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Abstract

Post-traumatic osteoarthritis (PTOA) associated with joint injury triggers a degenerative cycle

of matrix destruction and inflammatory signaling, leading to pain and loss of function. Here,
prolonged RNA interference (RNAI) of matrix metalloproteinase 13 (MMP13) is tested as a
PTOA disease modifying therapy. MMP13 is upregulated in PTOA and degrades the key cartilage
structural protein type Il collagen. Short interfering RNA (siRNA) loaded nanoparticles (SiNPs)
were encapsulated in shape-defined poly(lactic-co-glycolic acid) (PLGA) based microPlates
(4PLs) to formulate siNP-£PLs that maintained siNPs in the joint significantly longer than
delivery of free siNPs. Treatment with siNP-zPLs against MMP13 (siMMP13-4PLs) in a
mechanical load-induced mouse model of PTOA maintained potent (65-75%) MMP13 gene
expression knockdown and reduced MMP13 protein production in joint tissues throughout

a 28-day study. MMP13 silencing reduced PTOA articular cartilage degradation/fibrillation,
meniscal deterioration, synovial hyperplasia, osteophytes, and pro-inflammatory gene expression,
supporting the therapeutic potential of long-lasting sSiMMP13-4PL therapy for PTOA.
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INTRODUCTION

Osteoarthritis (OA) is a chronic degenerative disease affecting joints and their surrounding
tissues that affects more than 25% of the U.S. population over the age of 45.12 OA is
classified as primary, originating from unknown causes, or as post-traumatic osteoarthritis
(PTOA), secondary to injury. PTOA is induced by joint mechanical injury (e.g., anterior
cruciate ligament tear), often affecting younger and highly active individuals and requiring
surgical intervention on average 7-9 years earlier than typically required for primary OA.3
PTOA accounts for ~12% of U.S. OA cases, yet comes at a higher societal cost in terms

of lost quality life years due to affecting patients of younger age and its accelerated
progression.®

Current PTOA treatments are palliative, and there are no clinically approved disease
modifying osteoarthritis drugs (DMOADSs). Nonsteroidal anti-inflammatory drugs (NSAIDs)
are typically the first line of treatment but are only marginally effective at pain

relief, do not affect underlying pathology, do not slow cartilage deterioration, and can
cause gastrointestinal complications.6 One challenge of systemic therapies is the lack

of joint biodistribution to avascular cartilage, making local injection (intra-articular) an
attractive option for increasing joint bioavailability and decreasing systemic exposure.’
For symptomatic knee OA, the Osteoarthritis Research Society International (OARSI)

and the American College of Rheumatology (ACR) recommend intra-articular injection

of corticosteroids.89 Steroids provide patients temporary pain relief but do not target the
underlying cause of disease and are not recommended for long-term management.® Recent
studies indicate that patients treated with corticosteroids have increased rates of cartilage
thinning (when given 4 times per year for 2 years)10 and increased chance of undergoing
joint replacement surgery.11 Another challenge is that intra-articular treatments can be
rapidly cleared through the synovial vasculature (small molecules) or lymphatic drainage
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(macromolecules);”12 half-lives range from less than 1 h for small molecules, 1-4 h for
NSAIDs/steroids, and ~1 day for large molecular weight HA.13

There is an unmet need to develop new precision medicines that target the underlying causes
of OA/PTOA, have a prolonged mechanism of action allowing infrequent injections, and can
modify the trajectory of joint degeneration.1415 Many of the same inflammatory mediators
and pathways are shared by both PTOA and OA.18 In the early stages, aberrant mechanical
stress and disturbance of the extracellular matrix (ECM) stimulate synoviocytes and
chondrocytes to produce inflammatory cytokines and matrix metalloproteinases (MMPs).1
Compromise of the intact articular surface increases exposure of type Il collagen (ClII)
fibrils18 to MMPs,19 leading to erosion into the deeper cartilage layers, resulting in
chondrocyte loss and eventual subchondral bone exposure. Released ClI degradation
fragments also signal to activate synovial macrophages, perpetuating PTOA/OA.20 Multiple
upstream biochemical mediators of arthritis, including interleukin-18 (1L-15), Wnt, c-Jun
N-terminal kinase, and reactive oxygen species, converge to further increase expression

of MMPs, suggesting that MMP inhibition may be an effective and broadly useful
DMOAD.21-23

Matrix metalloproteinase 13 (MMP13) is a key proteolytic driver of cartilage loss in OA

as indicated by reduced progression of surgically induced OA in MMP13 knockout mice
and in wild type mice treated with the selective MMP13 inhibitor CL82198.24 Promisingly,
intraperitoneal injection of CL82198 decelerated MLI-induced OA progression, increased
type Il collagen and proteoglycan levels, and inhibited chondrocyte apoptosis compared to
saline treatment. Unfortunately, clinical trials on MMP small molecule inhibitors 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 heavily involved in normal
tissue homeostasis.2>~27 Production of selective small molecule inhibitors is complicated by
shared domains of the collagenases and the homology of the catalytic site.28 Along with the
potential for side effects, small molecule inhibitors often require frequent dosing. To this
point, CL82198 was injected at a high dose (10 mg/kg) intraperitoneally every other day

in order to provide a therapeutic benefit.24 Systemic and high dose treatment increase the
risks for off-target effects, especially in clearance organs like liver and kidney. For example,
another tested MMP13 “specific” inhibitor PF152 reduced lesion severity in a canine PTOA
model?® but caused nephrotoxicity thought to be associated with off-target effects on the
human organic anion transporter 3.

As its mechanism is predicated on complementarity base-pairing with messenger ribonucleic
acid (mRNA), RNA interference (RNAI) provides a unique opportunity to selectively inhibit
conventionally undruggable targets with reduced off-target effects. MMP13 siRNA has
previously been developed and tested in murine animal models of OA;30:31 unfortunately,

in these studies, the observed /n vivo MMP13 knockdown was not durable (only tested

2 days after injection; with indirect fluorescence imaging lasting 1 week). We previously
circumvented these issues by applying matrix-anchoring as a method to increase the efficacy
of siRNA targeting MMP13 with fewer doses and less off-target effects.32:33 CRISPR/cas9
technology has also been used to ablate NGF, MMP13, and II-18in the knee joint with

ACS Nano. Author manuscript; available in PMC 2022 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bedingfield et al.

Page 5

adeno-associated vectors injected intra-articularly. Though viral gene editing comes with
safety concerns, this promising study demonstrated that permanent MMP13 gene ablation
improved knee joint structure, while combined ablation of MMP13, NGF, and Il-15 had
comprehensive effects on joint structure and OA pain.3*

Herein, we sought to pursue a long-lasting, joint-localized, and MMP13-selective PTOA
therapy based on RNAI (Figure S1). Biomaterial depots offer a reliable approach

to improve drug pharmacokinetics, particularly for treating chronic diseases.3%36 As

an example, Flexion Therapeutics developed and recently achieved FDA approval for

the sustained release of triamcinolone acetonide from poly(p,L-lactide-coglycolide) acid
(PLGA) microparticles.3” While we and others have developed effective short interfering
RNA nanoparticles (siNPs), these systems are limited in terms of long-lasting effect.32:33
Thus, we sought to engineer a nano-in-micro carrier system that leverages both the
benefits of nanoscale particles (i.e., ability to be cell internalized and escape endosomes
within chondrocytes/synoviocytes for intracellular cargo delivery), and micrometer-scaled
polymeric particles (i.e., ability to be retained within the joint space and slowly release their
loaded cargo over time). Nano-in-micro systems have recently been applied to OA,38:39
mostly comprising small molecule cargo such as the potent p38a/8 MAPK inhibitor
PH-797804 and kartogenin, but none utilizing siRNA therapeutic cargo.

