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Amelioration of post-traumatic osteoarthritis via
nanoparticle depots delivering small interfering
RNA to damaged cartilage

Sean K. Bedingfield', Juan M. Colazo®?, Fang Yu', Danielle D. Liu', Meredith A. Jackson’,

Lauren E. Himmel ©2, Hongsik Cho3#, Leslie J. Crofford?5, Karen A. Hasty3* and Craig L. Duvall®'

The progression of osteoarthritis is associated with inflammation triggered by the enzymatic degradation of extracellular matrix
in injured cartilage. Here we show that a locally injected depot of nanoparticles functionalized with an antibody targeting type Il
collagen and carrying small interfering RNA targeting the matrix metalloproteinase 13 gene (Mmp13), which breaks down type
Il collagen, substantially reduced the expression of MMP13 and protected cartilage integrity and overall joint structure in acute
and severe mouse models of post-traumatic osteoarthritis. MMP13 inhibition suppressed clusters of genes associated with tis-
sue restructuring, angiogenesis, innate immune responses and proteolysis. We also show that intra-articular injections of the
nanoparticles led to greater reductions in disease progression than either a single injection or weekly injections of the steroid
methylprednisolone. Sustained drug retention by targeting collagen in the damaged extracellular matrix of osteoarthritic carti-

lage may also be an effective strategy for the treatment of osteoarthritis with other disease-modifying drugs.

entire joint that leads to pain and loss of mobility, result-

ing in diminished quality of life. OA is caused by a com-
plex interplay between mechanical and biochemical factors'.
Some well-established risk factors include poor joint alignment or
injury?, obesity’, genetic disposition’ and aging’. Multiple signal-
ling molecules are known to be central to OA pathogenesis, such as
interleukin-1f (IL-1f), Wnt, Jun N-terminal kinase (JNK) and reac-
tive oxygen species (ROS)"*’. These signalling pathways converge
independently toward increased production of matrix metallopro-
teinases (MMPs), a step of critical importance in cartilage degrada-
tion and progression of OA symptoms'.

Post-traumatic OA (PTOA) is a form of OA induced by a mechan-
ical 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 aver-
age than standard OA®. Although PTOA accounts for only 12% of
all cases of OA in the United States, it comes at a greater cost and
loss of quality-adjusted life years (QALYs) due to its earlier and more
accelerated onset’. PTOA-initiating injuries mechanically disturb the
extracellular matrix (ECM) and stimulate synoviocytes and chondro-
cytes to produce inflammatory cytokines and MMPs'°. MMPs are key
enzymes in OA-related cartilage ECM destruction that degrade the
critical structural components of cartilage, including type II collagen
(Col2). Degradation of Col2 and other ECM components destroys the
chondrocyte niche. Released ECM degradation by-products also have
pro-inflammatory signalling properties"!" that trigger a degenerative
cycle that perpetuates until the cartilage is fully destroyed. Because
patients with joint injuries are highly predisposed to developing

O steoarthritis (OA) is a chronic degenerative disease of the

PTOA, there is potential for early therapeutic intervention to block
disease onset or progression at an early stage.

Current pharmaceutical management of OA is solely palliative,
and there are no clinically approved disease-modifying OA drugs
(DMOADs). There are five corticosteroids that have been approved
by the US Food and Drug Agency for intra-articular OA therapy,
but these therapies provide only temporary pain relief. Steroids do
not target the underlying cause of the disease and are not recom-
mended for long-term management”, as they have been shown to
actually cause loss of cartilage volume'* (when given 4 times per year
for 2 years), have been shown to increase the risk of requiring joint
replacement'* and are associated with chondrotoxicity'*. MMP13
is a key proteolytic driver of cartilage loss in OA, as indicated by
reduced surgically induced OA progression in MMP13-knockout
mice and in wild-type mice treated with broad MMP inhibitors'®.
Clinical trials on small molecule MMP inhibitors (tested mostly
for cancer treatment) have been suspended due to pain associated
with musculoskeletal syndrome, which 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'’~*. Production of MMP13-selective
small molecule inhibitors is complicated by shared domains of the
collagenases and the homology of the catalytic site*”. One tested
MMP13 inhibitor, PF152, reduced severity of lesions in a canine
PTOA model*, but also caused nephrotoxicity** through off-target
effects on the human organic anion transporter 3. For these rea-
sons, we hypothesize that selectively targeting Mmp13 (which has
not been associated with musculoskeletal syndrome) through deliv-
ery of a locally retained RNA interference (RNAi) therapy could be
an effective and safe approach for blocking the degenerative PTOA
process following joint injury.

'Department of Biomedical Engineering, Vanderbilt University, Nashville, TN, USA. ?Department of Pathology, Microbiology and Immunology, Vanderbilt

University Medical Center, Nashville, TN, USA. 3Department of Orthopaedic Surgery and Biomedical Engineering, University of Tennessee Health Science
Center-Campbell Clinic, Memphis, TN, USA. “Department of Veterans Affairs Medical Center, Memphis, TN, USA. *Department of Medicine, Division of

Rheumatology and Immunology, Vanderbilt University Medical Center, Nashville, TN, USA. ™e-mail: craig.duvall@vanderbilt.edu

NATURE BIOMEDICAL ENGINEERING | VOL 5 | SEPTEMBER 2021 | 1069-1083 | www.nature.com/natbiomedeng

1069


mailto:craig.duvall@vanderbilt.edu
http://orcid.org/0000-0002-3591-4246
http://orcid.org/0000-0002-0628-9998
http://orcid.org/0000-0003-3979-0620
http://crossmark.crossref.org/dialog/?doi=10.1038/s41551-021-00780-3&domain=pdf
http://www.nature.com/natbiomedeng

NATURE BIOMEDICAL ENGINEERING

ARTICLES

Intra-articular injections are used clinically for OA, but face
unique drug delivery challenges. One of the major barriers is that
synovial fluid is continuously exchanged in the joint, causing most
drugs to be cleared rapidly into the lymphatic system*>*". The syno-
vial vasculature clears small molecules, whereas the lymphatics
drain away macromolecules®*, resulting in joint half-lives ranging
from 1 h to 4h for commonly used steroids™. These challenges leave
an unmet need for OA therapies that are better retained within the
joint after local injection. Targeting of nanoscale particles is one
promising approach that has traditionally relied on using chon-
droitin sulfate, Col2-binding peptides and bisphosphonates®’~>.
Chondroitin sulfate and Col2-binding peptides anchor particles
to the cartilage matrix and reduce convective transport through
synovial fluid flow, whereas bisphosphonates can be used to bind
to subchondral bone that may be exposed in advanced OA disease.
ECM bioadhesion has been minimally utilized for delivery of small
molecules and, to our knowledge, its use has not been investigated
for local retention of biologics with intracellular targets™.

In this study, we sought to anchor Mmpl3 RNAi nanoparti-
cles to sites of early cartilage damage in OA and to confirm that
matrix targeting can provide functional benefits for delivery of
intracellular-acting biologics. RNAi is critical in this applica-
tion because short interfering RNA (siRNA) can be designed to
have selective complementarity with MMP13 mRNA, obviating
the concerns about enzyme selectivity associated with small mol-
ecule inhibitors. The clinical utility of siRNA medicines is sup-
ported by the recent clinical trial success and US Food and Drug
Agency approval of Onpattro (patisiran) for treatment of hereditary
transthyretin-mediated amyloidosis and Givlaari (givosiran) for
acute hepatic porphyria’*2. Here we extended the use of polymeric
siRNA nanoparticle complexes (siNPs)**~* to develop a form of this
carrier that binds to sites of early OA cartilage damage using a Col2
monoclonal antibody (mAbCII) (E4-D4 clone; Supplementary Fig.
1). This antibody clone recognizes an epitope of cyanogen bromide
(CNBr) peptide 10 and has been proven to be cross-reactive with
Col2 from multiple species (mouse, human, pig, bovine and guinea
pig) but not with type 1 collagen. The antibody epitope becomes
more accessible when other proteins or proteoglycans in the car-
tilage matrix are lost. Previous studies show that cartilage Col2 is
more exposed and accessible for binding after injury” and that the
mAbCII antibody can be used as a targeted nano-diagnostic mol-
ecule for intravital measurement of the severity of OA*. We for-
mulated and therapeutically tested mAbCII-functionalized siNPs
(mADbCII-siNPs) as a locally injectable system that creates an in situ
depot of Mmpl3 RNAi nanomedicine in PTOA-afflicted joints
(Fig. 1a). Matrix-targeted delivery of an intracellular-acting biologic
such as siRNA represents a strategic departure from the convention
of targeting internalizing cellular receptors. We validate the util-
ity of this approach and demonstrate its therapeutic potential as a
DMOAD in a model of mechanical PTOA.

