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Abstract
A formal screening of self-complementary adeno-associated virus (scAAV) vector serotypes in canine
joint tissues has not been performed to date. Selecting appropriate serotypes is crucial for successful
treatment due to their varying levels of tissue tropism. The objective of this study is to identify the most
optimal scAAV vector serotype that maximizes transduction e�ciencies in canine cell monolayer cultures
(chondrocytes, synoviocytes, and mesenchymal stem cells) and tissue explant cultures (cartilage and
synovium). Transduction e�ciencies of scAAV serotypes 1, 2, 2.5, 3, 4, 5, 6, 8, and 9 were evaluated in
each culture type in three different vector concentrations by encoding a green �uorescent protein. It was
found that scAAV2 and 2.5 showed the overall highest transduction e�ciency among serotypes with
dose-response. Since possible immune response against conventional AAV2 was previously reported in
dogs, the chimeric scAAV2.5 may be more suitable to use. Evaluation of the safety and e�cacy of the
scAAV2.5 vector with an appropriate therapeutic gene in vivo is indicated.

Introduction
Osteoarthritis (OA) is a leading cause of chronic disability, with a multifactorial etiology including age,
obesity, trauma, instability, and systemic in�ammation (1). Recent epidemiology studies revealed that
14 million people in the US and 250 million people worldwide are suffering from OA (2, 3). Dogs have
been described as a valuable translational model for OA (4–6). The prevalence of OA in dogs has been
reported to range from 2.5 to 20% (7–9). Canine OA can be severely debilitating, negatively impacts
quality of life, and can lead to humane euthanasia due to uncontrolled multi-joint pain.

Current treatments for OA frequently include pain medications, joint supplements, intra-articular injection,
surgical management, weight control, and physical therapy (10, 11). However, these treatments are
limited in their ability to prevent or halt the progression of the disease. Therefore, new biotechnological
therapeutic methods such as gene transfer and mesenchymal stem/stromal cell (MSC) therapy are being
investigated (12). While MSC therapy is considered a promising treatment of OA, currently available
research indicates that the treatment bene�ts are limited and are not long-term (13). Intra-articular gene
transfer enables genetic modi�cations of the cells within articular tissues, such as chondrocytes and
synoviocytes, for therapeutic purposes (14, 15). Such therapeutic strategies include the long-term release
of anti-in�ammatory mediators by the modi�ed cells within the joint and therefore minimizes systemic
effects and provides a long-lasting therapeutic effect. Gene therapy offers a clearly de�ned treatment
approach (e.g., genetically inserting various DNA sequences to the vector) without the need to harvest
donor tissues, the need for allogeneic donors, the morbidity associated with autologous harvesting.
Another bene�t is the off-the-shelf availability which reduces the cost of the product and convenience to
the client/medical professional.

There are two main categories of gene transfer methods: viral and non-viral transfer (14). Viral gene
transfer has been shown to be a more effective cellular transduction than non-viral gene transfer. It
allows more e�cient protein production from the genetically modi�ed cells, faster transduction, and long-
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Materials And Methods
Canine joint tissues were collected aseptically from amputated limbs from client-owned dogs with
permission at Colorado State University Veterinary Teaching Hospital (CSUVTH) and limbs that were part
from a terminal teaching lab of College of Veterinary Medicine and Biomedical Science at Colorado State
University (institutional ACUC approval protocol 17-7102A). Full-thickness cartilage and synovium were
collected from grossly normal shoulders or sti�es without signs of osteoarthritis and subsequently,
adipose tissue was collected from subcutaneous fat using #10 or #15 blades. Tissues were placed in
complete Dulbecco’s modi�ed eagle medium without phenol red (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO, USA) and 1U Penicillin-
Streptomycin-Amphotericin B (Gibco, Grand Island, NY, USA) at 37°C and 5% CO2. Cartilage explants were
prepared within 24 hours of collection using a 2 mm biopsy punch, and each explant was placed into a
well of a 96 well culture plate and incubated for 24 hours. Noticeable fat was trimmed from synovial
tissues. Synovial explants were prepared with a scalpel blade and each of the explants were placed in a
well of a 96-well culture plate as described for the cartilage. Explants were weighed collectively and
averaged to obtain an mg/explant amount. Based on previous tissue digestion procedures, we estimated
that 1g of cartilage would yield 3.5x106 cells, and 1g of synovium would yield 3.09x106 cells. Cartilage
and synovial explants had an average weight of 14 mg each. These values were used to determine the

term expression of the target protein (14). Among the various viral vectors, Adeno-associated virus (AAV)
vector delivery has been shown as an effective and safe way for genetically modifying both dividing and
nondividing cells (16). Gene transduction using conventional AAV vector has been applied in dogs for
myotubular myopathy (17–19), hemophilia B (20–22), glycogen storage disease type Ia (23), retinal
degeneration (24–27), and mucopolysaccharidosis VII (28). For targeting joints, only a single in vivo
study is available to this date regarding canine intra-articular therapy research using AAV vectors (29),
while non-viral naked DNA plasmid injection (30) and an ex vivo retroviral vector transduction (31) have
been utilized.