Our design comprises endosome-escaping, sSiRNA-complexing nanoparticles (SiNP)
embedded within poly(lactic-co-glycolic acid) (PLGA) microPlates (¢PLs), yielding a siNP-
UPL nano-in-micro system for potent, sustained siRNA delivery (Figure S1). The siNP

is a micelleplex comprising the diblock copolymer poly[DMAEMAg7-6/<(DMAEMAo-
co-PAA4y-co-BMA75)] (DDPB);#0 the DDPB polymer self-assembles into micelles with
a cationic, siRNA-condensing poly(DMAEMA) (2-(dimethylamino)ethyl methacrylate)
surface and the random terpolymer block of DMAEMA, PAA (2-propylacrylic acid),

and BMA (N-butyl methacrylate) in the core. The core destabilizes and promotes
endosome escape at acidic pH due to a shift from an approximately charge neutral to

net cationic state as a result of protonation of the DMAEMA and PAA monomers,

which are each approximately 50% ionized (cationic and anionic, respectively) at neutral
pH. This system has been explored for sSiRNA delivery and more recently delivery of
gene editing ribonucleoproteins.?! Controlled release of this siNP has been developed
from tissue engineered scaffolds and hydrogels for wound and bone fracture healing
applications.#245 Here, we extend this concept to create an injectable format that enables
sustained intra-articular siNP delivery using PLGA microPlates (4PLs).46-48 Previously,
we synthesized dexamethasone loaded microPlates (DEX-PLs) that showed sustained
release, anti-inflammatory effects, and promise as a DMOAD.#8 The /PLs are created

by a top-down template-based strategy that enables production of size- and shape-defined
cuiboidal particles with controlled drug loading. This siNP-zPL system is herein fabricated,
characterized, and therapeutically tested for targeting MMP13 in PTOA knee joints.
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RESULTS AND DISCUSSION

Fabrication and Characterization of siNPs and siNP-pPLs.

Polymeric /PLs were synthesized following a multistep, top-down fabrication process,*6:4
embedding siRNA-loaded, endosomolytic nanoparticle micelleplexes (siNPs) (Figure

S1) made of poly[DMAEMAGg7-6-(DMAEMAg-co-PAA49-co-BMA;5)] (DDPB, Figure
S2). Different siNPs (empty-NPs, Cy5-siNPs, siLUC-NPs, and siMMP13-NPs) were
characterized for size and size distribution using DLS (Figure S3A). Samples showed

a narrow size distribution (PDI < 0.15) with average hydrodynamic diameters of
approximately 60 nm. The siRNA encapsulation efficiency (EE%) into siNPs was evaluated
using a Quant-iT Ribogreen assay and was approximately 90% (Figure S3A) at a N*:P~
ratio of 4 (ratio of ionized amines on the polymer to negatively charged phosphodiesters in
the nucleic acid). The siNPs were cytocompatible in an active concentration range and were
stable over time in solution, with siMMP13-NP-loaded 4PL releasates collected at 1, 3, and
5 weeks also showing presence of siNPs similar in size to freshly formed siNPs (Figure
S3B-D). Before integrating siNPs into PLs, their stability was evaluated in the presence of
acetonitrile, a solvent used in (PL fabrication. A dynamic light scattering (DLS) analysis of
siNPs was performed before and after exposure to acetonitrile (1.25 nmol of siRNA in 25 gL
of PBS added into 100 gL of acetonitrile to match #PL fabrication conditions). As reported
in Figure 1A, acetonitrile did not significantly alter size distribution.

The siNPs in PBS/acetonitrile solution (1.25 nmol of nucleic acid loaded onto 500 wg of
DDPB polymer) were mixed into the polymeric paste (15 mg PLGA) and spread over

the sacrificial poly(vinyl alcohol) (PVVA) template. Following drying and harvesting of the
MPLs by PVA dissolution, the resultant siNP-4PLs were characterized via Multisizer Coulter
Counter and SEM (Figure 1B,C), showing production of a homogeneous population of
cuboidally shaped particles. For pharmacokinetics measurements (intravital, ex vivo, and
histological), Cy5-siNPs were loaded into the (PLs. Fluorescent microscopy confirmed
distribution of the Cy5-siNPs throughout the /PLs both within the PVA template (Figure
1D) and following 4#PL isolation (Figure 1E). Note that the /PL green appearance is

derived from inclusion of curcumin (CURC), used only for particle microscopy visualization
purposes. Cy5-siNPs (without CURC) that were used for subsequent releasate and /n vivo
pharmacokinetic studies were also visualized (Figure 1F). Fluorescence microscopy images
were also taken that demonstrate efficient and dispersed loading of the nucleic acid cargo
within the PLGA microPlate (Figure S4). The formulation was also characterized for SiRNA
loading and was found to contain 1.17 /g nucleic/mg PLGA with the free siNPs loaded

into the microPlates having an encapsulation efficiency of 93.8% and 88%, for siLUC and
siMMP13 nucleic acids, respectively (Figure S3A).

Most PLGA microparticle (MP) systems for nucleic acid delivery published to date
utilize the water-in-oil-in-water (w/o/w) emulsion method for loading the hydrophilic
cargo (typically siRNA). Direct PLGA MP encapsulation of noncomplexed nucleic acids
prolongs the release of the nucleic acids as expected, but the loading process is inefficient,
and the released cargo has poor intracellular delivery; for example, w/o/w PLGA MP
loading of siRNA against the glucocorticoid receptor yielded a loading efficiency of
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53.6% with a final composition of 0.12 zg of siRNA per mg of PLGA.*9 Similar w/o/w
approaches achieved encapsulation of siRNA against RANK of 0.67 g of siRNA/mg of
PLGA with an encapsulation efficiency of 80.8%°° and loading of siRNA against Fc yRIII
precomplexed with bPEI with an encapsulation efficiency of 85-91%.51 We previously
achieved some of the best encapsulation results to date in a cancer application, in which

we loaded endosomolytic nanoparticles by the w/o/w method and achieved approximately
1.8 1y of nucleic acid per mg of PLGA with an encapsulation efficiency of 75%.52
Top-down fabrication approaches provide synthesis benefits over the w/o/w strategy by
enabling controlled fabrication of homogeneous microparticle populations with content
defined by the polymeric slurry used during fabrication while reducing aqueous exposure
in production. Top-down PLGA microparticle fabrication was recently used to load 10 /g
of an oligonucleotide STING agonist per microparticle (per mg PLGA varied depending on
the formulation), with release properties tuned by altering microparticle polymer molecular
weight.53 A survey of the literature suggests that the endosomolytic nanoparticles used here
and used in our previous cancer-focused work achieved high siRNA cargo loading. Though
we did not test conditions for maximizing siRNA loading using the top-down fabrication
method, due to the relative ease in doping the siRNA nanocarrier into the PLGA slurry
during microparticle fabrication, we anticipate that higher wt siRNA/wt PLGA than that
achieved herein is attainable and that additional microparticle shape engineering could be
utilized to tune drug loading efficiency and release kinetics.

In Vitro Release Kinetics and Gene Silencing Activity of siNP-pPLSs.

