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CHAPTER 1

Introduction

1.1 Background and Significance

Osteoarthritis (OA) is a chronic, degenerative disease affecting joints, which can be
associated with aging or caused by injury in the case of post-traumatic osteoarthritis (PTOA). The
OA/PTOA financial burden on U.S. healthcare systems is estimated to be over $44 billion
annually(1, 2). Non-steroidal anti-inflammatory drugs are typically the first line of treatment to
deal with pain but can cause gastric complications and do not slow cartilage deterioration(3). The
Osteoarthritis Research Society International recommends articular injection of corticosteroids for
symptomatic knee OA(4, 5), but steroids also do not target the underlying cause of disease and
may even worsen cartilage thinning(5). These shortcomings leave an unmet need for disease-
modifying OA/PTOA drugs (DMOADs) that block or reduce disease progression. In PTOA,
synoviocytes and chondrocytes produce inflammatory cytokines and matrix metalloproteinases
(MMPs) that drive the joint degenerative process(6). In humans, MMPs 1 and 13 are promising
DMOAD targets because they degrade the key structural protein collagen II, which is an
irreversible step in cartilage destruction. Small molecule MMP inhibitors have been tested
clinically for cancer but failed largely due to systemic toxicities caused by the lack of MMP
selectivity.

The benefits of potent, local inhibition of MMP13 by suggest a promising DMOAD with
superiority to other clinically tested or gold standard OA therapeutics. Systemically administered

cyclooxygenase-2 (COX-2) inhibitors were a promising class of OA drugs, but they are only



moderately effective and only at doses associated with cardiovascular complications (7).
NSAIDs reduce pain, but are not disease-modifying treatments, and can cause gastrointestinal
complications in a significant population of patients from the heavy doses required for reaching
the largely avascular joint spaces (3). From a drug delivery standpoint, direct intraarticular
injections can overcome systemic toxicity challenges but still face the challenge of being rapidly
cleared into the lymphatic system by normal synovial fluid exchange (8, 9). Synovial fluid
clearance is especially limiting for pain alleviation with glucocorticoids, which consequently
tend to be dosed too high and too frequently, resulting in adverse effects including an unwanted,
paradoxical acceleration of cartilage degradation (10). A controversial therapy for joint pain is
the direct injection of platelet-enriched plasma (PRP). PRP treatment has been shown in isolated
cases to reduce symptoms; however, inconsistency in the composition of PRP is problematic and
can be detrimental (11). Locally-delivered hyaluronic acid products are also commonly utilized
but are limited by transient residence in the joint; processing of exogenous hyaluronic acid into
product form predisposes it to rapid clearance by reducing the average molecular weight and
may even render it more immunogenic (12). Local injection of MMP13 inhibitory
nanoformulations that form an in situ depot within the joint overcomes many of these
shortcomings and is a promising, molecularly-targeted DMOAD that directly addresses a driver

of the underlying disease.



1.2 Innovation

1.2.1 Matrix-targeted Nanoparticles for MMP13 RNA Interference Block Post-Traumatic
Osteoarthritis

This work is the first to utilize a matrix-targeted antibody to create a localized depot for
the successful intracellular delivery of short interfering RNA (siRNA). RNA interference is a
promising strategy for creation of target selective therapeutics against difficult to drug molecular
targets. Type II collagen (CII) is normally “shielded” by intact structural polysaccharide
scaffolds and becomes more exposed by traumatic injury at sites of early OA damage. Matrix
metalloproteinase 13/collagenase 3 (MMP-13) activity is significantly increased in human
osteoarthritic cartilage and is thought to be the primary mediator of CII degradation. siRNA
provides a powerful alternative capable of potent and specific gene silencing, but their large size,
negative charge, and chemical composition make siRNA molecules impermeable to cellular
membranes and difficult to utilize in vivo [2]. For my graduate work, I aimed to contribute to the
development of nanoparticles to overcome siRNA delivery barriers. I hypothesize that targeted,
sustained, and “on demand” delivery of short interfering RNA to silence MMP-13, by CII-
targeted, MMP-responsive nanoparticles will prevent onset of post-traumatic osteoarthritis after
a joint injury. C-II is exposed following joint injury, and a project collaborator has developed a
collagen II antibody that specifically and efficiently binds to early OA damage sites (13, 14).
Herein, I use this custom antibody to actively guide smart polymer nanoparticles (SPNs) to
exposed CII for the delivery of short interfering RNA (siRNA) to locally inhibit MMP-13

expression.

1.2.2 Prolonged siRNA Delivery from Nano-in-Micro Formulation for Therapeutic Effect
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in Post-traumatic Osteoarthritis Model

This work is also the first to utilize a non-gel, nano-in-micro carrier system for siRNA
delivery in the joint. The solid microparticle described herein allows for dense loading of siRNA
in a manufacturing process amenable to scale-up. This dense loading within a solid PLGA
structure permits significantly larger doses to be administered, a more potent nanocarrier to be
employed, and the complications caused by bolus delivery of endosome-disrupting polymers to
be mitigated. The end result is a well-tolerated, long-acting therapy that approaches clinically
relevant efficacy.

While other groups have accomplished long-acting siRNA treatments, these have not
been designed to affect a local tissue environment and have largely revolved around altering
siRNA sequence and chemical stability rather than formulation strategies (15, 16). The presented
contributions to nano-in-micro formulations are complementary to work improving payload

stability, and may lead to even more efficacious local siRNA delivery.

1.3 Specific Aims

The overall goal of this work is to develop a sustained short interfering RNA (siRNA)
delivery system for the prevention of post-traumatic osteoarthritis (PTOA) using polymeric
nanocarriers. PTOA is induced by an acute injury to articular surfaces, ligaments, menisci, or bone
that initiates a degenerative inflammatory cycle (17, 18). As with other forms of osteoarthritis
(OA), PTOA is a debilitating and costly disease affecting joints that leads to loss of mobility and
often joint replacement. No cure or disease-modifying OA drug (DMOADs) exists for PTOA (19).
Matrix metalloproteinase 13 (MMP13) is an enzyme secreted through catabolic pathways in

inflamed tissues, and directly degrades collagen II, the primary component of articular cartilage.



As secreted MMP13 degrades articular cartilage, the cells within the synovium respond to the
degradation of extracellular matrix with increased inflammation, secreting more MMP13. By
inhibiting MMP13 expression following acute injury, the degenerative process of PTOA may be
slowed or even prevented. Small molecule inhibitors that broadly target all MMPs have been tested
in clinical trials but were found to cause hazardous musculoskeletal toxicity. siRNA offers a
specific, potent candidate to inhibit MMP13 expression that could avoid the side effects observed
with small molecule drugs. No known siRNA carriers exist that are designed for longer half-lives
within the joint space, and only attempts to utilize free siRNA have been tested therapeutically
(20, 21). The proposed work aims to supply a local siRNA depot for sustained, preventative
treatment of PTOA.

Cationic polymers have been shown to successfully load and convey nucleic acids in vivo,
and previous students in the Duvall lab developed methacrylate-based cationic polyplexes
composed of positively charged 2-(Dimethylamino)ethyl methacrylate (DMAEMA) and
hydrophobic butyl methacrylate (BMA) attached to a poly(ethylene) glycol (PEG) for an external
corona. DMAEMA offers a pH-reactive positive component that complexes with the negative
siRNA, while the BMA provides hydrophobicity for particle stability and disruptive interaction
with endosomal membranes. In combination, DMAEMA-BMA polymers have been shown to
disrupt endosomal membranes as a response to the regularly occurring drop in pH. The
DMAEMA-BMA core is complexed with siRNA at pH 4 before forming polyplex nanoparticles
by adding the solution to a basic buffer. This carrier formulation was further stabilized by
conjugating palmitic acid to the sense strand of siRNA for improved complexation with

DMAEMA-BMA and core hydrophobization. This style of nucleic acid carrier is well



characterized in vitro and in vivo, demonstrating effective tumor accumulation and gene silencing
(22, 23).

Dr. Karen Hasty’s lab of the Department of Orthopaedic Surgery and Biomedical
Engineering, Univ. of Tennessee Health Science Center has developed a specific, high-affinity
antibody shown to reliably bind to degraded collagen II. This monoclonal antibody targeting
collagen II (mAbCII) effectively targets murine, porcine, and human collagen II, and likely has
affinity across more mammalian species. Experiments have even demonstrated the ability to
anchor larger nanoparticles to damaged articular surfaces in vivo, and to accurately evaluate the
progression of PTOA (14).

I proposed to employ DMAEMA-BMA to formulate mAbClII-targeted nanoparticles. The
goals of mAbClI-targeted DMAEMA-BMA nanoparticles (mAbCII-DB) was to protect siRNA in
the joint space, enhance cell penetration and endosomal escape, prolong the gene silencing within
the tissue, and target siRNA within the joint space to create a localized reservoir of therapeutic
payload. We anticipated mAbCII-DB particles would ultimately reduce the acceleration of PTOA
by upregulated MMP13 following joint injury.

Specific Aim 1: Develop a collagen II monocolonal antibody (mAbCII) targeted nano-
formulation that is retained and mediates potent silencing of MMP13 expression at sites of
cartilage damage in vivo. A PEG functionalized reversible addition fragmentation chain transfer
(RAFT) chain transfer agent was chain extended with the poly(DMAEMA-co-BMA) (DB) random
copolymer that forms the siRNA-packaging, endosomolytic, nanoparticle core-forming block..
The polymer was then conjugated to the mAbCII antibody to create targeted polyplexes for siRNA
delivery. The mAbCII was conjugated at varying ratios to optimize targeted binding to damaged

cartilage as a function of antibody density. MMP13-targeting siRNA sequences will be screened,



and a potent candidate was employed in the optimized mAbCII-PEG-DB polyplexes to silence
MMP13 in vivo. MMP13 expression was evaluated in a mechanical loading PTOA mouse model
by TagMan PCR, MMPSense (a probe measuring MMP activity), and histology. The overall

outcome for this aim is to demonstrate effective carrier-functionalized MMP13 silencing within a

murine joint space.

Specific Aim 2: Develop a better stabilized formulation in order to increase longevity of
action beyond mAbCII-PEG-DB treatment. Upon establishing a proof of concept that siRNA can
be successfully delivered within the joint space to silence MMP13, several approaches were
pursued to develop more stable carrier formulations for more sustained longevity of action.
Patients can feasibly receive 3-4 injections per joint per year, and thus development of a long-
lasting therapy is vital. A nano-in-micro system and a solid-core cationic polymer nanoformulation
were developed in parallel to search for enhanced stability.

Both solid-core PLGA nanoformulations and microformulations of DMAEMA/BMA-
based copolymers were produced to investigate the effect of improved stability with cationic
polymers traditionally used in an electrostatic polyplex format. Solid-core PLGA nanoparticles
stabilized by amphiphilic corona materials (lipid-PEG, lecithin, or lipid-PMPC) were produced
containing unbound DMAEMA-BMA copolymer. These more stable particles offer the longer
half-life of a solid PLGA particle while enabling the siRNA complexation and latent
endosomalytic properties from DMAEMA-BMA. A library of particles was synthesized and
assessed with varied ratios of DMAEMA to BMA, DMAEMA-BMA to PLGA, N to P ratios, and
composition of stabilized corona materials.

While these nanoformulations have since been adopted for other indications within the lab

and resulted in my undergraduate student being hired on as a research assistant for further explore



use cases in cancer models, PLGA microparticle formulations of DMAEMA/BMA polymers
outperformed nanoformulations in the joint space. The overall outcome for this aim is a stabilized
carrier formulation shown to effectively deliver siRNA in vitro that could improve efficacy and/or
duration of in-joint gene silencing for PTOA therapy.

Specific Aim 3: Investigate & compare stabilized formulations for preventative treatment
of PTOA in murine models of PTOA. Using a robust, mechanically-induced mouse model for
PTOA, we investigated our lead formulations from specific aims 1 and 2 for therapeutic effect.
Prior to PTOA induction, mice were treated with each candidate. Progression of PTOA will be
characterized by TagMan PCR, MMP activity (MMPSense), exposed collagen II (mAbCII 680),
and histology for MMP-13 and saf-o (collagen). The overall outcome for this aim is therapeutic

assessment of two siRNA carriers in mechanical loading mouse models of PTOA._



CHAPTER IT

Matrix-targeted Nanoparticles for MMP13 RNA Interference Block Post-Traumatic

Osteoarthritis

Text for Chapter II taken from:

SK Bedingfield, D Liu, F Yu, MA Jackson, KA Hasty, LH Himmel, JM Colazo, H
Cho, KA Hasty, CL Duvall. (2020) Matrix-targeted Nanoparticles for MMP 13
RNA Interference Blocks Post-Traumatic Osteoarthritis. bioRxiv

2020.01.30.925321

SK Bedingfield*, E Bracho-Sanchez*, B Partain*, F Rocha, K Y Koenders, A
Restuccia, M Fettis, S Freeman, A Toma, MA Wallet, S Wallet, CL Duvall, G
Hudalla, B Keselowsky. Fusion of Indoleamine 2,3-dioxygenase with Galectin 3
retains enzyme at injection site and halts local inflammation. In Prep *Co-first

Authors

2.1 Abstract
Osteoarthritis (OA) is a debilitating and prevalent chronic disease, but there are no
approved disease modifying OA drugs (DMOADs), only pharmaceuticals for pain management.
OA progression, particularly for post-traumatic osteoarthritis (PTOA), is associated with
inflammation and enzymatic degradation of the extracellular matrix. In particular, Matrix
Metalloproteinase 13 (MMP13) breaks down collagen type 2 (CII), a key structural component

9



of cartilage extracellular matrix, and consequently, matrix degradation fragments perpetuate
inflammation and a degenerative cycle that leads to progressive joint pathology. Here, we tested
targeted delivery of endosome-escaping, MMP13 RNA interference (RNA1) nanoparticles (NPs)
as a DMOAD. The new targeting approach pursued here deviates from the convention of
targeting specific cell types (e.g., through cell surface receptors) and instead leverages a
monoclonal antibody (mAbCII) that targets extracellular CII that becomes uniquely accessible at
early OA focal defects (Figure 1). Targeted mAbCII-siNPs create an in situ NP depot for
retention and potent activity within OA joints. The mAbCII-siNPs loaded with MMP13 siRNA
(mAbCII-siNP/siMMP13) potently suppressed MMP13 expression (95% silencing) in TNF a -
stimulated chondrocytes in vitro, and the targeted mAbCII-siNPs had higher binding to trypsin-
damaged porcine cartilage than untargeted control NPs. In an acute mechanical injury mouse
model of PTOA, mAbCII-siNP/siMMP13 achieved 80% reduction in MMP13 expression (p =
0.00231), whereas a non-targeted control achieved only 55% silencing. In a more severe, PTOA
model, weekly mAbCII-siNP/siMMP13 long-term treatment provided significant protection of
cartilage integrity (0.45+/-.3 vs 1.6+/-.5 on the OARSI scale; p=0.0166), and overall joint
structure (1.34/-.6 vs 2.8+/-.2 on the Degenerative Joint Disease scale; p<0.05). Intra-articular
mADCII-siNPs better protected articular cartilage (OARSI score) relative to either single or
weekly treatment with the clinical gold stand steroid treatment methylprednisolone. Finally,
multiplexed gene expression analysis of 254 inflammation-related genes showed that MMP13
inhibition suppressed clusters of genes associated with tissue restructuring, angiogenesis
(associated with synovial inflammation and thickening), innate immune response, and
proteolysis. This work establishes the new concept of targeting unique local extracellular matrix

signatures to sustain retention and increase delivery efficacy of biologics with intracellular
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activity and also validates the promise of MMP13 RNAi as a DMOAD in a clinically-relevant

therapeutic context.
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Figure 1: PTOA targeted delivery of MMP13 siRNA to block disease progression. The top
left schematic illustrates the progression (left to right) from healthy knee joint, through
inflammation induction following traumatic injury, to cartilage loss and degenerative joint
disease (including synovial response). Degradation of cartilage enhances inflammation, inducing
a degenerative cycle (middle right). The bottom of the graphic illustrates the concept of the
matrix targeted nanocarriers for enhanced retention and activity of MMP13 siRNA at sites of
cartilage injury.

