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Abstract

Post-traumatic osteoarthritis is a disabling condition impacting the mostly young and active 

population. In the present study, we investigated the impact of intra-articular sprifermin, a 

recombinant truncated fibroblast growth factor 18, on the outcome of microfracture treatment, 

a widely used surgical technique to enhance cartilage healing at the site of injury.

For this study, we created a cartilage defect and performed microfracture treatment in fetlock 

joints of 18 horses, treated joints with one of three doses of sprifermin (10, 30, or 100 μg) or 

with saline, hyaluronan (HA), and evaluated animals functional and structural outcomes over 

24 weeks. For primary outcome measures, we performed histological evaluations and gene 

expression analysis of aggrecan, collagen types I and II, and cartilage oligomeric matrix protein 

(COMP) in three regions of interest. As secondary outcome measures, we examined animals’ 

lameness, performed arthroscopic, radiographic, and CT scan imaging and gross morphology 

assessment. We detected the highest treatment benefit following 100 μg sprifermin treatment. 

The overall histological assessment showed an improvement in the kissing region, and the 

expression of constitutive genes showed a concentration-dependent enhancement, especially in 

the peri-lesion area. We detected a significant improvement in lameness scores, arthroscopic 

evaluations, radiography, and CT scans following sprifermin treatment when results from 

three dose-treatment groups were combined. Our results demonstrated, for the first time, an 

enhancement on microfracture outcomes following sprifermin treatment suggesting a cartilage 

regenerative role and a potential benefit of sprifermin treatment in early cartilage injuries.
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Fibroblast Growth Factor-18 (Sprifermin) enhanced the outcome of joint microfracture treatment 

in an equine model suggesting a regenerative role in cartilage healing.
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Introduction

Many surgical techniques have been used in an effort to improve healing of major articular 

cartilage injuries with microfracture probably being the most commonly used.(1, 2). In 

microfracture, small perforations are made into subchondral bone to allow bleeding, and 

marrow-derived mesenchymal cells and progenitors accessing the site (3–5). Although 

progenitor cells’ presence improves filling defects, studies have shown the quality of newly 

formed cartilaginous tissue is often fibrous over hyaline (3, 6, 7). Accordingly, various 

growth factors (e.g., BMP7, BMP2, TGFβ and PRP) are applied in combination(s) with 

microfracture treatment to support the formation of hyaline cartilage regeneration (8–11). 

Despite surgical technical advancements, improving the microfracture treatment’s long-term 

outcome remains a challenge (4). It’s reported poor outcomes in 46% of patients 10–14 

years post-surgery, with 39% of cohorts required additional surgical procedures following 

the original microfracture surgery (12).

One of the growth factors, well-known anabolic effect on cartilage is fibroblast growth 

factor-18 (FGF18) (13–17). FGF18 is a member of the fibroblast growth factor family playing 

a central role in skeletal growth and development (18–21). Previous studies supported a role 

for FGF18 in chondrocyte proliferation, differentiation and cartilage matrix hemostasis. 

These studies demonstrated FGF18 increases collagen type II, glycosaminoglycan, and 

chondroitin sulfate expression and reduces collagen type II breakdown following cartilage 

injury (22, 14, 18, 15).

Additionally, intra-articular injection of FGF18 in a rat osteoarthritis model reduced 

cartilage degeneration, induced new cartilage formation, and indicated a potent in vivo 
anabolic effect for FGF18 (23). This potential capability of FGF18 and the necessity for new 

and effective Disease-Modifying Osteoarthritis Drugs (DMOADs) inspired the development 

of sprifermin, a truncated recombinant human FGF18 (Merck KGaA, Darmstadt, Germany). 

In vitro experiments utilizing sprifermin have demonstrated an improvement in collagen 

type II:I ratio and hyaline cartilage matrix formation and revealed a “hit and run” mode 

of action for sprifermin (24). In an ex vivo study, Sennet and colleagues showed sprifermin 

could increase collagen content and adhesive strength leading to better cartilage-cartilage 

integration and superior repair of a defect (25). Sprifermin is currently in phase two of 

clinical trials for the treatment of knee osteoarthritis. A 12-months clinical study on168 

patients showed that sprifermin treatment was associated with statistically significant, 

dose-dependent improvement of lateral femorotibial cartilage thickness. This study also 

demonstrated a significant decrease in pain scores in patients who received sprifermin 
(26). In the report of a recent 2-years clinical study, MRI results showed significant dose-
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dependent modification of cartilage thickness in the total femorotibial joint, medial and 

lateral femorotibial compartments, and central medial and central lateral sub-regions (27). 

