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Abstract

As a potential treatment for osteoarthritis (OA), we have developed injectable and hydrolytically
degradable heparin-based biomaterials with tunable sulfation for the intra-articular delivery of
tumor necrosis factor-alpha stimulated gene-6 (TSG-6), a protein known to inhibit plasmin
which may degrade extracellular matrix within OA joints. We first assessed the effect of heparin
sulfation on TSG-6 anti-plasmin activity and found that while fully sulfated (Hep) and heparin
desulfated at only the N position (Hep™) significantly enhanced TSG-6 bioactivity in vitro, fully
desulfated heparin (Hep-) had no effect, indicating that heparin sulfation plays a significant role
in modulating TSG-6 bioactivity. Next, TSG-6 loaded, degradable 10 wt% Hep™ microparticles

(MPs) were delivered via intra-articular injection into the knee at 1, 7, and 15 days following
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medial meniscal transection (MMT) injury in a rat model. After 21 days, cartilage thickness,
volume, and attenuation were significantly increased with soluble TSG-6, indicating
degenerative changes. In contrast, no significant differences were observed with TSG-6 loaded
MP treatment, demonstrating that TSG-6 loaded MPs reduced cartilage damage following MMT
injury. Ultimately, our results indicate that Hep™ can enhance TSG-6 anti-plasmin activity and

that Hep™-based biomaterials may be an effective method for TSG-6 delivery to treat OA.

1. Introduction

Osteoarthritis (OA) affects more than 60% of Americans over 65 years of age and is
characterized by significant articular cartilage degeneration including cartilage fibrillation,
fissures, and loss of proteoglycan and collagen content within the cartilage extracellular matrix
(ECM).' While OA is a multi-factorial disease, at stages of disease progression both cartilage-
resident chondrocytes and synoviocytes in the joint capsule have been found to secrete increased
levels of soluble factors including interleukins, tumor necrosis factor-alpha (TNF-a), and matrix
metalloproteinases (MMPs), among others, which are known to promote or be directly involved

in cartilage degradation.*

Additionally, components of the plasminogen activation pathway
including plasminogen and plasminogen activators, receptors, and inhibitors®” have also been
shown to be upregulated in OA joints when compared to healthy patients.*'® As plasmin, the
active form of plasminogen, has been shown to activate MMPs and degrade ECM,'""'? it is
postulated that the plasminogen activation pathway plays a significant role in the cartilage
degeneration exhibited in OA joints.”” Thus, plasmin-inhibiting therapeutics may be a

promising method to ameliorate cartilage degeneration in the context of OA.

TNF-a-stimulated gene-6 (TSG-6) is a positively charged 35 kDa protein with anti-
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plasmin and anti-inflammatory properties.'' In particular, TSG-6 has been studied extensively

11,12

for its ability to potentiate inter-alpha-inhibitor (Ialphal)-mediated inhibition of plasmin and

more recently, its ability to suppress the response of chondrocytes to inflammatory factors such

3 In the context of OA, while little constitutively expressed TSG-6

as interleukin-1 and TNF-a.
has been observed in healthy patients, TSG-6 protein expression was found to be upregulated in
OA joints and greater TSG-6 levels were observed in patients where OA symptoms had
advanced over a three year period compared to non-progressing OA patients.' "

Despite the increased production of endogenous TSG-6, however, tissues within OA
joints continue to degenerate, leading to studies on the effect of adding exogenous TSG-6 on
arthritis progression. In rheumatoid arthritis (RA) mouse models, soluble TSG-6 treatment led to

a significant improvement in joint swelling'’ and cartilage damage,'”"®

assessed via joint
diameter and histology, respectively; but these effects were often short-lived, and by day 12" or
day 35'® no differences were observed between treated and untreated animals. Most recently,
soluble TSG-6 treatment was also investigated in a rat OA model induced by anterior cruciate
ligament and meniscus transection.” 1In this work, a portion of the TSG-6 molecule was
delivered via intra-articular injection weekly up to 21 days following injury. After 28 days,
histology indicated that cartilage fibrillation and ulceration were significantly diminished with
TSG-6 treatment compared to untreated controls, indicating that TSG-6 or TSG-6 derivatives
may be an effective OA treatment strategy."

