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Abstract In recent years, significant breakthroughs have been made in the field of gene ther-
apy. Adeno-associated virus (AAV) is one of the most promising gene therapy vectors and a
powerful tool for delivering the gene of interest. Among the AAV vectors, AAV serotype 8
(AAV8) has attracted much attention for its efficient and stable gene transfection into specific
tissues. Currently, recombinant AAV8 has been widely used in gene therapy research on a va-
riety of diseases, including genetic diseases, cancers, autoimmune diseases, and viral diseases.
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This paper reviewed the applications and challenges of using AAV8 as a vector for gene ther-
apy, with the aim of providing a valuable resource for those pursuing the application of viral
vectors in gene therapy.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Gene therapy involves introducing a gene of interest into
target cells to replace or repair defective genes and correct
genetic disorders. The key to disease treatment lies in gene
delivery vectors. Currently, commonly used vectors are
delineated into viral vectors and non-viral vectors. Viral
vectors account for more than 70% of gene delivery vectors
currently used in clinical trials1 and the most successful
delivery vectors include retroviruses, lentiviruses, adeno-
viruses, and adeno-associated viruses (AAVs) (Table 1).
Retroviruses are RNA viruses that have the ability to convert
RNA into DNA and then integrate the DNA into the host
chromosome. Initial studies on retroviruses began in the
1980s when they were first used in clinical trials to treat
severe combined immunodeficiency syndrome (SCID-X1).2

Lentivirus, another retrovirus, is derived from the human
immunodeficiency virus and is generally the best choice for
in vitro treatment of dividing cells. Adenovirus is an
unenveloped virus with a large genome of 35 kb but the use
of adenovirus is limited because of its many side effects
that require a more complex design as a vector. Throughout
the history of gene therapy, there have been two major
safety incidents where the first was the application of the
adenovirus vector led to the induction of a robust immune
response and the death of the recipient.3 The second
incident was due to a genetic mutation in the retrovirus
leading to the patient developing leukemia.4 These two
incidences raised the alarm in terms of the application of
viral vectors in human gene therapy. Later, Jim Wilson
discovered and promoted a safer vector for gene therapy,
namely, AAV vector. Compared with other viral vectors, the
low AAV viral load needed makes it useful in targeting
.
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certain rare diseases. This vector is usually used for non-
dividing target cells such as the liver, nervous system, eye,
and skeletal muscle cells. The advantage of using this
vector is that once it is delivered, the DNA it carries can
exist in the free form within the patient’s body for an
extended period, even a lifetime, and does not lead to
potential insertion mutations within the host cell genome,
thus, improving the safety of gene therapy. In addition,
different AAV serotypes have specific affinities for different
tissues and therefore can be exploited in the design of
treatment for different target organs. In this review, we
highlight the AAV8 serotype, describe its biological prop-
erties and discuss its opportunities and challenges in clin-
ical applications.

AAV is a single-stranded DNA virus with an overall
structure consisting of two parts5,6: an icosahedral protein
capsid of approximately 26 nm in diameter and a single-
stranded DNA genome of 4.7 kb in length (Fig. 1A). Three
types of viral proteins (VP), VP1, VP2, and VP3, are con-
tained in the capsid. The two ends of the AAV genome carry
two “T”-shaped inverted terminal repeats (ITRs), and be-
tween the ITR sequences is the viral coding region, which
contains two genes, Rep and Cap (Fig. 2). The structure of
the ordered region of the AAV8 VP monomer consists of the
core eight-chain b-barrel motif and the long loop between
the chains (Fig. 1B), which includes the HI loop (the loop
between bH and bI), aA, and the loop region forming the
protrusion around the icosahedral triplet (pL1 to pL3).6 The
complex loop between the b-barrel chains forms the sur-
face of the capsid. Variable region I in AAV8 (residues 263 to
271) is known to contain two and five additional amino acids
compared to the same region in AAV2 and AAV4, respec-
tively. Variable region II is located at the turn between the
vector Adeno-associated
virus vector

Lentivirus vector

5 kb 9 kb
DNA RNA

non-dividing Dividing or
non-dividing
cells

Dividing or
non-dividing cells

ty Integration Integration
xpression Stable expression Stable expression

Medium Medium

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 AAV8 virus structure. (A) Schematic representation of the AAV8 virus particle. (B) AAV8 VP3 ribbon diagram. Comparison
between the (C) AAV8 and (D) AAV2 capsid structures. The top represents the shell surface topology, the bottom represents the
triple symmetry axis region, and the circles represent the positions of variable regions I, II, and IV.
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b-bands and forms the five-fold axial channel, while vari-
able region IV is in the large loop region between the b-
chains bG and bH (called the GH loop).

