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Background: The pathology of primary osteoarthritis (OA) begins with structural cartilage damage, which initiates a self-
propagating inflammatory pathway that further exacerbates cartilage deterioration. Current standard of care for knee primary
OA involves treating the inflammatory symptoms to manage pain, which includes intra-articular (IA) injections of cortisone, an anti-
inflammatory steroid, followed by a series of joint-cushioning hyaluronic acid gel injections. However, these injections do not delay
the progression of primary OA. More focus on the underlying cellular pathology of OA has prompted researchers to develop
treatments targeting the biochemical mechanisms of cartilage degradation.

Purpose: Researchers have yet to develop a United States Food and Drug Administration (FDA)-approved injection that has been
demonstrated to significantly regenerate damaged articular cartilage. This paper reviews the current research on experimental
injections aimed at achieving cellular restoration of the hyaline cartilage tissue of the knee joint.

Study Design: Narrative review.

Methods: The authors conducted a narrative literature review examining studies on primary OA pathogenesis and a systematic
review of non—-FDA-approved IA injections for the treatment of primary OA of the knee, described as “disease-modifying osteo-
arthritis drugs” in phase 1, 2, and 3 clinical trials.

Conclusion: New treatment approaches for primary OA investigate the potential of genetic therapies to restore native cartilage. It
is clear that the most promising IA injections that could improve treatment of primary OA are bioengineered advanced-delivery
steroid-hydrogel preparations, ex vivo expanded allogeneic stem cell injections, genetically engineered chondrocyte injections,
recombinant fibroblast growth factor therapy, injections of selective proteinase inhibitors, senolytic therapy via injections,
injectable antioxidant therapies, injections of Wnt pathway inhibitors, injections of nuclear factor-kappa B inhibitors, injections of
modified human angiopoietin-like-3, various potential viral vector-based genetic therapy approaches, and RNA genetic tech-
nology administered via injections.
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Osteoarthritis (OA) is the most prevalent form of arthritis,
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mately one-fourth of the total adult population of the
United States (US).173* This disease frequency is greatly
increased among elderly cohorts, as studies show over 80%
of people older than 75 years in Western countries and over
70% of Americans between the ages of 55 and 70 years are
affected by primary OA. OA is also one of the most econom-
ically costly diseases, as it accounted for over $16.5 billion
in hospital costs in the US in 2013.17 The knee joint is the
most common joint affected by OA.'” The Global Burden of
Disease 2020 report revealed an 8% to 9% increase in the
prevalence of OA from 1990 to 2017.%° The prevalence of
this condition among the national and global populations is
expected to substantially increase as obesity rates rise.3%36
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OA of the knee joint is characterized by the progressive
loss of articular cartilage at the lateral and medial femoral
condyles, tibial plateau, and patellofemoral surface.”” This
cartilage degradation is associated with chronic pain, knee
joint inflammation, and loss of mobility.?2 The primary
symptom of primary OA is worsening joint pain, leading
to loss of joint function and physical disability.'®

Our understanding of primary OA has advanced beyond
the initial “wear and tear” paradigm of disease pathology.
Modern medical technology has unveiled that primary OA
is a multifactorial, heterogenous, whole-joint degenerative
disease influenced by both genetic and environmental
factors.'”3%3945 The pathogenesis of primary OA involves
interactions of mechanical, cellular, and biochemical
processes within the joint, synovium, periosteum, and
underlying bone, ultimately perpetuating a malicious cycle
of inflammation, chondrotoxicity, and osteochondral
modification.'”3°

As a result of the disease’s complexity, developing a
universal cure suitable for all patients is incredibly chal-
lenging.*® The treatment of knee OA is further complicated
due to relative avascular composition of adult hyaline car-
tilage. Limited blood flow to the articular cartilage permits
tissue strength and durability, but limits its regenerative
capacity due to reduced perfusion of growth factors, nutri-
ents, and other compounds that would otherwise enhance
chondrogenesis.!” Surgical treatment options are expen-
sive, pose many risks to the patient’s health, and are not
guaranteed to eliminate pain or completely restore func-
tion. OA of the knee joint is incredibly prevalent and eco-
nomically costly throughout much of the developed world.
Given these facts, it is clear why such a robust focus has
been placed on developing a less invasive treatment modal-
ity that can modify the pathology of the disease.

Due to the local immune and paracrine dysregulation in
the joint, paired with the avascular nature of articular car-
tilage, oral medications are unlikely to achieve adequate
perfusion into the necessary tissues in order to modify
cellular function. Therefore, the majority of cellular ther-
apies currently being investigated for the treatment of OA
are intra-articular (IA) injections of the knee. An IA injec-
tion allows the drug direct access to the affected tissue
with efficient delivery, and further poses less risks to the
patient than a surgical procedure. A pharmaceutical agent
capable of altering disease progression by arresting carti-
lage loss is referred to as a “disease-modifying osteoarthri-
tis drug” (DMOAD).*° Currently, the United States Food
and Drug Administration (FDA) and the European Medi-
cines Agency have not yet approved any medication as an
effective DMOAD.*®

STUDY OBJECTIVES

The purpose of this article was to review the most recent
literature on new developments in human trials involving
experimental, injectable DMOADs. Through evaluation
and comparison of this literature, we aimed to elucidate the
most promising therapeutic mechanisms and targets for
DMOADs. This information will hopefully guide future
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researchers as to where to invest resources when develop-
ing new DMOADSs. Furthermore, through such a robust
literature review, this article will also illustrate our current
understanding of the multifactorial nature of primary OA
of the knee.

PATHOLOGY OF OA

OA is a complex polygenic disease, now recognized as a clin-
ical syndrome that is not yet fully understood.3%:47:4%:53.66
The pathophysiology of OA involves metabolic, genetic, epi-
genetic, cellular senescence, and environmental components
that all contribute to disease advancement.?>*? Genetic pre-
disposition, determined by multiple “risk loci,” plays a large
role in one’s susceptibility to local immune dysregulation
within the knee joint as a result of initial tissue injury.*>*°
OA is further understood to be a multitissue disease, involv-
ing nearly all tissues within the joint. In knee OA, meniscal
degeneration, subchondral bone sclerosis, synovitis, and
more all contribute to the metabolic and immune dysfunc-
tion that underlie OA pathology.?? Subchondral bone
changes in OA involve macrophage infiltration, aberrant
osteoclast proliferation, osteoblast activation, and environ-
mental acidification.*?

Initial cartilage tissue loss from wear and tear mechan-
isms may initiate inflammatory and cell regulatory cas-
cades, ultimately inducing aberrant cell-cell signaling and
gene expression.'”*%% Cartilage degeneration from shear
stress has been shown to stimulate chondrocytes’ produc-
tion of extracellular matrix (ECM)-degrading enzymes. In
a healthy knee, chondrocytes maintain the integrity of the
hyaline cartilage through genetic expression of proteins,
signaling molecules, and enzymes that sustain the
ECM.34%%49 In OA, chondrocyte maintenance of the ECM
is impaired, causing alterations in gene expression, leading
to excess production of pro-inflammatory signaling mole-
cules, catabolic enzymes, and other disruptive paracrine
mediators.3455-6670 Inflammatory cytokines overexpressed
in OA have been demonstrated to upregulate adhesion
molecules including E-selectin, intracellular adhesion mol-
ecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), and P-selectin on endothelial vessels, enhancing
lymphocyte migration.®?

Numerous cell signaling pathways, such as Wnt, nuclear
factor—kappa B (NF-kp), transforming growth factor—f
(TGF-B), Notch, autophagy, and the cell cycle, have all been
implicated in OA pathogenesis.’? Recent studies have
implicated inflammation-induced loss of proliferative
capacity of CD271+ native, joint-resident mesenchymal
stem cells (MSCs) in OA pathogenesis.*® Ultimately, the
destroyed hyaline cartilage is replaced by fibrocartilage,
which is inadequate to handle the role of innate articular
cartilage, leading to joint stiffness and pain.®?

Cell-cell interactions between chondrocytes, fibroblasts,
T and B cells, neutrophils, mast cells, and endothelial
cells trigger increased expression of pro-inflammatory
cytokines and interleukins, aberrant macrophage
recruitment, increased extracellular protease expression,
chondrocyte metabolic dysfunction and apoptosis, and
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other inflammatory pathways.!%17:34:3549.53 Thig is seen
as degeneration of the collagen ECM, chondrocyte apopto-
sis, osteophyte production, and bone remodeling of the
femoral condyles/tibial plateau.'?” This chondral loss
advances slowly and symptoms generally appear late in
the progression to primary OA.12

OA TREATMENT AND MANAGEMENT

Currently, there are no FDA-approved DMOADs that can
halt or reverse the progression of the OA.>1"!® Due to the
lack of available curative therapies, the current standard of
care focuses on pain management.>'”'® Conventional
approaches currently use IA injections to target inflamma-
tion, while encouraging lifestyle changes to strengthen and
protect the joint from further damage (physical therapy,
exercise, diet, etc).>®7 However, these strategies do not
address the underlying disease pathology.® Pain is typically
treated with anti-inflammatory therapies via both oral and
IA routes. Anti-inflammatory drugs are limited in efficacy
and further pose the risk of expensive and serious adverse
events including immunosuppression, along with gastroin-
testinal, cardiovascular, and renal complications.>®°

Official recommendations for the treatment of OA are
divided into nonpharmacological (exercise, physical ther-
apy, dietary changes, etc), pharmacological (oral medica-
tions, IA injections, etc), and surgical (autologous
chondrocyte implantation, microfracture, total knee
arthroplasty, etc) interventions.”t The most severe stages
of arthritis require total joint arthroplasty, a costly opera-
tion that poses many risks and ultimately fails to perma-
nently alleviate pain in 20% of patients.'”

Since primary OA is a very localized condition, IA
injections pose an attractive strategy to target the affected
tissue while minimizing adverse side effects.'® However,
the efficacy of intra-articularly injected substances such
as corticosteroids and hydrogels is limited by factors such
as lymphatic clearance, synovial vascular absorption, pro-
teinase degradation, and more.’® TA glucocorticoid injec-
tions provide effective short-term pain relief and have
been shown to temporarily improve joint function.”®"®
However, these effects are limited by the short half-life of
glucocorticoids in the joint and subsequent relatively
brief duration anti-inflammatory and analgesic effects.5?
Furthermore, there are conflicting data as to whether
long-term use of IA corticosteroid injections is safe in OA,
as animal and in vivo studies have demonstrated cytotox-
icity to articular cartilage, although this has not been defin-
itively proven in large human trials.?® Many authors agree
that more long-term prospective studies are required to
elucidate all the risks and benefits of chronic IA glucocor-
ticoid injections.3?

