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Abstract

Interest in leveraging FDA approved "self-complementary" adeno-associated viral (scAAV) vectors for
osteoarthritis treatment has been steadily rising. Due to the multi-faceted nature of osteoarthritis (an
inflammatory/catabolic environment), we investigated the efficacy of a combined scAAV-based gene
therapy approach to treating post-traumatic osteoarthritis (PTOA) in an equine preclinical model. Two
approaches were established using scAAV2IL-1ra either alone or in combination with scAAV2IGF-I. All
therapeutic proteins increased in the joints over the 4-month study period, (IL-1ra 218-300x & IGF-I 4x).
Primary outcome measures, including clinical exams, MRI scoring, and gross and histological scoring of
the joints revealed that scAAV2IL-1ra treatment alone consistently demonstrated the least PTOA
progression. Surprisingly, the combination treated group (scAAV2IL-1ra + scAAV2IGF-l) demonstrated
greater PTOA progression than the untreated controls. Exploratory data suggest this unexpected
outcome may not be due to therapeutic transgenes but to dose-related, vector-induced immune
responses. In summary, our observations strongly support optimizing scAAV for joint transduction &
utilizing the highly translational equine model at reduced viral doses.

Introduction

Osteoarthritis (OA) is a prevalent degenerative joint disease estimated to affect over 14% of the adult
population in the United States (around 35-40 million people) [1]. It is characterized by the breakdown of
articular cartilage and joint tissues, leading to pain and impaired mobility. Aside from its debilitating
physical effects, OA also creates a massive healthcare and economic burden. It is the 15th highest
cause of years lived with disability, and was the second most costly medical condition treated in US
hospitals in 2013 (18.4 billion total) [2, 3]. While OA is most commonly associated with aging, it can also
result from significant joint injuries in younger individuals, leading to post-traumatic osteoarthritis
(PTOA). PTOA is especially prevalent in the military, identified as the primary source of disability in
warfighters [4]. It has been shown that approximately 60% of battlefield injuries to joints will result in
PTOA progression and degradation of articular cartilage. Further, if the knee is specifically affected, the
probability of progression to degenerative joint disease is close to 100% [4]. Finally, OA and PTOA are
also significant issues in equine athletes, with OA-induced cartilage degradation in metacarpophalangeal
joints ending the careers of one-third of 2- and 3-year old racehorses [5]. In addition, PTOA-induced
lameness in racehorses is identified as the primary factor contributing to diminished athletic function
and loss of performance [6-9].

Current drug therapies to treat PTOA for both humans and horses usually result in mild to moderate
symptom relief and do relatively little to modify disease progression caused by inflammation and matrix
degradation [10, 11]. Significant disease modification strategies have remained elusive; treatment in
most cases is palliative and continues to result in significant side effects such as gastropathy,
nephropathy and cardiac disease [12]. Over the past 15 years, many promising regenerative therapies
have emerged, providing valuable proof of concept and foundational knowledge for OA/PTOA
treatments. In particular, recombinant Adeno-Associated Viral (rAAV) vectors have demonstrated
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substantial therapeutic benefit across a wide range of diseases. Supported by a strong safety profile and
well-established clinical efficacy, rAAV-based gene therapy has led to the regulatory approval of nine
products—Glybera, Luxturna, Zolgensma/Itvisma, Upstaza/Kebilidi, Elevidys, Roctavian, Hemgenix,
BEQVEZ, and BBM-H901—by major regulatory agencies, including the U.S. Food and Drug Administration,
the European Medicines Agency, and China’s National Medical Products Administration [13—21]. In the
field of OA/PTOA, rAAV vectors have shown considerable promise in achieving sustained, long-term
expression of therapeutic proteins within the joint and are currently being evaluated in multiple Phase |
clinical trials in humans for the treatment of joint-related diseases, including OA [22-28]. However, the
long-term benefits of these therapies for OA/PTOA treatment have so far failed to reverse the
progressive breakdown of joint tissues or prevent reinjury. OA results from an imbalance between
anabolic and catabolic factors, with pro-inflammatory cytokines and catabolic processes outweighing
anti-inflammatory cytokines and anabolic pathways [29]. Many current treatment strategies typically
focus on a single gene, targeting either inflammation or anabolic processes rather than addressing the
disease's multifaceted nature [30]. To establish long-term healing in the joint we investigated the efficacy
of a gene therapy approach utilizing equine interleukin-1 receptor antagonist (IL-1ra) to modulate
inflammation in the joint combined with equine insulin-like growth factor-1 (IGF-I) to stimulate cartilage
healing.

Inflammation in the joint has long been recognized as a major driver of OA and PTOA [31-34]. Among
these inflammatory processes, interleukin-1beta (IL-1B) is known to upregulate a number of
inflammatory cytokines and catabolic enzymes, including tumor necrosis factor alpha, interleukin-6,
nitric oxide, matrix metalloproteinases - 1, -3, -9, and - 13, as well as a disintegrin and metalloproteinase
with thrombospondin motifs - 4 and - 5 [35-41]. As such, interruption of IL-1 signaling represents a
potent target by which to modulate inflammation in the joint. To downregulate IL-1 signaling, many
studies have investigated the efficacy of its natural antagonist, IL-1ra [42—-48]. A major shortcoming of
direct IL-1ra intra-articular injection is that IL-1ra has a short half-life (days) and, although an initial
therapeutic effect results following injection, long-term relief of pain, restoration of mobility, and the
desired effect of disease modification have remained elusive until extended intra-articular production
can be achieved [49, 50]. Utilizing gene therapy to extend the production of IL-1ra within the joint is a
logical and realistic approach to fulfill the need for long-term intra-articular production of IL-1ra. In fact,
gene therapy preclinical trials using IL-1ra in rats, mice, and rabbits have revealed significant increases in
IL-1ra production using adenoviral, retroviral and lentiviral vectors, leading to suppression of
inflammation in PTOA affected joints [51-53]. When IL-1ra gene therapy using an adenoviral vector was
administered intra-articularly in the osteochondral chip fragment model of equine PTOA, a significant
reduction of pain and preservation of articular cartilage resulted [54]. Further, when IL-1ra was delivered
ex vivo to joints of patients with severe inflammation associated with rheumatoid arthritis in two
separate studies, patients had significantly elevated levels of IL-1ra intra-articularly with significant pain
reduction [55, 56]. To leverage IL-1ra’s anti-inflammatory properties, our group previously engineered a
self-complementary AAV2 (scAAV?2) equine codon-optimized IL-1ra (scAAV2IL-1ra) vector designed to
increase IL-1ra expression in equine joints with minimal vector-induced immune reaction [43].
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While IL-Tra-induced expression via a gene therapy approach holds promise in attenuating OA-induced
inflammation, direct healing and regeneration of damaged articular cartilage remains elusive. To support
complete and sustained joint healing through promotion of tissue regeneration the activation of anabolic
signaling may be essential. To that end, the authors of this study delivered two separate scAAV2 vectors
to upregulate expression of both IL-1ra and IGF-I. IGF-I is a potent anabolic promoter of cartilage repair
that acts through up-regulation of chondrocyte proliferation, extracellular matrix production and collagen
type Il content [57, 58]. Previous studies utilizing IGF-I delivered through gene therapeutic mechanisms
have shown robustly enhanced repair mechanisms of articular cartilage [59-63]. Our group has shown
that delivery of IGF-I through gene therapeutic mechanisms using an adenoviral vector significantly up-
regulated IGF-I, although protein production was short-lived (21 days) [64]. However, despite short-term
up-regulation of protein using an adenoviral vector, significant enhancement of early chondral healing
resulted with this therapy [65]. Other groups have reported similar healing patterns utilizing rAAV-
mediated delivery of IGF-I to treat OA in large animal models, including increased collagen type Il content
[66, 67], subchondral bone repair [66], minimal immune response [68], and improved cartilage defect
healing [66, 67, 69]. Considering these studies in combination with our own previous work with IGF-I, we
hypothesized that achievement of long-term IGF-I protein production in joints through in vivo delivery of a
SCAAV2IGF-I vector in combination with scAAV2IL-1ra would likely result in improved cartilage healing
compared to a scCAAV2IL-1ra vector alone. To accomplish this, our group previously engineered an
equine codon optimized scAAV2IGF-I vector that generates high levels of IGF-I in vitro and has been
demonstrated to up-regulate collagen and GAG production in equine chondrocytes [70].