AAVs are classified as new serotypes or variants based on
serological reactions and amino acid homology. AAV8 was
isolated from rhesus monkey tissue and is highly homolo-
gous to other AAVs, with the highest structural similarity of
83% between AAV8 and AAV2 capsids.5 Crystal structure
analysis demonstrated that AAV8 and AAV2 viruses have
different capsid surface topologies (Fig. 1C, D). These dif-
ferences lie in residues involved in controlling transduction
efficiency and antibody recognition. In addition, the bulge
around the triple symmetry axis and the bulge region be-
tween the duplex and quintuple symmetry axes has resul-
ted in different receptor recognition regions. The primary
receptor for some AAV serotypes is a specific glycan motif.
The primary receptor of AAV2 is the heparan sulfate
proteoglycan and AAV2 utilizes this glycan for cellular
recognition under the action of heparin sulfate affinity. On
the other hand, AAV8 has no affinity for heparan sulfate,
and the 37/67-kDa laminin receptor (LamR) is considered as
the host cellular receptor for AAV8.7 Variation in the
sequence and spatial conformation of the AAV8 capsid
protein means that the cell receptor bound by AAV8 and the
virus particles’ nuclear transport process after entering the
cell are also different. Together, these variations lead to
significant differences in vector infectivity and cell trans-
fection efficiency.8
Tissue distribution of AAV8 vector

To a large extent, the safety of the vector is influenced by
the distribution of AAV in vivo. Numerous experimental



Figure 2 AAV genome structure. The AAV genome consists of two parts: rep and cap genes; the ITR is located at both ends. These
two genes encode all non-structural (rep78, rep68, rep52, rep40) and structural proteins (VP1, VP2, VP3) for replication regulation
and capsid structure respectively.
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data have shown that recombinant AAV (rAAV) can be
detected in the circulatory system in addition to infecting
multiple cells in specific tissues depending on the route of
administration of the vector. Following intra-retinal or
intra-vitreal injections of rAAV8 vector administered into
the choroid of primates, the presence of the vector was
detected in the atrial fluid, anterior chamber, and blood.
Detection of the vector in the peripheral organs by quan-
titative PCR revealed the presence of rAAV8 in the spleen
and liver, with lower copy numbers in lymphoid organs.9

Lieshout et al reported that the AAV8 vector was detected
in all major tissues and blood examined 2 weeks after mice
tail vein injection, with the highest levels in the liver and
the lowest in the brain.10 In addition, 3 months after
intramuscular injection of the vector into rhesus monkeys,
expression in both muscle and liver was detectable, albeit
higher levels were observed in the liver and correlated
positively with the concentration of the vector.11 Taken
together, these findings reflect the hepatophilic nature of
AAV8.
Table 2 The affinity of AAV serotypes to cell in various
tissues and organs.

Tissue affinity Serotype

CNS AAV1, AAV2, AAV5, AAV8, AAV9
Heart AAV1, AAV8, AAV9
Liver AAV7, AAV8, AAV9
Pancreas AAV8
Photoreceptor cell AAV2, AAV5, AAV8
Retinal pigment epithelium AAV1, AAV2, AAV4, AAV5, AAV8
Skeletal muscle AAV1, AAV6, AAV7, AAV8, AAV9
Tissue transfection rate of the AAV8 vector

AAV8 has a broad tissue tropism including the brain, liver,
heart, retina, lung, and muscle cells (Table 2). Serotypes
such as AAV2, AAV5, AAV8, and AAV9 are more frequently
used to transfect liver cells, and studies have shown that
AAV8 and AAV9 both have a strong affinity for liver cells,
with AAV8 being the most hepatophilic. In mice, dogs, or
primates, rAAV8 can efficiently and stably transfect hepa-
tocytes via the peripheral vein, portal vein, or
intraperitoneal injection. It has been demonstrated that in
the liver, AAV8-mediated expression of target genes was
nearly 10-to-100-fold higher than that of other serotypes.12