Dahlberg et al. study on 55 patients scheduled for total knee replacement detected no 

systemic effect, acute inflammation, or safety concerns following intra-articular sprifermin 

injections (28). Two animal studies on an ovine model supported the beneficial effect 

of intra-articular sprifermin treatment on cartilage repair following microfracture surgery, 

one showing an improvement in cartilage defect fill, and collagen type II expression in 

sprifermin treated ovine joints (29) and another showing enhancement in weight-bearing, 

histology scores and collagen type II expression following sprifermin treatment (30).

The results of pre-clinical animal studies can best be extrapolated to a human condition in 

an appropriate animal models that more closely represents the human condition. Horses are 

considered as an excellent animal model for pre-clinical evaluation of new cartilage repair 

techniques and technologies (31, 32).

In the present study, an equine animal model was used to investigate the effect of a 

three-dose intra-articular injection treatment regimen of sprifermin on the outcome of 

microfracture in a cartilage defect model (Fig. 1). Treatment with sprifermin was well-

tolerated and safe, and by performing antemortem and postmortem evaluations, we detected 

a significant improvement in functional and structural aspects of the cartilage repair tissue as 

a result of sprifermin treatment.

Methods

Animals

Eighteen mixed gender healthy horses (age range 2–7 years) were enrolled in the study 

approved by the University of Pennsylvania Animal Care and Use Committee. All horses 

underwent physical and lameness examinations, including radiographic evaluation of all four 

fetlocks (metacarpophalangeal and metatarsophalangeal), joints prior to study inclusion.

Surgical Technique

On day 0, each horse was placed under general anesthesia in right lateral recumbency for 

arthroscopy of all four fetlock joints. Arthroscopic portals were created in the palmar aspect 

of either the right or left metacarpophalangeal joint. A 15 mm circumferential full-thickness 

articular cartilage defect was created using a combination of an arthroscopic burr and 

curettes on the central dorsal aspect of the lateral proximal sesamoid bone. The defect 

extended approximately 2 mm from the most distal aspect of the bone to approximately 2 

mm from the bone’s abaxial border to the size of 15 mm. Discs made of the radiographic 

film were used as templates to ensure uniform size defects (Fig. 1A). A 45 or a 90-degree 

calibrated awl was used to micropick 25–30 locations within the defect. Arthroscopy portals 

were made as previously described in the contralateral metacarpophalangeal joint and the 

left plantar medial and right plantar lateral metatarsophalangeal joints. A cartilage defect 

was created in the lateral proximal sesamoid bones and micropicked as previously described 

in 3 out of four fetlock joints. One fetlock joint had a sham procedure where no defect was 

created and served as the control limb.
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Animals were placed in their assigned stall (3.65 x 3.65 M) for the two initial weeks 

postoperatively and transitioned to free paddock turnout from weeks 3–12 postoperatively. A 

second look arthroscopy was performed on week 12. All animals were humanely euthanized 

at 24 weeks with an overdose of sodium pentobarbital. All four limbs were harvested for 

postmortem analysis.

Treatment Groups

The weekly consecutive intra-articular medication of the testing article was performed from 

weeks 3–5. One joint each was medicated with 20 mg hyaluronan (Hylartin V®, Pfizer, 

New York, NY), 2 ml of 0.9% sterile sodium chloride (placebo), or one of three doses 

of sprifermin (10 μg, 30 μg and 100 μg). Six horses were randomly assigned to each 

dose-treatment group for a total of 18 horses (Fig. 1B). The treatment regime was based on 

the intended route of administration of the potential therapeutic in humans (26).