Despite these promising results, one drawback to soluble treatments are the high doses
often required and short retention due to rapid clearance from the joint space."'® Therefore, in

this study we explored the use of heparin, a naturally derived and highly sulfated GAG that can

bind to a myriad of positively charged proteins including TSG-6,2"* as an injectable biomaterial
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carrier. Heparin is of particular interest in this application because previous work has
demonstrated that soluble complexes of heparin and TSG-6 resulted in enhanced TSG-6 anti-
plasmin activity.'>*® Although desulfated heparin derivatives have been explored as a safer in
vivo therapeutic delivery strategy due to their diminished anti-coagulant properties compared to

fully sulfated heparin’20,22,27,2g

the effect of heparin desulfation on TSG-6 binding and bioactivity
has yet to be determined. Therefore, investigating the ability for desulfated heparin derivatives
to maintain or enhance TSG-6 bioactivity is important to the development of an efficacious
delivery strategy for TSG-6.

In this work, we first assessed the ability for desulfated heparin derivatives ranging from
0 to 100% total sulfation to enhance TSG-6 bioactivity in vitro. Next, though heparin-based
hydrogels have been utilized extensively for protein delivery,”®* hydrogel volume may be
prohibitive for drug delivery to joint spaces,'. Therefore, we have developed hydrolytically
degradable heparin-based microparticles (MPs) based on our in vitro results and delivered TSG-6
loaded heparin-based MPs via intra-articular injection following medial meniscal transection
(MMT) injury in a rat model. We hypothesized that heparin of greater total sulfation would
enhance TSG-6 bioactivity and, ultimately, that TSG-6 loaded on MPs with the appropriate

sulfation level and delivered via intra-articular injection would reduce cartilage damage

following MMT injury significantly more than soluble TSG-6 treatment.

2. Materials and Methods

2.1. Heparin modifications
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N-desulfated (Hep™) and fully desulfated (Hep-) heparin were prepared as described previously,
whereby 10 mg/mL heparin sodium salt (Hep) from porcine intestinal mucosa (Sigma) was
dissolved in dH,0O and passed through Dowex 50WX4 resin (mesh size 100-200, Sigma).*’
Pyridine was added until the heparin solution reached pH 6, after which time excess dH,O and
pyridine were removed via rotatory evaporator (Buchi), flash frozen, and lyophilized. For Hep™,
the heparin pyridinium was then dissolved at 1 mg/mL in 9:1 v/v dimethyl sulfoxide (DMSO)/
dH,0 at 50°C for 2 hours.”®*” For Hep-, heparin pyridinium was dissolved at 10 mg/mL in 9:1
v/v N-methylpyrrolidone (NMP, Acros Organics)/ dH,O at 100°C for 24 hours.*® Subsequently,
Hep™ and Hep- were precipitated with 95% ethanol saturated with sodium acetate, collected via
centrifuge, dissolved in dH,0, dialyzed, lyophilized, and stored at -20°C.

Hep™ methacrylamide (Hep™ MAm) functionalization was performed as described
previously.” Briefly, 1.1 mM Hep™, 83.0 mM N-hydroxysulfosuccinimide (sulfo-NHS, Sigma),
101.0 mM N-(3-Aminopropyl) methacrylamide hydrochloride (APMAm, Polysciences Inc.), and
156.0 mM (N-3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, Sigma) were
combined in 10 mL phosphate buffer saline (PBS, Teknova). After stirring on ice for 6 hours,

Hep™ MAm was dialyzed, lyophilized, and stored at -20°C.

2.2. Poly (ethylene glycol) diacrylate synthesis

Poly (ethylene glycol) (PEG, 3.4 kDa, Sigma) was reacted in a 8:1 molar ratio of acryloyl
chloride (AcCl, Sigma) to PEG in dichloromethane (DCM) solution.*® Next, a 1:1 molar ratio of
triethylamine (TEA, Sigma) to AcCl was added as a catalyst resulting in linear PEG-diacrylate

(PEGDA).



Biomaterials Science Page 6 of 31

2.3. Proton nuclear magnetic resonance

Proton nuclear magnetic resonance (‘"H NMR) was performed whereby 10 mg/mL Hep™ MAm
and PEGDA samples were each dissolved in deuterated H,O (Sigma), run on a Bruker Avance
Il spectrometer at 400 Hz, and analyzed using iNMR software.”> Percent modification was
determined by dividing the integral of the methacrylamide peak by the heparin peak for Hep™

MAm and the acrylate peaks by the PEG peak for PEGDA.