Self-complimentary Adeno-associated virus (scAAV) is known to be 5- to 140-fold more effective than
conventional AAV vectors within host cells because scAAV vectors can bypass the rate-limiting DNA
synthesis step (32, 33). The scAAV vector delivery has been shown to be an effective and safe method for
transducing joint tissues and MSCs with low immunogenicity and high e�ciency in horses and humans
(32–38). The scAAV vector has various serotypes with different tropisms depending on the tissue type
(39), and scAAV serotype 2 is known as the most appropriate scAAV vector for joint tissues in horses (34).

It is imperative to identify an optimal serotype for successful intra-articular gene therapy. Since a formal
screening of scAAV serotypes in canine joint tissues has not been performed to date, scAAV serotype
screening study in a laboratory setting is necessary as the �rst step to minimize the use of live animals.
Therefore, this study aims to identify the most optimal scAAV vector serotype that maximizes
transduction e�ciency in canine joint tissue explants and cell monolayers. Our null hypothesis was that
there is no difference in transduction e�ciency of various scAAV serotypes in canine cell monolayer
cultures (chondrocytes, synoviocytes, and MSCs) and tissue explant cultures (cartilage and synovium).
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dose needed for each scAAV-GFP construct. The viral dosages used for both explants and monolayer
cultures were 10 000 virus particles per cell (vpc), 5 000 vpc, and 1 000 vpc. scAAV-GFP constructs were
added to the explants in supplemented media for 24 hours. Viral media was then removed from the
explants, and fresh media was added for 96 hours.

The chondrocytes, synoviocytes, and MSCs were cultured and expanded from the remaining cartilage and
synovial tissues and collected adipose tissues as previously described (40). Chondrocytes were frozen
immediately at a concentration of 10x106 cells/ml in 95% fetal bovine serum and 5% dimethyl sulfoxide
(American Type Culture Collection, Manassas, VA, USA) and used at passage 0 unless more cells were
required. Passages above passage 1 were not used for our experiments. Synoviocytes and MSCs were
brought to passage 2 and frozen at the above concentrations. For transduction experiments, cells were
plated at a density of 60% in a 96 well culture plate (i.e., 1.2x105 cells/cm2 for chondrocytes and 4.5x104

cells/cm2 for synoviocytes and MSCs) in supplemented media. After 24 hours of incubation, scAAV-GFP
constructs were added to the cell monolayers for 3 hours. Viral media was then removed from the
monolayers, and fresh media was added for 96 hours.

The scAAV vectors (scAAV1, 2, 2.5, 3, 4, 5, 6, 8, and 9) used in this study were produced by the Gene
Therapy Vector Core Facility (Chapel Hill, NC, USA). All scAAV vectors were encoded with the gene for GFP.
GFP allowed visualizing transduced cells under �uorescent microscopy and quantifying the ratio of
transduced and untransduced cells with �ow cytometry. The construct of scAAV-GFP (pHpa-trs-SK) has
been described previously (32), and cross-packaging of serotype capsids was done as described (41).

Since a previous equine study revealed that �uorescence appeared to reach maximal �uorescence several
days after transduction (34), we evaluated the samples at day 4 post-transduction. Fluorescence
micrographs of both tissue explants and cell monolayer were obtained using Olympus IX70 (Olympus,
Center Valley, PA, USA) with a �lter cube with excitation at 495 nm and emission at 521 nm. QCapture
(QImaging, Surrey, BC, Canada) was used to capture images. The degree of GFP expression detected by
�uorescence microscope was subjectively classi�ed as high, moderate, low, and minimal. Then the
cartilage and synovial explants were digested, and cell monolayers adhered to the wells were trypsinized.
The transduction e�ciency of digested explants and cell monolayers was quanti�ed using �ow
cytometry (Attune �ow cytometer, ThermoFisher Scienti�c, Waltham, MA, USA). The mean and standard
deviation of percentages of cells transduced for each serotype concentration and culture type were
calculated based on �ow cytometry data. A mixed-model ANOVA was used with dogs as random
variables, and comparisons were made between serotypes using Tukey’s method. A value of p < 0.05 was
considered signi�cant. Statistical analysis was performed using a statistical software package (IBM
SPSS Statistics for mac, SPSS Inc, Chicago, IL, USA).

Results

Joint tissue donor characteristics
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We collected joint tissues from a total of 13 limbs from 13 different dogs. Ten dogs were client-owned
animals that were treated with a limb amputation at CSUVTH. The median age was 8 years (range, 4–14
years), and the median body weight was 26.8 kg (range, 9.3–70.7 kg). Breeds include Australian
shepherd (n = 1), Miniature Schnauzer (n = 1), Bernese Mountain dog (n = 1), Flat-coated Retriever (n = 1),
Great Dane (n = 1), Staffordshire Bull Terrier (n = 1) and Mixed breed (n = 4). Five thoracic limb amputation
cases had neoplasia in the distal limb (e.g. distal antebrachium, carpus, or digits), and cartilage,
synovium, and adipose tissues were aseptically collected from the shoulder joint. Five pelvic limb
amputation cases had neoplasia in the distal limb (e.g., distal crus, tarsi, or digits), pelvis, or abdomen,
and tissues were aseptically collected from the sti�e joint. The speci�c diagnoses were osteosarcoma (n 
= 4), soft tissue sarcoma (n = 1), lymphoma (n = 1), mast cell tumor (n = 1), chondrosarcoma (n = 1),
�brosarcoma (n = 1), and synovial cell sarcoma (n = 1). Explants and cell monolayers from two dogs were
excluded due to potential contamination. History, age, breed, and body weight of dogs of the other three
limbs, including two thoracic limbs and one pelvic limb, which were part of a terminal teaching lab, are
unknown. Only cartilage was collected from these three limbs for supplementary experiments for
cartilage explants. Joints for all 13 dogs appeared grossly normal without signs of osteoarthritis.