Nakai et al.13 found that all hepatocytes were able to
convert the incoming single-stranded vector genome into
double-stranded DNA. This allowed stable transduction of
the rAAV8 vector, achieving nearly 100% transfection rate at
doses up to 7.2 � 1012 (vg/mouse) by portal vein injection.
The transfection did not lead to any hepatotoxicity and the
process was able to deliver 2.5-fold more DNA into the liver
when compared to intramuscular administration. One-
week-old infant monkeys injected intravenously with AAV8
vectors had a 98% hepatocyte transduction rate within 7
days of administration. In addition, cells of multiple organs
can be transduced with extremely high efficiency after
peripheral intravenous injection at increasing vector doses.
In comparison, the number of hepatocytes transduced with
the rAAV1 vector at the same dose was 24%,14 whereas
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saturation was reached when rAAV2 was administered using
a vector dose of 3.0 � 1011 vg/mouse resulting in a trans-
duction efficiency of about 10% total hepatocytes.15 A
comparative study of rAAV8 injections via the tail vein and
portal vein in mice found similar hepatic transduction ef-
ficiencies and no significant differences in transgene
expression between the two injection routes, irrespective
of the vector dose.14 Sarkar et al16 reported that at a dose
of 1.0 � 1011 vg/mouse, the rAAV8 vector expressing canine
factor VIII (cFVIII) was equally effective when injected as
either a portal or caudal injection route in a background of
hemophiliac mice, which resulted in normal levels of factor
VIII (FVIII). When AAV8 and other serotype vectors were
delivered at the same dose (3 � 1010 vg/mouse), AAV8
transfected the liver most efficiently and achieved high
levels of FVIII expression compared to the other serotypes
(AAV2, AAV5, and AAV7). Cells transfected with the rAAV8
vector expressing cFVIII maintained more than 10% FVIII
activity over a period of up to 12 weeks.17

AAV8 vectors can also transfect cells in other tissues,
including muscle, heart, pancreas, and brain. In newborn
dogs, a single jugular injection of AAV8 presents extensive
and persistent systemic transduction in skeletal and
myocardial muscle, and this expression persists in the heart
for at least one year.18 In a report on the transfection of
heart cells, AAV8 carrying the green fluorescent protein
(GFP) gene was subjected to hind limb intramuscular in-
jection and GFP expression levels in the heart were signif-
icantly better than when the AAV1 and AAV2 vectors were
used. Nonetheless, while GFP expression was selectively
retained in muscle and heart cells, green fluorescence was
decreased or lost in liver cells, most likely due to hepato-
cyte cell division and degradation which eventually led to
the dilution or loss of the vector DNA.19

Pancreas can also be efficiently transfected by rAAV8.
With in vivo transduction of pancreatic cells, rAAV8 car-
rying the LacZ reporter gene is expressed mainly in
pancreatic follicular cells and significant levels of expres-
sion were observed 1 week after the injection. The trans-
duction efficiency was at least 10-fold higher than that of
rAAV2,20 and rAAV8 was also detected in the pancreatic
duct and blood vessels, while intra-pancreatic ductal in-
jection of rAAV8 mediated gene transfer to almost every b
cell.21

In addition, rAAV8 can efficiently transduce the brain.
Stereotactic brain injections were performed to compare
the transfection efficiency of different serotypes in different
regions of the brain. The transgenic expression of rAAV8 in
glial cells was significant.22 Moreover, after intramuscular
injection of rAAV8, effective and stable transduction was
found in the white matter, dorsal root ganglion neurons, and
peripheral nerves of the spinal cord of neonatal mice. In
particular, more neurons were transduced in the lower part
of the spinal cord than in the upper part.23
AAV8 vector specificity in terms of gender