The use of rAAV to express multiple therapeutic proteins simultaneously to treat OA has been
investigated by several groups. /n vitro studies have demonstrated the ability of rAAV to induce
expression of multiple therapeutic proteins simultaneously, leading to increased cell proliferation and
extra-cellular matrix production in both chondrocytes and human mesenchymal stem cells [71, 72]. A
study combining rAAV-induced expression of IL-1ra as an anti-inflammatory with an anabolic factor (in
this case sex-determining region Y-type high mobility group box 9 or SOX9) to treat OA was recently
reported [73]. The combined IL-1ra/SOX9 treatment (two separate vectors administered simultaneously)
was able to more effectively inhibit pro-inflammatory signaling and maintain cartilage homeostasis as
compared to rAAV-IL-Tra or rAAV-SOX9 treatments alone in a surgically induced rat OA model,
demonstrating the potential of combination rAAV treatments for OA in vivo. Co-expression of IL-1ra and
IGF-I has been previously investigated by our group, providing an important proof-of-concept that
combined IL-1ra/IGF-I gene therapeutics have the potential to address multiple facets of OA
simultaneously [74]. However, this study also showed that adenoviral delivery of IL-1ra and IGF-I may not
be sufficient to induce therapeutically relevant levels of IGF-I protein in the joint. To address this, we
employed a recombinant scAAV vector, which circumvents the rate-limiting second-strand DNA
synthesis step inherent to single-stranded AAV (ssAAV) vector transduction. This feature allows scAAV
vectors to achieve faster and more efficient transgene expression during cellular transduction, resulting
in significantly greater transduction efficiency and more sustained therapeutic protein expression
compared with ssAAV vectors [59, 60]. While scAAV offers higher efficiency than ssAAV, both delivery
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methods are still susceptible to the presence of neutralizing antibodies (NAbs). Pre-existing NAbs to
AAV2 are common in humans, often exceeding 50% and sometimes reaching over 80-90% in adults,
with significant variation by age, geography, and gender [75-78]. Similarly, presence of NAbs to AAV2
has been found in a number of animal species commonly used as translational models of OA research,
including mice, rabbits, sheep and dogs [79, 80]. While some animal models have shown that pre-
existing AAV-specific NAbs may have negligible effects on rAAV infectivity, further elucidation of the
impact of AAV-specific NAbs, as well as NAb generation following vector administration that may
preclude vector re-dosing, is crucial for determining both optimal vector dosing and the feasibility of re-
dosing strategies [67].

Due to the inability of currently designed gene therapeutic treatments to fully address multiple facets of
OA simultaneously, we proposed a novel scAAV2-mediated approach to deliver a combination of an anti-
inflammatory cytokine (IL-1ra) and a pro-anabolic growth factor (IGF-I) in a well-validated experimental
joint model of equine PTOA by delivering two vectors simultaneously. Our objective was to examine if
administration of scAAV2IL-1ra and scAAV2IGF-I (either scAAV2IL-1ra alone or in combination with
SCAAV2IGF-I) in this model would lead to improved functional outcomes, with the long-term goal of
further testing in Phase | preclinical studies in horses. We hypothesized that administration of a
combination of scAAV2IL-1ra and scAAV2IGF-I in an equine model of PTOA would result in superior
clinical outcomes and enhanced joint healing compared to joints treated with scAAV2IL-1ra alone, as
evidenced by improved clinical, macroscopic, histological and imaging scoring of PTOA joints.

Materials & Methods

Experimental design overview

Twenty-five skeletally-mature horses aged 2-5 years with no radiographic abnormalities within the
carpus nor signs of lameness were approved by the Institutional Animal Care and Use Committee
(protocol #1517) for use in this study. All horses had an osteochondral chip fragment surgically created
in one randomly selected middle carpal joint to produce experimental PTOA, while the opposite joint
served as the sham control. Fourteen days after surgery, treated horses were injected intra-articularly
with scAAV2IL-1ra alone or combined scAAV2IL-1ra and scAAV2IGF-I (dose established in our pilot in
vivo dose titration study - 5 x 10'! vg scAAV2 EqlL-1ra [44]) diluted to a total volume of 5 mL with
phosphate buffered saline (PBS) in the joint with the osteochondral chip fragment, while the opposite
non-fragmented (normal) joint received an equal volume of PBS. Each of the two scAAV treatment
groups had 8 horses per group, while a third control group of 7 horses (the ‘untreated’/saline control
group) received an intra-articular injection of 5 mL PBS in both the fragmented (PTOA) and non-
fragmented (normal) middle carpal joints (Fig. 1A).

Induction of osteoarthritis
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The osteochondral chip fragments were created using arthroscopic guidance by an American College of
Veterinary Surgeons board-certified surgeon as previously described [42, 54]. Briefly, an 8 mm
osteochondral fragment was created in one randomly chosen middle carpal joint of each horse. Exposed
subchondral bone between fragment and parent bone was debrided using a motorized arthroburr to
form a 15 mm wide defect bed (Fig. 1B). Diagnostic arthroscopy was also performed on the contralateral
middle carpal joint (sham) to confirm the absence of any significant intra-articular lesions.

Exercise protocol and clinical examinations

Exercise on a high-speed treadmill began for all horses 14 days after fragment creation and continued 5
days per week until Day 112 (four months post-surgery) as previously described, simulating athletic
conditions commonly seen in horses developing osteochondral fragmentation and subsequent OA [8,
42]. Clinical outcomes were recorded on Day 0 (surgery date) and every two weeks following through the
study period. This included exams conducted by an American College of Veterinary Sports Medicine and
Rehabilitation board-certified veterinarian blinded to treatment assignment for subjective lameness,
flexion, synovial effusion, and range of motion in each forelimb, followed by an objective lameness exam
using the Lameness Locator (Equinosis, Columbia, MO, USA) as previously described [81, 82].

Imaging outcomes

Bilateral carpal radiographic examinations (anterior—posterior and flexed lateral) were performed before
PTOA induction, at treatment administration (Day 14), and then every 50 days following PTOA induction.
Radiographs were graded by an American College of Veterinary Radiologists (ACVR) board-certified
radiologist blinded to treatment assignment using a 0-4 grading scale (none, very mild, mild, moderate
and severe) for assessment of changes in the subchondral bone (lysis and sclerosis), for joint capsule
enthesopathy, and for peri-articular osteophyte formation (PAOF). The 0-4 scores for each of the four
aforementioned parameters were then summed to give a total 0-16 score for each joint. An MRI was
performed at the endpoint of the study on each limb and graded by an ACVR board-certified radiologist
blinded to treatment assignment on a 0-4 (normal, slight change, mild change, moderate change, severe
change) scale for synovial effusion, synovial proliferation, joint capsule thickness, joint capsule edema,
bone edema and sclerosis of the radial carpal and third carpal bones. The 0—4 scores for each of the
seven aforementioned parameters was then summed to give a total 0—28 score for each joint.

