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Abstract

Avrticular cartilage defects are a common source of joint pain and dysfunction. We hypothesized
that sustained low-dose dexamethasone (DEX) delivery via an acellular osteochondral implant
would have a dual pro-anabolic and anti-catabolic effect, both supporting the functional integrity
of adjacent graft and host tissue while also attenuating inflammation caused by iatrogenic injury.
An acellular agarose hydrogel carrier with embedded DEX-loaded poly(lactic-co-glycolic) acid
(PLGA) microspheres (DLMS) was developed to provide sustained release for at least 99 days.
The DLMS implant was first evaluated in an /n vitro pro-inflammatory model of cartilage
degradation. The implant was chondroprotective, as indicated by maintenance of Young’s modulus
(Evy) (p=0.92) and GAG content (p=1.0) in the presence of interleukin-1f insult. In a subsequent
preliminary /n vivo experiment, an osteochondral autograft transfer was performed using a pre-
clinical canine model. DLMS implants were press-fit into the autograft donor site and compared to
intra-articular DEX injection (INJ) or no DEX (CTL). Functional scores for DLMS animals
returned to baseline (p=0.39), whereas CTL and INJ remained significantly worse at 6 months
(p<0.05). DLMS knees were significantly more likely to have improved OARSI scores for
proteoglycan, chondrocyte, and collagen pathology (p<0.05). However, no significant
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improvements in synovial fluid cytokine content were observed. In conclusion, utilizing a targeted
DLMS implant, we observed /n vitro chondroprotection in the presence of IL-1-induced
degradation and improved /n vivo functional outcomes. These improved outcomes were correlated
with superior histological scores but not necessarily a dampened inflammatory response,
suggesting a primarily pro-anabolic effect.
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1. Introduction

The avascular nature and dense extracellular matrix of articular cartilage confers a poor
healing capacity whereby localized regions of tissue damage can lead to joint degeneration
and osteoarthritis (OA) [36, 44]. The effectiveness and longevity of cartilage restoration
treatments, including osteochondral autografts and allografts and autologous chondrocyte
implantation (ACI), can be limited by the impact of proinflammatory cytokines on graft
incorporation and integrity [24, 41, 61, 75]. Synovial fluid from injured knees is known to
negatively affect chondrogenesis [85], with interleukins specifically linked to adverse
integrative repair [83]. latrogenic cartilage injury can further hamper outcomes; chondrocyte
death can occur due to osmolarity differences in saline, contact with blood, or drying during
open procedures [2, 38, 71]. Furthermore, cartilage grafts often suffer from reduced viability
and metabolic activity caused by extended preservation [60] or method of graft harvest and
delivery [71]. Development of more effective treatment of cartilage defects may shorten
rehabilitation times, prevent the progression of OA, and reduce the need for total joint
replacement.

Intra-articular glucocorticoid injections have been used for decades to treat joint
inflammation and pain [18, 33, 35, 52, 72]. However, injection doses are necessarily high
due to the high clearance rate of the steroid from the joint space, where serum levels can
peak within hours to a couple of days after administration [7, 34]. Repeated high-dose
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injections [8, 42] have been associated with adverse effects on growth of articular and
growth plate chondrocytes [20, 26], synoviocytes [72], and osteoblasts [1]. These side
effects, as well as risks of systemic absorption, typically limit patients to 2—4 injections per
year [7, 11, 34, 55, 58, 86].

Dexamethasone (DEX), a synthetic glucocorticoid, is a common media supplement for
chondrogenic cultures. Used at relatively low doses, it stimulates anabolism in immature
tissues and contributes to maintenance of mature tissues /n vitro[12, 47, 49]. Lu and co-
workers have reported that DEX concentrations as low as 1 nM were sufficient to protect
cartilage explants against tumor necrosis factor-a (TNF-a), and concentrations of 100 nM
to 10 uM enhanced cartilage explant sulfate incorporation and suppressed GAG loss to the
media [52]. This is significantly lower than the theoretical peak concentration from a clinical
DEX injection (7.7 mM; based on a 4 mg/ml injection) [17].

To the authors’ knowledge, an optimal delivery system for sustained low (therapeutic) dose
of DEX to the synovial joint is not currently available for clinical use in cartilage restoration.
In an early attempt to use local sustained DEX delivery as a disease modifying OA drug
(DMOAD), DEX was conjugated to avidin and introduced by intra-articular injection. While
some benefits were observed over the 3-week rabbit anterior cruciate ligament (ACL)
transection study, the nanocarrier induced cartilage GAG content loss [9]. Another strategy
for targeted low dose intra-articular DEX delivery has been proposed using magnetic PLGA
nanoparticles [15]. However, drug penetration can be hindered by dense cartilage matrix [9],
potentially necessitating delivery directly to the site of chondral defect treatment.
Furthermore, it is anticipated that free-floating particulates would become embedded in
surrounding tissue, contributing to both inflammation and cartilage wear [74] as intra-
articular microspheres (MS) may persist for more than 70 days [67].

We hypothesized that sustained low-dose DEX delivery to the site of cartilage damage
would have a dual anti-catabolic and pro-anabolic effect, preventing further cartilage
degeneration while simultaneously supporting the functional integrity of osteochondral
autografts. Toward this goal, it has been demonstrated that /n vitro local sustained DEX
release from poly(lactic-co-glycolic) acid (PLGA) MS promotes development of functional
engineered cartilage and confers protection from pro-inflammatory cytokine-induced tissue
degradation [64]. PLGA is the focus of intensive research due to its biocompatibility,
biodegradability, mechanical strength, ease of formulation into different drug delivery
devices, and FDA-approved status [22, 43]. Using a single emulsion/solvent extraction
technique to manufacture MS, a controlled release of DEX can be maintained over at least a
52-day period with a sustained linear release [66]. Based on these safety and mechanistic
data, DEX-PLGA-MS has the potential to provide a clinically applicable method for
enhancing cartilage restoration. Therefore, the present study was designed to provide
preclinical data towards addressing a critical unmet need in orthopaedic surgery.