Fluorescence micrographs
Figure 1 shows representative images in 10 000 vpc from a dog. In chondrocyte monolayers, scAAV2 and
2.5 transduced at high e�ciency, scAAV4 transduced at moderate e�ciency, scAAV1, 5, 6, and 8
transduced at low e�ciency, and scAAV 3 and 9 at minimal e�ciency. In cartilage explants, scAAV2 and
2.5 transduced cartilage explants at low e�ciency and the rest of serotypes showed minimal e�ciency.
GFP expression was only observed in the super�cial layer of cartilage explants, not in the deeper layer, as
presented in Fig. 2. In synoviocyte monolayers, scAAV2 and 2.5 transduced at high e�ciency, scAAV4, 5,
and 6 transduced at low e�ciency, scAAV1, 3, 8, and 9 at minimal e�ciency. In synovial explants,
scAAV2.5 and 2 transduced synovial explants at high e�ciency, scAAV4, 5, and 6 at low e�ciency, and
scAAV1, 3, 8, and 9 at minimal e�ciency. In MSC monolayers, scAAV2 and 2.5 transduced at high
e�ciency, scAAV4 transduced at moderate e�ciency, scAAV1, 5, and 6 transduced at low e�ciency, and
scAAV8 and 9 transduced at minimal e�ciency.

Flow cytometry of vector transduction
Qualitative analysis using �ow cytometry revealed scAAV2 and 2.5 to have the overall highest
transduction e�ciency among serotypes in all culture types. Both serotypes showed dose-dependent
graphs in three different vector concentrations, and their transduction e�ciencies were not signi�cantly
different within the same culture type (Fig. 3).

Transduction rates of chondrocyte monolayers were signi�cantly higher than those of cartilage explants
in both scAAV2 and 2.5 (p < 0.001), and there was no signi�cant difference between synoviocyte
monolayers and synovial explants (p = 0.163 and 0.421, respectively) (Fig. 4).
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The AAV serotypes were divided into three classes based on their preference for transducing monolayers
or explants: class I or higher e�ciency in explants than monolayers, class II or similar e�ciency in
explants and monolayers, and class III or lower e�ciency in explants than monolayers. In cartilage-
derived culture, class I consisted of scAAV3; class II consisted of scAAV 9; class III consisted of scAAV1, 2,
2.5, 4, 5, 6, 8. In synovium-derived culture, class I consisted of scAAV3, 6 and 9; class II consisted of
scAAV1, 4, and 8; class III consisted of scAAV2, 2.5, and 5 (Fig. 5). Table 1 reveals p-values of comparison
of transduction e�ciencies of tissue explants and cell monolayers.

Table 1
P-values of comparison of transduction e�ciency of tissue explants and cell monolayers

in 10 000 vpc.

  Cartilage explants vs. Chondrocytes Synovial explants vs. Synoviocytes

scAAV1 0.930 0.689

scAAV2 < 0.001 0.163

scAAV2.5 < 0.001 0.421

scAAV3 0.037 0.066

scAAV4 0.061 0.924

scAAV5 0.015 0.372

scAAV6 0.003 0.060

scAAV8 0.030 0.872

scAAV9 0.623 0.010

Discussion
To develop effective gene therapy for OA in dogs, ideally the optimal scAAV vector serotype in joint
tissues should be determined �rst. We therefore designed this in vitro study before applying scAAV
vectors in vivo into canine joints. To our knowledge, this is the �rst study to compare transduction
e�ciencies of scAAV vectors in canine synoviocytes, chondrocytes, MSCs, cartilage and synovial
explants. MSCs were also included in this experiment since we wanted to target joint cells and MSCs for
treating OA. Our hypothesis is rejected since we revealed different transduction e�ciencies to canine joint
cell monolayers and explants among different scAAV vector serotypes. Based on the result of the current
study, the most promising scAAV serotypes are scAAV2 and 2.5.