2.2 Introduction
OA is a disease of the entire joint that involves a complex interplay between mechanical

and biochemical factors (24). Some well-established risk factors include poor joint alignment or
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injury (17), obesity (25), genetic disposition (26), and aging (27). Multiple signaling molecules
are known to be central to OA pathogenesis such as interleukin (IL-13), Wnt, c-Jun N-terminal
kinase (JNK), and reactive oxygen species (ROS) (24, 28, 29). All of these signaling pathways
independently converge toward increased production of matrix metalloproteinases (MMPs), a
step of critical importance in cartilage degradation and progression of OA symptoms (24).
Post-traumatic osteoarthritis (PTOA) is a form of OA induced by a mechanical joint
injury. Common injuries include ligament and meniscal tears, cartilage damage, bone fractures
from high impact landings, and dislocations. These injuries are particularly common among
young athletes and military personnel and result in an accelerated pathology, requiring surgical
intervention 7-9 years earlier on average than standard OA (30). Approximately 12% of all OA
cases are PTOA in the United States, and PTOA tends to have greater cost relative to normal OA
both in annual expenditure (~$3 billion) and in quality adjusted life years (QALY's) due to its
younger age of onset and accelerated progression (31). Following a PTOA-initiating injury, the
mechanical disturbance of the extracellular matrix (ECM) stimulates synoviocytes and
chondrocytes to produce inflammatory cytokines and MMPs (6). MMP13 is an enzyme able to
catalytically degrade collagen II (CII), a key cartilage structural component. Degradation of CII
disrupts chondrocytes by destroying the ECM in their surroundings and also releases soluble
ECM degradation biproducts which have inflammatory signaling properties that trigger the OA
degenerative cycle (24, 32). Inflammatory activation of the full joint and surrounding tissues
(synovium and subchondral bone) perpetuates this cycle until cartilage destruction is complete.
Because PTOA commonly has a defined and predictable initiating event, there is potential for

early therapeutic intervention to block disease onset or progression at an early stage.
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Current pharmaceutical management of OA is solely palliative, and no disease modifying
OA drugs (DMOAD:s) are clinically approved. There are five FDA-approved corticosteroids for
intra-articular OA therapy, but these therapies provide only temporary pain relief. Steroids do not
target the underlying cause of disease and are not recommended for long-term management(5),
as they have been shown to actually cause cartilage volume loss (when given 4 times per year for
2 years)(33) and have associations with chondrotoxicity (34). MMP13 is a key proteolytic driver
of cartilage loss in OA as indicated by reduced OA progression in surgically induced OA in
MMP13 knockout mice and in wild type mice treated with broad MMP inhibitors (35).
Unfortunately, clinical trials on MMP small molecules inhibitors (tested mostly for cancer
treatment) have been suspended due to pain associated with musculoskeletal syndrome (MSS).
Patient MSS is believed to be linked to systemic delivery of small molecules that non-selectively
inhibit multiple MMPs, some of which (MMP2, 3,4, 7 and 9) are involved in normal tissue
homeostasis (36-38). Production of selective small molecule inhibitors is complicated by shared
domains of the collagenases and the homology of the catalytic site (39). One tested MMP13
“specific” inhibitor PF152 reduced lesion severity in a canine PTOA model (40) but
unfortunately caused nephrotoxicity believed to be caused by off-target effects on the human
organic anion transporter 3 (which can be circumvented with our proposed RNAi due to
sequence specificity and not structural specificity) (41). For these reasons, we hypothesize that
selectively targeting MMP13 (which has not been associated with MSS) through delivery of a
locally-retained therapy could be an effective and safe approach for blocking the degenerative
PTOA process following joint injury.

Local, intraarticular injections are clinically-utilized in OA, yet face unique drug delivery

challenges. One of the major barriers is that synovial fluid is continuously exchanged in the joint,
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causing most drugs to be rapidly cleared into the lymphatic system (8, 9). The synovial
vasculature clears small molecules, while the lymphatics drain away macromolecules (42, 43),
resulting in joint half-lives ranging 1-4 hours for commonly used steroids (9). These challenges
leave an unmet need for OA therapies that are targeted and/or are better retained within the joint
after local injection. Targeting of nanoscale particles is one promising approach that has
traditionally relied on using chondroitin sulfate, CII-binding peptides, and bisphosphonates (44-
46). Chondroitin sulfate and CII-binding peptides target the cartilage matrix to tether/embed the
particles and reduce convective transport through synovial fluid flow, while the bisphosphonates
are focused on advanced cases of OA and target exposed subchondral bone. Extracellular
substrate targeting has been minimally utilized for delivery of small molecules and has not been
investigated, to our knowledge, for local retention of biologics with intracellular targets (47).
Here, we sought to target and retain delivery of RNAI therapy against MMP13 to sites of
early cartilage damage in OA and to confirm that matrix targeting can provide functional benefit
for delivery of intracellular-acting biologics. RNALI is critical in this application because siRNA
can be designed to have selective complementarity with MMP13, obviating the enzyme
selectivity concerns associated with small molecule inhibitors. The clinical utility of siRNA
medicines has been validated by the recent clinical trial success and FDA approval of both
Alnylam’s ONPATTRO™ (patisiran) for treatment of hereditary transthyretin-mediated
amyloidosis and GIVLAARI™ (givosiran) for acute hepatic porphyria (15, 48). Here, we
extended polymeric siRNA nanopolyplexes (siNPs) recently innovated by our research group
(22,23,49,50) to develop the first targeted form of this carrier that binds to sites of early OA
cartilage damage using a collagen type 2 monoclonal antibody (mAbCII). Cartilage CII is more

exposed and accessible for binding after injury (51), and the mAbCII antibody has previously
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been used as a targeted nano-diagnostic for intravitally measuring severity of OA (52). In the
current report, we formulated and therapeutically tested mAbClII-targeted siNPs (mAbCII-siNPs)
as a locally injectable system that creates an in situ depot of MMP13 RNAi nanomedicine in
PTOA-afflicted joints. Matrix-targeted delivery of an intracellular-acting biologic such as siRNA
represents a significant departure from the convention of targeting internalizing cellular
receptors. Herein, we validate the utility of this approach and prove it therapeutically significant

as a DMOAD in a model of mechanical PTOA.

23 Results and Discussion
2.3.1 Synthesis and Conjugation of Polymers

The mAbCII-siNPs were synthesized comprising an endosome-escaping, RNA-
condensing core and a passivating, colloidally-stabilizing poly (ethylene glycol) (PEG) surface
amenable to antibody conjugation (Figure 2A). The diblock copolymer that is assembled to
generate this system was synthesized through reversible addition-fragmentation chain transfer
(RAFT) polymerization of a random copolymer of 50 mol% 2-(dimethylamino)ethyl
methacrylate (DMAEMA) and 50 mol% butyl methacrylate (BMA) from a carboxy-PEG-ECT
(4-cyano-4 (ethylsulfanylthiocarbonyl) sulfanylpentanoic acid) macro-chain transfer agent
(macro-CTA) and verified by NMR (Figure S1, S2). The poly(DMAEMA-co-BMA) (DB)
random copolymer block has a balance of hydrophobic BMA and cationic DMAEMA monomers
that has been finely tuned to drive NP self-assembly and stabilization (BMA), enable
electrostatic siRNA packaging (DMAEMA), and have an appropriate pKa and level of
hydrophobicity that drives pH-dependent membrane disruptive function in the early endosomal

pH range (53-56). The collagen II targeting mAbCII was conjugated to COOH-PEG-ECT by N-
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hydroxysulfosuccinimide; 1-Ethyl-3-(3-(dimethylamino)propyl) carbodiimide (sSNHS/EDC)
chemistry. Successful conjugation between PEG-b/-DB and mAb-CII to form mAbCII-siNPs
was validated by size exclusion chromatography of the conjugate created at a 1:1 molar ratio of
antibody to polymer (Figure 2B). The resultant polymers were formulated into siNPs by
complexation with siRNA at pH 4 followed by raising to physiologic pH (Figure 2C). The
control groups included bare siNPs and siNPs functionalized with an off-target antibody
(mADbCitrl siNPs). “Dual hydrophobization” was also employed in all siNP formulations. This
approach combines the hydrophobicity of BMA in the core of the siNP with C16 modification of
the siRNA through conjugation to palmitic acid in order to improve siNP stability and gene

silencing longevity of action (50, 57).
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Figure 2: Synthesis of mAbCII-siNPs — (A) Polymer synthesis and mAbCII conjugation
scheme; (B) Size exclusion chromatography confirming mAbCII conjugation to polymer; (C)
Formulation schematic for siRNA loading and assembly of mAbCII-siNPs.

2.3.2 Chemicophysical and In Vitro Characterization of mAbCII-siNPs

The siNP hydrodynamic diameter, siRNA encapsulation efficiency, pH-dependent
membrane disruptive behavior (as an indirect indicator of endosome escape), and cell viability
were assayed for mAbCII-siNPs compared to non-targeted siNPs. The mAbCII-siNPs were
statistically equivalent to the non-functionalized siNPs in all these assays (Figure 3A-D). The
mADbCII-siNPs, prepared at a 1:40 antibody:polymer ratio for optimized targeting (see below),
had an average hydrodynamic diameter of 124 nm with a PDI of 1.1 as determined by dynamic
light scattering. Encapsulation of siRNA was found to be efficient (~80%) at N*:P-ratios (ratio of
positive nitrogen groups in polymer side chains to negative phosphodiester groups in the siRNA
backbone) of 10 or above. The hemolysis assay demonstrated significant membrane lysis at the
early endosome pH (6.8) and below and negligible activity at extracellular pH (7.4). Cell
viability was approximately 80% or greater for doses of 150 nM or less.

Silencing of MMP13 was also tested in cultured, chondrogenic ATDCS cells stimulated with
TNFa. The cells were pretreated for 24 h with the siRNA formulations, stimulated with 20 ng
mL"' TNFa for 24 h, and then assayed for MMP13 gene expression using TagMan PCR.
Information on screens that identified the leading MMP13 siRNA sequence are found in Table
S1 and Figure S3. The best candidate (siMMP13) demonstrated greater than 80% knockdown
with a 50 nM dose delivered by the mAbCII-siNPs when compared with a nontargeting siRNA

sequence (siNEG) (Figure 3E). No substantial change is observed in siNP bioactivity following
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decoration with a targeting antibody and that the mAbCII-siNPs can achieve potent MMP13

silencing in cells under pro-inflammatory conditions.

2.3.3 Ex Vivo CII Targeting and Substrate-mediated RNAi in ATDCS5 Cells
The mAbCII-siNPs were assessed for binding to trypsin-damaged porcine cartilage explants.
The mAbCII-siNPs were prepared with a range from 20:1 to 80:1 non-conjugated polymer:
antibody modified polymer molar ratios. The polymers used comprised rhodamine acrylate
(exc/emm: 548/570 nm) copolymerized at 1 mol% in the poly(DMAEMA-co-BMA) block to
enable fluorescent measurement of carrier retention on the damaged cartilage plugs. Retention of
siNPs on trypsin-damaged cartilage after washing with phosphate buffer saline (PBS) was
quantified by IVIS imaging and showed that conjugation of mAbCII to the polymer at 40:1
polymer:mAbCII molar ratio provided the best retention performance (Figure 3F). These data
confirm that mAbCII conjugation enhances binding of siNPs to exposed CII in damaged
cartilage and motivated our focus on the 40:1 conjugation ratio for subsequent studies.
Subsequently, the porcine cartilage binding assay was adapted to confirm whether matrix
bound mAbCII-siNPs could achieve effective substrate-mediated siRNA delivery and
bioactivity. Following incubation of all siNP groups loaded with anti-luciferase siRNA
(siLuciferase) with trypsin-damaged cartilage, a PBS washing step was done to simulate synovial
fluid clearance. Murine chondrogenic ATDCS cells that were lentivirally transduced in-house
with a constitutive luciferase reporter were then seeded over the damaged cartilage that had been
pre-treated with mAbCII-siNPs, bare-siNPs, mAbCtrl-siNPs, or lipofectamine 2000. In parallel,
the same groups were run without the washing step to clearly elucidate the benefit of siNP matrix

binding and retention. Significantly higher luciferase silencing was observed with mAbCII-siNPs
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compared to bare and mAbCtrl-siNPs when a wash step was used prior to cell seeding (Figure

3G). Following the measurement of luciferase expression, cell viability of each group was

determined using the Promega CellTiter-Glo luminescent cell viability assay following

Promega’s standard protocol. Only cells treated with lipofectamine 2000 (100 nM) were found to

have significantly lower viability than other treatment groups. These data confirm a potential

pharmacokinetic benefit of siNP matrix binding and that substrate-mediated delivery of matrix-

targeted siNPs achieves target gene silencing.
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Figure 3: In vitro characterization of siNPs, and comparison of mAbCII-functionalized
siNPs to bare and control antibody-functionalized siNPs — (A) siNP sizing by dynamic light
scattering; (B) siRNA encapsulation by Ribogreen assay; (C) pH-triggered membrane disruption
by hemolysis assay; (D) Cytocompatibility of siNPs across a broad dose range; (E) MMP13
silencing by lead siRNA candidate in ATDCS cells stimulated with TNFa using mAbCII-siNPs
for delivery; (F) Retention of siNPs with varied polymer:mAbCII molar ratios on trypsin
damaged porcine cartilage explants after thorough washing; (G) Substrate-mediated silencing of
MMP13 in vitro enhanced by mAbCII-siNP binding and retention on trypsin-damaged porcine
cartilage (* = p <0.05; ** =p <0.01; *** =p <0.001).
2.3.4 In Vivo Targeting-dependent MMP13 Silencing in Mice

An acute PTOA model of noninvasive repetitive joint loading was used by subjecting the
left knee joint of 8-week-old C57BL/6 mice to 50 cycles of compressive mechanical loading at
ON (Figure 4A). This procedure was repeated three times per week over a period of two weeks
using conditions adapted from previous studies (52, 58). Following loading, mice were treated
via intraarticular injection of 0.5 mg/kg per knee of formulated siRNA with mAbCII-siNPs, bare
siNPs, or mAbCitrl-siNPs. All forms of siNPs contained a rhodamine acrylate monomer
integrated into the poly(DMAEMA-co-BMA) block that forms the NP core, enabling IVIS
fluorescence imaging to assess pharmacokinetics. Retention in the knees was measured over 72
h, after which knees were excised and the joints were imaged again ex vivo. The mAbCII-siNPs
had significantly higher retention within the joint compared to mAbCtrl- and bare siNPs (Figure
4B-D). It was also supported that the enhanced joint retention was pathology-driven and due to
exposed collagen II associated with cartilage damage (13, 59), as retention was also higher in
PTOA-damaged knees relative to non-injured knees (Figure A 4). Finally, in this acute PTOA
model, mAbCII-siNP/siMMP13 (candidate sequence from screen; Figure S3) treatment more

potently silenced MMP13 expression relative to untargeted siNPs, achieving greater than 90%

target gene knockdown in mechanically-loaded PTOA joints 3 days after treatment (Figure 4E).
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Dose dependent in vivo gene silencing activity of mAbCII-siNP/siMMP13 was also
measured for siMMP13 (0, 0.125,0.25, and 0.5 mg/kg per knee injected intraarticularly) or
siNEG (0.5 mg/kg) in PTOA knees. Doses were administered after two weeks of cyclic,
mechanical loading. At 72 h post-treatment with siNPs, total MMP activity was quantified by
IVIS imaging 24 h after intravenous injection with MMPSense (probe activated by MMPs 2, 3,
7,9,12,and 13), showing that 0.25 and 0.5 mg/kg siMMP13 doses delivered with mAbCII-
siNPs significantly reduced total MMP activity (Figure 4F-G). MMP13 and IL-1f expression
were quantified in the same experiment by TagMan qPCR from joint samples collected at 72 h
following treatment (Figure 4H-I). While both 0.25 and 0.5 mg/kg injections significantly
reduced MMP13 gene expression silencing, reduction in IL-1f expression in OA knees was only
seen for 0.5 mg/kg, suggesting that this dose provided a broader suppression of the OA
inflammatory response. Therefore, a 0.5 mg/kg per knee dose was selected for subsequent,
longer-term studies. The mAbCII targeting enhances gene knockdown of MMP13 with roughly
40% greater silencing over bare-siNPs/siMMP13 and 70% greater than mAbCitrl-
siNPs/siMMP13, motivating testing in a longer term and more challenging OA model to assess

mADbCII-siNPs/siMMP13 therapeutic efficacy as a DMOAD.
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Figure 4: mAbCII-siNPs are better locally-retained in mechanically loaded knees and
potently silence MMP13 in short-term in vivo PTOA studies —(A) Schematic illustrations of
the mouse knee mechanical loading apparatus and of the loading regimen used in the short-term
PTOA model studies; (B-C) Representative ex vivo imaging and quantification of retention of
mADbCII-siNPs compared to mAbCitrl- and Bare siNPs in extracted limbs at 3 days; (D) in vivo
knee retention of mAbCII- and mAbCtrl-siNPs presented as pharmacokinetic area under the
curve calculated from intravital imaging over 3 days post-treatment; (E) In vivo expression of
MMP13 measured by TagMan qPCR in mouse knees treated with 0.5 mg/kg siRNA dose per
knee using mAbCII or control (bare and nonbinding control antibody) siNPs; (F-G) Example
images of total MMP activity as visualized with MMPSense at 0.5 mg/kg siRNA dose and total
MMP activity quantified; (H-I) Dose dependent effects of mAbCII-siNP delivery of siMMP13
or siNEG (in mg/kg) on expression of MMP13 and IL1f3 as quantified by TagMan qPCR (* = p
<0.05; ** =p<0.01; ** =p <0.001).
24 Conclusion

RNA:I silencing of MMP13 using matrix-targeted nanocarriers to prolong retention within
the osteoarthritic joint provides significant therapeutic benefit in blocking PTOA progression.
This study validates the unique concept that matrix targeting for local retention of an in situ
formed nanoparticle-based depot is a viable strategy to improve potency and longevity of action
of intracellular biologics such as siRNAs. While formulation of larger sized (micro-scale)
particles may also facilitate retention, it would not be anticipated to be effective for intracellular
acting drugs because of endocytosis, endosome escape, and tissue penetration limitations of
larger particles (60). The current system, which uses antibody targeting to reduce joint
clearance, achieved as high as 90% target gene silencing in vivo with gene silencing remaining
potent even 1 week after the final treatment in a 6-week study. Furthermore, local retention of
the injected dose and specific targeting of MMP13 are anticipated to reduce the toxicity concerns

that have become associated with systemically-delivered, non-selective synthetic small molecule

MMP inhibitors.

