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Abstract 

Osteoarthritis is a complex de gener ati v e disease that affects the entire joint tissue. Currently, non-surgical treatments for osteoarthri- 
tis focus on relieving pain. While end-stage osteoarthritis can be treated with arthroplasty, the health and financial costs associated 

with surger y hav e for ced the sear c h for alternati v e non-surgical tr eatments to delay the pr ogr ession of osteoarthritis and pr omote 
cartila ge r e pair. Unlike traditional tr eatment, the gene therapy appr oach allows for long-lasting expression of therapeutic proteins at 
specific sites. In this re vie w, we summarize the history of gene therapy in osteoarthritis, outlining the common expression vectors 
( non-vir al, vir al ) , the genes deli v er ed ( transcription factors, gr o wth factors, inflammation-associated c ytokines, non-coding RNAs ) 
and the mode of gene deli v er y ( dir ect deli v er y, indir ect deli v er y ) . We highlight the application and dev elopment pr ospects of the 
gene editing technology CRISPR/Cas9 in osteoarthritis. Finally, we identify the current problems and possible solutions in the clinical 
translation of gene therapy for osteoarthritis. 

Ke yw ords: osteoarthritis, gene therapy, expression vectors, CRISPR/Cas9 
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Introduction 

Osteoarthritis ( OA ) is a degener ativ e joint disease that causes 
pain and disability in 250 million people.1 , 2 Rather than de- 
fined as a single mec hanicall y induced disease as before, OA 

has been incr easingl y consider ed to be a complex inflammatory 
and metabolic syndrome involving the entire joint tissue.3 The 
most significant change of OA is degeneration in articular car- 
tila ge. Components deriv ed fr om degr aded cartila ge trigger for- 
eign body reaction in synoviocytes to induce synovitis. Synovi- 
tis leads to the production of metalloproteinases and inflamma- 
tory factors and synovial angiogenesis, which further aggravates 
cartila ge destruction.4 Curr ent tr eatment a ppr oac hes, whic h fo- 
cus on alleviating pain and restoring motor function, include 
pharmacother a py, non-pharmacother a py, patient education and 

self-mana gement.5 Pharmacother a py is indicated for moder ate 
and se v er e OA patients to alle viate pain, impr ov e joint function 

and quality of life. Non-pharmacological tr eatments mainl y r e- 
fer to arthr oplasty, whic h is the most effective treatment for pa- 
tients with end-stage O A. 6 The disadv anta ge of drug ther a py is 
that patients need to take long-term drugs that pose a high risk 
to the gastrointestinal and cardiovascular systems such as non- 
steroidal anti-inflammatory drugs ( NSAIDs ) and cyclooxygenase 
2 ( COX2 ) .7 Although sur gical tr eatment can significantly improve 
patients’ motor function, postoper ativ e bleeding and infection as 
well as traumatic damage caused by surgery are still of concern.
Due to the change in perception of OA, the ther a peutic principle 
of OA has shifted from support to regeneration or prevention. In 

order to slow down or r e v erse the process of cartilage degenera- 
tion, disease-modifying osteoarthritis drugs ( DMOADs ) have been 

proposed due to their effect of alle viating structur al exacerbation 

of OA while r elie ving symptoms.8 
t  
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As a result of advances in biological sciences, genetic engi-
eering has r ecentl y e volv ed into an effectiv e method for car-
ila ge r egener ation. Compar ed with tr aditional tr eatment meth-
ds, gene ther a py has adv anta ges suc h as effectiv e tar geting, pr o-
onged half-life and minor side effects. In addition, gene ther a py,
ither alone or in combination with cells and scaffolds, can al-
eviate local inflammation and metabolism in OA 

9 and e v en pr o-
ote cartila ge r epair.10 Ther efor e, the study of gene ther a py in OA
ill contribute to the de v elopment of DMOADs and application of

ong-term clinical translation. In this review, we summarize the 
urr ent a pplications of gene ther a py in OA, and discuss the c hoice
f vector, gene, and mode of delivery for gene therapy . Finally , we
ighlight the de v elopment and a pplication of CRISPR/Cas9 in OA
her a py and indicate the difficulties and solutions for extending
A gene ther a py to clinical applications. 

istory of gene therapy and its 

e v elopment in OA 

ene ther a p y is described b y the US Food and Drug Administra-
ion ( FDA ) as “items that mediate their effects through transcrip-
ional and/or translational transfer of genetic material and/or in- 
egration into the host genome, including nucleic acids, viruses,
r genetically modified microbes”. These items can be used to
odify cells in vivo dir ectl y or ex vivo cells before delivering cells

o recipients.11 In 1989, Rosenberg et al. used lentiviruses to ge- 
eticall y modify tumor-infiltr ating l ymphocytes ( TILs ) and ther e-
fter transfused transgenic TILs back into patients. It was the first
 v er a ppr ov ed trial to tr ansfer the gene into a human, demon-
trating the feasibility of retroviral gene transfer in human gene
her a py.12 , 13 In 1990, the FDA a ppr ov ed the first clinical trial of
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her a peutic gene transfer in humans. Blaese et al. used retro-
iruses to transfer genes mediating adenosine deaminase ( ADA )
xpression into T cells from two children with severe combined
mmunodeficiency ( ADA-SCID ) .14 The study has been a driving
orce in the application of gene therapy in clinical trials. 