Previous canine joint gene therapy research described the use of various techniques and includes the
encoding of genes of anti-in�ammatory cytokines to modify the joint disease process in vivo. One study
used an indirect gene delivery technique to inject cultured synovial �broblasts, which were transduced ex
vivo by a retroviral vector encoding human interleukin-1 receptor antagonist (IL-1ra), into cranial cruciate
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ligament de�cient canine sti�es (31). The injection increased the local production of IL-1ra in the sti�e
joint and reduced the progression of OA (31). A more recent study used a plasmid DNA injection
technique that directly delivers IL-10 gene into canine joints (30). This double-blind, prospective,
randomized, placebo-controlled pilot study included 10 dogs with naturally occurring canine OA. Pain
scores decreased based on subjective veterinary and owner questionnaires without any complications
during the 8 weeks of the study period (30). The AAV vector system (e.g., conventional AAV and scAAV) in
canine joints has also been investigated in laboratory settings and live animals. scAAV vectors package
double-stranded genomes allowing faster transduction rate via bypassing the rate-limiting DNA synthesis
step, while conventional AAV vectors package single-stranded genomes requiring synthesis of the
complementary strand in the host cell (32, 33). Santangelo et al. revealed successful transduction of
normal and osteoarthritic canine cartilage explants with scAAV2 and conventional AAV2 vectors (42). Our
study is in agreement with these results, revealing good transduction e�ciency with scAAV2 in dogs’ joint
cell monolayers and tissue explants.

At the time of writing, our literature search reveals only one study in live dogs describing intra-articular
gene therapy using conventional AAV and none using scAAV. That study has evaluated the effect of
conventional AAV2 and 5 encoding hyaluronic acid synthase-2 gene in canine sti�e joints without a
formal screening of AAV serotypes (29). Interestingly, it revealed that conventional AAV5 had consistent
gene transfer in a dose-dependent manner, while conventional AAV2 had inconsistent gene transfer with a
lack of dose-response effect (29). This result is worth noting since conventional AAV2, which showed
successful transduction to canine joint cells in vitro (42), did not show consistent transduction in vivo.
Similar mismatched gene transduction e�ciency between in vitro and in vivo studies has been reported in
other species. Watson et al. compared the transduction rate of conventional AAV1, 2, 5, 8, and 9 encoding
human IL-1ra in equine synovial �broblast culture and live horses’ joints (43). While serotype 1, 2, and 5
showed superior IL-1ra production in cell culture, serotype 2, 5, and 8 showed better IL-1ra production in
joints (43). There is no clear explanation for why the serotypes act differently in vitro and in vivo; however,
cell surface glycan receptor expression (36) and unforeseen immunity (38) are possible reasons for these
differences.

Since there is scarce information regarding behaviors of scAAV serotypes in canine joints, this in vitro
scAAV serotype screening study was necessary as the �rst step to minimize the use of live animals for
our next in vivo study due to various serotypes, even with an understanding of which those serotypes can
act differently in vitro and in vivo. Consistently good transduction rates of scAAV2, 2.5 and 5 both in vitro
and in vivo in horses justify the use of in vitro serotype screening experiments in dogs for selecting
serotypes for in vivo experiments (37, 43).

For successful transduction of scAAV vectors, cell surface glycans are the crucial �rst step for the vectors
to attach to the surface of target cells. It has been shown that AAV2, 3, and 6 bind to heparan sulfate as
the primary receptor, AAV1, 4, 5, and 6 bind to sialic acid, AAV8 binds to laminin receptor in the basement
membranes of many tissues, and AAV9 binds to glycans with terminal galactose (44–46). Cell surface
receptor expression can be affected by various factors, including oxygen concentration, growth medium,
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culture system, or cell density (47), even by arthritic conditions (48). We classi�ed the scAAV vectors into
three classes based on different levels of transduction e�ciency between cell monolayers and tissue
explants as previously established from our work (36). There may be different expressions of cell surface
receptors in joint cells in the native environment. Cell surface receptor analysis using �ow cytometry with
receptor antibodies (43) or comparison of transduction with enzymatic digestion of cell surface receptor
(36) can be considered to identify the receptor expression in each condition for further investigation.

Another factor that can affect transduction e�ciency in vivo is the innate and acquired immunity of live
animals towards scAAV vectors. Serum neutralizing antibodies, which can make injected scAAV vectors
ineffective, can exist naturally or can be formed with repeated injections. Immune response regarding
scAAV vectors has not been investigated in dogs, but it may have similar response to that of conventional
AAV vectors due to same capsid structure. The most prevalent neutralizing antibody in dog serum is
against AAV6 (49–51). Antibodies against AAV5, 8, and 9 have not been reported in dogs (49, 51).
However, lower concentrations of canine antibodies against AAV1(49, 50) and AAV2 (50), compared to
those of AAV6, have been reported. In addition, a strong humoral and cellular immune response has been
revealed in vivo application of conventional AAV2 into canine muscle (52). It is unknown whether the
same immune response would occur intra-articularly. However, the immune response against AAV2 may
be related to the inconsistent transduction rate of AAV2 in Kyostio-Moore et al.’s experiment (29). Immune
response regarding AAV2.5 has not been reported to this date.

scAAV2.5 is an enhanced chimeric vector, combining characteristics of serotype 1 and 2 (53). scAAV2.5 is
designed to bind to heparan sulfate to have an a�nity to tissue well like scAAV2, but also have the ability
to avoid immune response seen against scAAV2 via features of scAAV1 (53). Goodrich et al. revealed
scAAV2.5 produced encoded protein over a more prolonged period than scAAV2 (i.e., 6 months and 23
days in scAAV2.5 and 2, respectively) in horses, while both scAAV2 and 2.5 showed effective transduction
with high levels of protein concentration intra-articularly during those periods (37). Therefore, scAAV2.5
may be the more suitable vector for in vivo application than scAAV2 in dogs.