Results and discussion

The mAbCII-siNPs comprise an endosome-escaping, RNA-
condensing core and a passivating, colloidally stabilizing poly (eth-
ylene glycol) (PEG) surface amenable to antibody conjugation.
The diblock co-polymer that constitutes the siNPs was synthesized
through reversible addition-fragmentation chain transfer (RAFT)
polymerization of a random co-polymer of 50mol% 2-(dimethyl-
amino)ethyl methacrylate (DMAEMA) and 50mol% butyl meth-
acrylate (BMA) from a carboxy-PEG-4-cyano-4-(ethylsulfanylthio
carbonyl)sulfanylpentanoic acid (ECT) macro-chain transfer agent
(macro-CTA) and verified by NMR (Supplementary Fig. 2). The
poly(DMAEMA-co-BMA) (DB) random co-polymer block has a
balance of hydrophobic BMA and cationic DMAEMA monomers
that has been finely tuned to drive nanoparticle (NP) self-assembly
and stabilization (using BMA), enable electrostatic siRNA packaging
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(using DMAEMA), and have an appropriate pKa and level of
hydrophobicity that drives pH-dependent membrane-disruptive
function in the pH range of the early endosome’**. The
Col2-targeting mAbCII was conjugated to COOH-PEG-ECT using
N-hydroxysulfosuccinimide; 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (sSNHS/EDC) chemistry (Fig. 1b). Successful conju-
gation of PEG-bl-DB to mAbCII was validated by fast protein liquid
chromatography (FPLC; Supplementary Fig. 1d), and the resultant
polymers were formulated into siNPs by complexation with siRNA
at pH 4 followed by raising to physiologic pH (Fig. 1c). The control
groups included siNPs with no antibody conjugation (bare-siNPs)
and siNPs functionalized with a control off-target antibody
(mAbCtrl-siNPs). ‘Dual hydrophobization’ was also used 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 to improve siNP stability and duration
of gene silencing™*.

Chemico-physicalin vitro characterization of mAbCII-siNPs. The
underlying siNP that was developed here ina m AbCII-functionalized
format has been previously characterized®>*****2. These studies have
consistently shown a hydrodynamic diameter of approximately
100nm and approximately neutral zeta potential due to the PEG
(or, in some formats, zwitterionic siNP surface forming polymer
block). The in vivo circulation half-life after intravenous injection®
is approximately 20 min. These siNPs are cytocompatible in vitro®
and can be tolerated upon repeated, intravenous administration
in vivo, with minimal histologic or immunologic consequences®.

The hydrodynamic diameter, siRNA encapsulation efficiency,
pH-dependent membrane-disruptive behaviour (as an indirect
indicator of endosome escape), and cell viability were assayed for
mAbCII-siNPs compared to non-targeted siNPs. These charac-
teristics of the mAbCII-siNPs were not statistically different from
those of the non-functionalized siNPs in these assays (Fig. 2a-d).
The mADbCII-siNPs, prepared at a 1:40 antibody:polymer ratio for
optimized cartilage binding (Fig. 2f), had an average hydrodynamic
diameter of 124 nm with a polydispersity index of 1.1, as determined
by dynamic light scattering (Fig. 2a). Encapsulation of siRNA was
efficient (about 80%) at ratios of positively charged nitrogen groups
(N*) in polymer side chains to negatively charged phosphodiester
groups (P~) (N*:P~ ratios) of 10 or above (Fig. 2b). The haemolysis
assay demonstrated significant membrane lysis at the pH of early
endosome (6.8) and below, and negligible activity at extracellular
pH (7.4) (Fig. 2c). Cell viability was approximately 80% or greater
for doses of up to 150 nM (Fig. 2d).

Silencing of Mmpl3 was tested in cultured mouse chondro-
genic ATDCS5 cells stimulated with TNE. The cells were pre-treated
for 24h with the siRNA formulations, stimulated with 20 ngml™!
TNF for 24h, and then assayed for Mmp13 gene expression using
TagMan quantitative PCR with reverse transcription (RT-qPCR).
The sequences that were screened to identify the leading Mmp13
siRNA are listed in Supplementary Table 1 and Supplementary
Fig. 3. The best candidate (siMMP13) demonstrated more than
80% knockdown of Mmpl3 expression with a 50nM dose deliv-
ered by the mAbCII-siNPs when compared with a nontargeting
siRNA sequence (siNEG) (Fig. 2e). These data show that siNP bio-
activity is maintained following antibody conjugation and that the
mAbCII-siNPs can achieve potent Mmp13 silencing in cells under
pro-inflammatory conditions.

Ex vivo Col2 targeting and substrate-mediated RNAi in ATDC5
cells. The mAbCII-siNPs were assessed for binding to porcine car-
tilage explants that were pre-treated with trypsin, which initiates
formation of lesions of the articular surface, similar to those seen in
OA®*. Trypsin does not damage the triple helical structure of Col2
but rather removes the telopeptide ends of the monomer and does
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Fig. 1| Synthesis of mAbClII-siNPs. a. Top: schematic illustrating the progression from healthy knee joint (left), to inflammation induction following
traumatic injury (middle) and cartilage loss and degenerative joint disease (including synovial response) (right). Degradation of cartilage enhances
inflammation, inducing a degenerative cycle (bottom right). Middle, bottom: illustration of the concept of matrix-targeted nanocarriers for enhanced
retention and intracellular activity of siRNA at sites of cartilage injury. b, Polymer synthesis and mAbClI (blue) conjugation scheme. RT, room temperature;
DCC, N,N’-dicyclohexylcarbodiimide; DMAP, 4-dimethylaminopyridine; AIBN, azobisisobutyronitrile. ¢, Formulation schematic for siRNA cargo loading
and assembly of mAbClI-siNPs. First, the polymer is dissolved in a pH 4 solution (to protonate DMAEMA, making it more positively charged). This
solution is then mixed with the negatively charged siRNA (with lipid tail to interact better with the BMA component of polymer) for 30 min to allow
electrostatic siRNA complexation by the polymer. Next, a 5:1v/v of pH 8 buffer to complexed siRNA/polymer pH 4 solution is added dropwise to adjust
the solution to physiologic pH of 7.4. Red, cationic and endosomolytic DB component of polymer; green, colloidally stabilizing PEG component of polymer;

blue, mAbCIlI monoclonal antibody.

not remove the native epitope; unless the collagen is newly synthe-
sized, non-enzymatic cross-links formed over time maintain the
monomer in the fibrillar structure upon trypsin exposure. Trypsin
pre-treatment was used in the screening model to mimic damage
from OA and because the mAbCII antibody preferentially binds
to Col2 that becomes accessible when cartilage is mechanically
or proteolytically damaged****. The mAbCII-siNPs were prepared
with molar ratios of non-conjugated polymer:antibody-modified
polymer ranging from 20:1 to 80:1. The polymers used comprised
rhodamine acrylate (excitation/emission wavelength, 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-buffered saline (PBS) was
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quantified by IVIS imaging and showed that conjugation of mAb-
CII to the polymer at 40:1 polymer:mAbCII molar ratio provided
the best retention performance (Fig. 2f and Supplementary Fig. 4a).
These data confirm that mAbCII conjugation enhances binding
of siNPs to exposed Col2 in damaged cartilage and motivated our
focus on the 40:1 conjugation ratio for subsequent studies. The opti-
mized mAbCII-siNP formulation was also confirmed to preferen-
tially bind to trypsin-damaged cartilage over undamaged cartilage
plugs (Fig. 2g).