2.4. Plasmin inhibition assay

Plasmin inhibition via TSG-6 was determined as described previously.'? Briefly, clear 96-well
plates were blocked for 1 hour with 0.5 wt% bovine serum albumin (BSA, Thermo) PBS
solution. For TSG-6 with soluble heparin derivatives, 108 nM TSG-6 was added with 108 nM of
Hep, Hep™ or Hep- in a pH 7.4 buffer of 10 mM HEPES, 150 mM NaCl, and 0.02% v/v
Tween20 in dH,O for 30 mins at 37°C. Next, 24 nM lalphal (Athens Research & Technology)
was added and allowed to incubate for an additional 30 mins at 37°C. Finally, 3.4 nM plasmin
(Sigma) and 197 uM plasmin substrate (N-p-Tosyl-Gly-Pro-Lys 4-nitroanilide acetate salt,
Sigma) were added and incubated for 20 mins at RT and 20 mins at 37°C, at which time the plate

was analyzed on a plate reader at 405 nm every ~40 mins for a total of 180 mins; n = 3.

2.5. Microparticle fabrication

To fabricate 10 wt% Hep™ MPs, 50.0 mg PEGDA and 1.61 mg dithiothreitol (DTT, 35 mM,
Sigma) were added to 273 pL 10 wt% BSA PBS solution and incubated at 37°C for 30 mins to
allow for Michael Type addition between PEGDA and DTT. Then, 5.6 mg Hep™ MAm was

added and the aqueous solution was incubated again at 37°C for 30 mins.
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Next, an oil phase of 5 mL mineral oil (Amresco) with 3.0-3.2 uL Span80 (TCI) was
placed under a homogenizer (Polytron PT 3100, Kinematica) set to 4000 RPM. After adding 27
uL of 0.05 wt% Irgacure 2959 photoinitiator (Ciba) to the aqueous phase, the solution was added
drop-wise to the oil phase and the water-and-oil emulsion was allowed to homogenize for 5
mins. Subsequently, the water-and-oil emulsion was nitrogen purged for 1 min and crosslinked
under UV (~15 mW/cm?®) via free radical polymerization between PEGDA and Hep™ MAm.
MPs were then washed through 3 iterations of the following procedure: MPs were combined
with 35 mL dH,O, centrifuged at 4000 RPM for 5 mins, and the supernatant consisting of water
and oil was removed. In the final wash, MPs were pipetted through 40 um cell strainers to
remove MPs under 40 um in diameter. To sterilize MPs, each MP batch was incubated with
70% ethanol on rotary platform at 4°C for 30 mins, followed by 3 30-min washes in sterile PBS.
Phase microscopy and ImagelJ software were used to image and determine the size distribution of

each MP batch. MPs were stored in sterile PBS at 4°C until use.

2.6. TSG-6 loading and release from microparticles
To load TSG-6 onto MPs, 1.0 pg human TSG-6 (R&D Systems) was added to 0.6 mg MPs in 50
uL 0.1 wt% BSA solution. TSG-6 and MPs were incubated for 2 hours at 4°C, after which time
MPs were rinsed by adding an additional 450 pL. 0.1 wt% BSA solution. The MPs were
centrifuged for 3 mins at 10,000 RCF and 495 pL supernatant was removed. For all in vitro and
in vivo studies, MP loading was completed on the day of the experiment to reduce variability and
avoid potential protein denaturation prior to the start of the experiment.

For in vitro TSG-6 release studies, the removed supernatant was replaced with 495 pL

fresh 0.1 wt% BSA solution and samples were incubated at 37°C. MPs were centrifuged and
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495 uL supernatant was removed and replaced 3 hours, 1, 3, 7, and 10 days following TSG-6
loading until MPs degraded. TSG-6 protein levels were quantified using a human TSG-6
sandwich ELISA with the following steps: 10 pg/mL monoclonal capture antibody (Santa Cruz
Biotechnology) overnight, 100-10,000 pg/mL recombinant human TSG-6 used as standards and
samples for 2 hours, 0.5 pg/mL biotinylated secondary detection antibody (R&D Systems) for 2
hours, streptavidin-horseradish peroxidase enzyme (R&D Systems) for 20 mins, substrate
solution (R&D Systems) for 20 mins, and lastly a stop solution of 2 N sulfuric acid (Ricca) that
was read at 450 nm; n = 3-5.