The tissue distribution and expression of the rAAV8 vector
have been shown to correlate with the gender of the
recipient. After targeted delivery of rAAV8 into the liver,
transgene expression in male mice was 5-to-13-fold higher
than that in female mice and the expressed protein reacted
positively with androgens,24 but this gender difference is
reversed in non-human primates (NHPs).25 In mice and
NHPs, the recombinant vector copy number was essentially
the same over the first 3 days and began to decrease within
4 weeks, which correlated with the transcript level or
mRNA half-life. Aimee et al26 injected AAV8-PCSK9 into
male and female C57BL/6 mice to investigate potential
differences in PCSK9 (proprotein convertase subtilisin/
kexin type 9) expression and the development of hyper-
cholesterolemia between male and female mice. The
PCSK9 protein plays a role in cholesterol and fatty acid
metabolism. At the same dose of 3 � 1010 vector genomes,
total cholesterol and PCSK9 levels were lower in female
mice than in male mice. It was proposed that the different
tissue targeting of AAV8 in male and female mice led to the
production of PCSK9 mRNA in tissues other than the liver. In
addition, low doses of AAV8 were primarily targeted to the
liver of male mice, in contrast to a threefold increase in the
vector dose to female mice to achieve similar levels of
expression as seen in the male mice, highlighting the
importance of appropriate doses of the virus to induce the
correct phenotype in males and females. In contrast, the
distribution of serotypes was greater in females than in
males, and the transduction of AAV8 into the female gonads
was significant.27
Immunogenicity of the AAV8 vector

The presence of pre-existing neutralizing antibodies (NAb)
against AAV8 is one of the major obstacles to the success
of AAV8-mediated gene therapy. Even low titers of anti-
AAV8 NAb have been shown to reduce the efficiency of
transgene expression in clinical and non-clinical studies.
Patients with detectable pre-existing NAbs are excluded
from current gene therapy trials to ensure critical
assessment of NAbs for successful gene therapy. AAV7 and
AAV8 were isolated from non-human primates; hence, the
degree of seropositive antibodies against these viruses is
lower in humans. Previous studies have shown wide vari-
ation in the prevalence of anti-AAV8 Nab with most studies
reporting a range of 30%e50%.28e30 The considerable
variation in the reported prevalence of anti-AAV8-NAb
across the different studies may reflect study population
differences as well as a lack of standardization in the
testing protocols.31 Within the general population, NAb
prevalence increases with age, however, there is little
geographic variation.32 Boutin et al reported that anti-
AAV8 IgG antibody was detected in 38% of the population
tested, which was significantly lower than antibody levels
towards AAV2 (72%), and the titer of the antibodies was
low.33 A study undertaken in the United Kingdom on
testing pre-existing immunity to AAV8 in patients with
hemophilia type A showed that 23% of patients had anti-
bodies against AAV8 and 38% of patients had inhibitors of
AAV8 cellular transduction.34

NAb against AAV can be detected not only in humans but
also in animals. Kruzik et al30 compared the neutralizing
antibody profiles of mice in vivo and in vitro and found that
the prevalence of anti-AAV8-NAb was only 20% in vivo,
whereas in vitro assays detected a 43% prevalence of NAb



Figure 3 Comparison between the outcome of the Nab assay when performed in vivo and in vitro.

288 L. Zhao et al.
(Fig. 3A) with positive titers at � 1:80 (Fig. 3B) for both in
vivo and in vitro assays. Using an in vitro NAb assay, Sun
et al35 found anti-AAV8 NAb in 69.57% of rhesus donors.
Stable expression of anti-AAV8-NAb was also found in the
liver of pigs, with an overall NAb prevalence of 62.5% and
with low titers.36 In hemophilic dogs treated with AAV8
vectors, NAb against AAV8 was not detected initially,
however, after administration of AAV8 and proteasome in-
hibitors, AAV8 NAb titers in dogs peaked in week 2 but
began to decrease in week 8.37
Application of AAV8 in disease treatment

In recent years, with the advancements in molecular
biology, vector technology and transgenic technology have
led to the opening of new avenues of gene therapy for
disease treatment. Studies have shown that rAAV vectors
are safe, are able to transfect a wide range of host cells,
Table 3 Clinical AAV8 project in progess.