To facilitate targeted drug delivery to the joint, an acellular agarose (copolymer in phase Il
clinical trials [69, 70]) hydrogel carrier with embedded DEX-eluting PLGA microspheres
(DLMS) was developed. We hypothesized that this DLMS implant will prevent cartilage
degradation and stimulate growth in an /n vitro inflammatory environment. To test this, we
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first assessed drug penetration and activity; DLMS carriers were co-cultured with engineered
cartilage constructs and evaluated for p57iP2 expression, an indicator of glucocorticoid
binding [68] (Study 1a). Separately, to evaluate chondroprotection, carriers and engineered
cartilage constructs were co-cultured for two weeks + interleukin-1 (IL-1) (Study 1b).
Engineered tissues were used for /n vitro validation (Study 1) due to their consistent
geometry, composition, and growth, which allow for reliable mechanical and biochemical
assessments with higher sample size. Behavior of engineered adult cartilage has been
validated against explanted tissues [49, 59].

We then moved to clinically relevant osteochondral autograft transfer (OAT) for in vivo
study, as it is an established procedure that may benefit from expedited host integration,
support of chondrocyte growth, and reduced donor site morbidity [71]. Specifically, we
hypothesized that the DLMS implant will modulate the post-surgical inflammatory
environment and support expedited return to function and improved repair integrity. To
answer this, DLMS implants were combined with a clinically-relevant bone substrate to aid
in integration [40] and press-fit into the autograft donor site and compared to intra-articular
DEX injection and standard-of-care controls. The 6-month study end point was selected as
the critical window for healing, integration, and cartilage restoration needed for successful
functional outcomes in this preclinical model. Overall, we anticipate that DEX can protect
against iatrogenic injury by promoting healing via protection from pro-inflammatory
cytokines and promotion of anabolic chondrocyte activities.

2. Methods

2.1 Microsphere Fabrication, Characterization, and Dosing

Dexamethasone sodium phosphate (DSP; MW 516.4; Sigma D1159), a 1:1 molar equivalent
of dexamethasone base (MW 392.5) [5, 6], was encapsulated in PLGA (75:25
lactide:glycolide, MW: 66,000-107,000; Sigma P1941) as previously described to create
DLMS [64, 66]. Unloaded PLGA microspheres (ULMS) were fabricated similarly without
the addition of DSP. This microsphere formulation was previously characterized [63].
Briefly, DLMS and ULMS had mean diameter of 46 + 17 ym (n=543) and 25 £ 15 ym
(n=411), respectively. The theoretical drug loading of DLMS was 9.1% (w/w). The actual
loading capacity, determined via complete polymer hydrolysis and spectrophotometric
analysis at 242 nm, was 6.3% (w/w).

To estimate proper dosing, the release profile of the microsphere formulation in agarose was
characterized [63]. Briefly, DLMS were encapsulated in 2% (w/v) agarose (Sigma; A9414)
and punched into cylindrical (@ 6 mm x 2.34 mm thickness) constructs (5.33 mg MS/ml;
350 pg MS per carrier). Constructs (n=4) were placed in individual microcentrifuge tubes
with 1 ml PBS (pH 7.4), which was replaced at regular time points over 100 days.
Supernatant was assayed spectrophotometrically at 242 nm and absorbance compared to a
standard curve. There was an initial burst release of approximately 9.2% of the total
encapsulated drug in the first 24 hours. Fitting the subsequent release data to a line over the
next 99 days (R2=0.99), an average release rate of approximately 0.9% per day was
determined.
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Synovial fluid volume in the canine knee (stifle) can range from <1 ml in normal animals to
3 ml or more with induced synovitis [56]. Therefore, we estimated that ~1 ng DSP would be
sufficient to meet the 1 nM DEX critical threshold for chondroprotection and ~10 pg DSP to
reach the upper threshold for a pro-anabolic effect (10 uM DEX). Dosing for subsequent
experiments was chosen to target this specific therapeutic window identified by Lu, et al
[52].

2.2 Preparation and Culture of Engineered Cartilage Constructs (Study 1)

Avrticular cartilage was harvested from the knees of adult dogs (~1-year-old; n=4 joints)
euthanatized for unrelated purposes. Briefly, chondrocytes were isolated via collagenase
digestion, and pooled passage 2 (P2) cells were encapsulated in agarose (2% (w/v) Type VII
Agarose, Sigma A4018) to form cylindrical constructs (& 4 mm x 2.23 mm thickness) with
an initial composition of 30 x 10° cells/ml [59]. Constructs were initially cultured to
maturity (Day 42, Young’s modulus (Ey) ~ 200kPa) in chondrogenic medium (CM)
supplemented with 10 ng/ml TGFB3 (R&D Systems #243B3200), 100 nM dexamethasone
base (Sigma D4902), and 50 ug/ml ascorbic acid-2-phosphate (Sigma A8960).

At culture maturity, constructs were concentrically cored and replaced with a 2% (w/v)
agarose hydrogel carrier (@ 1.5 mm x 2.23 mm thickness) containing DLMS or ULMS (3.3
mg MS/ml) (Fig. 1A). Engineered cartilage ring-implant core (ring-core) pairs were cultured
for 3 days in CM supplemented with 10 ng/ml TGFB3 and 50 ug/ml ascorbic acid-2-
phosphate (Study 1a).

For Study 1b, 2% (w/v) agarose hydrogel carriers (& 10 mm x 2.23 mm thickness) were
encapsulated with DLMS (5.0 mg MS/ml; approximately 880 pg MS and 55 ug DSP per
carrier). Mature cartilage constructs were co-cultured with the DLMS carriers for two weeks
with or without application of 10 ng/ml IL-1 (recombinant human interleukin 1pB;
ThermoFisher PHC0816) (n=6) (Fig. 1B). To achieve the desired dosage range, four
hydrogel carriers were placed in a total of 25 ml media, resulting in an estimated burst
delivery of 20. pg DSP (1.6 uM DEX) in the first 24 hours followed by 1.9 pg DSP (150 nM
DEX) per day.