To assess TSG-6 bioactivity after release from MPs, the plasmin inhibition assay protocol
was followed with day 1 TSG-6 release supernatant (11 ng/mL) and compared to a soluble TSG-

6 control at the same concentration (11 ng/mL); n= 3-5.

2.7. Medial meniscal transection model

Animal use was reviewed and approved by the Georgia Institute of Technology Institutional
Animal Care and Use Committee which follows the “Public Health Service Policy on Humane
Care and Use of Laboratory Animals” and uses the National Guidelines outlined in the “Guide
for the Care and Use of Laboratory Animals, 8" Ed.” as its basis. In addition, experiments
followed all institutional guidelines, personnel were enrolled in the Georgia Institute of
Technology Occupational Health & Safety Program and experiments were reviewed by
Environmental Health & Safety and Radiation Safety Committee. Medial meniscal transection
(MMT) injury was induced using a similar method to previously established protocols with male
Sprague-Dawley rats (11 total animals used for all in vivo experiments, 250-300 g initial weight,

8-10 weeks old from Charles River).” Prior to surgery animals were anesthetized by 5%
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isoflurane (Isothesia), followed by 2-3% isoflurane during surgery and were administered
sustained release buprenorphine as an analgesic. Next, a small incision was made through the
skin on the medial aspect of the left femoro-tibial joint. The medial collateral ligament was
exposed by blunt dissection and transected to visualize the joint space and medial meniscus. The
meniscus was then transected completely at its narrowest point. The skin was sutured with 4.0

silk sutures (Ethicon) and then closed using wound clips.

2.8. In vivo TSG-6 delivery

For TSG-6 loaded MP treatment, MPs were loaded as described above but 3.6 mg MPs were
resuspended in a total volume of 50 pL sterile 0.1 wt% BSA PBS solution and subsequently
loaded into sterile syringes. 1, 7, and 15 days following MMT injury, MPs were delivered via
intra-articular injection through the infrapatellar ligament and into the stifle joint of the left leg.
For soluble TSG-6 controls, 16.7 pg TSG-6 was dissolved in a total volume of 50 pL sterile 0.1
wt% BSA PBS solution, loaded into sterile syringes, and delivered using the same method as
TSG-6 loaded MPs. Overall, in vivo experimental groups included TSG-6 loaded MPs (18 pg
TSG-6 loaded onto 10.8 mg MPs delivered over 3 time points; n = 4), soluble TSG-6 (50 pg
TSG-6 delivered over 3 time points; n = 4) or injury only (no TSG-6 or MPs; n = 3). The same
animals were used for all subsequent outcome measures. Contralateral tibiae served as uninjured

controls.

2.9. MicroCT analysis
21 days following MMT injury, rats were euthanized and tibiae were harvested and fixed in 10%

neutral buffered formalin (EMD Chemicals) for 7 days. Tibiae were then immersed in a 30%
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Hexabrix (Covidien) PBS solution at 37°C for 30 mins and scanned using a nCT40 (Scanco
Medical) at 45 kVp, 177 pA, 200 ms integration time, and 16 um voxel size.

For cartilage assessment via pCT, Equilibrium Partitioning of an Ionic Contrast agent-
puCT (EPIC-pCT) and Scanco evaluation software (Scanco pCT evaluation software V6.5-3) was
used as described previously.*” First, raw scan data were automatically reconstructed to 2D
grayscale tomograms, which were subsequently rotated to sagittal sections. Next, cartilage (gray
in images) was manually contoured on the head of the tibiae to separate it from trabecular bone
(white in images) and surrounding area (black in images). Fixed threshold values were used to
separate cartilage from air and bone: a lower threshold of 458 mg HA/cm® was used to separate
cartilage from air and a higher threshold of 635 mg HA/cm® was used to separate cartilage from
bone. The threshold values were globally applied for both the left and right tibiae of all animals.
After manually defining the cartilage region of interest (ROI), Scanco evaluation software was
used to measure cartilage thickness (distance transformation of stacked 2D images), volume (# of
voxels * voxel volume), attenuation (inversely proportional to proteoglycan content), osteophyte
volume, and lesion volume within the medial third of the medial tibial plateau, which is the

characteristic region of damage in MMT injuries; n = 3-4.%%!*

2.10. Histology

Following pCT, tibiae were decalcified in Cal-Ex II (Fisher) for 10 days, then processed for
frozen histology sectioning as described previously.* Sections were stained in 0.1% fast green
(Sigma) and 0.25% safranin-O solution (Sigma) and imaged at 20x magnification with a Nikon