Adaptation disease Transgene AAV

Familial Hypercholesterolea LDLR AAV8
GSD1a G6PC AAV8
Haemophilia A FVIII AAV8
Haemophilia B FIX AAV8
Achromatopsia CNGB3 AAV8
Tay-Sachs disease HEXA and HEXB AAVr
AIDS VRC07 AAV8
OTC OTC AAV8
Retinitis Pigmentosa RLBP1 AAV8
Crigler-Najjar-Syndrome UGT1A1 AAV8
Pompe Disease GAA AAV8
Myotubular myapathy MTM1 rAAV
MPS-VI ARSB AAV8
Wet-AMD Anti-VEGF antibody AAV8
Congenital Retinoschisis RS1 AAV8

GSD1a, Glycogen Storage Disease Type 1a Disease; AIDS, Acquired I
Deficiency; MPS-VI, Mucopolysaccharidosis Type VI; Wet-AMD, Wet ag
and can effectively mediate long-term stable expression of
exogenous genes in a variety of cells without expressing any
viral protein genes. Several AAV8 programs currently in the
clinical phase are summarized in Table 3. The use of AAV8
as a gene therapy vector has been reported in mouse
models for the long-term correction of hemophilia A, fa-
milial hypercholesterolemia, and type II glycogen storage
disease.38e40 In addition, AAV8 liver-directed gene therapy
has been successfully validated in a canine model.5 Chen et
al also reported the successful targeting of this vector in
the mouse pancreas.41
Hemophilia

Hemophilia is a genetic bleeding disorder in which patients
develop severe clotting abnormalities due to a lack of
specific clotting factors in the blood. Achieving 1%e5% of
normal blood clotting factor activity can stop spontaneous
subtype Clinical stage Company

Phase I, II University of Pennsyluania
Phase I, II Ultragenyx
Phase I, II Shire
Phase I, II Shire
Phase I, II MeiraGTx

h8 Phase I Axovant Sciences
Phase I NIH
Phase I, II Ultragenyx
Phase I, II Novartis
Phase I, II Audentes
Phase I, II Amicus

8 Phase II Audentes
Phase I, II Fondazione Telethon
Phase I Regenxbio
Phase I, II NEI

mmune Deficiency Syndrome; OTC, Ornithine Transcarbamylase
e-related macular degeneration.
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bleeding, making hemophilia suitable for gene therapy. The
high efficiency of AAV8 transduction in the liver is attrib-
uted to its uncoating ability whereby AAV8 enters cells and
rapidly decapsulates and converts the single strand of DNA
into a biologically active double-stranded molecular form,
which enables the stable expression of foreign genes.42 Mao
et al injected AAV8 carrying the FVIII gene into mice with
impaired FVIII activity and found that FVIII activity in the
plasma of the mice was detectable and hemophilia A
symptoms were eliminated.17 Jiang et al compared the
transfection rates of different serotypes AAV2, 5, 6, and 8
carrying the functional coagulation FVIII gene in mouse liver
and AAV8 had superior rates compared to the other sero-
types. More importantly, hemophilic dogs receiving rAAV8-F
injections attained therapeutic amounts of FVIII expression
during a 3-year observation period, and no antibodies or
other toxic reactions against the transgene expression
products were produced.43 In hemophilia B gene therapy,
serum levels of canine factor IX (cFIX) reached 10%e26% of
normal levels and were maintained for more than one year
in hemophilic dogs treated with AAV8-cFIX via portal vein
injection, and no hepatotoxicity was observed.44 Nathwani
et al.45 investigated the expression of the liver-specific
human coagulation factor IX (hFIX) regulated by self-com-
plementary AAV8 carrying the liver-specific promoter LPI in
non-human primates and showed that the expression of
hFIX in the serum of rhesus monkeys reached 22% of typical
values after peripheral intravenous injection of 1 � 1012 vg/
kg of scAAV8-LP1-hFIX. The presence of the recombinant
AAV8 vector and hFIX expression was maintained for at
least 9 months, showing good results in the treatment of
hemophilia.
Cancer