A major difference between the current research from our previous equine research was overall
transduction e�ciency. Previously reported transduction e�ciencies of scAAV2, 3, 5 and 6 in 4 000 vpc at
day 7 in equine chondrocytes and synoviocytes were more than 95% and 85%, respectively (34).
Conversely, for scAAV2, 2.5, 3, 5 and 6 in 10 000 vpc at day 4 they were approximately 75%, 70%, 4%, 11%,
and 20% in canine chondrocytes and 47%, 38%, 2%, 12%, and 3% in synoviocytes, respectively. Even
though we are comparing canine results on day 4 and equine results on day 7 post-transduction, there
still appears to be a substantial difference between the two species. Similarly, Watson et al. revealed that
equine joint cell monolayers showed higher transduction e�ciency than human joint cell monolayers
(43). Interestingly, heparan sulfate glycan expression level was signi�cantly higher in equine joint cells
than in humans, and 20-fold or more of the viral genome was detected within equine joint cells than in
humans for the same viral particles per cell (43). As there is an innate difference between equine and
human cells, there may be a similar difference between canine and equine cells.
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Transduction e�ciencies of cell monolayers appeared to be superior to those of tissue explants from the
current study. Possible reasons include different expression levels of cell surface receptors, various
amounts of extracellular matrix (ECM), and the need of diffusion of scAAV vectors into tissue explants.
Given the small size (~ 20 um) of the scAAV particle, the latter rationalization seems less likely. Further
investigation with enzymatic digestion of cell surface receptor or ECM would allow to understand the
cause of the difference between cell monolayers and tissue explants.

Another interesting �nding of this study is that GFP expression was observed only from the super�cial
zone of cartilage explants, not the deeper zones. This could potentially be a reason why transduction
e�ciency of cartilage explants was substantially lower than other culture types in �ow cytometry.
According to Santangelo et al., while normal cartilage showed uniform GFP expression in partial or full-
thickness cartilage, osteoarthritic cartilage showed GFP expression only in the super�cial zone (e.g.,
tangential and transitional zone) of cartilage, not the deeper zones (42). Our results differ from these
�ndings however, we used normal cartilage only. It has been suggested that chondrocytes in the
super�cial layers are metabolically more active to repair damaged matrix if needed (54). Chondrocytes in
the deeper zone may have unique characteristics that inhibit AAV vector transduction or have a slower
metabolic rate that cannot achieve transduction. Further comparison between normal and osteoarthritic
cartilage is warranted on scAAV transduction.

There are several limitations of this study. First, due to the in vitro nature of the study, these results may
not represent gene transfer in live dogs’ joints. This study design is helpful to screen many serotypes
without using live animals, but they do not necessarily exactly re�ect the native environment of joints. In
this respect, the application of these vectors in vivo may provide more representative information on the
transduction e�ciency of variant AAV serotypes. Second, a small number of samples were used for
analysis, which could potentially cause a Type I statistical error. Third, the age of the tissue donor and the
type of joints were not controlled. Lastly, even though the neoplasia was not at the location we harvested
tissue, the collected tissues may not represent normal healthy tissue since some were harvested from
dogs had neoplasia.

Conclusion
To our knowledge, this is the �rst study to compare serotype e�ciency of scAAV in canine synoviocytes,
chondrocytes, MSCs, synovial explants, and cartilage explants. Our results revealed that scAAV2 and
scAAV2.5 showed the highest transduction e�ciencies in a laboratory setting. Given the previous reports
regarding immune response against conventional AAV2 in dogs, the chimeric scAAV2.5 may be more
suitable to use. Further screening of the scAAV2.5 vector with an appropriate therapeutic gene in live dogs
joints to evaluate the safety and e�cacy is indicated.

Declarations
Data Availability



Page 10/17

All data are available upon reasonable request. 

Acknowledgements

N.A.

Author Contributions 

L.G. managed the project. L.G., J.P., F.D., and A.K. conceived and designed the experiments. J.P. and A.K.
performed most of the experiments and data analysis. A.K. wrote the manuscript. L.G., R.S., J.G., and F.D.
provided feedback on the manuscript. 

Funding

This study was funded by Morris Animal Foundation (D21CA-086) and 2020 (FY21) College Research
Council RFP (#1393) from Colorado State University.

Ethical Approval

Ethical approval was not required since live animals are not involved in this study. 

Competing Interests

The authors (A.K., F.D., J.P., R.J., and L.G) do not have any con�icts of interest in the publication of this
manuscript.  

References
1. Plotnikoff R, Karunamuni N, Lytvyak E, Penfold C, Schop�ocher D, Imayama I, et al. Osteoarthritis

prevalence and modi�able factors: a population study. BMC Public Health. 2015;15(1):1195.

2. Vina ER, Kwoh CK. Epidemiology of osteoarthritis: literature update. Curr Opin Rheumatol.
2018;30(2):160–7.

3. O'Neill TW, McCabe PS, McBeth J. Update on the epidemiology, risk factors and disease outcomes of
osteoarthritis. Best Pract Res Clin Rheumatol. 2018;32(2):312–26.

