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Liver fibrosis is a wound-healing response that results from
various chronic damages. If the causes of damage are not
removed or effective treatments are not given in a timely
manner, it will progress to cirrhosis, even liver cancer.
Currently, there are no specific medical therapies for liver
fibrosis. Adeno-associated virus (AAV)-mediated gene therapy,
one of the frontiers ofmodernmedicine, has gainedmore atten-
tion inmany fields due to its high safety profile, low immunoge-
nicity, long-term efficacy in mediating gene expression, and
increasingly known tropism. Notably, increasing evidence sug-
gests a promising therapeutic potential for AAV-mediated gene
therapy in different liver fibrosis models, which helps to correct
abnormally changed target genes in the process of fibrosis and
improve liverfibrosis at themolecular level.Moreover, the addi-
tion of cell-specific promoters to the genome of recombinant
AAVhelps to limit gene expression in specific cells, thereby pro-
ducing better therapeutic efficacy in liver fibrosis. However, an-
imal models are considered to be powerless predictive of tissue
tropism, immunogenicity, and genotoxic risks in humans.
Thus, AAV-mediated gene therapy will face many challenges.
This review systemically summarizes the recent advances of
AAV-mediated gene therapy in liverfibrosis, especially focusing
on cellular andmolecularmechanisms of transferred genes, and
presents prospective challenges.
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INTRODUCTION
Recent estimates indicate that 844 million people worldwide suffer
from chronic liver disease, with approximately 2 million deaths per
year and the incidence is still rising.1 Iterative liver injury caused by
various etiologies results in liver fibrosis, ultimately leading to
cirrhosis, even liver cancer, if left untreated.2 During hepatic fibrogen-
esis, the formation of a fibrous scar that is composed of multiple
extracellular matrix proteins, such as collagen type I and type III,
gradually upsets normal liver architecture.3 In general, hepatotoxic
injury, mostly caused by viral hepatitis, alcohol, chemical insults, or
non-alcoholic steatohepatitis (NASH), and cholestatic injury, mostly
caused by biliary cholangitis (PBC), primary sclerosing cholangitis
(PSC), or biliary atresia, are regarded as two common reasons for liver
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fibrosis initiation.4 It is worth noting that an increasing number of
studies show that considerable histopathological improvement of
liver fibrosis is achieved when chronic injury factors are removed
or patients are properly treated.5 Moreover, studies on patients with
liver fibrosis or experimental models with liver fibrosis have revealed
the necessary therapeutic target genes, and satisfactory results have
been obtained in rodent models by using appropriate gene carriers.6

Currently, gene-carrying vectors can be classified into two categories:
non-viral vectors and viral vectors. Non-viral vectors, such as nano-
particles, naked DNA, exosomes, and liposomes, have been regarded
as promising gene carriers because of their simple production
methods, low cost, and safety; however, they often display relatively
low transmission efficiency and mediate a transient effect, thereby
necessitating repeated administrations, which could provoke an im-
mune response.7 In the past few decades, viral gene delivery vectors,
such as retrovirus, lentivirus (LV) and adenovirus (Ad), have become
capable of efficiently mediating gene transduction and expression,
and have been widely applied to rodent models; however, some
non-negligible defects, including lack of tissue specificity, high
immunorejection, possible tumorigenicity, and obscure insertional
mutagenesis, limit their applications for clinical practice.8 Fortu-
nately, adeno-associated virus (AAV), with a high safety profile,
low immunogenicity, long-term efficacy in mediating gene expres-
sion, and increasingly known tissue tropism, overcomes the short-
comings of the aforementioned vectors and has been applied for
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Figure 1. Brief mechanistic concepts of liver fibrosis

In response to chronic damage factors, hepatocytes produce a number of DAMPs or EVs that contain vital miRNAs, which can lead to the activation of macrophages or

HSCs. A large number of pro-inflammatory and fibrogenic cytokines that are generated by activated macrophages also lead to the activation of HSCs. Activated HSCs start

to proliferate and secrete pro-fibrogenic factors, leading to ECM deposition on the liver. Upon cessation of chronic injury, activated HSCs move toward inactivation and

apoptosis, resulting in the regression of liver fibrosis. On the one hand, activated HSC is transformed into an inactive state under the action of inactivating factors, such

as MMP2, MMP12, MMP13, TCF21, and PPAR-g. On the other hand, under the action of activation of death receptor-mediated pathways and pro-apoptotic factors,

such as FAS, TRAIL, caspase3, caspase8, and Bax, or the decline of pro-survival genes, such as TIMP1 and TGF-b1, activated HSCs turn to an apoptotic state.
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clinical studies, such as hemophilia, inherited retinal diseases, acute
intermittent porphyria, and spinal muscular atrophy (SMA).9–12

In this review, we outline the role of AAV-mediated gene therapy in
rodent liver fibrosis caused by different etiologies and put forward the
prospective challenges that will affect the translational potential of
AAV in human liver fibrosis.

OVERVIEW OF LIVER FIBROSIS MECHANISM
The pathogenesis of liver fibrosis is relatively complex and may be the
result of communication between various cells in the liver13 (Figure 1).
Briefly, in response to chronic injury and pro-fibrogenic factors, he-
patocytes produce a group of damage-associated molecular patterns
(DAMPs) and vesicles containing vital microRNAs (miRNAs), which
can promote the increased number of pro-inflammatory phenotypes
of macrophages.14 Hepatic stellate cells (HSCs), the residents in the
space of Disse, keep a quiescent phenotype under normal conditions
and function as a reservoir for vitamin A lipid droplets. However,
activated macrophages generate a large number of pro-inflammatory
and fibrogenic cytokines, such as classic transforming growth factor
b1 (TGF-b1) and tumor necrosis factor a (TNF-a), and reactive ox-
ygen species (ROS), leading to the activation of HSCs.14 Activated
HSCs (aHSCs) lose vitamin A lipid droplets, present a-smooth mus-
cle actin (a-SMA)-positive signaling, migrate to injury sites, and pro-
192 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
duce a significant number of extracellular matrix (ECM) components,
such as collagen type I and type III, matrix metalloproteinases
(MMPs), and tissue inhibitors of matrix metalloproteinases
(TIMPs).15 The characteristics of aHSCs are similar to those of
activated myofibroblasts (MFs). They also acquire high proliferative
potentials when facing a variety of cytokines stimulations, including
TGF-b, platelet-derived growth factor (PDGF) and vascular endothe-
lial growth factor (VEGF) family, and produce multiple collagen fi-
bers, ultimately distorting the normal liver architecture without any
intervention.16 Meanwhile, DAMPs, extracellular vesicles (EVs) or
profibrogenic cytokines produced by hepatocytes can directly
enhance the activation of HSCs.17 Intriguingly, scientific research
findings have revealed that upon the cessation of chronic injury, liver
fibrosis can be regressed in patients or in experimental rodent models,
which is associated with the increased ablation of fibrous scars and the
reduced pro-inflammatory or pro-fibrogenic cytokines. In the revers-
ible process, aHSCs move toward apoptosis and inactivation states,
which leaves many questions worth studying, such as which gene
changes drive the reversal process.13 A decreased number of aHSCs
leads to the reduced production of ECMs, indicated by the activity
ofMMPs (e.g., MMP2,MMP12,MMP13) that degrade collagen fibers
is upregulated over that of their inhibitors (TIMPs). Thus, increasing
studies have focused on promoting aHSC apoptosis and inactivation.
However, several mechanisms about apoptosis of aHSCs have been
mber 2022

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
revealed—the activation of death receptor-mediated pathways (FAS
or TRAIL), caspase 3 and caspase 8, the upregulation of pro-apoptotic
signals (P53 or BAX), or the downregulation of pro-survival signals
(TGF-b1 or TIMP1).13 Inactivation factors are also vital for liver
fibrosis regression. It has been generally believed that peroxisome
proliferator-activated receptor g (PPAR-g), a nuclear receptor, is
essential for keeping HSCs in quiescent phenotypes, and the depletion
of PPAR-g in cultured HSCs led to the excessive production of
aHSCs. Conversely, the overexpression of PPAR-g in aHSCs
enhanced their transformation into an inactivated phenotype.18

Furthermore, a recent study on the identification of lineage-specific
transcription factors (TFs) demonstrated that the genetic ablation
of PPAR-g or GATA6 in HSCs in vivo accelerated the progression
but impeded the regression of liver fibrosis, suggesting that PPAR-
g and GATA6 may be essential targets for inducing aHSCs to the in-
activated state.19 In addition, unprecedented studies using cell fate
mapping methods reported that some important cell fate decision
genes, such as TF 21 (Tcf21), were identified as deactivation factors
of fibrogenic HSCs and could enhance the regression of liver fibrosis.
The overexpression of Tcf21 in aHSCs not only inhibited pro-fibro-
genic gene expression but it also promoted the inactivation of aHSCs
in vitro and in vivo.20 Therefore, it is important to use suitable vectors
to deliver these important genes that promote the inactivation or
apoptosis of aHSCs.

