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Abstract

Purpose of review—Osteoarthritis is associated with severe joint pain, inflammation, and
cartilage degeneration. Drugs injected directly into intra-articular joint space clear out rapidly
providing only short-term benefit. Their transport into cartilage to reach cellular targets is hindered
by the tissue’s dense, negatively charged extracellular matrix. This has limited, despite strong
preclinical data, the clinical translation of osteoarthritis drugs. Recent work has focused on
developing intra-joint and intra-cartilage targeting drug delivery systems (DDS) to enable long-
term therapeutic response, which is presented here.

Recent findings—Synovial joint targeting hybrid systems utilizing combinations of hydrogels,
liposomes, and particle-based carriers are in consideration for pain-inflammation relief. Cartilage
penetrating DDS target intra-cartilage constituents like aggrecans, collagen I1, and chondrocytes
such that drugs can reach their cellular and intra-cellular targets, which can enable clinical
translation of disease-modifying osteoarthritis drugs including gene therapy.

Summary—Recent years have witnessed significant increase in both fundamental and clinical
studies evaluating DDS for osteoarthritis. Steroid encapsulating polymeric microparticles for
longer lasting pain relief were recently approved for clinical use. Electrically charged biomaterials
for intra-cartilage targeting have shown promising disease-modifying response in preclinical
models. Clinical trials evaluating safety of viral vectors are ongoing whose success can pave the
way for gene therapy as osteoarthritis treatment.

Keywords
cartilage targeting; drug delivery; nanoparticles; osteoarthritis; pain and function treatment

Correspondence to Ambika G. Bajpayee, ISEC Room 216, 805 Columbus Avenue, Boston, MA 02115, USA. Tel: +1 617 373 7018;
a.bajpayee@northeastern.edu.

Conflicts of interest
There are no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al. Page 2

INTRODUCTION

Musculoskeletal diseases, such as osteoarthritis (OA), rheumatoid arthritis (RA), and low
back pain represent the second leading cause of disability globally, imposing a significant
physiologic and economic burden on society [1,2]. Such diseases are characterized by tissue
degeneration and inflammatory activity that can cause chronic pain and severe joint damage
[3]. Specifically, osteoarthritic joints are most affected by articular cartilage degradation and
synovial inflammation because of their load-bearing nature, which over time result in loss of
joint function and mobility. Overexpression of biological factors, such as inflammatory
cytokines [e.g. interleukin (IL)-1, IL-6, tumor necrosis factor a. (TNFa)] and degradative
enzymes [e.g. matrix metalloproteinase (MMP)13, a disintegrin metalloproteinase with
thrombospondin motifs 5 (ADAMTS5)] accelerate progression to osteoarthritis, especially
in case of joint injury [4]. The avascular nature of cartilage limits its self-regenerative
capacity; timely therapeutic intervention is thus needed to repair the tissue and inhibit
further disease progression [5].

In the early stages of osteoarthritis, patients usually experience mild pain and stiffness after
performing routine activities, which is typically treated by either topical or oral nonsteroidal
anti-inflammatory drugs (NSAIDs) and analgesics [6]. As the disease progresses to its mid-
stage, joint space begins to narrow and shows signs of osteophyte formation and cartilage
damage whereas chondrocytes begin to experience a hypertrophic state in an effort to restore
tissue damage [6]. At this stage, interventions, such as intra-articular (1A) injections of high-
dose corticosteroids or viscosupplements like hyaluronic acid are often recommended for
relieving some of the pain and inflammation [7]. However, the aforementioned methods only
provide temporary relief and fail to initiate any disease-modifying effect. As the disease
progresses to end-stage osteoarthritis, surgical interventions using tissue engineering
approaches [8], microfracture, and joint arthroplasty may be considered but eventually total
joint replacement is required [7]. Early-stage intervention with disease-modifying
osteoarthritis drugs (DMOADS) has the potential to slow down osteoarthritis progression
and restore joint structure and function [9] but no such drugs have translated to clinical
practice, in part because of a lack of effective delivery systems that can penetrate through the
dense meshwork of cartilage to target chondrocytes and provide controlled low drug doses
over a period of time with minimal off target effects [10,11w].

Most small molecule drugs clear out rapidly from the synovial joint (with half-lives of 1-4
h) following their intra-articular administration because of fast exchange of synovial fluid
requiring multiple injections of high drug doses that cause toxicity [12]. In order to prolong
joint residence times and provide sustained drug release intended for pain and inflammation
relief, delivery systems like hydrogels, micelles, polymeric particles are in consideration
owing to their large size or viscous nature [13] (Fig. 1). These systems can only target the
synovium or the synovial fluid and use high drug doses, thus are only useful for providing
pain relief. To achieve cartilage protection — that is to inhibit catabolism and stimulate
regeneration, DMOADs must penetrate through the full thickness of cartilage and reach
chondrocytes and other matrix target sites, a majority of which lie within the tissue deep
zone [10]. Therefore, nanosized carriers that can penetrate into the cartilage and bind within
to provide sustained drug release are under consideration [11s].

Curr Opin Rheumatol. Author manuscript; available in PMC 2021 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al.

Page 3

This review presents recent basic science and clinical developments in nanoparticle-based
delivery systems for prolonging drug residence time within the joint space for pain-
inflammation relief and targeting specific intra-cartilage components to restore joint
structure and function for osteoarthritis therapy.

INTRA-JOINT DELIVERY

In the native knee, the primary source of pain arises from intra-joint components, such as the
synovium, outer-third of meniscus, and osteochondral junction [14]. This is because the
capillary network present in these regions begins to multiply (angiogenesis) in osteoarthritis,
and contributes towards synovitis (hypertrophy of synovial macrophages and fibroblast-like
synoviocytes), osteochondral damage, and osteophyte formation [14]. Thus, current efforts
in the design of drug delivery systems (DDS) are focused on prolonging intra-joint residence
time of intra-articular administered pain and inflammation relievers to enable efficacy over
an extended period of time with a single low-dose administration. We have discussed recent
advances in intra-joint DDS under three categories (Table 1): hybrid systems, smart
environment responsive systems, and systems with specificity to intra-joint components,
such as synoviocytes and vasculature.

Hybrid systems combine a variety of particle-based and hydrogel-based DDS to leverage
their advantages. For example, micelles formed by antioxidant, eicosapentaenoic acid (EPA)
encapsulated within a gelatin hydrogel enabled controlled drug release over 4 weeks in
mouse joints [15m]. Following intra-articular injection of EPA hydrogels into DMM
(destabilization of medial meniscus) mice, significantly greater suppression of
glycosaminoglycan (GAG) loss and IL-1p and MMP13 expression was observed at 8 weeks’
time compared with EPA alone [15%]. Another study tagged gold nanoparticles (possessing
antioxidant activity) with fish oil protein (antiarthritic and anti-inflammatory) to create a
hydrophilic structure, which was then encapsulated within a hydrophobic dipalmitoyl
phosphatidyl-choline (DPPC) liposome (~295 nm diameter) to increase joint retention time
and provide lubrication [16m]. The liposomal encapsulation of nanoparticles led to further
suppression of NF-xB and iNOS among other synovial fluid catabolic markers obtained
from osteoarthritis mouse knees compared with fish oil-tagged gold nanoparticles alone at
15 days following treatment [16w]. Another hybrid system incorporated Kartogenin (KGN),
a chondrogenic drug, within a liposome loaded into a photo-crosslinkable Gelatin
methacryloyl (GelMA) matrix in order to improve the drug stability and release from
liposomes [17=]. The microinjectable hydrogel composite system (GelMa@Lipo@KGN,
100 pm diameter) was retained within rat DMM joints for over 5 weeks (compared with 2
weeks for liposomes), contributing to 75% KGN release over 25 days and resulting in
reduction of osteophyte formation [17].

