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Intra-articular adeno-associated virus (AAV) gene therapy has
been explored as a potential strategy for joint diseases.However,
concerns of low transduction efficacy, off-target expression, and
neutralizing antibodies (Nabs) still need to be addressed. In this
study, we demonstrated that AAV6 was the best serotype to
transduce joints after screening serotypes 1 to 9. To develop a
more effective AAV vector, a set of novel AAV capsids were
rationally engineered. The mutant AAV62 created by swapping
variable region I (VRI) of AAV2 into AAV6 induced a higher
transduction efficiency per AAV genome copy number. To
further investigate the roles of specific amino acids in the trans-
duction of AAV62 and AAV6, we found out that AAV6D with
the deletion of threonine at residue 265 induced a 2-fold higher
transduction thanAAV6, while the transduction efficiency from
AAV6M with the mutation of alanine to glutamine at residue
263 was 10-fold lower. AAV6D efficiently transduced both syn-
oviocytes and chondrocytes with low AAV genome copy
numbers in other tissues and less Nab formation. This study
demonstrates that novel AAV mutants with rational engineer-
ingmay enhance joint transduction after intra-articular admin-
istration in mice, with the potential to evade AAV Nabs and
minimize off-target effects in the liver.

INTRODUCTION
Joint diseases are one of the most common disorders, mostly resulting
from inflammation or degeneration in the musculoskeletal system
involving different joints of the body and heavily impact patients’
life quality and well-being.1 Those diseases present significant chal-
lenges in terms of treatments. In recent years, biologics have emerged
as a promising alternative of disease-modifying antirheumatic drugs
for treatment of joint diseases. These biologics target specific mole-
cules to alleviate the underlying mechanisms of joint diseases. For
instance, the application of proinflammatory cytokine antagonists,
including interleukin inhibitors and tumor necrosis factor-a (TNF)
inhibitors,2 has demonstrated successful reduction of inflammation
in clinical trials. Furthermore, targeting B or T cells has been em-
ployed in clinics, such as rituximab3 and abatacept.4 Despite these ad-
vancements, achieving satisfactory outcomes still remains a challenge.
The efficacy of these treatments often takes a few weeks to manifest,
and multiple doses are typically required due to the short half-life of
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proteins.5 Additionally, the most common drug delivery method in-
volves systemic treatment through intravenous infusion. While this
approach can benefit multiple joints and other affected areas, it pre-
sents outstanding concerns such as off-target effects and difficulties in
achieving the ideal concentration within the joint.5,6 Intra-articular
injection is able to solve these outstanding concerns raised from sys-
temic treatment. However, effective therapeutic outcome requires
multiple intra-articular injections due to rapid clearance of drugs in
joints and chronic condition in many joint diseases.

Intra-articular gene therapy, particularly with adeno-associated virus
(AAV) vectors, has shown great potential for treatment of joint dis-
eases.7 Compared with protein therapy with systemic treatment,
intra-articular AAV gene therapy offers several distinct advantages,
including long-term persistence8 and minimal off-target and low
toxicity,7 and has been explored as a possible method to address the
most severe problems in local joints such as arthritis.9

Recently, 13 AAV serotypes and more than 100 variants have been
isolated in human and nonhuman primate tissue samples10 and
developed as gene therapy vectors due to their broad tissue tro-
pisms.11 Various wild-type serotypes8,12–15 have been explored for
joint delivery, but there have been no thorough study and standard
criteria on which serotype is the best option in vivo. Additionally,
clinical trials revealed many limitations and unwanted effects from
those serotypes. For intra-articular AAV gene delivery, three main
obstacles still remain: transduction efficiency in the joint, potential
risks of AAV vectors entering the blood and inducing off-target trans-
duction into other tissues,16 and Nabs against AAV.17

To address these issues, AAV capsid engineering using direct revolu-
tion or rational design has become a popular tool to develop more po-
tential AAV vectors.18,19 The AAV virion is composed of 60 subunits
of capsid proteins with nine variable regions (VRs) defined between
the conserved regions of serotypes. For rational design of novel
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Figure 1. Transduction efficiency with different AAV

serotypes in the joints of mice

An amount of 5� 109 vg of AAV/luc vectors from different

serotypes were administered into the knee joints of

C57BL/6 mice. Imaging was taken at the indicated time

points. (A) The representative imaging at week 6 post AAV

injection. (B) The transgene expression in joints with AAV

serotypes at different time points. Data are shown as

means ± SEM (n = 5). (C) In vitro analysis of luciferase

activity in the cell lysate of AAV transduced joints. Mice

were euthanized at week 6 after intra-articular injection

and the joints were harvested for luciferase activity ana-

lyses. Data are shown as means ± SEM (n = 5). Data were

analyzed using one-way ANOVA followed by Bonferroni

multiple comparison test for group comparisons.

*p < 0.05.
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AAV capsids, domain swapping, in which VRs from different sero-
types are switched onto each other, provided insights into the roles
of the VRs from different variants, and identified the domains that
are critical for cell uptake and transduction.20 VRI has been reported
to play an important role in AAV transduction, biodistribution, and
Nab recognition in different tissues.21–23 Albright et al. reported that
modification of VRI from AAVrh.10 into AAV1 decreased the
vascular and hepatic transduction and enhanced CNS transduction
through altered SIA footprints.23 Pei et al. isolated a mutant AAV
LP2-10 with the substitution of residues 261–272 in VRI from
AAV6 into AAV8, which exhibited a slightly lower liver transduction
than AAV8.22 Moreover, Bowles et al. developed chimeric vector
AAV2.5 with VRI modification, which showed a lower Nab level
compared with the wild-type AAV2.24 However, there is limited in-
formation regarding the specific role of VRI in joint gene delivery.