In vitro siNP release kinetics (Figure S5) from /PLs in PBS (0.75 mg of /PLs in 1.5

mL) were quantified by both a Quant-iT Ribogreen assay (siMMP13-NPs) and fluorescence
(Cy5-siNPs), showing sustained release over the 5-week experiment (Figure 2A,B). The
bioactivity of siNPs released from zPLs was measured on releasates collected over 5

weeks from samples incubated at 37 °C on a shaker. Releasates were collected for (PLs
loaded with both siLUC-NPs (siRNA against a luciferase model gene) and siNEG-NPs (a
negative control siRNA). Gene silencing bioactivity of the releasates collected over time
was measured in luciferase-expressing (LUC+) ATDC5 (murine chondrogenic) cells. Free
siLUC NPs were incubated in PBS in parallel and collected at the same time points to assay
their bioactivity over time in solution. The siLUC NPs released from gPLs (siLUC-/PLs)
maintained silencing activity throughout the release study (Figure 2C). Free siLUC-NPs
incubated in solution at body temperature (37 °C) before being applied to cells showed
silencing only for 2 weeks and were inactive by 3 weeks. These data suggest that siNP
silencing activity was better preserved when encapsulated within zPLs than siNPs exposed
to a physiologic, aqueous solution. In a similar study, activity of the siMMP13-/PL
releasates was assayed by gRT-PCR in chondrogenic ATDCS cells stimulated with TNFa
(20 ng/mL) to upregulate MMP13 expression. This study showed that the released siNPs
maintained activity for weeks 1-4 when loaded with siRNA against the therapeutically
relevant gene MMP13 (Figure 2D).

The siNPs released from gPLs were further investigated for maintenance of cellular
endocytosis and endosome escape /in7 vitro. Reporter cells expressing galectin-8 (Gal8) fused
with yellow fluorescent protein (YFP) (Gal8-YFP) show diffuse cytosolic fluorescence at
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baseline and punctate fluorescence upon endosome disruption. This redistribution is due
to strong Gal8 binding to lectins selectively found on the inner leaflet of the endosome
membrane; these lectins become exposed and available to Gal8 upon efficient disruption
of the endosome. Quantification of Gal8 recruitment has been validated as a method

of endosome escape analysis that is predictive of gene silencing bioactivity.>*°> The
siMMP13-.PL releasates triggered robust recruitment of Gal8-YFP puncta while direct
treatment with empty fPLs did not (Figure 2E,F).

Joint Pharmacokinetics of Cy5-siNP-pPLs and Cy5-siNPs.

Pharmacokinetics were assessed through a time-course of intravital imaging, ex vivo
imaging, and confocal microscopy on knee joint cryosections performed following a single
intra-articular injection of either free Cy5-siNPs or Cy5-siNP-4PLs (Figure 3). Mechanical
loading of the mouse knee joint (9 N, 500 cycles, 5 times per week) was started immediately
following injection (same as therapeutic model/study, Figures S6A,B). Confocal microscopy
showed Cy5-siNPs-uPLs dispersed across the entire knee joint at 1 day after injection
(Figure 3A) reaching the femoral-tibial cartilage interface, the meniscus, the infrapatellar
fat pad and synovium, and the posterior joint space (Figure S7). The Cy5-siNPs-/PLs

were observed to be confined to the intra-articular space and synovium and were not
observed near the subchondral bone (Figures S7 and S11). Intravital imaging detected Cy5
fluorescence in mouse knees for up to 10 days, with Cy5-siNPs joint presence diminishing
at a faster rate than Cy5-siNP-£PLs, yielding a higher joint area under the curve (AUC)

for the Cy5-siNP-/PLs (Figure 3B-D). A nonlinear regression curve fit provided a half-life
of 16.54 h for Cy5 siNPs and 176.7 h for Cy5 siNP-uPLs with Tau values of 23.86 h and
255.0 h, respectively. Although the Cy5-siNP-PLs fluorescence signal was not detectable
intravitally at 10 days, ex vivo analysis (skin off), which is more sensitive, showed signal
above no treatment (NT) mice over the full time course of 25 days (Figure 3D).

Confocal microscopy also confirmed the ex vivo epifluor-escence data (Figure 3D), enabling
visualization of Cy5-siNPs-/PLs in the joint for the entire 25-day time course (Figure S8).
Conversely, free Cy5-siNPs were only visualized on the cartilage surface and only on day

1 postinjection, likely due to initial electrostatic interactions with anionic cartilage ECM
followed by clearance of free siNPs through lymphatic drainage (Figure S8). Breakdown of
the 4PL shape and release of the Cy5-siNP cargo over time were also apparent, as shown

in the representative confocal microscopy images of Cy5-siNP-zPLs in the joints over time
(Figure 3E). Relative fluorescence (RFU) of individual Cy5-siNP-/PLs was quantified over
time, showing that the Cy5 signal within individual ¢/PLs remained above baseline for

the entire 25-day time course (Figure 3F). Loss of shape, structure, and fluorescence of
Cy5-siNP-£PLs was also seen collectively when comparing day 1 20x images with day 25
20x images (Figures S9 and S10), showing erosion of the particles over this time frame.

Ultimately, these results support the notion that PLGA microPlate biodegradation leads to
sustained release of siNPs over a time course of at least 25 days and that multiple tissues
involved in joint homeostasis, including articular cartilage, synovium, infrapatellar fat pad,
and the joint capsule, are directly interfacing with the ¢PLs and the released siNP payload.
Furthermore, microPlates remain localized within the intra-articular space and are not seen
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outside of the joint nor in surrounding musculature or subchondral bone (Figure S11).
Biodistribution analyses (Figures S12 and S13) of the Cy5 signal also showed that the cargo
remained localized to the treated joint and that the liver is the likely clearance pathway for
the small quantity of cargo and/or its degradation fragments that are systemically absorbed.
Together, these results suggest that intra-articular use of siNP-PLs has a low risk for
off-target effects.

MMP13 Silencing from siMMP13-uPLs Treatment in a Mechanical Loading Osteoarthritis
Mouse Model.

siIMMP13-4PLs were investigated in a 28-day longitudinal study to assess duration of
MMP13 gene silencing from a single treatment that was given at the same time as

loading initiation (Figure S6A,B). This timeline approximates the clinical scenario in which
treatment is initiated shortly following a known PTOA-initiating event (i.e., ligament or
meniscal tear). Unlike idiopathic OA, for PTOA caused by traumatic injury, it would be
feasible to initiate a prophylactic therapy shortly after the injury to reduce subsequent joint
deterioration.

The 6-month-old C57BL/6 mice used in the study were subjected to a rigorous knee

joint cyclic mechanical loading protocol of 9 N, 500 cycles, 5 times per week to induce
PTOA-associated upregulation in MMP13 gene expression (Figure S6A,B). Gene expression
measurement by gRT-PCR on combined synovial and cartilage tissues showed over 65%
MMP13 gene silencing through 28 days, while gene expression measurement on isolated
medial synovial tissue showed over 75% MMP13 knockdown through day 28 compared to
SINEG-loaded control 4PLs (Figure 4A,B).