Negative control carriers contained ULMS (5.0 mg MS/ml; 880 ug MS). Separate controls
were continuously supplemented with 100 nM dexamethasone base, a standard
concentration and dosage form for cultures, which facilitated comparisons with previous
chondroprotection studies [49, 59, 64]. In each group, half of the media was replaced with
fresh media 3x per week. All constructs were supplemented with TGF-B3 and ascorbic
acid-2-phosphate for the entire culture period.

2.2.1 InVitro Evaluation of Delivery to Engineered Cartilage Constructs
(Study 1)—Study 1a specimens were fixed in formalin, paraffin embedded, and sectioned
(20 um). Heat mediated epitope retrieval was performed in citrate buffer at 60°C overnight,
followed by incubating in rabbit monoclonal [EP2515Y] to p57XiPZ (Abcam ab75974) and
then goat anti-rabbit 1gG secondary antibody (Alexa Fluor 488; ThermoFisher A11034).
Pixel intensity was analyzed to quantify cell DEX uptake radially away from the core
(ImagelJ).
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For Study 1b, Young’s (Ey) and dynamic (G) moduli were measured under unconfined
compression conditions [54]. Following mechanical testing, individual specimens were
solubilized using proteinase K (MP Biomedicals #02193981-CF) prior to being assayed for
DNA, glycosaminoglycans (GAG), and collagen (COL) using the Picogreen Assay
(ThermoFisher P11496), dimethylmethylene blue dye assay, and the orthohydroxyproline
assay, respectively. Values were normalized to specimen wet weight (ww). Half of each
specimen was fixed in formalin and subsequently embedded in paraffin, sectioned (8 um),
and stained with safranin-o. Resulting images were processed in ImageJ (convert to 8-bit,
invert black and white) and relative pixel intensity quantified using the “plot profile”
function.

2.3 Preclinical Canine Osteochondral Autograft Model (Study 2)

In preparation for the procedure, devitalized bovine trabecular bone cores (@ 8 mm x 5 mm
thickness) were infused with 2% (w/v) agarose hydrogel mixed with DLMS (33 mg MS/ml;
3.3 mg MS and 210 ug DSP per carrier) to produce multilayered acellular osteochondral
implants (1 mm gel-only region, 1 mm gel bone interface, and 4 mm bone-only) (Fig. 2, iii).
From release studies, this was expected to deliver a 24-hour burst of 19 ug DSP (15-75 pM
DEX; assuming 0.5-2.5 ml volume [57]) per implant followed by 1.8 pg DSP (1.4-7.0 uM
DEX; assuming 0.5-2.5 ml volume) per implant per day. To confirm expected release, extra
implants (n=4) were placed in PBS and supernatant was collected and assayed as in Section
2.1, above.

On the day of surgery, adult mongrel dogs (10 £ 1 months, 25.3 + 3.5 kg) were
premedicated, anesthetized and prepared for aseptic surgery of the right knee (University of
Missouri-Columbia IACUC #9167; complied with ARRIVE guidelines). Briefly, 2 doses of
cefazolin (antibiotic) were given perioperatively and 2 morphine intramuscular doses plus 2
doses of oral tramadol were given for pain management. Post-operatively, a soft padded
bandage was kept on the operated right hindlimb for 1 week with oral cefpodoxime
(antibiotic) for 10 days.

Osteochondral autografts (@ 8 mm diameter) (Fig. 2, ii) were obtained from the trochlear
ridge and sulcus terminalis and transferred to size-matched recipient defects on the
neighboring trochlea or medial/lateral femoral condyle of the same knee (n=3 grafts per
knee) using the Osteochondral Autograft Transfer System® (OATS®; Arthrex, Naples, FL).
The empty graft donor sites (Fig. 2, i) were filled with press-fit DLMS-loaded implants
(OATS-DLMS; n=6 animals, n=3 implants per animal). Dogs receiving this implant were
compared to those for which there was one post-surgical DSP injection of 4 mg/knee
(OATS-INJ; n=5 animals, n=3 grafts per animal; no implant) or no DSP injection (OATS-
CTL; n=5 animals, n=3 grafts per animal; no implant).

Possible systemic effects of dexamethasone were assessed by daily monitoring by
veterinarians, animal weights, and post mortem examination (necropsy).

2.3.1 Clinically Based Assessments (Study 2)—Animals were examined by a
board-certified veterinary orthopaedic surgeon (JLC). Clinical lameness, functional gait,
comfortable range of motion (CROM), pain, and effusion [14] were assessed both pre-
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surgery (T=0) and at the conclusion of the study period (T=6 months). Synovial fluid
composition was assessed at monthly intervals (T=0, 1, 2, 3 months) with a Luminex
Multiplex Assay for IL-6 [77], IL-8 [51], MMP-2 [27], and MMP-3 [62] (ThermoFisher).

2.3.2 Histological Scoring (Study 2)—At the terminal time point (T=6 months),
animals were sacrificed and tissue harvested for histopathology assessment. Osteochondral
treatment sites including adjacent cartilage and bone were collected, fixed in formalin, and
stained with H&E, picrosirius red, and toluidine blue. Synovium was harvested from four
separate locations (medial/lateral trochlea and medial/lateral femoral condyle), fixed in
formalin, and stained with H&E.

A modified osteochondral (OC) scoring system was used to evaluate the autograft recipient
sites [19]. The scoring consisted of evaluating cartilage fill, cartilage edge integration at
host-graft junction, cartilage surface congruity of construct and host-construct junction,
fibrosis, and inflammation.