In this study, we systematically evaluated the transduction efficiency
of AAV serotypes 1–9 in the mouse knee joint, then we performed
rational design to develop novel AAV capsids by VRI swapping
among AAV2, 5, 6, and 8, and modification of a single amino acid
in VRI of AAV6 to gain insight into the relationship between struc-
ture and AAV gene delivery efficacy. Our findings indicated that
AAV62 exhibited better transduction efficiency out of all these mu-
tants with VRI swapping after intra-articular injection. AAV62
induced a higher transduction efficiency per AAV genome copy num-
ber than AAV6, the best serotype to transduce the joints, with an
altered Nab profile from AAV6. Additionally, we have identified a
promising AAV6 mutant with deletion of one amino acid at residue
265 that demonstrated a higher transduction compared with AAV6
and AAV62 after intra-articular injection while generating
fewer Nabs.
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RESULTS
AAV6 induced the highest transduction

among AAV serotypes in joints

To verify the transduction efficiency of AAV
serotypes in mouse joints, 5 � 109 vg of AAV
encoding the luciferase gene (AAV/luc) were in-
jected in both mouse knee joints at a volume of 5 mL in each joint.
In vivo imaging was performed weekly from weeks 1 through 6 and
at 5 months after AAV injection (Figure 1A). For all AAV vectors,
luciferase expression generally increased in the knee joint during
the first 2 weeks, and then remained stable after 3 weeks. Among
all the serotypes, AAV6 induced the highest transduction followed
by AAV1, AAV2, AAV5, AAV7, AAV8, and AAV9, while AAV3
and 4 showed the lowest transduction (Figure 1B, p < 0.05). Obvious
luciferase expression was also detected in the livers of mice treated
with intra-articular injection of AAV7, AAV8, and AAV9, but not
in mice treated with the other serotypes (Figure 1A).

At week 6 post AAV intra-articular injection, the mice were killed,
and their knee joints were collected and homogenized with 5x protein
lysis buffer overnight at 4�C. In vitro luciferase activity was measured
among AAV1-9/luc. Consistent with in vivo luciferase results, AAV6
showed the highest transduction (p < 0.05), followed by AAV5 and
AAV2, with no significant difference observed between them
(p > 0.05, Figure 1C).

AAVgenomecopy number in knee joints and livers fromdifferent

serotypes

To investigate the efficiency of transduction into the joints from
different AAV serotypes after intra-articular injection, we measured
the viral genome copy number in AAV-treated knee joints. The re-
sults showed that the highest genome copy numbers were detected
in AAV6-treated joints (1.73 ± 0.55), followed by AAV8, AAV7,
and AAV1 (p < 0.05, Figure 2A). After normalizing luciferase activity
per AAV genome by calculating the ratio of in vitro luciferase activity
per gram of joint tissue to the vector copy number per diploid DNA
genome, AAV6 still had the highest transgene expression per copy



Figure 2. AAV copy number in mice knee and liver after injection of AAV1-9 at week 6

(A) AAV copy number in the knees. Six weeks after injection of 5 � 109vg AAV1-9/luc, AAV copy number was measured by qPCR using the primer of luciferase. Data are

shown as means ± SEM (n = 4). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05. (B) The

normalized transduction per copy number. In vitro luciferase intensity in each serotype was divided by copy number, respectively. Data are shown as means ± SEM (n = 3).

Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05. (C) AAV copy number in the liver. Data are

shown as means ± SEM (n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05.
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number, followed by AAV2, AAV5, and AAV1 (p < 0.05, Figure 2B).
These findings indicate that AAV6 is the most efficient serotype to
transduce the joint tissues.

We also examined AAV copy numbers in the liver because the AAV
genome in the liver serves as a parameter for studying the ability of
AAV vectors to cross the local barrier and enter the bloodstream after
intra-articular injection. The results showed that AAV2, AAV7,
AAV8, and AAV9 exhibited higher viral copy numbers (0.023 ±

0.004, 0.029 ± 0.013, 0.1± 0.021, 0.11 ± 0.031, respectively) in the liver
relative to the serotypes AAV1, AAV3, AAV4, AAV5, and AAV6,
which were less than 0.02 per cell (Figure 2C, p < 0.05).

AAV is able to transduce both synoviocytes and chondrocytes in

the joints

To determine which cell types in the joint were transduced by AAV/
luc vectors from the serotypes of interest, specifically 2, 5, 6, and 8, the
knee joints of mice were fixed and stained by rabbit anti-luciferase
primary antibody at week 6 after intra-articular injection (Figure S1).
All vectors were able to transduce 20%–30% of chondrocytes with no
significant difference among serotypes 2, 5, 6, and 8 (22.3% ± 2.5%,
20% ± 4.7%, 25.7% ± 2.1%, and 30.3% ± 4.5%, respectively,
p > 0.05). There was a similar transduction efficiency in synoviocytes
with serotypes AAV2, 5, and 6, with transduction rates of 28.3% ±

4.5%, 25.0% ± 5.6% and 23.7% ± 3.8%, respectively. However,
AAV8 induced much lower transduction in synoviocytes than the
other serotypes with a transduction rate of 13.3% ± 2.8% (p < 0.05,
Figure S1).