Methods: Primary Endpoints

Histology—Cartilage samples were harvested from the control, lesion, and kissing region 

of fetlocks. Samples decalcified, dehydrated, and paraffin-embedded before being cut into 

7 mm sections and stained using Safranin O/Fast green. The slides were scanned on the 

Aperio ImageScope (Leica, Wetzlar, Germany) at 20 x, and 5 mm wide regions of interest 

were cropped and modified ICRSII scoring (33) was conducted by six independent observers 

blinded to treatment protocol using ten different metrics: (1) matrix staining, (2) cellularity, 

(3) superficial zone clustering, (4) middle-deep zone clustering, (5) surface architecture, 

(6) subchondral bone involvement, (7) lesion intensity, (8) superficial zone assessment, (9) 

middle-deep zone assessment, and (10) overall assessment. To evaluate cell proliferation, 

the number of chondrocytes were counted in each area using three regions of interest and 

manual counting.

RNA Isolation and Real-Time PCR—Cartilage samples were harvested from the 

lesion, peri-lesion, kissing region, and control. For RNA isolation, we used a Trizol based 

Qiagen miRNeasy micro kit. Two hundred υg of each RNA was used to synthesize cDNA 

using iScript™ (Bio-Rad, Hercules, CA). Real-time PCR was performed using a Fluidigm 

Biomark™ HD platform (Fluidigm, San Francisco, CA) and equine specific TaqMan® 

assays (Applied Biosystems, Thermo Fisher Scientific) probes. Before the Biomark™ assay, 

cDNA samples were pre-amplified for 12 cycles using a mix of Fluidigm PreAmp master-

mix and pool of TaqMan® assays. The geometric mean of CT values from five different 

house-keeping genes (GAPDH, GUSB, ACTB, B2M, and SDHA) was used to measure the 

relative expression of genes of interest.

Methods: Secondary Endpoints

Clinical Assessment—The lameness examinations performed at weeks 0, 3, 4, 5, 10, 

12, 14, 18, 22, and 24 by a single-blinded observer board certified in large animal surgery. 

Lameness was graded on a standardized scale of 0–5, according to the American Association 

of Equine Practitioners guideline on a straight line and a circle. Fetlock flexion tests, as a 

subjective measure of pain and inflammation, were graded separately on a scale of 0–3 (34).
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Synovial Fluid Analysis—Synovial fluid was obtained from all four fetlock joints at 

weeks 0, 3, 4, 5, 10, 12, 14, 18, 22, and 24. Color, clarity, total protein (TP) concentration, 

and white blood cell (WBC) count were determined via routine methods.

Second Look Arthroscopy—Arthroscopic evaluation of the cartilage defect was 

performed at 12 weeks and videos reviewed by two blinded observers who scored the 

cartilage for: the tissue color, the surface integrity, and the degree of coverage; all on a scale 

of 1–5 (1 represented severe change and 5 was normal; Table S1) adopted from established 

scoring methods (35, 36).

Gross Joint Evaluation—The fetlocks were disarticulated and digital photographs were 

obtained. The synovial membrane, joint capsule, and all articulating surfaces within the 

operated joints were examined and macroscopically evaluated and scored (Table S2) by two 

blinded observers using a previously established scoring system (35, 37, 36).

Radiographs—Survey radiographs (Lateral-medial, dorsolateral/palmaromedial oblique, 

dorsomedial/palmarolateral oblique, and Dorsopalmar/plantar) of all joints were obtained 

following enrollment in the study, at 12 weeks postoperatively and termination (week 24). 

Two blinded observers evaluated and scored the radiographs for: peri-articular soft tissue 

swelling, soft tissue mineralization, and development of enthesophytes and osteophytes on a 

scale of 1–5 (1 represented severe change and 5 was normal; Table S3). The scoring system 

was adapted from Boyce et al., 2013 (38).

Computed Tomography—Computed tomographic (CT) evaluation was performed with 

a portable 8-slice CT scanner (CereTom™ OTOscan, NeuroLogica, Danvers, MA) on all 

four fetlocks of all horses. Initial images were obtained at 2.5 mm slice thickness and 

reconstructed to 1.25 mm. Images were viewed on Osirix imaging software and graded by 

two blinded observers on a scale of 1–5, with a score of 1 being most severe (Table S4) (39).