The 28 days of consistent target silencing achieved here was significantly extended relative
to our previous cancer application of siNPs loaded into PLGA microparticles using w/o/w
emulsion PLGA, which showed ~50% model gene luciferase silencing over 3 days.>2 As
another point of comparison, the aforementioned study on PLGA microparticles for delivery
of siRNA against the glucocorticoid receptor achieved /n vitro target gene mRNA level
reduction for 1 week or less.*? Similarly, the previous study on RANK siRNA delivery using
PEI complexes encapsulated into PLGA microparticles achieved /n vitro knockdown for up
to 8 days.%? Finally, intra-articular application of PLGA microparticles loaded with bPEI
complexed with siRNA against FcyRI1I achieved approximately 50% protein knockdown
relative to controls receiving complete Freund’s adjuvant alone to induce TMJ inflammation,
but the study only measured knockdown at one time point (day 9).5 The long-term gene
silencing achieved in the current system is advantageous relative to prior technologies and is
consistent with our prior results in which we achieved 80% silencing out to 32 days for siNP
delivery from tissue engineering scaffolds.>6

Immunohistochemical (IHC) staining (validated as shown in Figure S14) confirmed the
MMP13 knockdown effect, revealing a treatment-associated reduction in MMP13 protein
in the articular cartilage, synovial tissue, and meniscus at day 28 post-treatment (Figure
4C). Higher magnification images of the meniscus in the untreated OA group showed
MMP13 expression associated with regions of calcification, pathologic vascularization,
reactive synoviocytes, and potential chondroplasia/metaplasia (Figure S15), which was not
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seen in the tissue samples taken from healthy (unloaded, no OA) or siMMP13-4PL treated
mice.

Broader Gene Expression Effects of siMMP13-pPL Treatment in a Mechanical Loading
Osteoarthritis Mouse Model.

Key genes related to osteoarthritis progression were also measured by gRT-PCR in

joints to verify if MMP13 inhibition was broadly impacting expression patterns in the

joint of genes associated with inflammation (C1s, C2, IL-1p, IL-6, and TNFa). Serine
proteases (C1S, C1RA, and C2) are components of the complement pathway known to

be associated with OA progression,57:58 and these genes are assayed as a marker for

influx and activation of macrophages, monocytes, and monocyte-derived dendritic cells
that produce these proteases.®® Pro-inflammatory IL-6 expression was measured due to

its known role in propagation of cellular stress and synovial inflammation.6%:61 Similarly,
IL-18 (MAPK activation cluster) and TNFa are inflammatory cytokines that are associated
with OA progression by inducing nitric oxide production, MMP and aggrecanase synthesis,
and suppressing proteoglycan synthesis.®2 Recently published nanoString analysis in a
manuscript preprint32:33 showed that PTOA joint silencing of MMP13 (from repeated
administration of a shorter-acting antibody-targeted nanocarrier) was associated with
reductions in expression of C1s, C2, and IL-1. C 1s, C2, IL-18 were suppressed in the
total joint gRT-PCR analysis across the full time course. There was stronger suppression

of these genes in synovial tissue; all genes were suppressed at day 7, and all but TNFa
remained reduced at day 14 and day 28 (Figure 4D,E).

OA progression is associated with a viscous cycle of matrix degradation, induction and
propagation of inflammation through signaling properties of degradation products, and
sustained inflammation driving ongoing, upregulated protease activity.53.64 It can therefore
be interpreted that blocking MMP13 reduces release of inflammatory matrix byproducts and
thereby more broadly suppresses inflammatory gene expression within the joint, cutting
off this vicious cycle and its consequent gradual deterioration of the cartilage matrix.

The reduction in inflammation associated with MMP13 silencing also provides broader
protective effects that propagate throughout the joint, including reduction of hyperplasia
and mineralization of soft tissues such as the meniscus and synovium. This is particularly
critical to overall outcomes, as synovial health and signaling play a large role in cartilage
and overall joint health,65:66

Joint Structural Protection by siMMP13-pPL Treatment.

Efficacy was next measured for siMMP13-£PLs in preventing PTOA-associated changes

in articular cartilage and other joint structural features. Compared to healthy joints and

those treated with SiIMMP13-£PLs, joints treated with SINEG-PLs or untreated mice

show reduced proteoglycan staining and structural changes such as fibrillation and loss

of the articular cartilage surface (Figure 5A-C and Figures S16 and S17). The articular
cartilage in coronal sections of each joint was scored by a treatment-blinded histopathologist
using the Osteoarthritis Research Society International (OARSI) histopathological scoring
method®7:68 (Table 1). As an additional assessment of cartilage structural damage, a
fluorescently labeled monoclonal antibody against collagen Il (mAbCII) was systemically
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administered 24 h before intravital imaging (Figure 5D). The mAbCII provides a way to
measure relative cartilage proteolytic damage because collagen Il becomes more accessible
for antibody binding as OA severity progresses.59.70

Both the OARSI score and mAbCII intravital binding measurement indicated that the
siMMP13-£PL group articular cartilage was significantly protected relative to joints treated
with siNEG-/PLs or untreated mice and was similar to mice that did not have mechanically
induced PTOA (Figure 5C-D).

A more holistic joint structural appraisal was also completed by a treatment-blinded
histopathologist according to the degenerative joint disease (DJD) scale based on features
of H&E-stained tissue sections (Figure 6; scoring rubric, Table 1). Compared to healthy
joints and those treated with sSiMMP13-/PLs, joints treated with SINEG-PLs or untreated
mice show hallmark soft tissue damage associated with advanced PTOA, including cartilage
loss, meniscal fibrillation, osteophyte growth, ectopic mineralization, and robust synovial
hyperplasia. MMP13 has long been considered a potential target for directly blocking the
enzymatic degradation of collagen Il to protect articular cartilage.”* However, in line with
the broader gene expression changes detected, MMP13 inhibition was also found to provide
more holistic joint preservation beyond protection of articular cartilage in the context of
PTOA.

Clinical observations of osteophytes and mineralization of meniscal and synovial tissue are
common in advanced OA87:72 and may be related to activation of synovial macrophages

by mechanical stress.”® Osteophyte associated pain is thought to be one of the main

reasons that patients with advanced OA seek total knee replacement.”® Therefore, we sought
to quantitatively measure osteophytes and ectopic mineralization with micro computed
tomography (microCT). Mineralization of the meniscus and synovial tissue was found to

be significantly reduced in PTOA joints treated with siMMP13-.PLs (Figure 7A-C). The
osteophytes emanating directly from the bone were also measured, showing reduction of
osteophyte size in PTOA joints treated with SiMMP13-.PLs (Figure 7D). Interestingly,

the reduction of IL-15 gene expression observed with siMMP13-£PL treatment could also
be related to reduced ectopic mineralization, as activation of inflammasomes by presence

of ectopic calcium phosphate is known to activate expression of 1L-1.5% By reducing
pathological mineralization of the joint, SiMMP13-4PLs show promise in resolving the
primary source of acute pain and providing global protection of cartilage, meniscus,
synovium, and bone tissues of the joint. Subchondral bone density as a ratio of bone volume
over total volume was also measured, and a statistically significant preservation of bone
density in siIMMP13-4PLs treated versus untreated groups was observed (Figure S18).

CONCLUSION

In this study, a nano-in-micro carrier system was constructed and shows promise as a
long-acting disease modifying osteoarthritis drug (DMOAD). This system was fabricated
using a top-down strategy for the creation of size- and shape-defined, monodispersed PLGA
MPLs loaded with endosome-escaping siNPs. The resultant formulation (SiNPs-zPLs) was
loaded at 1.17 4g nucleic acid/mg PLGA and was able to protect and release intact, bioactive
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siNPs for up to 5 weeks; released siNPs maintained chemicophysical properties, endosome-
escaping ability, and gene silencing activity for the duration of the study (5 weeks). The
siNPs-PLs can be successfully dispersed within the knee joint by intra-articular injection
reaching the femoral-tibial cartilage interface, the meniscus, and the infrapatellar fat pad
and synovium. A single intra-articular injection of siNPs-zPLs provides sustained retention
within the joint for up to at least 25 days, meanwhile free siNPs were only visualized 1 day
after injection. Longitudinal /n vivo studies utilizing a rigorous PTOA model demonstrated
that a single intra-articular injection of siMMP13-4PLs achieved 65-75% gene knockdown
of MMP13 over a 28-day study with consequently reduced MMP13 protein production.
MMP13 inhibition also caused downstream reduction in the expression of a broad set of
inflammatory markers implicated in osteoarthritis pathophysiology (C 1s, C2, IL-1, IL-6,
and TNFa). A single intra-articular injection of siMMP13-.PLs protected articular cartilage
integrity, improved total joint histopathology, reduced ectopic mineralization, and lessened
osteophyte formation through 4 weeks of rigorous mechanical overloading of mouse knee
joints. In sum, this work provides a proof of concept for the utility of PLGA microPlates

to extend the longevity of action and overall efficacy of siRNA nanocarriers and show

that sSiMMP13-4PLs are a promising experimental DMOAD capable of delaying PTOA
progression.