Smart DDS incorporate pH or thermoresponsive materials. For example, to utilize the acidic
osteoarthritic environment within synovial fluid, a hydrophobic drug, Celastrol, was loaded
into pH-responsive, chitosan-coated, hollow, 275 nm sized mesoporous silica nanoparticles
(CSL@HMSNs-Cs) [18m]. Greater than three-fold higher drug release was observed in
acidic condition (pH 6) compared with a neutral pH 7 environment over 24 h in vitro.
Following intra-articular administration, CSL@HMSNSs-Cs led to greater improvements in
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paw withdrawal threshold and reduced cartilage erosion at 8 weeks following MIA
(monosodium iodoacetate) induction in rats compared with free Celastrol and drug-free
nanoparticles [18m=]. Similarly, polylactic co-glycolic acid (PLGA) nanoparticles were
encapsulated with ammonium bicarbonate for pH sensitivity and hyaluronic acid, yielding
sustained hyaluronic acid release over 10 days at pH 5. They were retained within the knee
joints of DMM mice for 35 days and suppressed the incidence of osteophyte formation
significantly greater than non-pH-responsive nanoparticles [19m=m]. Metal-organic
frameworks (MOF) possessing pH sensitivity (23% drug release at pH 5.6 compared with
13% at pH 7.4) were modified with hyaluronic acid and loaded with an anti-inflammatory
drug, leading to enhanced reductions in synovial inflammation and inflammatory marker
expression measured at 8 weeks in ACLT (anterior cruciate ligament transection) rats
compared with free drug [20m]. Acid-activatable poly-beta-amino-ester (PBAE) curcumin
nanoparticles, because of protonable tertiary amine groups present on its backbone, were
shown to enhance drug release over 7 days in acidic conditions and decreased inflammatory
cytokine production greater than unmodified curcumin in osteoarthritis mice joints over 28
days [21=]. Thermoresponsive DDS, chitosan-modified MoS, (molybdenum disulfide), was
shown to release a small molecule drug, dexamethasone (Dex) inside the mouse knee joint
cavity, when near-infrared (NIR) light was applied on the joint from outside the body [22a].
NIR triggered photothermal conversion of MoS; to provide controlled site-specific drug
delivery and resulted in greater suppression of joint TNFa, IL-1p and IL-8 expression levels
for 28 days following treatment compared with free Dex or NIR-free Dex-loaded
nanoparticles [22%]. Hemoglobin, a molecule possessing photothermal properties, was
recently conjugated with nitric oxide (NO) and Notch1 siRNA prior to encapsulation within
a PLGA-polyethylene glycol (PEG) vesicle (NHsPP) [23w=a]. Application of NIR light at 650
nm wavelength triggered a 24 h NO release /n vitro and was able to further inhibit
inflammatory cytokine expression in osteoarthritis mice for 36 days compared with
nanoparticles without drug [23ws]. Deloney et a/. [24=m] utilized the thermosensitive
property of N-isopropyl acrylamide (NIPAm) to generate ‘hollow’ core nanoparticles;
preparation of these particles at 4°C (below the lower critical solution temperature) allows
for the structure to swell, facilitating removal of noncrosslinked cores to increase the drug-
loading capacity. These ‘hollow’ core nanoparticles were capable of loading and releasing
significantly higher amounts of MK2 (mitogen-activated protein kinase-activated protein
kinase 2) inhibiting peptides compared with solid nanoparticles, contributing to enhanced
suppression of IL-1p-stimulated IL-6 production in chondrocytes [24=a]. Additionally, these
particles possessed the ability to reduce their size to 200 nm in diameter at 37 °C because of
deswelling, preventing any inflammatory response often seen with larger-sized particles
[24=w]. These nanoparticle were shown to be retained within the rat knee joints for 7 days
following their intra-articular administration [24ms],

DDS design has also focused on targeting macrophages, fibroblast-like synoviocytes (FLS),
microvasculature endothelium (MVE) and angiogenesis, all of which are overexpressed in
an inflamed joint. For example, a positively charged peptide dendrimer nanogel (PDN,
constituted of crosslinked polyhedral oligomeric silsesquioxane core-based generation 3
poly (L-lysine) dendrimers), was constructed by physically encapsulating carbon monoxide
(CO) release molecules and tagging their surface with folic acid-modified hyaluronic acid to
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target macrophages [25%]. A macrophage-targeted and pH-responsive zeolitic imidazolate
framework (ZIF)-8 was modified with anti-CD16/32 antibody, resulting in a prolonged
synovial macrophage and intra-joint retention [26=s]. Another study reported the design and
preparation of dextran sulfate—triamcinolone acetonide conjugate (DS-TCA) nanoparticles
for treating osteoarthritis by specifically targeting scavenger receptor class A (SR-A) on
activated macrophages leading to alleviation of cartilage damage for 3 weeks [27#]. Surface
modification of polylactic acid (PLA)-PEG nanoparticles with adenosine, via binding to
A2A adenosine receptor to stimulate cCAMP production to prevent or treat osteoarthritis, was
designed to target both the macrophages and chondrocytes to exhibit an anti-inflammatory
effect in both /n vitro and in vivo [28].

FLS targeting has previously been achieved using peptide SFHQFARATLAS (HAP-1) [29].
In a recent study, HAP-1-modified microgels containing PLGA nanoparticles were found to
be bound to rat and human synoviocytes /n vitro and were retained within the synovial
membrane and joint space of rats for 3 weeks without inducing degenerative activity [30ma].
Peptide sequence CKSTHDRLC coated on a PLA, polycaprolactone and PEG nanoparticle,
specifically homed to the synovial MVE over 7 days following intravenous injection and
suppressed arthritic activity in rats upon delivery of peptide-nanoparticle encapsulated
methotrexate [31w]. Another MVE-targeting peptide, CKPFDRALC was coated onto Dex-
encapsulated liposomes, leading to effective inhibition of arthritis progression in rats over a
period of 3 weeks [32].

Hybrid systems, smart, environmentally sensitive and synovium-targeting methods, thus
have the potential to increase intra-joint residence time of drugs, providing controlled drug
release and enabling long-term therapeutic benefit. However, these strategies require
complex formulation processes that can hinder their clinical translatability. Additionally, as
these carriers cannot penetrate into the cartilage deep zones where most of the target sites
reside, their use is limited to pain and inflammation relief.

INTRA-CARTILAGE DELIVERY

Avrticular cartilage is a dense, avascular tissue constituting of a meshwork of a high density
of negatively charges aggrecans (35% dry weight), collagen Il (50-60% dry weight) and a
low density of chondrocytes (<5% dry weight), which together contribute to the tissue’s
structure and function [11m]. Aggrecans contain several highly sulfated GAG side chains
conferring high negative fixed charge density (FCD) to the tissue that provides hydration,
swelling pressures and compressive stiffness [11m,33]. As joints are loaded, increased
electrostatic repulsion between the intra-cartilage negatively charged groups helps resist
deformation enabling the tissue to re-swell and regain back its original shape [33]. Although
these negatively charged aggrecans are critical for tissue function, they make penetration and
drug delivery into cartilage extremely difficult; it is imperative that drugs and drug carriers
reach the tissue deep zones as a majority of cells and matrix target sites reside there
[10,34=]. Below, we present a variety of intra-cartilage nano-carrier-based drug delivery
systems designed to target either the aggrecans, collagen 11 or chondrocytes enabling
multistage drug delivery at tissue, cellular and intra-cellular levels (Table 2).
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Aggrecan targeting