Currently, there are various DMOADs undergoing inves-
tigation, with a variety of molecular, genetic, and cellular
targets. In order to achieve true modification of the primary
OA disease progression, new therapies must be able to
induce changes in gene expression, cell metabolism, and/or
intracellular signaling.*%16:17:696% (Rjgure 1). To this end,
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significant effort has gone into generating cell-based ther-
apies that could potentially halt or reverse OA.5%52

HYDROGEL INJECTIONS
Hyaluronic Acid Biochemistry in Primary OA

Hyaluronic acid (HA) is a glycosaminoglycan (GAG) that is
one of the main components of both the ECM of articular
cartilage tissue and the knee joint synovial fluid, which
further plays a vital role in several physiological processes
that regulate cell migration, proliferation, differentiation,
and inflammation.* One of the most important functional
properties of HA is its ability to bind water up to 10,000
times its own weight, which is a key factor in its ability to
cushion the joint and protect the native hyaline carti-
lage.**? Decreases in joint HA have been implicated in the
pathology of OA, as HA concentrations have been found to
be reduced in knees of patients with OA.'” Additionally, the
synovial concentration of HA is a determining factor in the
production of hyaline cartilage and is associated with
the expression of chondrogenic genes.*! HA is known to
interact with CD44 glycoprotein receptors on chondrocytes
to enhance chondrocyte metabolism and function.’* Fur-
thermore, HA may exert chondroprotective effects through
scavenging free oxygen radicals and improving regulation
of immune complex interactions.?®

Due to its excellent biocompatibility, HA is FDA
approved in its native form as a viscosupplementation IA
injection for the treatment of primary OA of the knee
joint.*1*® Exogenous HA supplementation into the knee
joint reinforces the ECM of the native cartilage, improves
synovial fluid viscoelasticity, and helps to provide tempo-
rary joint lubrication and cushioning.'”3® A series of 3 once-
weekly IA HA injections have been demonstrated in several
clinical trials to provide significant short-term OA pain
reduction over several months. However, this relief is
temporary and additional triplet HA injection series are
typically required either biannually or annually.!?-394°
Additionally, common side effects of IA HA injection
include musculoskeletal pain, joint swelling, joint stiffness,
injection site pain, erythema, and more, according to the
Mayo Clinic website.** HA is currently one of the most
widespread therapies for primary OA. However, HA is not
a DMOAD, and there is no evidence that HA delays or pre-
vents the need for knee joint replacements,'”-41:42:49:50

Advancements in Viscosupplementation

While HA is not considered a DMOAD, advancements in
HA and hydrogel drug delivery systems have improved its
capability to reduce symptoms of OA. Recent innovations
that may increase the therapeutic efficacy of HA include
cross-linked hydrogels, modified-structure HA derivatives,
living HA derivatives, combination therapies using HA and
platelet-rich plasma (PRP), and the use of HA derivatives to
deliver MSCs, 1718414957

HA can be cross-linked with itself and with other poly-
saccharide polymers to form hydrogels, enhancing its
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Figure 1. Flowchart of factors involved in primary osteoarthritis.*

chemical stability while retaining biocompatibility.?® This
increases the retention time of HA in the joint, providing
more lasting pain relief.?#°® One hybridized cross-linked
hydrogel being studied for primary knee OA is HA cross-
linked with polyethylene glycol (PEG).%® Injectable hydro-
gels derived from 2 parent polymers are known to integrate
properties of both parents.’*®> PEG is a synthetic water-
binding gel that, when hybridized with HA via covalent
interconnected polymer chains, can improve PEG bioactiv-
ity while enhancing HA stability within the joint.'8414°
The cross-linking of HA polymer chains is also theorized
to improve in situ gelation in the joint, increasing its
therapeutic potential.®*®® Through cross-linking HA
derivatives, researchers have developed potentially supe-
rior hydrogels for IA injection in the management of
knee OA,1841:49

Another strategy is to introduce hydrophobic groups into
the chain matrix to promote amphipathic properties.
An example of one of these products is HYAFF (Haemo
Pharma), which consists of hyaluronan esters with a
uniquely modifiable structure whose microporosity is
directly correlated with the degree of esterification, allow-
ing for fine-tuning of viscosity and opening the potential for
usage as a scaffold for delivery of stem cells.*’ Another
example is HYADD (Fidia Pharma USA), an elastic hydro-
gen with incorporation of hexadecylamine into the polymer,
which has been demonstrated to have increased joint resi-
dence time compared with traditional HA.2%*! According to
the official website for HYADD, side effects are comparable
to those of traditional HA injections, including arthralgia,
transient pain, and swelling.?!

Researchers have also covalently modified HA with
additional biologically relevant molecules, such as ECM
proteins.*! Adding ECM proteins to the hydrogel permits
entrapment of antibodies within HA, which enhance

its delivery to target immune cells.*! This has been demon-
strated with the addition of fibronectin, a cell adhesion pro-
tein; various GAGs; and heparin-like molecules, which are
theorized to have further therapeutic potential through
recruiting key factors for chondrogenesis.*!

Kartogenin

Hydrogels have been further improved through integrating
a recently discovered chondrogenic molecule, kartogenin
(KGN), into the hydrogel matrix.2*%79:81 This has been
shown to provide HA with improved chondroprotective
properties.2®® While still largely being evaluated in pre-
clinical models, there is resoundingly positive evidence for
the efficacy of KGN-hydrogel IA injections to potentially act
as a DMOAD. %5581 KGN is known to be chondrogenic, as
confirmed in multiple ex vivo cultures and animal models of
hyaline cartilage where KGN was shown to stimulate pro-
liferation of cartilage stem cell progenitors.?>7%7981 In
vitro studies of human chondrocyte OA models have dem-
onstrated that KGN administration results in increased
collagen 2:1 expression and decreased matrix metallopro-
teinase (MMP) expression, promoting the innate properties
that support the function of articular cartilage.*®"? These
studies have also shown increases in gene expression of
interleukin-6 (IL-6) and its receptor, revealing an anti-
inflammatory mechanism.*° This study also observed chon-
drogenesis in the KGN-treated model with an increased
concentration of CD44+/CD105+ HSCs, potentially stimu-
lated via the IL-6/Stat3 pathway.*°

The precise molecular pathways involved in KGN’s pro-
motion of chondrocyte differentiation are still being inves-
tigated. One 2019 study revealed that KGN is hydrolyzed in
the joint to produce 4-aminobiphenyl (4-ABP), which is
later found to be incorporated into chondrocytes in a rat
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OA model 8! OA-induced rats treated exclusively with IA 4-
ABP isolate injections showed reduced OA compared with
both KGN-injected and control models.®! Transcriptional
profiling suggested that 4-ABP upregulates the PRS6KA2
and PI3K-Akt pathways to promote MSC proliferation and
repair.?! Since most published studies regarding KGN
involve animal models, more information regarding poten-
tial adverse effects in humans is required. Currently, a
KGN-derived molecule, KA34, is in phase 1 human clinical
trials as an injectable DMOAD (ClinicalTrials.gov identi-
fier: NCT03133676).

Hydrogels and HA Injection: Future Directions

While hydrogels themselves do not reverse the progression
of primary OA, they represent one of the most popular and
efficacious tools for symptom management for OA. Given
the success of HA in providing temporary symptom relief in
a portion of patients with knee OA, new research in this
area aims to enhance and improve the mechanisms of HA
within the joint.

PRP INJECTION
Overview

PRP is a blood product concentrated to contain mostly acti-
vated platelets through the process of centrifugation. These
activated platelets drive the secretion of many beneficial
growth factors such as insulin-like growth factor-1 (IGF-
1), hepatocyte growth factor, and platelet-derived growth
factor that mediate tissue healing and regeneration.” IA
injections of PRP have been shown in some studies to
improve the dysfunctional homeostasis in joint tissues seen
in knee osteoarthritic patients.!”®? This improvement has
been theorized to be achieved primarily through chondro-
protective, anabolic, anti-inflammatory, and immunomod-
ulatory effects, leading to the reduction of pain and the
improvement of physical function.'”%% Similarly, PRP
injections have been shown to reduce OA pain and lead to
improved prognosis in OA when compared with age-
matched patients receiving IA HA.?®> However, in many
cases, IA injections alone are not sufficient to adequately
reduce the somatic pain associated with OA.%° Supplement-
ing IA injections with intraosseous PRP injections is an
interesting strategy that has been shown to have more
potent anti-inflammatory effects and tissue regeneration.®°
However, this is more invasive and requires anesthesia.*1-%°
Furthermore, one variable that may affect the efficacy of
PRP treatment for OA is the concentration of leukocytes
in the plasma.l”?34760 Studies have been inconsistent on
the advantages and drawbacks of leukocyte-rich (LR) ver-
sus leukocyte-poor (LP) PRP 617234760 Regarding adverse
effects, research with PRP has described knee joint pain,
swelling, and stiffness, but not any serious events.® A
clearer elucidation of this topic should drastically improve
the understanding of the efficacy and consistency of
PRP treatment.
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Pharmacodynamics of PRP

Most studies on PRP focus on its ability to suppress cyto-
kines to reduce inflammation in patients with OA, leading
to pain relief.!17-%0 PRP is hypothesized to exert additional
chondroprotective and potentially regenerative effects
through various cellular mechanisms.®1%178% Specifically,
PRP contains many growth factors (eg, TGF-§, IGF-1, bone
morphogenic proteins, platelet-derived growth factor, vas-
cular endothelial growth factor, epidermal growth factor,
fibroblast growth factor [FGF], and hepatocyte growth fac-
tor) that increase the proliferation and differentiation of
chondrocytes leading to tissue regeneration and reducing
the tissue damage in OA.**'"%° However, such effects have
proved to be temporary, with most advanced treatments
lasting up to 12 months before regression.!” The current
belief is that PRP could potentially lead to the creation of
new, permanent cartilage cells, but this has not yet been
definitively proven in human subjects.

Evidence From Clinical Trials: PRP IA Injections

Many published clinical trials agree on the superiority of
PRP compared with other IA injections for early-stage knee
OA. Additionally, PRP therapeutic effects are believed to
possibly last longer, usually up to a year.*” In terms of late-
stage knee OA, a 2017 clinical trial publication by Nayana*’
confirmed that even a single PRP IA injection was success-
ful in reducing knee OA pain and improving quality of life.
However, this study did not find that PRP IA injections
were superior to other treatment options. In elderly
patients (age, >67 years), it was demonstrated that a single
PRP IA injection had similar effects to a single shot of cor-
ticosteroid.*” Despite good evidence from many human
trials, additional clinical trials are needed to determine if
PRP is superior to other available IA injections for knee OA.

