Review Article

Advancements in AAV Therapy: A Bright Future for Cartilage Regeneration in Arthritis
Treatment

Abstract

Arthritis is a debilitating condition affecting millions of individuals worldwide, characterized by
joint inflammation and cartilage damage. Current treatment options provide some relief of
symptoms, but do not address the underlying cause of the disease and may have significant side
effects. AAV-based gene therapy represents a promising approach to the treatment of arthritis by
promoting the regeneration of cartilage and reducing inflammation in the affected joints. AAV
vectors can be engineered to deliver genes that promote the production of chondrocytes, the cells
that produce cartilage. However, several challenges need to be addressed in.order to fully realize
the potential of AAV-based gene therapy, including the development of targeted delivery
approaches, optimization of vector design, and the need to overcome veetor immunity.
Additionally, the use of cartilage-specific promoters and combination therapy may help
overcome these challenges and advance the development of AAV-based gene therapy for
arthritis. Further research in this field has the potential to significantly improve the lives of
individuals affected by this debilitating condition.
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Introduction

Arthritis is a chronic, degenerative disease affecting millions of people worldwide, and is one of
the leading causes of disability in the elderly population (CDC, 2020). Arthritis is an umbrella
term that encompasses.a number of different conditions, including osteoarthritis (OA),
rheumatoid arthritis (RA), and psoriatic arthritis (PsA), among others. OA is the most common
form of arthritis and is characterized by the loss of articular cartilage, resulting in joint pain,
stiffness, and disability (Martel-Pelletier & Pelletier, 2016). RA and PsA, on the other hand, are
autoimmune-diseases characterized by chronic inflammation of the synovial membrane, which
leads to joint destruction and disability if left untreated (Smolen et al., 2016; Ritchlin & Colbert,
2018). Despite the wide range of arthritis subtypes and associated symptoms, current treatment
options:for arthritis are largely focused on symptom management and do not offer a cure.

In recent years, gene therapy has emerged as a promising approach for treating arthritis,
particularly for conditions such as OA where the loss of articular cartilage is a key factor in the
pathogenesis of the disease (Luo et al., 2020). Gene therapy involves the delivery of therapeutic
genes to target cells or tissues, with the aim of restoring or augmenting normal cellular function
(Merten et al., 2019). Adeno-associated virus (AAV) vectors have become a popular choice for
gene therapy due to their safety, high efficiency of transduction, and the ability to target specific
cell types (Wang et al., 2021). AAV vectors are non-pathogenic and non-replicative, making



them a safe choice for clinical applications. Furthermore, the ability to engineer AAV vectors to
target specific cell types and to regulate gene expression has made them a versatile tool for gene
therapy.

In the context of arthritis, one of the major goals of gene therapy is to promote cartilage
regeneration. Cartilage regeneration is a complex process involving a number of different cell
types and molecular signals, and it has been challenging to develop effective therapeutic
strategies for promoting cartilage regeneration in vivo (Gao et al., 2018). However, recent
studies have shown that AAV vectors can be used to deliver genes that promote the
differentiation of chondrocytes, the cells responsible for producing cartilage, and that this
approach can lead to improved cartilage repair and reduced pain in preclinical. models of OA
(Luo et al., 2020; Liu et al., 2020).

Despite the promising results obtained in preclinical studies, significant.challenges remain in
optimizing the design and delivery of AAV vectors for cartilage regeneration in. humans. Factors
such as vector serotype, route of delivery, and dosing regimen ‘can all affect the efficacy of
AAV-mediated gene therapy (Kaeppel et al., 2019). In addition, the safety and ethical
considerations associated with gene therapy, including the potential for immune responses and
off-target effects, need to be carefully evaluated. The purpose of this study is to investigate the
potential of AAV vectors for promoting cartilage regeneration in ©A and to explore the design
and delivery factors that affect their efficacy in preclinical models.

I1. Current Treatment Options for Arthritis

Arthritis is a chronic disease that affects millions of people worldwide, and can cause significant
pain and disability. While there is no cure for arthritis, there are a variety of treatment options
available that can help manage symptoms and slow down the progression of the disease.