2.4.1 Related Projects in Matrix Targeting
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The Hudalla and Keselowsky labs at the University of Florida recently developed fusion
chimera composed of Indoleamine 2,3-dioxygenase (IDO) expressed with a conjoined galectin-3
trimer (Gal3), referred to here as IDO-Gal3 (61). This enzyme normally catalyzes tryptophan
catabolism, which has been shown to provide immune tolerance in cancer, transplant models, and
even pregnancy. Upon local injection, the Gal3 trimer anchors to extracellular matrix to improve
retention. We aided in the development and investigation of this targeted biotherapeutic within

this same PTOA model.

2.4.2 Results

The Gal3-fused IDO had significantly higher retention in the knee compared to standard
IDO. After 24 hrs, intravital imaging showed that standard IDO was almost totally cleared from
the knee while strong residual signal was apparent for the Gal3 fusion in a mechanical overload
model (Figure SA-C). The IDO-Gal3 fusion demonstrated significantly higher AUC relative to
IDO within the knee as determined from intravital imaging over the 7-d follow treatment (Figure
SD). Finally, imaging of explanted knees 7-d after treatment showed that IDO-Gal3 remained
more strongly present in the injected knees than IDO (Figure SE).

Better local retention of IDO-Gal3 relative to IDO correlated with stronger anti-
inflammatory effects on gene expression in the mechanically damaged joints and in the popliteal
lymph node. A statistically significant reduction in expression of IL-12 and IL-6 were observed
in mechanically-loaded knees treated with IDO-Gal3 compared to treatment with either IDO or
vehicle control. The popliteal lymph node had similar trends, with IDO-Gal3 statistically

reducing IL-12 and IL-6 compared to the no treatment group. IDO-Gal3 was statistically similar
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to healthy knees in all groups except for MMP13, and otherwise maintained the lowest mean
expression levels for each inflammatory cytokine gene assayed.

The ability of IDO-Gal3 to reduce PTOA joint structural degeneration was assessed
histologically. Safranin O staining, which stains proteoglycans in normal cartilage a deep red,
was used to evaluate articular cartilage integrity (Figure 6A). Knees treated with IDO-Gal3
showed less loss of articular surface smoothness, fewer cartilage lesions, and better retention of
proteoglycan content compared to other groups (Figure 6B). A pathologist blinded to treatment
group scored samples using the OARSI (Osteoarthritis Research Society International) scale and
found that the IDO-Gal3 treated joints had lower (more normal) OARSI score compared to
untreated controls (Figure 6C). Cartilage damage is the primary metric of PTOA severity, and
the protection observed from PTOA progression by IDO-Gal3 in this accelerated mouse model
was speculated to be achieved by globally reducing the inflammation level in the joint (62).

PTOA is a disease involving the entire joint, and therefore further histopathological analysis
was performed to assess the joint more holistically. While cartilage health is vital, the
inflammatory state and remodeling of the synovial capsule, subchondral bone changes, and
development of osteophytes are also associated with patient pain / loss of quality of life and are
additional, useful markers for PTOA progression (63). H&E staining of the entire joint
illuminated that untreated control knees subjected to mechanical loading had marked synovial
thickening, meniscal hyperplasia, and ossification of soft tissues (Figure 7A,B). The DJD
(degenerative joint disease) scoring method evaluates the structures of the entire joint, and
provides a more wholistic view of therapeutic impact by incorporating subchondral

osteosclerosis, osteophyte formation, inflammation, and meniscal metaplasia (Table A 3) (64).
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IDO-Gal3 treatment provided statistically significant protection from PTOA progression by the

DJD scale in treatment-blinded scoring by a pathologist (Figure 7C).

In sum, longer retention of IDO by fusion to Gal3 significantly reduced PTOA changes in the

cartilage and overall joint in this murine PTOA model. Genetic profiling of the joint and draining

lymph node, cartilage structural assessments, and observations of synovial remodeling all

corroborate the potent anti-inflammatory and joint-protective properties of Gal3-IDO.
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Figure 5: IDO fusion to Gal3 improves local retention and reduces inflammatory gene
expression in a PTOA mouse model — (A) Mechanical PTOA induction cyclic loading

parameters; (B) Treatment and loading regimen; (C) Retention of IDO (on left in image) and

IDO-Gal3 (on right in image) at 24 h, quantified by intravital imaging of Li-Cor IRDye 680RD
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labeled protein; (D) Area under curve based on 7-d of intravital imaging of each treatment; (E)
Imaging of retention of IDO (knee on left in image) and IDO-Gal3 (knee on right in image) at 7
d in explanted samples; (F) Quantitative PCR of the expression of inflammatory genes in the
knee joint; (G) Quantitative PCR of inflammatory genes in the draining popliteal lymph node (*
=p <0.05; ** =p < 0.01; Statistics performed with one-way ANOVA with paired samples when
appropriate).
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Figure 6: IDO-Gal3 protects cartilage integrity in PTOA mouse model — (A) Safranin-O
images of the articular surface of mechanically loaded joints with the indicated treatments or
control; (B) High magnification of cartilage surface for each group; (C) OARSI scoring of
cartilage structure performed by a treatment-blinded pathologist (** = p < 0.01); Statistics
performed with one-way ANOVA (Welch and Brown-Forsythe).
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Figure 7: IDO-Gal3 reduces synovial thickening in PTOA mouse model — (A) Representative
images of joint histology samples stained with H&E taken from treated knees after 4 weeks of
cyclic loading; (B) High magnification images of synovial capsule for each group; (C) DJID
(degenerative joint disease) scoring of joint disease progression performed by a treatment-
blinded pathologist (* = p < 0.05); Statistics performed with one-way ANOVA (Welch and
Brown-Forsythe).

2.5 Materials and Methods
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Statistical methods: Data are displayed as mean plus standard error. Statistical tests
employed either one-way ANOVA with multiple comparisons test or two-tailed student’s t-test
between only two groups with a= 0.05.

Ethics statement: All animal experiments described herein were carried out according to
protocols approved by Vanderbilt University’s Institutional Animal Care and Use Committee, and
all studies followed the National Institutes of Health’s guidelines for the care and use of laboratory
animals.

2.5.1 Materials
Unless otherwise stated, materials and reagents were purchased from Fisher Scientific

(Waltham, MA, USA) or Sigma-Aldrich (St. Louis, MO, USA).

2.5.2 Synthesis and Conjugation of Polymers

N-hydroxysuccinimide-functionalized 4-cyano-4 (ethylsulfanylthiocarbonyl)
sulfanylpentanoic acid (NHS-ECT) synthesis was verified by NMR (Figure S1), and the
product was then conjugated to an amine-carboxy bifunctional 5kD PEG to form carboxy-PEG-
conjugated ECT for use as an initial chain transfer agent for RAFT polymerization (53). A co-
polymer of DMAEMA (2-(Dimethylamino)ethyl methacrylate) and BMA (butyl methacrylate)
was chain extended from the COOH-PEG-ECT with a desired target degree of polymerization of
150 (1:1 molar ratio DMAEMA:BMA) to create PEG-DB which was verified by NMR (Figure
S2). The reaction was purged with nitrogen for 30 minutes. AIBN was utilized as an initiator
(10:1 CTA:Initiator ratio) in 10% w/v dioxane. The reaction was stirred at 65 °C for 24 h before
precipitation into ether and vacuum drying for 24 h. Polymer was then dissolved and dialyzed in

methanol for 48 hours before transition to dialysis in water for another 48 hours.
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Subsequently, a two-stage SNHS/EDC conjugation protocol was optimized for activating the
polymer and removing excess activating compounds before adding the antibody to avoid
antibody crosslinking. Carboxyl terminated PEG-DB polymer was dissolved in ethanol at a 20
mg/mL concentration before addition to 0.05 M MES buffer, pH=6.0 to prepare a final 1 mg/mL
solution of COOH-PEG-DB polymer. EDC and sNHS were added at 250 and 500 mM and
allowed to react for 15 minutes at room temperature. Excess EDC and sNHS were then
eliminated using 10kD MWCO spin filters from Amicon, centrifuging at 3,000 rcf for 13
minutes from an initial volume of 6 mL. Volume lost was replaced with more MES buffer
reestablishing initial volume. Antibody at 1 mg/mL in 0.1M PBS, pH=8.0 was added to the
activated polymer solution and allowed to react for 18 h at room temperature. Conjugation was
verified by size exclusion chromatography as shown above, and fully conjugated mABCII-PEG-
DB were mixed with non-functionalized PEG at the appropriate ratio (usually 1:40 conjugated to

nonfunctionalized polymer).

2.5.3 Characterization of Particles
Antibody conjugation to polymer was verified by size exclusion chromatography, tracking
polymer elution by absorbance at 214 nm through Enrich SEC 650 columns at a flow rate of 0.25
mL/min in 10 mM PBS at pH 8.
A sequence of tests was then conducted to verify that the particle functionality was
uncompromised by conjugation. The efficiency of siRNA encapsulation N*:P- ratios was
evaluated using a Quant-iT Ribogreen assay kit (ThermoFisher Scientific, Waltham, MA). siNP

size was evaluated using dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern, USA).
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Polymer pH-dependent membrane disruptive function as a marker for endosome

disruption/escape was evaluated using a hemolysis assay, as described previously (135).

2.5.4 Selection of MMP13 siRNA
Seven candidate siRNA sequences targeting different sites of the MMP13 gene were first
screened in ATDC3s stimulated with the inflammatory cytokine TNFa (20 ng/mL).
Oligonucleotides used in these studies were purchased from Integrated DNA Technologies
(Coralville, IA, USA) or Dharmacon, Incorporated (Lafayette, CO, USA). The selected sequence

was synthesized with 2’ O-methyl modification for enhanced in vivo activity.

Table A 1. Candidate sequences screened for MMP13 knockdown in inflamed ATDCS cells.
Selected sequence is bolded. The palmitic acid-conjugate modification employed thereafter is also
described.

Sequence Screening Antisense Sequences

Lead: 5-UCAAAUGGUCCCAAACGAA-3’

#2: 5-CUGCGACUCUUGCGGGAAU-3

#3: 5-AGACUAUGGACAAAGAUUA -3

#4: 5-GGCCCAUACAGUUUGAAUA -3

#5: 5-GCUAUGCACACUGGUAGAAGAUATT-3
#6: 5-UCCCUAGAACACUCAAAUGGUCCCA-3
#T: 5-UCAAGAGACAGUGUUAAUUAAACTG-3

Palmitic Acid-Conjugated Sequence

Antisense: 5-UCAAAUGGUCCCAAACGAACUUAACUU -3’

Sense: 5-GUUAAGUUCGUUUGGGACCAUUUGA 3' Amino Modifier C6 dT -3’
siNEG: 5~ AUACGCGUAUUAUACGCGAUUAACGA-3’
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Figure A 3. Candidate sequences screened for MMP13 silencing in TNFa-stimulated ATDCS
cells (* =p <0.05; ** =p <0.01; ***=p <0.001).
2.5.5 Formation of mAbCII-siNPs
Polyplexes were formed by dissolving polymers in 10 mM citric acid buffer (pH 4) before
complexation with siRNA for 30 minutes. Polymer was initially dissolved at 3 mg/mL
concentration. The siRNA (or palmitic acid-modified siRNA) were complexed at the N:P ratio of
20. Following complexation, the pH was neutralized to 7.4 with sodium phosphate buffer (10
mM; pH 8; 5:1 v/v ratio).
For in vivo experiments, siNPs were formed under the same conditions and concentrated
using S0kD MWCO 15 mL Amicon spin filters, washing with PBS, and sterile-filtered before

injection.

2.5.6 Cell Culture
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ATDCS cells were cultured in DMEM / F-12, GlutaMAX medium with 10% FBS, 1%
penicillin/streptomycin at 37 °C in 5% carbon dioxide. Relevant experiments were performed at

80% confluency.

2.5.7 Cell Viability Studies
Cytotoxicity was performed using the CellTiter-Glo assay, in accordance with the

manufacturer’s protocol.

2.5.8 Luciferase Gene Silencing Assay

For in vitro luciferase knockdown assays, ATDCS cells were lentivirally transduced with
constitutively-expressed luciferase gene in a manner previously described (23). Cells were then
seeded at 2,000 per well in 96-well black plates, clear-bottom. After allowing cells to adhere for
24 hours, siNPs were then introduced into cell media at a concentration of 100 nM siRNA
(siLUC or siNEG). Treatments were removed after 24 hours of incubation, and cell
bioluminescence was then measured on an IVIS Lumina IIT imaging system (Caliper Life
Sciences, Hopkinton, MA) at 24 and 48 hours after treatment by addition of 150 pg/mL luciferin.
Luminescence was normalized to that of siNEG NP controls. Finally, cell viability was measured

by comparing luminescence of siNEG controls to untreated cells.

2.5.9 Quantitative Reverse-transcription PCR

Real-time qRT-PCR was performed utilizing TagMan primers and reagents, and conducted

under conditions outlined by the manufacturer. (Thermofisher Scientific, Waltham, MA;
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GAPDH: Mm99999915_g1, ACTB: Mm02619580_g1, MMP13: Mm00439491_m1, IL6:

Mm00446190_m1)

2.5.10 In Vitro Collagen-targeting, Uptake, and Viability in ATDCS Cells
In order to test targeting and potency of the mAbCII-siNPs formulation, a reverse

transfection assay was employed. First, damaged articular cartilage “model lesions” were created
by partial trypsin damage of porcine cartilage with 2.5% trypsin for 15 min at 37 °C. Then, each
plug was inserted into a well plate and treated with mAbCIIsiNPs or controls. Damaged tissues
were incubated for 1 h with mAbCIl/siLuc or control siNPs complexed with luciferase silencing
siRNA or negative control siRNA. Following incubation, all explants were washed with PBS,
and luciferase-expressing ATDCS cells (murine, chondrogenic) in DMEM/F12 1:1 media were
cultured on top of the treated cartilage for 24 h at 37 °C. Each well was rinsed with PBS before
adding luciferin-containing media (150 ug/mL) and evaluating luminescence by IVIS imaging.
The reverse transfection assay was used to compare PEG-DB not functionalized with mAbClI,
PEG-DB functionalized with mAbCtrl, commercial reagent lipofectamine 2000, and mAbCII-
siNPs. Some treated cartilage plugs for each group were left unwashed to verify gene silencing
efficacy of the different formulations independent from the cartilage binding / target capacity.
Performance was measured against delivery of the same formulations (targeted and control)
loaded with siNEG. Following the measurement of luciferase expression, cell viability of each
group was determined using the Promega CellTiter-Glo luminescent cell viability assay

following Promega’s standard protocol.

2.5.11 In Vivo Short-term Mechanical Loading OA Model
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C57 mice were mechanically loaded, 3 times per week for 2 weeks. The PTOA model of
noninvasive repetitive joint loading was induced by subjecting the knee joints of mice
(anesthetized with 3% isoflurane) to 250 cycles of compressive mechanical loading at 9 N. This
procedure was repeated three times per week over a period of two weeks using conditions
adapted from previous studies (52, 58).

In-joint retention of mAbCII-siNPs in PTOA (2-week loading model) versus healthy mice
was also assessed. mAbCII-siNPs were shown to selectively retain in the knee. At 24 h following
treatment, the amount remaining in the knee was measured by quantifying fluorescence in the

rhodamine-labeled siNPs (Figure A 1; Exc/Emm: 548/570 nm).
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Figure A 4. In-joint retention of mAbCII-siNPs in healthy and PTOA mice as measured by
rhodamine in siNP polymer (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). Statistics performed
with an unpaired t test.

2.5.12 Post-traumatic Osteoarthritis Murine Model for IDO-Gal3 Studies
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IDO-Gal3 activity was assessed in a post-traumatic osteoarthritis (PTOA) mouse model
adapted from Poulet e al. that applies cyclic mechanical loading to the knees of aged (6 months)
mice, causing mechanical damage and consequent inflammation and cartilage degradation (58,
120). The mice were anaesthetized and placed in a fixture with the knee in flexion; loading (9 N)
was applied axially for 500 cycles, and loading sessions are done on the mice 5 times per week
during the experiment (Figure 5SA). IDO or IDO-Gal3 was prepared at 143 uM, and 20 pL of
each treatment was injected intraarticularly at the start of each week of the study, with each knee
receiving 4 total treatments (Figure 5B). At the end of the 4 week study, mice were euthanized

for analysis of gene expression and histopathology.