It is worth mentioning that with the assistance of AAV vectors,
research on the therapeutic potential of gene therapy in liver fibrosis
has been widely applied to different rodent models, and exploring
AAV-mediated cell-specific gene therapy is emerging and may lead
to a breakthrough in the treatment of liver fibrosis.

BIOLOGY AND SEROTYPE OF AAV
In the 1960s, AAV was discovered, which opened a new chapter in
AAV-mediated gene therapy.21 Since then, some research groups
have developed interest in it and have begun to study and understand
the basic characteristics and biology of AAV. At the time, they did not
realize its great potential as a gene therapy platform.22,23 AAV belongs
to the parvovirus family and was regarded as a contamination of Ad
preparations initially.23 The life cycle of AAV requires the assistance
of helper viruses, such as Ad and herpes simplex virus (HSV); thus,
AAV is also classified as a dependovirus.24 Intriguingly, AAVs are
present in a variety of vertebrate species, including humans and
non-human primates (NHPs), whereas they have not caused any
human illness so far.25 The composition of AAV is very simple, con-
sisting of an icosahedral capsid with a diameter of�26 nm and a sin-
gle-stranded DNA (ssDNA) genome of �4.7 kb. Two indispensable
coding sections, Replication (Rep) and Capsid (Cap), are included
in the genome of AAV, which is flanked by 145-bp inverted terminal
repeats (ITRs) on each side.26 The Rep gene encodes four proteins,
Rep40, Rep52, Rep68, and Rep78, that are involved in the replication
and packaging of AAV, while the Cap gene encodes three proteins,
VP1, VP2, and VP3, that form the 60-mer capsid in a ratio of
1:1:10, respectively.26 The capsids determine the range of the infected
host by interacting with receptors and co-receptors on the cell sur-
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face.27 Importantly, once entering the nucleus, AAV particles uncoat
and release their single-stranded genome, which subsequently is con-
verted into a double-stranded DNA (dsDNA) template; thus, the
transgenic gene can be transcribed and translated from the tem-
plate.27 The straightforward design of recombinant AAV (rAAV) to
deliver interested transgenes is attributed to the simplicity of the
AAV genome. Notably, only 145-bp ITRs that are found in the
AAV genome are present in the genome of rAAV and contribute to
vector production, induction of transgene expression, and cell trans-
duction. Thus, the coding sequences of the AAV genome are removed
and replaced with a therapeutic gene expression cassette. The com-
plete removal of viral coding sequences renders rAAV incapable of
gene integration during in vivo delivery, so after the transduction of
host cells, rAAV transgenes remain episomal, which helps reduce
immunogenicity and cytotoxicity.28 Currently, two types of rAAV
are in use: single-stranded AAV (ssAAV) and self-complementary
AAV (scAAV). The process of converting the single-stranded
genome into a self-complementary genome is a rate-limiting process.
To avoid this process, a scAAV genome was synthesized by mutating
one of the ITR structures.25 These scAAV vectors can rapidly undergo
transcription, thereby improving transduction efficiency.25,29 In gen-
eral, the production of rAAV by transfecting HEK293T cells requires
three essential plasmids, including plasmids containing the rAAV
genome, the rep and cap genes, and the helper virus genes,
respectively.30 It is worth noting that with the development of
biotechnology, high yields of rAAV vector can be produced without
contaminating cells and helper viral proteins, and it has been success-
fully applied in preclinical and clinical research.31,32 Moreover, cur-
rent technologies allow rAAV to be packaged and purified rapidly
and routinely in the laboratory. However, due to the differences in
packaging and purification methods and production scale, their titers
are quite different. To detect the titer of AAV more safely, simply,
quickly, and conveniently and to make the titer of AAV reach a
unified standard, researchers have successively developed effective
detection methods, such as enzyme-linked immunosorbent assay
(ELISA), quantitative real-time PCR, and the recently reported
GelGreen method.33,34

Thus far, there are 12 natural AAV serotypes and 108 isolates (sero-
vars) have been discovered and classified according to phylogenetic
analyses.26 Among them, AAV2 is one of the first AAV serotypes
identified and characterized, and most rAAV vectors share the
same ITR from AAV2, which are often identified as AAV2/n, with
“n” representing the capsid. Generally speaking, different capsids of
AAV have different binding receptors, tissue tropisms, and transduc-
tion efficiency.35 Notably, several AAV serotypes have been applied to
different clinical trials, including AAV1, AAV2, AAV5, AAV6,
AAV8, AAV9, and AAVrh10 (isolation from rhesus monkeys).27

Moreover, the European Medicines Agency (EMA) and US Food
and Drug Administration (FDA) have approved several AAV-based
in vivo gene therapy bioproducts, such as Glybera, for patients with
lipoprotein lipase deficiency, Zolgensma, for patients with SMA,
and Luxturna, for patients with RPE65-associated Leber’s congenital
amaurosis.36–38
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Table 1. The applications of different AAV serotype-mediated gene therapy in rodent liver fibrosis or cirrhosis

Serotypes
and genes

Cell-specific
promoter OE/KD

Animal
strains Causes Dose/route Reference

AAV1

IGF-I – OE SD rats CCl4 i.g. 3.4 � 109vp/hepatic artery Sobrevals et al.47

AAV2

HO-1 – OE LEW rat CCl4 i.g. 1�1012 v.g./portal vein Tsui et al.48,49

BMP7 – OE BALB/c CCl4 i.p. 1�1010 v.g./oral administration Hao et al.50

miR-19b collagen alpha 1 OE SD rats BDL 1�1012 v.g./portal vein Brandon-Warner et al.51

AAV5

HGF – OE BALB/c CCl4 i.g.; BDL 1�1011 v.g./portal vein Suzumura et al.52

AAV6

Tcf21 – OE C57BL/6 CCl4 i.p. 3 � 1011 v.g./i.p. Nakano et al.20

6TFs OE C57BL/6 CCl4 i.p. 4 �1011 v.g./tail vein Rezvani et al.53

Nestin – KD C57BL/6 CCl4 i.p.; DDC diet 1.5 � 1012 v.g./tail vein Chen et al.54

AAV8

GNMT – OE BALB/c; C57BL/6 CCl4 i.p. 1 � 1011 v.g./tail vein Fang et al.45

PHP14 – KD C57BL/6 CCl4 i.p. –/tail vein Xu et al.46

ACE2 – OE C57BL/6 CCl4 i.p.; BDL; MCD diet 1 � 1011 v.g./i.p. Mak et al.;55 Rajapaksha et al.56

FOXA2 TBG OE C57BL/6 CCl4 i.p. 4 � 1011 v.g./tail vein Wang et al.57

miR-29a – OE C57BL/6 CCl4 i.p. 2 � 1011 v.g./tail vein Knabel et al.58

miR-221-3p Ttr KD BALB/c CCl4 i.p.; DDC diet 1 � 1010 v.g./tail vein Tsay et al.59