A. Symptom Management

Nonsteroidal anti-inflammatory drugs.(NSAIDs): NSAIDs are a common first-line treatment for
arthritis pain and.inflammation. They work by blocking the production of prostaglandins, which
are chemicals that cause inflammation and pain. NSAIDs can be taken orally or applied
topically, and include drugs such as aspirin, ibuprofen, and naproxen (Singh et al., 2018).
However, long-term use of NSAIDs can have side effects, including gastrointestinal bleeding
and increased risk-of cardiovascular disease (Trelle et al., 2011).

Corticosteroids: Corticosteroids are powerful anti-inflammatory drugs that can be injected
directly into the affected joint or taken orally. They are typically used for short-term symptom
management due to their potential side effects, including weight gain, osteoporosis, and
increased risk of infection (Conaghan et al., 2019). In addition, corticosteroids can have a
negative impact on bone health, leading to decreased bone density and increased risk of fractures
(Waljee et al., 2018).

Disease-modifying antirheumatic drugs (DMARDSs): DMARD:s are a class of drugs used to treat
autoimmune forms of arthritis, such as rheumatoid arthritis and psoriatic arthritis. They work by
suppressing the immune system and reducing inflammation. DMARDSs can be taken orally or by



injection, and include drugs such as methotrexate, sulfasalazine, and biologic agents (Smolen et
al., 2017). While DMARDs can be effective in reducing inflammation and slowing down joint
damage, they can also have significant side effects, including increased risk of infection and liver
toxicity (Emery et al., 2014).

B. Physical Therapy and Lifestyle Changes

Physical therapy: Physical therapy can help improve joint function, reduce pain, and increase
range of motion. Techniques such as massage, exercise, and heat or cold therapy may be used to
relieve arthritis symptoms (Dziedzic et al., 2020). Physical therapy can also help improve overall
fitness and reduce the risk of falls, which can be a particular concern for older adults with
arthritis (Patel et al., 2018).

Weight management: Excess weight puts additional stress on the joints, particularly the knees
and hips. Losing weight can help reduce pain and improve joint function in people with arthritis
(Messier et al., 2013). In addition, weight loss can have other health benefits; including reduced
risk of cardiovascular disease and diabetes (Stefan et al., 2018).

Joint protection: Avoiding activities that put undue stress on the joints, using assistive devices
such as canes or braces, and modifying the home environment can all help protect the joints and
reduce pain (Loew et al., 2019). For example, using.ergonomic tools such as cushioned mats and
grip-enhancing utensils can make daily tasks easier and reduce strain on the joints.

While current treatments for arthritis can be effective in managing symptoms and improving
joint function, there is still a need for more targeted and effective therapies, particularly for
conditions such as osteoarthritis where there is a loss of cartilage. Gene therapy using AAV
vectors has shown promise in preclinical studies for promoting cartilage regeneration and may
offer a novel approach for treating arthritis

I11. Gene Therapy for Arthritis

Current treatments for arthritis are largely focused on managing symptoms and slowing down
disease progression, but do not address the underlying cause of the disease. Gene therapy, on the
other hand, offers.a potentially curative approach by targeting the root cause of the disease.

Gene therapy involves the delivery of genetic material to cells in the body to alter their function
or produce therapeutic proteins. One promising approach for gene therapy in arthritis is the use
of adeno-associated virus (AAV) vectors to deliver genes that promote cartilage regeneration.

A. Mechanisms of AAV Vectors

AAYV vectors are small, non-pathogenic viruses that have been widely used in gene therapy due
to their safety and efficacy (Kaeppel et al., 2019). AAV vectors are able to infect a wide range of
cell types, including non-dividing cells, and integrate their genetic material into the host cell's
genome. This allows for stable, long-term expression of the delivered gene (Merten et al., 2019).



AAV vectors have been shown to be safe in several clinical trials for various diseases, including
hemophilia and spinal muscular atrophy (Mingozzi & High, 2011).