Statistical Analysis

For gene expression and histology data, a non-parametric Mann-Whitney test was applied to 

determine the statistically significant gene expression differences between groups. The study 

is not powered for statistical analysis of the secondary endpoints. Therefore, the sprifermin 

groups were combined to assess a putative overall effect. In the case of data from second-

look arthroscopy, radiography, CT, and gross evaluation, a non-parametric Kruskal-Wallis 

with Dunn’s multiple comparison test is used to determine statistical significance within 

and between groups. For percentage benefits, scores from placebo, HA, and sprifermin 

treatment groups were compared to those from sham (100% benefit), and no statistical 

analysis was performed for these under-power measures. P≤0.05 was accepted as significant 

in all analyses. No data imputation or baseline adjustments were implemented. Normality 

of data was evaluated by D’Agostino and Pearson test, Shapiro-Wilks test and QQ plots. 

GraphPad Prism 8 statistical software (GraphPad Software, Inc, La Jolla, CA) was used for 

data analysis.
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Results

Results: Primary Endpoints

As primary endpoints, we choose the structural elements of histology and gene expression of 

the constitutive cartilage extracellular matrix and those related to the catabolic activity.

Histological Evaluation

Histological evaluation of samples from three regions of interest (lesion, kissing region, 

opposite facing cartilage to the lesion, and control; Fig. 2A) showed significant improvement 

in several metrics resulting from sprifermin treatment.

In lesion, all placebo, HA, and sprifermin treated groups showed a fibrotic non-cartilaginous 

repair tissue, and their overall assessment was significantly deteriorated (Fig. 2D). We 

detected the most marked changes in the kissing region, where both 10 μg and 100 μg 

sprifermin groups showed an improvement in repair tissue (Fig. S1).

In the kissing region, 100 μg sprifermin caused significant improvement in surface 

architecture (93±4.33 versus 71.34± 26.63, p= 0.021; Fig. S1E), decrease in the lesion 

intensity (91.94± 11.71 versus 73.48± 25.94, p= 0.015; Fig. S1G (scores and the lesion 

intensity are inversely related), and a nearly to significant improvement in the overall 

assessment (p= 0.057; Fig. 2E) compared to the placebo. In the same region, 10 μg 

sprifermin significantly associated with improved surface architecture (sprifermin 93.98 

±4.11versus placebo 71.34 ±26.63, p= 0.009; Fig S 1E) and five out of six animals showed 

improvement in overall assessment when compared to placebo (Fig 2E). For the kissing 

region in the 30 μg sprifermin group, there was an opposite trend detected (p<0.05) with 

reduced cellularity, increased clustering and disrupted surface architecture when compared 

to sham joints (Fig. S1).

In control regions, except for a significant decrease in the overall assessment (Fig. 2C) 

and cellularity scores following treatment with 10 μg sprifermin, and a decrease in surface 

architecture score in 30 μg group, other metrics for 10 μg and 30 μg groups and all metrics 

for 100 μg group was comparable with sham. In addition, in lesion, kissing regions, and 

control groups, sprifermin treatment increased the average cell number. This increase was 

significant in the lesion of the 10 μg group; Fig. S1, K to M).

Gene Expression

We evaluated gene expression in three regions: lesion, peri-lesion, and kissing region (Fig. 

2A). In the peri-lesion of the 100 μg sprifermin group, there was a significant increase in 

aggrecan (p<0.05) and COMP (p<0.01) expression compared to HA and placebo groups 

(Fig. 3A and C). In the same treatment group, the average expression of collagen type II 

increased (100 μg sprifermin 4885±3053 versus placebo 3031± 2672) and 5 out of 6 animals 

showed an improvement in collagen type II expression when compared to the average gene 

expression in placebo and HA groups (Fig. 3B). In the case of collagen type I expression, 

we detected a significant decrease compared to HA and placebo treatment groups (Collagen 
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type I 1.068±0.57 versus HA 11.78± 8.29 and placebo 20.64± 27.63, p= 0.0058 and p= 

0.018 respectively; Fig. 3D).

In kissing regions, we detected a dose-dependent increase in average aggrecan, collagen type 

II, and COMP expression with the highest expression in 100 μg group (Fig. 3E to G). In 

100 μg group, COMP expression showed a near to significant (p= 0.055) and significant (p= 

0.018) increase compared to placebo and HA treated joints. Although we did not detect any 

significant changes in collagen type I expression, all animals except one showed a decrease 

in gene expression compared to the average of the gene expression in placebo and HA 

groups (0.0578 and 1.001 respectively; Fig. 3H).