Subsequently, the porcine cartilage binding assay was adapted to
confirm whether matrix-bound mAbCII-siNPs could achieve effec-
tive 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
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Fig. 2 | Characterization of in vitro chemico-physical, gene silencing and cartilage retention of mAbCII-siNPs relative to bare and mAbCtrl-functionalized
siNPs. a, siNP sizing by dynamic light scattering. b, siRNA encapsulation by Ribogreen assay (n=3 technical replicates) where N*:P~ is the ratio of

positive nitrogen groups (N*) in polymer side chains to negative phosphate groups (P-) in the siRNA cargo backbone. Percentage calculation is based on
Ribogreen fluorescence of free siRNA at the same concentration. ¢, pH-triggered membrane disruption by haemolysis assay (n=3 technical replicates).

d, Dose-dependent cytocompatibility of siNPs in ATDC5 cells (n=3 biological replicates) as measured using a luminescent cell viability assay. Percentage
calculation is based on luminescence of untreated cells cultured in parallel in otherwise equivalent conditions. e, Mmp13 silencing by mAbClI-siNPs in

ATDCS5 cells stimulated with TNF (siMMP13 versus 50 nM or 100 nM siNEG: P

<0.00071; one-way analysis of variance (ANOVA) followed by Tukey's

test for multiple comparisons (a¢=0.05); n="7 biological replicates for untreated groups (NT) with or without TNF, n=9 biological replicates for

treated groups; gene expression normalized to that of untreated, TNF-stimulated cells). f, Retention of siNPs (as measured by VIS imaging of polymer
rhodamine fluorescence) with different polymer:mAbCII molar ratios on trypsin-damaged porcine cartilage explants (40:1 mAbClI-siNP versus bare-siNP:
P=0.039, 40:1 mAbClII-siNP versus mAbCtrl-siNP: P=0.034; one-way ANOVA followed by Dunnett's test for multiple comparisons (a=0.05); n=3
cartilage explant biological replicates; percentage calculation based on the fluorescence of cartilage samples after removal of treatment medium but
before washing). g, Retention of mAbClI-siNPs on healthy and trypsin-damaged porcine cartilage explants, as measured by intravital IVIS imaging of
polymer fluorescence, rhodamine. Area and solid angle remained constant between all measurements (healthy versus damaged: P=0.0132; images

show 3 technical replicates; unpaired two-sided t-test). h, Substrate-mediated gene silencing of Mmp13 in vitro is enhanced by mAbClI-siNP binding and

retention on trypsin-damaged porcine cartilage. One-way ANOVA followed by

a Tukey's test for multiple comparisons (a=0.05); mAbCII-siNP versus

bare-siNP: P=0.008; n=3 cartilage explant biological replicates; area and solid angle remained constant between all measurements; *P < 0.05, **P < 0.01,

****P<0.0001. Data are mean+s.e.m.

was done to simulate synovial fluid clearance. Chondrogenic ATDC5
cells that were lentivirally transduced with a constitutive luciferase
reporter were then seeded over the damaged cartilage that had been
pre-treated with mAbCII-siNPs, bare-siNPs or mAbCtrl-siNPs.
In parallel, the same groups were run without the washing step
to experimentally dissect the benefit of siNP matrix binding and
retention. Significantly higher luciferase silencing was observed
with mAbCII-siNPs compared with bare-siNPs and mAbCtrl-siNPs
when a wash step was used before cell seeding (Fig. 2h). These data
confirm a potential pharmacokinetic benefit of siNP matrix bind-
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ing and that substrate-mediated delivery of matrix-targeted siNPs
achieves target-gene silencing.

In vivo Col2-anchoring-dependent Mmp13 silencing. An acute
PTOA model of noninvasive repetitive joint loading was used by
subjecting the left knee of 8-week-old C57BL/6 mice to 500 cycles
of compressive mechanical loading at 9N (Fig. 3a). This proce-
dure was repeated three times per week over a period of two weeks
using conditions adapted from previous studies**. Following load-
ing, mice were treated by intra-articular injection of 0.5mgkg™
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Fig. 3 | mAbCII-siNP/siMMP13 is retained locally and potently silences Mmp13 expression relative to bare and mAbCtrl-functionalized siNPs in the knee
joints of a short-term mouse model of PTOA. a, Schematic of the mouse knee mechanical loading apparatus (TA instruments ElectroForce 3100 with

a custom 3D-printed fitting for the mouse knee and for the ankle and leg) with the corresponding loading regimen used in the short-term PTOA model
studies. b,¢, Intravital imaging (b) and quantification (¢) of mAbCII-siNP retention in healthy versus PTOA knee joints. Yellow dashed circles represent

the area in which fluorescence is quantified. Fluorescence is normalized to background signal in PTOA joints with no treatment. PTOA versus healthy:
P<0.0001; n=6 knees as biological replicates. d,e, Representative ex vivo imaging (d) and quantification (e) of retention of mAbClII-siNPs as compared
with mAbCtrl-siNPs and bare-siNPs in PTOA knee joints explanted at 3 days. Yellow dashed circles represent area of quantified fluorescence. mAbCII-siNP
versus bare-siNP: P=0.0002, mAbClI-siNP versus mAbCtrl: P=0.0001; mAbClI-siNP: n=5; other groups: n= 6 knee joints as biological replicates.

f, In vivo PTOA knee joint retention of bare-siNPs, mAbClII-siNPs and mAbCtrl-siNPs presented as pharmacokinetic area under the curve calculated

from intravital imaging over 3d after treatment. mAbCII-siNP versus bare-siNP: P=0.003; mAbClI-siNP versus mAbCtrl-siNP: P=0.003; n=3 mice.

g, Cartilage penetration and retention of mAbClI-siNPs versus mAbCtrl-siNPs 12 h after injection into PTOA knee joints tracked by rhodamine-labelled
siNPs (orange). A representative image was selected from three different knee joint samples, on the basis of quality and intactness of tissue cryosection.

h, In vivo gene expression of Mmp13 measured by RT-gPCR in mouse knees treated with 0.5 mgkg~" siRNA per knee using mAbClI-siNPs, mAbCtrl-siNPs
or bare-siNPs. mAbCII-siNP versus bare-siNP: P=0.012; mAbClI-siNP versus mAbCtrl-siNP and no treatment (NT) with PTOA: P<0.0001; n=3-4

knee joints as biological replicates; RNA expression normalized to untreated, PTOA. i,j, Representative images of total MMP activity as visualized with
MMPSense probe with 0.5 mgkg" siRNA (i) and total MMP activity with varying siRNA doses (j). Yellow dashed circles represent area of quantified
fluorescence. siMMP13 versus siNEG 0.5mgkg™": P=0.0008; siMMP13 versus siNEG 0.25mgkg™" P=0.027; n=5-8 knee joints as biological replicates;

n of progressive-dose groups varies due to disqualification at time of injection because of failed injections. *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired
two-sided t-tests (c,j); one-way ANOVA followed by Tukey's test for multiple comparisons (a¢=0.05) (e f h); data are mean +s.e.m. RFU, relative
fluorescence units.
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per knee of formulated siRNA with mAbCII-siNPs, bare-siNPs or
mAbCtrl-siNPs. All forms of siNPs contained a rhodamine acrylate
monomer integrated into the poly(DMAEMA-co-BMA) block that
forms the NP core, enabling pharmacokinetics to be assessed using
IVIS fluorescence imaging.

To compare in vivo retention of mAbCII-siNPs between healthy
(unloaded) and PTOA (loaded) knees, explanted knees were imaged
at 72h after injection (Fig. 3b), revealing that mAbCII-siNPs were
preferentially retained in PTOA over non-injured knees (Fig. 3c).
The mAbCII-siNPs also showed significantly better retention
within PTOA joints compared with mAbCtrl-siNPs and bare-siNPs
(Fig. 3d-g and Supplementary Fig. 4b). We also measured bio-
distribution to the major clearance organs, including liver, kid-
ney and spleen, using IVIS imaging. The mAbCII-siNP retention
in the PTOA knee reduced biodistribution to the liver compared
with mice without PTOA that were intra-articularly injected with
mAbCII-siNPs (Supplementary Fig. 5a,b). To confirm whether
mAbCII-siNPs achieved cartilage penetration and delivery to the
chondrocytes, cryosections were imaged from knees explanted
12h after intra-articular injection (Fig. 2g). mAbCII-siNPs were
observed at the articular cartilage surface and also concentrated
in individual chondrocytes (orange signal); there was also some
mAbCtrl-siNPs signal at the articular cartilage surface, but there
was no evidence of retention within the chondrocyte niche. The
observation of localization both to the articular surface and to
the chondrocyte niche are consistent with that previously seen for
Col2-targeting peptide-functionalized nanoparticles”.

Gene silencing activity in vivo in PTOA-affected joints was next
compared for mAbCII-siNPsand control formulationsinjected using
the same two-week mechanical loading protocol. Gene-expression
analysis on joints collected 3d after intra-articular treatment con-
firmed that the ECM anchoring of the mAbCII-siNPs enabled more
potent silencing of Mmp13 expression relative to bare-siNPs or
mADCtrl-siNPs. Treatment with mAbCII-siNPs resulted in more
than 90% target-gene knockdown in the mechanically loaded
PTOA joints (Fig. 2h). Dose-dependent in vivo gene-silencing
activity of mAbCII-siNPs was also measured for 0.125, 0.25 and
0.5mgkg™" siMMP13 relative to 0.5mgkg™ siNEG in PTOA knees.
At 72h after treatment, total MMP activity was quantified by IVIS
imaging 24h after intravenous injection with MMPSense (a probe
activated by MMP2, 3, 7, 9, 12 and 13). This indicated that the 0.25
and 0.5mgkg™ siMMP13 doses delivered with mAbCII-siNPs
significantly reduced total MMP activity (Fig. 2ij). In the same
experiment, we quantified expression of Mmp13 and Il1b mRNA
by RT-qPCR from joint samples collected at 72h after treatment
(Supplementary Fig. 6a,b), motivating our use of a 0.5mgkg™" per
knee dose for subsequent, longer-term studies designed to assess
the therapeutic efficacy of mAbCII-siNPs and mAbCII-siMMP13
treatments as DMOADs. We also assayed the longevity silencing at
the 0.5mgkg™" dose (Supplementary Fig. 6¢), motivating the use of
a weekly dose in subsequent studies.