2.5.13 PTOA Murine Model Pharmacokinetics Analysis

Pharmacokinetics of IDO and IDO-Gal3 retention after local injection at the disease site
was assessed by intravital imaging over the course of 7 days. Both proteins were labeled with Li-
Cor IRDye 680RD NHS ester (Li-Cor Biosciences, Lincoln, NE, USA) to visualize and measure
protein knee retention. Mice were subjected to mechanical loading for two weeks before each
treatment was administered via intraarticular injection. Intravital imaging was performed (Exc.:
672 nm, Emm.: 694 nm) immediately following injection, and every subsequent 24 hours. The
fluorescence signal measured at the joint over time was normalized to the initial measurement for
each knee, and an exponential decay was individually fit for each specimen. The area under the
curve (AUC / bioavailability) for each joint was calculated from the best fit line of exponential
decay. After 7 days, the mice were sacrificed and an ex vivo image was taken of each joint with

the surrounding skin removed in order to increase measurement sensitivity.
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2.5.14 PTOA Murine Model Gene Expression Analysis

Gene expression was evaluated by TagMan qPCR in the knee joint and the popliteal
lymph node that drains the knee joint. Following sacrifice, knees and popliteal lymph nodes were
excised. Combined joint tissue from the synovial wall and articular surface (not exceeding 30 mg
total) and the popliteal lymph nodes were homogenized with bead pulverization in Qiazol. RNA
was extracted and purified using the RNeasy Plus Mini Kit from Qiagen (Venlo, Netherlands)
and quantified using NanoQuant plate from Tecan in a micro plate reader (Tecan Infinite 500,
Tecan Group Ltd., Mannedorf, Switzerland). The RNA was coverted to cDNA using the iScript
Synthesis Kit from Bio-Rad (Hercules, California, USA). Gene expression was calculated by the
AACt method, normalizing to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and beta-
actin (ACTB). TagMan reagents were purchased from Thermofisher Scientific (Waltham,
Massachusetts, USA) and used according to provided protocols, using appropriate primers (IL-
12B3: Mm01288989_m1, IL- 6: Mm01210732_g1, MMP13: Mm00439491_m1, TNF- a:

MmO00443258_m1, GAPDH: Mm99999915_g1, ACTB: Mm02619580_g1).

2.5.15 PTOA Murine Model Histologic Staining and Scoring
Tissue samples were fixed in 10% formalin and decalcified in 20% EDTA for 7 days. A
standard 8 h cycle of graded alcohols, xylenes and paraffin wax was used to process tissues
before embedding and sectioning at Sum thickness. Sections were mounted on positively
charged glass slides and stained with H&E (hematoxylin and eosin) using the Gemini autostainer
(ThermoFisher Scientific, Waltham, Massachusetts, USA). Safranin O staining was performed
using the StatLab staining kit. Each joint was evaluated by at least two mid-frontal sections for

both H&E and safranin O stains. A board-certified veterinary pathologist conducted
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histopathologic interpretations under blinded conditions (102). OARSI scoring was based on
medial and lateral tibial plateaus (scale of 0-6; Table A 2) (101), and a generic score was
concurrently assigned based on H&E features and the safranin O staining of the tibial plateaus

according to DJD methodology (Degenerative Joint Disease severity; scale 0-4; Table A 2).
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CHAPTER I1I

Prolonged siRNA Delivery from Nano-in-Micro Formulation for Therapeutic Effect in

Post-traumatic Osteoarthritis Model

Text for Chapter III taken from:
Bedingfield SK*, Di Francesco M*, Yu F, Cho H, Di Francesco V, Decuzzi P, Duvall
CL. (2020) Prolonged siRNA Delivery from Nano-in-Micro Formulation for Therapeutic Effect
in Post-traumatic Osteoarthritis Model. /n Prep * Co-first Authors

and:
Di Francesco M*, Bedingfield SK*, Di Francesco V, Yu F, Ceseracciu L, Di Mascolo D,
Himmel LE, Duvall CL, Decuzzi P. (2020) Mechano-pharmacological effects of PLGA-
microplates in overload-induced osteoarthritis. Journal of Controlled Release (Submitted)

* Co-first Authors

3.1 Abstract

While polymeric nanoformulations have proven a potent means of siRNA delivery,
encapsulation of these nanoparticles within a microstructure for sustained release in a localized
region enables prolonged gene silencing where smaller particles are quickly cleared after
injection. The development of a microplate structure, first for the delivery of a corticosteroid and
then siRNA-complexed nanoparticles, is described. /n vitro release and activity were
characterized by multiple approaches including measurement of fluorescent nucleic acid release,
siRNA release quantified by ribogreen assay, luciferase model gene silencing, gPCR of MMP13

40



expression, and endosome disruption assays. Release was assessed through five weeks,
confirming that this strategy met the criteria to advance to in vivo, head-to-head comparison with

our mAbCII-siNP carrier system outlined in Chapter IV.

3.2 Introduction
3.2.1 Value of resorbable Nano-in-Micro systems for siRNA delivery
These polymeric square particles, PPLs, are designed to be efficient local drug delivery
systems. Because of their size and nature, multiple and different nanoparticles can be distributed,
together with free drug molecules, within the pPL matrix (75). In this work, the main goal was
the development of a local, injecatable drug delivery system comprised of a square polymer
block, in which size and shape is precisely controlled via a template-based strategy, carrying

polymeric siRNA nanopolyplexes (siNPs) for the treatment of Osteoarthritis (OA).

3.2.2 Development of Microplate System for Delivery of Dexamethasone

Osteoarthritis (OA) is a prevalent disease that causes chronic pain and disability, especially
among the elderly(65, 66). OA can also affect younger patients, often in the form of post-traumatic
osteoarthritis (PTOA), an aggressive form of OA which can occur after joint, ligament, and bone
injury or surgery(67). In all types of OA, mechanical wear or traumatic joint injury promote an
increase of pro-inflammatory cytokines (e.g. IL- 1B, IL- 6, TNF- o) and matrix metalloproteinases
(MMPs) in the affected joint. Excessive inflammation reduces synthesis of extracellular matrix
components and increases matrix degradation, driven principally by MMPs, resulting in focal
lesions in the articular cartilage surface that progress toward full cartilage erosion and complete

joint dysfunction (68, 69).
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Non-steroidal anti-inflammatory drugs (NSAIDs) are typically the first line of
pharmaceutical treatment but are only marginally effective at pain relief, can cause gastrointestinal
complications, and do not slow cartilage deterioration(3). One challenge of systemic therapies is
lack of accumulation in joints (which are relatively avascular) making local injection a good
alternative for increasing bioavailability and decreasing systemic exposure(42). The Osteoarthritis
Research Society International (OARSI) and the American College of Rheumatology recommend
articular injection of anti-inflammatory corticosteroids for symptomatic knee OA(4, 5). The United
States Food and Drug Administration (FDA) has approved five corticosteroids for intra-articular
management of OA, with Dexamethasone (DEX), being one of the highly used(70). Pain relief
with steroids is only temporary, as lack of local retention is a major challenge of intra-articular
therapies. Small molecules are cleared through synovial vasculature, and macromolecules drain
through the lymphatics(42, 43), leading to joint half-lives ranging 1-4 hours for
NSAIDs/steroids(9). Biomaterial depots offer a reliable approach to improve drug
pharmacokinetics, particularly for treating chronic diseases(71, 72), and to this end, Flexion
Therapeutics developed and recently achieved FDA approval of a sustained release anti-
inflammatory steroid formulation ZILRETTA® [poly(D,L-lactide-coglycolide) acid (PLGA)
microparticle extended release formulation of triamcinolone acetonide, a steroid in the same class
as DEX(73). Another alternative for OA patients is local injection of hyaluronic acid (HA)
supplements, which are believed to reduce pain by increasing hydration, lubrication, and resistance
to shear in the joint(12, 74); however, relief is again short-lived as half-life is ~1 day for large
molecular weight HA(9).

Here, we sought a therapeutic approach that would harness the benefits of both sustained

steroid release and mechanical cushioning for treatment of PTOA. Our group recently reported an
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injectable drug depot comprising shape-defined PLGA-based microplates (uPLs) (75). The micro-
constructs exhibit distinct physico-chemical properties, dictated by their size and shape and
composition, which can be simultaneously and independently tailored during the synthesis process.
Size and shape control provide desirable formulation homogeneity and reproducibility, while
ability to tune particle mechanical properties can be used to achieve optimal, application-specific
properties. The ability to modulate particles stiffness is an important factor for matching the
properties of nearby cartilage, as particles too pliant is ineffective as a support and too stiff causes
damage(76). In previous work, the authors have shown these particles have tunable mechanical
properties without affecting their geometry(75). Here, we have applied this approach to produce
DEX-loaded polymeric micro-plates (DEX-pPLs) in order to increase drug exposure within the
articular joint while also providing a mechanical dampening benefit in the setting of mechanical

overload-induced OA.

3.3 Materials and Methods

Details regarding uPL production and characterization are presented in Appendix A.

34 Results and Discussion
3.4.1 Synthesis and characterization of dexamethasone-loaded microPlates (DEX- pPLs)
Sacrificial PVA templates used for fabrication of pPLs were visualized for geometry and
uniformity using both confocal microscopy and SEM imaging (Figure 8a,b). These templates
were used to generate square pPLs with a length of 20 pm, and a height of 10 um. Particles
loaded with CURC for visualization purposes (yellow/green) appeared to have monodispersed

geometry clearly defined by the wells in the PVA template, which appears red due to the
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dispersion of the Rhodamine B fluorescent probe (Figure 8c). Dissolution of the PVA template
in water released the resultant pPLs which were then characterized by electron microscopy and a
multisizer particle counter (Figure 8d,e). A SEM image of the particles from a 30° tilted view
Figure 8d) shows that the size and square shape of the particles match the original template. The
analysis of the uPL number and size distribution by Multisizer (Figure 8¢) showed a single peak
around ~ 20 pm with a relatively narrow distribution. Topographical analysis with an optical
profilometer (Figure 8f) confirmed the values of the thickness and the overall geometry, when
particles are under wet, physiologically relevant conditions. This can be appreciated via the

false-coloring 3D reconstruction as well as the cross-section profile shown in Figure 8f.
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Figure 8: Geometrical characterization of microPlates (uPLs). a. Confocal microscopy and b.
SEM images of the empty PVA template; c. Confocal microscopy image of the PVA template
(red) filled with a PLGA/curcumin paste forming CURC — pPLs (green/yellow); d. SEM image
of uPLs released from the PVA template. The lateral inset shows a magnified and tilted view of
the uPLs; e. Size characterization of uPLs via Multisizer analysis; f. An optical-profilometer
topographic image of a uPL, where the red-level false coloring correlates with the local particle
thickness. The insert represents the cross-sectional profile of the pPL.

3.4.2 Pharmacological and mechanical characterization of dexamethasone-loaded

microPlates (DEX- pPLs)

DEX- uPLs were characterized in terms of relative yield (number of particles per
template), entrapment efficiency (EE%), loading efficiency (LE%), and amount of DEX per uPL
(Figure.2a). As previously reported(75), nearly a 40% yield was achieved for uPLs fabrication,
which is calculated as the ratio of the actual number of pPLs collected after PVA dissolution and
the theoretical number of wells in the template. The amount of DEX loaded per template was
59.2 £ 9.5 pg; with LE% and EE% of 5.0 £ 0.5 and 12.0 + 2.5 %, respectively. The amount of
DEX loaded per particle was 159.2 = 19.5 pg. The 5 wt% of the drug was slightly in excess of
the weight percent of the drug in the initial feed used to make the drug loaded particles, and more
broadly, the observed EE% and LE% values are in line with those observed in other published
literature(77). Dawe et al., which demonstrated that drug DEX loading efficiency for PLGA
spheres of 20 um was 0.9%, while increased to 11.2% for PLGA spheres of 1 um(78). This
difference could be explained by the larger particles’ lower surface area allowing less DEX to
remain incorporated within the PLGA matrix as it forms. However, because of the moderate
solubility of DEX in water, some was lost during the fabrication process(79).

In vitro drug release kinetics were measured under two different volumes, 4 L, which

reproduces the infinite sink condition, and 500 pL, which is closer to the average volume of the

synovial cavity in humans (~ 3 mL)(80). The two release conditions showed similar kinetic
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profiles, but with different percentages of released DEX (Figure.2b,c). Specifically, DEX was
rapidly released within the first 8h under the sink condition, with ~ 30% release. Conversely, in a
more realistic volume of 500 pL, only ~ 4% of DEX was released after 8h. The remaining
portion of DEX was slowly and continuously released overtime, yielding ~ 85% release after 10
days under sink conditions, and about 20% after 1 month under confined conditions. The initial
burst represents a dramatic extension over the calculated half-life within the joint of 1-4 hours
for NSAIDs/steroids(9). The release of 30% is likely associated with the DEX molecules
residing in the vicinity of the microplate surface that in contact with the medium in vitro or
extracellular fluids in vivo, is released by directly dissolving and diffusing in them. The slower,
second phase of the release kinetics would be related to the progressive degradation of the PLGA
matrix and diffusion of the DEX molecules in the particle interior (81, 82). This data shows that
uPLs can provide sustained release of the potent corticosteroid DEX.

Analysis of pPL mechanical properties indicated that pPLs may successfully dampen
mechanical forces on the articular surface in vivo. A compressive force-displacement curve for
the uPLs is shown in Figure.2d expressed as average (line) and standard deviation (shadowed
area). The calculated apparent modulus of 3.1 + 0.9 MPa is comparable with values previously
reported by the authors (75) and is close to the typical values reported for cartilage tissue (~ 2.60
MPa)(83). Dynamic mechanical analysis yielded a dissipation of force parameter, tan § (84), of
0.3 (Figure.2e), a value that is characteristic of high damping materials(85, 86). Indeed, these
large values should be attributed to the combination of structural damping associated with the
polymer matrix of uPLs as well as to relative sliding within the particle ensemble. This
mechanical response would indicate that uPLs can exert a strong, mechanical shielding effect

and act to dampen joint tissue loading.
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Figure 9: Drug loading / release kinetics and mechanical characterization of
dexamethasone-loaded microPlates (DEX- pPLs). a. DEX-uPL fabrication yield and drug
loading characterization; b. DEX release profile from pPLs under sink conditions (4 L, red line)
and fit to the Weibull empirical drug release model (red line; 95% confidence margin: red
margin); c. DEX release profile from pPLs under confined conditions, mimicking the synovial
volume (500 puL, Weibull: green line with 95% confident band); d, Force-displacement curve for
a flat punch indentation experiment on an ensemble of uPLs (average curve and standard
deviation). In the inset, a schematic of the experimental setup is provided; e. Energy dissipation
ability of pPL upon cyclic mechanical loading (frequency 5 Hz) as a function of the force
oscillation amplitude. In the inset, a schematic of the testing routine is provided highlighting the
phase angle change - dissipation parameter. Results are presented as the average + SD (n=3).

3.4.3 In Vitro Anti-inflammatory Effect of Dexamethasone-loaded
Microplates (DEX- pPLs)

In order to test potential toxicity effects of DEX and DEX- uPLs, the proliferative
activity of ATDCS cells was measured after treatment with DEX, uPLs, and DEX- pPLs (Figure
10a). Chondrocytes play a crucial role in cartilage health, and the murine chondrocyte ATDCS
cell line was used to assess cell response to DEX- uPL and control treatment. Empty pPL
treatments were defined to reflect the same polymeric amounts used for the treatment with DEX-
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uPLs. No significant difference in ATDCS cell viability was observed among the experimental
groups treated with various formulations, at different doses up to 30 uM for 24 h.
Pro-inflammatory cytokines produced by local cell populations (synoviocytes,
chondrocytes, osteoclasts, osteoblasts, and others)(87) in the joint, promoting the production of
proteases that breakdown articular cartilage and collagen fibers (88). Therefore, ATDCS5 cells
were treated with DEX and DEX- uPLs at 1 and 10 uM DEX concentrations and then stimulated
with LPS in order to induce inflammation and create an in vitro model of PTOA inflammation
(89, 90). DEX- uPLs and free DEX significantly (*p< 0.05, **p<0.001 and ***p< 0.0001)
reduced the expression of three inflammatory cytokines (IL- 1B, IL- 6, and TNF- o), as compared
to untreated samples stimulated with LPS (Figure 10b-d). A DEX concentration equal to 1 pM
provided pharmacological inhibition of all inflammation-associated genes tested. The higher
DEX concentration (10 uM) did not appear to significantly enhance the anti-inflammatory
activity as compared to the lower dose. These data suggest that DEX- uPLs reduce the
production of inflammatory cytokines by ATDCS cells in response to potent pro-inflammatory

stimuli but that this effect was not dose dependent within the range tested.
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Confocal laser scanning microscopy (CLSM) was performed in order to observe the
interaction between fluorescent pPLs and ATDCS cells. Figure 10e, f and Figure A 5, 6 confirm
the absence of PPL internalization by ATDCS cells and macrophages, suggesting that the
particles would be retained extracellularly and release DEX into the articular cartilage and intra-
articular space for diffusion and effect on cells throughout the joint. Several studies demonstrated
the dependence of phagocytosis on particle size, confirming that this decreased with increasing
particle size (91-94). Key to this platform is particle shape, as it is well known that high aspect
ratio particles have reduced phagocytic uptake compared to conventional spherical particles of

equal volume (95, 96).
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Figure 10: In vitro cytocompatibility
and anti-inflammatory effect of
dexamethasone-loaded microPlates
(DEX-pPLs). a. ATDCS cell viability
;L;s?? LPS +DEX-urLs upon incubation with free DEX,
empty-uPLs, and DEX-uPLs; b. —d.
Expression levels of pro-inflammatory
cytokines IL- 1B, IL- 6, and TNF- a for
LPS stimulated ATDCS cells. (-LPS:
no LPS and no pPLs; +LPS: LPS
$ stimulation and no pPLs; DEX: LPS
prrer e S stimulation and free DEX at 1 and 10
uM; DEX-uPLs: LPS treatment and
DEX- puPLs at 1 and 10 uM). Results
are presented as average = SD (n = 5).
*p< 0.05, **p< 0.001 and ***p<
0.0001 were considered statistically
ol 1 B! significant as compared to the control
T TR (+LPS); ##p< 0.001 and *##p< 0.0001
were considered statistically significant as compared to 1 pM DEX and °°p< 0.001 and °°°p<
0.0001 were considered statistically significant as compared to 10 uM DEX. No significant
differences are indicated on the graphs as NS. Multiple comparisons were performed using, as
post hoc test, the Tukey’s significant difference (HSD) test; e. a 30° tilted view of a SEM image
of ATDCS cells incubated with pPLs. In the lateral inset, a magnified image shows cells
interacting with puPLs; f. false-color SEM image of a uPL (red) deposited and not internalized
over a layer ATDCS cells (green).

