Ly6Chi monocytes/

macrophages are pro-fibrotic cells and play roles in aggravating

tissue damage (55, 56).

Excessive deposition of ECM is one of the main pathological

features of liver fibrosis. Studies have shown that macrophages can

promote the deposition of ECM through a variety of mechanisms

resulting in accelerated progression of fibrosis. Ly6Chi

macrophages generate cytokines like TGF-b, PDGF, CTGF and

IL-13 to activate HSCs and other interstitial precursors. TGF-b is

one of the main contributors to ECM synthesis in the tissue, while

upregulating the expression of a-SMA in activated myofibroblasts

and generating type I collagen (16). PDGF acts as a mediator to

promote the proliferation of activated myofibroblasts in the

process of fibrosis through extracellular signal regulated kinase

(ERK)-dependent or independent manners. Meanwhile, PDGF,

IL-4 and IL-13 secreted by Ly6Chi macrophages could directly

enhance the synthesis of ECM by myofibroblasts (20). In addition,

macrophages could also express chemokines like CCL8 and CCL7

to further recruit myofibroblasts to the site of injury. It is reported

that Galectin3 secreted by macrophages could promote the

activation of myofibroblasts in liver fibrosis models (57). Recent

studies have indicated that pro-inflammatory cytokines like TNF

and IL-1b secreted by macrophages could also activate HSCs, and
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maintain the survival of activated HSCs through nuclear factors

kB (NF-kB) signaling pathway, which aggravates liver fibrosis

(58). In addition, there appear to be other factors that participate

in the regulation of macrophages during liver fibrosis progression.

For example, alcohol could increase intestinal permeability, thus

the level of LPS in the circulation is enhanced and activates HSCs

and KCs in liver through TLR4 signaling pathway, which lead to

the progression of liver fibrosis (59).

C. Monocyte derived Ly6Clo macrophages
(Ly6CloMs)

However, hepatic macrophages function differently in the

process of fibrosis, with both pro-fibrotic and anti-fibrotic

functions, which may be due to the opposite roles of different

macrophage subsets in the tissue. Under pathological

microenvironment, Ly6Chi macrophages switch their phenotype

towards Ly6Clo macrophages triggered by specific molecular

signals, which is an indicator of fibrosis resolution. It is reported

that factors like phagocytosis of cellular debris could promote the

phenotypic switch of these macrophages. According to in-depth

gene expression profiling, Ly6Clo macrophages are the main

sources of MMPs such as MMP9, MMP12 and MMP13, which

accelerate the resolution of ECM. Ly6Clo macrophages express

high levels of TNF-related apoptosis-inducing ligand (TRAIL),

which could promote myofibroblast apoptosis together with

MMP9. Clearance of Ly6Clo macrophages hinders the resolution

of liver fibrosis (50). In addition, when CCL2-CCR2 signaling

pathway is blocked in CCl4 induced or methionine choline

deficiency diet induced mouse models, the number of Ly6Clo

macrophages rises dramatically, leading to the rapid resolution of

liver fibrosis (56). Interestingly, Ly6Clo macrophages express low

levels of pro-inflammatory cytokines and chemokines, while their

expression of anti-inflammatory cytokines such as CX3CR1, IL-10

and arginase 1 is enhanced (60, 61). The above findings further

indicate that Ly6Clo macrophages are the main contributors to

fibrosis resolution and tissue repair. It is worth noticing that pro-

inflammatory Ly6Chi macrophages and reparative Ly6Clo

macrophages could express markers of both M1 and M2

macrophages, which indicates that M1/M2 dichotomy is not

adequate to explain the heterogeneity of hepatic macrophages in

the context of liver fibrosis (27).