METHODS SECTION

Materials.

Polydimethylsiloxane (PDMS) (Sylgard 184) and elastomer were acquired from

Dow Corning (Midland, MI). Poly(vinyl alcohol) (PVA, MW 31 000-50 000),
2-(dimethylamino)-ethyl methacrylate (DMAEMA), 2,2"-azobis(2-methylpropionitrile)
(AIBN), r+butyl methacrylate (BMA), and poly(p,L-lactide-co-glycolide (PLGA,
lactide:glycolide 50:50, MW 38 000-54 000) were obtained from Millipore-Sigma (Saint
Louis, MO). The 2-propylacrylic acid (2-PAA) monomer was synthesized as described.’®
The RAFT chain transfer agent 4-cyano-4[[(ethylsulfanyl)-carbonthioyl]sulfanyl]pentanoic
acid (ECT) was synthesized following protocols previously described by Convertine et al.”®
adapted from Moad et al.”” Curcumin (CURC) was purchased from Alfa Aesar (Haverhill,
MA). Quant-iT Ribogreen assay kit was obtained from ThermoFisher Scientific (Waltham,
MA). Syringe filters (200 nm cutoff) were procured from Corning (Corning, NY). All
oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 1A). All
reagents and solvents were used as received.

Synthesis and Characterization of Poly(DMAEMA) Macro-CTA.

In a 25 mL round-bottomed flask, ECT (0.2 mmol, 0.052 g), 2-(dimethylamino)ethyl
methacrylate (DMAEMA) (25.2 mmol, 3.99 g, 4.28 mL), and AIBN (0.02 mmol, 0.0034
mg) were dissolved in 1,4-dioxane (5 mL) (Figure S2A). The reaction mixture was degassed
by purging nitrogen through the solution for 30 min and submerged into a preheated oil

bath at 70 °C for 24 h. After 24 h, the polymerization mixture was precipitated into

a 10-fold excess of cold pentane and dried under vacuum overnight. The structure of
PDMAEMA was characterized by 1H nuclear magnetic resonance spectroscopy (Figure
S2B) NMR, 400 Bruker Spectrophotometer) in CDCl3 solvent. The molecular weight and
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polydispersity of the polymer was characterized by gel permeation chromatography (GPC,
Agilent Technologies, Santa Clara, CA) in dimethylformamide (DMF) + 0.1 M LiBr with
inline Agilent refractive index and Wyatt miniDAWN TREOS light scattering detectors
(Wyatt Technology Corp., Santa Barbara, CA). M,,gpc = 10 500, PDI = 1.15 (Figure S2C).

Synthesis and Characterization of the Diblock Copolymer of PDMAEMAg7-b-P(DMAEMA »g-
co-BMA75-co-PAA ) (DDPB).

PDMAEMA macro-CTA was used for the synthesis of the diblock copolymer by RAFT
polymerization as reported previously.*3 Briefly, PDMAEMA-ECT (0.04 mmol, 0.42g),
DMAEMA (2.92 mmol. 0.459 g, 0.49 mL), BMA (5.76 mmol, 0.819 g, 0.915 mL),

PAA (2.92 mmol, 0.33 g), and AIBN (0.004 mmol, 0.00067 g) were dissolved in a
mixture of dioxane and DMF solvent (3:1 ratio, 6 mL; Figure S2A). The polymerization
solution was degassed by purging nitrogen through the solution for 30 min before
submerging into a preheated oil bath at 70 °C for 24 h. After 24 h, the polymerization
mixture was precipitated into a cold 50:50 mixture of ether and 7+pentane, redissolved in
dichloromethane, precipitated into cold pentane twice, and dried under vacuum overnight.
The polymers were verified by HL NMR and GPC (M,gpc = 30 500, PDI = 1.32; Figure
S2B,C).

Formulation of sSiRNA Polymeric Nanopolyplexes (siNPs).

The siNPs were formulated by dissolving DDPB in EtOH (20 mg/mL) and then diluting

to 1 mg/mL by slow addition of PBS buffer (pH 7.40, 1x) to promote spontaneous micelle
formation. The final suspension was passed through a 200 nm cutoff syringe filter. Then
1.25 nanomoles of fluorescent Cyanine-5 labeled DNA or siRNA were mixed in PBS (-/-)
buffer (pH 7.40, 1x) with DDPB polymer to achieve an N*:P~ ratio of 4 (nucleic acid
sequences provided in Table S1). The siNPs were concentrated using an Amicon Ultra

10 kDa centrifuge filter device (Millipore Corporation, Billerica, Massachusetts, USA) to
a volume of 25 yL. The efficiency of siRNA encapsulation at different N*:P~ ratios was
evaluated using a Quant-iT Ribogreen assay kit (ThermoFisher Scientific, Waltham, MA).
SiLUC (PLs, siNEG gPLs, siMMP13 (PLs, and Cy5-siNP-£PLs is the nomenclature for
MPLs loaded with luciferase siRNA (siLUC), negative control siRNA (siNEG), anti-MMP13
siRNA (siMMP13), and Cy5-DNA, respectively. The siNPs were evaluated using dynamic
light scattering (DLS) for hydrodynamic diameter and size distribution.

Synthesis of siNP-Loaded microPlates (UPLsS) (sSiNP-uPLSs).

1PLs were synthesized in a multistep process, as previously described.*647 Briefly, direct
laser writing (DLW) was used to develop the silicon master template with a specific pattern
of square wells with a length (20 gm) and a height (10 gm), separated by a 3 ym

gap. Then, a PDMS template was obtained by covering the silicon master template with a
mixture of PDMS and curing agent (60 °C for 8 h). The PDMS was then used to create a
PVA template, which comprised the same features as the original silicon master. PLGA (in
100 L of acetonitrile) was mixed with a solution of siNPs (initially dissolved in 25 zi of
PBS) and then applied to the PVA template. Each siNP-4PL batch was synthesized using
15 mg of PLGA containing dispersed siNPs comprising 1.25 nmol of nucleic acid (17.5 /g
if taking an average estimated MW of 14000 g/mol per nucleic acid) and 500 g of DDPB
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polymer (1.17 /g nucleic acid/mg PLGA). Lastly, siNP-PLs were collected by dissolution
of PVA templates in deionized water at room temperature in an ultrasonic bath, followed by
sequential centrifugation steps (2823g for 5 min). The resultant siNP-zPLs were stored at +4
°C if being used immediately or =80 °C until their use.

Visualizing Geometry of siNP-pPLs.