Cell viability [%]
Relative fold expression

(]

Relative fold expression
Relative fold expression

49



3.4.4 Therapeutic Assessment of DEX- uPLs in an Overload Injury
Osteoarthritis Mouse Model

The observation of potent DEX- uPL in vitro activity motivated their assessment in an in
vivo PTOA model. A 4-week murine study was completed in a chronic, aggressive PTOA mouse
model where the knees were loaded in a compression loading mechanical testing device as
depicted in Figure 11a. A single dose of DEX (1 mg/kg) was administered into each knee, as
free DEX or DEX- pPLs, starting concurrently with mechanical loading. An identical quantity of
uPLs without DEX was administered as a vehicle control. A DEX dose was chosen that had
robust anti-inflammatory effects in previous studies in rabbits(97) and rats(98). Following four
weeks of mechanical loading, Tagman qPCR was employed to assess expression of genes
associated with PTOA progression (Figure 11b). Expression of pro-inflammatory cytokines IL-
1B, IL- 6, and TNF-q, in addition tomatrixmetalloproteinase-13 (MMP13) was assessed; MMP13
is a primary driver of degradation of the key cartilage structural protein type II collagen (99).
DEX-uPLs significantly reduced all genes assayed compared to untreated knees (p values =
0.013, 0.008, 0.031, 0.008, respectively) (Figure 11c¢). In fact, mice treated with DEX-uPLs had
statistically equivalent IL- 1 expression to healthy mice that were not mechanically loaded.
Notably, expression of IL- 1, IL- 6, and MMP13 was significantly lower in mice treated with
DEX- uPLs compared to mice treated with the same dose of free DEX (p values = 0.0272,
0.0376, 0.0128, respectively). Though they did not perform as well as DEX-puPLs, interestingly,
empty uPLs significantly reduced expression of MMP13 compared to free DEX (p value =
0.0421) and showed a trend toward reducing expression of all other genes. The intermediate
level of benefit seen with empty uPLs may suggest that they provide some mechanical protection

against PTOA development that may cooperate with the pharmacological effects of the system as
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a controlled drug release depot. The marked reduction of expression of all inflammatory genes
measured from a single dose of DEX- puPLs at the end of a rigorous 4-week (5 times per week)
loading protocol implies a prolonged pharmacological effect of DEX- uPLs due to extended
DEX availability with the intra-articular space. The therapeutic effect of free DEX on cartilage
structure and synovial health has been shown at comparable doses in rabbits to dissipate within 3
weeks of injection without formulation, further validating the observed extension of benefit from

DEX- uPLs (100).
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Figure 11: Pro-inflammatory gene expression in a PTOA model mouse. a. Schematic of the
loading fixture used in the mechanical loading of mouse knee joints to induce PTOA; b.
mechanical loading regimen; c. in vivo expression of IL- 13, TNF- a, IL- 6, and MMP13
measured by TagMan qPCR. Statistical analysis via 2-way ANOV A/mixed model (GraphPad 8)
pairing data from each knee in an animal for comparison between groups: *p < 0.05, **p < 0.01,
while no significant differences are indicated on the graphs as NS.

Histology was also performed to assess the progression of PTOA in terms of structural

deterioration of the articular cartilage and synovial response. Sections of each joint were stained
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with Safranin O and Fast Green to assess damage to the articular cartilage surface. Safranin O is
a cationic dye that binds to proteoglycans, which are structural molecules depleted in the context
of OA. This stain is used for grading the severity of OA by the Osteoarthritis Research Society
International (OARSI) scoring method(101, 102). A blinded histopathologist assessed Safranin O
slides using the OARSI scale and found that empty uPLs and DEX-puPLs significantly reduced
the OARSI severity score compared to untreated joints (Figure 12). Free DEX was not found to

provide a significant difference relative to untreated PTOA control knees.
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Figure 12: Safranin-O staining of joint sections in a PTOA mouse model. a. Representative
safranin-O staining of the articular surface of the tibia; inserts show areas of interest under
increased magnification; b. Blinded histological scoring by a trained pathologist by OARSI
standards. (Histology: Arrows — cartilage erosion, # - cartilage fissures, * - low safranin-O
staining; Plotted Data: *p < 0.05, no significant differences are indicated on the graphs as NS.
Statistical significance via one-way ANOVA (GraphPad Prism 8); all images are matched in
scale. In the lower magnification images scale bar = 1 mm, while higher magnification images
scale bar = 100 pm.

OA is considered a total joint disease that, in addition to loss of integrity at the articular

cartilage surface, involves remodeling of and crosstalk with the synovium and surrounding
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tissues (88, 103). Hematoxylin and eosin (H&E) staining was used to appraise overall joint
health and more specifically inflammation, fibrosis, and thickening of the synovium. Blinded
scoring with the Degenerative Joint Disease (DJD) revealed DEX-pPLs significantly improved
overall joint health over free DEX, while empty uPLs did not (Figure 13). These combined
results suggest that both the empty-uPLs and DEX- puPLs provide mechanical protection to the
articular cartilage surface (which aligns with the OARSI score), while the controlled release of
DEX by DEX- uPLs better reduces the inflammation and remodeling that occurs in the
surrounding synovial tissue as a consequence of mechanical overuse injury (DJD score). This
dual-action protective effect enables a more holistic approach for treating PTOA at the cartilage
surface and throughout the joint. Other publications corroborate the lack of protection effect of
free DEX after 3-4 weeks, and highlight the value of a platform that can continuously release
DEX for a sustained period of time (104, 105). DEX- puPLs significantly reduced the OARSI
severity score compared to untreated joints, but caused a larger reduction in DJD scoring
compared to free DEX and untreated joints. In fact, by the DJID, DEX- uPLs treated animals
were statistically equivalent to healthy joints of mice without load-induced injury. Empty-pPLs
did not significantly reduce DJD scores compared to free DEX despite showing a protective
effect on the OARSI scale that focuses solely on the articular cartilage. These contrasting
assessments of joint health strongly argue for a combined therapeutic effect of prolonged DEX

release and mechanical protection achieved by DEX-puPLs.
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Figure 13: H&E staining of joint sections in a PTOA mouse model. a. H&E staining of
PTOA joints, a representative slide for each treatment group; insterts show higher magnification
images of synovial tissue c. Degenerative Joint Disease scoring of the joint histology by a
blinded pathologist. (* p < 0.05, while no significant differences are indicated on the graphs as
NS; Statistical significance via one-way ANOVA (GraphPad Prism 8); all images are matched in
scale. In the lower magnification images scale bar = 1 mm, while higher magnification images
scale bar = 100 pm.

In summary of the steroid-eluting study, we applied size-, shape-, and mechanically
defined, monodispersed PLGA microplates (WPLs) for the intra-articular delivery of DEX. A top-
down approach was used for synthesizing the uPLs, obtaining densely loaded, consistently shaped
particles with a dimension of 20 um per side and a height of 10 pm. The anti-inflammatory
molecule DEX was efficiently loaded into pPLs (5 weight percent of final product), and the
resultant formulation achieved continuous release over a period of 10 days at infinite sink
conditions and 1 month in biologically relevant volumes. The DEX- puPLs reduced inflammatory

gene expression both in vitro and in vivo. In a highly rigorous model of PTOA, a single intra-

articular injection of DEX- puPLs holistically protected both the articular cartilage and the broader
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synovial health, through 4 weeks of rigorous mechanical overloading of the joints. Also, it was
observed that uPLs alone can facilitate the protection the articular cartilage surface by acting as an
interfacial cushion. This work provides strong proof of concept for the utility of top-down
fabrication of highly drug loaded, shaped-defined pPLs for both the mechanical protection and the
sustained delivery of anti-inflammatory molecules, such as DEX, to protect against PTOA-
associated joint deterioration.

This project was partially supported by the European Research Council, under the
European Union's Seventh Framework Programme (FP7/2007-2013)/ERC grant agreement no.
616695, by the Italian Association for Cancer Research (AIRC) under the individual investigator
grant no. 17664, and by the European Union's Horizon 2020 research and innovation programme
under the Marie Sk lodowska-Curie grant agreement no. 754490. Authors thank the Staff of the
Clean Room Facility, the Nikon Center, and the Material Characterization Facility of the Italian
Institute of Technology. The authors also acknowledge the assistance of the Vanderbilt
Translational Pathology Shared Resource (TPSR). TPSR is supported by NCI/NIH Cancer
Center Support Grant 2P30 CA068485-14. We are grateful to the U.S. Department of Defense
(DOD CDMRP OR130302) and the National Science Foundation Graduate Research Fellowship

Program (NSF GRF #2016212929) for support.

3.4.5 Incorporation of siRNA-delivering Nanoparticles into Microplates for Prolonging
Retention in the Joint
Efforts investigating the microplate platform led us to believe that these microstructures
could enable gradual release of siRNA-carrying nanoparticles (Figure 14). After screening

several polymer systems, it was found that poly [DMAEMAg¢7-b-(DMAEMA9-co-BMA75-co-

55



PAA49)] (DDPB), a previously reported polymer similar to the PEG-DB used for mAbCII-siNPs
with a BMA/PAA core and a DMAEMA corona (that complexes siRNA), was compatible with
the microplate formulation process (106). Briefly, DDPB was dissolved in EtOH (20 mg/mL)
and then diluted to 1 mg/mL by slow addition of PBS buffer (pH 7.40, 1X) in order to promote

spontaneous micelle formation.
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Figure 14: Conceptual illustration of nano-in-micro approach for siRNA delivery for the
treatment of PTOA. (Left) Healthy sagital cross-section of the human knee. (Top-Center)
Nano-in-micro formulation of PLGA microplates containining DDPB nanoparticles. (Top-Right)
Microplate delivery to synovial tissue cells (Right-Center) Nanoparticle dispersion into cartilage
to affect chondroctyes. (Bottom-Right) Comparison of microplate-treated osteoarthritis
compared to untreated, advanced osteoarthritis.
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3.4.6 Physico-chemical Characterization of DNA or siRNA/DDPB-NPs-uPLs.

Polymeric uPLs were synthetized following a multi-step, top-down fabrication process,
as already described by our collaborators (75, 107). Before dispersing siNPs within the
polymeric mixture, their stability was evaluated in the presence of acetonitrile (used in uPL
manufacture). A DLS analysis of Cy5-DNA-NPs was performed before and after exposure to the
solvent. As reported in Figure 15A, solvent did not alter NP physico-chemical properties. At this
point, Cy5-DNA —NPs within the polymeric paste were dispersed over the sacrificial PVA
template (Figure 15B). To better demonstrate that siNPs were distributed in the pPL polymeric
matrix, fluorescent CURC molecules were dispersed within pPLs. Confocal fluorescence image
of Cy5-DNA —NP loaded CURC—pPLs inside a PVA template confirmed the particles geometry
and uniformity, and the homogenous distribution of siNPs (red fluorescence) within the CURC
and PLGA matrix (green) inside the wells (i.e.: the uPLs) (Figure 15B). This was also confirmed
by confocal analysis of single particles (Figure 15D). Fig. 1D shows the green fluorescence
associated with CURC colocalizing with the red fluorescence of Cy5-DNA —NPs. PVA
templates were then dissolved in water, releasing square uPLs with a length of 20 um, and a
height of 10 um (Figure 15C-E). uPLs geometrical properties were characterized via Multisizer
Coulter Counter and SEM. Multisizer analysis showed narrow size distribution and a single peak
around ~ 20 um (Figure 15C) (107), while an SEM image of the particles from a 30° tilted view
confirmed their square shape and size. Indeed, the pPLs surface appeared not perfectly smooth.
While pPLs are capable of being efficiently loaded with a variety of molecules (107), siMMP13-
NPs were chosen, in this work, as a therapeutic strategy for the treatment of PTOA. In this work,
uPLs were synthesized using approximately 15 mg of PLGA per template and different siNPs

formulations reported in Table Suppl. All combinations showed a siNPs encapsulation
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efficiency (EE%) around ~ 15%.Also, the yield was similar for all the different combinations,
close to 40% (75, 107). Yield was measured by dividing the actual number of particles obtained
after PVA dissolution and the theoretical number of wells per template. In vitro drug release
kinetics, presented as cumulative drug release v.s time, were conducted in a confined
environment (1.5 mL), very close to the average volume of the synovial cavity in humans (~ 3
mL) (80). The release profile of sSiMMP13 from siMMP13-NPs- uPLs was examined by
analyzing siRNA released from the uPLs in the presence of heparin as a competing anionic
polymer over 5 weeks. As depicted in Figure 15F, siMMP13 release followed a triphasic pattern
(108) consisting of an initial burst release for the first week, followed by a lag period, after
which release resumed around day 26. The total amount released during the burst period was
around 25% of the siRNA initially encapsulated as a component of the NPs. A similar profile
was obtained measuring the fluorescence intensity of Cy5-DNA in the release medium (Figure
A 5A,B). This stability emphasizes the potential of protective micro-encapsulation pPLs to

create a protective “hierarchical structure” for sustained and controlled release (75, 109).
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Figure 15: Physico-chemical and biopharmaceutical characterization of siRNA-NPs loaded
pPLs. A. DLS size distribution of Cy5-DNA —NPs before (blue line) and after AcN exposure
(red line). B. Size characterization of pPLs via Multisizer analysis. C. A 30° tilted SEM image of
the uPLs loaded siRNA-NPs. D. 2D confocal microscopy image of CURC — puPLs
(green/yellow) loaded Cy5-DNA-NPs (red). E. 2D confocal microscopy image of the PVA
template filled with a Cy5-DNA- NPs (red spots)/ PLGA/CURC paste (yellow-green). F.
siMMP13 release profile from pPLs under confined condition (1.5 mL). Data are expressed as
the mean (n = 3) = SD.

3.4.7 In Vitro Gene Knockdown and Cytotoxicity of siRNA-NPs Loaded pPLs

Before assessing in vitro gene knockdown efficiency, the stability of siRNA in the release
media was studied. pPLs were incubated in PBS to trigger diffusion of siMMP13-NPs from
PLGA matrix. Release media DLS analysis was performed every week for 5 weeks. As reported
in Fig. 2 A, a release of intact siMMP13-NPs from pPLs was obtained during the 5 weeks
analysis. Indeed, siMMP13-NPs size after 5 weeks were very similar to freshly NPsFig. 2A. This

suggests that no aggregation or destabilization occurred during the pPLs synthesis process. A
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similar study was also conducted on siLUC-pPLs and siNEG-puPLs. At this point, the latter were
used to assess their bioactivity. Intracellular translocation and gene silencing efficiency of
Luciferase siRNA-NPs loaded pPLs was determined using LUC+ ATDCS cells that express a
high level of GFP proteins, already used as a good model for OA. Each siNPs —uPLs and siNPs
formulation was tested. The luciferase knockdown for siLUC NPs release from pPLs was
maintained for the duration of the release study (5 weeks), achieving ~50% silencing after 4
weeks. On the contrary, free siLUC-NPs were only able to show ~ 60% silencing until 2 weeks.
This result suggests that the loading of siNPs inside uPLs did not alter the silencing efficiency
and biocompatibility in vitro, preserving their activity for a longer time. Also, transfection with
siNPs released from pPLs did not affect cellular viability. Both siNPs and uPLs showed good

cell biocompatibility at all ratios under study (Figure 16).
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Figure 16: In vitro release study and assessment of DDPB activity. A. Progressive dose
toxicity study; B. Representative DLS of releasate from pPLs at 1, 3, and 5 weeks; C.
Luciferase-silencing potency across 5 weeks of release; D. Representative images of GFP-
labeled galectin-8 accumulation at the site of endosome disruption in luciferase-transfected
ATDCS cells; E. Quantified galectin-8 accumulation across in vitro release study; F. siMMP13
silencing in vitro from releasate.
3.5 Conclusion
With potent, sustained activity of DDPB NPs through 4 weeks of in vitro release,
siMMP13-pPLs demonstrate longer extended silencing than any formulation previously
developed in the Advanced Therapeutics Laboratory, any published siRNA delivery system for
the treatment of joint diseases, and most publications for other siRNA indications. Perhaps the
premier siRNA drug in the final processes of clinical approval is inclisiran, a PCSK9 inhibitor
meant to affect the liver. Inclisiran has been shown to achieve 6 months of inhibition leveraging
advanced sequence/siRNA chemistry optimization and a liver target (110). This achievement
required years decades of research and millions of dollars, and much of the optimization
required must be redone if the target were to be changed. siNP-uPLs are a versatile tool for
plug-and-play local silencing in non-hepatic targets. With these landmark silencing results in

vitro, we decided to advance siMMP13-uPLs to in vivo testing for comparison against mAbCII-

siNPs.
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CHAPTER 1V

Therapeutic Comparison of Antibody-functionalized Nanoparticles and Nano-in-Micro

Formulations for MMP13 Inhibition by RNA Interference

Text for Chapter IV taken from:

SK Bedingfield, D Liu, F Yu, MA Jackson, KA Hasty, LH Himmel, JM Colazo,
H Cho, KA Hasty, CL Duvall. (2020) Matrix-targeted Nanoparticles for MMP 13
RNA Interference Blocks Post-Traumatic Osteoarthritis. bioRxiv
2020.01.30.925321

and:
Bedingfield SK*, Di Francesco M*, Yu F, Cho H, Di Francesco V, Decuzzi P,
Duvall CL. (2020) Prolonged siRNA Delivery from Nano-in-Micro Formulation
for Therapeutic Effect in Post-traumatic Osteoarthritis Model. In Prep * Co-first

Authors

4.1 Abstract
Both mAbCII-siNPs and siNP-uPLs were investigated in a mechanical overload mouse
model of PTOA. MMP13 expression and MMP13 immunohistochemistry were used to validate
siRNA efficacy. Histology scored by a blinded pathologist, and bone restructuring was assessed
by uCT to evaluate disease progression. MMP13 inhibition was shown to delay the progression
of osteoarthritis. The use of broad inflammation gene screening of tissues revealed marked

reduction in the expression of global markers of inflammation. While both carriers were able to
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potently silence MMP13, siNP-uPLs were found to last roughly 4 times longer, achieved of 70%

knockdown at 4 weeks post-injection.