Intraosseous PRP Injections

Traditionally, PRP is delivered via IA injections. However,
previous studies have shown that this strategy does not
target the subchondral bone.?®%% Since PRP has poor pen-
etration to the subchondral bone, it is likely unable to alter
the pathological degradation, fibrosis, and sclerosis of the
bone.®® In a 2016 study by Sanchez et al,®® intraosseous
injections were used to supplement the conventional IA
treatment to pinpoint the subchondral bone in severe knee
OA. Fourteen patients with OA underwent 3 weekly treat-
ments of PRP. The first treatment included one PRP IA
injection and 2 PRP intraosseous infiltrations (femoral con-
dyle and tibial plateau). The next 2 treatments were con-
ventional TA injections. Patient-reported qualitative data
revealed substantially decreased knee pain, improved
mobility, and better overall quality of life.}”23-60:63

Co-administration of PRP With HA

Co-administration of PRP and HA TA may provide
improved symptomatic relief and better chondrogenic
potential compared with either product individually.*!5”
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This simultaneous injection is theorized to be effective
through delivering a potent combination of therapeutic
effects, with anti-inflammatory properties from both drugs,
chondrogenic potential from PRP, and reduction of joint
friction from HA.*®*7 One 2016 study showed that in vitro
OA models treated with an HA and PRP combination
revealed higher chondrocyte GAG concentrations and
increased chondrocyte proliferation compared with a cul-
ture treated only with HA.*1:57

LR-PRP vs LP-PRP

In the process of PRP generation, the centrifugation pro-
cess can produce plasma that differs in leukocyte concen-
tration, yielding LR and LP products.!” Typically, in
generating LP-PRP, the patient’s blood sample is centri-
fuged once and the buffy coat is discarded from the final
injectable product.!” In LR-PRP, the sample is often run
through 2 centrifuge spins to better isolate the white blood
cell-rich layer, which is then included in the final prod-
uct.!” However, studies have not yet found a consensus as
to which is superior for the clinical treatment of knee OA.
The primary argument for LR-PRP is that leukocytes are
important for the production of pro-healing factors such
as cytokines and key enzymes.!” However, the push
against this therapy stems from leukocytes being pro-
inflammatory, meaning that LR-PRP can potentially
further exacerbate OA pain in the acute, postinjection
setting.®1"*7 As for LP-PRP, studies have been very
encouraging in terms of less adverse effects,® but not supe-
rior long-term outcomes compared with LR-PRP.*"2% How-
ever, LP-PRP therapy has been shown to have superior
short-term OA symptom relief as reported by patients.!”
This has been linked to a markedly reduced threat of pro-
inflammatory effects compared with LR-PRP.® The avail-
able literature suggests that LP-PRP is currently more
commonly utilized in outpatient clinics to minimize the risk
of an acute inflammatory response.®

Future Directions for PRP Injections

The future for PRP injections is exciting and encouraging.
Further studies should look to find the most effective form
of PRP delivery in terms of LP versus LR. Although IA
injections are the norm, there are some studies that show
that intraosseous injections have superior tissue specificity
and improved DMOAD effectiveness. Nonetheless, due to
the demonstrated efficacy and relative simplicity of admin-
istering IA PRP, this treatment modality is likely to remain
in clinical practice until another option is determined to be
unequivocally superior.

ADVANCED DRUG DELIVERY SYSTEMS
Inflammation in Primary OA and Corticosteroids

Chronic inflammation of the knee joint is a hallmark of
primary OA and is a strong contributor to OA-associated
joint pain.34%%5% In clinical orthopaedics, glucocorticoid
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injections are one of the most commonly administered IA
injections for symptom management of OA.%>175° Corticos-
teroids, such as glucocorticoids, exert anti-inflammatory
effects extracellularly by blocking receptors for pro-
inflammatory signaling molecules (cytokines, chemo-
kines, etc), and intracellularly by binding to glucocorticoid
receptors, and activating transcriptional regulatory
pathways to decrease production of pro-inflammatory sig-
nalers and increase production of anti-inflammatory sub-
stances.? However, these changes are temporary and have
not been shown to permanently alter the progression of
primary OA.35%9

Utilization of advanced drug delivery systems aims to
prolong the medicinal activity of current OA treatments,
including glucocorticoids. The goal is to create a drug deliv-
ery system that takes advantage of regulated biochemical
aspects of the injected environment for controlled and sus-
tained release of the drug. These systems leverage bio-
chemical properties that allow for reactions only to occur
at specific pHs and temperatures and in reaction with cer-
tain species,?? designed to deliver the drug directly to the
target cells.'® Recent studies have aimed at extending the
activity of glucocorticosteroids in the joint, since IA injec-
tions of glucocorticosteroids are known to be a largely effec-
tive short-term pain and inflammation reliever.'®%2 These
injections fail to provide long-term efficacy due to the short
half-life of glucocorticoids in the joint, along with their brief
anti-inflammatory effects.®2

ProGel-Dex

Dexamethasone is a glucocorticoid that has anti-
inflammatory properties.®? ProGel-Dex (Ensign Pharma-
ceuticals) is a dexamethasone pro-drug solution with
specific thermoresponsive properties.®2 ProGel-Dex has the
ability to exist as a liquid at 4°C, while becoming a hydrogel
when the temperature reaches around 30°C (body temper-
ature).®? This thermoresponsive ability allows for selective
uptake and slower dissolution of the drug. Upon injection,
ProGel-Dex assumes a gel form in the joint, which has been
shown to provide slow release of individual ProGel-Dex
molecules that are in turn predominantly internalized by
synoviocytes, which are pathogenic in knee OA.52 This pro-
vides the pro-drug IA injection a unique cell selectivity
mechanism for targeted drug delivery. In rodent models,
ProGel-Dex was demonstrated to provide sustained relief
of pain and inflammation without noticeable adverse
effects. The absence of negative side effects can be attrib-
uted to the low molecular weight of ProGel-Dex, which
allows for less systemic absorption of the drug due to rapid
renal clearance.’? While these authors predict a lower
occurrence of side effects compared with traditional gluco-
corticoid injections, this is still to be proven in human clin-
ical trials.®2 ProGel-Dex is currently still in animal trials
while showing impressive efficacy and safety in rats.5?

Liposomes

Liposomes are effective vehicles for IA drug delivery since
they can transport drugs across plasma membranes while
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acting autonomously to lubricate the joint.'®3° Even when
not loaded with anti-inflammatory drug cargo, one liposo-
mal product, MM-II (Moebius Medical and Sun Pharma),
was demonstrated to provide statistically significant
improvements in knee joint pain relief compared with HA
injection and placebo groups (n = 40).3° Specifically, MM-II
liposomes are constructed in concentric lipid layers
designed to improve biomechanisms for extended delivery
of drugs intra-articularly.? Researchers have found that
cell membrane crossing of liposomes can be further
enhanced through conjugating “cell-permeable proteins”
attached to the liposome; however, so far none have yet to
receive FDA approval.®? Another promising concept is con-
jugating specific antigens onto the liposomes to allow selec-
tive binding to pathologic phagocytic cells in the joint.?®
So-called immunoliposomes have already been FDA
approved in specific cancer therapies, and the MM-II lipo-
some is currently concluding phase 2 human trials accord-
ing to the US National Library of Medicine’s ClinicalTrials
website (www.clinicaltrials.gov).

Disadvantages of liposome drug delivery systems include
high production cost, relatively short half-life, and risk of
immune rejection.’? Due to the exogenous and drug-free
nature of the liposome vehicles, side effects specific to
MM-II have not yet been described, and potential side
effects would likely depend on the potential drug cargo.
While larger human trials are necessary to unambiguously
confirm the efficacy of MM-II, the results are nonetheless
very promising.

Nanoparticles

Nanoparticle delivery systems aim to increase the bioavail-
ability of anti-inflammatory medications by altering their lib-
eration, absorption, distribution, metabolism, and
excretion.’® The technological characteristics of these nano-
medicines improve on the unfavorable physicochemical prop-
erties of anti-inflammatory medications, as these drugs tend
to have poor water solubility and are susceptible to enzymatic
inactivation or degradation.*%*%*® Nanoparticles prolong cir-
culation of the drug-vector complex in the joint, enhance drug
release at the cellular level, and allow for the drug to cross
biological barriers for optimal effects.34%5° One potential
drawback in nanoparticle formulations is that without tight
binding to cellular or ECM structures, the nanoparticles can
be easily cleared by lymphatics.'® While the nanoparticle
delivery systems have demonstrated advantageous delivery,
they have been predominantly limited to animal trials, as
confirmed by the ClinicalTrials website.

Polymeric micelles are a commonly studied platform for
IA drug delivery.'®*° These micelles are composed of amphi-
pathic polymers that self-assemble into “nanospheres” or
“nanoparticles,” providing the capability to encapsulate
a wide range of therapeutics."*! This provides efficient
delivery for poorly soluble compounds and protects the
active components from in vivo degradation and clear-
ance.*®% Synthetic polymeric particles such as poly-lactic
co-glycolic acid (PLGA) are currently the only FDA-
approved nanoparticle-based drug delivery systems, which
are being used in various medical applications. This is
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likely attributed to its demonstrated safety, as PLGA par-
ticles naturally biodegrade into joint-native metabolites
that are fully reabsorbed.?® Therefore, side effects specific
to PLGA have not yet been identified. Despite being FDA
approved, PLGA is not currently widely used in orthopae-
dics for IA delivery of OA therapeutic medications.?®

KGN and Nanoparticles

The previously mentioned chondrogenic molecule, KGN, is
also being investigated in nanoparticle delivery systems. In
a 2018 study, amphiphilic polyurethanes were formulated
with pendant amino groups bound to KGN, the drug of
interest.?° These structures were shown to autoassemble
into KGN-conjugated nanoparticles, (PN-KGN), spherical
in shape and approximately 25 nm in diameter, which pro-
vide sustained release of KGN to the pathologic tissue.2’
This has been demonstrated in vitro, as a human OA cul-
ture model that administered PN-KGN over 12 weeks
showed an improved collagen 2:1 ratio and much delayed
cartilage degeneration.2%7%81 One 2021 study demon-
strated that co-administration of KGN and bone marrow—
derived stem cells intra-articularly through a polyethylene
glycol and branched polyethyleneimine (PEI) nanoparticle,
both in vitro and in animal models, delayed OA progression,
with chondrogenesis observed histologically, and decreased
joint space narrowing, seen in animal models.”