Mmp13 silencing in a longer-term OA mouse model. A six-week
study was completed to evaluate the therapeutic effect of weekly
doses of Mmp1l3-silencing mAbCII-siNPs in a mouse model of
longer-term and more aggressive PTOA. Tests for this model
were carried out in C56BL/6 mice aged up to 6 months and sub-
jected to a more rigorous cyclic mechanical loading protocol” of
9N, 500 cycles, 5 times per week for 6 weeks (Fig. 4a). Doses of
0.5mgkg™" siRNA were administered to each knee weekly, start-
ing concurrently with mechanical loading. MMPSense and Alexa
Fluor-labelled mAbCII antibody were injected intravenously 24h
before mice were killed to gauge total MMP activity and quantify
cartilage damage, respectively. Even though the mice were analysed
a full week following administration of the final dose, the reduc-
tion in Mmp13 expression achieved with m AbCII-siNPs was consis-
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tent with the short-term model, with a decrease of more than 80%
compared with OA joints treated with siNEG using mAbCII-siNPs
(Fig. 4b). Immunohistochemical staining revealed that MMP13
production in both the articular cartilage and the synovial tissue was
reduced by treatment with siMMP13 delivered by mAbCII-siNPs
(mAbCII-siNP/siMMP13) (Fig. 4c,d). The inflammation associ-
ated with PTOA is characterized by detrimental tissue restructur-
ing potentiated by cytokines and growth factors produced in the
synovium of the joint*. Degradation products of Col2 have signal-
ling properties that contribute to catabolic activity, hypertrophy
and apoptosis®. The mAbCII-based retention of siMMP13 in the
PTOA joint provide primary, cartilage-protective effects as well as
secondary effects associated with reduced production of degrada-
tion products that initiate downstream production of inflammatory
cytokines and MMPs by the synovium.

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
(Fig. 4e and Supplementary Fig. 7). Sections were then blindly scored
by a trained pathologist using the criteria outlined in Supplementary
Table 2a,b. 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)*. The reduced safranin O staining and sur-
face discontinuity observed in untreated OA and siNEG-treated
OA is indicative of proteoglycan loss and cartilage erosion and was
markedly improved in siMMP13-treated joints, as reflected in the
disparate OARSI scores between treatment groups (Fig. 4f).

Total MMP activity was also significantly reduced in the
mAbCII-siNP treated mice compared with controls that were either
untreated or treated with m AbCII-siNPsloaded with siNEG (Fig. 4g).
Relative binding of Alexa Fluor-labelled mAbCII antibody to patho-
logically exposed Col2 is a biomarker for degree of cartilage dam-
age’"? and was thus used here as an intravital readout for disease
severity. Significantly greater binding of mAbCII was observed in
untreated mice and mice treated with mAbCII-siNP/siNEG com-
pared with mice treated with mAbCII-siNP/siMMP13, indicating
that Mmp13 silencing protected the cartilage structure (Fig. 4h,i).
Levels of Alexa Fluor 680-mAbCII binding in the PTOA joint were
similar between untreated mice and mAb-Col2-siNP/siNEG-treated
mice, indicating that treatment with mAbCII-functionalized siNPs
one week earlier did not in itself interfere with the subsequent
mAbCII-based cartilage damage measurement.

Haematoxylin and eosin (H&E) staining was used to evalu-
ate overall joint status, including response in the meniscus and
synovium (Fig. 5a and Supplementary Fig. 8). Joint mechanical
loading induced robust synovial thickening, osteophytes and min-
eralization in the meniscus. Whole-joint histology was blindly
scored by a pathologist (Fig. 5b) based on the degenerative joint dis-
ease (DJD) criteria outlined in Supplementary Table 2. While car-
tilage structure was strongly protected by mAbCII-siNP/siMMP13
treatment (treated mice did not have statistically different OARSI
score compared with normal mice with no load-induced PTOA),
it also better preserved the normal structure of the synovium and
meniscus compared with control-treated mice. H&E staining of
joint sections for siNEG and untreated groups consistently showed
more synovial hyperplasia, larger osteophytes and more mineral-
ization in the menisci compared with the mAbCII-siNP/siMMP13
group. Use of micro-computed tomography (microCT) to more
globally visualize and quantify ectopic mineralization revealed that
mADCII-siNP/siMMP13 treatment significantly protected against
meniscal mineralization and osteophyte formation (Fig. 5c-g and
Supplementary Fig. 9a). These data support that Mmp13 silencing
provides secondary benefits to the joint in addition to directly
reducing articular cartilage loss.
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Fig. 4 | 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 PTOA mouse model. b, Mmp13 expression at the end of week 6 (siMMP13

versus siNEG: P< 0.0001; n=5-6 knee joints as biological replicates; RNA expression normalized to the average of the siNEG-treated PTOA joints.

¢, Immunohistochemical staining of MMP13* regions (brown) of the tibial articular cartilage treated with siNEG (top) and showing reduced MMP13
protein levels when treated with mAbCII-siNPs/siMMP13 (bottom). d, Immunohistochemical staining of MMP13* regions (brown) of the synovial

tissue treated with siNEG (top) and showing reduced MMP13 protein levels when treated with mAbClI-siNPs/siMMP13 (bottom). Images in ¢,d are
representative of three independent samples based on the most intact tissue section for each group. e, Representative safranin O staining of the articular
surface of the femur in healthy mice (top left) and PTOA mice treated with siMMP13 (top right), siNEG (bottom left) or no treatment (bottom right);

FL, lateral femoral condyle. f, Quantification of cartilage damage using the OARSI OA cartilage histopathology assessment system (e,f; siMMP13 versus
no OA: P=0.99, siMMP13 versus siNEG: P=0.001, siMMP13 versus no treatment: P< 0.0001; n=6-9 knee joints as biological replicates with each
replicate imaged. g, Total MMP activity at 6 weeks measured by MMPSense probe, normalized to mean MMPSense fluorescence in healthy knees without
PTOA,; siMMP13 versus siNEG: P=0.016; n=6-10 knee joints as biological replicates. h,i, Representative images (h) and quantification (i) of the binding
of fluorescently labelled mADbCII in the knee joint at six weeks as a marker for relative cartilage damage and resultant exposure of Col2. siMMP13 versus
siNEG: P=0.002; n=6-10 knee joints as biological replicates, with each replicate imaged separately. “P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n of
groups varies due to disqualification at time of injection because of failed intra-articular injections of treatments, failed tail-vein injection of mAbClI 680,
or failure to retrieve adequate sections for histological scoring. One-way ANOVA followed by Tukey's test for multiple comparisons (a=0.05) (b f,g D).
Data are mean +s.e.m. RFU, relative fluorescence units.
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When evaluating OA joints clinically, the presence of osteo-
phytes and ossified nodules within the meniscus and synovium
is especially important, as these characteristics are used to gauge
OA progression and appear in the most advanced stages of the dis-
ease’””. These rigid calcium deposits are associated with synovial
macrophage activation in experimental OA™, where they concen-
trate local mechanical stress. Further, presence of calcium phos-
phate can exacerbate synovitis by activating inflammasomes and
consequently triggering production of the OA driver IL-1p*. While
inflammation affects patient comfort, complications and acute
pain from osteophytes and calcium deposits are often cited as pri-
mary reasons for patients with advanced OA to resort to total knee
replacement™. Inhibiting pathological ossification would be antici-
pated to enable maintenance of an active lifestyle and to delay total
knee replacement.

To investigate the joint and surrounding tissues more broadly,
we characterized subchondral trabecular bone using microCT. Of
note, mAbCII-siNP/siMMP13 treatment significantly reduced loss
of subchondral trabecular bone volume associated with PTOA
(Supplementary Fig. 9b). Tartrate-resistant acid phosphatase stain-
ing was also performed to assess osteoclast activity as a snapshot
of bone resorption (Supplementary Fig. 9¢c). There was an increase
in activated osteoclasts in untreated, mechanically loaded knees
compared with those receiving mAbCII-siNP/siMMP13 treatment.
These data reinforce the complexity of OA as a full-joint disease,
while also indicating that Mmpl3 RNAi has beneficial, global
impacts within the joint by also affecting cartilage crosstalk with
surrounding tissue. There is strong clinical precedent for observ-
ing multiple, concomitant types of aberrant mineral homeostasis
within the OA joint. Clinically, calcium deposits often manifest
in the meniscal and synovial tissue and fluid. At the same time,
pathological vascularization and thickening of the subchondral
bone plate can cause loss of subchondral trabecular bone*. 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 human tissues”. In accordance with
these studies, we find that subchondral bone resorption and patho-
logic bone restructuring within the whole joint are reduced with
MMP13 inhibition.