Synovial fluid analysis

Synovial fluid (~ 2 mL) was collected at the time of surgery and then every 2 weeks until termination of
the study at Day 112. The samples were immediately centrifuged at 1200xg and aliquots of the
supernatant were stored at -80°C. Analysis of synovial fluid IL-1ra (ELISA, R&D Systems, Minneapolis,
MN, USA), IGF-I (ELISA, R&D Systems), Prostaglandin E, (PGE,) (ELISA, Enzo Life Sciences, Farmingdale,
NY, USA), Interleukin-1 Beta (IL-1B) (Luminex MILLIPLEX Multiplex, Millipore Sigma, St. Louis, MO, USA),
and Tumor Necrosis Factor Alpha (TNFa) (Luminex MILLIPLEX Multiplex) concentrations were
performed according to manufacturer protocols. Concentrations below the standard curve were reported
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as the lower limit of detection for each assay, an assay-specific value listed in the subtitles of Figs. 2 & 3
for each analyte tested.

Serum Neutralizing Antibody Titers: Whole blood samples were aspirated from each horse at Days 14
(pretreatment), 56 and 98. Samples were immediately centrifuged at 1200g for 10 min and serum
aliquots were subsequently stored at -80°C. To determine NAD titer, HEK-293 cells were plated at 30000
cells/well in 96 well plates and allowed to equilibrate overnight. Serum samples were mixed with plain
media at neat, 1:2, 1:5, 1:50, 1:500, 1:5000, and 1:10000 serum dilutions to a total volume of 50uL. Serum
dilutions were then mixed with 50uL of 4000 vg/cell scAAV2 expressing green fluorescent protein (GFP)
(Azenta, Burlington, MA, USA) diluted in plain media and the 100uL complexes were incubated at 37°C
for 1 hour. After 1 hour media in the 96 well plates were aspirated and the serum/vector complexes were
added to the cells. Serum/vector complexes were allowed to incubate with the cells for 3 hours, after
which media was changed. Twenty-four hours after complexes were removed, the cells were lifted from
the well plates and resuspended in eBioscience Flow Cytometry Buffer (ThermoFisher, Waltham, MA,
USA). Flow cytometry was performed to determine the percent of cells expressing GFP with the Attune
NxT (ThermoFisher). Neutralizing antibody titers per sample were defined as the lowest dilution in which
percent GFP expression was equal to or greater than 50% of the positive control (50uL of 4000 vg/cell
mixed with 50uL neat media) [45, 83, 84].

Postmortem examination

The horses were euthanized at Day 112 and each middle carpal joint was aseptically prepared for gross
examination. Middle carpal joints were disarticulated and subjectively scored by two ACVS board-
certified veterinarians blinded to treatment assignments for features of cartilage erosion and synovial
inflammation. The severity (0-3) and extent (0—4) of cartilage erosions were scored for each individual
carpal bone (radial, 2nd, 3rd, 4th, intermediate and ulnar bones), with a total score derived from the sum
of the severity times erosion scores for each carpal bone as previously described [85]. Synovial
inflammation was graded by summing synovial hyperemia (0-3) and hyperplasia (0—3) in the joint [85].

Histological evaluation of articular cartilage and synovial membrane

All samples taken for histological evaluation were placed in 10% buffered formalin immediately after
collection, stained with hematoxylin and eosin, and graded by two ACVS board-certified veterinarians
blinded to treatment assignments. Synovial membrane was harvested from medial, middle, and lateral
aspects of the middle carpal joint. Five-micron sections were graded for cellular infiltration, synovial
intimal hyperplasia, subintimal edema, subintimal fibrosis and vascularity on a 0—4 scale as previously
described [81, 86]. Total scores for each synovial aspect were determined by summing the 0-4 score for
each of the five aforementioned parameters (0—20 possible), with a final summed score determined by
summed the total score across all three synovial aspects per joint (0-60 possible). Five mm? articular
cartilage pieces were obtained from the radial, 2nd, 3rd, 4th, and ulnar carpal bones in each joint (see
Fig. 1B). Articular cartilage sections were then evaluated for cartilage fibrillation, chondrocyte necrosis,
chondrone formation (chondrocyte division within a lacuna) and focal loss of cells. Scores ranging from
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0-4 were assigned to each measured parameter, as previously described [86]. Total scores for each
carpal bone were determined by summing the 0—4 score for each of the four aforementioned
parameters (0—16 possible), with a final summed score determined by summing the total score across
all five carpal bones scored per joint (0—80 possible).

Statistical analysis

Statistical analysis was completed using R (version 2024.09.1 + 394) [87]. Power analysis for this
experimental design was performed using outcome parameters of articular cartilage erosion and
synovial cellular hyperplasia. Utilizing an effect size of 0.9 and standard deviation of 0.5, a power of
0.922 could be achieved with an N of 8 animals per group (one animal was removed from the saline
treated group due to post-surgery colic, giving N = 7). Statistical analysis for conducted for five clinical
variables (lameness, flexion, effusion, range of motion, and objective lameness), three synovial fluid
biomarkers (IL-1ra, IGF-I, and PGE,), two imaging outcomes (radiographic OA total score and MRI OA
total score), two gross examination scores (cartilage erosion total score and synovial inflammation total
score), six cartilage histological scoring totals (2nd carpal, 3rd carpal, 4th carpal, radial carpal, ulnar
carpal and total score summed across carpals) and four synovium histological scoring totals (medial,
center, and lateral synovium aspects as well as total score summed across aspects).

A linear mixed effects model was fit separately for most response variables. Fixed effects include
treatment/OA status of each joint (joints classified as either sham/no treatment, OA/saline treatment,
OA/IL-1ra treatment, or OA/combined IL1-ra and IGF-I treatment), and day of collection (if applicable)
plus interaction. Random effects included subject and subject*OA when applicable (to capture effects of
the joint over repeated measures). F-tests for main effects and interaction were considered. If there was
statistical evidence of a treatment/OA effect or treatment*day interaction, then Tukey adjusted pairwise
comparisons were used to compare between treatments separately at each time point. An estimated
marginal means test with a Tukey adjustment was used to estimate and test comparisons of interest in
line with analyses conducted in similar studies [88]. Residual diagnostic plots were used to check
assumptions (normality and equal variance). Non-parametric methods were used for outcomes that did
not satisfy assumptions (synovial fluid IL-Tra and IGF-I concentrations and improvement in lameness
scores). Specifically, a Kruskal-Wallis test was used, followed by Dunn’s post-hoc test for specific
comparisons if there was statistical evidence of interaction. Significance for all tests were established at
P<0.05.

To estimate the clinical relevance of outcome measures Cohen’s d was used to calculate effect size
between groups when appropriate. Cohen’s d was calculated between the saline control group and both
the scAAV2IL-1ra and scAAV2IL-1ra/scAAV2IGF-I treated groups for improvement in lameness, MRI total
score, cartilage erosion total score, cartilage histology total summed score, synovial inflammation total
score, and synovium histology total summed score. An effect size of 0.2 was considered small, 0.5
medium, and 0.8 large.
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(A) Schematic of treatment and control groups, defined by the presence or absence of an osteochondral
chip fragment (PTOA induction) in the equine middle carpal joint, with intra-articular administration of
scAAV2IL-1ra, combined scAAV2IL-1ra/scAAV2IGF-I, or saline treatment 14 days following surgery. (B)
An illustration of the equine middle carpal joint indicating the area where the osteochondral chip
fragment was induced (close-up view shown to the left). The empty black boxes indicate areas of the
carpal bones where articular cartilage samples were taken for histology (CR-radial carpal, CU-ulnar
carpal, C2-second carpal, C3-third carpal, and C4-fourth carpal). Diagram adapted from Goodrich et al,
Journal of the American Veterinary Medical Association, 2024 with permission. (C) Study timeline
indicating treatment administration, clinical data, and sample collection. Dots above the timeline indicate
points for lameness exams, synovial fluid aspiration, blood collection, radiographs, and MRI.