The geometric properties of siNP-4PLs were characterized using different techniques, as
previously reported.#6:4” Scanning electron microscopy (SEM, Elios Nanolab 650, FEI)
was used to evaluate their size and shape. Briefly, a drop of sample was placed on a
silicon template, sputtered with 10 nm of gold, and analyzed by an SEM operating with
an acceleration voltage of 5-15 keV. siNP-£PL concentration and size distribution were
also measured using a Multisizer 4 COULTER particle counter (Beckman Coulter, USA).
Morphology and homogeneity of siNP distribution within #PLs was examined by a Nikon
Al confocal microscope. For the purpose of (PL confocal and fluorescent microscopy
visualization, a separate template of siNP-zPLs was produced containing curcumin (0.5 mg)
mixed into the PLGA; curcumin was not added into /#PLs used in any of the cell or animal
studies.

Encapsulation Efficiency of siNPs into pPLs.

Fluorescent Cy5-siNPs were used to quantify nucleic acid loading into gPLs. The (PLs were
dissolved in an acetonitrile and deionized water (1:1, v/v) mixture and then centrifuged at

18 213gfor 15 min to promote PLGA precipitation. The supernatant, containing Cy5-siNPs,
was collected and concentrated using an Amicon Ultra 10 kDa centrifuge filter device
(Millipore Corporation, Billerica, Massachusets, USA). Cy5-siNPs were recovered and
lyophilized. Then, the lyophilized sample was dissolved in EtOH, dried, resuspended in
water and centrifuged. The supernatant was collected and analyzed, relative to a Cy5-DNA
standard curve, with a microPlate spectrophotometer (Tecan, Mannedorf, Switzerland) at
Aex and Aemis at 630 and 660 nm, respectively.

Characterization of In Vitro siNP Release from pPLs.

To assess release of siNPs from gPLs, siNP-zPLs were incubated in PBS at 37 °C on

a shaker. Each sample was done in triplicate and comprised 6 mg of 4/PLs in 1.5 mL

of PBS buffer, creating a 600 nM concentration of nucleic acid. The releasates were
collected weekly by centrifugation of microPlates after which the full buffer was removed
and replaced. Parallel samples were analyzed for concentration of released siNPs by either
ribogreen assay (unlabeled siRNA loaded siNPs) or fluorescence measurement for Cy5-
siNPs. The siNPs were diluted and applied to cells at a 20 nM dose to assay the potency

of the released siNPs during different periods of release (see luciferase gene silencing assay
section).

Size Characterization of siNPs Released from uPLs.

After spinning down the /PLs in PBS solution, the supernatant (1.5 mL) was aspirated
and replaced with additional PBS. The aspirated samples used for DLS measurement were
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diluted to 0.16 mg/mL siNPs with isotonic double distilled water (1:10 v/v) to avoid
multiscattering phenomena and analyzed at 25 °C with a Zetasizer Nano (Malvern, U.K.).

Cell Culture and Cell Viability.

Immortalized mouse chondrogenic ATDCS cells procured from ATCC were cultured in
DMEM/F-12, GlutaMAX medium with 10% serum and 1% penicillin/streptomycin. Cells
were incubated at 37 °C in 5% carbon dioxide. All cellular experiments were performed

at 80% confluency, except for endosome disruption galectin-8 recruitment studies with
MDA-MB-231 Gal8-YFP cells® that were performed at 40% confluency. The CellTiter-Glo
(Promega Corporation, Madison, WI) assay was used to assess cytotoxicity in accordance
with the manufacturer’s standard protocol.

Luciferase Gene Silencing Assay.

To measure knockdown bioactivity of the siNPs postrelease from pPLs, releasates collected
form siLUC-/PLs and siNEG-/PLs were applied to ATDCS5 cells lentivirally transduced
to constitutively express luciferase, as in previous studies.32:3378 The Quant-iT Ribogreen
assay kit (ThermoFisher Scientific, Waltham, MA) was used to quantify RNA in the
releasates, which were diluted to a concentration of 20 nM siRNA for /n vitro treatments
used to measure releasate silencing activity. After seeding (96-well black plates, 2000 cells
per well), cells were allowed 24 h for adherence (DMEM/F12, 10% FBS, 1% penicillin/
streptomycin, 1% Glutamax media) before introducing the treatment solution (releasate

in Opti-MEM media at 20 nM siRNA concentration) for another 24 h. Treatments were
aspirated after 24 h, and a luciferin solution (150 tg/mL luciferin) was added to the cells
prior to measuring bioluminescence using an IVIS Lumina Il intravital imaging system
(Caliper Life Sciences, Hopkinton, MA). The bioluminescent signal form siLUC-siNP
treated cells was normalized to cells treated with analogous releasates containing sSiNEG-
siNPs. Cell viability was further gauged by comparing luciferase signal from cells treated
with siNEG-siNPs releasates to untreated control cells.

Post-traumatic Osteoarthritis (PTOA) Mechanical Loading Model and In Vivo Therapeutic
Study.

A mechanical overload model was used whereby the knee joints of 6-month-old C57BL/6
mice were cyclically loaded in compression using an ElectroForce 3100 test frame (TA
Instruments; New Castle, DE). The mice were anaesthetized, and the knee joints were
positioned in flexion at 140° with the tibia approximately vertical and placed directly under
the loading point.”® The cyclic loading regimen utilized 500 cycles at 9 N force and was
done 5 times per week, from the time immediately following intra-articular injection until
tissues were harvested (Figure S6A,B).

Mechanical loading for both the therapeutic and pharmacokinetics studies was initiated
immediately after treatment was administered. This tests the treatment in a prophylactic
scenario and ensured consistent intra-articular injections in mice, which become technically
more difficult after accrual of joint mechanical damage. Intra-articular injection of SiINEG-
MPLs and siMMP13-£PLs in PBS was done at a per knee dose of 1.875 nmol of sSiRNA
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(26.25 g if taking an estimated average MW of 14 000 g/mol per nucleic acid) and 22.5 mg
PLGA (loading capacity of 1.17 1g of nucleic acid/mg of PLGA).

RNA Harvest, cDNA Synthesis, and gRT-PCR.

Histology.

MicroCT.

After animal euthanasia, joint tissues were collected using a scalpel under a dissection
microscope and placed in RNAlater solution (ThermoFisher Scientific; Waltham, MA) prior
to RNA isolation with a RNeasy kit (Qiagen; Hilden, Germany). Cartilage from tibial and
femoral articular surfaces were removed from the bone, and synovial tissues were separated
from the menisci before processing. For total joint measurements, cartilage tissue was
mixed with synovial tissue in equal mass. Synovial tissue was also separately processed.
The cDNA for each sample was produced using the iScript cDNA synthesis kit (Bio-Rad;
Hercules, CA), and quantitative reverse transcription polymerase chain reaction (QRT-PCR)
was performed with TagMan primers (below) using reagents procured from Thermofisher
Scientific (Waltham, MA) according to the manufacturer’s instructions.

GAPDH: Mm99999915_g1 ~ ACTB: Mm02619580_g1
MMP13: Mm00439491_m1  IL-18: Mm00434228_m1
IL-6: Mm00446190_m1 C2: Mm00442726_m1

C 1s: Mm00663210_mH COX2: Mm03294838_g1
TNFa: Mm00443258_m1

All knee joints used for histology were fixed in 10% formalin for 2 days, and microCT
analysis was performed in 70% ethanol after fixation. Samples were then decalcified in
20% tetrasodium EDTA for 4 days (exchanging once at 2 days) or until soft to the touch,
rinsed with water, and then placed in 70% ethanol at 4 °C until paraffin-block embedded and
sectioned. Embedding of tissues for coronal sectioning was aided by manually slicing the
patella away such that the anterior aspect of the joint could be positioned facing down in the
embedding tray, i.e., “stifled”. Sections were cut 15-20 gm thick in the coronal orientation,
starting posterior to the patella and sectioning fully through the joint. At least two sections
in the loading plane were chosen from each joint for Hematoxylin and Eosin, Safranin-O/
Fast Green, and Toluidine Blue staining that were used in subsequent OA severity scoring.
Positive staining controls of the mouse skin containing mast cells and the mouse ear were
done for Toluidine Blue and Safranin-O/Fast Green, respectively (Figure S17).