The rigorous model used in this study induced several aspects of
joint pathology observed clinically, including articular cartilage loss,
soft tissue mineralization, osteophyte formation and remodelling
of subchondral bone. This model is based on repeated mechanical
loading of the joint in flexion rather than a single surgical or injury
procedure that induces a torn or transected ligament, as is com-
monly used to model PTOA. The model using repeat mechanical
loading has been validated in previous publications’®. One benefit
of this model is that it does not require an invasive surgical proce-
dure that can itself damage the joint. Moreover, we observe a more

consistent phenotype and less variation than with surgical models
because the joint injury is created by the cumulative effect of mul-
tiple loading sessions over time using a highly controlled mechani-
cal testing apparatus. Importantly, the repeated mechanical loading
model reproduces many of the characteristics of other preclinical
models of PTOA and of clinical PTOA, including cartilage dete-
rioration, heterotopic ossification and inflammation™. The model
that we use here is also comparable to a related load-induced PTOA
model that uses mechanical loading to tear the anterior cruciate
ligament™. The overload-induced anterior cruciate ligament tear
model is characterized by considerable joint-structural changes,
with osteophytes forming on the anteromedial aspect of the distal
femur and the posteromedial aspect of the proximal tibia, in addi-
tion to ectopic mineralization occurring in the medial meniscus™,
analogous to the joint effects seen in our studies (Figs. 4 and 5). It
will be of interest to test our experimental therapy in larger ani-
mal models in which joint dimensions and OA pathogenesis more
closely resemble those in humans.

Mmp13 silencing broadly affects OA-associated gene expression.
Targeting Mmp13 directly using RNAi was found to have broad
effects on overall joint health, including on both the articular car-
tilage and surrounding hard and soft tissues. To further character-
ize the global effects of targeted MMP13 inhibition, the mechanical
loading mouse model was repeated with the same parameters except
that samples were collected at 4 weeks rather than 6 weeks to cap-
ture a more intermediate stage of disease (Fig. 6a). The nanoString
nCounter Inflammation panel was used to quantify expression of
254 genes in the knee joint samples (articular cartilage, meniscal and
synovial tissue). Unsupervised analysis using nanoString software
indicated that the joints treated with mAbCII-siNPs/siMMP13 were
more similar to normal tissue and more different from untreated
OA tissue than those treated with mAbCII-siNPs/siNEG (Fig. 6b).
Compared with 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 (Fig. 6¢,d).

In PTOA joints, mAbCII-siNPs/siMMP13 treatment signifi-
cantly reduced clusters of genes associated with tissue restructuring
and angiogenesis. Tissue remodelling is an active process in response
to injury in the articular cartilage and especially in the synovium,
where capsule thickening, vascularization and hyperplasia occur.
These processes are associated with the upregulation of genes such
those encoding MEF2a (associated with chondrocyte hypertrophy)
and PDGFu (a potent synovial fibroblast growth factor)!, which
were suppressed by mAbCII-siNPs/siMMP13. Mmp13 silencing
also suppressed the VEGF receptor Flt-1, which is predominantly
expressed by vascular endothelial cells and is involved in angiogen-
esis. The less active tissue remodelling and thickening processes in

>

>

Fig. 5 | mAbCII-siNP/siMMP13 treatment provides whole-knee-joint protection by reducing synovial thickening, osteophyte formation and meniscal
mineralization. a,b, H&E staining of knee joints, focusing on the synovial and meniscal regions (a) and average DJD score by treatment group (b).
Histological scoring (using the criteria in Supplementary Table 2) was completed by a treatment-blinded histopathologist (siMMP13 versus siNEG:
P=0.042; n=4-6 knee joints (n=4 for healthy and untreated PTOA mice, n=5 for siNEG, n=6 for siMMP13) as biological replicates). ¢, MicroCT

3D renderings of meniscal-ectopic mineralization and osteophyte growth in healthy control and PTOA mice treated with siMMP13, siNEG or with no
treatment. Arrows indicate meniscal-ectopic mineralization; pound signs indicate osteophytes. d, MicroCT 3D rendering of osteophytes (marked with red
arrows) in knee joints from a healthy control mouse (top left) and in PTOA mice treated with siMMP13, siNEG or with no treatment. e, Cross-sectional
microCT views used to measure osteophyte outgrowth size (red bar) in knee from a healthy control mouse (top left) and in PTOA mice treated with

siMMP13, siNEG or with no treatment. f, Quantification of ectopic mineralization (measured by hydroxyapatite (HA) content) in the meniscal and synovial
tissues and in the form of osteophytes (siMMP13 versus no OA: P=0.999, siMMP13 versus siNEG: P=0.025, siNEG versus no treatment: P=0.88; n=5-6
knee joints (n=5 for siIMMP13, n=6 for all other groups) as biological replicates). g, Measurements of both tibial and femoral osteophyte size at the site of
the largest outgrowth from normal cortical bone structure. Tibial: siMMP13 versus no OA: P=0.999, siMMP13 versus siNEG: P=0.005, siNEG versus no
treatment: P=0.25; femoral: siMMP13 versus no OA: P=0.72, siMMP13 versus siNEG: P< 0.0001, siNEG versus no treatment: P=0.64; n=6 knee joints
as biological replicates. Data are mean+s.e.m. *P<0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001, NS, not significant. One-way ANOVA followed by Tukey's
test for multiple comparisons (a=0.05) (b, f,g).
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joints treated with mAbCII-siNP/siMMP13 were also associated
with 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
expression) and the inflammatory cytokine IL-6, which is mecha-
nistically involved in propagation of cellular stress and synovial

inflammation®%,

Treatment-associated downregulation of genes related to tis-
sue restructuring, apoptosis, angiogenesis and proteolysis were
also complemented by reduction of innate immune activation in
joints with targeted Mmp13 silencing. Expression of prostaglandin-
endoperoxide synthase 2 (PTGS2), an inflammation driver that
encodes cyclooxygenase 2 (COX2), was significantly reduced

in mechanically loaded joints with mAbCII-siNP delivery of
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Fig. 6 | Mmp13 silencing by mAbClI-siNP/siMMP13 treatment globally impacts gene-expression patterns in mechanically loaded PTOA joints.

a, Loading and treatment regimen used for the nanoString analysis study. b, Unsupervised sorting of treatment groups from highest to lowest similarity
in gene expression patterns relative to healthy (non-PTOA) joints at the end of a 4-week study. Gene expression is shown as high (green) or low

(red) expression, sorted vertically by differences between treatment groups. ¢,d, Gene clusters were significantly different between siNEG- and
siMMP13-treated joints. Five most changed gene clusters (¢) and next five most changed (d). Gene expression is normalized to six internal reference
genes (Cltc, Gapdh, Gusb, Hprt, Pgk1and Tubb5). The plots are arranged such that the clusters’ P values between siMMP13 and siNEG treatment groups
are lowest on the left and highest on the right. n=4-8 knee joints (biological replicates: n=4 for healthy, n=6 untreated and n=38 for siMMP13 and
siNEG) with triplicate technical measurements; statistical analysis of all groups was conducted using nanoString software to perform one-way ANOVA
followed by Tukey's test for multiple comparisons (a@=0.05); *P<0.05, **P < 0.01, ***P< 0.001. Data are mean = s.e.m. The complete nanoString
dataset is available in the Gene Expression Omnibus under accession GSE171031.
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Fig. 7 | Clinical gold standard steroid treatment with methylprednisolone does not provide DMOAD effects in a long-term PTOA mouse model,
unlike mAbCII-siNP/siMMP13 treatment. a, Representative whole-joint histological sections stained with H&E after six weeks in a healthy control (top
left), and in PTOA mice with no treatment, a single dose of methylprednisolone or a weekly dose of methylprednisolone. b, Representative safranin O

staining of the articular surface of the tibia and femur after six weeks in a healthy control (top left), and in PTOA mice with no treatment, a single dose of
methylprednisolone or a weekly dose of methylprednisolone. Arrows highlight focal cartilage damage and regions of cartilage degeneration. ¢, Total joint
DJD scores were determined from H&E-stained slides by a treatment-blinded histopathologist; mAbClI-siNP/siMMP13 treatment scores were overlaid

for comparison (dashed line) (weekly prednisolone versus no treatment: P=0.73, weekly prednisolone versus single-dose prednisolone: P=0.48; n=4-8
knee joints (n=4 for healthy mice, n=8 for untreated PTOA mice, n=7 for one-time and weekly methylprednisolone groups) as biological replicates).