Zilretta

Zilretta (Pacira Biosciences) is an FDA-approved IA injec-
tion that extends the release time of triamcinolone aceto-
nide (TCA) in the knee joint. This synthetic glucocorticoid
has anti-inflammatory properties. By binding to glucocor-
ticoid receptors, TCA downregulates pro-inflammatory
cytokines while also upregulating transcription factors that
are anti-inflammatory, such as increasing PLA2 (phospho-
lipase A2) inhibitors.'31%5° In Zilretta, TCA is contained in
a PLGA spherical particle that extends the release of the
active form of TCA in synovium. This lessens the amount in
systemic blood flow and achieves a higher active form at the
site of concentration.'®!*%° Another added benefit is that
PLGAs can be degraded safely into joint native metabolites
for reabsorption.’?%° A phase 3 clinical trial (24 weeks, ran-
domized) in 2019 demonstrated how Zilretta injections
mitigated pain in patients with OA.131%52 The clinical trial
utilized the Western Ontario and McMaster Universities
Arthritis Index (WOMAC) scoring for pain, and Zilretta
showed significant relief compared with placebo.!314:52
A phase 3b study (52 weeks, n = 208) demonstrated that
arepeat injection was as effective as the first injection with-
out any negative effects observed on the joint.?? This sug-
gests that additive injections can be beneficial. In 2021, a
rodent colony study with Zilretta showed its possible effect
in reducing the difficulty of weightbearing load on the
joint.”> While literature has described a lesser risk for
adverse events with Zilretta compared with traditional glu-
cocorticoids, the website for Zilretta (www.zilretta.com)
lists potential side effects as “joint pain, headache, joint
swelling, back pain, sore throat and runny nose, upper


http://www.clinicaltrials.gov
http://www.zilretta.com

8 Householder et al

respiratory tract infection, and bruising.”®! With success in
these studies, as well as being FDA approved, it is clear that
Zilretta is a product that shows promise for knee OA. How-
ever, it is still unclear whether Zilretta has any permanent
disease-modifying effects.5®

Future of IA Drug Delivery

The future of IA drug delivery is promising. It aims to
improve current therapies already available by extending
active release within the joint. There are a variety of
options for A drug delivery. The gamut of delivery techni-
ques also introduces the idea of using products
in combination. Researchers can look at the success and
drawbacks of Zilretta, ProGel-Dex, nanoparticles, and
other IA drug delivery methods in order to investigate more
effective formulations for the treatment of OA.

STEMPEUCEL AND ELIXCYTE INJECTION
Allogeneic MSCs

MSCs have been widely investigated for the treatment of
degenerative diseases. The anti-inflammatory and immu-
nomodulatory properties of MSCs suggest that these cells
can reduce inflammation in the knee, !8:2229.31,34,41,55,70
Concurrently, MSCs may initiate the repair process of the
damaged cartilage by differentiating into chondrocytes,
by inducing proliferation and maturation of the healthy
chondrocytes, or by inducing differentiation of chondropro-
genitors.'®4142 A whole host of growth factors, biological
modulators, and ECM proteins produced by MSCs may
play a pivotal role in enhancing neocartilage forma-
tion.18:344149.70 Tt appears that the bioactive paracrine fac-
tors secreted by MSCs play some role, if not all, to provide
beneficial effects in modulating the microenvironment of
the damaged tissue, leading to more favorable conditions
for tissue regeneration.8:34:41:42:49,70

MSCs secrete a spectrum of paracrine factors, collec-
tively termed “secretome,” consisting of various proteins for
diverse biological functions, including immune regulation,
angiogenesis, antiapoptotic, antioxidative, cell homing, and
promotion of cell differentiation.?2:29:3437:42 Qpecifically,
MSCs release cytokines to initiate cartilage repair, which
is followed by chondrogenic proliferation with secretion of
ECM proteases and growth factors such as TGF-f, IGF-1,
and FGF.22:29:3437 Thege factors collectively comprise an
important part of the MSC secretome and stimulate carti-
lage repair. A recent study revealed that MSCs secrete
various chemokine (C-X-C motif) ligands and chemokine
(C-C motif) ligands, vascular endothelial growth factor A,
and IL-6 under the exposure of synovial fluid from patients
with early- and late-stage OA.3” Such cell-based therapy
has led to short-term improvement in symptoms and may
reduce or delay arthroplasty; however, long-term data are
still lacking.?® In certain studies, IA injections of MSCs
were shown to provide improved pain relief, better quality
of life, and significantly improved cartilage quality, with
less need for hospitalization or surgery.1”-%°
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Stempeucel

Stempeucel (Stempeutics) is a bone marrow—derived, ex
vivo—expanded, pooled, allogeneic human MSC (hMSC)
population that has been characterized previously.?* A
prior human trial study of 60 patients showed that Stem-
peucel differentiated into chondrocytes and synthesized
significant amounts of sulfated GAG (sGAG) compared
with that produced by the undifferentiated cells.24% These
data suggest that the pooled bone marrow MSC (bmMSC)
samples efficiently differentiated into the chondrogenic lin-
eage, confirming the presence of mature chondrocytes after
differentiation.?* Intra-articularly administered MSCs
most likely play an important role in attenuating the
inflammation-induced pain by secreting a wide range of
anti-inflammatory cytokines and analgesic peptides, and
Stempeucel may have also contributed to pain reduction
through a similar mechanism.?*%® Stempeucel displayed
promising results in its phase 2 trials but has not
yet entered into phase 3 trials in the US, according to
the ClinicalTrials website; however, phase 3 trials are
approved in China. There is currently a robust phase 3
trial evaluating the efficacy of autologous MSC injections,
the results of which will be pivotal to permit future Stem-
peucel human trials.

Elixcyte

Elixcyte (UnicoCell Biomed) is an injectable allogeneic adi-
pose stem cell product that has undergone a phase 1/2
human clinical trial for the treatment of primary OA of the
knee joint.® In a clinical trial of Elixcyte for OA, the stem
cell product showed good immune regulation, anti-
inflammatory properties, and the characteristics of
promoting chondrocyte proliferation and protecting
chondrocytes.?® Another study evaluated the changes in
the WOMAC pain score from baseline to week 24 after
treatment with Elixcyte.® All Elixcyte groups had a signif-
icant reduction in WOMAC total score, stiffness, and func-
tional limitation score from baseline to posttreatment at
weeks 12 to 48.° Other research showed that Elixcyte has
good safety in the treatment of arthritis and demonstrated
the potential and trends for positive response and effi-
cacy.%® Data published from Elixcyte’s phase 1/2 US clinical
trials show promising efficacy and safety; however, phase 3
US trials have not yet begun.

Allogeneic MSCs: Future Directions

Elixcyte and Stempeucel have both completed phase 1/2
human trials and have displayed an impressive safety
profile with promising efficacy as potential DMOADs.
The allogeneic nature of these MSCs provides a major
advantage over autologous MSCs as they do not require
surgical harvesting of donor cells from the patient. While
autologous MSC harvesting is FDA approved and is
being performed with good results, the harvesting of adi-
pose tissue or bone marrow requires anesthesia and con-
currently poses other risks to the patient. Currently, the
Multicenter Trial of Stem Cell Therapy for Osteoarthritis
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(MILES) project is underway to test the effects of IA injec-
tion of bone marrow—derived, adipose tissue—derived, and
umbilical cord-derived MSCs on the progression of knee
OA versus glucocorticoid injections. Side effects for MSC
injections are described predominantly as knee swelling,
which reportedly resolves in 6 weeks for most participants,
and no major adverse events have been reported yet.”315°
Completion of the MILES project will likely provide more
information on potential side effects.

Promising results from the MILES trials will likely
pave the path for future phase 3 trials with allogeneic
MSCs, including Elixcyte and Stempeucel. Adipose tis-
sue is an attractive source of therapeutic MSCs not only
because of its less invasive procurement for harvest but
also because it provides a higher MSC concentration
than bone marrow, has a smaller expression of MHC
class 1 antigens, and has greater replicative and secre-
tory potential of MSCs.? Additionally, adipose tissue
MSC harvesting, also known as “lipogems,” can be per-
formed at boutique orthopaedic offices with the assis-
tance of a plastic surgeon or liposuction specialist.
Furthermore, MSCs from bone marrow appear to have
a higher propensity to undergo chondrocyte hypertrophy
and bone formation, and thus may not be as ideal for the
repair of articular cartilage.’

TissueGeNe-C |A INJECTION
TGF-B

TGF-B is an anti-inflammatory cytokine that when expressed
controls chondrocyte proliferation and differentiation, as well
as ECM accumulation.’ As a result of this process, TGF-p
has been identified as a major player in maintaining the
structural integrity and overall health of articular carti-
lage.3® Therefore, TGF-p is considered as a primary cytokine
in restoring articular cartilage that has been damaged. How-
ever, it hasbeen difficult to overcome the pharmacokinetics of
growth factors due to low bioavailability when directly
administered. In order to bypass this problem and to allow
for maximal activity of TGF-p, cell-based delivery strategies
have been developed, one being TissueGene-C.1%35

Generation of TissueGene-C Allogeneic
Chondrocytes

TissueGene-C (TissueGene) is an IA injection genetic ther-
apy developed for the treatment of primary OA.!! Its com-
ponents include allogeneic chondrocytes and irradiated
GP2-293 cells overexpressing TGF-, mixed in a 3:1 ratio.
The irradiation process prevents postinjection proliferation
of the modified TGF-B—expressing chondrocytes and main-
tains the 3:1 ratio by preventing proliferation of the trans-
planted cells.'®37

Evidence From Clinical Trials

In phase 2 trials of TissueGene-C, patients with primary
knee OA treated by TissueGene-C were shown to attain
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improved functionality with decreased pain, compared with
patients either at the start of treatment or given a pla-
cebo.?%37 In a double-blinded study (n = 263), a single
3-mL IA injection of TissueGene-C, consisting of 2 parts
nontransduced human allogeneic chondrocytes and trans-
duced human allogeneic chondrocyte, was tested against a
saline placebo injection. The results revealed that when
compared with the placebo, the patients treated with
TissueGene-C showed significantly greater improvement
in International Knee Documentation Committee (IKDC)
score and visual analog scale for pain at various time
frames.?® The patients who received this treatment also
demonstrated improvement in the WOMAC categories of
pain, stiffness, and physical function compared with those
in the placebo group at all 3 time points.?® Furthermore,
compared with the placebo group, patients treated with
TissueGene-C showed increased scores on each of the Knee
injury and Osteoarthritis Outcome Score (KOOS) subscales
(pain, symptoms, activities of daily living, function in sports
and recreation, and knee-related quality of life).?® Via
imaging, when observing the changes in joint space nar-
rowing as well as those in bone marrow edema lesions,
cartilage defect surface areas, joint fluid, meniscal struc-
tures, meniscal signals, periarticular inflammation, syno-
vial thickening and inflammation, and sizes of major
lesions through either radiograph or MRI, statistical differ-
ences were not observed. However, an overall pain reduc-
tion of 25% was achieved with TissueGene-C treatment at
52 weeks compared with just 10% with placebo.?®

TissueGene-C Outlook

While there were significantly more minor adverse effects
reported in TissueGene-C groups compared with placebo,
the potential dramatic benefits from this therapy seem to
outweigh the low risk of negative side effects.?>>” The
rates of adverse events were 63% in the TissueGene-C
treatment group and 44% in the placebo, with arthralgia,
peripheral edema, joint swelling, and injection site pain
being the most prevalent. In all cases but 3, these effects
resolved during the study period. Studies thus far have
found slower OA pathological progression with
TissueGene-C treatment.?® Although more data are
needed, the results have shown clear promise in decreas-
ing pain and increasing functionality. Combined with the
possibility of reducing disease progression, TissueGene-C
may represent a key player in [A injections for primary OA
in years to come. Two large-scale phase 3 trials evaluating
IA TissueGene-C injections on the progression of OA are
currently ongoing in the US, according to the TissueGene
website (www.tissuegene.com).