4. Bendele A. Animal models of osteoarthritis. J Musculoskelet Neuronal Interact. 2001;1(4):363–76.

5. Meeson RL, Todhunter RJ, Blunn G, Nuki G, Pitsillides AA. Spontaneous dog osteoarthritis—a One
Medicine vision. Nat Rev Rheumatol. 2019;15(5):273–87.

�. Klinck MP, Mogil JS, Moreau M, Lascelles BDX, Flecknell PA, Poitte T, et al. Translational pain
assessment: could natural animal models be the missing link? Pain. 2017;158(9):1633–46.

7. Anderson KL, O’Neill DG, Brodbelt DC, Church DB, Meeson RL, Sargan D, et al. Prevalence, duration
and risk factors for appendicular osteoarthritis in a UK dog population under primary veterinary care.
Scienti�c Reports. 2018;8(1):5641.



Page 11/17

�. O′Neill DG, Church DB, McGreevy PD, Thomson PC, Brodbelt DC. Prevalence of Disorders Recorded in
Dogs Attending Primary-Care Veterinary Practices in England. PLoS One. 2014;9(3):e90501.

9. Johnston SA. Osteoarthritis: joint anatomy, physiology, and pathobiology. Vet Clin North Am Small
Anim Pract. 1997;27(4):699–723.

10. Felson DT, Lawrence RC, Hochberg MC, McAlindon T, Dieppe PA, Minor MA, et al. Osteoarthritis: New
Insights. Part 2: Treatment Approaches. Annals of Internal Medicine. 2000;133(9):726–37.

11. Sandersoln R, Beata C, Flipo R, Genevois J, Macias C, Tacke S, et al. Systematic review of the
management of canine osteoarthritis. Vet Rec. 2009;164(14):418–24.

12. Zavvar M, Assadiasl S, Soleimanifar N, Pakdel FD, Abdolmohammadi K, Fatahi Y, et al. Gene therapy
in rheumatoid arthritis: Strategies to select therapeutic genes. J Cell Physiol. 2019;234(10):16913–
24.

13. Xing D, Kwong J, Yang Z, Hou Y, Zhang W, Ma B, et al. Intra-articular injection of mesenchymal stem
cells in treating knee osteoarthritis: a systematic review of animal studies. Osteoarthritis Cartilage.
2018;26(4):445–61.

14. Goodrich LR. Gene therapy and tissue engineering. In: Cole BJ, Harris JD (eds). Biological knee
reconstruction: A surgeon’s guide: SLACK Incorporated; 2015. p. 233–9.

15. Evans CH, Ghivizzani SC, Robbins PD. Gene delivery to joints by intra-articular injection. Human gene
therapy. 2018;29(1):2–14.

1�. Monahan P, Samulski R. AAV vectors: is clinical success on the horizon? Gene Ther. 2000;7(1):24–
30.

17. Kodippili K, Hakim CH, Pan X, Yang HT, Yue Y, Zhang Y, et al. Dual AAV gene therapy for Duchenne
muscular dystrophy with a 7-kb mini-dystrophin gene in the canine model. Hum Gene Ther.
2018;29(3):299–311.

1�. Dupont J-B, Guo J, Renaud-Gabardos E, Poulard K, Latournerie V, Lawlor MW, et al. AAV-mediated
gene transfer restores a normal muscle transcriptome in a canine model of X-linked myotubular
myopathy. Mol Ther. 2019;28(2):382–93.

19. Mack DL, Poulard K, Goddard MA, Latournerie V, Snyder JM, Grange RW, et al. Systemic AAV8-
mediated gene therapy drives whole-body correction of myotubular myopathy in dogs. Mol Ther.
2017;25(4):839–54.

20. French RA, Samelson-Jones BJ, Niemeyer GP, Lothrop Jr CD, Merricks EP, Nichols TC, et al. Complete
correction of hemophilia B phenotype by FIX-Padua skeletal muscle gene therapy in an inhibitor-
prone dog model. Blood advances. 2018;2(5):505.

21. Sun J, Shao W, Chen X, Merricks EP, Wimsey L, Abajas YL, et al. An observational study from long-
term AAV re-administration in two hemophilia dogs. Mol Ther - Methods Clin Dev. 2018;10:257–67.

22. French R, Martin N, Nichols TC, Niemeyer GP, Lothrop CD, Arruda VR. Complete Correction of Severe
Canine Hemophilia B By Skeletal Muscle Directed AAV-Based FIX-Padua Gene Therapy in Inhibitor-
Prone Dogs. Blood. 2015;126(23):3487.



Page 12/17

23. Lee YM, Conlon TJ, Specht A, Coleman KE, Brown LM, Estrella AM, et al. Long-term safety and
e�cacy of AAV gene therapy in the canine model of glycogen storage disease type Ia. J Inherit
Metab Dis. 2018;41(6):977–84.

24. Pichard V, Provost N, Mendes-Madeira A, Libeau L, Hulin P, Tshilenge K-T, et al. AAV-mediated gene
therapy halts retinal degeneration in PDE6β-de�cient dogs. Mol Ther. 2016;24(5):867–76.