Taken together, different functions of hepatic macrophage

subsets during fibrosis might be attributed to their heterogeneity

on origins, locations and activation. A table summarizing the

heterogeneity of hepatic macrophages is provided (Table 1).
Hepatic macrophages in humans

Although we have understood the liver fibrogenesis using

rodent models, there still remains unmatched conditions in

fibrotic patients. Previously, a subset of CD14loCD16- tissue

resident KCs were found in the liver of cirrhosis patients, while
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https://doi.org/10.3389/fimmu.2022.968879
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gao et al. 10.3389/fimmu.2022.968879
CD14hiCD16- and CD14+CD16+ macrophages are defined as

monocyte derived macrophages in humans. And CD14+CD16+

macrophages are themost abundant in cirrhosis livers. It is reported

that CD14+CD16+ macrophages could be derived from

CD14hiCD16- macrophages, which resembles the phenotypic

switch from Ly6Chi macrophages to Ly6Clo macrophages in mice.

Although CD14+CD16+ macrophages show phagocytic and

reparative capacities, they could also express pro-inflammatory

and pro-fibrotic cytokines to directly active HSCs, which

resembles the features of Ly6Chi macrophages to some degree (62).

Currently, single-cell RNA sequencing (scRNA-seq) is being

applied in exploring the mechanisms regulating human liver

fibrosis. Ramachandran and colleagues take advantage of

scRNA-seq and find that a novel scar-associated Trem2+CD9+

macrophage subsets (SAMs) existing in human fibrotic liver,

which differentiates from circulating monocytes and exhibits

pro-fibrogenic phenotype. In addition, there are tissue resident

KCs and monocytes in the fibrotic niche, but no differentiation

from KCs to SAMs and no progression from SAMs to KCs. More

importantly, the SAM subsets are conserved across species,

suggesting Trem2+CD9+ SAMs might be a potential pathology

biomarker related with hepatic fibrogenesis (63). However, how

differently these hepatic macrophage subsets play roles in human

hepatic fibrosis still requires further investigations.
Regulation of hepatic macrophages
in liver fibrosis

Many signaling pathways are involved in the initiation,

progression and resolution of liver fibrosis. In chronic liver
Frontiers in Immunology 06
diseases caused by bacterial infection, pathogen associated

molecular patterns (PAMPs) participate in the response of

fibrosis by activating TLR. By applying TLR4 antibodies or

TLR4 deficient mice, liver fibrosis is alleviated (64). And in

patients with liver fibrosis caused by HCV, inhibition of TLR4 is

also related to the alleviation of fibrosis (6). In mouse models of

liver fibrosis induced by alcoholic liver disease or nonalcoholic

fatty liver disease, TLR4 signaling mainly promotes the

production of proinflammatory cytokines by KCs, including

TNFa, IL-1b, CCL2 and CCL20 (65, 66). In addition, TLR9

expressed on HSCs can also be activated by DNA fragments

released from hepatocytes, which aggravates the progression of

liver fibrosis, while TLR3 and TLR7 signaling could impede liver

fibrosis progression (59).

Researches have shown that peroxisome proliferator-

activated receptors (PPARs) are essential regulators of

inflammation in macrophages and are involved in the

regulation of liver fibrosis. It was reported that deletion of

PPAR-a could worsen hepatic steatosis, while PPAR-a agonist

was associated with reversion of NASH and fibrosis. Compared

with healthy controls, the level of PPAR-g in the peripheral

blood of HBV patients was significantly decreased. Further

studies have found that the transcription of PPAR-g in HBV

patients was inhibited, and might possibly be related to DNA

methylation (67). Additionally, the transcriptional inhibition of

PPAR-g is essential for the activation of HSCs, which relies on

the binding of MeCP2 to the CpG island in the promoter of

PPAR-g (68). Both PPAR-g and PPAR-d contribute to the anti-

inflammatory polarization of hepatic macrophages, and deletion

of either PPAR isoforms in macrophages could exacerbate

hepatic steatosis and fibrosis. Therefore, agonists of PPARs
TABLE 1 Heterogeneity of hepatic macrophages.