Bajpayee et al. [35] showed that particles have to be smaller than 10 nm in hydrodynamic
diameter to be able to penetrate through the full thickness of normal cartilage; larger sized
particles are sterically hindered and get trapped within the tissue’s superficial zones. They
showed that the high negative FCD of tissues can be converted from a barrier to drug entry
into a drug depot by modifying drugs with optimally charged cationic domains such that the
weak-reversible nature of electrostatic interactions can enhance their intra-cartilage
transport, uptake and retention [35-38]. Avidin, a cationic glycoprotein, because of its
optimal size (<10 nm in hydrodynamic diameter) and net charge (between +6 and +20)
penetrated through the full thickness of rabbit cartilage in high concentrations and was
present within the tissue even after 2 weeks of its intra-articular administration in a rabbit
ACLT model of posttraumatic osteoarthritis (PTOA) [38]. Avidin was conjugated to four
moles of a broad spectrum glucocorticoid, Dexamethasone (Dex), using hydrolysable ester
linkers and administered in a single low-dose intra-articular injection 1 week following
ACLT in a rabbit model [39]. Avidin-Dex suppressed injury-induced joint inflammation,
synovitis and reduced incidence and severity of osteophyte formation significantly greater
than free Dex [39]. To increase the drug-loading content of this delivery system, recently
multiarm Avidin (mAv) constituting of branched PEG chains was developed providing 28
sites for covalent conjugation of small molecule drugs [Fig. 2a(i)]) [40=a]. Similar to Avidin,
mAv also penetrated through the full thickness of healthy and osteoarthritis cartilage
explants [Fig. 2a(ii)] [40m==]. mAv was conjugated to Dex (mAv-Dex) using a combination of
hydrolysable ester linkers enabling controlled Dex release over a period of 2 weeks [41]; its
single low-dose suppressed IL-1-induced GAG loss [Fig. 2a(iii)] and chondrocyte death in
cartilage explants significantly more effectively than free Dex [40mm]. Avidinbased targeting
strategies have also been used for targeting other negatively charged and aggrecan-rich
tissues, such as the nucleus pulposus of intervertebral disks. Wagner ef a/. [42m] designed
Avidingrafted dextran nanostructures with multiple drug conjugation sites to enable
electrostatic binding with aggrecans, providing a month-long intra-discal retention. Using
short-length arginine and lysine-rich cationic peptide carriers (CPCs, ~3 kDa) of varying net
charge, it was recently shown that there exists an optimal net cationic charge that a drug of
given size should possess to target a tissue of known negative FCD to rapidly penetrate
through the full thickness of tissue in high concentrations [43w=s]. Intra-cartilage uptake did
not monotonically increase with net charge of CPCs; CPC +14 had the highest uptake (400x
higher than an uncharged solute), greater than both CPC +8 and CPC +20, all of which had
similar sizes [43ww]. CPC +8 and CPC +14 penetrated through the full cartilage thickness
whereas CPC +20 did not, owing to stronger binding interactions with negatively charged
aggrecans that hindered its penetrability and uptake [43=a]. This work highlighted that the
optimal net charge on a carrier should be chosen to take advantage of Donnan partitioning-
induced enhanced transport, such that charge interactions are weak enough for the carriers to
rapidly get past the tissue superficial zones but strong enough to bind within tissue-deep
zones for long-term retention [10,11m,43=a]. Another key finding was that short-range
binding interactions like hydrophobic and H-bonds can synergistically stabilize long-range
charge interactions, and thus can enhance drug retention within arthritic tissues, which have
lost a majority of GAGSs, and thus have lower negative FCD [43m=a]; a feature that can be
incorporated in carrier design.
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Sangar et al. [44mm] recently identified cationic cysteine-dense peptide, CDP-11R, as a
carrier that accumulates within cartilage because of its distribution of positive charge and
disulfide-bonded tertiary structure, even when administered systemically via intravenous
injection in healthy mice [Fig. 2b(i and ii)]. Upon conjugation of CDP-11R with
triamcinolone acetonide (TCA), ankle joint inflammation [Fig. 2b(iii)] and off-target
toxicities in RA rats were suppressed for 4 days following treatment [44ma]. Another study
explored the use of variously charged green fluorescent proteins for enhancing cartilage
penetration and retention as well [45m]. Sharma and co-workers modified PLGA
nanoparticles (260-290 nm) with didodecyldimethylammonium bromide (DMAB)
containing a quaternary ammonium cation and showed six-fold greater retention in healthy
bovine cartilage explants because of binding with the tissue superficial zone compared with
anionic polyvinyl alcohol (PVVA)-modified PLGA nanoparticles. However, retention of
cationic nanoparticles was reduced two-fold in presence of negatively charged synovial fluid
and 2.9-fold in arthritic tissue, indicating the charge-dependency of nanoparticle retention
[46]. They also demonstrated cationic PLGA nanoparticles for delivering KGN, a
chondrogenic drug, coupled with a cartilage-binding bioadhesive to improve retention [47].
A more recent study focused on the scavenging of reactive oxygen species (ROS) utilized
cationic manganese dioxide (MnO5) nanoparticles for full depth cartilage penetration and
chondrocyte targeting, leading to suppression of IL-1p-induced GAG loss and NO release
from cartilage explants [48w]. In-vivo rat studies revealed intra-joint residence for over 1
week with the nanoparticle accumulating on chondral surfaces [48w].

PBAEs have also been considered as they are inexpensive, biocompatible, cationic and can
be end-capped with therapeutics [49]. Perni et al. recently chemically modified and
optimized PBAE components (amine, acrylate and end-capping) for enhancing their ability
to target and bind with cartilage. The optimized PBAE chain conjugated to Dex showed an
eight-fold increase in cartilage uptake compared with free Dex [49,50], likely owing to
adsorption within the cartilage superficial zones. This DDS resulted in significantly reduced
IL-1-induced cartilage degradation compared with free drug /n vitro [49]. Positively charged
sixth generation polyamidoamine (PAMAM) dendrimers (6.7 nm in diameter) have also
been utilized for enhancing intra-cartilage penetration and retention of insulin-like growth
factor-1 (IGF-1) in rat knee joints. PAMAM-IGF-1 significantly suppressed cartilage
degeneration and osteophyte formation compared with untreated control and unmodified
IGF-1 in a rat ACLT model at 4 weeks postsurgery [51].

Collagen Il targeting

Using phage display, a collagen Il-binding peptide sequence, WYRGRL was discovered and
it has been widely used for cartilage targeting [52]. This peptide was shown to be retained
within the deep zones of healthy and GAG-depleted osteoarthritis cartilage for 48 h, whereas
cationic chitosan suffered from a significant drop in retention in GAG-depleted cartilage
compared with that in normal tissue [53w]. Following conjugation to Dex using ester linkers,
the collagen-targeting prodrug demonstrated a drug-release half-life of 35.8 + 9.0 h in
presence of PBS that remained unchanged in low concentration esterase solution [53w]. The
prodrug was able to significantly reduce IL-1p induced GAG loss in an in-vitro bovine
cartilage explant model [53m]. In another study, WRY GRL was genetically displayed onto an
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MMP13 and pH-responsive ferritin nanocage for delivery of anti-inflammatory drug
hydroxychloroquine (HCQ) to cartilage [54%]. This HCQ nanostructure was retained for 14
days in osteoarthritis mice cartilage, resulting in suppression of synovial inflammation [54m].
Ferritin nanocages functionalized with this peptide have also been used for metformin
delivery [55]. A recent study utilized this peptide for delivering microgels containing PLGA
nanoparticles tagged with rhodamine B to healthy and osteoarthritis rats, leading to
significant binding with articular cartilage as well as increased residence time (up to 26
days) compared with free dye [30ms]. Bedingfield et a/. [56m] recently utilized a monoclonal
antibody that specifically targets type Il collagen (mADbCII) for delivering MMP13 siRNA.
In a mouse PTOA model, significantly higher MMP13 silencing was achieved compared
with noncollagen-targeting siRNA, contributing towards improved OARSI scores [56m]. A
newly devised strategy for targeting type 11 collagen is the use of Avimers, which are small
derivations of cell surface protein A-domains involved in protein—protein interactions [57m=m].
Avimer M26 displayed high collagen 11 specificity, allowing for 1 month intra-joint and
intra-cartilage retention following intra-articular injection into rat knees [Fig. 2c(i)] [57w=n].
Further-more, intra-articular delivery of IL-1Ra fused M26 suppressed IL-1 induced IL-6
expression more significantly than free IL-1Ra [Fig. 2c(ii)] [57=a]. It should be noted that
unlike charge interactions, strong binding of nanocarriers with collagen Il can hinder their
transport and penetration through the full thickness of normal or early-stage osteoarthritis
cartilage [11m]. Most of the above discussed work has utilized mouse or rat models that have
very thin cartilage, and thus the transport data from these studies should be interpreted
cautiously as these models are not appropriate for studying intra-articular transport Kinetics
and drug delivery [37,38]. Solutes penetrate much faster through thin cartilage than thick, as
the diffusion time scales as the square of tissue thickness [38]. It is imperative to validate
these results using larger animal models with thicker cartilage more like that of humans as
the performance of the DDS not only depends on its size and surface properties but also on
the biophysical properties of the animal joint [10,38]. Therefore, targeting collagen Il for
drug binding should be considered especially in later stages of the disease where a majority
of aggrecans in cartilage have been degraded and results should be validated in large animal
models [11a].