VRI swapping changed the AAV transduction profile in joints

AAV variable region I (VRI) has been shown to play a role in trans-
duction efficiency and Nab profiles in previous studies.22 Our study
showed that AAV6 is the best serotype for transducing the joint, as
Molecu
described above. In this next study, we explored whether the swap-
ping of the VRI from other serotypes into the AAV6 capsid, or the
VRI from AAV6 into other serotypes, impacted the transduction ef-
ficiency and immune profile. We selected a representative group for
our investigation—AAV2, AAV5, AAV6, and AAV8, which are
also among the most extensively investigated in other studies. First,
we examined VP1, VP2, and VP3 expression in the AAV variants’
capsids. After the transfection of mutants’ plasmids into 293 cells, a
western blot was performed on the cell lysates. As shown in Figure 3A,
all three VPs were generated. Next, we made AAV/luc vectors from
these plasmids and quantified the virus titer in both the supernatant
and cell lysates using primers of the ITRs. The yield of AAV56, in
which VRI of AAV5 was replaced from that of AAV6, was the lowest,
with a titer of less than 1 � 107 vg/mL, and the highest yield of AAV
vectors was AAV62. The other mutants produced virus vector yields
similar to AAV6 (Figure 3B). Further, we administered AAV/luc vec-
tors at a dose of 5 � 109 vg from these mutants and AAV6 into the
knee joints of C57BL/6 mice via intra-articular injection. AAV56
and AAV65 were excluded from the subsequent experiments due to
the low virus production in AAV56 and they are a paired group. At
weeks 1 and 6 post AAV administration, imaging was carried out.
At week 1, the highest transduction was observed with AAV6. At
week 6, we found that AAV62 and AAV6 induced similar transduc-
tion efficiencies, which were higher than the other mutants. AAV68,
which had VRI swapping of AAV8 into AAV6, experienced 9-fold
lower transduction efficiency compared with AAV6 (p < 0.05,
Figures 3C and 3D). However, AAV26 and AAV86, with the VRI
swapping of AAV6 into AAV2 and AAV8, respectively, experienced
enhanced joint transduction compared with AAV2 or AAV8. We
collected the knee joints at week 6 post AAV injection from mice
treated with AAV6 and the mutants AAV62, AAV26, AAV68, and
AAV86 for luciferase analysis in vitro. Consistent with the results
of in vivo imaging in mice, AAV62 and AAV6 demonstrated over
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 3
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Figure 3. Package and transduction of the novel AAV vectors with VRI swapping

(A) AAV capsid protein (VP1, VP2, VP3) in each novel virus. (B) Packaging ability in each novel virus after VRI swapping. Both supernatant and cell lysates were collected and

AAV titers in supernatant and cell lysates were quantified respectively based on qPCR. Data are shown as means ± SEM (nR 4). Data were analyzed using one-way ANOVA

followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05. (C) In vivo imaging of AAV6, 62, 65, 26, 68, and 86 at week 6. (D) In vivo luciferase intensity

of AAV6, 62, 65, 26, 68, and 86 at weeks 1 and 6. Data are shown as means ± SEM (n = 4). Data were analyzed using one-way ANOVA followed by Bonferroni multiple

comparison test for group comparisons. *p < 0.05. (E) In vitro luciferase assay at week 6. Data are shown asmeans ± SEM (n = 4). Data were analyzed using one-way ANOVA

followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05.
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3-fold higher luciferase activity than AAV86, 68, and 26 in vitro
(Figure 3E).

VRI swapping changed the AAV vector biodistribution after

intra-articular injection

We analyzed the genome copy number in the joints of mice treated
with AAV vectors by qPCR using primers specific for luciferase.
Mice receiving AAV6 exhibited an over 5-fold higher copy number
in the knee joints than those receiving AAV62 or AAV68, and a
2-fold higher copy number in the knee joints than those receiving
AAV26 and AAV86 (Figure 4A). However, after normalization to
AAV genome copy number in the joints, the highest transgene
expression per copy number was found to be in mice injected with
AAV62, followed by AAV68, AAV6, and AAV26, and the lowest be-
ing AAV86. AAV62 showed 8-fold and 15-fold higher transduction
efficiency per copy number than AAV68 and AAV6, respectively,
and over 50-fold higher transduction efficiency per copy number
than AAV26 and AAV86 (Figure 4B). Next, we examined the AAV
genome copy number in the liver, and the highest genome copy num-
ber was found in mice treated with AAV86 with �0.1 AAV genome
per cell, followed by AAV68 and 26, with AAV62 and AAV6 having
4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
the lowest genome copy number in the liver, though themean value of
AAV62 is slightly higher than AAV6, there was no significant differ-
ence (p < 0.05, Figure 4C).