d, Cartilage integrity was scored using the OARSI OA cartilage histopathology assessment system by a treatment-blinded histopathologist; mAbClI-siNP/

siMMP13 treatment scores were overlaid for comparison (dashed line) (weekly prednisolone versus no treatment: P=0.11, weekly prednisolone versus
single-dose prednisolone: P=0.057; n=6-7 knee joints (n=6 for healthy mice, n=7 for all other groups) as biological replicates). e, MicroCT 3D
reconstructions of osteophytes and ectopic mineralization in meniscus and surrounding tissues after six weeks in a healthy control, and in PTOA mice
with a single dose of methylprednisolone, a weekly dose of methylprednisolone or no treatment (left to right) (arrows indicate meniscal mineralization;
pound signs indicate osteophyte formations). n=3 knee joints as biological replicates rendered by microCT, images for a,b,e were taken for each
biological replicate; one-way ANOVA followed by Tukey's test for multiple comparisons (¢ =0.05) (¢,d). Data are mean +s.e.m.

siMMP13 versus siNEG. This treatment also suppressed expres-
sion of Il1rn, which encodes the IL-1 receptor antagonist protein
(IL1RaP); knockout of this gene correlates with spontaneous
arthritis development®. Coupled with reduction of innate immune
response, Mmpl3 silencing also reduced expression of several
serine proteases (C1S, C1RA and C2) that are components of the
complement pathway, which is known to be associated with OA
progression®®. This suggests that there is less local influx or activa-
tion of circulating monocytes, macrophages and monocyte-derived
dendritic cells that express Cls, CIRA and C2%. Mmp13 silencing

NATURE BIOMEDICAL ENGINEERING | VOL 5 | SEPTEMBER 2021 | 1069-1083 | www.nature.com/natbiomedeng

also reduced expression of IL-1f (in the MAPK activation cluster),
an inflammatory cytokine that drives OA by inducing nitric oxide
production, increasing synthesis of MMPs and aggrecanases, and
suppressing proteoglycan synthesis®. Interestingly, recent work has
highlighted that macrophages present in synovial tissue can induce
a pro-inflammatory state® and that these cells, in combination with
synovial fibroblasts, are primary contributors to MMP13 expression
within the joint. MMP13 inhibition directly reduces cartilage degra-
dation, but these larger-scale changes in tissue gene expression fur-
ther support that this treatment impacts overall joint health; these
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broader joint effects may be at least partially due to disrupting the
degenerative cycle that is perpetuated by degradative products of
the cartilage matrix'c.

The global changes to inflammatory gene expression observed
in the present study, in combination with joint analysis utilizing
microCT and histology, all support the therapeutic value and safety of
local Mmp13 RNAi nanomedicine that anchors to the cartilage ECM.
MMP13 activity within the synovial joint is thought to drive OA pro-
gression’’. By contrast, MMP13 expression by osteocytes is important
for normal perilacunar/canalicular remodelling. Selective genetic
ablation of MMP13 expression in osteocytes disrupts subchondral
bone homeostasis in a way that exacerbates subchondral bone scle-
rosis and OA pathology’'. However, the OA phenotype in this mouse
model was also associated with a compensatory upregulation of
MMP13 expression by the chondrocytes. In light of this observation,
the significance of MMP13 inhibition in osteocytes on OA remains
an open question. We speculate that a Col2-targeted delivery system
such as mAbCII-siNPs, that is injected directly into the intra-articular
space, will localize effects to cartilage and adjacent synovial tissues,
while any unbound treatment would clear primarily through lym-
phatic drainage™, limiting exposure and gene targeting effects on cells
embedded within the more remote bone. MicroCT analyses showed
that mAbCII-siNP/siMMP13 treatment maintained a more normal
subchondral bone volume fraction and reduced both osteophytes and
ectopic mineralization, suggesting that matrix-tethering siNPs actu-
ally normalized mineralization homeostasis within the joint. This
matrix-anchoring system may enable a desirable combination of safe
and effective therapeutic MMP13 targeting that may be difficult to
achieve with systemic delivery or through delivery of small molecule
inhibitors that more readily diffuse into surrounding tissues.

Benchmark comparisons to clinical standard steroid treatment.
Afterbroadly characterizing the joint-structuraland gene-expression
implications of mAbCII-siNPs/siMMP13 treatment, the treatment
was benchmarked against a current standard therapy using the
six-week study protocol. The most prevalent clinical intervention
beyond the use of oral nonsteroidal anti-inflammatory drugs is the
intra-articular administration of steroids, which are recommended
to be given up to four times per year””. The most commonly used
corticosteroid is methylprednisolone™. Because the longer-term,
six-week OA mouse model used in our therapeutic studies is aggres-
sive, testing was done for both a single dose of methylprednisolone
at the time of first injury (most similar to the frequency of dosing
used clinically) and a weekly dose, which was used to match the
protocol used for testing of mAbCII-siNPs/siMMP13.

Histological sections of the joints from the steroid-treatment
study were blindly scored by a pathologist following H&E and
safranin O staining (Fig. 7a-d). Single or weekly methylpredniso-
lone injections did not significantly alter OARSI or DJD scores
relative to untreated PTOA knees. These findings are in agreement
with other studies demonstrating that while steroids temporar-
ily alleviate inflammatory pain, they have not been demonstrated
to protect cartilage structural integrity'?. Notably, mAbCII-siNPs/
siMMP13 treatment significantly reduced both the DJD and the
OARSI score relative to controls, whereas single or weekly steroid
treatment did not provide any significant protection according to
these joint-scoring metrics. Like the histological scoring outcomes,
neither steroid-treatment protocol blocked osteophyte formation
or ectopic mineralization, unlike mAbCII-siNP/siMMP13 therapy
(Fig. 7e). These distinctions further highlight the therapeutic poten-
tial of specific inhibition of MMP13, a molecular driver that broadly
underlies several aspects of PTOA joint destruction.

Outlook
RNAi silencing of Mmpl3 using matrix-anchoring nanocarri-
ers to prolong retention within the osteoarthritic joint provides
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considerable therapeutic benefit in blocking PTOA progression. This
study validates the concept that matrix binding 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 (micro-scale) particles
may also facilitate retention, it would not be anticipated to be effec-
tive for drugs that act intracellularly because of limitations of endo-
cytosis, endosome escape and tissue penetration of larger particles”™.
The treatment described in this study, which uses antibody targeting
to reduce joint clearance, achieved target-gene silencing in vivo of
up to 90%, 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. The therapeutic relevance of this approach is exempli-
fied in an aggressive, long-term PTOA model, in which treatment
resulted in an 80% reduction in Mmp13 expression, protection of car-
tilage integrity, improvement in total joint histopathology, reduced
ectopic mineralization and osteophyte formation, and less destruc-
tion of subchondral bone. None of these beneficial effects were seen
with corticosteroid treatment, the clinical standard treatment for OA.

Methods
mAbCII antibody. Monoclonal antibody (E4-D4 clone) raised against bovine
Col2 was prepared from a hybridoma clone isolated as previously described’.
CNBr-derived peptides were obtained by CNBr cleavage of denatured bovine Col2,
and the unpurified peptides were separated by PAGE and immunoblotted against
the E4-D4 clone.

The clones were characterized by ELISA against native Col2 prepared from
mouse, pig, bovine and human cartilage and by western blot analyses against intact
and CNBr-derived peptides of bovine Col2 (Supplementary Fig. 1la—c).

Synthesis and conjugation of polymers. The synthesis scheme (Fig. 1) was
followed as described in the main text, using RAFT polymerization with
incremental steps verified by NMR. N-hydroxysuccinimide (NHS)-functionalized
ECT synthesis was verified by NMR (Supplementary Fig. 2a), and the product

was then conjugated to an amine-carboxy heterobifunctional 5kD PEG to form
carboxy-PEG-conjugated ECT for use as an initial chain transfer agent for RAFT
polymerization™. A co-polymer of DMAEMA and BMA was chain extended from
the COOH-PEG-ECT with a desired target degree of polymerization of 150 (1:1
molar ratio of DMAEMA:BMA) to create PEG-DB which was verified by NMR
(Supplementary Fig. 2b). The reaction was purged with nitrogen for 30 min. AIBN
was used 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 dialysed in methanol for 48 h before
transition to dialysis in water for another 48 h.