Chondrocyte targeting

As the drug ultimately has to be delivered to cell receptors, drug carriers are functionalized
with chondrocyte- targeting motifs in combination with aggrecan and collagen-targeting
strategies to facilitate multistage drug delivery [58,59,60m]. A chondrocyte affinity peptide,
DWRVIIPPRPSA, discovered by Pi et al. [59] was recently functionalized on hesperetin-
loaded GD,(CO3)3~ nanoparticles [61w]. In ACLT mice, the construct exhibited strong
cartilage specificity, alleviating cartilage degradation and IL-1-induced apoptosis and
inflammation [61w]. Melittin-derived positively charged peptide
VLTTGLPALISWIRRRHRRHC (p5RHH) was previously shown to have strong
chondrocyte and cartilage-penetrating ability (up to 700 um depth) [62]; it was recently
modified for delivery of NF-xB p65 siRNA to IL-1 treated cartilage explants, resulting in
suppression of p65 for 3 weeks and attenuating cell death [63m].
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Gene delivery

Gene therapy has emerged as a promising strategy for manipulation of expression levels of
diseaseassociated genes via a controlled and targeted mechanism [64]. Genetic materials are
introduced into cells via viral or nonviral vectors to induce long-term overexpression or
silence a selected gene, thereby creating a prolonged therapeutic response. This technique is
especially advantageous for slow-progressing diseases like osteoarthritis, where ablation of
catabolic (ADAMTS5, MMP13) and pro-inflammatory (IL-1, TNFa) genes or introduction
of anabolic [IGF-1, transforming growth factor p (TGF)] and anti-inflammatory [IL-1
receptor antagonist (/L-1Ra), /L-4] genes have the potential to prevent further cartilage
damage while promoting tissue regeneration [64,65].

Early gene therapy strategies utilized recombinant adenoviruses to encode human IGF-1 into
rabbit knees, resulting in increased matrix synthesis from the joint cartilage [66]. Frisbie et
al. [67] used an adenoviral vector to overexpress intra-articular IL-1Ra in an equine
osteoarthritis model and showed elevated expression for 28 days leading to significant
improvements in pain, cartilage preservation and synovial membrane histological
parameters. However, the most successful strategy to date has been the use of adeno-
associated (AAV) or helper-dependent adeno-viruses (HDAV) as carriers for genes for in-
vivo transduction. These are small (20-25 nm diameter), nonenveloped, single-stranded
DNA viruses that are dependent upon a helper virus — either adenovirus or herpesvirus, for
replication [68]. Therefore, despite their limited transgene capacity (<4.8 kb), the absence of
all viral-coding sequences makes AAVs less immunogenic and a more attractive option for a
well tolerated gene delivery system [69]. Recently, Tang et a/. [70s] showed that AAV-
mediated delivery of follistatin — a protein involved in enhancing muscle formation by
neutralizing members of the TGF-B superfamily, to mice prior to medial meniscus
destabilization prevented posttraumatic osteoarthritis like changes within the joint. In a
similar mouse model, Ashraf et al. delivered Ras homolog enriched in brain (RHEB) gene
via intra-articular injection, resulting in suppression of ADAMTS5 and MMP13 and
overexpression of COL2A1 immunohistochemical staining, while reducing apoptosis [71m].
It was recently suggested that a combination of genes, such as IL-1Ra with proteoglycan 4
(PRG4) on individual HDAV carriers can provide enhanced therapeutic benefit over
monotherapy when delivered to mice suffering from PTOA [72s]. Recent work has
incorporated promoters within the delivery systems to ensure that only diseased cells express
and secrete the desired gene [72m,73].

Gene editing

A new development in osteoarthritis therapy is the use of CRISPR/Cas9 technology to ablate
disease-causing genes. An efficient gene-editing technique, this strategy employs a complex
of Cas9 proteins and an engineered single guide RNA, which recognize and introduce a
double-stranded break in the target DNA [74=a]. The DNA undergoes a repair process,
which causes insertions or deletions resulting in disruption, thereby eliminating gene
expression [74mw]. Zhao et al. [74=w] delivered an AAV expressing CRISPR/Cas9 to mice
via intra-articular injection to target genes encoding MMP13, IL-1p and nerve growth factor
(NGF). NGF ablation was able to mitigate pain induced by partial meniscectomy while
disruption of MMP13 and IL-1p reduced the expression levels of cartilage-degrading
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enzymes [74==]. Similarly, Seidl et a/. [75] demonstrated reduced MMP13 levels and
enhanced type Il collagen accumulation in healthy and osteoarthritis human articular
chondrocytes when administered ribonucleoprotein complexes containing CRISPR/Cas9
technology targeting the MMP13 gene. RNA interference (RNAI) is another strategy for
inhibiting gene expression or translation via targeting of mMRNA molecules. Small interfering
RNA (siRNA) — double-stranded noncoding RNA molecules of 20-25 bp length, targeting
the silencing of the p66shc gene were encapsulated within PLGA nanoparticles and
delivered via intra-articular injection to osteoarthritic mice [76m]. Silencing of the p66sfic
gene, which is implicated in the generation of mitochondrial reactive oxygen species
(mtROS), resulted in alleviation of cartilage damage and pain behavior as well was
suppression of IL-18, TNFa and Cyclooxygenase 2 (COX2) expression levels [76m]. Using
the same PLGA-based nanoparticle system, Shin et al. [77] also silenced p47phoxto reduce
ROS-induced chondrocyte damage in an osteoarthritis rat model.

On the basis of the success shown in preclinical models and its current development in
clinical trials, AAV and HDAV seem to be the most well tolerated and promising carriers for
genes for osteoarthritis therapy. Overexpression of anabolic and anti-inflammatory genes
have the potential to prevent further cartilage damage and related catabolic activity within
the joint, while gene ablation and silencing through CRISPR/Cas9 and RNAI approaches
remain interesting areas of future research.

OSTEOARTHRITIS DRUG DELIVERY SYSTEMS IN CLINICAL TRIALS

Particle-based delivery systems

Taiwan Liposome Company (TLC) developed TLC599, a Dex-sodium phosphate
incorporated liposome (~130 nm), for intra-articular delivery for knee osteoarthritis patients
(Table 3). The hydrophobic surface of liposome particles enhances their binding within the
hydrophobic synovial fluid and their large size prevents them from exiting via the
lymphatics. In a phase Il clinical trial (NCT03005873), intra-articular injection of 12 mg
TLC599 resulted in greater suppression of pain from week 1 through week 24 compared
with placebo [78s]. Currently, there are two ongoing clinical trials targeting knee
osteoarthritis with TLC599. NCT03754049 is a 90 participant phase Il study focused on
pharmacokinetic evaluation [79] whereas NCT04123561 is a 500 participant phase I11 study
focused on efficacy [80].