A modified OARSI method was used to evaluate surrounding cartilage structure,
chondrocyte pathology, proteoglycan staining, collagen integrity, tidemark, and subchondral
bone plate [21]. The OARSI method was also used to evaluate synovial pathology through
microscopic examination of the lining cell, lining, and cell infiltration characteristics [21].
All scoring was performed by two blinded board-certified veterinary pathologists.

DLMS implants were scanned using Micro-CT at T=0 and T=6 months to assess changes to
bone fill and structure at the donor site as previously described [50].

2.4 Statistics

Data sets were tested for normality (Kolmogorov-Smirnov Test) and homogeneity (Bartlett’s
Test). When necessary, data was log-transformed to achieve normality or evaluated using
equivalent nonparametric tests. For Study 1, one-way ANOVA with Tukey post hoc test
(a=0.05) was used. Young’s modulus data was analyzed using the Kruskall-Wallis test with
Dunn’s post hoc comparisons (a.=0.05). For Study 2, functional and synovial fluid measures
were compared using two-way ANOVA or corresponding mixed-effects analysis (group,
time) with time as a repeated measures factor and Tukey post-hoc test (a=0.05). This data
was presented as mean and standard deviation, unless otherwise noted. Analyses were
performed using GraphPad Prism 8.

Ordinal scores (OARSI and OC) were analyzed using a Generalized Linear Model.
Specifically, data was fit to an ordinal multinomial probability distribution and cumulative
logit link function with generalized estimating equations correction for repeated measures
(location, scorer). The dependent (response) variable was the score and the independent
variables (predictors) were the categorical factors: group and/or repair location. Total
OARSI scores were grouped into ordered categories for regression analysis to increase the
number of observations per level of the dependent variable. Odds ratios (OR) and
corresponding 95% CI were computed from the model’s parameter estimates. Averages of
non-normal datasets were presented as median (95% CI). Ordinal regression analyses were
performed using IBM SPSS Statistics 25. The results of a pilot study were used to determine
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the sample size needed in Study 2 to achieve at least 80% power with G*Power 3 (a.=0.05)
[30].
3. Results
3.1 In Situ Evaluation of DEX Receptor Binding (Study 1a)

3.2
1b)

Cells in the surrounding cartilage ring were exposed to a radially-dependent concentration of
DEX, with cartilage immediately adjacent to the DLMS-laden core expressing the most
intense staining for p57KiP2 that declined toward the edge of the construct (Fig. 3). In
contrast, for ULMS constructs, mean intensity of the stain remained at baseline levels.

In Vitro Chondroprotection Via Dexamethasone-loaded Microsphere Carriers (Study

At day 42, Young’s modulus (Ey) of the engineered cartilage constructs was 213 + 29 kPa
(Fig. 4A). Following the 14-day treatment period (day 56), Ey of ULMS+IL specimens was
significantly lower than ULMS (247 vs. 141 kPa; between-group difference, 106 kPa;
p=0.048). Meanwhile, Ey was not significantly affected by IL insult in DLMS (256 vs. 197
kPa; between-group difference, 59.0 kPa; p=0.92). No significant between-group differences
were observed in dynamic modulus (G) (Fig. 4B).

GAG/ww reached 5.5 + 0.6% by day 42 (Fig. 4C). Following the 14-day treatment period,
GAG/ww of ULMS+IL specimens was significantly lower than ULMS (5.8 vs. 4.3%;
between-group difference, 1.5%; p<0.001). GAG distribution was visually more diffuse in
the periphery of the IL ULMS group (Fig. 5). Safranin-O intensity was similar between
groups at depths greater than ~250 um. Meanwhile, GAG/ww was not significantly affected
by IL insult in DLMS (6.1 vs. 5.9%; between-group difference, 0.2%; p=1.0) (Fig. 4C).
GAG/ww in the DLMS+IL group was significantly greater than ULMS+IL (p<0.0001).

COL/ww was not significantly affected by IL insult, however DLMS had significantly lower
content than ULMS (p=0.022) and day 42 (p<0.001) (Fig. 4D).

Continuous bolus addition of DEX base confirmed similar maintenance of construct
properties (data not shown).

3.3 Confirmation of DLMS Implant Release Profile

A burst release of 64 pg DSP was observed in the first 48 hours. Fitting the subsequent
release data to a line (R2=0.98) over the next 8 days, a daily release rate of 1.4 pg DSP per
day (95% Cl, 1.1 to 1.6 ug DSP per day).

3.4 Clinically Based Assessments of In Vivo OATS Repair (Study 2)

Gait was significantly worse at 6 months compared to baseline in OATS-CTL (p=0.031) and
INJ (p=0.008) groups (Table 1). Meanwhile, gait score was similar to baseline in DLMS
specimens (p=0.39). Lameness was elevated in CTL compared to both DLMS (1.8 vs. 1.3;
between-group difference, 0.5; p=0.099) and INJ (1.8 vs. 1.4; between-group difference, 0.4;
p=0.20).
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We did not observe significant between-group differences in animal’s change in weight at
the 6-month time point.

3.5 Histological Assessment of OATS Repair (Study 2)

Cartilage was visually intact in each group, with some evidence of lesions in OATS-INJ
specimens (Fig. 6A-C). The combined OARSI cartilage score of DLMS specimens were
more than twice as likely to be improved compared to CTL (p=0.003), but there was not a
significantly increased likelihood compared to the INJ group (p=0.47) (Table 2). OC scores,
which specifically evaluated the graft-host junction, showed little pathology across groups
(Table 3).

Examining sub-scores (Table 2), DLMS were nearly three times more likely to have better
chondrocyte scores and more than three times more likely to have better proteoglycan sub-
scores than both CTL (p=0.001 and 0.005, respectively) and INJ (p=0.078 and 0.048,
respectively). Meanwhile, INJ was not significantly likely to differ from CTL in chondrocyte
or proteoglycan score (p=0.92 and 0.95, respectively). Superior proteoglycan deposition in
DLMS samples was evident from toluidine blue staining as well (Fig. 6G-I).