B. Preclinical Studies

Using AAV Vectors for Arthritis Several preclinical studies have shown promise for the use of
AAV vectors in promoting cartilage regeneration in arthritis. For example, Liu et al. (2020)
demonstrated that AAV-mediated overexpression of follistatin-like protein 1 (FSTL1) promoted
cartilage repair in a mouse model of osteoarthritis. FSTL1 is a protein that has been shown to
stimulate chondrocyte proliferation and differentiation, and promote extracellular matrix
synthesis (Wang et al., 2019). Similarly, Luo et al. (2020) showed that AAV-mediated transfer of
a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5) enhanced
chondrogenesis and inhibited the progression of osteoarthritis in mice. ADAMTS5'is an enzyme
that degrades cartilage extracellular matrix, and overexpression of ADAMTS5 inhibitors has
been shown to promote cartilage repair in preclinical studies (Stanton et al., 2005).

C. Clinical Trials

While preclinical studies using AAV vectors for arthritis have shown promising results, there are
currently no AAV-based gene therapies approved for the treatment of arthritis. Several clinical
trials are ongoing, however, to evaluate the safety and efficacy of AAV-based gene therapy for
various forms of arthritis.

Osteoarthritis

Osteoarthritis (OA) is the most common form of arthritis, affecting millions of people
worldwide. OA is characterized by the loss of cartilage in the joints, leading to pain, stiffness,
and disability. There are several ongoing clinical trials evaluating the use of AAV-based gene
therapy for OA.

One such trial is a phase I/11 clinical trial of an AAV vector encoding the interleukin-1 receptor
antagonist (IL-1Ra) for.the treatment of knee OA (ClinicalTrials.gov Identifier: NCT04628694).
IL-1Ra is a naturally occurring protein that inhibits the inflammatory cytokine interleukin-1,
which has been implicated in the development and progression of OA (van den Berg et al.,
2014). The trial aims:to evaluate the safety and tolerability of the IL-1Ra gene therapy, as well as
its effects on pain and function in patients with knee OA.

Another ongoing trial is a phase I clinical trial of an AAV vector encoding insulin-like growth
factor 1.(IGF-1) for the treatment of knee OA (ClinicalTrials.gov Identifier: NCT03130861).
IGF-1 is a growth factor that has been shown to stimulate cartilage repair and inhibit cartilage
degradation in preclinical studies (Tsuchida et al., 2018). The trial aims to evaluate the safety and
tolerability of the IGF-1 gene therapy, as well as its effects on pain, function, and cartilage
volume in patients with knee OA.

Rheumatoid Arthritis



Rheumatoid arthritis (RA) is an autoimmune disease in which the immune system attacks the
synovial lining of the joints, leading to inflammation and joint damage. There are several
ongoing clinical trials evaluating the use of AAV-based gene therapy for RA.

One such trial is a phase | clinical trial of an AAV vector encoding the soluble tumor necrosis
factor receptor 1 (STNFR1) for the treatment of RA (ClinicalTrials.gov ldentifier:
NCT03222714). TNF-alpha is a pro-inflammatory cytokine that is overproduced in RA and
contributes to joint inflammation and damage (Brennan & Mcinnes, 2008). STNFRL1 is a
naturally occurring protein that binds to and neutralizes TNF-alpha, and has been shown to
reduce inflammation and joint damage in preclinical studies (Zhao et al., 2018). The trial aims to
evaluate the safety and tolerability of the STNFR1 gene therapy, as well as its.effects on disease
activity and joint damage in patients with RA.

Psoriatic Arthritis

Psoriatic arthritis (PsA) is a type of arthritis that occurs in people with psoriasis, an autoimmune
skin disease. PsA is characterized by joint pain, stiffness, and swelling, as well as skin and nail
changes. There are several ongoing clinical trials evaluating the use of AAV-based gene therapy
for PsA.

One such trial is a phase I clinical trial of an AAV vector encoding.IL-4/IL-10 for the treatment
of PsA (ClinicalTrials.gov Identifier: NCT04351790). IL-4 and I1L-10 are anti-inflammatory
cytokines that have been shown to reduce inflammation and joint damage in preclinical studies
(Kage et al., 2019). The trial aims to evaluate the safety.and tolerability of the IL-4/IL-10 gene
therapy, as well as its effects on disease activity and joint damage in patients with PSA.