Recently, intra-joint sustained release formulation of TCA encapsulated within micron-sized
PLGA particles (Flexion Therapeutics product FX006, Zilretta) received clinical approval
for osteoarthritis pain relief as it showed prolonged synovial fluid joint residency for 12
weeks, owing to its large micron size (20-100 pm), following a single intra-articular
injection in patients with knee osteoarthritis [81]. The efficacy of FX006 in patients with
unilateral knee osteoarthritis was evaluated in a phase 111 study with results showing
significant improvements in WOMAC and ADP (average-daily-pain) scores compared with
saline and free drug over 24 weeks [82mn]. Following approval, this product has been under
review in clinical trials for 24-week synovial inflammation (NCT03529942) [83s] and
performance measures in bilateral knee osteoarthritis patients (NCT03895840) [84]. Another
microparticle product, EP-104I1AR (60-150 um) developed by Eupraxia Pharmaceuticals,
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formulated fluticasone propionate and PVA for intra-articular treatment of osteoarthritis
[85]. A 238 patient phase Il study evaluating safety, efficacy and pharmacokinetics is
currently in the prerecruitment stage (NCT04120402) [86].

Hydrogel-based delivery systems

Cingal, a chemically cross-linked hyaluronic acid gel loaded with triamcinolone
hexacetonide is currently under review in a phase Il1 trial for pain relief evaluation at 26
weeks (NCT04231318) [87w]. A clinical trial for knee osteoarthritis pain, NCT03209362,
evaluated intra-articular injections of SI-613, an injectable hyaluronic acid-based
formulation incorporating diclofenac, however, results are still pending [88]. A similar DDS,
encapsulating polynucleotides, was administered to knee osteoarthritis patients, however, no
significant differences in WOMAC score were reported at 6 months time point
(NCT02417610) [89].

Gene delivery systems

Clinically, IL-1Ra (interleukin-1 receptor antagonist) is most commonly employed
osteoarthritis therapeutic for gene delivery; currently there are two ongoing trials for intra-
articular delivery using an AAV (NCT02790723) [90m] and an HDAV (NCT04119687)
[91m]. A phase | study delivering XT-150 — a plasmid DNA with a variant of IL-10, was
recently completed, however, results have not yet been published [92]. Use of most other
types of viral and nonviral vectors for osteoarthritis therapy have faced difficulty in
transducing chondrocytes in their in-vivo environment [93]. Thus, their use in ex-vivo
approaches, where patient cells can be extracted and then transduced with a gene prior to
depositing them back into the joint space, is of interest [93]. This strategy has been
commonly employed with synoviocytes to deliver IL-1Ra and IL-10 genes in experimental
models of osteoarthritis [94,95]. Invossa, a product combining TGF-p1 transduced and
nontransduced chondrocytes for intra-articular delivery has been approved for treating
osteoarthritis in South Korea and is currently under review in a phase 11 clinical trial
(NCT03203330) [96m]. A complete list of ongoing clinical trials evaluating drug delivery
systems for treatment of knee osteoarthritis can be found in Table 3.

CONCLUSION

Synovial joint and cartilage-targeting strategies can enable clinical translation of a variety of
osteoarthritis drugs that despite strong preclinical evidence have not translated to practice
yet. Recent years have witnessed significant increase in both basic science and clinical
studies evaluating drug delivery systems for osteoarthritis treatment. Steroid-encapsulating
polymeric micron particles for providing longer lasting pain relief were recently approved
for clinical use. Electrically charged biomaterials for intra-cartilage targeting and delivery of
DMOADs have shown promising results in preclinical models warranting studies with larger
animal models. With ongoing clinical trials, gene delivery has the potential to become an
effective therapy especially if disease biomarkers at various stages of osteoarthritis can be
detected and targeted at early timepoint to prevent further disease progression.
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KEY POINTS

Drug delivery for osteoarthritis therapy remains a challenge because of rapid
joint clearance following intra-articular administration and the inability to
penetrate through the dense cartilage matrix to reach target cells.

To prolong joint residence times and provide sustained drug release intended
for pain and inflammation relief, delivery systems like hydrogels, micelles,
polymeric particles are in consideration owing to their large size or viscous
nature.

Steroid encapsulating polymeric micron sized particles for providing longer
lasting pain relief were recently approved for clinical use.

To restore joint structure and function, osteoarthritis drugs must penetrate
through the full thickness of cartilage to reach their cellular and intra-cellular
targets; electrically charged carriers targeting negatively charged aggrecans
have shown promise in preclinical models.

Current clinical trials are evaluating the safety of viral-vectors whose success
can pave the way for gene therapy as osteoarthritis treatment.
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FIGURE 1.

Schematic showing healthy and mid-stage osteoarthritis of the knee. In osteoarthritis, the
synovium undergoes hypertrophy with an increase in synovial macrophages and fibroblast-
like synoviocytes (FLS) accompanied by an outgrowth of blood and lymphatic vessels
(angiogenesis), which contribute towards significant pain and inflammation. The
environment of the synovial fluid becomes acidic and infiltrated by macrophages and
cartilage degradation products. Cartilage and its matrix components (aggrecan and collagen
I1) begin to degrade, while chondrocytes enter a hypertrophic and apoptotic state. To prolong
drug residence and provide long-term osteoarthritis therapy, drugs can be administered via
intra-articular injection and modified in the form of drug delivery systems (DDS) to
specifically target intra-joint components as shown in the synovium (top), synovial fluid
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(middle) and cartilage (bottom) insets. DDS can be designed for targeting the synovium
(FLS, macrophages, microvasculature endothelium), prolonging synovial fluid residence or
targeting the cartilage (aggrecan, collagen I, chondrocytes).
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FIGURE 2.
(a, I) Multiarm Avidin conjugated to Dex (mAv-Dex) via controlled release ester linkers. (ii)

Confocal imaging showing full thickness penetration from superficial zone (SZ) to deep
zone (DZ) of mAv-Dex in healthy and GAG-depleted cartilage explants within 24 h. (iii) A
single low dose of mAv-Dex suppressed IL-1-induced GAG loss significantly greater than
free Dex at 16 days as shown by Safranin-O/fast green staining of cartilage explants.
Adapted with permission from reference [40mm]. (b, 1) X-ray crystallography showing
structure ribbon (top) and molecular surface representations (bottom) of CDP-11R (a-
helices: red; p-strands: yellow; random coil: green; disulfide bonds: gold). Positive (blue)
and negative (red) electrostatic potentials are also shown. (ii) Mouse knee joint stained with
Toluidine Blue (left). Cy5.5 and DAPI channel fluorescent images of CDP-11R-Cy5.5 (red)
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localized to articular cartilage following intravenous injection. (iii) Suppression of CIA rat
ankle joint swelling following intravenous injection of CDP-11R-DMA-TCA on treatment
day 4. Adapted with permission from reference [44mu]. (c, I) IVIS imaging showing collagen
I1-binding Avimer (CI1-M26) being retained within rat knee joint for 28 days after intra-
articular injection compared with negative control (NC), which was cleared within 1 day.
Region of interest of each image is plotted as fluorescence vs. time. DAPI (nucleus: blue)
and AF657 staining (Avimer: red) of articular cartilage confirms intra-tissue presence of ClI-
M26 for 28 days through confocal imaging. (ii) IL-1Ra-M26 [given either at the same time
as (day 0) or 7 days prior to IL-1p intra-articular injection) suppresses IL-6 expression in
synovial fluid of rat knees at 4 h following treatment. ***£0.001 or less. Adapted with
permission from from reference [57un],

Curr Opin Rheumatol. Author manuscript; available in PMC 2021 May 06.