25. Mowat F, Breuwer A, Bartoe J, Annear M, Zhang Z, Smith A, et al. RPE65 gene therapy slows cone
loss in Rpe65-de�cient dogs. Gene Ther. 2013;20(5):545.

2�. Annear M, Bartoe J, Barker S, Smith A, Curran P, Bainbridge J, et al. Gene therapy in the second eye of
RPE65-de�cient dogs improves retinal function. Gene Ther. 2011;18(1):53.

27. Boyd R, Sledge D, Boye S, Boye S, Hauswirth W, Komáromy A, et al. Photoreceptor-targeted gene
delivery using intravitreally administered AAV vectors in dogs. Gene Ther. 2016;23(2):223.

2�. Gurda BL, De Lataillade ADG, Bell P, Zhu Y, Yu H, Wang P, et al. Evaluation of AAV-mediated gene
therapy for central nervous system disease in canine mucopolysaccharidosis VII. Mol Ther.
2016;24(2):206–16.

29. Kyostio-Moore S, Berthelette P, Cornell CS, Nambiar B, Figueiredo MD. Hyaluronic acid synthase-2
gene transfer into the joints of Beagles by use of recombinant adeno-associated viral vectors. Am J
Vet Res. 2018;79(5):505–17.

30. Watkins LR, Chavez RA, Landry R, Fry M, Green-Fulgham SM, Coulson JD, et al. Targeted interleukin-
10 plasmid DNA therapy in the treatment of osteoarthritis: toxicology and pain e�cacy assessments.
Brain Behav Immun. 2020;90:155–66.

31. Pelletier JP, Caron JP, Evans C, Robbins PD, Georgescu HI, Jovanovic D, et al. In vivo suppression of
early experimental osteoarthritis by interleukin-1 receptor antagonist using gene therapy. Arthritis
Rheum. 1997;40(6):1012–9.

32. McCarty DM, Monahan PE, Samulski RJ. Self-complementary recombinant adeno-associated virus
(scAAV) vectors promote e�cient transduction independently of DNA synthesis. Gene Ther.
2001;8(16):1248–54.

33. Kay JD, Gouze E, Oligino TJ, Gouze JN, Watson RS, Levings PP, et al. Intra-articular gene delivery and
expression of interleukin‐1Ra mediated by self‐complementary adeno‐associated virus. J Gene Med.
2009;11(7):605–14.

34. Goodrich LR, Choi VW, Carbone BA, McIlwraith CW, Samulski RJ. Ex vivo serotype-speci�c
transduction of equine joint tissue by self-complementary adeno-associated viral vectors. Hum Gene
Ther. 2009;20(12):1697–702.

35. Madry H, Cucchiarini M, Terwilliger EF, Trippel1 SB. Recombinant adeno-associated virus vectors
e�ciently and persistently transduce chondrocytes in normal and osteoarthritic human articular
cartilage. Human gene therapy. 2003;14(4):393–402.

3�. Hemphill DD, McIlwraith CW, Samulski RJ, Goodrich LR. Adeno-associated viral vectors show
serotype speci�c transduction of equine joint tissue explants and cultured monolayers. Sci Rep.
2014;4:5861.



Page 13/17

37. Goodrich LR, Phillips JN, McIlwraith CW, Foti SB, Grieger JC, Gray SJ, et al. Optimization of scAAVIL-
1ra In Vitro and In Vivo to Deliver High Levels of Therapeutic Protein for Treatment of Osteoarthritis.
Mol Ther Nucleic Acids. 2013;2:e70.

3�. Goodrich LR, Grieger JC, Phillips JN, Khan N, Gray SJ, McIlwraith CW, et al. scAAVIL-1ra dosing trial in
a large animal model and validation of long-term expression with repeat administration for
osteoarthritis therapy. Gene Ther. 2015;22(7):536–45.

39. Ulrich-Vinther M. Gene therapy methods in bone and joint disorders: Evaluation of the adeno-
associated virus vector in experimental models of articular cartilage disorders, periprosthetic
osteolysis and bone healing. Acta Orthop. 2007;78(sup325):2–64.

40. Nixon AJ, Lust G, Vernier-Singer M. Isolation, propagation, and cryopreservation of equine articular
chondrocytes. Am J Vet Res. 1992;53(12):2364–70.

41. Rabinowitz JE, Rolling F, Li C, Conrath H, Xiao W, Xiao X, et al. Cross-packaging of a single adeno-
associated virus (AAV) type 2 vector genome into multiple AAV serotypes enables transduction with
broad speci�city. J Virol. 2002;76(2):791–801.

42. Santangelo KS, Baker SA, Nuovo G, Dyce J, Bartlett JS, Bertone AL. Detectable reporter gene
expression following transduction of adenovirus and adeno-associated virus serotype 2 vectors
within full‐thickness osteoarthritic and unaffected canine cartilage in vitro and unaffected guinea pig
cartilage in vivo. Journal of Orthopaedic Research. 2010;28(2):149–55.