In 100 μg sprifermin treated lesions, when compared to placebo, there was an increase in 

the level of aggrecan, collagen type II, and COMP expression and a decrease in the level 

of collagen type I expression; however, these changes were not significant (p=0.453, 0.922, 

0.103, and 0.136 respectively; Fig. 3I to L). Five out of six animals treated with 100 μg 

sprifermin showed an improvement (reduction) in collagen type I expression compared to 

the average gene expression in placebo and HA groups (average gene expression 38.9 and 

31.32 respectively; Fig. 3L). Regarding the control cartilage samples, there were no relative 

changes in gene expression compared to the sham, except for an increase in collagen type 

II expression in 30 μg and 100 μg sprifermin (p=0.001 and p= 0.055 respectively; data not 

shown).

Results: Secondary Endpoints

In order to assess relevant clinical measurements and more functional outcomes, we 

performed following endpoint measurements.

Clinical Assessments

Recovery from general anesthesia was without incident. For lameness and flexion 

assessment, looking at week by week results and combining scores from all sprifermin 

treated animals, scores peaked in the early postoperative phase and again after the second 

look arthroscopy at week twelve. This secondary peak was more prominent in the placebo-

treated group (Fig. S2A and B). In addition, comparing sprifermin to HA treatment, scores 

from sprifermin treated joints were closer to sham values (Fig. S2A and B). We observed 

a gradual improvement in lameness and flexion test scores, and at time points after week 

14, improvement in scores reached statistical significance (p<0.05; Fig. S2C and D). When 

the lameness sum scores for the whole duration of this study, it was seen that no single 

dose of sprifermin was superior to placebo treatment (Fig. 4A), but the combined results of 

three doses of sprifermin showed a significant improvement in lameness scores (2.5 ± 3.777 

and 6.30 ± 5.51, p= 0.046; Fig. 4B). In the matter of flexion test, we observed a near to 

significant improvement when we combined results from various sprifermin dose treatment 

groups (sprifermin 3.389± 6.48, placebo 7.667± 6.851, p= 0.053; Fig. 4D).

Synovial Fluid Analysis

There was no effect of treatment with sprifermin, HA, or placebo on total synovial fluid 

white cell counts or total protein (Fig. S2E and F).
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Second Look Arthroscopy and Gross Evaluation

Twelve weeks post-surgery, arthroscopic evaluation demonstrated a significant improvement 

in cartilage defect healing in joints treated with sprifermin compared to joints treated with 

HA or placebo (sprifermin 10.19± 2.71 versus placebo 9.16 ±2.93, p=0.02, Fig. 5B). There 

was no significant difference between groups when looking at individual doses of sprifermin 

or between HA and placebo-treated groups (Fig. 5A). Evaluation of sub-scores showed 

significantly superior surface texture (p=0.05) of sprifermin treated joints (Fig. 5C and S3F). 

Besides, treatment with 10 μg, 30 μg or 100 μg sprifermin demonstrated a higher benefit 

when compared to HA treatment (37.6%, 24.7%, and 34.1% respectively versus 17.6%).

Postmortem evaluation revealed that treatment with no single dose of sprifermin resulted 

in a significant improvement in overall gross morphology (Fig. 5D). When we combined 

results from various sprifermin treatment groups, a near significant improvement was 

detected (22.42±3.40 versus 20.03±3.09, p= 0.060; Fig. 5E). In an analysis of multiple 

sub-scores, we detected a significant (p= 0.039) and a near to significant (p= 0.058) 

improvement in cartilage surface and defect fill, respectively (Fig. 5F, S 4I and K).

We detected no significant difference between HA and placebo-treated limbs. The 

percentage benefit evaluation showed a more considerable and inversely dose-related benefit 

in sprifermin treatment than HA (ranged from 37.4% to 21.4% versus 0.53%).

Radiographic and Computed Tomography Scores

Radiographs and CT examination showed decreased osteoarthritic changes in sprifermin 

treated joints compared to placebo and HA (Fig. 6).

At week 12, radiography scores were significantly improved in high dose (100 μg) 

sprifermin (p<0.05) or when we combined the scores from three sprifermin dose-treatment 

groups (p<0.01; Fig. 6B and C). The same significant improvement in radiographic scores of 

the 100 μg group was detected at week 24 post-surgery (p= 0.016; Fig. 6D), and combined 

sprifermin scores were also significantly improved (8.31 ±0.941 versus 17.39 ±0.883, p= 

0.011; Fig. 6E). Peri-articular soft tissue swelling and soft tissue mineralization were the 

main radiographic features improved due to sprifermin treatment (p= 0.024 and 0.064, 

respectively (Fig. S5E, and F). There was an increased benefit in low dose (10 μg) and high 

dose (100 μg) sprifermin compared to HA (48.6% and 70% respectively versus 25.7%).