4.2 Materials and Methods

All materials and methods are discussed in Appendix B.

4.3 Results and Discussion

4.3.1 MMP13 Silencing in Longer-term Osteoarthritis Mouse Model

A 6-week murine study was completed to evaluate the therapeutic effect of weekly doses
of MMP13-silencing mAbCII-siNPs in a longer-term and more aggressive PTOA model. Tests
for the more aggressive PTOA model were carried out in C56BL/6 mice aged to 6 months and
subjected to a more rigorous cyclic mechanical loading protocol of 9N, 500 cycles, 5 times per
week, for 6 weeks (Figure 17A) (111). Doses of 0.5 mg/kg siRNA were administered into each
knee weekly, starting concurrently with mechanical loading. MMPSense and Alexafluor-labeled
mADCII antibody were injected intravenously 24 h before sacrifice to gauge total MMP activity
and quantify cartilage damage, respectively. Even though the study takedown and gene
expression analysis was done a full week following administration of the final dose, MMP13
expression interference achieved with mAbCII-siNPs was consistent with the short-term model,
with greater than 80% reduction compared to OA joints treated with siNEG using mAbCII-siNPs
(Figure 17B). Immunohistochemical (IHC) staining revealed that MMP13 production both in the
articular cartilage and the synovial tissue was reduced by mAbCII-siNP/siMMP13 treatment

(Figure 17C, D). The inflamed state associated with PTOA is characterized by detrimental tissue
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restructuring potentiated by cytokines and growth factors produced in the synovium of the joint
(63). Degradation products of degraded CII have signaling properties that contribute to catabolic
activity, hypertrophy, and apoptosis (62). The mAbClII-based targeting of siMMP13 in the
PTOA joint may have both primary, cartilage-protective effects on MMP13 gene silencing and
also secondary effects associated with reduced production of degradation products that amplify
downstream inflammation and MMP production.

Histological analysis showed that mAbCII-siNP/siMMP13 treatment significantly
reduced PTOA-associated joint structural changes. Coronal sections of fixed knee joints were
stained with Safranin O and Fast Green to evaluate cartilage histopathology. Sections were then
blindly scored by a trained pathologist (Figure 17E-F) using criteria detailed in the supplement
(Table A 2). Safranin O stains proteoglycans associated with normal cartilage a deep red and is
used for histopathological scoring of cartilage as recommended by the Osteoarthritis Research
Society International (OARSI) (112). The reduced Safranin O staining and surface discontinuity
observed in untreated OA and siNEG-treated OA is indicative of proteoglycan loss and cartilage
erosion and was significantly prevented in siMMP13-treated joints.

Total MMP activity was also significantly reduced in the mAbCII-siNP treated animals
compared to controls that were either untreated or treated with mAbCII-siNPs loaded with
siNEG (Figure 17G). Relative binding of Alexafluor-labeled mAbCII antibody to pathologically
exposed CII is a biomarker for degree of cartilage damage (52, 113, 114) and was thus used here
as an intravital readout. Significantly greater binding of mAbCII was observed in mAbCII-
siNP/siNEG treated and untreated mice compared to mAbCII-siNP/siMMP13 treated mice,
indicating that targeted MMP13 silencing protected the cartilage architecture (Figure 17H, I).

Levels of Alexafluor680-mAbCII binding in the PTOA joint were similar between untreated
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mice and mAb-CII-siNP/siNEG treated mice, indicating that treatment with mAbCII-

functionalized siNPs one week prior did not in itself interfere with the subsequent mAbCII-based

cartilage damage measurement.
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Figure 17: Long-term MMP13 silencing reduces MMP13 protein levels in cartilage and
synovium and protects mechanically-loaded joints from OA progression — (A) Loading and
treatment regimen used in the long-term mouse model; (B) MMP13 expression at the end of
week 6; (C-D) IHC for MMP13 showing that targeted siMMP13 treatment reduced MMP13
protein levels both in the articular surface of the tibia and in the synovial tissue; (E-F)
Representative Safranin O staining of the articular surface of the femur and quantification of
cartilage damage by the OARSI osteoarthritis cartilage histopathology assessment system. (G)
Total MMP activity at 6 weeks measured by MMPSense. (H-I) Representative images and
quantification of the binding of fluorescently labeled mAbCII in the joint at 6 weeks as a marker
for relative cartilage damage and resultant superficial exposure of Collagen II (* =p <0.05; ** =
p <0.01; *** =p <0.001).

Hematoxylin and eosin (H&E) staining was used to evaluate overall joint status,
including synovial response (Figure 18A). The loading protocol utilized induced robust synovial
thickening and ectopic mineralization. Whole joint histology was blindly scored by a pathologist
(Figure 18B) based on the degenerative joint disease criteria outlined in the supplemental
information (Table A 2). While cartilage structure was fully protected by mAbCII-
siNP/siMMP13 treatment (treated mice had statistically equivalent OARSI score to normal mice
with no load-induced PTOA), there was also a significant protection of other joint tissues,
including less synovial hyperplasia compared to control-treated animals. The H&E joint sections
for siNEG and untreated groups also appeared to contain higher ectopic calcification in the
synovial membrane compared to the mAbCII-siNP/siMMP13 group. To more globally visualize
and quantitatively assess ectopic calcification of the synovium, we utilized microCT, revealing
that mAbCII-siNP/siMMP13 treatment protected against synovial mineralization (Figure 18C-
D). These data support that MMP13 silencing does have secondary benefits on the joint beyond
directly reducing articular cartilage loss.

When evaluating OA joints clinically, the presence of osteophytes and ossified nodules

within the synovium is especially important, as these characteristics are used to gauge OA

progression and appear in the most advanced stages of the disease (101). These rigid calcium

66



deposits are associated with synovial macrophage activation in experimental OA (115) where
they concentrate local mechanical stress. Further, presence of calcium phosphate can exacerbate
synovitis by activating inflammasomes and consequently triggering production of the OA driver
IL-1B (116). While inflammation affects patient comfort, complications and acute pain from
osteophytes and calcium deposits are often cited as primary reasons for advanced OA patients to
cease exercise altogether and to resort to total knee replacement (117). Inhibiting pathological
ossification would be anticipated to enable maintenance of an active lifestyle and to delay total
knee replacement.

To look more broadly at the joint and surrounding tissues, subchondral trabecular bone
was also characterized using microCT. Interestingly, mAbCII-siNP/siMMP13 treatment
significantly reduced loss of subchondral trabecular bone volume associated with PTOA (Figure
18E). TRAP (tartrate-resistant acid phosphatase) staining was also performed to assess osteoclast
activity as a snapshot of bone resorption (Figure 18F). Activated osteoclasts were increased in
untreated, mechanically loaded knees compared to those receiving mAbCII-siNP/siMMP13
treatment. These data reinforce the complexity of OA as a full joint disease, while also indicating
that MMP13 RNAI has beneficial, global impacts within the joint by also impacting cartilage
crosstalk with surrounding tissue. There is strong clinical precedent for observing multiple,
concomitant types of aberrant mineral homeostasis within the OA joint. Clinically, calcium
“crystals” often manifest in the synovial tissue and fluid. At the same time, pathological
vascularization and thickening of the subchondral bone plate can cause loss of subchondral
trabecular bone (116). Animal models and human samples suggest an influence of MMP13 and

cathepsin K, specifically, in driving pathological subchondral bone resorption in late-stage OA in
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human tissues (118). In accordance with these studies, we find that subchondral bone resorption

and pathologic bone restructuring within the whole joint are reduced with MMP13 inhibition.

>
I
x
m
v o]

Total Joint Scoring

Degenerative Joint
Disease Score

No OAsiMMP13siNEG No Tx

ImAbCII siNP |
+0A

D c Synovial Ectopic Mineralization E Subchondral uCT Imaging

5 o —— NS - o0 «

S 500 I 2 @ e 1 ..

g < 400 v o 53 T

S o 98 05

S ¢ 300 s>

€ =+ 23

L2 ™ 200 3

S 1o = ot @ o4

e ol coeef =7 7 '

NoOA ,siMMP13 siNEG, NoTx No OAlsiMMP13 SiNEG
| mAbCII-siNP ADCISINP

+0A +0A

-n

Osteoclast Activity

S e . T
% 2, 5 SIEG

TS e =

68



Figure 18: mAbCII-siNP/siMMP13 silencing decreases joint destruction by reducing
synovial response and subchondral bone loss. — (A-B) H&E staining of joints, focusing on the
synovial regions, and average Degenerative Joint Disease Score by treatment group. Blinded
histological scoring was completed by a trained histopathologist; (C) 3-dimensional renderings
of synovial ossification in the joint space from microCT scans; (D) Quantified degree of ectopic
synovial ossification in quantified hydroxyapatite (HA); (E) microCT-derived bone volume
fraction of the femoral and tibial subchondral bone; (F) TRAP staining of PTOA groups
highlighting osteoclast activity in the subchondral bone (Arrows highlight active osteoclasts; * =
p <0.05; ** =p <0.01; *** =p <0.001).

4.3.2 Benchmark Comparisons to Clinical Gold Standard Steroid Treatment

The proposed therapy is positioned as an early intervention for PTOA. The most
prevalent clinical intervention beyond the use of oral NSAIDS is the intraarticular administration
of steroids, which are recommended to be given up to four times per year (119). Of
corticosteroids, the most commonly used is methylprednisolone (120). Because the longer-term,
6-week osteoarthritis mouse model used in our therapeutic studies is aggressive, benchmarking
was compared against both a single dose of methylprednisolone at the time of first injury (most
similar to frequency of dosing used clinically) and a weekly dose, with the latter done to match
the protocol used for testing of mAbCII-siNPs/siMMP13 (dosing described in Supplemental
Information).

Histological sections on joints extracted at the endpoint of this study were blindly scored
by a pathologist following tissue staining with hemotoxalin/eosin and safranin-O (Figure 19A-
D). Neither single or weekly methylprednisolone injections significantly altered either the
OARSI or Degenerative Joint Disease Scores relative to untreated PTOA knees. These findings
are in agreement with other studies demonstrating that while steroids temporarily alleviate
inflammatory pain, there is no demonstrated protection of cartilage structural integrity (5).
Notably, mAbCII-siNPs/siMMP13 treatment significantly reduced both the DJD and the OARSI

score relative to controls, while neither single or weekly steroid treatment provided any

69



significant protection by these joint scoring metrics. Similar to the histological scoring outcomes,
neither steroid treatment protocol blocked ectopic mineralization in the synovium, unlike
mADbCII-siNP/siMMP13 therapy (Figure 19E). These distinctions further highlight the
therapeutic potential of specific inhibition of MMP13, a molecular driver that broadly underlies

several aspects of PTOA joint destruction.

vﬁ%\; Methylprednisolone — V:eeHy Dose |

7

z 4 !j‘
£ ]
s §3 o S 4
20 ’ *
E g 2 mAbCII-siNP 7 mAbCII-siNP
om z 2
c o <
521 o \
ga o -
Q 0- 0-
No OA No Tx 1X Wkly No OA No Tx 1X Wkly
L methylprednisolone L methylprednisolone
+0A +0A
E Articular Restructuring




Figure 19: Steroid treatment does not provide DMOAD effects in relation to mAbCII-
siNP/siMMP13— (A) Representative whole joint histological sections stained with H&E; (B)
Representative safranin-O staining of the articular surface of the tibia and femur; (C) Total joint
scores were determined from H&E stained slides by a treatment-blinded histopathologist; (D)
Cartilage damage by the OARSI osteoarthritis cartilage histopathology assessment system was
also determined by a treatment-blinded histopathologist; Arrows highlight focal cartilage damage
and regions of cartilage degeneration; (E) MicroCT imaging of ectopic mineralization in the
synovial tissues; * =p < 0.05; ** =p <0.01; *** =p < 0.001).
4.3.3 MMP13 Silencing Broadly Affects Expression of OA-associated Genes

Targeting MMP13 directly by RNAIi successfully silenced MMP13 and was found to have
broader effects on overall joint health, including in the synovium and subchondral bone. To
further characterize the global impacts of targeted MMP13 inhibition, the extended mechanical
loading mouse model was repeated with the same parameters except that samples were harvested
at 4 rather than 6 weeks to capture a more intermediate stage of disease (Figure 20A). The
nanoString nCounter Inflammation panel was used to quantify expression of 254 genes in the
knee joint samples (articular cartilage and synovial tissue combined at a consistent 1:1 mass
ratio). Unsupervised analysis using nanoString software indicate that the joints treated with
mADbCII-siNPs/siMMP13 were closer to normal tissue and more different from untreated OA
tissue than mAbCII-siNPs/siNEG and more (Figure 20B). Compared to treatment with mAbCII-
siNPs/siNEG, treatment with mAbCII-siNPs/siMMP13 significantly suppressed expression
levels of several clusters of genes with notable associations with OA progression (Figure 20
C,D).

In PTOA joints, mAbCII-siNPs/siMMP13 treatment significantly reduced clusters of genes
associated with tissue restructuring and angiogenesis. Tissue remodeling is an active process in

response to injury, in the articular cartilage and especially in the synovium where capsule

thickening, vascularization, and hyperplasia occurs. These processes are associated with the
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upregulation of genes such as MEF2a (chondrocyte hypertrophy) and PDGFa (a potent synovial
fibroblast growth factor) (121, 122), which were suppressed by mAbCII-siNPs/siMMP13.
MMP13 silencing also suppressed Flt-1, which is a VEGF receptor, predominantly expressed by
vascular endothelial cells and involved in angiogenesis. The more active tissue remodeling and
thickening processes in control PTOA joints was also indicated by mAbCII-siNP/siMMP13
treatment-associated suppression of gene clusters related to proteolysis and skeletal
development. MMP13 silencing also led to downregulation of genes associated with apoptosis,
such as Jun (which also induces MMP13) and the inflammatory cytokine IL6, which is
mechanistically involved in propagation of cellular stress and synovial inflammation (123, 124).

Treatment-associated downregulation of genes related to tissue restructuring, apoptosis,
angiogenesis, and proteolysis were also complemented by reduction of innate immune activation
in joints with targeted MMP13 silencing. OA-relevant PTGS2 (prostaglandin-endoperoxide
synthase 2, an inflammation driver that encodes the cyclooxygenase 2 enzyme (COX2) and
IL1RN encoding the interleukin 1 receptor antagonist protein (IL1RaP) in which its knock-out
correlates with spontaneous arthritis development (125) were, for example, significantly reduced
in mechanically loaded joints with mAbCII-siNP delivery of siMMP13 versus siNEG. Coupled
with reduction of innate immune response, MMP13 silencing also reduced expression of several
serine proteases (C1S, CIRA, and C2) that are components of the complement pathway, which is
known to be associated with OA progression (126, 127). The local reduction in these
components indicates reduced number or activation of circulating monocytes, macrophages, and
monocyte-derived dendritic cells that all express Cls, CIRA, and C2 (128). MMP13 silencing
also reduced expression of IL-1 (MAPK activation cluster), an inflammatory cytokine that

drives OA driver by inducing nitric oxide production, increasing synthesis of MMPs and
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aggrecanases, while suppressing proteoglycan synthesis (129). Interestingly, recent work has
highlighted how macrophages embedded in synovial tissue serve to induce a proinflammatory
state (130) and, in combination with synovial fibroblasts, appear to be the lead contributors to
MMP13 expression within the joint space as observed by MMP13 THC. Not only does MMP13
inhibition directly reduce cartilage degradation, it has secondary impacts on overall joint health

by disrupting the “degenerative cycle” that is perpetuated by degradative products of the

cartilage matrix (35).
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Figure 20: MMP13 silencing globally impacts gene expression patterns within
mechanically-loaded PTOA joints — (A) Loading and treatment regimen for the nanoString
analysis study; (B) Unsupervised sorting of treatment groups from most to least similar to normal
joints as quantified by nanoString at the end of week 4. Gene expression is shown as high-
(green) or low-expression (red) sorted vertically by differences between treatment groups; (C-D)
Gene clusters were significantly different between siNEG- and siMMP13-treated joints (5 most
changed in C, next 5 most changed in D). The plots are arranged such that the clusters’ p-values
between siMMP13 and siNEG treatment groups is lowest on left and highest on right (* =p <
0.05; ** =p <0.01; ***=p <0.001).