SPRIFERMIN INJECTION
Human FGF-18

Human FGF-18 (hFGF18) is a gene that encodes for
a protein of the FGF pathway.*® The FGF family of proteins
is known to possess widespread mitogenic and cell
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regulatory properties, and is involved in processes such as
cell growth and tissue repair.*%%%* The ability of FGF to
regenerate various tissues is currently being studied in
several contexts.%%* The pharmaceutical company Merck
has recently patented AS902330 (sprifermin), an IA injec-
tion of recombinant hFGF18 (rhFGF18), as a potential
DMOAD for primary OA of the knee. While human trials
are still underway, preliminary evidence shows that
biyearly injections of sprifermin decrease the rates of tibio-
femoral cartilage loss compared with placebo,’® reduce
OA-related knee pain,*®?%%+7® and may increase total
tibiofemoral cartilage volume.*%:62:64

Sprifermin (AS902330)

In ex vivo cultures of human hyaline cartilage extracted
from the knee joint, application of sprifermin was shown
to increase type 2 collagen production, stimulate chondro-
cyte proliferation, activate proteoglycan production and
SOX9 expression in chondrocytes, and increase overall
ECM proteoglycan content.*®°5"® Rodent model studies
later confirmed the drug’s ability to stimulate proliferation
of articular chondrocytes, suppress proteinase activity,
induce hyaline cartilage ECM synthesis, and repair carti-
lage defects.?5*%%5 These findings were also demonstrated
in a 2018 study utilizing bovine models. These studies have
confirmed the capability of rhFGF18 to stimulate chondro-
genesis and upregulate cartilage matrix production
through acting on fibroblast growth receptors 2 and 3.5*
However, not all the studies conducted on sprifermin show
such promising results. Other documented studies using
human participants failed to identify biological tibiofe-
moral cartilage changes with sprifermin administration
over 6 months and 12 months 26:6478

Recently, more powerful human trials, such as the FOR-
WARD (FGF-18 Osteoarthritis Randomized Trial with
Administration of Repeated Doses) study, a 5-year phase
2 study with over 500 patients and extending at least
2 years, found that 3 once-weekly injections of 100 pug spri-
fermin provided a significant improvement in tibiofemoral
cartilage thickness when administered every 6 months,
compared with placebo.?%4%7® An exploratory analysis of
the same study via MRI found, at the 3-year follow-up
(n = 442), improvements in total tibiofemoral cartilage
thickness in patients receiving IA sprifermin injections
compared with those receiving placebo injections.264°
Adverse events documented in the FORWARD trials were
present in more than 90% of participants and described as
mostly mild or moderate, but as unrelated to the treatment
per the site investigators. The most frequent side effects
were arthralgia, back pain, upper respiratory infections,
nasopharyngitis, hypertension, and headache.?® A 2020
study that applied post hoc analysis of the same data
obtained from the FORWARD study found that patients
receiving thrice-weekly sprifermin injections demonstrated
increases in cartilage thickness that were approximately
twice those experienced in patients receiving placebo
injections.264°
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Sprifermin: Future Directions

Current studies on sprifermin show good efficacy; however,
there is a concern regarding the frequency of reported
adverse events in the FORWARD trials.2®*° The use of a
recombinant growth factor as a cellular therapy still
appears to be a promising treatment strategy for the mod-
ification of primary OA. The positive findings presented in
both preclinical and clinical trials thus far warrant more
investigation into the therapeutic potential of rhFGF18,
and further future recombinant growth factors for cellular
therapy in general. Phase 3 clinical trials are required to
determine its safety and degree of disease modification in
patients with primary knee OA.**®* Sprifermin phase 3
trials have not yet begun recruiting participants, according
to the ClinicalTrials website.

PROTEINASE INHIBITOR INJECTION
Whnt Signaling Pathway

At a molecular level, the Wnt signaling pathway is respon-
sible for chondrocyte and osteoblast lineage specification in
differentiation.*® Research has shown that increased Wnt
signaling predisposes MSCs to an osteogenic lineage and
further induces production of MMPs that play a role in the
pathogenesis of OA.*® Wnt signaling activation in osteo-
blasts promotes bone formation and sclerosis, as seen in the
pathologic subchondral bone of OA.*® Increased expression
and activation of the Wnt signaling pathway has been seen
in chondrocytes of articular cartilage affected by primary
OA. Given the following evidence, it is likely that Wnt sig-
naling activation in the synovium and joint tissues plays a
key role in the pathogenesis of OA.*°

Role of Proteinases in Primary OA

Proteases play the role of matrix-degrading enzymes in the
joint and include collagenases and aggrecanases, which
degrade cartilage 2 and aggrecan, respectively. Specific
proteases such as MMP13 and ADAMTS5 are involved
in joint degradation from progressive cartilage loss in
OA models.2"*°

Lorecivivint (SM04690)

Lorecivivint (Biosplice) is an injection of a small molecule
(CLK/DYRKI1A) that acts as an inhibitor of the Wnt/B-cate-
nin pathway, downregulating transcription of ECM metal-
loprotease genes.2”49%8 TA injections of lorecivivint
demonstrated induction of chondrogenesis and reduction
of cartilage loss in preclinical OA models.*®5%757¢ Similarly
in human trials, lorecivivint has also fared well. A 52-week,
multicenter phase 2 trial of 455 patients showed a signifi-
cant improvement in OA pain relief (WOMAC score) com-
pared with placebo IA saline injection.?®">7¢ This study
also demonstrated a statistically significant improvement
in medial knee joint space width on radiographs in patients
with primary knee OA.*%%87%76 The preliminary phase 1/2
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results of this drug show good efficacy and impressive
safety as a potential IA DMOAD.*%5875.76 Thys far, the
literature documents that the most common adverse event
experienced by participants is arthralgia; however, more
data on this will come out with new trials.*®>5® Phase 3
clinical trials are currently underway according to the Clin-
icalTrials website.

Outlook for Protease- and Wnt-Targeted Therapy

Due to the recently elucidated role of the Wnt signaling
pathway and its associated MMPs in the pathogenesis of
primary OA, it is understandable why much effort has
gone toward trying to inhibit this pathway in a safe man-
ner. By blocking the function of 2 key pathologic enzyme
classes directly, collagenases and aggrecanases, the Wnt
signaling pathway is a promising target for the future of
OA therapeutics.

SENOLYTIC THERAPIES
Role of Senolysis in Primary OA

Research in the pathophysiology of OA has uncovered that
cellular senescence of articular chondrocytes plays a key
role in OA disease progression.!®43457L.7 Senegcent cells
(SnCs) within the cartilage are a newly implicated agent in
the pathology of the disease because they promote cartilage
deterioration via production of pro-inflammatory cytokines,
chemokines, proteases, and growth factors.'®*3%5 This
chondrocyte phenotype has been labeled the “senescence-
associated secretory phenotype” (SASP).43457! Igolated
articular cartilage from patients with OA compared with
age-matched donors without OA revealed a significantly
greater prevalence of SASP chondrocytes with premature
telomere shortening, accumulation of DNA damage, and an
increase in expression of MMPs. %34 These SnCs are known
to accumulate in the cartilage of OA-afflicted joints and
secrete pro-inflammatory mediators, produce matrix-
degrading enzymes, and disrupt local intercellular homeo-
stasis.!®4345.71 Therefore, selective removal of these cells is
a potentially efficacious strategy to treat the underlying
pathology of primary OA.

Senotherapeutic agents target the SnCs in the joint by
either inducing apoptosis directly or reversing the pheno-
type of younger cells by blocking SASP, or via immune-
mediated clearance of SnCs.'®*57! Through selective
removal of senescent, pathologic chondrocytes, senolytic
agents should help to protect the local environment within
the articular cartilage.'®*34549 There is also evidence that
the removal of these cells can be chondrogenic in itself, as
surrounding chondrocytes compensate for the death of the
SnCs by enhancing their proliferation and synthesis of key
matrix proteins.'®

UBX0101

UBX0101 (Unity Biotech) is a senolytic agent that is
a small-molecule inhibitor of the MDM2/p53 protein
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interaction, which plays a key role in modulating cellular
senescence.*®*® UBX0101 was validated as a potent anti-
senescent in mouse models for a variety of degenerating
conditions, including OA, degenerative disc disease,
osteoporosis, pulmonary fibrosis, and more.*>*° UBX0101
was shown to alleviate primary OA in a mouse model and
increase collagen 2 expression while reducing MMP and
pro-inflammatory cytokine expression.*®*° In human chon-
drocyte models of primary OA, UBX0101 was shown to
reduce the expression of senescence-associated genes and
further increased the rate of proliferation of remaining
chondrocytes.*

A phase 1 human clinical trial (n = 48) revealed that 1 IA
injection of UBX0101 demonstrated impressive safety and
dose-dependent, clinically significant improvements in
knee pain according to the total WOMAC score. However,
the results from the most recent, 12-week human trial pub-
lished in 2021 revealed no significant improvement in
WOMAC scores after UBX0101 IA injection protocol.*® It
is theorized that, by eliminating the pathologic SASP seen
in primary OA, UBX0101 removes a key causative factor in
primary OA and potentially establishes an environment
favorable toward chondrogenesis.'®4%4% UBX010 is also
studied in the context of cancer treatment, and these stud-
ies have reported adverse effects, including thrombocytope-
nia and gastrointestinal distress; however, it is unclear if
this transfers over to IA injections.'® A phase 1 trial is cur-
rently underway evaluating the efficacy and safety of
UBXO0101 injection for the treatment of painful knee OA
(ClinicalTrials.gov identifier: NCT03513016).

Navitoclax (ABT263)

Navitoclax (ABT263) is a well-established, injectable anti-
senescent therapeutic drug used in cancer therapy that
inhibits Bcl2 and Bel xL,, 2 key antiapoptotic factors that
SnCs rely on to survive despite persistent stress.”® In
human chondrocyte OA models and rodent models, IA
delivery of navitoclax was shown to selectively eliminate
SnCs by inducing apoptosis and promoting enhanced func-
tion of the remaining chondrocytes.” Navitoclax delivery
was also demonstrated to reduce expression of pro-
inflammatory cytokines in both models.” In rodent models,
IA navitoclax was shown to reduce cartilage loss and sub-
chondral bone changes associated with primary OA pathol-
ogy.™ Similar to UBX0101, the side effects of navitoclax are
thus far only described in cancer treatment trials, including
thrombocytopenia and gastrointestinal distress, although
it has not been determined if these are present when
injected intra-articularly.'® These effects were described
in 2020, but navitoclax injections as a senolytic DMOAD
are still in the phase 1/2 stage, according to the Clinical-
Trials website.