DLMS were more than twice as likely to have a better collagen sub-score than both CTL
(p=0.001) and INJ (p=0.068), which was further evidenced in picrosirius red staining (Fig.
6J-L). Collagen pathology in INJ was not significantly likely to differ from CTL (p=0.82).

3.6 Modulation of In Vivo Inflammatory Environment (Study 2)

Synovial fluid IL-6 levels peaked at 1 month in each group (p<0.01) (Fig. 7). The
concentration of IL-6 at 1-month was significantly elevated in the OATS-DLMS group
relative to CTL (p=0.004) and INJ (p=0.011). Significant differences were not detected in
IL-8 levels.

MMP-2 was elevated at 1 month and remained significantly elevated at 3 months in all
groups (p<0.001). MMP-3 levels peaked at 1 month in the DLMS group only (p=0.012). By
2 months, MMP-3 levels in DLMS had returned to baseline (p=0.78). The concentration of
MMP-3 was significantly elevated in the DLMS group relative to CTL (p=0.009) and INJ
(p=0.008) at the 1-month time point.

No significant differences were observed in OARSI synovium scores, which were largely in
the range of mild to moderate pathology (Table 4).

3.7 Evaluation of DLMS Implant in Graft Donor Sites

Micro-CT reconstructions of the DLMS implant bone bases revealed significant bone fill-in
and ingrowth (Fig. 8). Specifically, bone volume density (BV/TV) of the bone scaffold
increased 17 + 23% over the implantation period (p=0.009). There was also a significant
decrease in plate-rod (PR) ratio (p<0.001).

Representative histology of the graft donor site, which also served as the DLMS implant
site, showed a degree of fibrous tissue formation in CTL and INJ groups (Fig. 9).

Acta Biomater. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stefani et al. Page 10

4. Discussion

The current study examined the influence of targeted, sustained low-dose DEX delivery, via
PLGA microspheres embedded in an acellular agarose carrier, on growth and repair of
neighboring focal articular cartilage injuries. While periodic intra-articular glucocorticoid
injections have long been used to manage joint inflammation and pain [18], only recently
have they been proposed as an early intervention aimed at dampening the inflammatory
cascade following joint injury and surgical repair [33, 35, 39]. To overcome issues with low
residence time and negative local and systemic effects, MS glucocorticoid delivery platforms
have entered development. One product, an already FDA-approved intra-articular
microsphere injection of triamcinolone acetonide (TA), has demonstrated extended local
drug release and improvements in pain, however no impact on tissue integrity [13, 45, 76].
We anticipated that DEX, due to its elevated anti-inflammatory potency relative to TA [16]
and demonstrated strong pro-anabolic effects in cartilage cultures at low doses [12, 33, 59],
would be a prime candidate to expedite and augment cartilage repair and restoration
procedures that can be limited by graft durability and viability [32, 60, 71] as well as
iatrogenic injury [2, 38, 71]. Overall, we accept our hypothesis that the DLMS implant
provides chondroprotection and improved functional osteochondral integrity in both an /in
vitro cytokine-challenged environment (Study 1) and a preclinical model of cartilage
restoration surgery (Study 2).

Study 1a confirmed DEX bioavailability not only to the bathing media (i.e. joint space), but
also directly to the adjacent dense cartilage matrix. Glucocorticoid receptor binding,
indicated by p57KiP2 expression, demonstrated a radially-dependent concentration of DEX,
with cartilage immediately adjacent to the DLMS-laden core expressing the most intense
staining that declined toward the edge of the construct (Fig. 3). This local delivery rendered
special targeting mechanisms, such as conjugating with avidin [9], unnecessary.

In Study 1b, engineered cartilage derived from adult canine chondrocytes reached native
levels for Young’s modulus, dynamic modulus, and GAG content by day 42 in culture [59].
And as anticipated, Ey and GAG/ww were not significantly affected by IL insult in the
DLMS group, indicating that the carrier was chondroprotective to these mature constructs /n
vitro. Meanwhile, specimens without DEX supplementation (ULMS), a positive control for
IL-induced cartilage degradation [64], decreased significantly in Ey and GAG content when
subjected to IL insult. ULMS+IL specimens had significantly lower Ey than CTL ULMS,
which was likely due to the significant decrease in GAG/ww (Fig. 4A, C) in the periphery of
the constructs (Fig. 5). Cytokine treatment did not significantly decrease collagen content in
IL-treated groups, regardless of microsphere treatment, which is consistent with literature
studies of two-week cytokine stimulation of engineered and explanted cartilage tissues [49,
79].

Counterintuitively, in the absence of IL, DLMS constructs had significantly lower COL/ww
compared to ULMS. This was partially a byproduct of higher GAG content (i.e. wet weight)
in the DLMS group, however absolute levels of collagen were still approximately 20%
below pre-treatment values. In juvenile engineered tissues, there is evidence that collagen
deposition later in culture can be higher without DEX [49], which may have played a role
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here. It is also possible that DEX levels accumulated too quickly /n vitro and approached a
deleterious level. DLMS groups ostensibly had variable DEX concentrations, which were
dependent on release kinetics and media volume (estimated to be 1.6 pM DSP in the first 24
hours followed by 150 nM DSP per day) as well as drug clearance (half of media replaced
3x per week). However, even with accumulated DEX over the course of the two week
culture, concentrations likely remained at least an order of magnitude below the peak seen in
a clinical setting (7.7 mM; based on 4 mg, 1 ml injection [17]).