NRF2 TBG OE C57BL/6 HFD + AGEs 5 � 1011 gc/tail vein Dehnad et al.60

RCAN1.4 – OE C57BL/6 CCl4 i.p. 1 � 1011 v.g./tail vein Pan et al.61

miR-21 – KD BALB/c schistosomiasis 6 � 1011 v.g./tail vein He et al.62

miR-351 – KD BALB/c schistosomiasis 1 � 1012 v.g./tail vein He et al.63

GDF11 – OE BALB/c CCl4 i.p; DDC diet 1 � 1011 v.g./tail vein Dai et al.64

AAV9

PSTPIP2 – OE C57BL/6 CCl4 i.p. – Yang et al.65

SUN2 – OE C57BL/6 CCl4 i.p. – Chen et al.66

circFBXW4 – OE C57BL/6 CCl4 i.p. 1 � 1012 v.g./tail vein Chen et al.67

TGF-b1 GFAP KD SD Rat DEN i.p. 8 � 1011 v.g./portal vein Zhang et al.68

LECT2 – KD C57BL/6 CCl4 i.p. – Xu et al.69

i.g., intragastrically; i.p., intraperitoneally; v.g., vector genome; vp, viral particles; gc, genome copies; SD rats, Sprague-Dawley rats; KD, knockdown; OE, overexpression.
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It is worth mentioning that clinical trials of AAV-mediated gene
therapy for liver-based metabolic and genetic diseases have increas-
ingly been performed or are ongoing at the moment, and have
achieved promising results.39 For example, hemophilia B, an
X-linked bleeding disorder caused by a defect in the gene-encoding
coagulation factor IX, is an ideal target for gene therapy, since a mi-
nor increase in plasma factor IX above 1% of physiologic levels mit-
igates the bleeding phenotype.40 The clinical trial performed by
Nathwani et al. reported that a single intravenous administration
of AAV8 carrying factor IX in patients with severe hemophilia B
contributed to a dose-dependent and long-term increase in circu-
lating factor IX, despite side effects, such as elevated alanine amino-
transferase (ALT) levels or capsid-reactive T cell response, having
been observed in different dose groups during the monitoring
194 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
period.9 Elevated ALT levels could be attenuated when patients
were administrated by a short and tapering course of prednisolone.9

Moreover, increasing evidence suggests that AAV8 has preferential
liver transduction in nonhuman primates and dog models, yielding
promising therapeutic indices, although the absolute transgene
expression levels by AAV8 are relatively lower than in mice.41–43

For example, scAAV8 encoding human plasma factor IX in rhesus
macaques by intravenous injection showed a good tropism to liver
and was sufficient for phenotypic correction in hemophilia.44

Recently, AAV8-mediated gene overexpression or silence has been
widely applied to liver fibrosis models.45,46 However, other studies
have recognized that AAV1-, AAV2-, AAV5-, AAV6-, and
AAV9-mediated gene transfer also achieved an ideal effect in rodent
liver fibrosis models (Table 1).
mber 2022
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Table 2. Target mechanisms of AAV-mediated gene therapy in rodent liver

fibrosis

Transgene Function Mechanism Reference

HGF
promotes resolution
of fibrosis

inhibits pro-fibrotic
gene expression and
upregulates MMP13
expression

Suzumura
et al.52

IGF-I
promotes reversal
of liver cirrhosis

inhibits pro-fibrotic
gene expression and
upregulates HNF-4a
and HGF expression

Sobrevals
et al.47

ACE2
represses liver
fibrogenesis

attenuates Ang-II-
mediated oxidative
stress, inflammation,
and fibrosis

Mak et al.55

ACE2
inhibits chronic
biliary fibrosis

prevents HSCs
activation and EMT
of cholangiocytes

Rajapaksha
et al.56

FOXA2
mitigates liver
fibrogenesis

suppresses ER stress and
hepatocyte apoptosis

Wang
et al.57

GNMT
delays development
of liver diseases

promotes hepatocyte
proliferation

Fang
et al.45

miR-29a
mitigates liver
fibrogenesis

not available
Knabel
et al.58

miR-211-
3p-TuDs

suppresses hepatocyte
injury and liver
fibrogenesis

inhibits CCL2
production, thereby
repressing HSCs
activation

Tsay et al.59

NRF2
inhibits fibrogenic
activity in NASH

restores AGER1 and
improves liver AGEs,
necroinflammation,
and fibrosis

Dehnad
et al.60

Nedd8
shRNA

represses development
of NFALD

inhibits neddylation
and promotes hepatic
fatty acid oxidation

Newberry
et al.70

PSTPIP2
attenuates liver
inflammation and
fibrogenesis

represses M1
macrophages polarization
by inhibiting STAT1
phosphorylation

Yang et al.65

PHP14-
shRNA

attenuates liver
inflammation and
fibrogenesis

inhibits the migration
of macrophages to the
injury sites

Xu et al.46

HO-1
attenuates the
severity of fibrosis

inhibits HSC activation
and proliferation

Tsui et al.48,49

BMP7
inhibits liver fibrosis
and promotes
hepatocyte regeneration

inhibits HSC activation
and promotes hepatocyte
proliferation

Hao et al.50

miR-19b
improves liver
function, injury,
and fibrosis

inhibits HSC
activation

Brandon-
Warner
et al.51

miR-21-
TuDs

attenuates
schistosomiasis-induced
liver fibrosis

inhibits HSC activation
through upregulating
Smad7 expression

He et al.62

miR-351-
sponge

attenuates
schistosomiasis-induced
liver fibrosis

inhibits HSC activation
through upregulating
VDR expression

He et al.63

(Continued)

Table 2. Continued

Transgene Function Mechanism Reference

RCAN1.4
mitigates liver
fibrogenesis

inhibits HSC activation
and proliferation,
promotes HSC apoptosis
through targeting
calcineurin/NFAT3
signaling

Pan et al.61

SUN2
mitigates liver
fibrogenesis

inhibits HSC activation
and proliferation through
targeting PI3K/AKT
signaling

Chen et al.66

circFBXW4
mitigates liver
fibrogenesis

inhibits HSC activation
and proliferation through
targeting miR-18b-3p/
FBXW7 axis

Chen
et al.67

TGF-b1-
shRNA

accelerates liver
regeneration, mitigates
liver fibrosis, and
improves liver function

promotes hepatocyte
proliferation

Zhang
et al.68

6TFs attenuates liver fibrosis
reprograms MFs into
hepatocyte-like cells

Rezvani
et al.53

Tcf21
promotes reversal
of liver fibrosis

enhances aHSCs to a
quiescent phenotype

Nakano
et al.20

Nestin
shRNA

attenuates
liver fibrosis

inhibits excessive
activation of TGF-b/
Smad signaling

Chen
et al.54

GDF11
attenuates
liver fibrosis

promotes expansion
of liver progenitor cells

Dai et al.64

LECT2
shRNA

attenuates
liver fibrosis

promotes the migration
and tube formations
of endothelial cells

Xu et al.69

HNF, hepatocyte nuclear factor.
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In this review, we summarize the progress of AAV-mediated gene
therapy in liver fibrosis, focusing especially on the relevant cellular
and molecular mechanisms of transferred genes (Table 2), and pro-
vide a basis for the future application of AAV in the clinical treatment
of liver fibrosis.