The global changes to inflammatory gene expression observed in this study, in
combination with joint analysis utilizing microCT and histology, all support the therapeutic
value and safety of local, MMP13 silencing targeted to cartilage matrix. It is thought that
MMP13 activity within the synovial joint drives OA progression (131). By contrast, MMP13
expression by osteocytes is important for normal perilacunar/canalicular remodeling (PLR).
Selective genetic ablation of MMP13 expression in osteocytes disrupts subchondral bone
homeostasis in a way that exacerbates subchondral bone sclerosis and OA pathology (132). We
speculate that a CII-targeted delivery system such as mAbCII-siNPs that is injected directly into
the intraarticular space will localize effects to cartilage and possibly adjacent synovial tissues,
while any unbound treatment would clear primarily through lymphatic drainage (133), limiting
exposure and gene targeting effects on cells embedded within the more remote subchondral bone
tissue shielded by mineralized matrices. The concept that mAbCII-siNPs/siMMP13 helped to
maintain normal mineralization homeostasis within the joint is supported by the microCT
analyses showing that treated animals maintained a more normal subchondral bone volume

fraction with reduced abnormal ectopic mineralization versus control treatment. Our matrix-

targeted mAbCII-siNPs enable a desirable combination of safe and effective therapeutic MMP13
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targeting that may be difficult to achieve with systemic delivery or through delivery of small

molecule inhibitors that more readily diffuse into tissues outside of the synovial joint.

4.3.4 In Vivo Comparison of MMP13 Silencing of siMMP13-pPLs

Utilizing the same mechanical loading conditions for in vivo long-term studies with
mADbCII-siNPs, siMMP13-uPLs were investigated in a longitudinal study to assess duration of
MMP13 gene silencing for 4 weeks. Combined synovial and cartilage tissue in equal masses was
shown to have over 65% inhibition at 28 days, and medial synovial tissue by itself had over 75%
MMP13 knockdown at 7, 14, and 28 days compared to scrambled controls (Figure 21A-B).
Labeled CII antibody was systemically administered to assess joint damage in terms of

exposed/degraded cartilage, and the siMMP13-pPL group had negligibly different results from

healthy mice at 4 weeks (Figure 21A-B).
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Figure 21: In vivo longitudinal study of MMP13 expression at up to 28 days following
treatment. A. MMP13 gene expression at 28 days after injection in PTOA mouse model in
combined cartilage/synovial tissue; B. Longevity of action study of MMP13 silencing in the
medial synovial tissue; C. Exposed collagen II as marker of joint damage severity.

4.3.5 Reduction in Bone Restructuring and Synovial Mineralization from MMP13 Silencing

Similar to what was observed in mAbCII-siNPs, extensive ectopic synovial
mineralization occurred and loss of subchondral trabecular bone manifest in control groups, but

no after treatment with siMMP13-uPLs (Figure 22).

Articular Restructuring

sIMMP13
v

B Synovial Ectopic Mineralization c Subchodral Trabecular Loss
**
400 g NS *

z o NS [ Health 5 0.7+ v

z ' BN SNEGNPspPLs S
o @ 300 T 064 [
§ E, NS T W SMMPI3NPsWPLs 3 -
© .8 200 | — 3 No Tx 5 0.5
8 £ +
] S 0.4
5 100 2 —

£ )

s S 0.3-

0- o

Figure 22: pCT analysis at 28 days after treatment. A. Representative 3-dimensional rendering
of puCT, highlighting ectopic synovial mineralization; B. Quantified mineralization of joint soft
tissues from pCT analysis; C. Subchondral bone volume per total volume of the subchondral
trabecular space.
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4.3.6 Broad Changes in Gene Expression from MMP13 Silencing

Key genes observed in osteoarthritis progression were measured by qPCR to verify if
MMP13 inhibition was broadly affecting indicators of inflammation. After observing such a
strong response in medial synovial tissue in mAbCII-siNP studies, medial synovial tissue was
tested separately from combined lateral synovial and articular cartilage tissue (Figure 23). As
from nanoString analysis of mAbCII-siNPs, there were significant changes reductions in Cls,
C2, and IL-1B were also significantly reduced in synovial and combined joint tissues. A stronger
reduction in medial synovial tissue was evident, and indicates that controlling synovial signaling

may play a larger role in cartilage health than previously considered.
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Figure 23: In vivo gene expression profiling at 28 days following treatment. Medial synovial
tissue (left) and combined lateral synovial and cartilage tissue in equal masses were assessed

with qPCR for expression of Cls, C2, IL-1p, IL-6, and TNFa (*: p<0.05, **: p<0.01, where
comparison is to scrambled controls).

4.3.7 Benchmark in vivo comparisons of MMP13 silencing between mAbCII-siNPs and of

siMMP13-uPLs
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The same longitudinal study described above was also performed with mAbCII-siNPs
(Figure 24). Within 10 days of administration, the group treated with mAbCII-siNPs had restored
expression of MMP13. The DDPB nanoparticles formulated within uPLs (siMMP13-NPs) were
also administered without microencapsulation, and had no measurable impact on MMP13
expression at 7 days, which corroborates with internal studies that show these particles generally
only have 3 days of gene knockdown in vivo. While demonstrating the improvement in potency of
siMMP13-uPLs over mAbCII-siNPs, this study also strengthens the case that targeted retention of
mADbCII-siNPs and the pharmacokinetic advantages of siMMP13-uPLs are vital to achieving

meaningful knockdown over rapidly-clearing nanoparticles like the DDPB siMMP13-NPs.
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Figure 24: In vivo MMP13 inhibition compared to previous generation nanoparticles in
PTOA model. Longitudinal studies demonstrated that unformulated DDPB siMMP13-NPS
show no significant gene knockdown at 7 days, and mAbCII-siNPs lose knockdown at 10 days
post-injection.

44  Conclusion

The therapeutic relevance of both approaches is exemplified in an aggressive, long-term

PTOA model which, for mAbCII-siNPs, showed a treatment-associated 80% reduction in
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MMP13 expression (p = 0.00231), protection of cartilage integrity (0.45+/-.3 vs 1.64/-.5 on the
OARSI scale; p =0.0166), improvement in synovial histopathology (1.3+/-.6 vs 2.8+/-.2 on the
Degenerative Joint Disease scale; p < 0.05), and less destruction of subchondral bone (16%
greater bone volume over total volume; p < 0.01). There were also global gene expression
changes associated with MMP13 silencing that suggests this treatment produces both primary
benefits through cartilage protection and secondary benefits from blocking inflammatory,
degradative feedback loops activated by the release of cartilage degradation by-products. For
siNP-puPLs, the silencing of MMP13 had a 4-fold extension beyond mAbCII-siNP formulation.
Prevention of bone restructuring and disease prevention was analogous to what was observed
with mAbCII-siNPs, but with a more clinically relevant dosing regimen. In sum, matrix-targeted
delivery for potent MMP13 gene silencing is a promising experimental DMOAD that warrants

additional preclinical development because of its significant advantages over current treatments.
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CHAPTER V

Conclusion

6.1 Shortcomings

While these efforts in improving siRNA delivery in the joint represent a significant
contribution to the field of polymeric drug delivery, several shortcomings merit discussion.

Perhaps most notable is the use of a single model in assessing the efficacy of these
therapies. After extensive internal work not discussed here, we found that OA phenotypes were
most consistently and reliably advanced in this prolonged mechanical overload model than any
surgical intervention. Medial meniscal transection, a surgical approach often used by other
groups, yielded inconsistent results in our hands and a slower manifestation of advanced OA
(131). Mice themselves are not physiologically ideal to represent humans, as the way they carry
weight is quite different and the homology of complimentary MMPs is not identical to humans.
Protocols are currently submitted to the Department of Animal Care to extend the next iteration
of these therapies into more comparable, larger animal models.

Another area of concern is the absence of optimization of the utilized collagen II antibody
to provide matrix targeting without the potential immunologic concerns of a complete and
unaltered FC region that was not removed in these pilot studies. Interestingly, the phage activity
this may attract may have actually enhanced efficacy as a “secondary targeting” motif, as several
genes expressed primarily by macrophages were largely downregulated in treatment. In any case,
team members intend to continue improving matrix-targeting approaches implementing non-

biological targeting means which will better disentangle influences from full mAb presence.
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A final deficiency of note is the cumulative wastefulness in the manufacture of all
described therapies. Antibody production, purification, and conjugation with polymers was
performed in small batches with mediocre yields and much loss. Polymer synthesis of both PEG-
DB and DDPB also required multiple attempts to produce and reproduce the appropriate polymer
length, and would need much optimization to scale while efficiently meeting GMP tolerance.
Efforts to improve manufacturability are being included with promising iterations being adopted

for development by other team members.

6.2  Future Work and Potential Applications

Projects building from this work are already underway. After observing therapeutic
results with our mAbCII-siNPs, we wanted to simplify the chemical synthesis, making it
scaleable and more practical, by going “targeting-moiety free” meanwhile keeping the retention
profile high. This should, in theory, allow for easier-to-synthesize nanoparticles (NPs) that can
circumvent expensive and timely antibody chemistry. To this end, we propose to create next
generation bioadhesive siNPs (bioad-si-NPs) that are retained after intra-articular injection to
reduce systemic exposure. In addition to our use of mAbCII, previous efforts toward NP
retention in arthritis relied upon using chondroitin sulfate, CII-binding peptides, and
bisphosphonates!-. Chondroitin sulfate and CII-binding peptides (CBPs) target and tether to the
cartilage matrix to reduce joint clearance by synovial fluid outflow. Bisphosphonates can be used
in advanced OA to target exposed subchondral bone. Extracellular matrix targeting NPs have
been used in a small set of studies for delivery of small molecules but have not previously been
investigated at all outside of our work for the targeting of biologics with intracellular targets®.

From a target perspective, we also seek to extend our mouse work targeting MMP13 to
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target both MMP1 and MMP13 in a guinea pig model. Based on shared domains, sequence
analyses, and their substrates, MMPs are classified into subgroups. In the collagenase subgroup,
three different enzymes; collagenase 1 (MMP-1), collagenase 3 (MMP-13), and a small amount
of MMP-8 collagenase are produced by OA lesional chondrocytes'®. All three enzymes make the
same initial clip in the collagen alpha chains in the native interstitial collagen monomers (types I,
I1, and III collagens), a rate limiting step in degradation'®-2°, Comparison of MMP-1 and MMP-
13 showed that MMP-13 has the highest activity against CII collagen; the Vmax of MMP-13 (20.8
h'!) is about five-fold compared to MMP-1 (4.3 h'')?!. In mice, MMP-13 is the overall
predominant collagenase, playing a role in development of PTOA based on the observation that
MMP-13-deficient mice are resistant to cartilage erosions in the destabilized medial meniscus
(DMM) PTOA model??. Kamekura et al. also found that MMP-13 was markedly induced early
and co-localized in the early stage OA cartilage in a mechanical stress-induced OA mouse
model?.

Although MMP-13 has an established role in rodent models of PTOA (based on our data
and others), MMP-1 studies in OA/PTOA are limited to humans and other species that express it
(mice do not). While its faster CII degradation kinetics have motivated MMP-13 inhibitor
development, our collaborators and others have observed that some OA patients show increased
production of MMP-1 relative to MMP-13 in their degenerating cartilage!® '°. A meta-analysis of
digital databases showed that protein levels of MMP-1 were higher in Asian patients with OA
than in controls** and a gene polymorphism of MMP-1 increases risk of knee OA in the Chinese
Han population®. In a study of patients with acute tibial plateau fracture, synovial samples taken
at a mean of 9.5 days post-injury showed significant increase in MMP-1 over synovial fluids

taken immediately after injury (53.25 versus 3.89 ng/mL, p < 0.001)%. The levels of MMP-13
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(0.98 versus 0.032 ng/mL, p < 0.001) measured in the same samples were substantially lower
than MMP-1. Collectively these data support that both MMP-1 and MMP-13 contribute to
cartilage degradation in PTOA and OA and inhibitors should be tested independently and in

combination.

6.3 Conclusion

In the last two years, siRNA therapeutics have crossed the threshold into the clinic.
Inclisiran stands poised for approval, and could become as commonly prescribed as statins. As
RNAI continues to reveal therapeutic potential, clinical development will look beyond hepatic
targets. The drug delivery challenges to address are formidable, but the approaches for enhancing
localized retention — both by matrix-targeted binding and by nano-in-micro formulation —
represent viable avenues for success. These represent significant contributions to the field. In
addition to the publications resulting from this work, the matrix-targeting anchored enzyme work
described has resulted in the production of several patents that have been licensed by Anchor
Biologics, LLC, a company already in the process of commercializing this therapy with ongoing
equestrian studies.

The work described has focused on target-agnostic strategies to improve longevity of
action in high-clearance physiological environments utilizing target-enabled adhesion and size-
based retention. We have demonstrated the benefits of MMP13 inhibition in the progression of
osteoarthritis. We have tuned the properties of antibody-functionalized nanoparticles to create in
situ depots for improved intracellular delivery. We utilized microplates formed with a controlled,
scalable manufacturing process for the retention and delivery of corticosteroids and siRNA

delivering nanoparticles. We have characterized the efficacy of two carrier systems in vivo.
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Maximizing the longevity of action for siRNA will enhance our ability to explore the
effects of long-term inhibition of potential molecular targets, treat localized diseases with

mitigated risk to the rest of the body, and ultimately minimize clinical and patient burden.
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APPENDIX A

SUPPLEMENTARY MATERIAL FOR CHAPTER IIT

Materials and methods concerning DEX-pPLs.