Results

In this study, PTOA was induced in one middle carpal joint of each horse, with the contralateral joint
serving as the sham operated, non-PTOA control. Horses were divided into 3 treatment groups, with each
horse receiving an scAAV2 treatment or saline control intra-articularly in the PTOA-induced joint and a
saline control intra-articularly in the sham operated control. Induction of PTOA in this model was
validated by multiple outcome measures over the study period, most notably through clinical outcomes
and radiographic scoring of OA features in the joints.

Synovial Fluid Evaluation

Mean IL-Tra levels in the synovial fluid revealed a statistically significant increase at all time points
following treatment injection on Day 14 in both the scAAV2IL-1ra treated group and scAAV2IL-
Tra/scAAV2IGF-I treated group as compared to the control groups (Fig. 2A; p-values listed in Appendix
A). Mean synovial fluid IL-1ra levels peaked in the scAAV2IL-1ra/scAAV2IGF-I treated joints at Day 28,
while mean levels peaked in the scAAV2IL-1ra treated joints at Day 42. These peaks respectively
reflected an average 218x fold and 300x fold increase in mean IL-1ra concentration as compared to
joints that did not receive the scAAV2IL-1ra vector. The mean IL-1ra levels in joints of both groups
treated with the scAAV2IL-1ra vector remained elevated through the end of the study period (Day 112),
demonstrating a 19x fold increase in mean IL-1ra levels in the scAAV2IL-1ra/scAAV2IGF-I treated joints
and a 23x fold increase in mean IL-1ra levels in the joints of scAAV2IL-ra treated group as compared to
joints that did not receive the scAAV2IL-1ra vector. Mean IL-1ra levels in the joints of horses in groups
that did not receive the scAAV2IL-1ra vector (saline control group and non-OA sham control group) were
almost entirely below the assay limit of detection (0.31 ng/mL) throughout the study period.

Mean IGF-I levels in the synovial fluid were marginally elevated at all time points following treatment
injection on Day 14 in the scAAV2IL-1ra/scAAV2IGF-I| treated group (Fig. 2B). Mean synovial fluid IGF-I
levels peaked in the scAAV2IL-1ra/scAAV2IGF-l treated joints on Day 70, a 4.5x fold increase in mean
IGF-I levels as compared to the joints that did not receive the scAAV2IGF-I vector (the scAAV2IL-1ra
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treated group, saline control group, and non-OA sham control group). The scAAV2IL-1ra/scAAV2IGF-|
treated joints showed a statistically significant increase in mean IGF-I levels as compared to all joints
that did not receive the scAAV2IGF-I vector at a majority of time points following treatment
administration (p-values listed in Appendix A), and demonstrated statistically significant increases
compared to at least two of the three groups that did not receive the scAAV2IGF-I treatment at every
time point following Day 14 (treatment injection). Mean IGF-I levels in the joints that did not receive the
SsCAAV2IGF-I vector were mostly below the assay lower limit of detection (81.25 pg/mL) at all time
points, with IGF-I levels in some joints slightly above the assay’s lower limit of detection predominantly in
Days 56 through 84.

An elevation in synovial fluid PGE, levels was observed in all groups from Day 0 to Day 14 (Fig. 3). Mean
PGE, levels continued to increase in all groups at Day 28, with the exception of the scAAV2IL-1ra treated
group, which showed similar mean PGE, levels between Day 14 and Day 28. Notably, mean PGE, levels

in the scAAV2IL-1ra treated group significantly decreased at Day 42 as compared to the saline control
group (p-value = 0.0103). This coincided with the highest mean IL-1ra levels reported over the study
period for either group treated with the scAAV2IL-1ra vector (92.3 ng/mL, a 300x fold increase in mean
IL-1ra levels as compared to the groups that did not receive the scAAV2IL-1ra vector). Mean PGE, levels
were similar across groups for the remainder of the study. In addition to PGE,, concentrations of the
inflammatory markers IL-18 and TNFa in the synovial fluid were analyzed. Levels of both biomarkers
were below the lower limit of detection of the multiplex assay (29 pg/mL for IL-18 and 4 pg/mL for
TNFa) over the study period (data not shown).

Serum Neutralizing Antibody Effect

To determine the potential effect of vector dose (5x10'" vg for scAAV2IL-1ra treated and 1x10"? vg for
SCAAV2IL-1ra/scAAV2IGF-l treated) on AAV2 neutralizing antibody formation over the study period,
serum AAV2 NADb titers were determined for each horse before treatment administration (Day 14), at Day
56, and at Day 98. Almost all NAb titers were low (neat or 1:2) in both treatment and control groups
before treatment administration, with the exception of two horses in the scAAV2IL-1ra/scAAV2IGF-|
treated group, which demonstrated much higher levels of AAV2 NAbs (1:50 and 1:500 titers respectively,
Fig. 4A). In regard to NAb formation, titers in the saline control group remained relatively low through Day
98. In contrast, both the scAAV2IL-1ra treated and scAAV2IL-1ra/scAAV2IGF-I treated group had overall
higher titers at Day 56 as compared Day 14, indicating that scAAV2 administration promoted increased
AAV2 NAb formation in the serum (Fig. 4B). On average titers were lower in the scAAV2IL-1ra treated
group as compared to the scAAV2IL-1ra/scAAV2IGF-I| treated group at Day 56, indicating that the
increased viral dose in the scAAV2IL-1ra/scAAV2IGF-I treated group promoted increased AAV2 NAb
formation. This is supported by the further increase in titer in most horses in the scAAV2IL-
Tra/scAAV2IGF-I treated group at Day 98, while titers in the scAAV2IL-1ra treated group stayed the same
or decreased (Fig. 4C). Titers for each individual horse over time are provided in Supplemental Material.
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Clinical Outcomes

Mean lameness grades rose in all three PTOA-induced limb groups from Day 0 (PTOA induction) to Day
14, indicating successful induction of clinical features of PTOA (see Supplemental Figures). Mean
lameness grades were similar between treated groups over the duration of the study period, with high
variability within groups. Objective lameness scores (using the Equinosis lameness locator) were similar
to the subjective lameness scores, with no statistically significant differences detected between groups
at any time points (data not shown).

Mean improvement in lameness (calculated as the Day 14 lameness grade minus the Day 112 lameness
grade) was highest in the scAAV2IL-1ra treated group, which showed an improvement in lameness score
roughly 0.2 grades greater than the saline control group (0.75 grade average improvement vs 0.57,

Fig. 5). The saline control group showed the second highest mean improvement in lameness score,
followed by the scAAV2IL-1ra/scAAV2IGF-| treated group. The non-OA sham group showed a negative
mean improvement in lameness score, suggesting a progressive increase in lameness from Day 14 to
Day 112. Both the scAAV2IL-1ra treated and saline control group showed statistically significant
increases in improvement in lameness compared to the non-OA sham control (p-values = 0.009 & 0.0266
respectively), with scAAV2IL-1ra demonstrating the greatest improvement. To estimate the clinical
relevance of the scAAV2 treatments relative to the saline control Cohen’s d was calculated as a measure
of the magnitude of difference between groups (effect size). The scAAV2IL-1ra treated group had an
effect size of 0.19, indicating a relatively small positive effect (greater improvement in lameness)
compared with the saline control, while the scAAV2IL-1ra/scAAV2IGF-I treated group had an effect size
of - 0.23, indicating a small negative effect (less improvement in lameness).

Flexion scores increased in all three PTOA-induced groups from Day 0 to Day 14, after which scores
between groups were similar through the remainder of the study period. Similar to improvement in
lameness, the improvement in flexion score from Day 14 to Day 112 was highest (greatest improvement)
in the scAAV2IL-1ra treated group, although differences in flexion improvement between treated groups
were also not statistically significant. Synovial effusion scores also rose in all PTOA-induced groups
from Day 0 to Day 14, then remained similar over the remainder of the study period. Finally, range of
motion scores rose slightly in PTOA-induced groups between Day 0 and Day 14, then attenuated to near
0 (normal) for the remainder of the study period (data for flexion, synovial effusion, and range of motion
not shown).