THE APPLICATION OF AAV-MEDIATED GENE
DELIVERY SYSTEM IN LIVER FIBROSIS
In liver fibrosis, important molecular targets have been discovered
successively, which regulate the fibrotic process by regulating
different mechanisms.13 AAV is a favorable vector for gene therapy
due to its high safety, gene transduction efficiency, long-term efficacy
in mediating gene expression, and low immunogenicity.27 It has been
reported that distorted liver architecture affects the effective transduc-
tion of hepatocytes with large vectors, such as Ad, in liver cirrhosis.71

However, the study conducted by Sobrevals et al. revealed that AAV
vectors transduce hepatocytes in vivo as efficiently in cirrhotic as in
healthy rat livers.72 Moreover, in recent years, AAV-mediated gene
delivery has been applied for the overexpression and knockdown of
some important genes or non-coding RNAs in liver fibrosis, contrib-
uting to studying the vital molecular and cellular mechanism of trans-
ferred genes more conveniently (Figure 2). Here, we review the
rapy: Methods & Clinical Development Vol. 26 September 2022 195

http://www.moleculartherapy.org


Figure 2. Process of AAV-mediated gene vector transduction

In liver fibrosis, AAV-mediated genes, miRNA, miRNA TuDs, circRNA, or shRNA are taken into the endosome within liver cells by endocytosis. Once they enter the nucleus,

AAVs uncoat and release their single-stranded genome (ssDNA), which subsequently is converted into a double-stranded DNA (dsDNA) template; thus, the transgenic gene

can be transcribed and translated from the template.
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different cellular and molecular mechanisms of AAV-mediated gene
therapy in liver fibrosis (Figure 3).

Promoting the production of liver protective factors

In the past 2 decades, AAV-mediated liver protective factor gene de-
livery has been successfully applied for treating animal models of liver
fibrosis, which contributes to a more comprehensive understanding
of the molecular mechanisms of these protective factors. It has been
reported that AAV5 has an ability to transduce liver tissues, mediate
long-term gene expression, and does not appear to elicit cellular im-
196 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
mune response against the capsid, making AAV5 an excellent gene
transfer vector.73,74 AAV5-mediated B-domain-deleted human factor
VIII (AAV5-hFVIII-SQ) gene transfer in patients with severe hemo-
philia A has achieved a sustained and clinically relevant benefit.75,76

Recombinant hepatocyte growth factor (HGF) injection was reported
to promote the recovery of liver cirrhosis, whereas the extremely short
life and the high expenditure of HGF limit wide applications.77 Fortu-
nately, mice pre-treated with AAV5-mediated HGF gene vector
(AAV5-HGF) were protected from carbon tetrachloride (CCl4�)
and bile duct ligation (BDL)-induced liver fibrosis.52 Moreover, a
mber 2022
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Figure 3. Different cellular and molecular mechanisms of AAV-mediated transgene expression in liver fibrosis

AAV-mediated gene overexpression or silence targets different cellular and molecular mechanisms, including promoting proliferation of hepatocytes, apoptosis and inac-

tivation of HSCs, and expansion of liver progenitor cells (LPCs), inhibiting hepatocyte injury and steatosis, macrophage-mediated inflammatory response, endothelial-

mediated sinusoid capillarization, activation and proliferation of HSCs, EMT of cholangiocytes, or reprogramming aHSC/MF into hepatocyte-like cells.
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single intravenous injection of AAV5-HGF could lead to the high
levels of HGF that were sustained up to 12 weeks inmice, contributing
to a long-term effect in liver fibrosis.52 Mechanistically, HGF gene
transduction upregulated MMP13 expression, thereby promoting
the resolution of liver fibrosis. However, this study did not disclose
the concrete cellular and molecular mechanism of AAV5-mediated
HGF therapy, although previous studies suggested that HGF exerted
antiapoptotic and cytoprotective effects on hepatocytes, and there are
too few studies to assume the therapeutic potential of AAV5-medi-
ated transgene expression in liver fibrosis, which remains a great chal-
lenge. Insulin-like growth factor I (IGF-I) produced by hepatocytes
plays a protective role in cirrhotic rats by binding to IGF-I receptor
on nonparenchymal cells.78 In 2009, the study by Sobrevals et al. re-
ported that Simian virus 40 vectors encoding IGF-I (SV-IGF-I) could
ameliorate rat liver cirrhosis induced by CCl4 or thioacetamide, sug-
gested by improved liver function, increased fibrolysis, and decreased
fibrogenesis in association with the upregulation of MMPs and HGF
and the decreased expression of TIMP1, TIMP2, TGF-b, PDGF, con-
nective tissue growth factor (CTGF), and VEGF.78 Notably, by
Molecular The
comparing the effect of two different gene therapy vectors encoding
IGF-I, AAV1-IGF-I, and SV-IGF-I, Sobrevals et al. found that a
complete reversal of liver cirrhosis in rats was observed in the
AAV1-IGF-I-treated group, although an obvious decrease in liver
fibrosis and upregulation of HGF occurred in all IGF-I-treated
rats.47 Moreover, uncertainties regarding the safety and technical
limitations of SV40 make it unreliable for clinical applications. Excit-
ingly, AAV-mediated gene therapy has been applied increasingly to
clinical trials due to its high safety. Therefore, the considerable protec-
tion of AAV1-IGF-I in rodent cirrhosis models provided the basis for
further clinical trials.

The upregulation of angiotensin II (Ang II)-dependent arm of the
renin-angiotensin system (RAS) is a driver in liver fibrosis. Angio-
tensin-converting enzyme 2 (ACE2) modulates the activity of this
arm by breaking down profibrotic Ang II to antifibrotic angio-
tensin-(1–7).79 Previously, a study by Osterreicher et al. reported
that long-term deficiency of ACE2 in mice accelerated BDL- and
CCl4-induced liver fibrosis and that the administration of
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recombinant human ACE2 daily, initiated at the induction of liver
injury, mitigated liver fibrogenesis.80 However, their study only lasted
2 weeks and prophylactic administration is thought to be invasive in
nature.80 Excitingly, the study by Mak et al. found that mice intraper-
itoneally injected with one dose of liver-trophic recombinant AAV
genome 2 serotype 8 vector carrying murine ACE2 (rAAV2/8-
ACE2) under the transcriptional control of a liver-specific human
antitrypsin promoter displayed rapid and sustained high levels of
ACE2 in liver than other organs, and mice with liver fibrosis, regard-
less of the cause, improved remarkably after treatment with rAAV8-
ACE2, indicated by a profound reduction in pro-fibrotic markers. In
parallel, a reduction in the levels of hepatic Ang II was observed with a
concomitant increase in hepatic antifibrotic Ang-(1–7), leading to a
distinct reduction in NADPH oxidase assembly, oxidative stress,
ERK1/2, and p38 phosphorylation.55 Furthermore, they found that
a single dose of rAAV8-ACE2 could reduce the severity of biliary
fibrosis in multiple drug-resistant gene 2-knockout (Mdr2-KO)
mice, an animal model of progressive familial intrahepatic cholestasis
3 (PFIC3), indicated by a marked decrease in liver injury and fibrosis
at both established (3–6 months of age) and advanced (7–9 months of
age) disease. Mechanistically, they revealed that rAAV8-ACE2 could
promote the long-term production of ACE2 in hepatocytes, conse-
quently leading to increased levels of Ang-(1–7). In addition, ACE2
therapy inhibited epithelial-mesenchymal transition (EMT) of chol-
angiocytes, and an increase in Ang-(1–7) levels further inhibited
the activation of HSCs.56 These studies suggest that AAV-mediated
liver protective factor gene transfer leads to long-term transgene
expression and exerts anti-fibrotic effects by targeting different mo-
lecular and cellular mechanisms. Other therapeutic methods, such
as administration of recombinant protein or using Simian virus 40
vectors, have the disadvantages of short efficacy and low safety rela-
tive to AAV-mediated gene therapy.