At week 24, CT scores of combined sprifermin showed significantly less osteoarthritic 

change than placebo (20.39± 2.38 versus 18.53±2.09, p= 0.043; Fig. 6H). Evaluation of 

sub-scores showed reduced osteophyte development in sprifermin treated limbs at 24 weeks 

(p<0.01) compared to HA and placebo-treated joints (Fig. S 6G). Additionally, treatment 

with any of three doses of sprifermin had a more notable benefit when compared to HA 

(ranged from 26.3% to 36.4% versus 3.3%).

Discussion

Development of DMOADs continues to be a challenge in orthopedics; many agents have 

failed in clinical trials, and diseases such as osteoarthritis that often result from earlier joint 
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injuries remains a profound clinical problem. A common approach to many cartilage injuries 

is the use of microfracture and in this study we explored the combination of microfracture 

and the modified FGF-18, sprifermin in an equine model of cartilage injury. In many in 

vitro studies sprifermin has been shown to have beneficial effects on cartilage biosynthesis, 

integration and supporting mechanical properties (24, 40–42, 25). In human clinical studies, 

sprifermin has been shown to be safe and effective at some aspects of osteoarthritis 
(28, 27, 26). Further investigation in a large animal model is critical in evaluating sprifermin 

as a potential DMOAD since more controlled and early disease can be evaluated. In the 

present study, using an equine animal model, we demonstrated that applying sprifermin in 

conjunction with microfracture treatment can improve the outcome. This result is consistent 

with in vivo findings in other animal models and in vitro and ex vivo studies that suggest an 

anabolic role for sprifermin in cartilage healing and hemostasis (15, 24, 30, 29, 25).

Comparing various animal models, horses are considered excellent models for human 

mimicry in regard to cartilage studies (31, 32). Poor intrinsic regenerative capacity, large 

easily sampled joints, and thick articular cartilage in horses make their articular cartilage 

defects comparable to the same lesions in humans and allow comprehensive cartilage studies 

to test efficacy and safety of new cartilage treatments. In addition, horses, like humans, 

suffer from sports injuries, and as a result, articular cartilage injury treatments and surgeries 

are better understood in horses than other animal models (43).

In this study, we examined the impact of sprifermin in both functional and structural aspects 

of cartilage healing. In sprifermin treated joints, we detected a significant improvement in 

lameness; arthroscopic evaluation showed superior quality and quantity of the repair tissue, 

and both radiographic and CT scan imaging showed mitigated pathology. In postmortem 

evaluation of the repair tissue, we detected an improvement in the defect site’s gross 

morphology, the overall histological assessment of the kissing region, and the expression of 

the constitutive genes. For the most part, no single dose of sprifermin showed a statistically 

significant advantage over placebo or HA. However, when we combined scores from three 

dose-treatment groups, changes were significant. In addition, looking closely at our non-

significant changes in sprifermin scores, we observed that in most cases, at least 50– 60% 

of subjects showed an improvement compared to the average placebo scores. This lack of 

significance can be due to the small per group sample size (n=6) that is a known limitation 

when using an equine model (31). We compared the outcome of the sprifermin treatment 

to HA treatment, as a common osteoarthritis intraarticular therapeutics, and the majority of 

tests detected higher benefit associated with sprifermin.

Through our antemortem and postmortem tests, we observed a concentration-dependent 

benefit in sprifermin treatment with the highest benefit in 100 μg injections except for 

lameness and flexion test scores. Increased lameness in high dose sprifermin group may be 

a consequence of an acute and transient inflammatory reaction (joint stiffness and arthralgia) 

that was previously observed in human clinical trials with the administration of high dose 

sprifermin (100 or 300 μg) (28, 26). Another limitation was observed in our early clinical 

assessment. For this study, horses were not randomized based on surgical status. As a result, 

the placebo cohort had a slightly higher lameness (not statistically significant) immediately 

post-surgery that was revealed to us at the end of the study after unblinding. Lameness and 
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flexion test scores were not adjusted to the baseline. At later time points, the slight initial 

dissimilarity expanded and we detected a significant improvement in sprifermin treated 

joints.