Kupffer cells Monocyte derived macrophages

Origins Derived from yolk sac, fetal liver and embryonic
hematopoietic stem cells

Originated from CX3CR1+CD117+Lin- bone marrow derived
progenitors

Features Tissue resident, self-renewal Circulating, with a half-life of 2 days or 20 hours

Locations Periportal and mid zones (mouse);
Mid zones (human)

Portal zones (Ly6Chi/Ly6CloMs, healthy LAMs);
Hepatic capsule (LCMs);
Portal, periportal and mid zones (steatosis LAMs)

Morphologies Stellate Circular

Markers Mouse: CD45+F4/80+CD11bintCLEC4F+TIMD4+

VSIG4+FOLR2+STAB2+;
Human: CD68+TIMD4+VSIG4+

FOLR2+CD163+CD169+

Mouse:
CCR2hiCX3CR1loCD62L+ or CCR2loCX3CR1hi CD11bhiF4/
80int-lo;
Human:
CX3CR1loCD14+CD11bhiCD11c+CD62L+CD16– or
CX3CR1hiCD14loCD16+CD11b+CD11chi

Subsets KC1: CD206loESAM- (major);
KC2: CD206hiESAM+ (minor);
Radioresistant KCs: CDKN1ahi;
NASH-associated KCs: Trem2+

Ly6ChiMs: CCR2hiCX3CR1loCD62L+;
Ly6CloMs: CCR2loCX3CR1hi;
LAMs: GPNMB+SPP1+; Trem2+;
Bile duct LAMs: GPNMB+;
LCMs: CD207+CX3CR1+

Functions Main phagocytic macrophages;
Regulation of iron and lipid metabolism;
Immune tolerance

Major immune response orchestrators;
Inflammatory capacity, angiogenic and fibrogenic activity;
Immune-suppressive functions
frontiersin.org

https://doi.org/10.3389/fimmu.2022.968879
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gao et al. 10.3389/fimmu.2022.968879
represent attractive candidates for the treatment of hepatic

fibrosis, and inhibition of PPARs is closely related to sustained

inflammatory state and delayed resolution of fibrosis (69).

Moreover, interferons also participate in the regulation of

macrophages in liver fibrosis. Interferons are up-regulated in

chronic liver diseases, and are central participators in innate

immune responses (64). In various types of immune cells,

activation of TLR can promote the secretion of interferons.

IFN-g could induce proinflammatory activation of hepatic

macrophages, and controlling the activation of macrophages

through interfering with IFN-g provides a possible therapeutic

target against hepatic fibrosis (70). However, it is reported that

IFN-g could hinder the progression of liver fibrosis by inhibiting

the proliferation of HSCs and the expression of a-SMA, and by

promoting the activation of NK cells (71). And in human liver,

IFN-l is closely associated with antiviral responses and could

promote inflammation and fibrosis through stimulating

macrophage phagocytosis and the secretion of pro-

inflammatory cytokines as well as chemokines by macrophages

(72). Besides, IFNa could also contribute to the regulation of

fibrosis by downregulating the transcription of collagen

synthesis related genes in HSCs (73). Accordingly, interferons

could be utilized as therapeutic targets in the treatment of

liver fibrosis.

C-Jun-N-terminal kinases (JNKs) could be activated by a

variety of stimuli, including TLRs, IL-1b, TNF, ROS and other

saturated free fatty acids. The liver could usually express JNK1

and JNK2, instead of JNK3. JNK participates in multiple

signaling cascades with relevance to hepatocellular injury,

metabolism, inflammation and fibrosis (74). Activation of JNK

could promote the release of pro-inflammatory cytokines, attract

macrophages to the injured liver and further augment liver

fibrosis (75). In addition, in HSCs, JNK plays a role in

promoting the progression of fibrosis by enhancing the

proliferation and activation of HSCs induced by PDGF, TGF-b
and angiotensin II, which contributes to the deposition of ECM

(76). Apart from directly aggravating liver fibrosis, JNK also

participates in the regulation of liver fibrosis by regulating liver

steatosis, death of hepatocytes, and the expression of

inflammatory factors (74).

In addition, NF-kB signaling pathway is key to the

regulation of cellular processes like inflammation and cell

death, thus plays an important role in chronic liver diseases.

NF-kB signaling pathway could be activated by a variety of

stimuli, including TLRs, IL-1b and TNFa (45). Conditional

inhibition of NF-kB in KCs could alleviate the degree of liver

fibrosis induced by CCl4 (77). When NF-kB signaling pathway is

activated in HSCs, the survival of HSCs is prolonged, leading to

the sustained fibrosis. Moreover, it is reported that NF-kB
signaling in HSCs is up-regulated by the stimulation of IL-1b
and TNFa secreted by KCs (58).