Promoting the expression of important genes or miRNAs in

hepatocytes

GlycineN-methyltransferase (GNMT), a regulator in the cellular pool
of methyl groups, is abundant in the periportal region of the normal
liver and has been identified as a suppressor in hepatocellular carci-
noma (HCC).81 Intriguingly, Gnmt�/� mice develop steatohepatitis,
liver fibrosis, cirrhosis, and HCC progressively, thereby making
them an available tool to investigate underlying molecular mecha-
nisms and therapeutic targets for HCC.81 Noteworthily, Fang et al.
found that AAV8-mediated Gnmt overexpression could attenuate
liver injury and inflammation and delay tumor formation in
Gnmt�/� mice.45 Moreover, in mice liver fibrosis induced by CCl4,
the administration of AAV8-GNMT could reduce liver injury and
ECM deposition and improve the proliferation of hepatocytes.45

However, they did not clarify the concrete mechanism of AAV8-
mediated GNMT gene therapy.

It has been acknowledged that combining hepatocyte-specific pro-
moters, such as transthyretin (Ttr) and thyroid-binding globulin
(TBG), enables AAV-mediated transgene vectors to transduce hepa-
tocytes more efficiently.82,83 In 2017, Wang et al. reported that the
198 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
expression of liver-enriched TF Forkhead Box A2 (FOXA2) was
downregulated in fibrotic liver tissues of patients and mice with
CCl4 treatment, as well as hepatocytes, whereas it was significantly
increased in aHSCs.57 To investigate the function of FOXA2 in hepa-
tocytes but not HSCs during fibrogenesis, hepatocyte-specific KOs of
FOXA2 mice were created by injecting adult FOXA2flox/flox mice with
AAV8-TBG-Cre, an engineered vector that can assist in deleting
genes specifically in hepatocytes. These mice had more severe liver
fibrosis after CCl4 treatment. Notably, it was the intervention of
AAV8-TBG-FOXA2 and LV-CMV-FOXA2, not LV-glial fibrillary
acidic protein (GFAP)-FOXA2, a vector specifically targeting HSCs,
that significantly alleviated the progression of CCl4-induced liver
fibrosis. Mechanistically, the elevation of FOXA2 in hepatocytes
distinctly inhibited endoplasmic reticulum (ER) stress through regu-
lating C/EBP homologous protein (CHOP) expression, subsequently
attenuating hepatocyte apoptosis during fibrogenesis, indicated by
decreased expression levels of Bax and caspase 3.57 This study empha-
sizes the important role of AAV in combination with hepatocyte-spe-
cific promoter-mediated gene transduction in liver fibrosis, which is
helpful in saving abnormally reduced genes in hepatocytes.

During liver fibrogenesis, epigenetic regulation by miRNA is involved
in cell performance.84 miRNAs are a group of small, approximately
19- to 25-nt, non-coding RNA that post-transcriptionally regulate
protein coding mRNA by suppressing the translation or destabilizing
the target mRNA.84 In 2015, Knabel et al. reported that systemic de-
livery of scAAV8-encoded miR-29a could remarkably attenuate
CCl4-induced mice liver fibrosis and that this anti-fibrotic response
was associated with AAV8 transduction of hepatocytes but not
HSCs.58 In addition, AAV-mediated miRNA tough decoys (TuDs)
or antagomir delivery also showed promising anti-fibrotic effects.
In 2018, Tsay et al. reported that miR-221-3p was upregulated in
hepatocytes during liver fibrosis and that hepatocyte-specific
knockdown of miR-221-3p by injecting mice with AAV8-Ttr-miR-
211-3p-TuDs significantly inhibited HSC activation and CCl4-and
DDC-induced liver fibrosis.59 Mechanistically, miR-221-3p inhibited
the expression of G protein subunit alpha I2 (GNAI2) by targeting its
30 UTR in hepatocytes, which in turn decreased the inhibitory effect of
GNAI2 on C-C motif chemokine ligand 2 (CCL2), thereby liberating
the expression of CCL2 and promoting HSC activation and liver
fibrosis, whereas AAV8-Ttr-miR-211-3p-TuDs reversed the pro-
cess.59 This study highlights the importance of crosstalk between he-
patocytes and HSCs, and the use of hepatocyte-specific AAV vectors
can effectively alter the expression of important genes in hepatocytes.
Interestingly, the study byMalato et al. confirmed that an appropriate
dosage of AAV8-Ttr-Cre could loop out the floxed sequences specif-
ically in hepatocytes, and displayed no toxicity or function variation
to liver.82 Duwaerts et al. reported that the injection of adult
Xbp1flox/flox mice with AAV8-Ttr-Cre could effectively delete Xbp1
gene in hepatocytes, which helps them to investigate the function
and regulatory mechanism of Xbp1 in acute and chronic mice liver
diseases.85 In addition, Pradhan-Sundd et al. found that ablating b-
and g-catenin expression in mouse liver by interbreeding b-cate-
nin-g-catenin double-floxed mice and albumin-cre (Alb-Cre)
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transgenic mice (double KO [DKO]) exhibited an obvious mortality
and morbidity.86 Fortunately, b-catenin-g-catenin double-floxed
mice administrated with AAV8-TBG-Cre vectors specifically and
temporally inactivated both catenin in hepatocytes, and rescued
deaths caused by DKO.86

These studies suggest that AAV8-Ttr-Cre or AAV8-TBG-Cre can be
used for treating liver fibrosis caused by abnormal gene changes in he-
patocytes by promoting the inactivation of genes in all hepatocytes of
conditional gene KO mice at a selected time. Moreover, increasing
studies have revealed that ALB-cre can loop out the flox sequences
not only in hepatocytes but also in HSC and bile duct epithelial
cells.70,87 For genes that play different or opposite roles in different
cell types in the liver, conditional KO using the ALB-Cre may lead
to confused results. For example, KO of liver fatty acid-binding pro-
tein in hepatocytes or HSCs has played a distinct role in fibrogenic
injury.70 Thus, to study the function and mechanism of specific genes
in hepatocytes, AAV8-Ttr-Cre or AAV8-TBG-Cre may be good sub-
stitutes for ALB-cre, which can be used as an editing tool for timing
gene KO or knockin.

Inhibiting advanced glycation end products (AGEs) and lipid

production by hepatocytes

As mentioned above, NASH is an important cause of the develop-
ment of liver fibrosis.4 Of note, type 2 diabetes mellitus (T2DM) is
closely associated with progressive necroinflammation and fibrosis
in NASH.88 Abnormal accumulation of AGEs occurs in the pres-
ence of persistent hyperglycemia.89 The study by Dehnad et al. re-
ported that continued exposure to AGEs in the liver led to an
imbalance between AGEs clearance receptor (AGER1) and recep-
tor for AGEs (RAGE), consequently resulting in excessive redox,
inflammatory, and fibrogenic activity in NASH, which is mediated
by NADPH oxidase 4 in hepatocytes.60 Functionally, RAGE KO in
mice hepatocytes or inhibiting AGEs formation in vivo reversed
these effects. AGER1 was downregulated in hepatocytes after
prolonged exposure to AGEs, which is associated with decreased
nuclear factor-E2-related factor 2 (NRF2) activity and increased
degradation of NRF2, further affecting its downstream antioxidant
gene expression. Excitingly, AAV8-TBG-NRF2 rescued the
expression of AGER1 and inhibited the liver/serum AGEs, inflam-
mation, and fibrosis during the AGE exposure period in mice.
This study emphasizes the effects of AAV8-TBG-NRF2 therapy
in improving necroinflammation and fibrosis caused by exposure
to AGEs, and provides a theoretical basis for NASH treatment
with AAV8-TBG-NRF2 in patients with T2DM in the future.60

Recently, Serrano-Maciá et al. reported that hepatic neddylation
was induced in clinical and preclinical non-alcoholic fatty liver
disease (NAFLD), suggested by increased NEDD8 expression
levels.90 Notably, specific knockdown of NEDD8 in hepatocytes
could be achieved by injecting AAV-DIO-shNedd8 into Alfp-
Cre transgenic mice, which efficiently reduced neddylation levels
and lipid accumulation in the livers of mice induced by a high-
fat diet with choline deficiency, thereby inhibiting the develop-
ment of NAFLD to NASH.90
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The above studies are about AAV-mediated gene therapy, which
changes the gene expression in hepatocytes and then causes changes
in the level of important molecules in cells, thus affecting the activity
of other liver cells, and subsequently suppressing the progression of
fibrosis caused by various etiologies. However, whether there are
side effects of AAV-mediated gene therapy has not yet been revealed.