Page 24

Mehta et al.

sabueyd anleIaUABEP OU UM UOIUSIBI UIO[-RIUI YoM~ ‘Bueiquiaw

T-dVH UM payjipow

[wmog]  1e1AOUAS Buiyyim paddesy sa14001A0UAS UewINy pue Tes 0] Buipuiq d1319ads Bunabie) s14 1NN 1 - VOld - ‘WO T1d yum 1960101A
S)99M € 10} UOISSaIdxa
auI{03A2 Alorewiweljul-oid pue abewep abej1ed [eInoNIs JO UOKEIAS|[e
[mz2] ‘sabeydo.oew uo -YS 1o} Anoiioads Bunsbie ‘aseajal Bnip y yz Bunabiey abeydosoely  uondalul WA 8snow — O VOl WvOL1-a1e4|ns uenxaq
S3eaM {7 10} uolrepelBap abe|iied Jo uoniqiyul
‘uonouNy [eripuoyd0iW Jo BuInasal iy g Jano 2 Hd 1e Ajipesis Qv ¢€/91ad-nue
[wm9Z] aseajal pue ¥'g Hd 1e Ajpidels aseajal sbnup yloq ‘uonualal juiol Aep-i Bunabiey abeydosoen 1710V 8showl — YOl1d 1VD ‘LINS UM palyipow dN 8-41Z
sAep £z 10} sl YO Ut SOY saie|dap puebi| H psiipow
[mg2] ‘aseajal 0D JO uonIqIyul ‘uonBId3s PANL ‘9-T1 ‘gT-T1 Jo uoissaiddng Bunabuey abeydoioey uonaalul N 1Bl — VO TOV-INYOD -4 Ylm padepns NAd
SwiaIsAs parebie]
sAep { 1o} uononpoud 9-11 Jo uoissaiddns el — Ayifeay ‘se1fooipuoyd apndad
[mmirz] £D,.€ e SAep G JaN0 asea]al paureIsns ‘sAep / J8A0 8wl UOIIUSIS] JUIOL  BAISuodsas ainyesadwa d1-11 - vOld Bumaiyui-ziIN apiwejAioe |Adoidosi-N
uoIsoJa abe|iuied Jo uonuanaid ‘uolssaldxa aurjolAd Aloyewwelyui-oid uondaful VNYIS dN 93d
ord | J0 uoniqiyui ‘asesjal ON patabbin-fewssyioloyd ‘uonusial ol Yz patabbi uoneipes HIN ureded asnow — YO TYOJI10N ‘ON -v91d pue uigo|BowsH
sAep gz Jan0 GS1INVAY ‘STdINI 0 uoissaiddns
‘A1191X0} paonpal ‘uo1sols abe|ilued payenushe ‘awil sduspisal psbuojoid uondaful Ueso}yd yum
[mzz] ‘Ueso}1yd 824n0s 1yBI| HIN a8yl Buljjonuod Ag puewap uo pasesjal xa@  pa4abbii uoneipes HIN ureded asnow — YO xad paljIpow 183ysouru ¢SOIA
sAep gz Je UOIS0Ja 89BHINS Jejndiie ul sjuswanoidwi ‘uononpo.d ulwnan)
[wT2] D-4NL pue -] 4o uoissaiddns :0'9 Hd 1e sAep / Jan0 ases|al paureIsns anIsuodsas Hd  uonosful A 8snow — YO uwnand YUM paiipow 3ydd
S)09M g 10} UOISSaIdXa Jayrew d1j10ads-abe|111ed
10 uonowoJd ‘sigxsew Alojewwelyul Jo uoire|nBalumop ‘uoirewwelul
[=02] [e1AOUAS U1 UOONPaI 1Y 72 J9A0 9'G HA Y8 %EZ ‘v, Hd Ye 8sealal %ET anisuodsal Hd 1710V 161 - vVOLd VvOd VH yum payjipow 40N
sAep Gg
Jano uoissaifold QO uasiom Jou piIp ‘uonrewloy a3Aydosiso paonpal (0'g EODHYHN ynm
[wmpT] Hd 1e sAep QT Jan0 aseajas Bnip paureisns ‘sAep Ge 1aA0 uonualal Julop anisuodsal Hd IINQ 8snow — VO1d VH pale|nsdeaus dN V9O 1d
uoisnya uiol
pUE UOISOJ3 92BINS Je|NdILIE ‘Ploysaly} [emelpyiim med ul suswanoiduwi UBSONYD
[=gT] U ¥ 4910 "L Hd e 8ses[a1 9%/ 'TZ '0'9 Hd Je 3ses|al %6'89 anisuodsal Hd uonosfur 1IN 18y - VO |oniselzd Yum paijipow dN SINH
SwiglsAs anisuodsaa Jusuuodinug Juiof rews
uolssaldxa usbejoa || adA) pue uedsibbe ul
[m/T]  oseasdsp Jassa) ‘sa1Aydoalso 40 uonoNpal ‘sAep Gz JaA0 asesjal PaulrISNS 045/ ‘uonualal Julol yaam-g NG 1Y - VOLd uiuaboyey 18604pAy pue swosodi]
sAep GT Jano Aemyed uonoslul aseuabe|jod
[m9T] Buijeubif gx-4N pue 9-T71 pue P4N_L JO S[aA3] UOISSaIdXa JO uoissalddns ‘Y g Jan0 asea|ay |enia1oeq asno — VO utayoad |10 ysi4 sawosodi] pue dN pjoS
sy9am g 1oy Aemuyyed Buljeubif gx
[mGT]  -4N pue ETdININ pue gT-T] JO S|ana] uoissaidxa ‘sso] OO J0 uolssalddns ‘aseajal paureIsns Yaam-i INIANQ 8show — YO 1d Vd3 18601pAy pue a]|a21N
SwiaIsAs prIgAH
ERIETETEN | sawo021no Jofe|N |apow OAIA-U| Bnag saa

Author Manuscript

‘TalqeL

Author Manuscript

swiaisAs Alaaljap Bnup utol-enul

Author Manuscript

ul spuswdojanap Jusdey

Author Manuscript

available in PMC 2021 May 06.

Curr Opin Rheumatol. Author manuscript;



Page 25

Mehta et al.

“}IOMBLWIEIY 818]0ZepIWI 131]08Z 4|7 ‘D 1010k} SIS0JJ8U Jown) ‘“D4N | ‘apIuclsde

auojouldWeL] ‘YL ‘Y SSe|d 101dadas JaBuaneds ‘-yS ‘1jes aleynsiway eaInolylostAyIsW-S ‘1 NS ‘sa10ads uabAxo aanoeal ‘SOY ‘SIUYLE plorewnayl ‘vy ‘o direwnemsod ‘YO 1d p1oe 21j094|6-00
a1oe|-Ajod ‘v91d (109416 ausjAyieAjod ‘934 ‘[aboueu Jawiipuap apndad ‘NAd ‘p1oe 21nydsledniold ‘vOd ‘4aisa-oulwe-e1ag-Ajod ‘Jydd ‘SIIYLR0ISO ‘YO apIX0 JLIIU ‘ON ‘paleljul Jeau “YIN ‘g 101oe}
1B3[ONU ‘gX-4N ‘WNI[3YI0pua 81nJeINISLACIIIW ‘JAIA ‘SISOIN2Iagn) WNLIaoRGoIAN ‘gL IN domawely o1ueblo [e1aw ‘HOIA ‘UOIasURI) SNISIUSW [eIpal ‘| INIA ‘aseulsloldo]jelsl XLrew ‘dINIA ‘g aseury
uig104d payenoe-aseury ugold payeAnde-uaboliw ‘g IA (a1e183e0pOl WNIPOSOUOW “W[IAl ‘UInajiaiul ‘T ‘edljis snojodosaw Mojjoy ‘SINH ‘p1oe d1uoinjeAy ‘YH ‘uedA|BoulwesodA|h ‘Oyo {81A201A0UAS
M1]-1Se]q0IqH ‘ST ‘PI9e 1[0} ‘W ‘PIoe dloueIuades0dIs ‘Wd3 ‘SnIsIusW [eIpaw ay} JO UONEBZI|IGRISSP ‘ININQ ‘dUOSBUIsWEXap ‘X8 ‘$8|NJajow aSea|al apIXouow uogJed ‘HOD ‘SIIYLe paonpul
-uabe]02 ‘w1D ‘aselered ‘1D ‘sniyue paonpul-usbnue ‘v ‘jnow uipuodsoquiolyl e yiim aseulsjoidojeisw pue ulibsjulsip e ‘S1INVAY uonoasuel) Juawedi| 81eionid Jousiuy ‘110V Apognuey ‘qv