Cancers are multifactorial diseases resulting from changes
in gene regulation triggered by genetic and environmental
factors. Potential applications of gene therapy include gene
silencing, inhibition of tumor angiogenesis, immunomodu-
lation, cell suicide, inactivation of oncogenes, and
expression of oncology drug-related genes. An increasing
number of studies have shown that recombinant AAV vec-
tors carrying exogenous genes (e.g., anti-angiogenic genes)
can be stably expressed in vivo for a long period to coun-
teract pro-tumor growth factors. Zhou et al46 used rAAV8
carrying the TRAIL (TNF-related apoptosis-inducing ligand)
gene to induce apoptosis in colon cancer HCT116 cells, and
the recombinant virus-infected colon cancer cells exhibited
increased expression of caspase-3 and caspase-8. This
indicated that AAV8-TRAIL could activate the caspase
pathway and promote apoptosis in colon cancer cells
HCT116, thus effectively inhibiting the growth of cancer
cells in vitro without any significant effect on normal
human hepatocytes. In addition, the AAV8-mediated vaso-
hibin gene (which encodes the angiogenesis inhibitor)
achieved stable expression in muscle tissue to resist tumor
angiogenesis, maximize tumor cell apoptosis, and effec-
tively limit the growth of tumor cells.

AAV8 has also been used to transfect antitumor genes
such as cytokines and microRNAs into the human liver to
treat hepatocellular carcinoma (HCC). Delivery of AAV8-
bearing IL-15 or IL-12 gene to HCC mouse models signifi-
cantly inhibited tumor growth and improved survival of
tumor-bearing mice.47,48 miR-26-bearing AAV8 was injected
intravenously into HCC mouse models and showed high
expression of miR-26 in both hepatocytes and HCC cells
with good suppression of tumor cells.49 AAV8 has also been
shown to target pancreatic tissue for potential pancreatic
ductal adenocarcinoma (PDAC) treatment in preclinical
animal models.50 The capsid-optimized AAV8 YF (tyrosi-
neephenylalanine) mutant vector enhanced gene trans-
fection efficiency in both normal and diseased pancreatic
tissues and was more effective in transducing pancreatic
cells via the intraperitoneal route compared to intravenous
injection.41 This suggests that transperitoneal delivery of
the AAV8 capsid double mutant is a promising method for
pancreatic gene delivery.

Systemic lupus erythematosus (SLE)

SLE is an autoimmune disorder caused by the immune sys-
tem attacking its tissues, leading to widespread inflamma-
tion and tissue damage in affected organs. SLE is prevalent
in young women and often leads to multi-organ damage and
flare-ups and remissions in SLE patients that can last for
years or even decades.51,52 Treatment of SLE primarily uses
glucocorticoids and immunosuppressants; however, these
drugs are known to cause many side effects. Researchers
have tried to develop better treatment strategies based on
findings from basic and clinical studies. Ye et al.53 injected
AAV8 vectors expressing the fusion proteins CTLA4-lg or
CD40-lg into newborn NZB/NZW mice before the onset of
lupus and found that the treatment effectively delayed and
reduced autoantibody and proteinuria production, and no
kidney injury occurred. The mechanism may involve the
inhibition of CD4þ T cell activation following which they are
converted from initial T cells to memory T cells. This inhi-
bition has been shown to improve in terms of efficacy when
the two fusion carriers are co-injected.53

Acquired immune deficiency syndrome (AIDS)

HIV prevention and treatment can be initiated with the
induction of broadly neutralizing antibodies. Casazza et al54

proposed AAV virus-mediated DNA encoding potent broadly
neutralizing anti-HIV antibodies as a new powerful tool for
the treatment of AIDS and other infectious diseases. In their
study, a recombinant double cisetrans AAV8 vector, VRC07,
carrying the gene encoding an anti-HIV monoclonal anti-
body that was isolated from the blood of HIV patients, was
administered to eight HIV-infected adults to express a
broad-spectrum neutralizing antibody (bNAb). This bNAb
may be able to block the infection of human cells by both
HIV-1 and HIV-2. The results showed that the subjects
developed mild local adverse reactions at the highest dose
of the vector (2.5 � 1012 vg/kg), but this reaction subsided
after 1e2 weeks. To a certain extent, AAV8-VRC07 injection
was considered safe and well tolerated. Delivery of anti-
body genes based on AAV vectors allows for sustained and
safe levels of antibodies in the blood.



Table 4 Adverse effects of AAV8 gene therapy in clinical trials.