Eclipse 80i; n = 3-4.
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2.11. Statistical analysis
All data are presented as mean + standard deviation. One-way analysis of variance (ANOVA)
and Tukey’s post hoc multiple comparison test (significance value of p < 0.05) were run using

Prism software.

3. Results
3.1. Materials characterization
'H NMR indicated that PEGDA was ~55% functionalized while Hep™ MAm was between 20-

28% functionalized (Figure S1).

3.2. Plasmin inhibition assay with soluble heparin derivatives

Hep and Hep™ both significantly enhanced TSG-6 anti-plasmin activity (57.3 + 1.2% and 66.1 +
1.7% plasmin activity compared to plasmin control, respectively) compared to TSG-6 alone
(74.6 + 0.2%), though Hep enhanced TSG-6 activity significantly more than Hep™. In contrast,

Hep- had no significant effect (69.6 + 1.2%) compared to TSG-6 alone (Figure 1).

3.3 Microparticle fabrication, loading, and release

Degradable 10 wt% Hep™ MPs were found to be 80 + 60 pm in diameter (Figure 2) and have
previously been shown to degrade within 10-16 days in vitro.* In vitro, 6.0 ug TSG-6 was
loaded onto MPs and over 1-3 days ~1 pg TSG-6 was released (Figure 3A). Therefore, over 3
injections in vivo, 18.0 pg TSG-6 was originally added to MPs and ~3 pg TSG-6 was released.
In comparison, for soluble TSG-6 treatment, 16.7 ug TSG-6 was delivered per injection,

resulting in a total dosage of 50.0 pg soluble TSG-6 over three injections. Importantly, TSG-6
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released from MPs after 1 day exhibited significantly greater anti-plasmin activity (65.7 + 3.0%
plasmin activity compared to plasmin control) than soluble TSG-6 (96.4 + 3.1%) at the same

concentration (Figure 3B).

3.4. MicroCT analysis

uCT images 21 days following MMT injury were quantified to assess changes in cartilage
thickness, volume, and attenuation (Figure 4E-H). After 21 days following MMT injury,
cartilage thickness (1.9 + 0.4X compared to uninjured control) and volume (2.0 + 0.6X)
increased significantly compared to uninjured contralateral controls (Figure 41-J). Soluble TSG-
6 treated samples also exhibited significantly increased cartilage thickness (1.5 + 0.2X) and
volume (1.9 + 0.5X) as well as increased attenuation (1.6 = 0.2X) (Figure 41-K) compared to
uninjured controls. In contrast, neither cartilage thickness, volume, nor attenuation were
increased in the TSG-6 loaded MP group compared to uninjured controls (Figure 4I-K).
Osteophyte volume, focal lesion volume, and surface roughness were not significantly different
between each experimental group or compared to respective contralateral controls (data not

shown).

3.5. Histology

Safranin-O staining of GAG within cartilage was observed in TSG-6 loaded MP treated tibiae
(Figure 4C) and in uninjured controls (Figure 4D). Qualitatively, less intense safranin-O staining
was observed in the medial one-third of the injured and soluble TSG-6 treated tibiae (Figure 4A-

B).
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4. Discussion

The objectives of this work were to elucidate the effect of heparin sulfation on TSG-6
bioactivity and, utilizing this information, to develop heparin-based biomaterials for the intra-
articular delivery of TSG-6. To this end, soluble heparin derivatives including Hep, Hep™, and
Hep-, found to have 100%, ~80% and ~0% sulfation compared to natively sulfated heparin,”*’
were incubated with TSG-6 and results indicated that Hep and Hep™ significantly enhanced
TSG-6 anti-plasmin activity compared to soluble TSG-6 alone, whereas Hep- had no effect
(Figure 1). For Hep specifically, these results parallel previous work, and it is hypothesized that
the ability for Hep to maintain TSG-6 in a “closed” conformation upon binding, unlike other
GAGs such as HA, may have contributed to the enhanced anti-plasmin activity observed.?**
Secondly, as Hep can bind to both TSG-6 and lalphal, it is possible that Hep increased the
proximity of the two proteins, thereby enabling TSG-6 to potentiate lalphal-mediated plasmin
inhibition.*