Materials

Polydimethylsiloxane (PDMS) (Sylgard 184) and elastomer were obtained from Dow
Corning (Midland, Michigan, USA). Poly(vinyl alcohol) (PVA, Mw 31,000—50,000), poly(D,L-
lactide-coglycolide) acid (PLGA, lactide:glycolide 50:50, Mw 38,000—54,000), dexamethasone
acetate (DEX), acetonitrile, ATDC-5 cell line, MTT assay, bacterial lipopolysaccharides (LPS),
paraformaldehyde (PFA), and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich
(Saint Louis, Missouri, USA). High-glucose Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) / F-12 GlutaMAX, high-glucose Dulbecco’s modified Eagle’s minimal
essential medium (DMEM) penicillin, streptomycin and heat inactivated fetal bovine serum
(FBS) were purchased from Gibco (Invitrogen Corporation, Giuliano Milanese, Milan, Italy).
RAW 264.7 cell line was obtained from American Type Culture Collection (ATCC, LGC
Standards, Teddington, UK). Curcumin (CURC) was purchased from Alfa Aesar (Haverhill,
Massachusetts, USA). C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor,
Maine, USA). Mouse study TagMan primers (IL- 6: Mm01210732 g1, IL- 1f:
MmO00434228 ml, TNF- a: Mm00443258 m1, MMP13: Mm00439491 m1) and reagents (as
directed by standard protocols) were all purchased from Thermo fisher Scientific (Waltham,

Massachusetts, USA). All the reagents and other solvents were used as received.
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Fabrication process of the Microparticles (uPLs)

uPLs were synthetized using a top down approach, as previously reported(75). Briefly,
the silicon master template was developed using direct laser writing (DLW), which allows
transfer of a specific pattern made out of square wells with a length (= 20 um) and a height (= 10
um) characteristic for the microparticles on the silicon. The silicon pattern was replicated into
PDMS and then, into PVA templates, which showed the same arrays as the original silicon
master template. The mixture of PLGA and drug (none in empty controls) were filled into the
holes of PVA sacrificial templates. Particles were obtained after the purification from PVA
solution. Each batch of particles was synthetized using 15 mg of PLGA, and DEX, when

appropriate, was dispersed in the polymeric mixture at 3.2 weight percent (500 pg).

nPLs size, size distribution and shape

uPLs size and shape were assessed via scanning electron microscopy (SEM, Elios
Nanolab 650, FEI). Briefly, a drop of sample was placed on a silicon template and sputtered with
10 nm of gold. Samples were analyzed with the instrument operating at an acceleration voltage
of 5—15 keV. uPLs concentration and size distribution were also measured through a Multisizer
4 COULTER particle counter (Beckman Coulter, USA). Morphology was examined by optical
profilometry on a ZETA-20 optical profilometer (ZETA Instruments, San Jose, CA) equipped

with a 100X objective, with a corresponding vertical resolution of 10 nm.

pPLs drug loading and release characterization

DEX loading efficiencey (LE) and encapsulation efficiency (EE) of DEX- uPLs were

evaluated as previously reported(75). Briefly, before the high-performance liquid
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chromatography (HPLC) analysis, samples were lyophilized and dissolved in acetonitrile/H20
(1:1, v/v). The HPLC (Agilent 1260 Infinity, Germany) was equipped with a 100 uL. sample loop
injector and a C18 column (4.6 x 250 mm, 5 um particle size, Agilent, USA) for
chromatographic separation. An isocratic condition (H20 + 0.1% (v/v) TFA/AcN + 0.1% (v/v)

TFA, 50:50 v/v, 0.3 mL/min) was applied for DEX elution.

amount of DEX in the particles

LE (%) =

%X 100 (Equation 1)

total amount of particles

amount of DEX in the particles

EE (%) = %X 100 (Equation 2)

initial amount of DEX
The kinetics of DEX release from pPLs was measured. To mimic an infinite sink
condition, 200 pL of DEX-uPLs were put into Slide-A-Lyzer MINI dialysis micro tubes with a
molecular cutoff of 10 kDa (Thermo Scientific) and then dialyzed against 4 L of PBS buffer (pH
7.4, 1X, 37 + 2 °C). For each time point, three samples were collected and centrifuged (1717g for
5 min). Pellets were then dissolved in acetonitrile / H20 (1:1, v/v) and analyzed by HPLC. To
evaluate the DEX release profile in a confined microenvironment, particles were placed in three
Eppendorf tubes in 500 uL of PBS buffer (pH 7.4, 1X, 37 + 2 °C) under continuous rotation. For
each time point, samples were collected and centrifuged (1717g for 5 min). 100 puL of
supernatant were added to 100 pL of acetonitrile, and the resultant samples were analyzed by
HPLC. Pellets were then resuspended with 500 pL of fresh PBS buffer (pH 7.4, 1X). The
experimental data (are fitted by using a two-phase Weibull equation model(136):
(M_t)/(M_o) =1— exp(—a * t?) (Equation 3),
where M, and M., are the amount of drug released at time t and infinity, respectively and a is a
constant based on the system, and b is a constant based on the release kinetics. Values of b <

0.75 indicate that Fickian diffusion, not matrix degradation, is the dominant release mechanism
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(136). The values obtained from the best-fit were found to be a = 0.00139, b = 0.336, R2 =0.978

for infinite sink release and a = 0.414, b = 0.509, with R2 = 0.988 for biorclevant volume release.

Mechanical characterization of pPLs

The apparent elastic modulus of pPLs was measured by micro-compression tests. Small
droplets (< 1uL) of a uPL solution were deposited over a glass slide and dried overnight. Micro-
compression was performed on a UNHT Nanoindentation platform (Anton Paar) equipped with a
200 [Im-diameter truncated cone tip. Load was applied at a rate of 20 mN/min until the
maximum load of 3 mN. From the slope of the force-displacement curves, the modulus was
calculated through the classical Hertzian equation F = 2REh where F is the applied force, h the
tip displacement, R the tip radius, E the apparent elastic modulus. Three repetitions were
conducted on different droplets.

The energy dissipation capability was characterized by Dynamic Mechanical Analysis
(DMA) on a Q800 system (TA Instruments). Highly concentrated uPL solutions were deposited
on a glass slide and partially dried in a vacuum desiccator for 10 min to create a monolayer of
uPLs. The glass slide was then transferred onto the bottom plate of a compressive clamp. A pre-
load was applied gently, squeezing out excess water. A sinusoidal force was applied to the layer
of uPLs with a frequency of 5 Hz and increasing amplitude (0.04, 0.08 and 0.12 N). The phase
difference between the input (force) and output (deformation) was recorded as a function of the
oscillation amplitude. The tangent of the phase difference angle, noted as tan §, represents the
ratio between dissipative and conservative energy during one oscillation and, as such, provides a

measure of the damping capability of the material.
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Toxicity Analysis of DEX-pPLs

ATDCS cells were cultured at 37 °C in 5% COz, in DMEM / F-12, GlutaMAX medium
supplemented with 10% FBS, 1% penicillin/streptomycin. For the cell viability assay, cells at
80% confluence were seeded into 96- well plates at a density of 10 x 103 cells per well. After 24
h of incubation, cells were treated using different concentrations of free DEX, DEX-uPLs
(namely, 0.01, 0.5, 1, 10, and 30 uM of DEX in all cases), or an equivalent number of empty
uPLs matching the different DEX-uPLs concentrations. Cytotoxicity was measured with the
MTT assay (cell viability test). At the end of the designated incubation times, 5 mg/mL of MTT
solution in PBS buffer was added to each well, and the cells were incubated for 4 h at 37 °C. The
solubilized formazan product was quantified using a microplate spectrophotometer at 570 nm,
using 650 nm as the reference wavelength (Tecan, Ménnedorf, Swiss). The percentage of cell

viability was assessed according to the following equation:

AbSt
Abs,

Cell Viability (%) = % 100 (Equation 4)

where Abst was the absorbance of treated cells and Abs. was the absorbance of control

(untreated) cells.

Inflammatory gene expression effects of DEX-pPLs

To study the anti-inflammatory activity of DEX- pPLs towards stimulated ATDCS cells,
the expression levels of three proinflammatory cytokines, namely tumor necrosis factor TNF- a,
interleukin IL- 1P, and IL- 6, were evaluated. Cells were seeded into 6-well plates at a density of
3 x 10° cells per well for 24 h. After 5 h of pre-incubation with DEX- pPLs at different

concentrations (1 and 10 pM), cells were stimulated for 4 h with bacterial LPS (100 ng/mL).
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Then, RNA was extracted using an RNAeasy Plus Mini Kit (Qiagen) and quantified by
NanoDrop2000 (Thermo Scientific, Waltham, Massachusetts, USA). Real-time qRT-PCR was
used to measure mRNA levels of inflammatory cytokines. For each condition, samples were run
in triplicate. RT-PCR reactions were carried out using a Power SYBR Green RNA-to-CT 1-Step
Kit (Applied Biosystems) and using GAPDH expression as a housekeeping gene. Reactions were
performed in a final volume of 20 pL. Oligonucleotide primer pairs were as follows:

for GAPDH, 5'- GAACATCATCCCTGCATCCA-3’

and 5 -CCAGTGAGCTTCCCGTTCA-3";

for TNF- a, 5-GGTGCCTATGTCTCAGCCTCTT- 3’

and 5'-GCCATAGAACTGATGAGAGGGAG-3";

for IL- 1B, 5-TGGACCTTCCAGGATGAGGACA-3’

and 5'- GTTCATCTCGGAGCCTGTAGTG-3";

for IL- 6, 5'-TACCACTTCACAAGTCGGAGGC-3’

and 5'-CTGCAAGTGCATCATCGTTGTTC-3".

Gene expression was analyzed for homogenized cartilage and synovial tissues from one
knee per animal with the primers and reagents listed in the materials section. Expression was
normalized to GAPDH and ACTINB housekeeping genes and quantified using the 2*-AACT
method (IL- 6: MmO01210732 g1, IL- 1B: MmO00434228 ml, TNF- a: Mm00443258 ml,

MMP13: Mm00439491 ml).

Cells / pPLs interaction by confocal microscopy

To evaluate uPL cellular interactions, ATDCS cells were seeded into a 8-chambered

cover glass system (Lab Teck II, Thermo Scientific, USA) at a density of 20 x 10° cells per well
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and incubated for 24 h. The cells were then incubated overnight with CURC— pPLs (curcumin
loading used for fluorescence visualization purposes). The cells were fixed using 4% PFA,
stained red using Alexa Fluor™ 488 Phalloidin (Thermo Fisher Scientific, USA), and nuclear
stained using DAPI (Thermo Fisher Scientific, USA) following vendor instructions. Samples

were analyzed using confocal microscopy (Nikon A1, Dexter, MI).

Cells / pPLs interaction by SEM analysis

To evaluate pPL cellular interactions with ATDCS5 and phagocytic cell lines (RAW
264.7 macrophages), 20 x 10* cells were seeded onto glass coverslips for 24 h. The cells were
then incubated overnight with uPLs at a ratio of 1:4 (uPL:cells). Samples were fixed for 2 h in
2% glutaraldehyde in 0.1 M cacodylate buffer. After fixation, the samples were washed thrice
with the same buffer and post-fixed for 1 h in 1% osmium tetroxide in distilled water. After
several washes with distilled water, the samples were subsequently dehydrated in a graded
ethanol series, 1:1 ethanol:hexamethyldisilazane (HMDS), and 100% HMDS, followed by
drying overnight in air. Dried samples were then mounted on stubs using silver conductive paint
and coated with gold. SEM images were collected via scanning electron microscopy (SEM, Elios

Nanolab 650, FEI) with an operating accelerating voltage between 5 and 15 KeV.

In vivo mechanical loading OA model

Using a protocol approved by the Vanderbilt Institutional Animal Care and Use
Committee, the PTOA model of noninvasive repetitive joint loading was induced by subjecting
the knee joints of mice to mechanical stress, adapted from previous studies (52, 58). Twenty

eight C57BL/6 mice were aged to 6 months and then subjected to a rigorous cyclic mechanical
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loading (anesthetized with 3% isoflurane) at 9 N per load, 500 cycles per session, 5 loading
sessions per week, for 4 weeks (111). Treatment groups each had 6 mice per group while the

unloaded, non-OA controls were 4 per group.

Histology

Stifles were fixed in 10% neutral buffered formalin and decalcified in Immunocal for 72
h (StatLab, McKinney, TX). All tissue handling for histopathology was performed in the
Vanderbilt Translational Pathology Shared Resource by certified histotechnicians. Fixed tissues
were routinely processed using a standard 8 h processing cycle of graded alcohols, xylenes, and
paraffin wax, embedded, sectioned at 5 um, floated on a water bath, and mounted on positively
charged glass slides. Hematoxylin and eosin (H&E) staining was performed on the Gemini
autostainer (Thermo Fisher Scientific, Waltham, MA). Safranin O staining was performed by
hand using a kit (StatLab).

Stifle joints were evaluated by H&E and safranin O in at least 2 serial mid-frontal
sections. This histopathologic interpretation was conducted by a board-certified veterinary
pathologist under treatment blind conditions(102). OARSI scores (0-6 semiquantitative scale)
were provided for the medial tibial plateau and lateral tibial plateau (101). Simultaneously, a
generic score (0-3 semiquantitative scale) was assigned, based on safranin O staining of the tibial
plateau and on H&E features. The most relevant features in the scoring were cartilage
degeneration, meniscal metaplasia, subchondral osteosclerosis, synovial hyperplasia and
inflammation, and osteophyte formation (Table A 2).

Table A 2. Safranin O scoring of tibial plateau cartilage degeneration and H&E scoring of
overall stifle degenerative joint disease.
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Severity

Score OARSI Scale DJD Scale
Within normal limits: mild DJD as a feature of age-re
0 Normal change (e.g. articular cartilage attenuation and
proteoglycan loss)
Loss of SO staining, Moderate: articular cartilage degeneration with begin
1 thinning of articular of secondary pathology, including synovitis, joint cap
cartilage; no defects fibrosis, meniscal metaplasia
) 1 + fibrillation or pyknotic Marked: metaplasia and/or fragmentation of one meni
articular chondrocytes osteophyte formation, synovitis/hyperplasia
2 + loss of articular Severe: metaplasia and/or fragmentation of both men
3 cartilage <50% (e.g. total loss of at least 1 articular surface (eburnation
erosion, flap, or callus) osteophyte formation, advanced synovitis/hyperplas
. .
4 3 fragmeptatlon and N/A
fissuring in an area
4 + fragmentation and
5 fissuring in >75% of the N/A
cartilage surface
Total loss of normal
6 articular cartilage (end- N/A

stage)
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Figure A 5: ATDCS cells interacting with microPlates. a. 3D and b. confocal microscopy analysis
of ATDCS cells incubated with CURC-pPLs.

\

15kV X450 50pum 15kV X1,500 10pm

Figure A 6: RAW 264.7 macrophages interacting with microPlates. a. SEM images of RAW
264.7 macrophages incubated with pPLs. The lateral inset shows a magnified image of cells
surrouding the uPL without internalizing it; b. false-color SEM image of uPLs (red / orange)
surroudned by RAW 264.7 macrophages (light beige).

95



APPENDIX B

SUPPLEMENTARY MATERIAL FOR CHAPTER 1V

In vivo long-term mechanical loading therapeutic efficacy testing OA model

Mice were aged to 6 months and then subjected to a more rigorous cyclic mechanical
loading protocol of 9 N, 500 cycles, 5 times per week, for 6 weeks (111). Doses of siRNA (0.5
mg/kg) were administered into each knee weekly, starting concurrently with mechanical loading.
MMPSense and Alexafluor-labeled mAbCII antibody were injected intravenously 24 h before
sacrifice to gauge total MMP activity and quantify cartilage damage, respectively.

A high, effective methylprednisolone dose in rodents of 4 mg/kg was administered by
intraarticular injection a single time at the beginning of the 6-week time course, which is the
duration of the therapeutic study employed with the other groups and the shortest recommended
time a patient should wait before repeating intraarticular steroid injection (137, 138). The dose
was prepared by initially dissolving in DMSO, diluting in water, and injecting at a volume of 20
pL per knee (120). A separate cohort underwent the same mechanical loading with weekly doses
of the same dose of methylprednisolone as a control in direct comparison with the weekly
administration of siMMP13 that was speculated to better accommodate the aggressive model,

even though less clinically relevant.

Histology and Immunohistochemistry

Stifles were fixed in 10% neutral buffered formalin and decalcified in Immunocal (StatLab,

McKinney, TX). Tissue handling for histopathology was primarily performed in the Vanderbilt
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Translational Pathology Shared Resource by certified histotechnicians. Fixed tissues were
routinely processed using a standard 8 h processing cycle of graded alcohols, xylenes, and
paraffin wax, embedded and sectioned at 5 microns, floated on a water bath, and mounted on
positively charged glass slides. Hematoxylin and eosin (H&E) staining was performed on the
Gemini autostainer (Thermo Fisher Scientific, Waltham, MA). Safranin O staining was
performed by hand using a kit (StatLab).

Stifle joints were evaluated by H&E and safranin O in at least 2 serial mid-frontal sections.
This histopathologic interpretation was conducted by a board-certified veterinary pathologist
under blinded conditions (102). OARSI scores (0-6 semiquantitative scale) were provided for the
medial tibial plateau and lateral tibial plateau (101). Simultaneously, a generic score (0-4
semiquantitative scale) was assigned based on safranin O staining of the tibial plateau (Table A
3A) and on H&E features of degenerative joint disease severity, as defined by cartilage
degeneration, meniscal metaplasia, subchondral osteosclerosis, synovial hyperplasia and
inflammation, and osteophyte formation (Table A 3B) (139).

Immunohistochemical staining was performed on a Leica Bond-Max autostainer (Leica
Biosystems Inc., Buffalo Grove, IL). All steps besides dehydration, clearing, and coverslipping
were performed on the Bond-Max where all the slides were deparaffinized. Heat-induced antigen
retrieval was performed on the Bond-Max using Epitope Retrieval 1 solution (Leica Biosystems
Inc.) for 20 minutes. Slides were incubated with anti-MMP13 (cat# Ab39012, Abcam,
Cambridge, MA) for 1 hour at a 1:750 dilution. The Bond Polymer Refine detection system
(Leica Biosystems Inc.) was used for visualization. Slides were then dehydrated, cleared, and

cover slipped.
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Table A 3. (A) Description of OARSI scale scoring for Safranin O slides of the tibial plateau
cartilage (left); (B) criteria for scoring of H&E slides to assess overall joint by the degenerative

joint disease scale (right).

Severity OARSI Degenerative Joint Disease
Score Scale Scale
0 Within normal limits: mild DJD as a feature of
Normal expected age-related change (e.g. attenuation of
articular cartilage and proteoglycan loss)
! Loss of SO saining.arular o cl et E e ey symovisjont
cartilage thinning; no defects £ ol s ayp £Y, 8Y )
capsule fibrosis, meniscal metaplasia
) 1 + fibrillation or pyknotic Marl.<ed: metaplasia and/or fr.agmentatlon of one
. meniscus, osteophyte formation,
articular chondrocytes .. .
synovitis/hyperplasia
. . Severe: metaplasia and/or fragmentation of both
2 + loss of articular cartilage . .
3 . menisci, total loss of at least 1 articular surface
<50% (e.g. erosion, flap, or . .
(eburnation), osteophyte formation, advanced
callus) .. .
synovitis/hyperplasia
4 3 + fragmentation and fissuring Extreme: severe changes plus collapse of stifle
in an area joint space and epiphyseal osteolysis
5 4 + fragmentation and fissuring N/A
in >75% of the cartilage surface
6 Total loss of normal articular N/A

cartilage (end-stage)
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