10943 9SJAAPE JaylINg OU ‘S8109S SIILIYLIER Ul Juswanosdwi 27IvdAddMO
[eel ‘uonuajal jutof-enur Aep-g ‘Buipuiq (199 [eljayropus peoueyus Bunsbier IAIN uonoafur 91N 1el - vy xeQ Unm payipow awosodi
uoljeWIWRIUI [RIAOUAS pue sisauabolbueosu
10 uonuanaid ‘Aouanbaly Jamoj pue asop Mo 18 WD PuB VIV OTdAHLSHD Yyum paylpow
[wT€] pajuanaid Isjulof paweyur ul uoneINWINIZE ‘JAIN 0} Bulwoy 914103ds Bunasbrer IAIN VI pue VIV 181 — vy ajexaloyis N dN 93d-10d-V1d
ERIVETETEN| saw021no Joley |9pow OAIA-U| bnuqg saa

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2021 May 06.



Page 26

Mehta et al.

[w0/]

[wgo]
[wT9]

[wn6]
[wog]

[=m0€]
[ssl
[wt5]
[=gq]

[t¢]

[6v]

YImoJB 8jasnw pasueyua ‘Syeam ZT Je eisable [ealueydaw pue uoissaidxa
aup{01Ao Alorewwrelyul-oid ‘siIAOUAS ‘uoiressusbap abej1lied ul uononpay

yreap 1192 40 uoienuane ‘God Jo uoissalddns 3aam-g

uonIqIyut Z-4.1 BIA abeiued Jo uolressuabap [enpelb Jo UoneIAG| Y

9-771 40 uoissaiddns psoueyUS ‘UOIUSIAI LIUOW-T
$3100S |SHVO panoidwl ‘uoissaidxa STJINIA Ul UOIIoNpal paoueyus

sAep 9z 10} 0AIA LI UOIUBIBI
pue a}1]-j[ey utol-enui paseasoul ‘afiejired JejnonJe auinog 0} Buipuig ay19ads

UOITeWILLR[JUI PAdNP3J ‘UONUR)SI YIdM-i—E
uolewweul [eIAOUAS Jo uoissaiddns ‘uonualal Aep-yT

$S0] OV ‘siadjlew Aloyewwelsul paanpal ‘uonualal auoz dssg

uaping 81Aydoaiso pue uolepelbap
abe|1ued paonpal ‘sAep Og Joj swi} 8duspIsal Julol Ul asessoul ploy-0T

uolyepelbap
abe|1uea paonpul-1-T| paiuanaid ‘plos-1ybia axeldn suoseylawexap pasealou|

$32B}INS [RIPUOYI UO
UOIIRINWINIJL ‘82UaPISal Julof-eJIul %93M-T UeL) SS3] ‘ases|al ON PUe SSO| OO
paonpul -T-7] Jo uoissaiddns ‘uoiresiauad a1A004puoyd pue abejies yidsp ||n4

ST +d49
-S PUE 6 + d4D-S UMM SSaUOIY) [N} yBnoay 1odsue) 1sey pue axerdn-ybiH

sa1101x0} 196.181-1J0 pue uoirewwesul ol Jo uononpal
‘uonafur Al 21WaIsAs BUIMO||04 HTT-dAD YHM Uome|nwnde abefie)

uorrenauad yidap ||y 1oy paiinbas Bulpuiq a|qISIanal pue yeam ‘T
+ DdD yum uonusiai Aep-, pue axeidn ybiy ‘uonenauad ssauxoiyy [ny pidey

INING 391w 331p Je)-UBIY — YO Ld

swue|dxa abe[14ed auInog — YO 1d

170V W - vO1d

uondafur g1-71 184 - VOL1d

Buipeoj utof aannadal 801w - O Ld

1IN 181 - VO Ld
uonoafur ureded 821w — YO
uonoafur ureded 801w — YO

swue|dxa abe[14ed auInog — VO 1d

170V 1l - VvOld

sjue|dxa abejinied auinog — YO1d

syes Ayyeay

‘syue|dxe abejinied auinog — YOLd
swueldxa

abe|1ued auinoq ‘uewny — AyljesH
SnIyLe paanpui-uabe|jod 1l — vy

sjue|dxa
abe|1ued auIA0q — YO pue AyijesH

unessijjog

VNuIS 59d gx-4N

unaladsaH

BAT-
VNUYIS ETdININ

uIwIoas N
auinbolojyoAxolpAH

auoseylswexag

T-49I1

auoseylswexaqg

VDL ‘suoseylswexaq

[7\'A"
AJanijep sus
HHysd
VSddddIINIMA
81A%04puoyd
9CIN BWINY
11ogvw

TIOHAM
TIOAEM
THOAEM
TIOHAM
uabe|joo || adAL

NWVYINWVd
(3vgd) s191se oulwe-elaq-A|od
dN “OuUN
(d49-s) sutejoud
juaosalonyy usalb — pabireyasadng

(daD) sapndad asuap au1g1sAD

(0dD) siariied apndad o1uone)

[mz¥] abeyd pue az1s Jo S198448 paulquiod ybnoiyl uonualal anssi-esiul Buoj YIUow snsod|nd snajonu mc_>omﬂmﬂwn__ﬁwm - uea1xap payelb uipiny
uoljeWIWLIRILUL ‘UYreap ][99 ‘sSO|
[wm0p]  9WO jo uoissaiddns ases|as paureisns 3aam-z ‘uonesauad abejied yidap [N sjue|dxa abe|11ed auInog — YO 1d auoseylawexaq UIPIAY WJennin
uedaubby
RERVETETEN | sawo021no Jofe|n 19poN Bnig Ja1ued payebuel

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

A1anijap aush
ul suonealdde Joy salkoolpuoyd ‘1| adA1 uabe|oo ‘suedalbbe Bunsbiel swaisAs Alanljap Bnip paseq-sjonuedouru abejiued-eaul ul SjUSWAO|SASP JUBISY

Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2021 May 06.



Page 27

Mehta et al.

"D J0)J€S SISOJI8N Jown} ‘P4N L

{9pIu0Iade auojouIdWEL) ‘D1 “WNY Buliapaiul [lews “YNHIS ‘uisloid 1uaasaionyy usalb pabireyosadns ‘d49-S ‘urelq ul paydiius Bojowoy sey ‘gaHy ‘Snuyue plojewnayl ‘v ‘o dnewnemsod ‘YO1d

‘ ueaA|60a104d ‘FOHd pIoe 91109A16-09 anoe|-Ajod ‘YO T1d ‘l81sa-oulwe-e1ag-Ajod ‘Jydd ‘autweopiweAjod ‘NVINV |