Inhibiting inflammatory response induced by macrophages

Increasing evidence has shown that hepatic macrophages, including
resident macrophages (Kupffer cells) and recruited macrophages
(monocyte-derived macrophages), work through the liver fibrosis
process, from initial liver injury and fibrosis formation to fibrosis
regression.14 Interestingly, the heterogeneity of macrophages deter-
mines their diverse role in different stages of liver fibrosis.91,92 Ac-
cording to this, macrophages are classified into two categories
conventionally, a classical M1 “pro-inflammatory” phenotype, and
an alternative M2 “immunoregulatory” phenotype.92 In 2018, our
research team found that the 50 UTR of proline-serine-threonine-
phosphatase-interacting protein2 (PSTPIP2) was hypermethylated,
which led to a mixed induction of hepatic M1 and M2 biomarkers
in CCl4-induced mice liver fibrosis. Noteworthily, PSTPIP2 was suc-
cessfully overexpressed in mouse liver by using the rAAV9-mediated
PSTPIP2 gene delivery system. Followed by 4 weeks’ CCl4 challenge
(twice per week), mice with rAAV9-PSTPIP2 pretreatment were
largely resistant to the toxic effects of CCl4, showing decreased liver
injury indexes and ameliorated liver fibrosis scores compared with
the rAAV9-empty vector group. Importantly, the expression levels
of M1 macrophage markers, such as TNF-a, interleukin-1b (IL-1b),
CCL2, and inducible nitric oxide synthase (iNOS), were significantly
downregulated, while M2 macrophage markers, such as IL-10, Arg1,
FIZZ1, and CD163, were obviously increased in liver tissues of the
PSTPIP2-overexpressed mice group. Gain-of-function and loss-of-
function experiments in vitro further confirmed that PSTPIP2
negatively regulatedM1macrophages polarization, while it promoted
M2 macrophage polarization, thereby playing an anti-inflammatory
and anti-fibrotic role in early liver fibrosis. Mechanistically,
PSTPIP2 repressed signal transducer and activator of transcription
1 (STAT1) phosphorylation in M1 macrophages, but promoted
STAT6 phosphorylation in M1 macrophages.65 Recently, Xu and co-
workers reported that 14-kDa phosphohistidine phosphatase
(PHP14), the first histidine phosphatase identified in vertebrates, pro-
moted mouse liver fibrosis by regulating HSC migration.46 Further-
more, they found that PHP14 inhibition via AAV8-mediated small
hairpin RNA (shRNA) delivery could efficiently ameliorate CCl4-
induced mice liver fibrosis. Mechanistically, knockdown of PHP14
initially reduced fibrosis-associated macrophage recruitment, infiltra-
tion, and migration through the decreasing podosome formation of
macrophages, subsequently affecting the activation of HSCs by
modulating profibrogenic cytokine production by inflammatory cells,
at least in part.46 These two studies reveal the anti-inflammatory role
of AAV-mediated gene therapy in mice liver fibrosis, which contrib-
utes to investigating the molecular mechanisms underlying the path-
ogenesis of liver fibrosis. However, they do not rule out whether AAV
itself causes phenotypic changes in macrophages. Intriguingly, a
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recent study by Carestia et al. reported that AAV8 administration in
mice directly affected the liver macrophage population and pheno-
type transition, thereby reprogramming the liver microenvironment
to become less inflammatory, potentially limiting liver damage and
prolonging infection.93 Thus, they concluded that AAV8 is a suitable
vector for gene therapy.93 However, AAV8 safety and suitability for
human gene therapy is mainly supported by clinical trial results rather
than preclinical studies.9,94 In addition, the mouse is considered a
poor predictive model for studying AAV immunogenicity. Therefore,
there is still a long way to go before AAV-mediated gene therapy can
be used to treat human hepatic fibrosis.

Inhibiting activation and proliferation of HSCs

In 1999, Qing et al. found that the transduction ability of AAV2 relies
on the presence on the surface of the cells of a receptor and co-recep-
tor.95 Heparan sulfate proteoglycan (HSPG) is the receptor and hu-
man fibroblast growth factor receptor 1 (FGFR1) acts as co-receptor
for the virus to successfully enter the host cell. Cells with surface
expression of HSPG alone are not transduced by AAV2.95 Therefore,
FGFR1 is important for the transduction efficiency of AAV2. Intrigu-
ingly, the expression of FGFR1 was upregulated in liver fibrosis, and
its inhibition in vivo or in vitro was confirmed to mitigate rat liver
fibrosis by suppressing the activation and proliferation of HSCs.96

In addition, in 2005, Tsui et al. found that rAAV2 showedmore favor-
able binding activities to aHSCs compared with quiescent HSCs and
that rAAV2 has preferential binding ability to the liver fibrotic areas,
which is associated with the expression of its coreceptor, FGFR-1a.48

However, integrin aVb5, another co-receptor for rAAV2 that is
restricted in hepatocyte and biliary epithelial cells, did not show
any changes in normal and fibrotic livers.48 Their study reconfirmed
the essential role of FGFR-1 for rAAV2-mediated gene transduction.
Subsequently, rAAV2 carrying expression cassette for heme
oxygenase-1 (HO-1), a rate-limiting enzyme, was detected in primary
rat HSCs, endothelial cells (ECs), and hepatocytes isolated from
fibrotic livers, the result of which confirmed a high transduction effi-
cacy of rAAV2 to aHSCs. Through western blot analysis, a stable in-
crease in HO-1 protein level can be observed in HSCs isolated from
the liver transduced by rAAV2/HO-1 for more than 12 weeks. More-
over, the levels of carboxyhemoglobin, a catalytic product of HO
enzymatic activity, were upregulated in the peripheral blood of
rAAV2/HO-1-treated rats since the first week after portal injection
and were persistently sustained for more than 12 weeks.48 Excitingly,
rAAV2-mediated HO-1 gene transfer by portal injection has been
proven to achieve a good effect in an established rat micronodular
cirrhosis model, indicated by reduced pro-inflammatory and pro-fi-
brogenic responses, collagen deposition, and HSCs proliferation.49

These studies suggest rAAV2-mediated gene transfer may be prefer-
ential to aHSCs and liver fibrotic areas, and mediate long-term trans-
gene expression. Furthermore, rAAV2-mediated gene and miRNA
delivery for the treatment of other established liver fibrosis models
has also been reported.50,51 It is widely believed that TGF-b1 is the vi-
tal profibrogenic cytokine, while bone morphogenetic protein 7
(BMP7), a member of the TGF-b superfamily, was identified as an
antagonist of TGF-b1 and displayed the antifibrotic potential in
200 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
fibrotic diseases.97–100 Hao et al. reported that twice oragastric admin-
istration of rAAV2-mediated BMP7 gene delivery could protect
against the destruction of gastric acid and intestinal fluids and effi-
ciently maintain a highly long-term serum level of BMP7.50 Ectopic
BMP-7 expression effectively inhibited CCl4-induced liver fibrosis
by suppressing HSC activation and promoting hepatocyte prolifera-
tion, highlighting safe, simple, and efficient AAV-mediated gene ther-
apy for liver fibrosis treatment.50