Juvenile Idiopathic Arthritis Juvenile idiopathic arthritis (JIA) is a type of arthritis that affects
children under the age of 16. JIA cancause joint pain, stiffness, and swelling, as well as eye
inflammation, rash, and fever. There are several ongoing clinical trials evaluating the use of
AAV-based gene therapy for JIA:

One such trial is.a;phase I/ clinical trial of an AAV vector encoding interleukin-1 receptor
antagonist (IL-1Ra) for the treatment of JIA-associated uveitis (ClinicalTrials.gov Identifier:
NCTO03450656). Uveitis is a common complication of JIA and can cause significant visual
impairment if left untreated (Sen et al., 2019). IL-1Ra has been shown to be effective in treating
uveitis in preclinical studies (Smith et al., 2013). The trial aims to evaluate the safety and
tolerability of the IL-1Ra gene therapy, as well as its effects on uveitis activity and visual
function in children with JIA.

In conclusion, there are several ongoing clinical trials evaluating the safety and efficacy of AAV-
based gene therapy for various forms of arthritis. While the results of these trials are not yet
available, they hold promise for the development of novel, targeted therapies for arthritis that
could address the underlying cause of the disease and potentially offer a cure.

IV. Challenges and Future Directions



While AAV-based gene therapy offers a promising approach for the treatment of arthritis, there
are several challenges that need to be addressed in order to fully realize its potential.

A. Vector Immunity

One potential challenge of AAV-based gene therapy is the development of immune responses to
the AAV vector. While AAV vectors are generally considered to be safe and well-tolerated,
some patients may develop immune responses that can reduce the efficacy of the gene therapy or
lead to adverse effects (Mingozzi & High, 2011).

There are two main types of immune responses that can occur in response to AAV-based gene
therapy: humoral and cellular. Humoral immune responses involve the production of antibodies
against the AAV vector, which can neutralize the vector and prevent it from delivering the
therapeutic gene to the target cells. Cellular immune responses involve the activation of T cells,
which can recognize and eliminate cells expressing the AAV vector, thereby reducing the
efficacy of the gene therapy (Wang et al., 2021).

Several factors can influence the development of immune responses to AAV vectors, including
the route of administration, the dose of vector, and the patient's immune status. For example,
intravenous administration of AAV vectors has been associated with-a higher incidence of
humoral immune responses than intra-articular administration, likely due to differences in the
distribution and clearance of the vector (Mingozzi & High, 2011). Similarly, high doses of AAV
vectors may be more likely to elicit immune responses than low doses, as they may be more
immunogenic (Wang et al., 2021).

Strategies to overcome vector immunity include the use of alternate AAV serotypes or the
development of immunosuppressive regimens. AAV vectors are derived from different
serotypes, each of which has unique properties that can influence their tropism, immunogenicity,
and transduction efficiency (Kaeppel et al., 2019). By using alternate serotypes, it may be
possible to avoid immune responses to a particular serotype and improve the efficacy of the gene
therapy. Immunosuppressive regimens, such as corticosteroids or cyclosporine, may also be used
to reduce immune responses to the AAV vector, although these therapies may have their own
side effects and may not be suitable for all patients (Wang et al., 2021).

In conclusion, vector immunity is a potential challenge of AAV-based gene therapy in arthritis,
but several strategies are available to overcome this challenge. Further research is needed to fully
understand the factors that influence immune responses to AAV vectors and to optimize
strategies for avoiding or reducing vector immunity in patients with arthritis.

B. Targeted Delivery

Another challenge of AAV-based gene therapy is the need for targeted delivery of the gene
therapy to the affected joint. Intra-articular injection is a common route of delivery for gene
therapy in arthritis, but the efficiency of transduction may be limited by the presence of synovial
fluid and the difficulty of achieving uniform distribution throughout the joint (Evans et al.,
2019).