JAK-STAT signaling pathway may also be involved in the

regulation of liver fibrosis. JAK tyrosine kinase plays a key role in
Frontiers in Immunology 07
the apoptosis of macrophages. The activation of JAKs leads to

the autophosphorylation of JAKs and the phosphorylation of

STATs. Studies have shown that the suppressor of cytokine

signaling (SOCS) protein could inhibit JAK-STAT signaling

pathway, thereby inhibiting the release of inflammatory factors

and alleviating the inflammatory responses in the liver (78, 79).

Notch signaling pathway is also an important participator in

the regulation of liver fibrosis. We have previously reported that

Notch signaling could participate in the regulation of liver

fibrosis by regulating the activation of macrophages. When

RBP-J gene is conditionally knocked out in myeloid cells, the

expression of CYLD is up-regulated, and NF-kB activity and the

expression of TGFb and PDGFb is inhibited, which alleviated

the progression of liver fibrosis (80). In addition, in mouse

models of liver fibrosis infected with Schistosoma japonicum,

inhibition of Notch1/Jagged1 signaling pathway could reverse

the M2 polarization of macrophages, thereby alleviating liver

fibrosis (81). And in the mouse models of CCl4 induced liver

fibrosis, the inhibition of Notch signaling could hinder the

activation of HSCs, and the polarization of macrophages to a

pro-inflammatory M1 phenotype is also inhibited. Meanwhile,

the expression of anti-inflammatory genes expression is up-

regulated, which contributes to alleviated liver fibrosis (82). In

addition, Notch signaling mediates the proliferation of CCR2-

independent hepatic macrophages, and thereby regulates the

progression of hepatocellular carcinoma (83).

Beside Notch signaling pathway, Wnt/b-Catenin signaling

pathway is also involved in the regulation of liver fibrosis. It is

reported that conditional blockade of Wnt signaling in myeloid

cells could aggravate liver fibrosis, with precursor cells activated,

TIMP1 level up-regulated to inhibit collagen degradation, and

MMP12 and MMP13 level down-regulated. The above findings

suggested that activation of Wnt signaling pathway in

macrophages was closely related to the inhibition of liver

fibrosis (84, 85).

To sum up, different hepatic macrophage subsets function

differently in distinct stages of liver fibrosis, and are modulated

by various signaling pathways and regulatory molecules

(Figure 1). Therefore, in-depth study on how macrophages

play roles in liver fibrosis and the underlying mechanisms

could improve our understanding of the complex regulating

network, and open new perspectives for macrophage-based

treatment of liver fibrosis.
Macrophage-directed therapeutic
approaches to liver fibrosis

In recent years, hepatic macrophages have already become

an attractive target for novel therapeutic approaches to treat liver

fibrosis. In humans and mice, the signaling pathways that

promote the recruitment and differentiation of macrophages

and trigger immune responses are conserved, which should in
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theory allow the transition from mouse models to human

diseases (25, 86). However, targeting macrophages to treat

human liver fibrosis faces many challenges. First of all,

through animal models, it is found that macrophages play

different or even completely opposite roles under different

experimental conditions. Therefore, when performing

macrophage-directed therapeutic approaches, it is necessary to

consider the optimal dosing, the intervention timing and the

specific targeted macrophage subsets to treat liver fibrosis in

different disease stages. Second, mouse models could not fully

represent the conditions of human diseases by far. Mouse

models usually could only represent the pathological process

of liver fibrosis under specific stimuli, but cannot fully reflect the

process of liver fibrosis induced by a variety of different causes in

human diseases (86). Moreover, human patients are more

heterogeneous than inbred mouse strains, with respect to

intrinsic factors like gender, age, genetic background and

existing comorbidities as well as external factors like

microbiota, infections and combined medication. Third,
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researchers have a clearer and deeper understanding of the

heterogeneity and functions of hepatic macrophages in mouse

models than in human diseases, as limitations in obtaining

human fibrotic tissues at different stages of diseases hinder the

further understanding of hepatic macrophage subsets in humans

(87, 88). Despite the above challenges, with advanced

technologies researchers have gained in-depth understanding

of the role of different hepatic macrophage subsets in the

progression and resolution of liver fibrosis, providing

theoretical basis for macrophages-targeted treatment.