AAV-mediated miRNA or miRNA inhibitor delivery also plays an
important role in liver fibrosis. Previously, the expression levels of
miR-19b were reported to be downregulated during HSCs transdiffer-
entiation, and loss of miR-19b in aHSCs contributed to the activation
of TGF-b1 signaling by decreasing the inhibitory effects of miR-19b
on TGF-b receptor II expression (TGF-bRII) and CTGF.101 To
further study the function of miR-19b in vivo, they constructed an
AAV2 with a mature miR-19b transgene downstream of enhanced
green fluorescent protein under the control of murine collagen 1a
promoter (AAV2-miR19b-Col-EGFP) to target HSCs. By portal
vein administration of AAV2-miR19b-Col-EGFP to the established
BDL-induced rat liver fibrosis for 2 weeks, they unexpectedly found
liver function improved and injury and fibrosis degree decreased
compared with the AAV2-control-Col-EGFP-treated group. Impor-
tantly, no EGFP signal was detected in other organs, such as pancreas,
heart, lung, kidney, ilium, and brain, except for liver tissues. More-
over, only HSCs were detected for positive EGFP co-staining signal,
suggesting AAV2-miR19b-Col-EGFP has preferential tropism to
HSCs.51 Their study revealed the therapeutic advantages of AAV-
mediated miRNA delivery under the control of a cell-specific pro-
moter in liver fibrosis, and provided new ideas for future research.
Schistosomiasis is caused by several species of trematode worms,
which can lead to liver fibrosis and threaten human health.102 In
2015, He et al. found that progressive hepatic schistosomiasis in
mice caused a considerable elevation of miR-21 in primary aHSCs,
and intravenous injection of rAAV8-miR-21-TuDs remarkably
ameliorated liver fibrosis by promoting Smad7 expression, indirectly
suppressing TGF-b1/Smad and IL-13/Smad pathways.62 In 2018,
they reported that the elevated levels of miR-351 aggravatedmice liver
fibrosis induced by schistosoma infection by targeting the vitamin D
receptor (VDR), an antagonist of SMAD signaling. Moreover, in vivo
inhibition of miR-351 by rAAV8-miR-351-sponge significantly
attenuated liver fibrosis and protectedmice against lethal schistosoma
infection.63

Nevertheless, the study by Pan et al. reported that AAV8-mediated
RCAN1.4 gene delivery protected CCl4-induced mouse liver fibrosis
by inhibiting HSC activation and proliferation, and promoting
aHSC apoptosis by repressing calcineurin/NFAT3 signaling.61 In
addition, Chen et al. found that rAAV9-mediated SUN2 delivery
could efficiently transduce mice liver and protect mice from CCl4-
induced liver fibrosis, indicated by the reduction of pro-fibrotic
factors compared with the rAAV9 empty vector treated group. Mech-
anistically, rAAV9 mediated overexpression of SUN2 repressed the
activation and proliferation of HSCs by inhibiting PI3K/AKT
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signaling.66 Notably, AAV9-mediated circFBXW4 effectively sup-
pressed the progression of mice liver fibrosis by targeting the miR-
18b-3p/FBXW7 axis in HSCs, suggesting that AAV9 is a good thera-
peutic carrier for circular RNA (circRNA).67 Although these studies
have revealed that AAV-mediated RCAN1.4, SUN2, and circFBXW4
overexpression in liver play anti-fibrotic roles by inhibiting the acti-
vation and proliferation of HSCs, it is not clear whether these
rAAV vectors transduce other liver cells, thereby indirectly affecting
the activity of HSCs. As mentioned earlier, AAV8-mediated PHP14
shRNA delivery inhibited liver fibrosis by decreasing macrophage
migration to the site of injury, subsequently affecting the activation
of HSCs.46 Therefore, researchers must clarify which cells in the liver
AAV vectors preferentially transduce and how to improve the trans-
duction efficiency. Notably, the study by Zhang et al. used AAV9-
GFAP-shTGF-b1 to target HSCs, since GFAP has been identified as
a marker for HSCs.68,103 AAV9-GFAP-shTGF-b1 accelerated the
regeneration of fibrotic functional liver remnant, mitigated fibrosis,
and improved liver function in chronic diethylnitrosamine (DEN)-
induced rat liver fibrosis followed by associating liver partition and
portal vein ligation for staged hepatectomy (ALPPS), a novel two-
stage hepatectomy. Moreover, the effect of AAV9-GFAP-shTGF-b1
on liver fibrosis is superior to that of LY2157299, a TGF-bR1 inhib-
itor, reflecting the advantages of AAV-mediated gene therapy under
the transcriptional control of a cell-specific promoter.68 Nevertheless,
an astonishing study by Mederacke et al. indicated that GFAP-Cre
marks extra- and intrahepatic bile ducts but not HSCs.104 By per-
forming essential cell identification experiments, they found that leci-
thin-retinol acyltransferase (Lrat) Cre efficiently labels 99% of
HSCs.104 Therefore, AAV targeting HSCs under the transcriptional
control of GFAP promoter is a controversial issue, and further studies
should focus on the selection of cell-specific promoters.

Inducing MFs to hepatocyte-like cells or quiescent HSCs

Considering that cell lineages can be converted by altering the tran-
scriptional network, Huang et al. established a novel strategy that in-
duces mouse tail-tip fibroblasts (TTFs) to functional hepatocyte-like
cells (iHeps) by the overexpression of Gata4, Hnf1a, and Foxa3 and
the inactivation of p19Arf in vitro. Results showed that iHeps dis-
played a similar gene expression pattern as well as metabolic function,
closely resembling hepatocytes.105 Inspired by their research, Rezvani
et al. developed in vivo reprogramming of MFs into hepatocytes using
AAV vector-mediated delivery of essential TFs, attempting to limit
collagen deposition in liver fibrosis.53 By intravenously injecting
different AAV vectors, they found that only AAV6 has a relevant
MF tropism, transducing 10.2% ± 5.3% of a-SMA-positive MFs,
which is contradictory to previous studies suggesting that AAV2
has preferential binding ability to aHSCs48,53. In detail, by trans-
ducing MFs generated from primary HSCs with AAV6 mediated de-
livery of the TF genes, including Foxa1, Foxa2, Foxa3, Gata4, Hnf1a,
or Hnf4a from the cytomegalovirus (CMV) promoter (AAV6-6TFs),
they observed the acquisition of hepatocyte gene expression and func-
tion in MFs whose original identity was mostly missing. Using a
mouse model of MF fate tracing, identified as Lrat-Cre; R26RZsGreen
mice,104 they successfully reprogramed MFs into fully functional he-
Molecular The
patocytes (MF-iHeps) with the help of AAV6-6TFs in CCl4 or
choline-deficient ethionine-supplemented (CDE) diet-induced
mouse liver fibrosis. Moreover, MF-iHeps closely resembled primary
hepatocytes and had normal cell function and proliferation. Func-
tionally, they found that AAV6-6TFs reduced liver fibrosis and injury,
but administration of AAV8-6TFs to hepatocytes had little effect.53

Therefore, hepatic reprogramming of MFs with AAV vectors may
be a promising therapeutic strategy for liver fibrosis. Recently, the
work by Nakano et al. found that Tcf21 is a novel deactivation factor
of aHSCs.20 Tcf21 was decreased in HSCs that underwent culture-
induced activation in vitro and also in liver fibrotic tissues of mice
and humans in vivo. Interestingly, the expression of Tcf21 was recov-
ered during the spontaneous regression of murine liver fibrosis.
AAV6-mediated Tcf21 gene transfer efficiently reduced CCl4- and
methionine-choline-deficient diet (MCD)-induced liver fibrosis, as
evidenced by improved hepatic architecture and function. Mechanis-
tically, AAV6-mediated Tcf21 enhanced aHSCs to a quiescent pheno-
type.20 In addition, the study by Chen et al. demonstrated that Nestin,
a class VI intermediate filament, was positively correlated with the
progression of liver fibrosis either in murine models or in human
samples, and treatment with AAV6-mediated Nestin shRNA remark-
ably ameliorated liver fibrosis through targeting aHSCs. Mechanisti-
cally, TGF-b1 stimulated the high expression of Nestin in aHSCs; in
turn, Nestin promoted the TGF-b-Smad2/3 pathway by decreasing
the caveolin1 (Cav-1)-mediated degradation of TbRI, and Nestin
knockdown inhibited the excessive activation of TGF-b1 signaling.54

These studies suggest that AAV6-mediated 6TFs, Tcf21, and Nestin
shRNA delivery efficiently attenuates liver fibrosis by regulating
different molecular mechanisms, highlighting that AAV6 has a
tropism for aHSCs orMFs, but further research should be undertaken
to confirm this point.