LIYLBOBISO YO ‘8pIX0 JLIMU ‘ON 10108} YIMOIB 8AI8U 'HON ‘gt 10)08) Jesjonu ‘g

-4N ‘apIxolp asauebuew ‘COUIA ‘aseulsiodo)|ersi X1ew dIAIA ‘81e180eopo| WNIPOSOUOW ‘Y|l ‘ured Y9eq MO| ‘dgT ‘SnousAenul ‘Al “isiuoBeiue 101daoal T-UINajIalul ‘ed -] ‘uiynajaiul ‘| ‘T-10308e)
UImolB ax1l-ulnsut ‘T-49] ‘sniiaouape Juspuadap-ladisy ‘AYAH ‘uedk|Boulwesodk|b ‘Oyo ‘T 10108y UoHNEBUO|S ‘T43 ‘SNISIUBW [eIpal 3Y) JO UONEZI|IGRISAP ‘NI ‘BpIWoIg wnuowwe Aylawip|Aaspopip
‘gvING ‘Ja1ed apndad d1uones ‘DdD ‘uonoasuell siuswebi| axeronsd ‘170 ‘apndad asusp aulgisAd ‘ddD ‘sniIAouspe Ay ‘UoRJasURI] JuaweBi| 31e19nI9 JOLISIUE ‘DY ‘SNUIA PaIRI0SSe-0uspe ‘AYY

sAep T Joy sisoydode pue uonedlyojed abejinied Jejnaie

[2/] 'ss0| UeaA|B03)0.d 'SSa1IS BAIIEPIXO JO UOIENUSNE U 12 Y8 3Sed|a1 ISINg %2'ES uonoslul V1IN ¥ed — VO xoyd/vd VNYIS/M dN VO 1d
skep 1z
10} sjaAs] uononpold ZX0D ‘P4NL ‘di-11 pue abewep abejed ‘oineyaq ured
[wo/] 40 uofeJoljauIe ‘UoONPOId SOY JO UoKRNUSYIR ‘O/UA LI | 8Y Ul 8S83]3l %196 uonaslul 1A 18l - VO aysggd VNYIS/M dN VO 1d
sAep / 10} uolre|NWNIYe uabe|jod s914004pUOYd 65eD-dSIMD
[52] 11 9dA) pasueyus ‘S|ans| A1IAIIOE pue UOIIBII3S ETJIAIN Ul Uo1INPal JuedIubIS uewny — O pue AyljesH STANIN /M saxadwod uisyoldosjonuogry
SLIUOW € Te Uoie|ge 49N JO SIUSAS asianpe sayebniw Adelay) uolreulquiod
‘dT-11 pue ETANIA JO UonBap Yum afewrep [einonais Jo uoenuaye
[watr/] ‘uone|de 49N ynm afewep jutof Jo fulussiom ing ured Jo uoptelns)ly  Awopsosiusw [efed ssnow —YOLd 49N ‘gT-11 ‘€TdININ 6SBD-HdSIHI/M AVY
Bunipas susn
SSERIEIETENS| sawoaIno Joley 19pOIN auab 1abae | 1914.4e9 payebae]
[e/] BaJe 90BLINS PUE SWN|OA afk|11ed Pasealoul ‘$alods YO PaiamoT] 171D 8show — YO l1d eyqT-I Jaj0woud gx-4N/m AVAH
syeam QT Je Adeay} uoireulquiod yum sauab xirew abe1lied Jo uoissaldxs
[wz2] pasealoul ‘eale adepns ‘awin|oA abe[11ed Jejndiue Jo uoleAlasald paoueyug 171D 1o IWINQ 8snow — YO 1d eYT-TI ‘vOdd  Jarowold gx-4N 4o TII/M AVAH
sisoydode ur uononpal ‘STdININ
[wT2] pue GS1INVAY 40 uonenbal ‘syaam g e uoissaibold O 40 uonigiyuj WINQ 8show — YO 1d gaHy N

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2021 May 06.



Page 28

Mehta et al.

"X8pu| SHLIYLBOBISO SONISIBAIUN JBISBINDIAI PUB OLIEJUQ UJBISHN
‘OVINOM ‘[oyodfe JAulnkjod “WAd pioe 91109A]6-02-01198]-Ajod ‘YO Td ‘Sonaunjodewreyd “Md ebuey) Jo uoissaidw [eqolo waled ‘O19d ‘Jeuoiieusaiu] A18190S Yoseasay siIyLe0a1sQ-ABojorewnayy
Ul S3INSea|l aWo9INO ‘ISHYVO-LOVHIINO ‘91eds Buirey d1BWNN ‘SYN 81098 awo2INQ SHIYLR03ISO pue Ainfu] 88U ‘SOOM :pIoe dluoinfeAy ‘YH ‘SIUBAS aSIaApe ‘Jy "Pap|og SaWO0INo [edlul]d Arewnid

JUBWISSASSY YleaH ‘8109S jusuodwo)
[ea1sAud ‘14N ‘SVA ‘“OVINOM

uaWwaAoidw| [ego[D [ea1ullD ‘81005

sa1A201puoyd
paonpsueuUOU pue paanpsuel |

(19-491) 1-9
101984 Yimols) Bulwojsuel |

D-2U39aNssI |

3U39)aNSsI] U0

(8T02) 0£€€02€0.LON

Buney ouBWINN [BQISA ‘SOOM IV VNQA plwse|d (0T-T11) OT-uinaIBIY] 0ST-LX sonnadesay pnfex I (6T02) 299692£0.LON
J10J09A
uonNgLISIpoIg dwdlsAs ‘v [eJ1nouape Juspusdap-1adjaH edT-I T0ZXd sannadelay | UoIXs|d I (6T02) 2896TT¥OLON
SNIIA
Pa1eId0SSe-0USpR JURUIGUIODa) (eydT-11) 1S1UOBRIUY
v Areyusa|dwioa-}|es l0)deoay T-upinael  eYT-TI §ZAVYI-0S oD okey I (67T02) £2206/20.LON
AJanijap sus
OVINOM 13601pAy WH JeUdJ0|dIq €19-1S uoneI0dioD nxelenIss Il (L102) 29€60Z€E0LON
OVINOM 18601pAY WH paxu1lssoId 8pluoledexsH auojouldwen | [ebuiny sonnadessy | exiuy I (0z02) 8TETEZYOLON
swialsAs A1anijap paseq-[ahoipAH
1ISYVO-LOVIINO ‘“OVINOM VAd ajeuotdoud suoseanni4 dvIr0T-d3 s[eannaoelLeyd eixeldn3 11 (0202) 2070ZTY0.LON
ured Joy
SUN ‘SO0 ‘quifo J1els ‘1sa) Bupyem
paoed 1se ‘158) Buipuels Jreyd Al (8102) 078568€0L0ON
BWIN|OA [eINOUAS vold apIUO}eIY duojouldwel | (900X4) enaijiz sannadelay | UoIXs|d I (8102) 2v6625€0L0N
219d 'OVINOM 1 (6102) 19562170 LON
Jv ‘sda18weded dd awosodi] auoseyawexaq 6660711  Auedwo) awosodi uemie] 11 (6T02) 6707SLE0LDON
SWIgISAs AJaAl|ap paseq-a[oiried
$3LW02IN0 [eaIuUlD wiasAs A1anljag bnaqg 10npoid Josuods  aseyd (1eak ae1s) era L

Author Manuscript

SI1IYLIR081SO 93U JO JudWIRal] 10} SWAISAS A1aaljap Bnup Bunenjens sjen [eatuljd buiobup

‘€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2021 May 06.


https://clinicaltrials.gov/ct2/show/NCT03754049
https://clinicaltrials.gov/ct2/show/NCT04123561
https://clinicaltrials.gov/ct2/show/NCT03529942
https://clinicaltrials.gov/ct2/show/NCT03895840
https://clinicaltrials.gov/ct2/show/NCT04120402
https://clinicaltrials.gov/ct2/show/NCT04231318
https://clinicaltrials.gov/ct2/show/NCT03209362
https://clinicaltrials.gov/ct2/show/NCT02790723
https://clinicaltrials.gov/ct2/show/NCT04119687
https://clinicaltrials.gov/ct2/show/NCT03769662
https://clinicaltrials.gov/ct2/show/NCT03203330

	Abstract
	INTRODUCTION
	INTRA-JOINT DELIVERY
	INTRA-CARTILAGE DELIVERY
	Aggrecan targeting
	Collagen II targeting
	Chondrocyte targeting
	Gene delivery
	Gene editing

	OSTEOARTHRITIS DRUG DELIVERY SYSTEMS IN CLINICAL TRIALS
	Particle-based delivery systems
	Hydrogel-based delivery systems
	Gene delivery systems

	CONCLUSION
	References
	FIGURE 1.
	FIGURE 2.
	Table 1.
	Table 2.
	Table 3.