Formalin-fixed samples of the proximal tibia and femoral head were placed in 70% ethanol
and scanned at a 15 um isotropic voxel size, 70 kVp, 114 mA, and 200 ms integration

time using a Scanco £CT50 (Scanco Medical, Basserdorf, Switzerland). Contouring was
performed first to encompass all mineralized components of the joints (Figure 7A,B).
Contouring for 3D analysis was done a second time to segment out and quantify
mineralization in the soft tissues surrounding the cortical bone, presented as milligrams

of hydroxyapatite (Figure 7C). 3D renderings (sigma, 1.5; support, 3; threshold, 388) were
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also generated using the Scanco software. Vertical 2D cross-sectional images were identified
for each sample with the maximal osteophyte length orthogonal to tibial and femoral cortical
bone, which was visualized along with soft tissue ectopic mineralization in a similar plane
across all treatment groups (Figure 7B). Osteophyte length was measured on each sample,
defined as maximal osteophyte length (Figure 7D). Subchondral bone volume/total volume
(BV/TV) was also measured (Figure S18).

Immunohistochemistry.

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 min. Slides were incubated with anti-MMP13 (cat.
no. Ab39012, Abcam, Cambridge, MA) for 1 h at a 1:750 dilution. The Bond Polymer
Refine detection system (Leica Biosystems Inc.) was used for visualization. Slides were
then dehydrated, cleared, and coverslipped. Antibody validation was performed on various
mouse organs and positive (anti-MMP13 primary) and negative (isotype primary) controls
were performed on mouse stomach (Figure S11). Slides were imaged using a Leica SCN400
Slide Scanner (Leica Biosystems Inc., Buffalo Grove, IL) and 20x, 40x, and 80x images
were taken of the cartilage surface, synovium, and meniscus for each slide in each treatment

group.

Joint Histological Scoring.

Coronal sections were stained with Safranin-O/Fast green for scoring by the Osteoarthritis
Research Society International (OARSI) and Degenerative Joint Disease (DJD) scales in at
least 2 midfrontal sections per joint.58 Scoring of deidentified sections was interpreted by

a board-certified veterinary pathologist. OARSI scores (0-6 semiquantitative scale; Table
1A) were assigned from assessment of the medial and lateral plateaus of the tibia and
femur.57 A degenerative joint disease (DJD) severity score (0-4 semiquantitative scale) was
determined from H&E stained sections using a semiquantitative index (Table 1B) based

on cartilage erosion, subchondral osteosclerosis, synovial/meniscal metaplasia, subchondral
osteosclerosis, inflammation, and the growth of osteophytes and meniscal ectopic mineral
deposits (Table 1B).80

In Vivo Pharmacokinetic Study.

An /in vivo pharmacokinetic study was performed following the same loading and injection
regimen as the PTOA model described above. Cy5-siNP-uPLs or free Cy5-siNPs were
injected intra-articularly (same dose as the therapeutic study) and imaged intravitally for
Cy5 fluorescence over time using an IVIS Lumina Il intravital imaging system (Caliper
Life Sciences, Hopkinton, MA). For VIS image analysis, fixed regions of interest (ROISs)
were drawn around both the right and the left knee joints. A preinjection (blank) image

was taken followed by a time 0 (TO) image directly after intra-articular injection. The blank
reading was used for background correction of all images at all time points, and dividing
the radiance reading by the TO radiance reading was used to calculate a fraction of retention
for all later time points. Animals were euthanized at days 1, 5, 10, 15, and 25 postinjection
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for both the Cy5-siNP-4PLs and the Cy5-siNP groups. The skin was then removed from
the legs (which provides better sensitivity than intravital imaging), and the knee joints were
end point imaged ex vivo for remaining Cy5 fluorescence. A no treatment (NT) control
was also used as an additional comparison. Legs were then snap frozen in liquid nitrogen
and stored at —80 °C until processing for cryosectioning. A pharmacokinetic area under the
curve (AUC) analysis and a nonlinear regression fit was performed using GraphPad Prism
version 8.0.

Histological Cryosectioning and Confocal Microscopy.

Hindlimbs with intra-articular injection with Cy5-siNP-4PLs or free Cy5-siNPs were
harvested at days 1, 5, 10, 15, and 25 postinjection, stored at —80 °C, and embedded

into OCT freezing compound. Samples were serial sectioned in sagittal orientation until an
adequate depth of the joint was reached for optimal visualization. Cryosections at various
depths along the joint were then sectioned sagitally at 20 gm thick, captured utilizing a
commercially available polyvinylidene chloride film coated with synthetic rubber cement
(http://section-lab.jp/), and placed on a slide. Slides were then fixed in 10% neutral buffered
formalin for 5 min (some were stained with DAPI), coverslipped with an aqua mount, and
imaged on a Nikon Eclipse Ti inverted confocal microscope.

Imaging settings were kept constant for imaging of all microPlate-containing joint samples
at each time point, but imaging settings are not equal across different days in Cy5-siNP-
MPLs vs Cy5-siNPs (Figure S8) in the interest of being able to detect residual fluorescence
over time without signal saturation in samples from early time points. Whole joint imaging
was performed by stitching 3 x 3 10x images. here, 10x and 20x images were taken for each
sample at each postinjection time point. TD = transmission detector.

Relative Fluorescence Units (RFU) Quantification.

To quantify individual microPlate (Cy5-siNP-4PLs) fluorescence over time, RFU analysis
was performed on imageJ (http://rsbweb.nih.gov/ij/download.html) using the NDi6D plug-in
and the following protocol (https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-
fluorescence-using-imagej.html). Briefly, regions-of-interests (ROIs) were drawn around
microPlates (V= 3-6 per image) and background ROIs were set randomly distributed across
the image (N = 3-6 per image) using the imageJ drawing/selection tools. From the Analyze
menu “set measurements” were chosen to have “area integrated intensity” and “mean gray
value” selected. RFU was determined through the following formula:

RFU = integrateddensity — selected microplate area X mean of background

Statistical Methods.

Data are displayed as mean plus standard error (unless stated otherwise). Statistical tests
employed either oneway ANOVA with multiple comparisons test or two-tailed Student’s ¢
test between only two groups with a = 0.05.
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Animal Ethics Statement.

All animal experiments described herein were carried out according to protocols approved
by Vanderbilt University’s Institutional Animal Care and Use Committee (IACUC), and
all studies followed the National Institutes of Health’s guidelines for the care and use of
laboratory animals.
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Characterization of siNP-zPLs. (A) DLS size distribution of Cy5-siNPs before (blue line)
and after acetonitrile (AcN) exposure (red line). (B) Size characterization of (PLs via
Multisizer analysis. (C) A 30° tilted SEM image of /PLs loaded with Cy5-siNPs. (D)
Confocal microscopy image of the PVA template containing Cy5-siNPs (red) dispersed
within PLGA paste (curcumin, CURC, only added for these images to enable PLGA
visualization as yellow-green fluorescence). (E) Confocal microscopy image of Cy5-siNP
loaded CURC-/PLs after harvest. (F) Confocal microscopy image of Cy5-siNP-4PLs (red),
without CURC, utilized for releasate and /7 vivo pharmacokinetic studies.