Imaging Outcomes

Mean radiographic OA total scores in all three PTOA-induced groups demonstrated statistically
significant increases as compared to the non-OA sham group at all time points after surgery, indicating
that PTOA progression was successfully induced (see Supplemental Figures). Mean bone lysis, bone
sclerosis, and joint capsule enthesopathy scores were similar between all treated groups (data for
individual radiographic scoring metrics not shown). Mean peri-articular osteophyte formation score had
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the largest differences between treated groups, with the scAAV2IL-1ra treated group receiving the lowest
average PAOF scores (least osteophyte formation) of the PTOA induced groups at Days 56 and 112.
Representative radiographs highlighting peri-articular osteophyte formation are shown in Fig. 7A.

Mean MRI OA total score showed a statistically significant increase (greater OA progression) in all of the
PTOA-induced limb groups as opposed to the non-OA sham control group at the endpoint of the study
(Fig. 6, p-values listed in Appendix A). Among the PTOA-induced limb groups, the scAAV2IL-1ra treated
group had the lowest MRI OA total score (least OA progression), a statistically significant decrease in
mean score as compared to the scAAV2IL-1ra/scAAV2IGF-| treated group (p-value = 0.0004). The
scAAV2IL-1ra treated group showed an effect size of - 0.46 relative to the saline control group,
indicating a relatively moderate positive effect (less PTOA progression compared with saline). In
contrast, the scAAV2IL-1ra/scAAV2IGF-I treated group had an effect size of 0.95, representing a /arge
negative effect (greater PTOA progression compared with saline).

Mean scores for synovial effusion, joint capsule thickness, and third carpal sclerosis were similar
between PTOA-induced groups. Scores for synovial proliferation, joint capsule enthesopathy, and radial
carpal sclerosis were lowest in the scAAV2IL-1ra treated group as compared to the other treated groups,
although these differences were not statistically significant (data for individual MRI scoring metrics not
shown). Notably, the scAAV2IL-1ra treated group was the only treated group that did not exhibit a
statistically significant increase in bone edema score (greater edema) relative to the non-OA sham
control group. Representative MRIs highlighting bone marrow lesions (edema) are shown in Fig. 7B.

Gross and Histological Examination

Mean cartilage erosion total scores from gross examination of the carpal bones were similar between
the scAAV2IL-1ra treated and saline control group, while the scAAV2IL-1ra/scAAV2IGF-I treated group
demonstrated a higher average score (worse PTOA progression) (Fig. 8A). All 3 groups that received
PTOA induction showed a statistically significant increase in cartilage erosion total score as compared
to the non-OA sham control, with no significant differences found between treated groups (p-values
listed in Supplementary Materials). Effect size between the scAAV2IL-1ra treated group and saline
control was near zero (no difference), while effect size between the scAAV2IL-1ra/scAAV2IGF-I treated
group and saline control was 0.57, indicating a medium negative effect (greater cartilage erosion).
Representative images from gross examination highlighting cartilage erosion are shown in Fig. 9A.

While gross examination of cartilage had similar scores between scAAV2IL-1ra and saline control
groups, histological grading of articular cartilage revealed some differences. Total summed scores for
cartilage histology were lower (less OA progression at the cellular level) in the scAAV2IL-1ra treated
group as compared to both the saline control and scAAV2IL-1ra/scAAV2IGF-I treated joints (Fig. 8B).
Effect size between the scAAV2IL-1ra treated joints and the saline control joints was - 1.00, indicating a
very large positive effect (much less OA progression for scAAV2IL-1ra treated joints at the cellular level);
while effect size between the scAAV2IL-1ra/scAAV2IGF-I treated joints and the saline control joints was
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- 0.46, indicating a only a medium positive effect. Comparing cartilage histology total scores for the
radial carpal bone alone (site of osteochondral chip fragment), the saline control joints had the greatest
mean score (most OA progression at the cellular level), and was the only group to show a statistically
significant increase (worse) in mean total score as compared to the non-OA sham control (p-value =
0.0298, mean total cartilage histology scores for individual carpal bones provided in Supplemental
Material). Representative photomicrographs of the radial carpal cartilage sections scored are shown in
Fig. 9B.

Mean synovium inflammation total scores from gross examination were lowest (least OA progression) in
the scAAV2IL-1ra treated joints as compared to other joints, which was the only treated group that did
not demonstrate a statistically significant increase in mean total synovial inflammation score as
compared to the non-OA sham control joints (Fig. 8C). Notably, the effect size between the scAAV2IL-1ra
treated joints and the saline control was - 0.91, indicating a /arge positive effect (much lower synovium
inflammation). Opposite this the effect size between the scAAV2IL-1ra/scAAV2IGF-I treated group and
the saline control was 0.39, a small negative effect (greater synovium inflammation). Representative
images from gross examination highlighting synovial inflammation are shown in Fig. 9A.

Similar to the cartilage scoring, histological grading of synovium samples had differing results from
gross examination. Total summed scores for synovium samples were lowest (least OA progression at
the cellular level) in the saline control group as compared to all other groups, although no statistically
significant differences in mean total summed score were found between any groups (Fig. 8D). The
SCAAV2IL-1ra and scAAV2IL-Tra/scAAV2IGF-I treated group had similar, higher mean total summed
scores (greater OA progression at the cellular level). Effect sizes between both of these groups and the
saline control indicated a moderate negative effect (greater OA progression at the cellular level, effect
sizes =0.62 & 0.64 for scAAV2IL-1ra and scAAV2IL-1ra/scAAV2IGF-I treated groups respectively).
Individual scoring metrics for synovial histology were similar between groups, with the exception of
higher synovial cellular infiltration scores (more cellular infiltration) in the scAAV2IL-1ra and scAAV2IL-
1ra/scAAV2IGF-| treated groups as compared to the saline and non-OA controls (no statistically
significant differences, scores for individual metrics not shown).

(A) The scAAV2IL-Tra/scAAV2IGF-| treated group had the highest cartilage (worst) erosion total score
(most OA progression) from gross examination, while the scAAV2IL-1ra treated and saline control
groups had similar, lower cartilage erosion total scores. All three treated groups had a statistically
significant increase in cartilage erosion total score as compared to the non-OA sham control group (p-
values listed in Supplementary Materials). (B) Total cartilage histological scores summed from the five
carpal bones sampled (radial, 2nd, 3rd, 4th and ulnar carpals). The scAAV2IL-1ra treated group showed
the lowest mean summed scores (least OA progression) of the three treated groups and was the only
treated group that did not show a statistically significant increase in total summed score as compared to
the non-OA sham control group. (C) The scAAV2IL-1ra treated group had the lowest synovium
inflammation total score (least OA progression) as graded via gross examination of the groups that
received PTOA induction; displaying a statistically significant decrease in score as compared to the
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SCAAV2IL-1ra/scAAV2IGF-I treated group (p-value = 0.0296). Both the scAAV2IL-1ra/scAAV2IGF-| treated
and saline control groups had a statistically significant increase in synovium inflammation total score as
compared to the non-OA sham control group (p-values = 0.0001 & 0.0046 respectively). (D) Total
synovium histological scores summed from the three joint locations sampled (center, medial, and
lateral). The saline control group had a slightly lower mean total summed score as compared to the
other treated groups, although no statistically significant differences were found between any groups. All
data displayed as mean +/- standard error.