Antioxidation, NRF2, and Trichostatin A

New research into the pathology of OA has implicated
oxidation as a key factor in cartilage loss and disease prop-
agation.*®*® Nrf2 is a transcription factor that regulates
the expression of several antioxidant genes that maintain
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cellular redox balance within the joint. These genes include
heme oxygenase-1, nicotinamide adenine dinucleotide
phosphate (NADPH), quinone oxidoreductase—1 (NQQ-1),
among others.*® Studies in a mouse model of primary OA
revealed that treatment with a targeted histone deacety-
lase inhibitor, trichostatin A, which upregulates Nrf2,
reduced the severity of OA. Analysis on the cartilage post-
mortem confirmed increased expression of Nrf2 antioxidant
genes and revealed reduced catabolic cytokine and metallo-
protease production.*®*® Adverse effects have yet to be
characterized in humans for this therapy, however. Nrf2
signaling as a therapeutic target is in phase 1 clinical trials
for the prevention of general age-related conditions, but it
is not currently being studied as an IA injection for primary
OA in humans, according to the ClinicalTrials website.

Senolytic Therapy: Future Outlook

SnCs are clearly the driving force behind the degenerative
pathology of OA, and therefore therapeutics that can selec-
tively eliminate these cells while sparing competent cells
are enticing potential DMOADs.2®7* The implication of
SnCs in the pathophysiology of OA is relatively recent, and
human trials utilizing these agents have not entered into
phase 3 longitudinal studies. Nonetheless, as this new evi-
dence becomes incorporated into the widespread clinical
paradigm of primary OA, it seems likely that increased
effort will go into exploring therapeutic drugs that can pre-
vent the pathologic actions of SnCs.

NF-kp INHIBITOR INJECTION
Role of NF-kf in Primary OA

NF-kp is a key transcription factor for regulating the
expression of immune and inflammatory molecules, includ-
ing IL-1, IL-7, and tumor necrosis factor—o (TNF-a), in a
variety of cells. Dysregulation of the NF-«f signaling path-
way is implicated in human oncogenesis in some cancers
and contributes to the chronic inflammation seen in dis-
eases such as rheumatoid arthritis and multiple sclerosis.®?
In OA, the NF-«f pathway is associated with the expression
of pro-inflammatory cytokines, adhesion molecules, matrix-
degrading MMPs, and other mediators that are critical to
the progressive pathology of primary OA.?® Multiple in vivo
studies have confirmed that inflamed synovial cells and
OA-afflicted chondrocytes have been shown to have greatly
increased expression of NF-kp.%62

In pathologic chondrocytes and joint endothelial cells
(perhaps senescent or otherwise affected by OA), dysregu-
lation of NF-«f results in excessive production of pro-
inflammatory mediators that propagate the disease’s
progression.*®%5%2 However, in healthy chondrocytes,
NF-«p signaling is key to the maintenance of joint homeo-
stasis, and thus NF-xf inhibitors serving as potential
DMOADSs must be able to selectively inhibit NF-kf in tar-
geted cells.?®%2 Preliminary research in mice models sup-
ported the role of NF-«xf in primary OA and showed that
small interfering RNA (siRNA)-mediated silencing of this
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pathway resulted in decreased joint inflammation, synovi-
tis, and OA-associated cartilage loss.*%:55-62

Sneaking Ligand Construct

Sneaking ligand construct (SLC1) is a novel sneaking
ligand fusion protein (SFLP), a recombinant protein with
a selective binding domain specifically for the inhibition of
the NF-kp signaling pathway.*>*° This protein targets and
binds to endothelial cells that express E-cadherin, and
thus have a pro-inflammatory phenotype, and is then acti-
vated (through binding of a specific “activation domain”) to
exert its inhibitory effects on NF-xp.*3*? The specific mech-
anism of SLC1 is described as binding endothelial cells via
E-cadherin—selective endocytosis and then is transported
into the endoplasmic reticulum, where the recombinant
protein is cleaved into activated subunits, which are then
released into the cytoplasm and provide a “blockade” to the
assembly of the IKK complex to inhibit NF-«kf.434° In vitro
studies and mice models have demonstrated that SLC1 is
selectively engulfed by E-selectin—expressing human endo-
thelial cells and effectively reduces transcription of pro-
inflammatory cytokines. Although SLC1 has not yet
reached the human clinical trial phase, it is nonetheless a
promising therapeutic agent that deserves consideration in
future phase 1/2 trials for primary OA, according to the
ClinicalTrials website.

Ampion

Ampion (Ampio Pharmaceuticals) is a unique small
molecule. This drug is a nonsteroidal, injectable
compound derived from 2 amino acids found in human
serum albumin (HSA).3%4® Due to its construction from
ultrafiltered HSA, which has already been used therapeu-
tically in other conditions (hypovolemia, hypoalbumine-
mia, etc), Ampion is being seen as highly favorable by
government-pharmaceutical regulatory bodies. Ultrafil-
tered HSA has known anti-inflammatory properties, and
Ampion aims to harness and utilize those effects in the
context of primary OA.3252 This small molecule has been
found to modulate cell signaling by reducing pro-
inflammatory cytokines and blocking transcription of the
NF-«kf pathway.*® Specifically, Ampion is known to reduce
levels of TNF-a and IL-12 (associated with pain) and
CXCL10 (immunogenic), as well as IL-1p and IL-6 (which
are directly correlated with OA severity).32 Preliminary
human trials have shown that Ampion injections may
reduce OA-associated knee pain.*®

In 2021, Ampio announced the results from its phase 3
clinical trial of 585 patients with knee OA, which found
statistically significant pain reduction with 3 IA Ampion
injections (at 2, 10, and 12 weeks) compared with placebo.?2
Ampio has additional phase 3 trials underway, although
the company reports that these have been delayed due to
the COVID-19 pandemic. Results from several of Ampio’s
human trials confirm the safety of Ampion injections, and
thus far no drug-related serious adverse events have been
reported.®? Reports from this study have revealed that the
majority of side effects are unrelated to treatment. The
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study also found the incidence of side effects to be similar
between Ampion and saline control, indicating that adverse
event incidence may be far lower than what is reported for
current therapies.?2 However, it seems that more data on
potential side effects of this drug would be of value. Ampion
may be on track to become a novel OA drug with a unique
mechanism of action. If additional phase 3 human trials
confirm the efficacy of Ampion, this could be a drug to
receive FDA approval in the upcoming years.

Outlook on NF-kf Inhibitors for Treatment of OA

While NF-kf is implicated in a number of age-related
inflammatory conditions including primary OA, it has been
a challenge for researchers to develop selective NF-«kf3
inhibitors that spare healthy cells within the joint. As a
key contributing factor to the pathologic phenotype of
OA-afflicted cells, it is reasonable for pharmaceutical
researchers to focus on NF-kp as a potential target for
future DMOADs.

DNA-TARGETED GENETIC THERAPY

Overview of CRISPR-Cas9 and Viral Vector-Based
Gene Therapy

There is a clear strong genetic influence that directs the
pathology of OA, and dysfunctional gene regulation is a
hallmark of the aberrant pro-inflammatory molecule pro-
duction that contributes to the symptoms and progression
of OA.16375% For this reason, modulation in gene expres-
sion through known strategies, including CRISPR-Cas9,
other viral vector strategies, and nonviral vector modal-
ities, is of high interest to researchers in developing
DMOADs. Specifically, scientists aim to silence genes
involved in the expression of pro-inflammatory cytokines
and production of matrix proteases, while enhancing the
expression of anti-inflammatory mediators.'®%%"! Viral
vectors commonly utilized include adenovirus, lentivirus,
and retroviruses for transferring genes into OA-affected
tissues.”

In rodent studies, researchers have employed CRISPR-
Cas9 to ablate genes for MMP13, IL-1B, and nerve growth
factor (NGF), and found that silencing these genes provided
improved pain management, joint structure, and mobility
for the OA-induced mice.?®"! The results have demon-
strated that IL-18 and MMP13 ablation reduces the
progression of OA, while the suppression of NGF signifi-
cantly reduces OA-associated pain.?>%2 However, one neg-
ative issue noted with many viral-vector based gene
delivery systems is the tendency for stimulation of an
inflammatory host response, and potential spread of viral
vectors to other tissues.””

YAP, FOXD1, and CBX4

Yes-associated protein (YAP) was first identified as a
major effector of the Hippo transcriptional pathway, and
it plays a key role in the regulation of genes that determine
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cellular senescence and aging.8’ One team of researchers
produced YAP-deficient hMSCs and discovered that YAP
regulates the expression of FOXD1, a substance termed a
“gero-activate” protein.”” These scientists found that
lentivirus-mediated gene transfer of YAP and/or FOXD1
“rejuvenates” aged hMSCs and simultaneously reduces pri-
mary OA in mice models.8° Lentivirus-mediated gene
transfer of YAP and/or FOXD1 via IA injection has not yet
entered the human clinical trial phase according to the
ClinicalTrials website.

oKLOTHO and sTGFfR2

Both «KLOTHO and sTGFfR2 genes are implicated in the
pathology of OA; however, their exact mechanisms largely
remain to be elucidated, although they are known to play a
role in the regulation of inflammation.%° Experiments in
rodents and ex vivo human chondrocyte models revealed
that adenovirus-mediated transduction «KLOTHO and
sTGFBR2 plasmid genes resulted in improved function of
cartilage tissue, downregulation of the overactive immune
response, and enhanced chondrocyte cell proliferation.®®
Despite this efficacy demonstrated in preclinical models,
human trials involving IA injections of recombinant
oKLOTHO and sTGFBR2 are still not yet underway,
according to the ClinicalTrials website.

XT150

IL-10 is an anti-inflammatory cytokine that has been
shown to repress expression of MMPs, pro-inflammatory
cytokines, and major signalers of chondrocyte apoptosis.'®
XT150 is an injectable therapeutic containing plasmid
DNA with a variant of the human IL-10 transgene.®
XT-150is currently in phase 2 human trials as an injectable
therapeutic for patients in knee OA, and the trials were
completed late in April of 2022.¢ In theory, inducing the
expression of IL-10 in human chondrocytes afflicted with
OA should establish a strong anti-inflammatory environ-
ment that is unfavorable for the progression of OA and
favorable for chondrogenesis at most and OA symptomatic
relief at the least.'® While some human trials have been
completed and do demonstrate good safety and moderate
efficacy, human phase 2 trials are still ongoing, according
to the ClinicalTrials website. While adverse effects for this
drug have not been definitively described, these findings
are expected upon completion of the trials, with publication
of the phase 2 results.

Overview of Nonviral Gene Therapy Techniques

Some experts in the field believe that, due to ongoing safety
concerns of the use of viral vectors in vivo, the development
of nonviral therapies is gaining some interest.”! Delivery
systems for nonviral therapies currently being investigated
include liposomes, hydrogels, DNA conjugates, and more,
which are relatively cost-effective and theoretically pose a
lower risk of adverse events.”!
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Hydrogel and Nanoparticle Gene Delivery

Researchers have had some success in using HA-embedded
PLGA nanoparticles to deliver exogenous plasmid
DNA encoding TGF-§ for in vitro human chondrocytes,
a major innovation in nonviral gene therapy as a potential
DMOAD.*! Superior nonviral TGF-p gene delivery
to human chondrocytes in vivo has been shown with
HA-coated PLGA nanoparticles compared with nanoparti-
cles delivered in isolation.*""! Similarly, researchers have
tested other hydrogel polymer-based systems for nonviral
gene delivery, including poly-L-lysine, PEI, and PEG."*

The theorized efficacy of hydrogel-based nonviral gene
delivery systems is due to the tendency of the polymers to
form strong electrostatic interactions with nucleic acids,
facilitating the delivery of such genes to target cells.”* It
is known that HA interacts with the MSC CD44 receptor,
which could be critical in nonviral gene transfer to target
cells. One study using chitosan-conjugated HA nanoparti-
cles for transfection with GDF-5 gene (growth factor and
anti-inflammatory mediator of the TGF-$ superfamily) via
IA injection to OA-induced rabbits found low cytotoxicity
and improved ECM production in vivo.*""!