Gene therapy Vector Dosage Injection route Adverse events Indication

AT132 AAV8 3 � 1014 vg/kg IV Liver failure XLMTM
AT845 AAV8 6 � 1013 vg/kg IV Peripheral sensory neuropathy LOPD
BIIB112 AAV8 / SR Clinical primary Endpoint not achieved XLRP
AAV-cFVIII AAV8 3 � 1014 vg/dog IV Liver failure Hemophilia A
AAV8-VRC07 AAV8 2.5 � 1012 vg/kg IM Local reactogenicity AIDS

XLMTM, X-linked motubulary myopathy; LOPD, Late-onset Pompe disease; XLRP, x-linked retinitis pigmentosa; AIDS, Acquired Immune
Deficiency Syndrome.
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Diabetes

Type 1 diabetes is caused by an inability to produce insulin
in the body. Previously, it was shown that the AAV8 vector
carrying the modified and codon-optimized human insulin
gene was injected into the mouse liver after which the
mouse was able to secrete insulin, thereby ameliorating
streptozotocin (STZ)-induced diabetes.55 On this basis, a
biosafety mechanism, which combined a Tet-Off switch and
the AAV8-insulin vector, was developed. The results showed
that insulin secretion following AAV8 gene therapy could be
reversibly shut down with doxycycline in diabetic mice
induced with STZ and that insulin levels could be restored
after discontinuation of doxycycline.56 Manzoor et al57

found that AAV8-bearing IL-35 cytokine selectively targets b
cells in non-obese diabetic (NOD) mice and prevents the
development of diabetes. With a transfection of 2.5 � 1010

and 10 � 1010 recombinant vector particles, 60% and 79%,
respectively, of NOD female mice remained non-diabetic,
and a reduction in the number of CD4þ and CD8þ T cells
infiltrating the islets was also observed.
Adverse effects of AAV8 in animal and human
experiments

AAV vector gene therapy carries certain potential risks,
including immunogenic, genotoxic, and hepatotoxic risks as
well as risks arising from insertional mutations and trans-
gene variability. Adverse reactions have been reported
following the use of AAV8-based gene therapy in clinical
trials (Table 4). Astellas Pharma Inc. conducted clinical
trials on its AAV gene therapy candidate AT132 in patients
with X-linked myotubular myopathy (XLMTM). Unfortu-
nately, four boys died as a result of sepsis and gastroin-
testinal bleeding.58 The fourth patient died after a period
of treatment with a high dose (3.5 � 1014 vg/kg) of an AAV8-
based therapy. In the same year, another clinical trial with
AAV8-mediated gene therapy was called off by the Food
and Drug Administration USA when a subject with late-
onset Pompe disease developed peripheral sensory neu-
ropathy adverse events after treatment with AT845.59

In addition, CD8þ T cell proliferation and liver-related
adverse events (associated with liver injury) were observed
in AAV8-mediated gene therapy for hemophilia. Introduc-
tion of the recombinant AAV8 vector led to clonal expansion
of hepatocytes in a dog model of hemophilia A.60 Adminis-
tration of AAV8 or AAV9 vectors expressing cFVIII (AAV-
cFVIII) showed promise whereby the expression of FVIII
increased from 1.9% to 11.3% of the normal FVIII levels.
However, the long-term follow-up of nearly 10 years after
treatment revealed that the therapeutic gene fragment
carried by the AAV vector was partially integrated into the
genome of dog liver cells, which presented a risk of carci-
nogenesis. Therefore, long-term monitoring is critical to
support the development, clinical trials, and application of
AAV gene therapy.