Discussion

We report the results of an in vivo gene therapy study designed to determine the effects of scAAV2IL-1ra
either alone or in combination with scAAV2IGF-I to treat PTOA in a well-established equine PTOA model.
While this model is typically taken out to 10 weeks post-PTOA induction, this study was successfully
taken out 16 weeks with no significant adverse effects. Successful surgical induction of PTOA in the
middle carpal joint was confirmed by multiple outcome measures, including increased lameness,
radiologic and MRI evidence of osteoarthritis, and gross and microscopic changes consistent with OA
progression. Following treatment administration, immunological assays confirmed that both scAAV2IL-
Tra and scAAV2IGF-l increased the levels of their respective therapeutic proteins in the synovial fluid of
joints injected with the gene therapeutic vectors, in line with the results from our previous in vitro and in
vivo studies utilizing these vectors [43-45, 70].

Similar to our previous studies, the scAAV2IL-1ra vector resulted in significantly elevated IL-1ra levels in
all treated joints in the scAAV2IL-1ra and scAAV2IL-1ra/scAAV2IGF-| treated groups. Expression profiles
varied per limb, with IL-1ra levels in the joint primarily peaking in the initial 4 weeks after treatment
injection. Peak IL-1ra levels in the scAAV2IL-Tra treated group appeared subject-dependent, ranging from
10 to 175 ng/mL. A previous pilot study from our group reported an average intra-articular IL-1ra
concentration ~ 300 ng/mL at Day 42 in the synovial fluid of middle carpal joints, although sample size
was much lower in the previous study (n =2 in previous vs n = 8 in the present study) [45]. Another group
utilizing a 5x 10"" vg dose of a similar scAAV-IL-1ra therapeutic (scAAV2.5 as opposed to SCAAV2
utilized in this study) that was administered in equine carpal and metacarpophalangeal joints reported
elevated IL-1ra production in the joints of n = 6 horses, with an average intra-articular IL-1ra
concentration consistently around 30 ng/mL between 4-24 weeks post-injection [89]. While our study
did show an average IL-1ra concentration of ~ 36 ng/mL between 2—-14 weeks after treatment
administration (Day 28 through study endpoint), we observed an initial peak of IL-1ra production at Days
28 and 42, which dropped off to average ~ 7 ng/mL of IL-1ra by the endpoint of the study (14 weeks
post-treatment).

Consistent with our previous dosing study, PGE, levels (an important biomarker of inflammation in the

joint) decreased after administration of the scAAV2IL-1ra treatment [44]. This statistically significant
decrease in PGE, level was observed only in the scAAV2IL-Tra treated joints at Day 42, which coincided

with the highest average IL-1ra concentration in the synovial fluid in any of the groups throughout the
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study period. This decrease in PGE, levels was not sustained over the study period, with PGE, levels in
the scAAV2IL-1ra treated group returning to levels similar to the other groups by Day 56. This is in
contrast to our dosing study, in which PGE, levels decreased 14 days after administration of 5x 10" vg

sCAAV2IL-1ra and remained at a similar level through the duration of the study period. This may be due
to significantly higher IL-1ra expression observed in the dosing study, indicating that a higher
concentration of IL-1ra in the joint may be necessary to downregulate inflammatory pathways for a
sustained period. However, the initial reduction in inflammation observed in this study may still have
contributed to inhibition of OA pathogenesis, as the scAAV2IL-1ra treated group consistently had the
least OA progression of the PTOA-induced groups on a large majority of the study outcome measures,
including clinical evaluation (improvement in lameness), MRI scoring, gross synovial inflammation, and
cartilage histological scoring.

IL-1ra levels in the scAAV2IL-1ra/scAAV2IGF-I| treated group mirrored the pattern observed in the
sCAAV2IL-1ra treated group, with peak IL-1ra levels generally occurring within the initial 4 weeks after
treatment administration. Notably, IL-1ra expression was slightly lower in the scAAV2IL-1ra/scAAV2IGF-I
treated group as compared to the group treated with the scAAV2IL-1ra vector alone. IL-1ra levels peaked
at a 300x fold increase in the scAAV2IL-1ra treated group (as compared to non-treated groups), while the
SCAAV2IL-1ra/scAAV2IGF-I treated group peaked at a 218x fold increase. Dual treatment with both the
sCAAV2IL-1ra and scAAV2IGF-I vectors did result in marginally elevated IGF-I levels, indicating that the
use of two scAAV2 vectors to co-express multiple therapeutic proteins in equine joints is feasible;
however, the overall expression of each individual transgene may be attenuated when multiple vectors
are administered simultaneously. This reduced expression may be partially attributable to promoter
interference, as both vectors utilize the cytomegalovirus (CMV) promoter, potentially leading to
competition for host transcriptional machinery and limiting effective transcriptional output [90]. In
addition, it is well documented that the CMV promoter is susceptible to transcriptional silencing in vivo
[91]. We therefore cannot exclude the possibility that cellular stress induced by the dual-vector approach
may exacerbate epigenetic silencing mechanisms, such as increased promoter methylation, further
limiting transgene expression. These observations underscore the need for the development and
implementation of more stable, in vivo—durable promoter systems to support sustained therapeutic gene
expression in OA gene therapy applications. Beyond promoter-level effects, co-administration of two
AAV vectors may impose additional biological constraints, including competition for viral entry pathways
(such as receptor and co-receptor availability), intracellular trafficking, nuclear import, and episomal
vector formation [92]. Collectively, these factors may reduce overall transduction efficiency and
downstream transgene expression in vivo. Furthermore, the dual-vector approach inherently increases
the total viral dose delivered to target cells, which may impose additional cellular stress [93]. This
increased burden could alter intracellular pathways involved in protein synthesis, processing, and
secretion, with each transgene potentially affected differently depending on its specific biological
requirements for translation, post-translational modification, and secretion [94].
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While IL-1ra levels in the scAAV2IL-1ra/scAAV2IGF-I group significantly increased, synovial IGF-I levels
remained low over the duration of the study period, peaking at a ~ 4.5x fold increase as compared to IGF-
| levels in non-treated joints. Synovial fluid IGF-I levels were at least slightly elevated in all 8 of the
sCAAV2IL-1ra/scAAV2IGF-I treated joints, indicating that low average IGF-I levels were not due to any
outliers that failed to express any IGF-I. The low efficacy of the scAAV2IGF-I treatment in vivo sharply
contrasts with previous in vitro findings from our group using the scAAV2IGF-| vector, suggesting the
presence of an in vivo biological component that limits or regulates IGF-I expression [70]. In cultured
equine chondrocytes, scAAV2IGF-I induced substantial elevations in IGF-I levels in the culture media,
averaging approximately 600 ng/mL at a dose of 40,000 viral particles per cell. This is in stark contrast
to our study, where a 5x10"" vg dose induced IGF-I levels averaging between 200-800 pg/mL in the
synovial fluid, several orders of magnitude lower than the levels seen in vitro. Additionally, in vitro
induction of IGF-I production promoted robust matrix formation (as seen through increased collagen
type Il and GAG production), while increased expression of IGF-I in the joint in this study failed to
mitigate PTOA-induced damage to the articular cartilage. Interestingly, a previous study by our group
showed that two separate adenoviral vectors used to express IL-1ra and IGF-I simultaneously in equine
joints caused significantly increased IL-1ra expression yet no measurable increase in IGF-I expression
[74]. Similar to our current findings with scAAV2IGF-I, the adenovirus promoting IGF-I expression
demonstrated the ability to highly elevate IGF-I levels in vitro; however this effect was markedly
diminished in vivo [95, 96]. This discrepancy highlights the importance of translational disease models,
where in vitro efficacy may not reflect in vivo treatment success. It is likely that the modest increase in
IGF-I expression seen in this study was not sufficient to induce anabolic changes in the PTOA-induced
joints, given that other in vivo studies utilizing rAAV-induced IGF-I expression to treat osteochondral
defects in large animal models have observed significant pro-anabolic changes [66, 67, 69]. It is also
important to note that IGF-I, unlike IL-1ra, is synthesized as a pre-pro-protein and requires multiple post-
translational processing steps to generate the mature, secreted form [94]. These additional
requirements, including signal peptide cleavage, propeptide processing, and regulated secretion, may
further constrain efficient IGF-I production in vivo, particularly under conditions of increased cellular
burden or competition for translational and secretory machinery. As a result, IGF-l expression and
secretion may be more susceptible than IL-1ra to attenuation in the context of dual-vector
administration.