Cell tropisms of AAV mutants with VRI swapping in joints

After collecting the joints frommice treated with AAV6, AAV62, and
AAV26 at week 6 post AAV injection for analysis of specific cell
tropism, we found that the transduction rate in synoviocytes was
similar for all three AAV mutants. However, a 1.5-fold lower trans-
duction rate was observed in chondrocytes of mice treated with
AAV26 compared with AAV 6 or 62. Specifically, the transduction
percentages for chondrocytes were 24.3% ± 4.2%, 25.7% ± 2.1%,
14.7% ± 2.5%, in AAV62, AAV6, and AAV26, respectively
(p < 0.05) (Figure S2).

AAV mutants with VRI swapping had different Nab patterns

It has been demonstrated that joint fluid also contains Nabs, which
are able to block effective AAV transduction after intra-articular
administration.25 We studied the Nab profile in blood after AAV
intra-articular injection. Serum from AAV6-treated mice had a Nab
titer of 1:300 to AAV6, and 1:100 of Nabs to AAV62 (Figure 5A).
024



Figure 4. AAV copy number in mice knee and liver after injection of AAV6, 62, 68, 26, and 86 at week 6

(A) AAV copy number of AAV6, 62, 68, 26, and 86 in the knee. Data are shown as means ± SEM (n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni

multiple comparison test for group comparisons. *p < 0.05, **p < 0.01, ***p < 0.005. (B) The normalized transduction per copy number. Data are shown as means ± SEM

(n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. ****p < 0.001. (C) AAV copy number in the liver.

Data are shown as means ± SEM (n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05,

**p < 0.01, ***p < 0.005.
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Similarly, serum from mice treated with AAV62 had a Nab titer of
approximately 1:300 to AAV62, but only a Nab titer of approximately
1:100 to AAV6 (Figure 5B). Neither AAV62 nor AAV6 generated
detectable Nabs against AAV26 and AAV2 (Figures 5A and 5B).
On the other hand, AAV26 and AAV2 still induced moderate Nabs
against AAV6 and AAV62, with Nab titers ranging from 1:10–100
(Figures 5C and 5D).

Single amino acid change in AAV6 capsid VRI enhanced AAV

transduction

There is only a two-amino acid difference between the VRIs of AAV2
and AAV6. Compared with AAV2, the VRI region of AAV6 differs by
the insertion of one amino acid (threonine) at residue 265 of VP1 and
the substitution of glutamine for alanine at residue 263. To study the
role of two individual amino acids in AAV6 joint transduction, we de-
signed two novel AAV capsids: the mutant AAV6D with a deletion of
threonine at residue 265 and the mutant AAV6M with a mutation of
glutamine to alanine at residue 263.

In order to avoid potential saturation from a high signal of luciferase
expression, a dose of 1� 109 vg of AAV/luc vectors was injected into
the knee joints of mice, and imaging was performed at weeks 1 and 6
(Figure 6A). At week 1, the signal for all groups was relatively low, and
there was no significant difference between different groups. At week
6, AAV6D induced 2-fold higher transgene expression than AAV6
and AAV62, while AAV6M induced around 10-fold lower transgene
expression than AAV6 (Figure 6B).

In agreement with the data in mice imaging, we detected 3.5-fold
more luciferase activity in the cell lysates of knee joints treated with
Molecu
AAV6D compared with AAV6 (p < 0.05, Figure 6C). However, no
significant difference of AAV genome copy numbers was found in
the joints, even though the copy number between AAV6D and
AAV6 was slightly higher with the value of 0.39 ± 0.18 and 0.38 ±

0.18 per cell, respectively. AAV6M and AAV62 showed relatively
lower copy numbers, with values of 0.26 ± 0.15 and 0.21 ± 0.12 per
cell (Figure 6D). After normalization with AAV gene copy number,
we found that AAV6D and AAV62 induced 2-fold and 4-fold higher
transgene expression per copy number than AAV6 in the joints,
respectively (Figure 6E). The copy numbers in the liver were also
more than 100 times lower than those of the knee joints, with no sig-
nificant difference between AAV6 and the AAV mutants (AAV6D
and AAV6M), indicating a limited capacity for crossing the local bar-
rier and entering the bloodstream (Figure 6F).

In addition, AAV6D demonstrated a comparable cell tropism to
AAV6 (p > 0.05, Figures 7A and 7B), as it transduced 29.3% ±

4.5% of synoviocytes and 26.8% ± 4.1% of chondrocytes in the joints.

Furthermore, we analyzed the Nab profiles in the blood of mice
treated with intra-articular injection of AAV6 mutants. The adminis-
tration of AAV6D generated more than 3-fold lower Nab titer in the
injected mice compared with AAV6 (Figure S3). Additionally, we
found that AAV6 Nabs were more than 3-fold less efficient in block-
ing AAV6D transduction than AAV6 (Figure S3).