Subsequently, a two-stage sulfo-NHS-EDC conjugation protocol was
optimized for activating the polymer and removing excess activating compounds
before mixing of the polymer with the antibody to avoid antibody crosslinking.
Carboxyl-terminated PEG-DB polymer was dissolved in ethanol at a 20 mgml™
concentration before addition to 0.05M MES buffer, pH 6.0 to prepare a final
1 mgml™ solution of COOH-PEG-DB polymer. EDC and sNHS were added at 250
and 500 mM, respectively, and allowed to react for 15min at room temperature.
Excess EDC and sNHS were then eliminated using 10kD MWCO spin filters
from Amicon, centrifuging at 3,000 rcf for 13 min from an initial volume of 6 ml.
The total volume was then reconstituted to 6 ml by addition of more MES buffer.
Antibody at 1 mgml~" in 0.1 M PBS, pH 8.0 was added to the activated polymer
solution and allowed to react for 18h at room temperature. Conjugation was verified
by size-exclusion chromatography as shown in Supplementary Fig. 1d, tracking
polymer elution by absorbance at 214nm through Enrich SEC 650 columns at a
flow rate of 0.25mlmin~' in 10mM PBS at pH 8. In the final siNP formulation,
antibody-conjugated mAbCII-PEG-DB was mixed with non-functionalized
PEG-DB at defined ratios (usually 1:40 conjugated to non-functionalized polymer).

Formation of mAbCII-siNPs. Nanoparticles (NPs) were formed by dissolving
polymers in 10mM citric acid buffer (pH 4) before complexation with siRNA
for 30 min. Polymer was initially dissolved at 3 mgml™ concentration. Palmitic
acid-modified siRNA was complexed at an N*:P- ratio of 20. Following
complexation, the pH was neutralized to 7.4 with sodium phosphate buffer (10 mM,
pH 8; 5:1v/v pH 8 buffer:complexed polymer-siRNA solution in pH 4 buffer).

For in vivo experiments, siNPs were formed under the same conditions and
concentrated using 50kD MWCO 15ml Amicon spin filters, washed with PBS, and
sterile-filtered before injection.
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Characterization of siNPs. The mAbCII-siNPs were characterized to verify

that the siNP functionality was not compromised by antibody conjugation.

The efficiency of siRNA encapsulation N*:P~ ratios was evaluated using a
Quant-iT Ribogreen assay kit (ThermoFisher Scientific). siNP size was evaluated
using dynamic light scattering (Zetasizer Nano ZS). Polymer pH-dependent
membrane-disruptive function as a marker for endosome disruption and escape
was evaluated using a haemolysis assay, as described previously””.

Selection of Mmp13 siRNA. Seven candidate siRNA sequences targeting different
sites of the Mmp13 gene were first screened in ATDCS5 cells stimulated with the
inflammatory cytokine TNF (20 ngml™). Oligonucleotides used in these studies
were purchased from Integrated DNA Technologies (Coralville) or Dharmacon.
The selected sequence was synthesized with 2’-O-methyl modification for
enhanced in vivo activity (Supplementary Table 1).

Cell culture and viability studies. ATDCS5 cells were cultured in DMEM/F-12
GlutaMAX medium with 10% FBS, 1% penicillin-streptomycin at 37°C in

5% CO,. Relevant experiments were performed at 80% confluency. Cytotoxicity
was performed using the CellTiter-Glo assay, in accordance with the
manufacturer’s protocol.

Luciferase gene-silencing assay. For in vitro luciferase knockdown assays, ATDC5
cells were transduced with lentivirus harbouring a constitutively expressed
luciferase gene as previously described™. Cells were then seeded at 2,000 per well
in clear-bottom, black-walled 96-well plates. After allowing cells to adhere for

24, siNPs were introduced into the medium at a concentration of 100nM siRNA
(siLUC or siNEG). Treatments were removed after 24 h of incubation, p-luciferin
(150 pgml™") was added to the cells, and cell bioluminescence was then measured
on an IVIS Lumina III imaging system (Caliper Life Sciences) at 24h and 48 h after
treatment. Luminescence was normalized to that of siNEG NP controls. Finally,
cell viability was measured by comparing luminescence of siNEG controls to
untreated cells.

Quantitative PCR. RT-qPCR was performed utilizing TagMan primers

and reagents as outlined by the manufacturer. (ThermoFisher Scientific;

GAPDH, Mm99999915_g1; ACTB, Mm02619580_g1; MMP13, Mm00439491_m1;
IL6, Mm00446190_m1). Gapdh and Actb were both used to normalize

Mmp13 expression.

In vitro matrix binding and reverse transfection in ATDCS5 cells. To select

the correct polymer:antibody ratio (Fig. 2f), trypsin-damaged porcine cartilage
retention was assessed. First, damaged articular cartilage ‘model lesions’ were
created by partial trypsin damage of porcine cartilage with 2.5% trypsin for
15min at 37 °C. Then, each plug was inserted into a well plate and treated with
mAbCII-siNPs or controls. The different mAbCII-siNP formulations were tested
at matched polymer and siRNA concentration in the test solutions. In the screened
samples, the final antibody concentrations tested were 0.66, 1.33 and 2.66 uM for
the 20:1, 40:1 and 80:1 ratios of free polymer to mAbCII-conjugated polymer.
Formulations were incubated for 1h at 37 °C followed by washing twice with PBS
(200 pl each time). IVIS imaging was used to quantify retention of the rhodamine
within the siNP polymer.

To test substrate-mediated delivery and potency of the mAbCII-siNPs, a
reverse-transfection assay was used. Trypsin-damaged tissues (prepared as
described) were incubated for 1h with mAbCII-siNPs/siLuc, siNPs/siLuc,
mAbCtrl-siNPs/siLuc, lipofectamine 2000/siLuc or the analogous formulations
loaded with nonsilencing siNEG siRNA. Following incubation, explants were
washed with PBS, and luciferase-expressing ATDC5 cells in DMEM/F-12 1:1
medium were seeded onto the treated cartilage for 24 h at 37°C. In parallel
samples, similar methods were used but without the wash step to help to gauge
the silencing efficacy of the different formulations independent from the cartilage
binding capacity. Each well was rinsed with PBS before adding luciferin-containing
medium (150 pgml™) and evaluating luminescence by IVIS imaging. Following
measurement of luciferase expression, the cell viability of each group was
determined using the Promega CellTiter-Glo cell viability assay following the
manufacturer’s standard protocol.

In vivo short-term mechanical loading PTOA model. C57 mice were
mechanically loaded, three times per week for two weeks. The PTOA model

of noninvasive repetitive joint loading was induced by subjecting the knee

joints of mice (anaesthetized with 3% isoflurane) to 250 cycles of compressive
mechanical loading at 9N. This procedure was repeated three times per week
over a period of two weeks using conditions adapted from previous studies™*.
All mice were obtained from Charles River Labs; the mice were male and either
8 weeks (short-term study) or 6 months (long-term study) of age. The mice were
housed at Vanderbilt University’s rodent housing facilities in compliance with all
procedures reviewed and approved by IACUC in standard conditions (18-23°C,
40-60% humidity, 12h light:12h dark cycle). All relevant IACUC animal-use
guidelines and ethical regulations were followed in animal work conducted for
this study.
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Joint pharmacokinetics. In-joint retention of mAbCII-siNPs was assessed in both
healthy mice and in PTOA mice using the two-week mechanical loading protocol.
The normal mice and mice that had been mechanically loaded 3 times per week for
2 weeks were treated with intra-articular injection of 0.5 mgkg™" siRNA per knee

in mAbCII-siNPs. Over the next 72h, the amount of fluorescence remaining in the
knee was measured by IVIS imaging (Living Image V4.4 software, Perkin Elmer)
of the rhodamine-containing mAbCII-siNPs (Supplementary Fig. 4b; excitation/
emission wavelength, 548/570 nm). Cryosections of fluorescent mAbCII-siNPs
were imaged using the Nikon Czsi+ confocal microscope and analysed using
Nikon NIS-Elements AR V4.30.01.

Organ biodistribution. Intravital imaging was performed on mice after
intra-articular injection of mAbCII-siNPs (0.5 mgkg~' siRNA per knee) with

and without mechanical induction of PTOA. These measurements were taken

on the same mice used to verify mAbCII-siNP anchoring and retention within
PTOA-affected knee joints (Fig. 3¢) and reduced level of biodistribution to the
liver relative to mice that did not have PTOA induction. These data also confirmed
the anticipated result that the liver is the primary clearance organ for the siNPs
(Supplementary Fig. 5a,b).

mAbCII-siNP in vivo dose-response and longevity studies. A progressive-dose
experiment was performed with the same two-week mechanical loading model.
After two weeks of mechanical loading, the joints were treated, and 72 h later

joint tissues were collected for analysis of Mmp13 and Il1b expression analysis by
RT-qPCR (Supplementary Fig. 6a,b). A longevity-of-action study was performed
by intra-articular administration of the 0.5 mgkg™" per knee dose of mAbCII-siNPs
after two weeks of mechanical loading. Mechanical loading was continued with

the same frequency to maintain elevated Mmp13 expression in the joints, and

the mice were killed at 5, 10 or 15d after injection for gene-expression analysis
(Supplementary Fig. 6¢).