In comparison to Hep, Hep™ enhanced TSG-6 activity to a significantly less degree,
whereas Hep- showed no enhancement over soluble TSG-6, indicating that heparin desulfation
reduced heparin-mediated enhancement of TSG-6 anti-plasmin activity (Figure 1). One possible
explanation may be that the sulfate groups removed from Hep™ and Hep-, the N sulfate group
for Hep™ as well as the 20 and 60 sulfate groups for Hep-, are necessary for complete heparin
binding to TSG-6 and the subsequent enhancement of TSG-6 bioactivity. In a study with
derivatives of another GAG, chondroitin sulfate, with varying sulfation patterns, it was found
that chondroitin-4-sulfate (C4S) could bind to TSG-6 while chondroitin-6-sulfate (C6S) could

not,” suggesting that specific sulfate groups may significantly affect GAG binding to TSG-6.

Alternatively, as Hep- is ~0% sulfated, it is possible that Hep- bound to TSG-6 in a similar
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manner as HA, a naturally non-sulfated GAG which binds to TSG-6 at a distinct and non-
overlapping binding site from heparin, and which did not enhance TSG-6 bioactivity in previous
work 2%

Finally, more sulfated heparin derivatives have also been shown to protect proteins from
denaturation, providing an additional mechanism by which Hep and Hep™ may have maintained
TSG-6 bioactivity in this study. For example, when Hep, Hep™, and Hep- were incubated with
bone morphogenetic protein-2 (BMP-2) and exposed to 65°C heat treatment for 15 mins, Hep
was significantly more effective in protecting BMP-2 than all other desulfated heparin
derivatives.”**> As our in vitro studies were conducted at 37°C over ~4 hours, it is possible that
Hep and Hep™, due to binding with TSG-6, could protect TSG-6 from denaturation over this
time course, thereby protecting TSG-6 bioactivity. In summary, these findings indicate that Hep
and Hep™ can enhance TSG-6 anti-plasmin activity, potentially due to interactions with specific
sulfate groups which may enable binding to TSG-6, through the protection of TSG-6 from
denaturation when bound to heparin, or through a combination of mechanisms. Ultimately,
given its diminished anti-coagulant properties compared to Hep, Hep™-based MPs were chosen
as the biomaterial carrier for intra-articular delivery of TSG-6.

To determine the ability for Hep™-based MPs to enhance TSG-6 treatment in vivo, we
first assessed the effect of soluble TSG-6 and injury alone via EPIC-uCT, an analysis technique
which utilizes a contrast agent to better distinguish cartilage from bone in pCT images.“o’46 Our
results following injury alone parallel previous findings whereby cartilage thickness, volume,
and attenuation (which is inversely proportional to proteoglycan content) were all significantly
increased after 21 days following MMT injury in rats (Figure 41-K).*' Furthermore, these results

also parallel findings from human OA joints, where chondrocytes have been shown to
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proliferate, produce ECM, and undergo hypertrophy potentially resulting in increased cartilage
thickness and volume, whereas the upregulation of proteinases in OA patients is known to cause
cartilage proteoglycan loss.>*' "%

However, our results also indicate that soluble TSG-6 was unable to improve cartilage
degeneration following injury (Figure 4B,F,I-K). In contrast, in a recent study the intra-articular
injection of soluble TSG-6 link modules, a portion of TSG-6 that has been shown to retain
certain TSG-6 anti-inflammatory properties,” over 3 weeks within a rat OA model led to a

3 Ttis

significant reduction in cartilage fibrillation and ulceration when analyzed via histology.1
important to note, however, that several differences exist between this study and our work,
including the OA animal model, which included both anterior cruciate ligament transection and
MMT compared to MMT alone in our work, and the methods for analyzing cartilage
degeneration, which included only histology. Furthermore, the doses of TSG-6 used in the study
were not reported, which may be an explanation for the results of soluble TSG-6 treatment
observed in this case.