In the initiation of liver fibrosis, KCs are activated by small

molecules generated by injury, which aggravates the pro-

inflammatory immune responses in the liver. Therefore,

targeting the activation of KCs could be an important

intervention for the treatment of liver fibrosis. When broad-

spectrum antibiotics were utilized to reduce bacterial

translocation and TLR4 dependent macrophage activation,

liver fibrosis in mice was significantly reduced (89). Therefore,

by using probiotics or antibiotics, transferring fecal microbiota
FIGURE 1

Different hepatic macrophage subsets function differently in distinct stages of liver fibrosis, and are modulated by various signaling pathways and
regulatory molecules.
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or changing bile acid composition to modify intestinal

permeability and microbiome, the activation of KCs could be

inhibited and fibrosis could be alleviated. In addition, both

hepatic macrophages and hepatocytes are activated by

intracellular inflammatory signaling pathways, such as NF-kB,
ASK1, JNK and p38 signaling (17). Therefore, inhibitors of

specific inflammatory signaling pathways, for example ASK1

inhibitor Selonsertib, not only function on the metabolism of

hepatocytes, but also participate in the activation of

macrophages. In a multicenter, open-label trial involving 72

patients with nonalcoholic steatohepatitis and liver fibrosis,

Selonsertib is found to have significant anti-fibrotic effect (90).

In the progression of liver fibrosis, monocytes are recruited

to the site of injury and aggravate inflammatory responses,

which is regulated by chemokines and their receptors in

mouse models and human diseases, including CCL2-CCR2,

CCL1-CCR8, CCL5-CCR1/CCR5, as well as CXCL10-CXCR3

(39). Therefore, a variety of pharmacological strategies targeting

chemokines and their receptors have been utilized to interfere

with the process of liver fibrosis, including monoclonal

antibodies against chemokines or their receptors, chemokine

receptor antagonists that prevent chemokine binding, and

aptamers or small molecule inhibitors that inhibit chemokines

(91). Among various CCR2 inhibitors, the effect of Cenicriviroc,

a CCR2/CCR5 co-inhibitor, is verified in the phase II clinical

trial of 289 patients with nonalcoholic steatohepatitis and liver

fibrosis. Cenicriviroc can effectively prevent the recruitment of

monocytes to the site of injury mediated by CCL2, and has an

anti-fibrotic effect in mouse models. A randomized controlled

trial indicated that the number of patients with liver fibrosis

recovered in Cenicriviroc group (20%) is twice as many as that in

placebo group (10%), without worsening after one year of the

two-year treatment. Moreover, Cenicriviroc trial has excellent

safety profile tested by clinical trials, suggesting that inhibition of

monocyte recruitment will not affect the antimicrobial defense

and immune responses of hepatic macrophages (92, 93).

The above treatment of inhibiting chemokines mainly aims

to reduce the recruitment of inflammatory monocytes, thereby

alleviating liver fibrosis, while alternative therapeutic

interventions focus on augmenting macrophage numbers and

functions. When patients with liver fibrosis progress to cirrhosis,

the immune responses are seriously damaged with high risks of

life-threatening infections (94). Therefore, hematopoietic

growth factors that play important roles in the recovery of

immune functions are investigated. Researchers found that

CSF1-Fc can promote the accumulation of macrophages in the

liver of mice, promote the proliferation of KCs, and then

facilitate innate immunity in mice after partial hepatectomy or

acetaminophen (APAP) induced liver injury, thus delaying the

progress of the diseases (95).

In addition, KCs express high levels of scavenger receptors,

which can be used for drug delivery. Studies based on mouse

models have found that hard-shell microbubbles (size ~2 mm),
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liposomes (size ~100 nm) and polymers (size ~10 nm) can deliver

drugs to the liver, and KCs are the main targets of these drug

delivery systems (96). Because KCs express mannose receptor

CD206, when particles are functionally modified by sugar moiety

mannose, the targeting specificity for KCs will be significantly

enhanced (96). Dexamethasone is an anti-inflammatory drug.