DISCUSSION
Local joint gene delivery is a promising strategy for achieving
concentrated gene expression and fewer off-target side effects in
other organs.26,27 Multiple serotypes of AAV have been explored
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 5
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Figure 5. Neutralizing antibodies comparison among AAV6, 62, 26, and 2/luc

(A–D) The AAV/luc vectors (including AAV6, AAV62, AAV26, and AAV2) were incubated with serial dilution of serum from mice injected with 5e9 vg of AAV6 (A), AAV62 (B),

AAV26 (C), and AAV2 (D) for 1 h. The mixture of diluted serum and AAV was then added into Huh-7 cells at a multiplicity of infection of 2e3. After 48 h, the luciferase intensity

wasmeasured and AAV neutralization titer for each sample was determined by the serum dilution that reached 50% transduction compared with the result from themixture of

AAV vector with PBS. Data are presented as mean ± SD (n = 3).
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intra-articularly in different species, such as mice, dogs, and horses.
So far, several transgenes have been investigated for local gene therapy
in arthritis by targeting the underlying molecular and cellular mech-
anisms that contribute to joint inflammation and damage. For
example, clinical trials have shown that intra-articular injection of
AAV expressing interleukin-1 receptor antagonist protein (IL-1Ra)
or transforming growth factor b 1 (TGF-b1) can reduce pain and
improve joint function in patients with osteoarthritis.28 In animal
models of rheumatoid arthritis, intra-articular injection of AAV vec-
tors encoding CTLA-47 or PD-L129 have been shown to reduce joint
inflammation and improve joint function.

For intra-articular application of AAV vector-mediated gene deliv-
ery, there are still several challenges that need to be addressed. In
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
particular, achieving high transduction efficiency, minimizing off-
target effects, and avoiding Nabs in joint fluid are critical for suc-
cessful AAV gene therapy. In order to optimize the capsid for the
local joint gene delivery, this study compared the results of trans-
duction in the mouse knee joints from AAV serotypes 1 to 9 and
explored novel capsids by swapping VRI among AAV2, 5, 6, and
8, or modifying a single amino acid with either deletion at residue
265 (AAV6D) or mutation at residue 263 (AAV6M) on AAV6
capsid. Our study showed that AAV6D exhibited the strongest
transduction efficiency with decreased Nab formation and limited
off-target effects in the liver.

Our study indicates AAV6 demonstrated the overall best perfor-
mance for joint gene therapy among AAV serotypes 1 to 9. Although
024



Figure 6. Transduction profile of AAV6D and AAV6M in vivo

(A) In vivo imaging of AAV6D, 6M, 6, and 62 at week 6. (B) In vivo luciferase intensity of AAV6D, 6M, 6, and 62 at week 1 and week 6. Data are shown asmeans ± SEM (nR 4).

Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. ****p < 0.001. (C) In vitro luciferase assay at week 6. Data

are shown as means ± SEM (n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. ***p < 0.005,

****p < 0.001. (D) AAV genome copy number in the knee joint. Data are shown as means ± SEM (nR 3). Data were analyzed using one-way ANOVA followed by Bonferroni

multiple comparison test for group comparisons. (E) The normalized luciferase expression per AAV genome copy number in the joints. Data are shown as means ± SEM

(n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05. (F) AAV genome copy number in the

liver. Data are shown as means ± SEM (n = 3). Data were analyzed using one-way ANOVA followed by Bonferroni multiple comparison test for group comparisons.
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AAV transduction in the joints has been studied, the information
regarding the most suitable AAV serotype for joint gene therapy is
still limited. Some of the previous studies only focused on a limited
selection of serotypes, or in different experimental settings, ranging
from in vitro cell lines, ex vivo human or equine joint samples, to
in vivo mouse models. In the mouse studies, Kyostio-Moore et al.
used an osteoarthritis mouse model and reported that the AAV1
capsid carrying the LacZ gene resulted in the most robust transduc-
tion of the joints and was the only serotype to transduce multiple
cell types including chondrocytes, synovium, adipocytes, joint
capsule, and skeletal muscle when compared with AAV2, 5, and
8.12 However, those studies did not apply AAV6. Yoon et al.
compared AAV1–9 and AAV6.2, rh8, 10, 39, and 43 by injecting
AAV/GFP in mice knee; they reported that AAV2 had the most pos-
itive transduced cells in both mouse knee cartilage and synovium, fol-
lowed by AAV6.2 and AAV6.30 Nevertheless, they evaluated the
transduction through counting the positive GFP cells per field, a
method that relies more on qualitative analysis. In contrast, our
study quantifies the total transgene expression and signal intensity
utilizing luciferase reporter gene, which provides a more quantitative
approach.
Molecu
To verify the role of VRI in joint transduction, we have made several
AAV mutants by swapping of VRI between AAV2, 5, 8 and AAV6.
Substitution of VRI into AAV2 and AAV8 virions from AAV6
increased transduction. Swapping of AAV6 VRI from AAV8
decreased transduction in the joints. It was worth noting that
AAV62 with substitution of VRI from AAV2 into AAV6 showed
similar transduction to AAV6 at peak time points, but a lower trans-
duction compared with AAV6 in the first week. This may contribute
to a late virion cell and nuclear entry or capsid uncoating process.
Similar to this finding, Clare et al. showed that AAV2 capsid exhibited
a lag phase of intra-cellular trafficking before uncoating when
compared with AAV6 and AAV8, resulting in a slower transduc-
tion.31 Interestingly, AAV62 showed a higher transduction per
AAV genome copy number than AAV6. However, we compared
the AAV binding efficiency using human synoviocytes and chondro-
cytes in vitro and found that there was no significant difference be-
tween AAV6 and AAV62 (data not shown). It is possible that the dif-
ference in transduction efficiency per AAV genome copy number
between AAV6 and AAV62 may be attributed to the role of VRI in
AAV trafficking, second-strand synthesis, and transcription of the
input AAV genome.32 AAV62 may exhibit a slower transportation
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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Figure 7. Cell tropism in the mice knee joint after intra-articular injection of AAV6, AAV6D, or AAV6M