Promoting expansion of liver progenitor cells (LPCs)

Recently, the study by Dai et al. revealed that growth differentiation
factor 11 (GDF11), a member of the TGF-b superfamily, was remark-
ably increased during liver fibrogenesis, both in mice and humans.64

They also confirmed that GDF11 is a secreted protein, mainly pre-
senting in HSCs in normal liver, while the highest expression of
GDF11 in activated HSCs was observed in fibrotic liver. By adminis-
tering 1 � 1011 AAV8 particles encoding Gdf11 (AAV-GDF11) to
fibrotic BALB/c mice induced by CCl4 and the 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine (DDC) diet, GDF11 was successfully
overexpressed in these established models, and they surprisingly
found that toxin-(CCl4) and cholestasis-(DDC)-induced mice liver fi-
broses were significantly attenuated. Intriguingly, the hepatic LGR5+

progenitor pool was expanded in AAV-GDF11-treated fibrotic mice
compared with AAV empty vector-treated fibrotic mice. Moreover,
transplanting 5 � 105 of LGR5+ cells from AAV-GDF11-treated
fibrotic mice into another set of fibrotic BALB/c mice induced by
CCl4 markedly improved liver fibrosis. In addition, the loss of
GDF11 in hepatic MFs abrogates the expansion of LGR5+ progenitor
cells in human liver organoids. Reciprocally, co-culturing MFs with
LGR5+ cells or GDF11-pretreated LGR5+ cells could decrease the
expression of fibrotic genes of MFs. Depletion of LGR5+ cells by
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injecting Gdf11-overexpressed fibrotic mice with AAV encoding
diphtheria toxin A (DTA) under the transcriptional control of the
Lgr5 promoter could abrogate the anti-fibrotic function of GDF11.
Nevertheless, although highly expressed in MFs, GDF11 modulation
itself had little, if any, role in fibrogenesis. Notably, they successfully
constructed the AAV variant (AAV-NGF-GFP) that preferentially
targets hepatic MFs in vivo BY performing essential experiments.
The overexpression of GDF11 mediated by AAV-NGF-GDF11 pro-
moted an increased number of LGR5+ cells, while knockdown of
GDF11 mediated by AAV-NGF-GDF11-shRNA demonstrated an
opposite effect.64 Overall, this study revealed that AAV-mediated
GDF11 gene delivery has achieved a good effect on mice liver fibrosis,
which has helped researchers to reveal the cellular and molecular
mechanism of GDF11. Meanwhile, AAV variants targeting MFs
were proposed, which provided new ideas for gene therapy targeting
MFs in the future.

Influencing function of ECs

Previous studies often classified portal angiogenesis and sinusoidal
capillarization as hepatic angiogenesis.69 In 2019, a study conduct-
ed by Xu et al. revealed the distinct roles of portal angiogenesis
from sinusoids capillarization in liver fibrosis. They found that
leukocyte cell-derived chemotaxin 2 (LECT2) produced by hepa-
tocytes in response to liver damage is a functional ligand of the
EC-specific orphan receptor Tie1. LV-mediated overexpression
of LECT2 promoted BDL-induced, DDC-induced, and MCD-
induced mice liver fibrosis by repressing portal angiogenesis and
promoting sinusoidal capillarization, while these observations
were reversed in Lect2-KO mice. Furthermore, AAV9-mediated
LECT2 shRNA delivery (AAV9-LECT2 shRNA) significantly
reduced the expression of LECT2 in mice liver and improved
the liver fibrosis induced by CCl4. Prospectively, they found that
mice pretreated with AAV9-LECT2 shRNA showed an increase
in portal angiogenesis and a decrease in hepatic sinusoid capilla-
rization after CCl4 challenge. Mechanistically, the binding of
LECT2 to Tie1 repressed the migration and tube formations of
EC, and knockdown of LECT2 by AAV9-LECT2 shRNA may
reverse the above behavior of ECs.69

CHALLENGES OF AAV-MEDIATED GENE THERAPY IN
LIVER FIBROSIS
Currently, AAV-mediated gene therapy for liver fibrosis has only
been applied to rodent models and no clinical trials have been re-
ported. This is a huge challenge. First, in mice, investigators have
been able to acknowledge the organ tropism of different AAV sero-
types, and AAV1–3 and 5–9 were capable of transducing liver tis-
sues.106Moreover, increasing evidence suggests that AAV8 has higher
affinity to hepatocytes than other serotypes, and AAV6 has a higher
tropism to MFs in mice.53,107 However, data presenting tropism pro-
files in humans are far from obtaining, because examining the vector
biodistribution in multiple biopsies is difficult to perform. Second,
inevitable immunogenicity may have effects on the gene transfer effi-
ciency of the AAV vector, although the above-mentioned studies
merely focused attention on the function and mechanism of AAV-
202 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
mediated transgene expression in rodent liver fibrosis models and
did not disclose the immunogenicity. Preexisting neutralizing anti-
bodies (NAbs) and cytotoxic T lymphocyte (CTL)-mediated immune
response are two serious concerns that prevent rAAV from trans-
ducing target cells and performing long-lasting transgene expres-
sion,108 despite several approaches having been studied to eliminate
these issues, such as saturating NAb binding sites through increasing
rAAV dose, combining excessive empty capsids, using preventive
immunosuppressive drugs, or natural shielding by EVs during
rAAV production.108 Importantly, Sobrevals et al. revealed that
AAV1 vectors could be diluted due to liver regeneration following
hepatectomy as the frequency of AAV genomic integration is
limited.72 Nevertheless, their further experiments showed that the
levels of AAV transduction to liver tissue did not differ between
healthy livers and fibrotic livers at any stage of liver fibrosis, suggest-
ing that diseased livers appear to have little effect on the gene trans-
duction ability of AAV. Intriguingly, intra-arterial injection of AAV1
led to higher transgene expression in cirrhotic than in healthy livers,
while intra-portal administration showed the opposite phenomenon.
Intra-hepatic injection of AAV1 leads to similar transgene expression
in cirrhotic and healthy rat livers, suggesting that an appropriate pro-
cedure should be considered for future AAV-mediated gene therapy
in the treatment of human liver fibrosis.72 In addition, increased gen-
otoxic risk should be a challenge that cannot be neglected, although
no major adverse events involving genotoxicity caused by rAAV vec-
tor integration in human and NHPs have been observed.109 Notably,
some studies have revealed that rAAV administration is related to the
development of HCC in newborn mice, despite the fact that HCC was
not observed in rAAV-treated adult mice and other mammals.110,111

Therefore, long-term monitoring after rAAV-mediated gene delivery
is important for evaluating potential genotoxicity.

CONCLUSIONS AND PROSPECTS
In this study, we systematically summarized the therapeutic poten-
tial of AAV-mediated gene therapy in liver fibrosis models based on
the molecular functions and mechanisms of transferred genes. The
safety, efficacy, and sustained transgene expression of AAV-medi-
ated gene therapy have been confirmed in different liver fibrosis
models, which encourages the exploration of therapeutic strategies
that could focus on AAV-mediated gene delivery systems in the
future. However, the present studies only exist at the animal level,
and there is no representative clinical trial of AAV-mediated gene
therapy for the treatment of liver fibrosis. In practice, animal models
are powerless to predict the tropism and immunogenicity of AAVs
in humans; although animals are available, results from animal ex-
periments are easily reproducible and help researchers better under-
stand the pathological mechanisms of liver fibrosis. Thus, the
paucity of human data makes AAV-mediated gene therapy a great
challenge, and there is still a long way to go before it can be used
for human liver fibrosis.
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