A potential limitation of Study 1b was the smaller average diameter of ULMS compared to
DLMS (25 and 46 um, respectively). Smaller ULMS have a higher surface area-to-volume
ratio, potentially leading to faster water permeation and matrix degradation [23]. Although
PLGA is considered biocompatible, increased acidic degradation products in ULMS may
have caused local pH changes that artificially increased inflammation in those groups. In one
in vitro study, 80 mg/ml predegraded PLGA microspheres changed pH of saline from 6.3 to
3.8 over 4 days [37]. However, Study 1b utilized a much lower mass of PLGA,
approximately 140 ug/ml, likely lessening this effect. Furthermore, PLGA microspheres
under 300 um in diameter have been shown to have equivalent degradation in the core and
outer surface for both /n vitro and /n vivo systems [3], so controlling for microsphere mass
was expected to be more relevant to our studies. This expectation was ultimately borne out,
as evidence of elevated baseline tissue degradation was not observed in ULMS samples.

In Study 2, DLMS carriers were formulated to deliver an estimated burst release of 15-75
UM DSP in the first 24 hours followed by 1.4—7.0 uM DSP per carrier per day (based on
estimated 0.5-2.5 ml synovial fluid volume). An /n vitrorelease study of actual DLMS
implants confirmed this estimate. While it is anticipated that /n vivo release kinetics would
be expedited compared to /n vitro[25], studies have shown that extended /n vivo release (at
least 70 days) still occurs [25, 67]. For PLGA-DEX microspheres, /n vitrorelease is
predictive of /n vivorelease kinetics [87]. Although expected to at times be higher than
minimum values established to be chondroprotective (1 nM-10 uM) [52], we anticipated that
concentrations would remain well below deleterious levels. The total dosage used in this
study was estimated to be 0.63 mg DSP (3 implants per knee), whereas clinical injections
contain 4 mg DSP.

At the terminal time point, the OATS-DLMS group showed superior knee function based on
return to pre-surgery gait scores and improved lameness grades. Between-group differences
in pain were not observed, likely due to the fact that OAT procedures are generally
successful in restoring joint function [53]. Further benefits of low dose DEX were observed
in OARSI cartilage score, with DLMS specimens more than twice as likely to be improved
compared to controls. Examining sub-scores, DLMS were nearly three times more likely to
have better chondrocyte scores and more than three times more likely to have better
proteoglycan sub-scores than both CTL and INJ. This supported the results of Study 1b,
which showed enhanced GAG/ww in the DLMS group.

In our studies, DLMS had a mean diameter of approximately 46 pm, which was similar to
TA-loaded PLGA MS products on the market administered via intra-articular injection [46].
In advanced OA patients, these TA-MS injections provided better pain relief and longer joint
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residence time than bolus TA injection [45, 76]. However, TA-loaded MS did not affect
cartilage pathology in this clinical trial [76] or an /n vivo rat model of OA [67]. This may
have been a result of TA toxicity; TA has been reported to be toxic to chondrocytes [29] and
to significantly decrease the proliferative rate and inhibit chondrogenic differentiation at an
equivalent DEX level established to be chondroprotective (1 uM TA =~ 200 nM DEX) [52,
81]. Alternatively, free floating MS in the joint space may have led to increased joint friction
and cartilage wear [28]. End point histological analyses of rats did not show visible TA-MS
[67], indicating that free-floating MS may not remain in place. To prevent this, our DLMS
implant was composed of agarose-encapsulated MS. Furthermore, DLMS carriers were
constructed on a bone scaffold base to aid integration (Fig. 2B), ensuring that the carriers
remained in place for the duration of the study (Fig. 9).

DLMS were more than twice as likely to have a better collagen sub-score than both CTL and
INJ, which was further evidenced by pronounced picrosirius red staining. While contrary to
the results of Study 1b, DEX at 100 nM is known to promote the osteoblast phenotype and
in vivobone formation by transplanted human osteoblasts on collagen sponges [84]. It
should also be emphasized that /n vitro studies were based only on activities of chondrocytes
seeded into the construct, whereas /n vivo experiments incorporated the contributions of a
complex milieu of other joint tissues, including synovial- and bone marrow-derived stem
and immune cells.

Meanwhile, chondrocyte and proteoglycan scores were not significantly likely to differ from
CTL in the high dose DEX group (OATS-INJ). In a rabbit PTOA model, frequent injections
of high dose DEX were chondroprotective over three weeks but had severe systemic side
effects, including weight loss and organ necrosis [39]. We did not observe significant weight
gain or loss for any dog in the study and necropsy results showed no evidence for systemic
pathology. Furthermore, neither impairment of healing nor infections were observed in our
studies, each of which can be undesired side effects of glucocorticoids [72].

Donor site morbidity is still a significant concern associated with the OAT procedure [4, 73].
Despite limited reports that describe filling donor sites with porous or solid plugs [15] and
the availability of commercial products to backfill donor sockets after OATS, the standard of
care is to leave the sockets empty [14,16]. Taken together with the expense of performing
large preclinical animal studies, this preliminary study did not include donor site backfill
with agarose-bone (DEX-free) implant controls but rather a clinically-relevant intra-articular
dexamethasone injection group (OATS-INJ) and empty socket group (OATS-CTL). As we
did not observe donor site morbidity in any of the experimental groups, we ascribe the
enhanced tissue repair with DLMS implants to the dexamethasone released from
microspheres. However, we acknowledge that the contribution of plugging the donor socket
site cannot be completely ruled out and contend that the encouraging findings of the current
study merit further investigation to more fully establish the benefits of local, sustained
release of dexamethasone from within the joint on cartilage repair. Other DEX delivery
methods, such as an intra-articular DLMS patch, are also feasible if concerns regarding
donor site morbidity persist or if other cartilage restoration techniques, such as OCA, ACI,
or MACI, are selected.
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Cytokine levels in the synovial fluid were inconclusive regarding a potential anti-
inflammatory effect. Counterintuitively, both IL-6 and MMP-3 concentrations were
increased at the 1-month time point in the OATS-DLMS group relative to CTL and INJ (Fig.
7). This transient increase may have been due to local pH effects caused by PLGA
degradation, however previous work has suggested that DEX-delivery largely attenuates this
effect [87]. While elevated levels of these markers are typically associated with
inflammation and arthritis [31, 65], in our study they were paired with the relative absence
of synovitis and improved cartilage tissue quality in DLMS groups. IL-6 has been implicated
as an anti-inflammatory mediator in OA, showing chondroprotective and anabolic effects
[31, 82]. Meanwhile, MMP-2 and MMP-3 can be an indicator of wound healing early in
repair [65]. Further, MMP-3 is mainly expressed by fibroblasts and endothelial cells [62],
indicating that changes to the synovium are in fact contributing to observations in Study 2.
Previous /n vitrowork has suggested that DEX modulates synovium behavior to IL-1 insult
[78], however the role of MMPs on synovium function is unclear. Ultimately, additional
studies will be required to elucidate the mechanism of DEX-induced matrix remodeling /n
vivo.