(A) Representative IHC staining of mice knee joints of AAV6, 6D, and 6M. Mice knee joints were fixed in 4% paraformaldehyde and were stained with rabbit anti-luciferase

primary antibody. Positive cells were stained brown in color. (B) The percentages of positively stained cell in both synoviocytes and chondrocytes. The positively stained

synoviocytes and chondrocytes were counted in 10 fields of view and averaged in each joint. Data are shown as means ± SEM (n = 3). Data were analyzed using one-way

ANOVA followed by Bonferroni multiple comparison test for group comparisons. *p < 0.05, **p < 0.01, ***p < 0.005.
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into the nucleus but a higher transcription than AAV6, which could
potentially explain the variations in the presence of AAV genomes
within cells but comparable transgene expression levels and trans-
duced cells in our study.

It has been reported that certain amino acids in the AAV capsid VRI
play important roles in transduction.33,34 Cabanes-Creus et al. has
shown that insertion of an amino acid after residue 264 significantly
increased AAV2 transduction efficiency in the muscle.34 Our previ-
ous work demonstrated that most AAV2 mutants with substitution
of the amino acid at residue 265 from other 19 amino acids increased
muscle transduction.35 In this study, AAV6D with just one amino
acid deletion of threonine at 265 residue showed 2-fold higher trans-
duction efficiency than AAV6. One potential mechanism may be due
to the change of the stability of the intra-loop hydrogen bond network
within VRI. This network is known to influence how the capsid inter-
acts and binds with particles during various reactions. Specifically,
during the capsid glycosylation, several motifs of the AAV capsid pro-
tein bind to glycans through hydrogen bond,36 which is essential for
maintaining the proper conformation and function of the AAV.
Hydrogen bond network has been found to be involved in capsid as-
sembly, stability, cell entry, uncoating during cell entry, and endocy-
tosis.37 Different serotypes have different numbers of hydrogen bonds
in the VRI region. For example, AAV1 has four hydrogen bonds in
the VRI region but AAV2 has two hydrogen bonds.38 The stability
of the VRI loop can be reduced by deleting an amino acid residue
involved in hydrogen bonding such as tyrosine or threonine,39 or
substituting the amino acid residue with a residue that does not
form a hydrogen bond. For example, AAV8 VRI only has one
hydrogen bond, and it was reported that the deletion of T265 in
8 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
AAV8, which is involved in the hydrogen bond, resulted in signifi-
cantly increased transduction in the muscle and decreased transduc-
tion in the liver, while the deletion of the neighboring amino acid
S266 did not impact transduction efficiency.38 Those findings indicate
that the specific amino acid in VRI domain of AAV capsid plays an
important role in the AAV life cycle and transduction profile.

The prevalence of pre-existing Nabs against AAV is high in humans,
as Nabs against human-derived capsids have been detected in 40%–

80% of human populations,17 especially for some common serotypes,
such as AAV2 and AAV8, with cross-activity between serotypes.40 It
has been demonstrated that Nabs can be detected in joint fluids in pa-
tients with joint disorders with a similar titer to that in circulation.41

AAV Nabs have been reported to potentially influence the efficacy of
the gene therapy. Currently, several methods have been investigated
to decrease Nab activity, including immunosuppression before
AAV application,42 depletion of circulating IgG by IdeS or IdeZ43

or plasma apheresis, temporal blockage of all antibody isotypes
with protein M,44 utilization of decoys that mimic the antigen and
thus block the antibody binding,45 or capsid engineering.46 It has
been demonstrated that VRI is a critical domain for Nab
recognition.21,22,24

In this study, we only focused on Nab profiles in a mouse model by
analyzing the Nab generated after immunization of the mice with
AAV vectors, as it was not feasible to obtain human serum samples
from patients treated with parental AAV serotypes. The newly
formed Nab profile in a mouse model is a good indicator to study
the level of immunogenicity induced by these variants, and their abil-
ity to evade the cross-reactivity of Nabs generated from other AAV
024
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variants. Both novel capsids AAV62 and AAV6D induce much lower
Nab titers than AAV2 and AAV6 after immunizing the mice with
those AAV vectors. Most importantly, these novel mutants have a
higher capacity to evade Nabs generated fromAAV2 or AAV6 immu-
nization. This finding is consistent with our previous work, a single
insertion of threonine at residue 265 on AAV2 decreased Nab titer
and increased the ability to evade AAV2Nabs.35 However, it is impor-
tant to study the ability of AAV variants to evade pre-existing Nabs in
comparison with parental AAV serotypes using human sera. In the
future, we will collect serum samples from individuals and study
the Nab profile for these AAV variants.