Surprisingly, the scAAV2IL-1ra/scAAV2IGF-l treated group did not mitigate PTOA progression nearly as
well as the group treated with scAAV2IL-1ra alone. Outcome measures across the study, including
clinical evaluation (improvement in lameness), MRI scoring, gross evaluation, and histological evaluation
repeatedly demonstrated that the scAAV2IL-1ra/scAAV2IGF-I treated group displayed greater features of
PTOA progression than the scAAV2IL-1ra treated group. We postulate that the increased PTOA
progression observed in the scAAV2IL-1ra/scAAV2IGF-I treated group is likely due to a detrimental dose-
related, vector-induced immune response in the joint. Here, we provide evidence that NAb formation in
response to AAV2 injection appears strongly dose dependent in equine joints, with NADb titers in the

scAAV2IL-1ra/scAAV2IGF-| treated group (dose=1x10"2 vg) consistently higher than in the scAAV2IL-1ra
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treated group (dose=5x10"" vg) at both 42 and 84 days after treatment administration. This increased
NAb formation in the scAAV2IL-1ra/scAAV2IGF-I group indicates that a stronger dose-related, vector-
induced inflammation/immune reaction was likely present, accelerating PTOA progression as compared
to the scAAV2IL-1ra treated group. This potential for rAAV-induced inflammation in the joint has been
previously reported in a number of studies including our own [42, 44, 97-99]. Additionally, while PGE,
levels in the scAAV2IL-1ra treated group dropped significantly through Day 42, PGE, levels did not
significantly decrease in PTOA joints receiving both vectors (scAAV2IL-1ra/scAAV2IGF-| treated group).
We postulate that the protective effect observed in the scAAV2IL-1ra treated group but absent in the
sCAAV2IL-1ra/scAAV2IGF-l treated group may be at least partially attributable to a dose-related, vector-
induced immune response resulting from the increased vector burden in the scAAV2IL-1ra/scAAV2IGF-I
treated group.

While this scAAV2IL-1ra/scAAV2IGF-I treatment was unable to attenuate disease progression in equine
joints, we believe this is not necessarily reflective of a flaw in the treatment approach. The therapeutic
potential of combining an anti-inflammatory and a pro-anabolic factor to treat OA was recently
investigated in a rat knee-osteoarthritis model, where a combination of scAAV-IL-1ra (anti-inflammatory)
and scAAV-SOX9 (pro-anabolic) was shown to significantly alleviate cartilage destruction and synovial
inflammation as compared to either singular scAAV treatment alone [73]. Considering the positive
results of a combination treatment in rat OA joints along with the efficacy of IGF-I to repair cartilage and
promote a pro-anabolic environment within the joint in several large animal models [66-69], we believe
that an IL-1ra/IGF-I co-delivery approach to treating OA is viable, however therapeutic protein cassettes
should be combined into a single scAAV vector to avoid increased vector dose and the subsequent
associated viral/inflammatory burden observed in the scAAV2IL-1ra/scAAV2IGF-I treated group in this
study. The suboptimal disease attenuation observed here in the scAAV2IL-1ra/scAAV2IGF-I treated
group underscores the critical need for more efficient vector systems capable of achieving clinically
relevant levels of therapeutic protein expression at lower viral dosages, a theme now frequently observed
in multiple human clinical trials [100].

A major limitation of this study was the relatively small sample size, which, despite being justified by an
a priori power calculation, may have limited the ability to detect greater treatment effects. The variability
between horses across outcome measures in this study reflects biological diversity yet may have
potentially confounded the interpretation of treatment responses. Another variable in our study that
requires further study is the potential relationship of putative pre-existing Abs to AAV vector efficacy.
Although exposure to parvoviruses in equine are known (i.e. EQPV-H), cross reactivity to the human
parvovirus B19 and AAV which only infect humans and primates has not been documented [101]. The
horses utilized in this study were assigned to treatment groups without being tested for pre-existing or
cross reacting AAV2 NAD levels. Eventual analysis of pre-existing serum identified NAb inhibition activity
that showed moderate to strong correlation with total therapeutic protein produced over the study period
(see Supplementary Fig. 7). Future preclinical and clinical studies utilizing AAV2 should consider
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screening and excluding individuals with higher titers of pre-existing or cross reacting AAV2 NAbs due to
their potential effect on treatment efficacy.

Conclusion

The results of this study suggest that co-expression of multiple therapeutic proteins to treat OA/PTOA in
equine joints using two separate scAAV2 vectors is viable, however the increased viral load associated
with the use of multiple vectors may cause a detrimental dose-related, vector-induced immune response
in the joint. An important finding of this study was that a dose of 5x10"" vg scAAV2IL-1ra had
attenuating effects on PTOA progression when administered alone, while a combination dose of 5x10""
vg scAAV2IL-1ra + 5x10"" vg scAAV2IGF-l was not sufficient to attenuate PTOA progression or induce
pro-anabolic changes in the joint. The authors conclude that a scAAV-induced IL-1ra/IGF-I combination
treatment may have potential to address both inflammation and tissue degradation in OA joints, however
more efficient AAV vectors are needed to induce therapeutically relevant levels of IL-1ra and IGF-I in the
joint without increasing the total viral load, while further in vivo studies should integrate screening for
pre-existing NAbs. Despite the inability of the combined treatment approach to attenuate PTOA
progression, sCAAV2IL-1ra treatment alone demonstrated exciting promise in decreasing the
inflammatory component of PTOA, which resulted in attenuation of many outcomes of PTOA in this
equine preclinical model. Considering this model is highly relevant to human PTOA, these results
encourage the pursuit of this therapy in clinical OA treatment for both horses and people.
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Figure 1

Experimental design, equine middle carpal joint illustration, and study timeline.

(A) Schematic of treatment and control groups, defined by the presence or absence of an osteochondral
chip fragment (PTOA induction) in the equine middle carpal joint, with intra-articular administration of
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SCAAV2IL-1ra, combined scAAV2IL-1ra/scAAV2IGF-l, or saline treatment 14 days following surgery.
(B)An illustration of the equine middle carpal joint indicating the area where the osteochondral chip
fragment was induced (close-up view shown to the left). The empty black boxes indicate areas of the
carpal bones where articular cartilage samples were taken for histology (CR-radial carpal, CU-ulnar
carpal, C2-second carpal, C3-third carpal, and C4-fourth carpal). Diagram adapted from Goodrich et al,
Journal of the American Veterinary Medical Association, 2024 with permission. (C) Study timeline
indicating treatment administration, clinical data, and sample collection. Dots above the timeline indicate
points for lameness exams, synovial fluid aspiration, blood collection, radiographs, and MRI.
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Figure 2

Mean IL-1ra (A) and IGF-I (B) levels in the synovial fluid of all joints over the study period. (A)Mean IL-1ra
levels in the synovial fluid of both groups treated with the scAAV2IL-1ra vector (scAAV2IL-1ra treated
group and scAAV2IL-1ra/scAAV2IGF-I treated group) were significantly increased at all time points
following treatment injection at Day 14. Mean IL-1ra levels in the groups that did not receive the
scAAV2IL-1ra treatment (saline control and non-OA sham control) were almost entirely below the assay
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limit of detection (0.31 ng/mL) throughout the study period. (B) Mean IGF-I levels in the synovial fluid of
the scAAV2IL-Tra/scAAV2IGF-I treated group were marginally elevated at all time points following
treatment injection at Day 14. IGF-I levels in the groups that did not receive scAAV2IGF-I (scAAV2IL-1ra
treated, saline control, and non-OA sham control) stayed near the lower limit of assay detection (81.25
pg/mL) throughout the study period. All data displayed as mean +/- standard error.
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Figure 3