DNA Genetic Therapy: Future Directions

Genetic therapies targeting DNA clearly present an effica-
cious treatment strategy that could modulate the patho-
physiology of primary OA. There are various target genes
of interest, including YAP, FOXD1, TFG-§, IL-10, NGF,
and more. One challenge that must be addressed in the
investigation of injectable DNA therapeutic agents is suc-
cessful delivery to target cells. Gene modulation that can
alleviate symptoms of OA without causing adverse side
effects requires perfect selectivity of pathologic cells and
efficient delivery. Several strategies are being investigated
as drug delivery vehicles for gene therapeutics, including
liposomes, hydrogels, and nanoparticles.!®*1"! Several of
these measures show promise, and as human trials con-
tinue for various gene targets and gene delivery vectors,
researchers should pay close attention as to which results
reveal the most efficacy and safety, which warrants further
investigation.

RNA-TARGETING GENETIC THERAPY
Overview

Despite the fact that OA is a major health problem in the
elderly population, no DMOAD has been made available for
clinical use.! This has prompted investigations into the
direct delivery of messenger RNA (mRNA) into cells, as this
seems to directly modulate the expression of proteins of
interest. RNA interference (RNAi) is a mechanism through
which mRNA is degraded by short double-stranded RNA.%®
siRNAs are base-pair duplex oligonucleotides that are com-
plementary to the target RNA; the siRNA’s selective degra-
dation provides a means to limit expression of proteins that
are involved in OA.5® Similar to siRNAs, microRNAs are
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noncoding strands that are also important in gene regula-
tion. Available evidence from the literature suggests that
RNA genetic therapy is efficacious in the treatment of some
aspects of OA.%

MicroRNA-455-3p

Studies have shown that microRNA-455-3p is a key regu-
lator of chondrogenesis and that the expression of this RNA
is upregulated in adipose-derived MSCs during chondro-
genesis.'® MicroRNA-455-3p works by promoting the
expression of genes such as Col2a1 and Comp while repres-
sing Runx2, which is theorized to promote early chondro-
genic differentiation.!®%® However, the exact mechanism
by which these genes promote chondrogenesis is unknown.
In addition, microRNA-455-3p plays a vital role in regulat-
ing histone acetylation by controlling the expression of
class I HDACs, which likely underly the upregulation of
chondrogenic genes.'%®® In one experiment, the expression
pattern of microRNA-455-3p, HDAC2/HDAC3/HDACS, and
SOX9 during chondrogenesis was monitored in cell lines
derived from mouse teratocarcinoma cells (ATDC5) during
stimulated in vitro differentiation into chondrocytes. The
results found a significant upregulation of microR-455-3p
in chondrogenic ATDC5 cells.!® Furthermore, there was
also a significant upregulation of HDAC2 and HDACS8
when microRNA-455-3p levels were decreased, and a
decrease in HDAC2 and HDACS levels when microRNA-
455-3p levels were increased.'® This trend suggested an
inverse correlation between microR-455-3p and HHDAC2/
HDACS expression. In a subsequent study, microRNA-455-
3p was shown to decrease mRNA expression of HDAC2 and
HDACS while increasing the expression of H3 histones.
Therefore, the study showed that microRNA-455-3p pro-
motes chondrogenesis by enhancing histone acetylation.'®
As of now, therapy with microRNA-455-3p is not in human
clinical trials as yet, and experiments have only been per-
formed on animal models.

MicroRNA-140

MicroRNA-140 is one microRNA that plays a protective role
for chondrocytes and holds promise for the treatment of
OA" microRNA; 140 is specifically expressed in articular
chondrocytes and plays a role in cartilage development and
metabolic balance within the cartilage matrix by inhibiting
ADAMTS-5 and MMP-13.7" Utilizing exosomes that are
engineered to specifically target chondrocytes, microR-140
can be effectively delivered into chondrocytes deep in artic-
ular tissues, without noticeable diffusion to other tissues.””
A previously published study on OA rodent models deter-
mined that targeted exosome-mediated delivery of microR-
140 enables intervention of MMP-13 concomitantly, which
is translated into significant suppression of OA progres-
sion.” This treatment was also found to be nontoxic to
major organs.”’ The benefits of targeted delivery include
improved treatment efficacy, lower toxicity to other tissues,
and reduced therapeutic costs.” In addition, encapsulating
microRNA within the nanoscale structure of exosomes can
avoid phagocytosis by monocytes and subsequent
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degradation by enzymes in the cell matrix.”” However, thus
far microR-140 has not yet been investigated in human
trials, according to the ClinicalTrials website.

RUNX1

RUNX]1, a cartilage-anabolic transcription factor, has been
shown to regulate chondrogenesis in embryos and adults.
Additionally, previous in vivo data have shown that
RUNX1 activates transcription of the Col2a1 (collagen type
2 alpha 1) gene.! In a mouse model evaluating the effects of
RUNX1 on OA, the RUNX1-injected group showed a trend
toward suppression of the OA phenotypes compared with
the control.’ Immunohistochemistry revealed that the
expression of RUNX1 proteins was enhanced in the articu-
lar cartilage of the RUNX1-injected group.! The enhance-
ment was more prominent in osteophyte-like regions than
in other areas, suggesting a link between the suppressed
OA phenotypes and RUNX1 proteins derived from the
delivered mRNA.! Further histological analyses revealed
that OA progression was suppressed in the RUNX1-
injected group compared with the control group, in terms
of both cartilage degeneration and osteophyte formation.!
RUNX1 is currently being studied as a target for the treat-
ment of acute myeloid leukemia (AML), but no human
trials involving IA RUNX1 injections for OA are currently
underway, according to the ClinicalTrials website.

siRNA Nanotherapy

siRNA technology works by selectively suppressing the
expression of a gene product and potentially shows promise
in the treatment of arthritic diseases.’® However, there is
currently not an efficient mechanism to deliver these poten-
tial therapeutic modalities to the pathologic tissue.?® Once
siRNA is bound to its complementary sequence mRNA, an
RNA-induced silencing complex is assembled. These com-
plexes function to silence targeted gene products.’® Recent
research has revealed a self-assembling, 55-nm peptide-
siRNA nanocomplex that penetrates cartilage and silences
NF-kB, a signaling molecule that controls the expression of
several matrix-degrading enzymes involved in cartilage
remodeling.’® Furthermore, other features of siRNA
nanotherapy, such as siRNA multiplexing, which allows for
the targeting of 3 or more pathways concurrently, are clin-
ically relevant and promising.?® Delivery can be achieved
with lipid-soluble nanoparticles and liposomes that permit
transport across cell membranes. Rai et al®® advocate for
more research to be done in the basic sciences in order to
obtain a more comprehensive understanding of siRNAs
before siRNA nanotherapy becomes a possible treatment
method for OA. This technology is still in preclinical phases
but represents an interesting potential future method for
selective gene silencing.

RNA Gene Therapy: Future Directions

The literature reviewed suggest that siRNA-based treat-
ment for OA seems efficacious in treating some aspects of
this disease. Nanoplatforms are effective in delivery when
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injected intra-articularly; however, they lack specificity for
a certain cell or tissue type. This creates the need to develop
nanoplatforms that are able to target specific tissues within
the joint.

BIOPRINTING AND SCAFFOLDING TECHNIQUES
Overview

Bioprinting and scaffolding refer to the process of engineer-
ing injectable matrices with favorable local environments
for chondrogenesis, especially with regard to IA delivery of
MSCs.*1%5 Until recently, hydrogels were solely 2D, uni-
form structures that conferred weak mechanical and ana-
bolic properties to passenger MSCs, leading to decreased
efficiency and in vivo viability.*1"*® This led to the emer-
gence of 3D hydrogels as cell carriers that offer superior
host tissue integration.*! Cartilage regeneration has been
studied to become more effective in 3D hydrogel systems as
compared with 2D models.*®

Scaffolding is a technique that utilizes these 3D systems
to guide supportive cells for cartilage repair as well as pro-
tecting the graft against invasive fibroblasts.?® Polysac-
charides have emerged as important polymers in the
generation of scaffolds and bioprinted hydrogels.*>** This
is due to their capability to undergo the solute-hydrogel
transition and their resemblance to the glycan constituent
of native ECM.?>* Moreover, the bioprint-scaffold—based
approach to cartilage regeneration has demonstrated vari-
ous advantages to cell-based techniques such as improved
integration into tissues, decreased deterioration of healthy
cartilage, and more accurate cell delivery.*>*® Along with
these advantages come potential drawbacks such as inap-
propriate distribution of cells, cell leakage, and poor differ-
entiation, all of which remain to be addressed.*?

Evidence From Preliminary Studies

Scaffolding and bioprinting techniques for OA treatments
are currently in preclinical trials, as verified by the Clin-
icalTrials website. In preliminary studies thus far, there
have been some promising conclusions on the efficacy of
these techniques. One study that combined transcription
factors such as SOX5, SOX6, and SOX9 with a porous poly-
lactide-co-glycolide (PGLA) scaffold yielded enhanced adi-
pose stem cell chondrogenesis leading to preferable OA
treatment outcomes.”! The main focus of current prelimi-
nary studies seems to involve finding the best vehicle for
stem cell scaffolds, especially those that display both strong
safety and efficacy profiles.?’? Regarding passenger stem
cells, researchers have identified adipose- and bone mar-
row—derived MSCs as having the greatest viability in chon-
drogenesis due to their capability of differentiating into
both cartilage and bone tissues in vitro and in vivo.?>"!