The most current gene therapy for joint diseases involves the direct
delivery of immunomodulators into the joints.8,47 The expression of
these immunomodulators in off-targeted tissues16,48 may induce un-
wanted side effects by interfering with systemic immune response.
Additionally, the liver is the most common tissue transduced by
AAV vectors after systemic administration.49 Recently, clinical trials
have documented liver toxicity in patients with systemic AAV gene
delivery.48,50 Therefore, it is imperative to apply for AAV vectors
that have no or weak capacity to cross the joint barrier into the circu-
lation to decrease the potential risk of liver toxicity and immune dys-
regulation. In this study, we did not detect any transgene expression
in the liver of mice treated with intra-articular injection of AAV6 or
its mutants AAV62 and AAV6D in spite of the presence of very low
viral genome copy number. In contrast, AAV7, AAV8, and AAV9
induced a strong liver transduction after intra-articular injection.
By swapping the VRI of AAV6 into AAV8, the mutant AAV86
showed significantly reduced liver transduction in mice compared
with AAV8. This result is consistent with our previous finding that
the mutant AAV LP2-10 with substitution of VRI from AAV6 into
AAV8 had a decreased human hepatocyte transduction when
compared with AAV8 in a chimeric mouse model with re-population
of human hepatocytes.22 In this mouse model, AAV6 induced a lower
human hepatocyte transduction than AAV8. These studies implicate
that VRI plays a role in liver transduction and modification of VRI
could potentially help mitigate off-target effects.

Our study primarily focuses on the role of VRI in joint transduction.
However, VRImay not be the only VR that impacts joint transduction.
There are nine VRs in the VP3 region of AAV that are distinct between
serotypes; various VRs from different serotypes have been reported to
play important roles in AAV functions. For example, Tenney et al. re-
ported that swappingVRVII and IX fromAAV8 intoAAV2cannearly
match AAV8’s efficiency in transducing mouse liver.51 Gurda et al. re-
ported that VRIV in AAV9 is involved in Nab binding, receptor bind-
ing, and transduction efficiency;52 they also identified that VRVIII
plays a role in Nab escape and transduction in AAV2 and AAV8.53

Moreover, Ito et al. reported IV, VIII, and IX in AAV3 are important
for reducing the Nab response.54 Yan et al. reported VRVI in AAV6
is critical for human airway epithelia transduction.55 Given the limited
information regarding the specific role of various VRs in joint gene de-
livery have been investigated, in future, more could be explored to
investigate the role of other VRs in joint transduction.
Molecu
In conclusion, the AAV6 mutants described in this study expand the
AAV vector pool available for joint gene delivery. The results from
this study provide compelling evidence that the VRI from AAV6
plays a critical role in determining joint transduction efficiency and
the activity of neutralizing antibodies. This study laid a foundation
for potential clinical applications of the novel AAV capsids for joint
gene delivery.

MATERIALS AND METHODS
Plasmid mutagenesis

To generate the mutated AAV variants, we synthesized the corre-
sponding mutation sequences and cloned them into plasmids using
two restriction enzymes (MfeI and Bsu36I for AAV6 cleavage, SwaI
and EcoNI for AAV5 cleavage, EcoNI and BsiWI for AAV2 cleavage,
and BsiWI and ApaI for AAV8 cleavage). Specifically, we created
AAV62, 65, and 68 by swapping the VRI region of AAV2, AAV5,
and AAV8 into AAV6, respectively. We also generated AAV26, 56,
and 86 by swapping the VRI of AAV6 into AAV2, AAV5, and
AAV8. To generate AAV6D, we deleted one amino acid, threonine,
at position 265, while for AAV6M, we substituted one amino acid
at position 263 from alanine to glutamine (Figure S4).

Recombinant AAV virus production

HEK-293 cells were cultured in Dulbecco’s Modified Eagle’s Medium
with 10% fetal calf serum, 100 U mL�1 penicillin G and 100 mg mL�1

streptomycin at 37�C. Cells were routinely split 1:5 three times a week
when they reached approximately 90% confluency.

To generate recombinant AAVviruses, the standard triple transfection
method was used with the XX6-80 adenoviral helper plasmid, a pack-
aging plasmid, and an ITR plasmid containing the luciferase gene with
a strong, long-term, and ubiquitous CBA promoter. Both supernatant
and cell lysates were subjected to a cesium chloride (CsCl) gradient ul-
tracentrifugation to purify the AAV vectors. To quantify AAV titers, a
quantitative real-time polymerase chain reaction (qPCR) was carried
out using Fast SYBR Green Master Mix (Applied Biosystems, Foster
City, CA, USA) to detect the AAV sequence ITR, and primers for
the ITR (forward: 50- AAC ATG CTA CGC AGA GAG GGA GTG
G -30, reverse: 50-CAT GAG ACA AGG AAC CCC TAG TGA TGG
AG-30) were designed and synthesized (Gene Script, NJ, USA). All
RT-qPCRs included 40 cycles and a melt-curve. Serial dilutions of
AAV with known titers were used as standards. Alkaline gel electro-
phoresis was also performed to verify AAV vector genome integrity;
SYPRO Ruby protein gel stain (Thermo Fisher, Waltham, MA, USA)
was used to confirm the presence of all the three AAV capsid viral pro-
teins (VP1, VP2, and VP3). After AAV titer quantification, the viruses
were diluted to the same concentration.

Animals

C57BL/6 mice were purchased from Jackson Laboratories (Bar Har-
bor, ME, USA). All care and procedures were in accordance with
the Guide for the Care and Use of Laboratory Animals and all proced-
ures received prior approval by the University of North Carolina
Institutional Animal Care and Usage Committee (UNC IACUC
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 9
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ID: 21–233.0). For the procedure of AAV injection, 7- to 8-week-old
mice were anesthetized with isoflurane and 5 mL PBS containing
5 � 109 particles of AAV were injected into each knee joint. In
each group, both of each mouse’s knee joints were injected with the
same virus.