ACS Nano. Author manuscript; available in PMC 2022 September 28.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Bedingfield et al. Page 26

A In Vitro pPL Release of siNPs B In Vitro uPL Release of Cy5-siNPs ¢ Bioactivity of siLUC-NPs from pPLs
125 125 E 125
3 23
g § 10 o £ 100 22 .0
» L 28 SE
« > 75 © 0 75 <2 4
$3 £t E
g 5 I _g 50 gg o
(d (d
N2 2 & E 25 % % m
S £
0 0 -
0 1 2 3 4 5 2 o
Time (Weeks) Time (Weeks) "
Bl siMMP13-NPs pPLs BN Cy5-siNPs pPLs Tlmg (Weeks)
Bl siMMP13-NPs Bl Cy5-siNPs Bl siLUC-NPs pPLs
Il Free siMMP13 Bl Free Cy5 Nucleic Acid Il siLUC-NPs
D In Vitro Silencing of MMP13 by pPL Releasate E Quantified Galectin-8
NS Recruitment from pPL Releasate
Xk
g L Fkkk .
50125 ‘ ‘ 2 I I ] .
ot P T za10] -
2 ® 100 —I— -+ — O£ Ty * an .
52 : 1 - . 28 * + :
dg 75 y . B i _I_ R -5
N = — @ 2 0.5+ =+
= - A - . (]
£% s . g2057 = A
s E T 3 % © g B
[} += + % 22
XZ 251 i = ia v 8E ¥
Al * v an s £o.0 2
o= 5
O NFa NT “SINEG siMMP13.24h __1 2 3 4 5 Z ' ' . . . . ':' .
15 nM siNPs , Weeks i ¥
Rel te of sSIMMP13 uPLs 24h X 1 2 3 4 5 X PBS siNPs

PBS Control | Empty pPL | [ MMP13 siNP uPL (24h) | [ MMP13siNP uPL (28d) | | SiNPs (Fresh, no uPL)

Figure 2.
Release kinetics and bioactivity assessment of siNP-yPLs /n vitro. (A) siMMP13-NP release

profile from (PLs as measured by Quant-iT Ribogreen assay. (B) Cy5-siNP release kinetics
from /PLs as measured by Cy5 fluorescence. (C) ATDC5 chondrogenic cell luciferase
silencing by siLUC NPs collected over time from gPL releasates or incubation in PBS.

(D) Silencing activity of siMMP13-4PL releasates measured by gRT-PCR on chondrogenic
ATDCS cells following stimulation with TNFa (20 ng/mL). (E) Quantification of galectin-8-
YFP puncta recruitment as a marker of endosome disruption in cells treated with releasates
collected at different time points. Data are normalized to recruitment in cells treated with
fresh siNPs. (F) Representative images of galectin-8-YFP concentration (punctate green
spots) onto disrupted endosomes (*, p < 0.05; **, p< 0.01; *** p<0.001; **** p<
0.0001; all error bars represent standard error).
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Figure 3.
In vivo pharmacokinetic study of Cy5-siNP-zPLs and Cy5-siNPs in a mouse model of

osteoarthritis. (A) Anatomically labeled sagittal cryosection from a mouse joint 1 day after
intra-articular injection showing Cy5-siNP-PLs dispersed across the joint reaching the
femoral-tibial cartilage interface, the meniscus, the infrapatellar fat pad, and synovium. (B)
Intravital fraction of retention over time of both Cy5-siNPs and Cy5-siNP-4PLs plotted as
mean + SEM (dotted lines). (C) Area under the curve (AUC) analysis of intravital joint
pharmacokinetics data plotted as mean + SEM. (D) Representative intravital (skin on) and
ex vivo (skin off) knee images of Cy5-siNP-4PLs over time (D-no. = no. of days after
injection). (E) Representative confocal microscopy images of individual Cy5-siNP-zPLs
from day 1 to day 25 within the mouse joint. (F) Quantification of relative fluorescence
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units (RFU) of individual Cy5-siNP-4PLs in histological sections over time plotted as mean
+ SEM. For intravital imaging analysis, 7= 4-24 limbs depending on the time point.
Measurements were done on more animals at earlier time points, and the sample size at the
later time points was lower because some animals were taken down throughout the course
of the study for ex vivo imaging and confocal microscopy analysis. For ex vivoimaging and
confocal microscopy analysis, 7= 2—4 limbs per time point. TD = transmission detector. NT
= no treatment. (*, p< 0.05; **, p< 0.01; ***, p< 0.001; **** p<0.0001; all error bars
represent standard error).
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Figure 4.

siMMP13-£PLs enable sustained /7 vivo inhibition of MMP13 and reduction of
inflammatory gene expression in the total joint and synovium. (A and B) MMP13 gene
expression in (A) combined cartilage and synovium and (B) medial synovial tissue alone
over time after a single SiIMMP13-/PL treatment in mouse PTOA model. (C) MMP13
immunohistochemistry in the cartilage, synovial, and meniscal tissues at day 28 of loading
after a single sSiMMP13-4PL treatment. (D and E) gRT-PCR measurement of expression

of C1s, C2, IL-1p, IL-6, and TNFa in (D) the combined total joint lateral synovial and
cartilage tissues and (E) medial synovial tissues. Normalization of expression for each gene
was done to similar joint tissues harvested at day 28 from animals treated with SINEG-/PLs.
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*, p<0.05; ** p<0.01, compared to SINEG (PLs; all error bars represent standard error of
the mean.
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Figure 5.

Histological and imaging biomarkers of cartilage structural changes. (A) Representative
Safranin-O/Fast Green staining of the tibial plateau articular cartilage surface. (B)
Representative Toluidine Blue staining of the femoral/tibial cartilage interface and meniscus.
(C) Quantification of cartilage damage by the OARSI osteoarthritis cartilage histopathology
assessment system. (D) Quantification of the binding of fluorescently labeled mAbCII in the
joint as a marker for relative cartilage damage. (/7= 6 to 8 mice knee joints; * = p< 0.05;

** = p<0.01; all error bars represent standard error). All measurements were taken after 4
weeks of repetitive loading and/or treatment.
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Figure 6.
PTOA-associated joint histological changes are broadly suppressed by sSiMMP13-/PL

treatment. (A) Representative H&E staining of whole joints. (B) Articular and synovial
regions at a higher magnification. (C) High magnification inset images featuring loss of
articular surface, synovial thickening/hyperplasia, meniscal fibrillation, meniscal loss of
structure, and osteophyte formation from siNEG-£PLs and untreated groups. Black lines for
each image represent 100 4m. (D) Degenerative Joint Disease (DJD) scoring (7=6to 8
mice knee joints; * = p< 0.05; ** = p< 0.01; all error bars represent standard error). All
measurements were taken after 4 weeks of repetitive loading and/or treatment.
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A Representative 3-Dimensional (3D) MicroCT
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Figure 7.

MicroCT analysis of ectopic mineralization and osteophyte outgrowth at 28 days after
SiIMMP13-4PL treatment. (A) Representative 3-dimensional (3D) microCT renderings of
mineralized tissue, highlighting osteophytes and ectopic mineralization. (B) Representative
2-dimensional (2D) cross-sectional images featuring osteophyte outgrowth and ectopic
mineralization. (C) Quantified mineralization of joint soft tissues from 3-dimensional (3D)
microCT analysis. (D) Maximum osteophyte outgrowth of femoral and tibial bones (mm)
from 2-dimensional microCT analysis (7= 6; * = p< 0.05; ** = p< 0.01; All error bars
represent standard error). All data are from animals after 4 weeks of repetitive loading and
treatment.
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