Bioprinting and Scaffolding in OA: Outlook

The future of bioprinting and scaffolding in OA treatment is
certainly auspicious.*"*%5* The development of bioprinting
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and scaffolding techniques in OA therapy is a significant
advancement in therapeutics. It has set a foundation in
finding a solution to historically challenging facets of
OA stem cell-based therapy, including lack of rigidity,
long-term durability, and deposition of collagen 2 and
aggrecan.*’®* Looking to the future, an emphasis should
be placed on surpassing current accomplishments through
more patient-specific therapies, greater cell-to-cell commu-
nication between native and injected cartilage tissues, and
biocompatibility. As of now, these techniques are still being
assessed in preclinical trials.>*

INDUCED PLURIPOTENT STEM CELLS
Overview

Induced pluripotent stem cells (iPSCs) were brought into
existence to resolve the ethical controversy associated with
the use of embryonic stem cells, as well as to provide a less
invasive method of harvesting stem cells compared with
bone marrow and/or adipose tissue harvesting.?*"® Profes-
sor Shinya Yamanaka, an orthopaedic surgeon, famously
won the 2012 Nobel Prize in Physiology for his discovery
that mature cells could be reprogrammed to iPSCs.5"" The
iPSC technique represents an area of interest in many
fields due to the pluripotency of iPSCs—the ability to dif-
ferentiate into any cell lineage. The intrigue of iPSC usage
in OA is that they can be differentiated into chondrogenic
cells and ultimately mature chondrocytes. This treatment
holds promise due to their increased potential for prolifer-
ation compared with chondrocyte implantation, and
possible ease of harvesting.*®%7"® Another difficulty in
treatment is that the phenotype and function of cartilage
chondrocytes depend on their location in the joint.*5*® As
such, iPSCs demonstrate improved bioavailability and
expansion potential compared with autologous, well-
differentiated chondrocytes.*>*867 The hope is that IA
injection of iPSCs will restore the ECM and potentially
regenerate articular cartilage.*®

Advancements in iPSC Feasibility

In 1 study using rodent primary OA models, chondrocytes
derived from iPSCs were injected intra-articularly and ana-
lyzed after 15 weeks. Results confirmed increased prolifer-
ating chondrocytes in the rodent articular cartilage,
suggesting that cartilage regeneration took place.*®%3 In a
2015 study, Yamashita et al”® created cartilaginous
nodules that were derived from iPSCs and then implanted
these into immunodeficient rodents. This experiment
showed repair of osteochondral defects over the course of
4 weeks.*® These same nodules were then placed in carti-
lage defects of mini pigs and remained viable after 1 month
while displaying integration with the hosts’ cartilage, con-
firming the nodules’ capability to stimulate cartilage regen-
eration even under heavy weightbearing conditions.*>"®
The success in these animal trials is promising and will lay
the foundation for future phase 1 human clinical trials.
However, cost, inefficiency, and time are all barriers that
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need to be overcome before progressing with iPSC investi-
gation for OA therapy.*®

Future Directions for iPSC Therapy in OA

The potential of iPSCs in OA therapy is enticing, as seen by
the success and regenerative potential displayed in the
aforementioned animal studies. Yet, challenges remain to
be overcome, including aberrant DNA methylation, epige-
netic variations, and genetic instabilities.?* Contrarily,
autologous MSCs may have less possibility of becoming
malignant after infusion compared with iPSCs.?* Human
autologous MSC stem cell injections are still being studied
in phase 3 trials (MILES project), which are laying the
foundation for future trials with human iPSC IA injections,
according to the ClinicalTrials website.

MODIFIED HUMAN ANGIOPOIETIN-LIKE-3
(LNA043)

Overview

Modified human angiopoietin-like—3 (LNAO043) is a protein
that stimulates joint-resident MSCs to develop through the
chondrocyte lineage. This protein LNAO43 is intended to
repair cartilage damage and decrease inflammation in
patients with primary knee OA.3%%1 In preclinical OA mod-
els, LNA043 has been shown to induce chondrogenesis and
cartilage repair.® According to the FDA website (FDA.gov),
in 2021 the pharmaceutical company Novartis received
fast-track approval for phase 3 human trials using LNA043
as a treatment for primary knee OA, which are still under-
way, as verified by the ClinicalTrials website. According to
publications available on Novartis’ website (www.novartis.
com), LNA043 is a novel protein that was discovered within
the Novartis Institutes for BioMedical Research.

LNAO043: Evidence From Clinical Trials

In the first human clinical trial (n = 30), LNA043 displayed
a favorable safety profile while demonstrating a pro-
chondrogenic effect as determined through modulations in
RNA. 2661 Altered RNA levels in articular chondrocytes of
participants demonstrated augmentation of several genes
involved in cartilage homeostasis and repair.! Immunohis-
tochemical examination results published in this study con-
firmed that the LNAO43 protein penetrated the articular
cartilage 2 hours after injection.®! In a following clinical
trial, researchers aimed to test the chondroregenerative
effects of LNAO43 on the donor site in patients undergoing
autologous chondrocyte implantation procedures.® This
study revealed that a single TA injection of LNA043 was
found to induce a mean of 65% refilling of the donor site
compared with 38% in the placebo group over 12 weeks.?®
The study also found that the LNA043-treated group expe-
rienced longer-lasting and more permanent filling of the car-
tilage defect, versus the placebo group demonstrating
further cartilage loss by week 12.3¢ The same study also
found significantly increased GAG content in the LNA043
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group. Cartilage regeneration was confirmed via MRI, and
no serious adverse events were reported.®®

LNAO043: Future Directions

The future of LNA043 in the therapy of primary knee OA
will largely depend on the results from Novartis’ FDA fast-
tracked phase 3 clinical trial. Nonetheless, from the first 2
published clinical trials by Novartis, LNA043 appears to be
an efficacious and relatively safe IA injection that could
potentially alter the progression of primary OA. Due to its
FDA fast-tracked status, LNA043 could represent a major
advancement in the development of DMOADs.

DISCUSSION

With a complex, multifactorial, heterogenous, degenerative
disease such as primary knee OA, there are a variety of
genetic, cellular, and enzymatic targets for potential
DMOADs. The FDA-approved injection products currently
available in the US include HA hydrogels, PRP, and Zil-
retta; however, none of these are classified as DMOADs.
These products have shown efficacy in reducing the symp-
toms of primary OA, although evidence suggests that these
effects are not permanent.

HA hydrogels reduce pain in some patients by physically
cushioning the joint, decreasing friction, protecting the
cartilage (to an extent), and potentially providing anti-
inflammatory effects.*>**?>*7 Various HA derivatives are
available for clinicians, including Euflexxa, Hyalgan,
Orthovisc, and others, all of which have gained FDA
approval due to the joint-native HA composition and sub-
sequent excellent safety profile. PRP is known to provide an
anti-inflammatory and potentially pain-reducing effect in
patients with knee OA.'12327:49.63 The presence of various
pro-chondrogenic growth factors suggests it may have a
potential to regenerate cartilage, but this has not been
proven to consistently or significantly occur in an all
patients.5 12174757 Zilretta, an FDA-approved, extended-
release TCA, may also provide a superior reduction in pain
and inflammation compared with traditional glucocorticoid
injections.131449:52:55.59 However, it has not been proven
that Zilretta provides permanent disease-modifying
effects.*9:52:55

The DMOADs that are still in the preclinical phase
include DNA plasmid vectors containing genes «KLOTHO
and sTGFpR2; YAP/FOXD1, a selective NF-kf inhibitor
(SLC1); trichostatin A; a RUNX1 injection; microRNA 140
and 455-3p injections; bioprinted-scaffolded hydrogel injec-
tions; ProGel-Dex; and iPSCs. Viral vector gene transfer of
antisenolytic genes YAP and FOXD, as well as anti-
inflammatory genes «KLOTHO and sTGFpR, has shown
promise in rodent models.”®”” The SLC1 “sneaking ligand
fusion” protein has also shown efficacy as an NF-«f inhib-
itor in mice.%? Upregulation of Nrf2 via injectable trichos-
tatin A, an HDAC inhibitor, was demonstrated to reduce
inflammation and cartilage loss in rodents.*® RUNX1, the
injectable chondrogenic transcription factor, may upregu-
late matrix production.! MicroRNAs 140 and 455-3p
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have both been shown to enhance expression of pro-
chondrogenic genes and suppress certain pro-inflammatory,
OA-associated genes in rodents.'®®®7177 Bioprinted-
scaffolded hydrogel injections will continue to be an area of
investigation for the development of injectable hydrogel
matrices with favorable local environments for chondro-
genesis with regard to IA delivery of MSCs.26:39:41,42,45,73
ProGel-Dex, the thermoresponsive injectable dexametha-
sone pro-drug, continues to be investigated as a selective,
extended-release anti-inflammatory therapy.5? iPSCs could
potentially act as a chondrogenic stimulator; however, cost
and technological barriers remain restrictive toward wide-
spread application.*-5%:55,67.73,83

The injections in phase 1 of clinical trials include KGN and
UBXO0101. KGN is currently in phase 1 trials as a KA34, an
injectable, pro-chondrogenic KGN derivative.20:40:79:81
UBX0101 will continue to be investigated as a senolytic agent
for knee OA.*>° Navitoclax (ABT263), another senolytic
agent and a cross-linked HA derivative hydrogel, have both
advanced past phase 1 and are currently in between (conduct-
ing phase 1/2 trials) with hopes of fully launching large-scale
phase 2 trials. 41495574

XT150 and MM-II liposomes are currently in phase 2
trials, while Elixcyte and Stempeucel (pooled donor MSC
products) have recently completed phase 2 human trials
and are awaiting the results of the MSC MILES trials
before entering phase 3. XT150 is an injectable DNA plas-
mid containing recombinant human IL-10 transgene,
which promotes expression of this anti-inflammatory cyto-
kine.'® MM-II liposomes are an endogenous, therapeutic IA
vehicle that can be loaded with a drug to provide sustained,
targeted release.®52

In phase 3, closest to hitting the market, there are loreci-
vivint, TissueGene-C, LNA043, sprifermin, autologous MSC
injections, and Ampion. Lorecivivint (SM04690), the Wnt
inhibitor, blocks MMP expression.*%566%7® TissueGene-C
increases expression of the TGF-p anti-inflammatory cyto-
kine.?* LNA043 can potentially stimulate native MSCs to
differentiate into chondrocytes.?®®! Sprifermin (AS902330)
may be able to increase endogenous collagen production,
stimulate cartilage repair, promote expression of anti-
inflammatory genes, and downregulate expression of
pro-inflammatory genes.*%5%78 Autologous MSCs must
be harvested from the patient’s adipose or bone marrow
tissue, and their efficacy is still being studied.” Ampion
appears to be a potent anti-inflammatory endogenous mol-
ecule with a highly favorable safety profile.3%45-52

CONCLUSION

The field of orthopaedics is rapidly evolving in terms of its
nonsurgical treatment approaches for primary OA of
the knee joint. While there are currently no disease-
modifying primary OA drugs available, there seem to be
several on the cusp of entering the US healthcare market.
This is exciting news for physicians and patients alike, as
primary knee OA is one of the most economically costly,

*References 2, 3, 7, 9, 22, 25, 29, 34, 38, 42, 50, 65, 70.
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widespread, age-related degenerative and potentially
disabling diseases in the US. New evidence suggests that
efficacious drug targets for primary knee OA include molec-
ular inhibition and/or downregulation of pro-inflammatory
cellular signaling, upregulation of anti-inflammatory gene
expression, removal of senescent chondrocyte phenotypes,
regulation of local immune function, translocation of anti-
inflammatory genes, delivery of pro-chondrogenic mole-
cules, and administration of compatible MSCs. These novel
drug targets should provide promising treatment avenues
for future DMOADs. The results of additional human trials
will be pivotal to determine which drug targets are most
deserving of future clinical research.
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