In our experiments, in contrast to injury and soluble TSG-6, EPIC-uCT revealed that
neither cartilage thickness, volume, nor attenuation were increased in the TSG-6 loaded MP
group compared to uninjured controls (Figure 4G,I-K), indicating that cartilage hypertrophy and
proteoglycan loss were reduced by TSG-6 loaded MP treatment. Histological analysis similarly
showed that cartilage safranin-O staining remained qualitatively similar to uninjured controls,
again suggesting that proteoglycan loss was reduced by TSG-6 loaded MP treatment (Figure 4C).
As TSG-6 treatment was only effective when delivered with Hep™-based MPs, even with a 3X

lower dose than soluble TSG-6, our results indicate that the Hep™-based carrier played a

significant role in the efficacy of TSG-6 in vivo. Combining these findings with our in vitro
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studies, it is possible that Hep™ MPs enhanced TSG-6 anti-plasmin activity, thereby reducing
plasmin-mediated MMP activation and ECM degradation, or protected TSG-6 against
denaturation, further improving the efficacy of TSG-6 treatment. Importantly, our findings
indicate that Hep™-based MPs may reduce the amount of TSG-6 required for therapeutic effect
by at least 3-fold, providing a more efficacious approach to TSG-6-mediated OA treatment.
However, in our system TSG-6 is still released from MPs over a relatively short period of
time, within 1-3 days after loading (Figure 3A). Moreover, given the relatively fast degradation
rate of MPs (between 9-16 days in vitro®), we delivered TSG-6 loaded MPs in weekly injections
which is unsuitable for direct clinical translation. Thus, future optimization of this carrier may
include extending the degradation rate of MPs over several weeks by decreasing the

concentration of DTT within MPs,?*?%43

potentially extending the release of TSG-6 from MPs.
Furthermore, in other work, by increasing the heparin content within heparin-PEG hydrogels
from 3 to 6 wt%, a ~20% reduction in the amount of protein released after the first 7 days was
observed,” suggesting that increasing heparin content may provide another mechanism to
prolong the release of TSG-6 from our MPs.

Ultimately, in this system, TSG-6 loaded onto Hep™-based MPs was significantly more
chondroprotective than a 3X dosage of soluble TSG-6. While, based on our soluble GAG
experiments, TSG-6 anti-plasmin activity is likely one potential mechanism through which TSG-
6 displayed a chondroprotective effect following MMT injury, TSG-6 has also been shown to
interact with a number of cell populations potentially found within the injured joint space,

including leukoc es,49 neutro hils,12 macropha es,51 and MSCs.>> Thus, in the future,
g yt p phag

additional studies designed to fully elucidate which functions of TSG-6 are responsible for the
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results seen in these experiments and how Hep™ may enhance these capabilities may further

improve TSG-6-mediated OA treatment.

Conclusions

In this work, we assessed the effect of heparin sulfation on TSG-6 bioactivity to inform the
development of heparin-based MPs for the intra-articular delivery of TSG-6 following MMT
injury. More sulfated heparin derivatives (Hep and Hep™) significantly enhanced TSG-6 anti-
plasmin activity in vitro, whereas fully desulfated heparin (Hep-) had no effect, indicating that
heparin sulfation plays a significant role in modulating TSG-6 bioactivity. Based on this data,
hydrolytically degradable TSG-6 loaded Hep™-based MPs were delivered via intra-articular
injection following MMT injury. After 21 days, EPIC-uCT analysis indicated that TSG-6 loaded
MPs reduced cartilage damage following MMT injury, whereas a 3X higher dose of soluble
TSG-6 did not. These results suggest that Hep™ can enhance TSG-6 bioactivity in vivo and,
ultimately, that Hep™™-containing MPs may be an effective method for delivery of TSG-6 for OA

treatment in the future.
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Figure Captions

Figure 1. Degree of heparin sulfation affects TSG-6 bioactivity in vitro. (A-B) Fully sulfated
and N-desulfated heparin significantly enhanced TSG-6 anti-plasmin activity whereas (C) fully
desulfated heparin had no effect on TSG-6 activity compared to soluble TSG-6 controls.
*Signiﬁcantly different than all other groups; p =0.05. "Not significantly different from each

other but significantly different than all other groups; p =0.05; n = 3; data shown as mean = SD.