In vivo long-term mechanical loading therapeutic PTOA model. Mice were
maintained to an age of 6 months and then subjected to a more rigorous cyclic
mechanical loading protocol of 9N, 500 cycles, 5 times per week for 6 weeks".
Doses of siRNA (0.5 mgkg™") were administered to each knee weekly, starting
concurrently with mechanical loading. MMPSense and Alexa Fluor-labelled free
mAbCII antibody were injected intravenously 24 h before the mice were euthanized
to gauge total MMP activity and quantify cartilage damage, respectively.

For the clinical standard benchmarking study, a relatively high
methylprednisolone dose in rodents of 4mgkg~" was administered by
intra-articular injection. Separate cohorts of mice were delivered either a single
treatment at the beginning of the six-week time course or weekly treatment.
Weekly treatment matched the mAbCII-siNP treatment protocol, while a single
treatment was used to match the clinical standard, as patients are not typically
treated more frequently than this with intra-articular steroid injections™”. The
dose was prepared by initially dissolving in DMSO, diluting in water and injecting
at a volume of 20 pl per knee’.

Bone analysis by microCT. All microCT analysis was performed with the
ScanCo pCT-50 and ScanCo software V6.0 (Scanco). Three-dimensional
renderings were shown at a consistent density threshold (42.0% of maximum
bone density or 420 per mille). All samples were fixed with formalin and then
submerged in 100% ethanol during microCT imaging. The scans were collected
with 20-pm-thick slices, an isotropic 12 pm voxel size, a current/voltage of
114mA/70kVp, and an integration time of 200 ms. Imaging, contouring and all
sample measurements and analyses were performed on deidentified samples

by a treatment-blinded user.

Histology and immunohistochemistry. Stifles were fixed in 10% neutral
buffered formalin and decalcified in Immunocal (StatLab). Tissue handling for
histopathology was primarily performed in the Vanderbilt Translational Pathology
Shared Resource (TPSR) by certified histology technicians. Fixed tissues were
routinely processed using a standard 8 h cycle of graded alcohols, xylenes and
paraffin wax, embedded and sectioned at 5 pm, floated on a water bath, and
mounted on positively charged glass slides. H&E staining was performed on the
Gemini autostainer (ThermoFisher Scientific). Safranin O staining was performed
by hand using a kit (StatLab).

Stifle joints were evaluated by H&E and safranin O in at least two serial
mid-frontal sections. This histopathologic interpretation was conducted by a
board-certified veterinary pathologist under treatment-blinded conditions®.
OARSI scores (0-6 semiquantitative scale) were provided for the medial
tibial plateau and lateral tibial plateau™. Simultaneously, a generic score (0-4
semiquantitative scale) was assigned based on safranin O staining of the tibial
plateau (Supplementary Table 2a) and on H&E features of DJD severity, as defined
by cartilage degeneration, meniscal metaplasia, subchondral osteosclerosis,
synovial hyperplasia and inflammation and osteophyte/meniscal mineral deposit
formation®' (Supplementary Table 2b).

Immunohistochemical staining was performed on a Leica Bond-Max
autostainer (Leica Biosystems). All steps besides dehydration, clearing and
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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) for 20 min. Slides were
incubated with anti-MMP13 (Abcam Ab39012) for 1h at a 1:750 dilution.

The Bond Polymer Refine detection system (Leica Biosystems) was used for
visualization. Slides were then dehydrated, cleared and coverslipped.

nanoString inflammation panel gene-expression analysis. The Vanderbilt
Technologies for Advanced Genomics (VANTAGE) core processed the RNA
(>50ng purified, normalized RNA per sample) isolated from articular cartilage
and meniscal/synovial tissue processed in equal masses. Samples were subjected to
VANTAGE core quality control measures before processing using the nanoString
nCounter Inflammation (mouse, v2) panel. All hybridizations were incubated

for 20h, following the manufacturer’s (Nanostring Technologies) recommended
procedures. The nSolver V3.0 software package (Nanostring Technologies) was
used for comparisons, unsupervised analysis, and gene-cluster analysis between
groups. Raw and normalized data are available in Gene Expression Omnibus under
accession GSE171031.

Statistical analysis. All statistical analysis was performed as described in figure
captions with GraphPad Prism V8.2 (GraphPad), except for nanoString data
analysis with nSolver V3.0 (Nanostring Technologies).

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper
and its Supplementary Information. Raw and normalized nanoString datasets are
available at the Gene Expression Omnibus under accession identifier GSE171031.
The remaining raw and analysed datasets from the study are too large to be publicly
shared, but they are available for research purposes from the corresponding author
on reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In vitro studies were performed with at least 3 technical replicates. In the process of piloting the mechanical-overload osteoarthritis model,
the differences between mice subjected to the model and healthy mice were used to educate a power analysis for sample-size selection. Not
all intra-articular injections were successfully administered, resulting in some reported variation in sample size between the in vivo treatment
groups.

Data exclusions  No data were excluded from the analyses.

Replication All'in vitro experiments were performed with at least three technical replicates on more than one occasion to ensure reproducibility across
experiments, and all in vivo experiments were performed with sufficient technical replicates to ensure reproducibility. All in vivo studies were
done in one cohort, with the indicated sample sizes. The completion of two large in vivo studies in a short-term model and a long-term model
and the consistency of the gene-silencing results between these two studies supports their reproducibility. All internal attempts at replication
were successful.

Randomization  For the in vivo studies, the animals were randomly assigned to treatment groups at the outset of the study. In the short-term model, mice
were assigned consecutive numbers across cages, and the groups were clustered consecutive numbers at random. In the long-term model,
animals were assigned to groups interspersed at random between cages for the most variety within each cage throughout the study. All
animals were age-matched, with no observed differences or selection criteria for a specific treatment group.

Blinding The researcher who performed the mechanical joint loading and intra-articular injections was not involved in the preparation of the injected

treatments and was not involved in the design of the study groups. The histopathologist who completed the scoring of OA severity by the DJD
and OARSI metrics was blinded to the treatment given to the animals and was also not involved in the overall design of the study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Eukaryotic cell lines [ ] Flow cytometry
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Animals and other organisms
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[ ] clinical data
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Antibodies

Antibodies used Anti-MMP13 antibody (ab39012), Abcam, Cambridge, MA.
We produced a murine igG-2c monoclonal antibody targeting collagen-Il from a hybridoma.

Validation For immunohistochemical staining for MMP13, slides were incubated with anti-MMP13 antibody for 1 hour at a 1:750 dilution.
The antibody was validated by the commercial supplier for human species, and has been validated in multiple species in
published studies, including mice (citation: Tsubosaka M et al. Gelatin hydrogels with eicosapentaenoic acid can prevent
osteoarthritis progression in vivo in a mouse model. J Orthop Res N/A:N/A (2020)). The supplier confirms the reactivity of certain
forms of MMP13 in the following statement: "ab39012 recognizes the latent proenzyme, at 60 Kd, as well as the active form at
48 Kd, and intermediate activation forms. It does not cross react with the other MMP family members. ab39012 recognizes the
Hinge region of MMP13".

Characterization and validation of the murine igG-2c monoclonal antibody for collagen-II binding across species, including mice,
spans several publications (included below). Cross-species reactivity is further demonstrated in murine, porcine, human and
bovine tissues in the Supplementary Information.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) ATDCS (ECACC 99072806) cells (Millipore Sigma Inc., Burlington, MA). Cells were validated and maintained according to the
instructions of the supplier:
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Culture Medium: DMEM: Ham's F12 (1:1) + 2mM Glutamine + 5% Foetal Bovine Serum (FBS).

Subculture routine: Split sub-confluent cultures (70-80%) i.e. seeding at 1-3 x 10,000 cells/cm? using 0.25% trypsin or trypsin/
EDTA; CO2; 37°C subculture every 2—-3 days.

Authentication Cells were authenticated according to the standards of the European Collection of Authenticated Cell Cultures, and cultured
within the advised passage limits.

Mycoplasma contamination All cells tested negative for mycoplasma, and were expanded in media containing a mycoplasma prophylactic (plasmocin).

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals c57bl/6 mice were sourced from Charles River Labs (Wilmington, MA).

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All animal studies were performed in accordance with protocols reviewed and approved by the Vanderbilt University IACUC
Office.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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