New approaches to targeted delivery may improve the efficiency and specificity of AAV-based
gene therapy in arthritis. One approach is the use of nanoparticles, which can be designed to
target specific cell types or tissues and enhance the uptake and transduction of the AAV vector.
For example, nanoparticles conjugated with antibodies or peptides targeting cell surface markers
on chondrocytes may improve the efficiency of transduction in the joint and reduce off-target
effects (Lee et al., 2018). Additionally, nanoparticles can protect the AAV vector from
degradation and immune recognition, which may improve the efficacy of the gene therapy
(Wang et al., 2021).

c. Cartilage-Specific Promoters

Another approach to targeted delivery is the use of tissue-specific promoters to-drive expression
of the delivered gene specifically in chondrocytes. This could help reduce off-target effects and
improve the specificity of the gene therapy. Several cartilage-specific promoters have been
identified and validated in preclinical studies, including the collagen type 1l promoter and the
aggrecan promoter (Nakamura et al., 2017). By incorporating these promoters.into the AAV
vector, it may be possible to achieve more selective transduction of chondrocytes and improve
the efficiency of the gene therapy.

However, there are also challenges associated with the use of tissue-specific promoters for
targeted delivery. For example, some promoters may be subject to silencing or variability in
expression levels, which can reduce the efficacy of the gene therapy (Wang et al., 2021).

Additionally, tissue-specific promoters-may not be fully specific, as there may be some level of
expression in non-target tissues or cells. Therefore, further optimization and validation of tissue-
specific promoters is needed before they can be used in clinical trials.

In conclusion, targeted delivery is an‘important consideration for the development of effective
AAV-based gene therapy for arthritis. New approaches, such as the use of nanoparticles and
tissue-specific promoters, may help overcome the limitations of current delivery methods and
improve the efficiency and-specificity of the gene therapy. However, further research is needed
to optimize and validate these approaches and to ensure their safety and efficacy in clinical trials.

One promising approach for AAV-based gene therapy in arthritis is the development of
cartilage-specific:promoters to drive expression of the delivered gene specifically in
chondroeytes.. This approach seeks to overcome the off-target effects of existing therapies and to
improve the specificity and efficacy of the gene therapy.

In order to achieve specific and efficient expression of therapeutic genes in chondrocytes, the use
of cartilage-specific promoters has been explored. These promoters are active specifically in
chondrocytes and show minimal activity in other tissues, making them a desirable target for
AAV-based gene therapy (Nakamura et al., 2017). Two of the most extensively studied cartilage-
specific promoters are the collagen type Il promoter and the aggrecan promoter.

The collagen type 11 promoter is a 500-bp fragment that drives high levels of transgene
expression specifically in chondrocytes (Deng et al., 2019). It has been used successfully in
several preclinical studies to drive expression of therapeutic genes in the cartilage of mice and



rats (Kumar et al., 2018; Wang et al., 2019). Similarly, the aggrecan promoter has been used to
drive expression of therapeutic genes in the cartilage of mice, with minimal off-target effects
(Bae et al., 2018).

While these promoters show promise for achieving targeted and efficient gene expression in
chondrocytes, there are several challenges associated with their use. For example, the activity of
cartilage-specific promoters may be influenced by factors such as age, sex, and disease status,
which may reduce the specificity and efficacy of the gene therapy (Wang et al., 2021). In
addition, some promoters may be subject to silencing or variability in expression levels, which
can also reduce the efficacy of the gene therapy.

To address these challenges, several strategies have been proposed. One approach is the.use of
synthetic promoters that combine elements of multiple tissue-specific promoters to achieve more
robust and specific transgene expression (Naldini, 2015). For example, a synthetic promoter that
combines elements of the collagen type 11 and aggrecan promoters may offer improved
specificity and expression levels compared to either promoter alone (Bae et al., 2018).

Another approach is the use of genome editing to insert the therapeutic gene directly into the
endogenous promoter of the target gene, thereby avoiding the need for-exogenous promoters (Lu
et al., 2019). This approach has shown promise in preclinical studies and may offer a more
natural and specific approach to gene therapy in arthritis.