Non-clinical evaluation concerns for AAV8

Selection of experimental animals

When considering the selection of experimental animals,
AAV8-targeted hepatic gene transfer has yielded good re-
sults in non-human primates. In addition, many studies
have also been performed on animals of different species,
including rats, mice, cats, and dogs. Since many inherited
metabolic disorders manifest at a very early age, early
intervention and treatment are particularly critical. In
particular, the biological characteristics of young non-
human primates are very similar to those of humans, and
young monkeys provide a good model for studying the val-
idity, stability, and safety of AAV gene transfer but are less
stable compared to adolescent animals.13 In another
example, in a mouse model of lethal propionic acidemia, an
effective long-term rescue was achieved by injecting the
rAAV8 vector at the neonatal stage. In a canine model of
type Ia glycogen storage disease, a single injection of the
AAV2/8 vector into 1-day-old dogs achieved significant
biochemical correction of the deficient enzymes.61 Certain
immune diseases require animal models based on specific
immune characteristics, such as SLE mentioned above, and
NZZB/NZW mice exhibit clinical and immunological char-
acteristics most similar to those of human SLE.53 Therefore,
the choice of animal species as the disease model should be
determined on a case-by-case basis.

Tissue assays for biodistribution

Greig et al62 evaluated the safety of the rAAV8 vector for
the treatment of familial hypercholesterolemia in wild-
type rhesus and heterozygous macaques. Throughout the
study, the vector was concentrated in the target organ,
i.e., the liver, and the gene copy number was 2 logs higher
than in other tissues. Aspartate transaminase (AST) and
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alanine transaminase (ALT) levels were measured to
monitor target organ toxicity. Except for abnormally
elevated baseline transaminase levels, the elevated levels
were only transient, and other parameters reflecting liver
pathology, such as bilirubin, were within normal limits
throughout the study.63 In addition, after 28 days of vector
administration, animals were necropsied and lymphocytes
isolated from the liver, spleen, and bone marrow exhibited
no T cell responses.62 In a separate study, observation of
lung tissue from mice after vector injection revealed a
reduction in mononuclear cell infiltration and alveolar cell
tissue hyperplasia,64 indicating that the animals did not
show any significant signs of discomfort after vector infu-
sion. Biodistribution studies confirmed the high level and
stable targeting of AAV8 to liver tissue.

Relatively low immunogenicity

AAV 8 infection only targets some primates but not
humans. As a result, antibodies to the AAV8 coat protein
are almost non-existent in human serum, making AAV8 a
promising potential vector for gene therapy. The trans-
fection efficiency of the AAV8 vector is significantly higher
than that of other serotypes of AAV.12,65 Meanwhile, the
persistence of the AAV8 coat protein in hepatocytes after
liver-targeted delivery is significantly shorter than that of
AAV2, which can reduce the possibility of triggering an
immune response. Therefore, the use of novel AAVs found
in some primates as vectors for human gene therapy to
avoid inducing an immune response is feasible and effec-
tive. Importantly, the vector’s ability to rapidly de-coat
and release its genome upon cell entry allows for thera-
peutic transgene expression using lower doses of the
vector.
Discussion and conclusions

AAV8 vectors are valued for their high hepatophilic effect
and relatively low immunogenicity. Pre-existing immunity
is a major challenge for gene therapy, and these pre-
existing antibodies can interfere with virusecell in-
teractions and severely hinder gene therapy outcomes.
Therefore, in terms of improving efficacy and safety, gene
therapy with AAV vectors should be target-specific to
alleviate toxic effects on non-target cells. The presence of
NAb can be overcome by immunosuppression, plasma
replacement, increasing the vector dose, or introducing an
empty coat.66 For example, Hurlbut et al67 studied the
effect of AAV8 pre-existing immunity on rAAV8 trans-
fection and transgene expression using mice and primates
as models. The issue of pre-existing AAV8 antibodies was
partially resolved by increasing the AAV8 vector dose by a
factor of 10. The introduction of an empty coat shell can
protect the AAV vector from neutralization by acting as a
decoy for anti-AAV antibodies, and a correlation between
antibody titers and the dose of the empty coat shell was
noted. In addition, exosomes, which are membrane-bound
extracellular vesicles, can wrap AAVs for improved cellular
transduction and reduced host antibody neutralization.68
Clinical trials with AAV-mediated gene therapy are
increasing every year, providing strong support towards
further validating the safety and efficacy of the vector,
while continuous technology innovation will help develop
novel vectors. Long-term monitoring still needs to be
refined to achieve higher transduction efficiency, lower
immune response, and predictable treatment outcomes.
Therefore, it is critical to take full advantage of the
promise of AAV gene therapy and to overcome the current
challenges to facilitate the application of the rAAV8 system
for research on human diseases.
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