In addition to the efficiency of sprifermin on the improvement of cartilage healing, this 

study, notably, detected no adverse effects following sprifermin treatment. This finding is 

also consistent with the approved safety of sprifermin during human clinical trials (28, 26). 

We also detected that the unique three intermittent intraarticular sprifermin injections alter 

gene expression in chondrocytes (e.g., increase in type II collagen and aggrecan expression 

and decrease in collagen type I expression) at the repair site and areas in direct contact 

with it. We assume that such a response is mediated through sprifermin binding to its 

functional receptor, FGFR3, and activation of ERK1/2 signaling pathways. It has been 

shown that this pathway’s blockade can inhibit the sprifermin impact (14, 24). Previous 

studies have suggested the potential benefit of FGF18-FGFR3 binding and an increase in 

FGFR3 expression for the improvement of articular cartilage integrity (44, 45). Notably, we 

detected an increase in average FGFR3 gene expression in all three regions of interest 

following 100 μg sprifermin treatment. Although an increase in gene expression was not 

statistically significant, five animals out of six showed improvement in FGFR3 expression in 

the peri-lesion and kissing region compared to the placebo group’s average gene expression 

(Fig S6, I and J).

Although for an equine study, this study was conducted with a large number of subjects, 

it still was likely underpowered. While this was a considerably protracted evaluation 

timeframe, more extensive studies with a higher number of subjects and even longer 

durations will be critical to investigate sprifermin’s long term effect on cartilage healing and 

functional restoration. Wilke et al. recommend at least eight months to assess a treatment 

outcome in an equine cartilage defect model (46).

Despite such limitations, this study clearly shows how large animal studies can be additive 

to the body knowledge obtained from human clinical trials. In general large animals can be 

experimentally modified and earlier pathology and disease manifestations can be explored 

that are impossible in human studies. Large animal studies provide parallels to human 

studies by allowing better control over the injury and early interventions, and we can 

conduct postmortem evaluations. Future in vivo studies will be needed to understand the 

biomechanical benefits of sprifermin treatment and investigate the underlying mechanism of 

sprifermin effect on cartilage healing and clinically relevant function on a long term basis.

This study shows for the first time that intra-articular sprifermin enhances the effects 

of microfracture surgery in an equine model and identifies potential benefits from 

sprifermin treatment in early cartilage injuries in both veterinary and human medicine. 

Showing both functional and structural effects of sprifermin, this study represents a 

therapeutic advancement in treatments of cartilage injury and ultimately offsetting or 

treating osteoarthritis.
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ACTB actin beta

B2M beta-2 microglobulin

BMP Bone morphogenic protein

cDNA complementary deoxyribonucleic acid

COMP cartilage oligomeric matrix protein

CT scan Computed Tomography scan

CT cycle threshold

DLPMO dorsolateral/palmaromedial oblique

DMOADs Disease Modifying Osteoarthritis Drugs

DMPLO dorsomedial/palmarolateral oblique

ERK extracellular receptor kinase

FGF18 fibroblast growth factor-18

FGFR3 fibroblast growth factor receptor 3

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GUSB glucuronidase beta

HA Hyaluronan

LFTC lateral femorotibial compartment

MFTC medial femorotibial compartments

MFX microfracture

MRI magnetic resonance imaging

PCR polymerase chain reaction

PRP Platelet-rich plasma
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PTOA post-traumatic osteoarthritis

RNA ribonucleic acid

SDHA succinate dehydrogenase complex flavoprotein subunit A

TFTJ total femorotibial joint

TGFβ transforming growth factor beta

TP total protein

WBC white blood cell
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Figure 1. 
Surgical technique, study design, and study time line

A 15 mm circumferential full thickness articular cartilage defect was created on the central 

dorsal aspect of the lateral proximal sesamoid bone (left). Radiographic film was used as a 

template to ensure the defects were of uniform size (right) and an awl was used to micropick 

25–30 locations within the defect (bottom). (B) Four fetlocks of each animal were randomly 

assigned to one of the treatment groups. (C) Schematic overview of the study time line. 