And with macrophage-targeted delivery of dexamethasone, liver

fibrosis in mice was alleviated (97). Therefore, different drug

delivery systems can be utilized to deliver specific drugs such as

siRNA, inhibitors of inflammatory signaling or enhancers of

autophagy to hepatic macrophages, so as to inhibit their pro-

fibrotic roles (98). Current studies also suggested that galectin-3

can be used as a target to regulate the function of inflammatory

macrophages in advanced liver diseases, and galectin-3 inhibitors

are under clinical investigations (99). In addition, as studies have

already suggested that the phenotypic switch from pro-

inflammatory macrophages to reparative macrophages in the

process of liver fibrosis may be regulated by phagocytosis or

CX3CR1, identification of the mechanisms of phenotypic switch

may provide new translational approaches for clinical

interventions of liver fibrosis.

However, the role of macrophage-based therapies remains

unclear at present. Theoretically, CD14+ monocytes could be

extracted from patients with liver cirrhosis by plasma isolation,

and these cells could further differentiate into reparative

macrophages, suggesting their therapeutic possibilities in clinical

trials (100). Although it is reported that transfer of ex-vivo

polarized reparative macrophages could alleviate liver fibrosis in

mice, not any beneficial effects is observed after transfer of G-CSF

mobilized CD133+ bone marrow stem cells to patients with

cirrhosis (88). Similarly, through the APAP induced or CCl4
induced mouse fibrosis model, it is found that transfer of bone

marrow derived monocytes could aggravate liver injury and the

progression of liver fibrosis (93). These unexpected outcomes

might be caused by uncontrolled differentiation fate of precursor

cells in vivo. Considering this point, Thomas and colleagues find

that delivery of unpolarized macrophages can reduce both CCl4-

induced murine liver fibrosis and human hepatic cirrhosis (101–

103). However, due to the high plasticity of macrophages in tissue

microenvironement, transplanted unpolaried macrophages may

show various phenotypes with different stimuli in vivo. We recently

transferred the bone marrow-derived unpolarized macrophages

and ex-vivo polarizedM1macrophages intomouse fibrosis models

respectively. Compared with unpolarized macrophages, we found

that M1 macrophages are more qualified to alleviate liver fibrosis

through modulating the microenvironment, suggesting that more

defined macrophages will enable adoptive cell therapy more

precisely for human liver fibrosis in the future (103, 104).

Besides, with genetic programming technologies, genetically

modified macrophages have emerged as attractive targets in the

treatment of various diseases. By modifying certain

transcriptome, macrophages could be reprogrammed to

acquire certain therapeutic functions involved in promoting
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tissue regeneration and wound healing, while inhibiting

inflammation, which may potentially contribute to the

resolution of liver fibrosis. Genetic modification tools, such as

RNA interference knockdown techniques, miRNA transfection

and CRISPR/Cas9 gene-editing techniques, appear to be

powerful approaches in generating genetically modified

macrophages for clinical treatment (105, 106). For example, it

is reported that utilizing siRNA against mannose-modified

HMGB1 in hepatic macrophages could reduce inflammation

and restore liver functions in a NASH mouse model (107). Cell

therapy with genetically modified macrophages is a rapidly

developing field, which provides a promising target for the

treatment of liver fibrosis.
Conclusions

Hepatic macrophages play central roles in the pathogenesis

of chronic liver injury and are considered as potential targets for

anti-fibrosis treatment. However, macrophages exert a wide

range of different functions during liver fibrosis, which hinders

the development of macrophage-directed therapeutic

approaches to some extent. Origins of macrophage subsets,

their differentiation and their polarization states might be the

reasons why they function differently during fibrosis. And in-

depth understanding of the mechanisms underlying how

macrophages regulate inflammatory responses, wound healing

and tissue repair during liver fibrosis will provide new

therapeutic strategies for the treatment of fibrotic diseases.
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