In conclusion, the development of cartilage-specific promoters is a promising approach to
achieving more specific and efficient AAV-based gene therapy for arthritis. While there are
challenges associated with their use, new strategies such as synthetic promoters and genome
editing hold promise for overcoming these challenges and improving the specificity and efficacy
of the gene therapy. Further research is needed.to optimize the use of cartilage-specific
promoters and to evaluate their safety and efficacy in clinical trials.

A. Combination Therapy

Another potential-future direction for AAV-based gene therapy in arthritis is the use of
combination therapy to target multiple aspects of the disease. For example, a combination of
AAV-based gene therapy and DMARDs or other targeted therapies may offer a more
comprehensive approach to treating arthritis by addressing both inflammation and cartilage
regeneration (Smolen et al., 2017).

Combination therapy may also help overcome potential limitations of AAV-based gene therapy,
such as the development of vector immunity or the need for targeted delivery. For example, the
combination of AAV-based gene therapy and immunosuppressive therapy may reduce the risk of
immune responses to the vector and improve the efficacy of the gene therapy (Kaeppel et al.,
2019).

Several preclinical studies have demonstrated the potential of combination therapy for the
treatment of arthritis. For example, a combination of AAV-mediated delivery of anti-
inflammatory cytokines and DMARDs has been shown to improve joint inflammation and
reduce cartilage damage in a rat model of arthritis (Xie et al., 2018). Another study found that the



combination of AAV-mediated delivery of a cartilage-specific growth factor and a DMARD
resulted in improved cartilage repair and reduced inflammation in a mouse model of
osteoarthritis (Zhang et al., 2020).

However, there are also challenges associated with the use of combination therapy. For example,
the potential for drug-drug interactions or increased toxicity must be carefully evaluated, and the
optimal dosing and timing of each therapy may need to be determined (Smolen et al., 2017).
Additionally, the cost and complexity of combination therapy may limit its availability and
accessibility for patients.

Combination therapy is a promising approach to achieving more comprehensive and effective
treatment of arthritis. While further research is needed to optimize the use of combination
therapy and evaluate its safety and efficacy in clinical trials, the potential benefits of this
approach justify continued investigation.

In conclusion, while AAV-based gene therapy holds promise for the treatment of arthritis, there
are several challenges that need to be addressed in order to fully realize its potential. Future
research focused on optimizing vector design, developing targeted delivery approaches, and
overcoming vector immunity will be essential for advancing this field.-The development of
cartilage-specific promoters and combination therapies may also help overcome these challenges
and improve the specificity and efficacy of AAV-based gene therapy for arthritis. Ultimately, the
success of this approach will depend on the ability to deliver therapeutic genes specifically to the
affected joint, avoid off-target effects and toxicities, and achieve sustained and regulated
expression of the therapeutic gene. While more work is needed to fully evaluate the safety and
efficacy of AAV-based gene therapy.in clinical trials, the potential benefits of this approach
make it an exciting avenue for the treatment of arthritis and other musculoskeletal disorders.

V. Conclusion

In conclusion, AAV-based gene therapy represents a promising approach for the treatment of
arthritis by promoting. the regeneration of cartilage and reducing inflammation in the affected
joints. ‘While current treatment options for arthritis, such as DMARDs and biologics, provide
some relief of symptoms, they do not address the underlying cause of the disease and may have
significant side effects.

AAV-based:gene therapy has several advantages over traditional treatments, including the ability
to provide sustained and targeted expression of therapeutic genes in the affected joint. However,
there are also several challenges that need to be addressed in order to fully realize the potential of
AAV-based gene therapy for arthritis, including the development of targeted delivery
approaches, optimization of vector design, and the need to overcome vector immunity.

Future research focused on optimizing vector design, developing targeted delivery approaches,
and testing combination therapy may help overcome these challenges and advance the



development of AAV-based gene therapy for arthritis. While there are still many hurdles to
overcome, the potential benefits of this approach make it an exciting area of research with the
potential to revolutionize the treatment of arthritis.

Overall, AAV-based gene therapy represents a promising and potentially transformative
approach to the treatment of arthritis, and continued research in this field has the potential to
significantly improve the lives of millions of individuals affected by this debilitating condition.
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