MFX= microfracture treatment, HA= hyaluronan.
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Figure 2. 
Histological Evaluation of fetlocks (A) Cartilage samples were harvested from four regions 

of interest inside fetlocks. (B) An example of the Safranin O/Fast Green staining in lesion 

and kissing region of placebo and 100 μg sprifermin treated fetlocks of an individual 

horse. 20x magnification images, scale bar = 500 μm. (C) Overall assessment of control, 

(D) Lesion, and (E) Kissing region compares scores in joints received HA or sprifermin 

treatment with sham and placebo treated joints. n= 6 or 18, *p<0.05 by un-paired Mann-

Whitney test. In scatter plots, transvers lines represent median.
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Figure 3. 
Evaluation of gene expression in three regions of interest based on postmortem Real-Time 

PCR results (A to D) Aggrecan, Collagen type II, COMP, and Collagen type I expression 

in peri-lesion showed dose response changes in gene expression following sprifermin 

treatment. (E to H) Changes in gene expression in kissing region showed a significant and 

near to significant improvement in COMP expression. (I to L) Changes in gene expression 

in lesion showed a non-significant dose response to sprifermin treatment. Gene expression in 

sprifermin treated joints were compared to placebo or HA treatment groups using un-paired 

Mann-Whitney test. n= 6 or 18, *p<0.05, **p<0.01. In scatter plots, transvers lines represent 

median.
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Figure 4. 
Clinical assessment via lameness and flexion tests. (A) An average of ten lameness scores 

for limbs treated with various doses of sprifermin, HA, or placebo. (B) Combined scores 

from three sprifermin dose-treatment groups showed a significant reduction in lameness 

when compared to the placebo. (C) An average of ten flexion test scores for limbs 

received various intraarticular treatments. (D) Combined scores from three dose-treatment 

groups showed near to significant reduction compared to the placebo. Dotted line indicates 

median of the placebo group. n= 6 or 18, *p<0.05 by Kruskal-Wallis and Dunn’s multiple 

comparison test. In boxed plots, transverse lines show median and error bars represent SEM.
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Figure 5. 
Second look Arthroscopic evaluation of the defect site at 12 weeks post-surgery and 

postmortem gross evaluation (A) Sum-score of the three arthroscopic evaluation sub-scores 

showed no significant advantage in any single dose of sprifermin. (B) Arthroscopic 

evaluation sum-score of combined sprifermin groups was significantly higher than placebo. 

(C) Representative arthroscopic images for grade 1–5 of surface (D) Sum-scores of the 

six sub-scores showed no significant improvement in gross morphology following any 

of sprifermin doses. (E) Sum-scores showed a nearly significant improvement in gross 

morphology when scores from three sprifermin doses were combined. (F) Representative 

images for grade 1–5 of surface and defect fill, Scale bar=15mm. Dotted line indicates 

median of the placebo group. n= 6 or 18, *p<0.05 by Kruskal-Wallis and Dunn’s multiple 

comparison test. In boxed plots, transverse lines show median and error bars represent SEM.
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Figure 6. 
Radiographic and CT scan evaluation of fetlocks (A) Radiograph of a fetlock 24 weeks post-

surgery showed formation of osteophytes (yellow arrows). (B) Evaluation of sum-scores 

of four radiography sub-scores showed a significant improvement in 100 μg sprifermin 

treatment group at 12 weeks post-surgery. (C) Combined scores from sprifermin treatment 

groups at 12 weeks post-surgery showed a significant improvement in radiographic 

scores. (D) Evaluation of sum-scores of four radiography sub-scores showed a significant 

improvement in 100 μg sprifermin treatment group 24 weeks post-surgery when compared 

to placebo. (E) Combined scores from sprifermin treatment groups at week 24 showed a 

significant improvement in radiographic scores. (F) CT-Scan image of a fetlock showed 

formation of osteophytes (yellow arrow). (G) Evaluation of sum-score of four CT scan 

sub-scores did not detect a significant improvement following treatment with any of three 

doses of sprifermin. (H) Sum-score of combined sprifermin groups showed a significant 

improvement compared to placebo. Dotted line indicates median of the placebo group. n= 
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6 or 18, *p< 0.05 by Kruskal-Wallis and Dunn’s multiple comparison test. In boxed plots, 

transverse lines show median and error bars represent SEM.
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