Mean synovial fluid PGE, (pg/mL) levels in all joints over the study period. Synovial fluid PGE, levels

increased in all groups from Day 0 (PTOA induction) to Day 14 (treatment administration). After Day 14
synovial fluid PGE, levels remained similar throughout the remainder of the study period, with the

exception of a statistically significant decrease in PGE, levels in the scAAV2IL-Tra treated group (bold
green line) as compared to the saline control group (bold orange line) at Day 42. This decrease in PGE,

levels in the scAAV2IL-Tra treated group at Day 42 coincided with the highest levels of IL-1ra expression
observed during the study period (see Figure 2A). Data displayed as mean +/- standard error.
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Figure 4

AAV2 serum neutralizing antibody titers per horse over the study period. (A) Pre-existing AAV2 serum
NADb titers per treatment group (titers determined by serial dilution). A majority of titers in all 3 treatment
groups were low pre-scAAV2 administration (neat or 1:2). (B) AAV2 serum NADb titers per treatment
group at Day 56 (42 days post-treatment administration). NADb titers in the saline control group remained
relatively low after treatment injection, with a moderate increase in NAb titers in the scAAV2IL-1ra
treated group and a more profound increase in the scAAV2IL-1ra/scAAV2IGF-I treated group (suggesting
greater AAV2 NAb formation in response to viral dose). (C) AAV2 serum NADb titers per treatment group
at Day 98 (84 days post-treatment administration). NAb titers in the saline control group continued to
remain low, while titers in the scAAV2IL-1ra treated group were overall lower as compared to their titers
at Day 56. This is opposite to the scAAV2IL-Tra/scAAV2IGF-I treated group, which continued to
demonstrate increasingly higher titers at Day 98 as compared to Day 56.
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Mean Improvement in Lameness over Study Period
Improvement = [Day 14 Lameness Grade] - [Day 112 Lameness Grade]
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Figure 5

Mean improvement in lameness in all joints after treatment administration. Mean improvement in
lameness over the study was calculated as the Day 14 lameness grade (immediately before treatment
administration) minus the Day 112 lameness grade (study endpoint) for each joint. Lameness grade was
typically highest at Day 14, with a greater (more positive) score in improvement in lameness indicating
that the joint improved clinically over the study period. Mean improvement in lameness was highest
(greatest improvement in lameness) in the scAAV2IL-Tra treated group of the three PTOA-induced
groups. Improvement in lameness was negative in the non-OA sham control group, indicating that these
joints became more lame over the study period. All data displayed as mean +/- standard error.
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MRI Total Score
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Figure 6

Effects of the scCAAV2 treatments on OA progression as graded via MRI. Mean MRI OA total scores in all
joints at the endpoint of the study. MRI OA total score summed the 0 (no OA) - 4 (severe OA) scores for
synovial proliferation, synovial effusion, JCE, joint capsule thickness (JCT), bone edema, radial carpal
sclerosis, and third carpal sclerosis. Mean MRI OA total scores showed a statistically significant
increase in all of the PTOA-induced limb groups as compared to the non-OA sham control group (p-
values listed in Appendix A). Of the PTOA-induced limb groups, the scAAV2IL-1ra treated group showed
the lowest MRI OA total score (least PTOA progression), which was a statistically significant decrease in

score as compared to the scAAV2IL-1ra/scAAV2IGF-I treated group (p-value = 0.0004). All data displayed
as mean +/- standard error.
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Figure 7

Representative radiographs (A) and MRIs (B) highlighting peri-articular osteophyte formation and bone
marrow lesions (edema) respectively. (A) Radiographs taken at the endpoint of the study (Day 112).
Radiographs are representative of peri-articular osteophyte formation score in joints, with white arrows
indicating the presence of osteophytes. Non-OA sham joints showed the fewest osteophytes, followed
by the scAAV2IL-Tra treated joints. The scAAV2IL-1ra/scAAV2IGF-| treated joints showed the greatest
osteophyte formation of the treated groups. (B) MRIs taken at the endpoint of the study (Day 112). MRIs
are representative of bone marrow lesions (edema) in the joint, with white arrows indicating areas of
lesions. Non-OA sham joints showed the least bone edema, followed by the scAAV2IL-1ra treated joints.
The scAAV2IL-Tra/scAAV2IGF-I treated joints typically showed the greatest bone edema.
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Figure 8

Effects of the sCAAV2 treatments on macroscopic and microscopic indicators of OA pathology.

(A) The scAAV2IL-Tra/scAAV2IGF-| treated group had the highest cartilage (worst) erosion total score
(most OA progression) from gross examination, while the scAAV2IL-1ra treated and saline control
groups had similar, lower cartilage erosion total scores. All three treated groups had a statistically
significant increase in cartilage erosion total score as compared to the non-OA sham control group (p-
values listed in Supplementary Materials). (B) Total cartilage histological scores summed from the five
carpal bones sampled (radial, 2"9, 34, 4™ and ulnar carpals). The scAAV2IL-1ra treated group showed the
lowest mean summed scores (least OA progression) of the three treated groups and was the only
treated group that did not show a statistically significant increase in total summed score as compared to
the non-OA sham control group. (C) The scAAV2IL-1ra treated group had the lowest synovium
inflammation total score (least OA progression) as graded via gross examination of the groups that
received PTOA induction; displaying a statistically significant decrease in score as compared to the
SCAAV2IL-1ra/scAAV2IGF-I treated group (p-value=0.0296). Both the scAAV2IL-1ra/scAAV2IGF-| treated
and saline control groups had a statistically significant increase in synovium inflammation total score as
compared to the non-OA sham control group (p-values=0.0001 & 0.0046 respectively). (D) Total
synovium histological scores summed from the three joint locations sampled (center, medial, and
lateral). The saline control group had a slightly lower mean total summed score as compared to the
other treated groups, although no statistically significant differences were found between any groups. All
data displayed as mean +/- standard error.
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Figure 9

Representative gross images highlighting cartilage erosion and synovium inflammation (A) and
representative 20x photomicrographs from 5mm sections of radial carpal cartilage sections stained with
H&E (B). (A) Gross images highlighting the osteochondral chip fragment (black arrows) in the radial
carpal (non-OA sham control joints did not receive chips), cartilage erosion (red arrows) and synovial
inflammation for hyperemia and hyperplasia, denoted via blue and green arrows respectively. Black
boxes indicate the site of cartilage samples harvested from the intermediate carpal for GAG synthesis
assay before gross scoring (data not shown). Images are representative of cartilage erosion and
synovium inflammation total scores. The non-OA sham joints displayed the fewest gross indicators of
both cartilage erosion and synovium inflammation. The scAAV2IL-1ra and saline control joints typically
displayed fewer gross indicators of cartilage erosion as compared to the scAAV2IL-1ra/scAAV2IGF-I
treated joints. Additionally, the scAAV2IL-1ra treated joints typically showed the fewest gross indicators
of synovium inflammation of all PTOA groups. (B) Images are representative of the total cartilage
histology scores, which include fibrillation (orange arrows), chondrone formation (blue circles),
chondrocyte necrosis (red circles), and focal cell loss (green arrows) at the radial carpal (site of chip
fragment). Non-OA sham joints typically showed the fewest microscopic indicators of OA progression at
the radial carpal. In terms of individual scoring metrics, the saline control group had slightly higher mean
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scores for cartilage fibrillation, chondrocyte necrosis, and focal cell loss as compared to all other groups
at the radial carpal. Additionally, it was the only treated group to show a statistically significant increase
in chondrone formation (greater chondrone formation) as compared to the non-OA sham control (p-
value=0.0172).
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