Figure 2. Degradable, 10 wt% N-desulfated heparin microparticles were fabricated via
Michael type addition and free radical polymerization. (A) Microparticles were fabricated
with 10 wt% N-desulfated heparin methacrylamide, 90 wt% linear poly (ethylene glycol)
diacrylate and 35 mM dithiothreitol (DTT). (B) Phase image analysis indicated that
microparticles were 8060 um in diameter; black arrows indicate microparticles; scale bar is 100
pm.

Figure 3. 10 wt% Hep™ MPs released TSG-6 over ~3 days and enhanced TSG-6
bioactivity. (A) Over 5 days, ~1.0 ug TSG-6 was released from MPs; n = 3-4; data shown as
mean = SD. (B) TSG-6 released from MPs exhibited significantly more anti-plasmin activity
than soluble TSG-6 at the same concentration. *Significantly lower than all other groups; p <
0.05; n = 3-4; data shown as mean + SD.

Figure 4. TSG-6 loaded MPs reduce cartilage damage 3 weeks following MMT injury. (A-
D) Safranin-O stained coronal sections of tibiae 3 weeks following injury and treatment
indicated that GAG loss was observed in the (A) injured and (B) soluble TSG-6, but not in the
(C) TSG-6 loaded MP group. (E-H) Contrast-enhanced pCT imaging of the same samples
indicated that cartilage fibrillation was present in the (E) injured and (F) soluble TSG-6 groups
but was not present in the (G) TSG-6 loaded MP group. Scale bars are 500 um; n = 3-4; data
shown as mean + SD. (I-K) Quantified evaluation of articular cartilage indicated that (I) cartilage
thickness and (J) volume were significantly increased compared to uninjured controls after injury
and soluble TSG-6 treatment, and (K) cartilage attenuation was significantly increased after
soluble TSG-6 treatment. In contrast, no significant increase in cartilage thickness, volume, or
attenuation was observed in the TSG-6 loaded MP group compared to uninjured controls.
*Significantly different than contralateral control; p =0.05; n = 3-4; data shown as mean = SD.
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Figure 1. Degree of heparin sulfation affects TSG-6 bioactivity in vitro. (A-B) Fully sulfated and N-desulfated
heparin significantly enhanced TSG-6 anti-plasmin activity whereas (C) fully desulfated heparin had no effect
on TSG-6 activity compared to soluble TSG-6 controls. *Significantly different than all other groups; p
=0.05. #Not significantly different from each other but significantly different than all other groups; p =0.05;
n = 3; data shown as mean + SD.
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Figure 2. Degradable, 10 wt% N-desulfated heparin microparticles were fabricated via Michael type addition
and free radical polymerization. (A) Microparticles were fabricated with 10 wt% N-desulfated heparin
methacrylamide, 90 wt% linear poly (ethylene glycol) diacrylate and 35 mM dithiothreitol (DTT). (B) Phase
image analysis indicated that microparticles were 80£60 um in diameter; black arrows indicate
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Figure 4. TSG-6 loaded MPs reduce cartilage damage 3 weeks following MMT injury. (A-D) Safranin-O
stained coronal sections of tibiae 3 weeks following injury and treatment indicated that GAG loss was
observed in the (A) injured and (B) soluble TSG-6, but not in the (C) TSG-6 loaded MP group. (E-H)
Contrast-enhanced uCT imaging of the same samples indicated that cartilage fibrillation was present in the
(E) injured and (F) soluble TSG-6 groups but was not present in the (G) TSG-6 loaded MP group. Scale bars
are 500 um; n = 3-4; data shown as mean £ SD. (I-K) Quantified evaluation of articular cartilage indicated
that (I) cartilage thickness and (J) volume were significantly increased compared to uninjured controls after
injury and soluble TSG-6 treatment, and (K) cartilage attenuation was significantly increased after soluble
TSG-6 treatment. In contrast, no significant increase in cartilage thickness, volume, or attenuation was
observed in the TSG-6 loaded MP group compared to uninjured controls. *Significantly different than
contralateral control; p =0.05; n = 3-4; data shown as mean + SD.
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