It is unlikely that increased cytokine concentration was a pro-inflammatory reaction to
agarose, which is widely reported to be biocompatible [22, 70]. We speculate that the bone
substrate used with the DLMS carrier may have contributed to elevated levels, however
devitalized bone has been successfully used by others [80]. We previously reported negative
in vitro effects of bone with juvenile chondrocytes, but did not see any with adult
chondrocytes [48]. Overall, conclusions based on measures of inflammation (synovitis and
cytokines) were potentially limited by having multiple repairs per knee. If only one DLMS
implant failed, one might expect to observe a global spike in synovial fluid cytokines while
simultaneously seeing improved local tissue quality at other repair sites. To capitalize on the
positive effects of DEX, future studies may utilize other porous base scaffolds such as
titanium [10].

This preliminary /n vivo experiment was potentially limited by sample size, which was
improved by creating multiple defects per knee. Based on previous canine studies in our
laboratory, we determined a priori that a sample size of approximately 15 repairs per group
would be required to achieve a power of at least 0.8. In addition, the 6-month end point
provides only an initial assessment of healing, integration, and cartilage restoration for
functional outcomes with longer term studies needed prior to clinical application.
Nevertheless, trends and significant between-group differences were observed for the
outcome measures, providing evidence for expedited early repair and providing rationale for
long-term studies of sustained, targeted low-dose DEX delivery to the joint.

5. Conclusions

Using /n vitro models (Study 1) and confirmatory /7 vivo models (Study 2) of cartilage
restoration provide guidance for optimizing localized DEX delivery strategies to maximize
cartilage graft survival and function. Utilizing a targeted DLMS carrier implant, we observed
in vitro chondroprotection in the presence of IL-1-induced degradation and improved /n vivo
functional outcomes. These improved outcomes were correlated with superior histological
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cartilage scores and minimal-to-no comorbidity, but not necessarily a dampened
inflammatory response. DEX, a potent glucocorticoid with concomitant anti-catabolic and
pro-anabolic effects on cartilage, may serve as an adjuvant for other cartilage repair
strategies, including allografts, microfracture, ACIl, MACI.
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Statement of Significance

Anrticular cartilage defects are a common source of joint pain and dysfunction. Effective
treatment of these injuries may prevent the progression of osteoarthritis and reduce the
need for total joint replacement. Dexamethasone, a potent glucocorticoid with
concomitant anti-catabolic and pro-anabolic effects on cartilage, may serve as an
adjuvant for a variety of repair strategies. Utilizing a dexamethasone-loaded
osteochondral implant with controlled release characteristics, we demonstrated /n vitro
chondroprotection in the presence of IL-1-induced degradation and improved /n vivo
functional outcomes. These improved outcomes were correlated with superior
histological cartilage scores and minimal-to-no comorbidity, which is a risk with high
dose dexamethasone injections. Using this model of cartilage restoration, we have for the
first time shown the application of targeted, low-dose dexamethasone for improved
healing in a preclinical model of focal defect repair.
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Figure 1.
Study 1 Schematic. (A) Following a 42-day maturation period, engineered cartilage

constructs (~200 kPa) were cored and implanted with DLMS or ULMS carriers for 3 days
(Study 1a). (B) Mature engineered cartilage constructs were divided into six experimental
groups for a 14-day interleukin-1p (IL) stimulation period where they were co-cultured with
DLMS or ULMS carriers.
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A

Figure 2.
(A) Schematic of Study 2 showing autograft donor site (i.), repair site (ii.), DLMS implant

(iii.), and dexamethasone-PLGA microsphere release (iv.); (B) cartilage autograft (ii.) and
DLMS implant (iii.); (C) autograft donor (i.) and repair (ii.) sites; (D) DLMS implant (iii.)
and repair (ii.) sites.
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Figure 3.
Representative immunohistochemical stain for p57XiP2 expression (green) counterstained

with DAPI. Inner core containing either (A) DLMS or (B) ULMS marked with * and
boundary outlined with dotted line; (C) Relative pixel intensity of immunohistochemical
stain expression as a function of distance away from the microsphere embedded core (n=1).
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Figure 4.
(A) Young’s modulus (EY); (B) Dynamic modulus (G); (C) GAG/ww (%); (D) COL/ww
(%); *p<0.05. (bars show mean and 95% CI).
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Figure 5.

Representative safranin-o (saf-0) histology of the cartilage construct cross-section for (A)
Day 42, (B) CTL ULMS, (C) CTL DLMS, (D) IL ULMS, (E) IL DLMS, and (F)
corresponding relative staining intensity.

Acta Biomater. Author manuscript; available in PMC 2021 January 15.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stefani et al.

Page 26

Figure 6.