In vivo bioluminescence imaging

In vivo bioluminescence imaging was performed to assess the trans-
duction efficiency of different AAV vectors in the knee joints of
male C57BL/6 mice. The mice were anesthetized with 2.5% isoflurane
and intraperitoneally injected with 100 mL luciferase substrate lucif-
erin (150 mg/kg; Invitrogen, CA, USA). Bioluminescence imaging
was performed 10 min after injection using a charge-coupled device
camera (Berthold Technologies, Bad Wildbad, Germany) for 5 min.
The photon signal was color-coded, with red presenting the highest
intensity and blue the lowest. The signal intensities from the regions
of interest were measured in total photon flux (photons/s per cm2).

In vitro luciferase assay

Six weeks after injection with AAV, the mice were euthanized and
their joint tissues were harvested. Approximately 10 mg of each tissue
was minced on ice and homogenized in 500 mL of 5X Passive Lysis
Buffer (Promega, Madison, WI, USA) overnight at 4�C. For lumino-
metric analysis, 25 mL of lysates and 100 mL of D-luciferin substrate
(Promega, Madison, WI, USA) were mixed and transferred to
96-well plates. Total protein concentration in tissue lysates was deter-
mined using the BCA assay (Bio-Rad, Hercules, CA, USA).

AAV copy number

The biodistribution of AAV was determined by quantifying the AAV
copy number in various organs. Knee and liver tissues were collected
at 6 weeks post-injection. Approximately 25 mg of tissue was ex-
tracted from each organ and treated with proteinase K using a
DNeasy kit (Qiagen, Hilden, Germany) to extract host and vector
genomic DNA. To determine the AAV copy number per cell by
qPCR assay, primers for the luciferase gene were designed and
synthesized (forward: 50- TGAGTACTTCGAAATGTCCGTTC-30,
reverse: 50-GTATTCAGCCCATATCGTTTCAT-30) (Gene Script,
NJ, USA). The diploid genomes were calculated based on nanodrop.
The normalized transduction per vector genome was determined by
initially calculating the ratio of in vitro luciferase activity per gram
of joint tissue to the vector copy number per diploid DNA genome
for each sample. Then, using AAV6 as a baseline (set to 1), the expres-
sion levels of the other groups were normalized against AAV6 to
obtain their relative ratios.

Detection of Nabs

For comparison of humoral immune response among AAV capsids,
three serum samples from each group were collected from the mice
6 weeks after AAV injection. Huh-7 cells were seeded in a 48-well
plate at a density of 105 cells/well in 200 mL of ex vivomedium (Lonza,
Basel, Switzerland). The cells were cultured for 3–4 h at 37�C and al-
lowed to adhere to the well. The sera were diluted as 1:3, 1:10, 1:33,
1:100, 1:333, 1:1000, and 1:3333 with PBS. Each diluted serum was
10 Molecular Therapy: Methods & Clinical Development Vol. 32 March
then incubated with 5 mL of different AAV vectors (4 � 107 vg/mL)
for 1 h at room temperature. The mixture of serum and AAV was
then added into Huh-7 cells. After 48 h, cells were lysed by 5x protein
lysis buffer (Promega, Madison, WI, USA) and mixed with 100 mL
luciferin (Promega, Madison, WI, USA), and luciferase luminescence
was measured at a wavelength of 562 nm. The Nab titer was deter-
mined based on 50% inhibition of signal intensity.

Tissue histopathology

At week 6, themice were euthanized and the knee joints were collected
by dissecting the femur and tibia 5 mm away from the knee joint. The
harvested knees were then fixed in 4% paraformaldehyde and decalci-
fied in 5% trichloroacetic acid for 7 days. They were then dehydrated,
embedded in paraffin, and sectioned at 5 mm thickness. The sections
were stained with hematoxylin and eosin staining and immunohisto-
chemistry staining (IHC). To perform IHC, the sections were de-par-
affinized, rehydrated, subjected to heat-induced antigen retrieval at
95�C for 8 min in 0.01 M sodium citrate, and cooled at room temper-
ature for 25min. Subsequently, the sampleswere incubated in 3%H2O2

in methanol for 20 min, blocked with 10% normal goat serum for 1 h,
and incubated overnight at 4�C with rabbit anti-luciferase primary
antibody (Sigma-Aldrich, St. Louis,MO,USA, 1/1,500 dilution).Nega-
tive controls were treatedwith 10%normal goat serumwithout the pri-
mary antibodies. Anti-rabbit antibody (abcam, Cambridge, UK, 1/500
dilution) was used as a secondary antibody. The color was developed
using a Vectastain Elite ABC Kit (Vector Laboratories, Burlingame,
CA, USA) and DAB Substrate Kit (Vector Laboratories, Burlingame,
CA, USA). Three knee joints were used in each group, and 10 fields
of view per joint were evaluated. Positively stained cells in each field
of view were counted by two blinded observers and averaged.

Statistical analysis

GraphPad Prism 9 software was used for statistical analysis. Data
were shown as mean ± SD, and the box and whisker plots and line
chart were used for descriptive statistics. Differences among each
group were determined by one-way ANOVA or Student’s t test. Bon-
ferroni and Sidak tests were used for multiple comparisons between
groups. The significance level was set at 0.05. Based on the power
analysis of our preliminary data using nQuery software, the power
of mouse sample size was over 80% at a significance level of 0.05.
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