43. Watson RS, Broome TA, Levings PP, Rice BL, Kay JD, Smith AD, et al. scAAV-mediated gene transfer
of interleukin-1-receptor antagonist to synovium and articular cartilage in large mammalian joints.
Gene therapy. 2013;20(6):670.

44. Mietzsch M, Broecker F, Reinhardt A, Seeberger PH, Heilbronn R. Differential adeno-associated virus
serotype-speci�c interaction patterns with synthetic heparins and other glycans. J Virol.
2014;88(5):2991–3003.

45. Bell CL, Vandenberghe LH, Bell P, Limberis MP, Gao G-P, Van Vliet K, et al. The AAV9 receptor and its
modi�cation to improve in vivo lung gene transfer in mice. J Clin Invest. 2011;121(6):2427–35.

4�. Akache B, Grimm D, Pandey K, Yant SR, Xu H, Kay MA. The 37/67-kilodalton laminin receptor is a
receptor for adeno-associated virus serotypes 8, 2, 3, and 9. Journal of virology. 2006;80(19):9831–6.

47. Mason JB, Vandenberghe LH, Xiao R, Wilson JM, Richardson DW. In�uence of serotype, cell type,
tissue composition, and time after inoculation on gene expression in recombinant adeno-associated
viral vector–transduced equine joint tissues. Am J Vet Res. 2012;73(8):1178–85.

4�. Chanalaris A, Clarke H, Guimond SE, Vincent TL, Turnbull JE, Troeberg L. Heparan Sulfate
Proteoglycan Synthesis Is Dysregulated in Human Osteoarthritic Cartilage. Am J Pathol.
2019;189(3):632–47.

49. Calcedo R, Franco J, Qin Q, Richardson DW, Mason JB, Boyd S, et al. Preexisting neutralizing
antibodies to adeno-associated virus capsids in large animals other than monkeys may confound in
vivo gene therapy studies. Hum Gene Ther Methods. 2015;26(3):103–5.



Page 14/17

50. Rapti K, Louis-Jeune V, Kohlbrenner E, Ishikawa K, Ladage D, Zolotukhin S, et al. Neutralizing
antibodies against AAV serotypes 1, 2, 6, and 9 in sera of commonly used animal models. Molecular
Therapy. 2012;20(1):73–83.

51. Shin J-H, Yue Y, Smith B, Duan D. Humoral immunity to AAV-6, 8, and 9 in normal and dystrophic
dogs. Human gene therapy. 2012;23(3):287–94.

52. Yuasa K, Yoshimura M, Urasawa N, Ohshima S, Howell J, Nakamura A, et al. Injection of a
recombinant AAV serotype 2 into canine skeletal muscles evokes strong immune responses against
transgene products. Gene therapy. 2007;14(17):1249–60.

53. Bowles DE, McPhee SW, Li C, Gray SJ, Samulski JJ, Camp AS, et al. Phase 1 gene therapy for
Duchenne muscular dystrophy using a translational optimized AAV vector. Molecular Therapy.
2012;20(2):443–55.

54. Roach H, Aigner T, Soder S, Haag J, Welkerling H. Pathobiology of osteoarthritis: pathomechanisms
and potential therapeutic targets. Curr Drug Targets. 2007;8(2):271–82.

Figures

Figure 1

Representative �uorescence micrographs of cell monolayers and tissue explants showing the presence or
absence of scAAVGFP transduction with the vectors tested. Pictures taken four days following
transduction in 10 000 vpc in a dog. 
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Figure 2

Representative �uorescence micrographs of cartilage explants with scAAV2 in 10 000 vpc on day 4 post-
transduction. scAAV2-GFP successfully transduced the super�cial zone of the explant (A) but not the
deeper zone of the explant (B). Observation of the explant in cross section (C) also shows GFP expression
only on the super�cial zone of the explant.  

Figure 3

Ranking of scAAV transduction e�ciency as the percent of cells transduced in cartilage explants (n=6),
chondrocytes (n=4), MSCs (n=4), synovial explants (n=4), and synoviocytes (n=4) in 10 000 vpc. Columns
indicate mean percent and bars indicate standard deviation of the mean. P-values less than 0.05 are
considered signi�cant. Capitalized letters denote statistically signi�cant differences from their
uncapitalized respective letters. 
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Figure 4

Transduction e�ciencies of scAAV2 and 2.5 in three different vector concentrations (1 000/5 000/10 000
vpc) in cartilage explants (n=6), chondrocytes (n=4), MSCs (n=4), synovial explants (n=4), and
synoviocytes (n=4). Columns indicate mean percent and bars indicate standard deviation of the mean.
Numbers in the chart indicate mean % (standard deviation). P-values less than 0.05 are considered
signi�cant. Asterisks denote statistical differences between same serotype in different culture type.
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Figure 5

Comparison of transduction e�ciency within different culture types but same tissue of origin, including
cartilage explants (n=6), chondrocytes (n=4), synovial explants (n=4), and synoviocytes (n=4) in 10 000
vpc. Columns indicate mean percent of cells transduced and bars indicate standard deviation of mean.
Asterisk means a signi�cant difference between explants and cell monolayers. P-values less than 0.05
are considered signi�cant. 