(A-C) Gross imaging, (D-F) H&E, (G-I) toluidine blue, and (J-L) picrosirius red staining
and (M-O) picrosirius red with polarized light for selected graft recipient sites; OATS-CTL
(A, D, G, J, M; 92-FCL), OATS DLMS (B, E, H, K, N; 88-FCL), OATS-INJ (C, F, I, L, O;
112-FCL)
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Figure 7.
Synovial Fluid Composition; *p<0.05 compared to Day 0 (same group), Tp<0.05 compared

to OATS CTL (same time point), $p<0.05 compared to OATS-INJ (same time point). (bars
show median and 95% ClI).
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Figure 8.
(A) UCT revealed significant bone remodeling in the DLMS osteochondral implant; 30 (B)

Reconstruction of DLMS bone base showing resorbed bone (pink), new bone (green), and
unchanged bone (blue); Bone volume density (BV/TV), plate density (pBV/TV), rod density
(rBVITV), plate-rod ratio (PR ratio), number of plate trabeculi (pTh.N), number of rod
trabeculi (rTh.N), plate trabecular thickness (pTh.Th), and rod trabecular thickness (rTh.Th);
*p<0.05 vs. baseline.
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Figure 9.

(A-C) Gross imaging, (D-F) H&E, (G-I) toluidine blue, and (J-L) picrosirius red staining
and (M-O) picrosirius red with polarized light for selected graft donor sites; OATS-CTL (A,
D, G, J, M; 92-FCL), OATS DLMS (B, E, H, K, N; 88-FCL), OATS-INJ (C, F, I, L, O; 112-
FCL).
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Table 1.

Clinical outcome scores at 6 months

Mean (95% CI) Mean Difference from Baseline (95% CI)

Measurement  Baseline OATS-CTL (N=5) OATS-DLMS (N=6) OATS-INJ (N=5)
Gait 10.0 (10.0 to 10.0) -2.9(-5.5t0-0.2) * -13(-3.7t01l.1) -3.6 (-6.2t0 -0.9) **
CROM (°) 108(107t0109)  -12(-20t0-4)"*  -8(-15t0-0.0)" -9(-17t0-1)"
Lameness 0.0 (0.0t0 0.0) 18 (121024 13081019 14(08t02.0) "
Pain 0.0 (0.0t0 0.0) 1.3(02t02.4)% 11(02t021)% 1.0 (0.0t0 2.1)
Effusion 0.0 (0.0t0 0.0) 20(09t03.0)™ 18(09t028) "  13(03t024)~

*

p<0.05

Ak
p<0.01

Ak

p<0.001
Ak Ak
p<0.0001

OATS, osteochondral autograft transfer system; CTL, no dexamethasone supplementation group; DLMS, dexamethasone-loaded microsphere
implant group; INJ, dexamethasone injection group
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Table 2.
OARSI cartilage scores and sub-scores
Median (95% CI) QOdds Ratio (95% CI)
OATS-CTL OATS-INJ OATS-DLMS
Measurement (N=5) (N=5) (N=6) INJvs. CTL DLMSvs.CTL  DLMSvs. INJ
OARSI (Cartilage, .
combined) 12 (910 17) 12 (7 to 15) 8(61012) 13061027  2.2(1.3t03.6) 1.6 (0.7103.7)
Structure 2(2t03) 2(1t03) 2(1t03) 1.8 (0.9t0 3.5) 1.5(0.9t0 2.8) 0.9 (0.4t02.0)
Chondrocytes 4(2to 4) 4(2t04) 2(1t03) 1.1(0.4t03.2) 27151051 26(0.9t07.4)
Proteoglycans 3(2to4) 3(1to4) 2(1t02) 1.0 (0.3t0 3.5) 3.3 (L1410 7.5) * 34 (1.0to 11.4) *
Collagen 2(1t03) 2(1t03) 1(1t02) 1.1 (0.4 t0 2.9) 28(15t05.1)* 25(0.9t06.8)
. 18 (1.2t %
Tidemark 1(0to2) 0(0to2) 0(0to2) 2 8)(** 0 1.7 (1.1t0 2.8) 1.0(0.6to 1.4)
Bone 1(0to3) 0(0to3) 3(0t03) 11(06t024)  07(02t021)  0.6(0.2t01.8)
*
p<0.05
Hk
p<0.01
A Ak
p<0.001

OATS, osteochondral autograft transfer system; CTL, no dexamethasone supplementation group; DLMS, dexamethasone-loaded microsphere
implant group; INJ, dexamethasone injection group
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Table 3.
OC scores.
Median (95% CI)
Measurement OATS-CTL (N=5) OATS-DLMS (N=6) OATS-INJ (N=5)
OC (Total) 2(1to4) 2(1t03) 2(1to3)
Fill 0(0to0) 0(0to0) 0(0to0)
Edge Integration 1(1to1) 1(1to1) 1(1to1)
Surface Congruity 0(0to1) 1(0to1) 0(0to1l)
Calcified Cartilage 0 (0to1) 0(0to0) 0(0to1)
Fibrosis 0(0to1l) 0(0to1l) 0(0to1l)
Inflammation 0(0to0) 0(0to0) 0(0to0)

Page 32

OATS, osteochondral autograft transfer system; CTL, no dexamethasone supplementation group; DLMS, dexamethasone-loaded microsphere
implant group; INJ, dexamethasone injection group
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Table 4.
Histological scoring of the synovium (OARSI)
Median (95% CI)

Measurement OATS-CTL (N=5) OATS-DLMS (N=6) OATS-INJ (N=5)
OARSI (Synovium Total) 7 (5t0 9) 7 (6to11) 8 (6 to 10)

Lining Cells 2(1t03) 2(1to3) 3(2t03)

Lining Characteristics 3(3t05) 4(2t05) 4 (3to4)

Cell Infiltration 1(0to2) 2(1t03) 1(1to2)

OATS, osteochondral autograft transfer system; CTL, no dexamethasone supplementation group; DLMS, dexamethasone-loaded microsphere
implant group; INJ, dexamethasone injection group
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