Interleukin-1 ( IL-1 ) , which is induced in OA-associated carti-
age and syno vial tissue , is one of the main factors in the disease.
L-1 enhances cartilage catabolism by up-regulating extracellu-
ar pr oteol ytic enzymes, acceler ates the inflammatory r esponse
f OA, and inhibits cartilage anabolism b y do wn-regulating colla-
en and pr oteogl ycan pr oduction.15 , 16 The endogenous IL-1 recep-
or anta gonist ( IL-1Ra ) , whic h competes with IL-1 for IL-1 receptor
inding, is one of the most potent inhibitors of the IL-1 pathway
s it blocks the initiation of the signal transduction.17 The earli-
st gene ther a py for OA was focused on inhibiting the IL-1 path-
ay in articular cartilage and synovium. The initial study was

o transduce IL-1Ra cDNA into rabbit synovial fibroblasts using
 etr o viruses , and then transgenic synoviocytes were transplanted
nto rabbit knees by intra-articular injection. It was shown that
he transgenic synovial cells could protect against damage trig-
ered by exogenous IL-1 β injections .18 Bar a gi et al. transfected hu-
an articular cartilage monolayer culture with adenovirus vector

arrying human IL-1Ra gene, and found that the genetically mod-
fied c hondr oc ytes w er e r esistant to IL-1 β-induced degr adation of
he extracellular matrix ( ECM ) .19 Pelletier et al. demonstrated for
he first time in vivo that transplantation of synoviocytes trans-
uced with the IL-1Ra gene following intra-articular injection de-

ayed the pr ogr ession of earl y anterior cruciate ligament transec-
ion ( A CLT ) model induced O A. 20 The results sho w ed that human
L-1Ra gene could be effectiv el y intr oduced into canine synovio-
 ytes b y r etr ovirus infection and pr oduce high le v els of IL-1Ra in
ransgenic knee joints under the experimental conditions. In sum-

ary, these early studies collectively indicated gene therapy as a
r omising tr eatment option for OA, setting the stage for a large
umber of subsequent studies. 

argets 

nlike gene ther a py for inherited diseases, whic h is dedicated to
e placing defecti ve genes with normal ones, gene ther a py for OA is
imed at ov er expr essing ther a peutic genes or downregulating the
xpression of deleterious genes by direct or indirect means. Cur-
 entl y, the function of genes used in the treatment of OA typically
ncludes ( 1 ) promotion of chondrocyte proliferation and growth;
 2 ) inhibition of c hondr ocyte senescence and a poptosis; ( 3 ) ele v a-
ion of anabolism resulting in more ECM production; ( 4 ) preven-
ion of inflammation, catabolism, and synthesis of matrix degrad-
ng enzymes. 

ranscription factors 

he main transcription factors involved in the pr ogr ession of
A include Runt–r elated tr anscription factor ( Runx1,2,3 ) , Sex-
etermining region Y ( Sry ) -box-containing family ( Sox5,6,9 ) ,
CAAT/enhancer binding protein ( C/EBP β) and Hypoxia-inducible

actor ( HIF-1 α,2 α) .21 Runx2 is a transcription factor essential for
 hondr ocyte matur ation and bone formation in normal carti-
a ge. It pr omotes the expr ession of catabolic factors into the ex-
racellular matrix of cartilage and is upregulated in human os-
eoarthritic cartilage and in mouse articular cartilage after joint
njury.22 Runx3 acts similarly to Runx2 and also regulates chon-
r ocyte hypertr ophy, although Runx2 has a more pronounced ef-
ect.23 In contr ast, upr egulation of Runx1 mRN A b y intra-articular
njection ameliorates the progression of OA in mice, including
steophyte formation and cartilage destruction.24 Runx2 and
/EBP work closely together physically and functionally to stimu-
ate the production of matrix metallopeptidase-13 ( MMP13 ) , the

ain collagenase of type 2 collagen, leading to the progress of
 A. 25 Sox9 is a transcription factor responsible for c hondr oge-
esis and promotes the expression of Coll II. Delivery of the
ox9 gene via the recombinant adeno-associated virus ( rAAV )
 ector dur abl y enhances the r epair pr ocess at sites of osteo-
 hondr al dama ge in sheep and counter acts the pr ogr ession of
ocal OA in adjacent joints.26 HIF-1 α promotes cartilage forma-
ion through upregulation of Sox9 expression. In addition, HIF-
 α pr otects articular cartila ge by pr omoting c hondr ocyte dif-
er entiation, maintaining c hondr ocyte viability, and supporting

etabolic adaptation to hypoxic en vironments . In contrast to
IF-1 α, HIF-2 α dir ectl y induces c hondr ocyte catabolism, medi-
tes c hondr ocyte a poptosis and r egulates matur e c hondr ocyte
utophagy.27 , 28 

rowth factors 

nsulin-like growth factor 1 ( IGF-1 ) is closely involved in cartilage
ormation and maintenance. IGF-1 promotes chondrocyte prolif-
r ation, enhances ECM pr oduction, and inhibits ECM degr ada-
ion and c hondr ocyte a poptosis. Ho w e v er, under OA condition, the
 hondr ocytes pr oduce excessiv e IGF r eceptor binding pr otein. In
ddition, the arthritis related inflammation environment accel-
r ates IGF-1 degr adation. T hus , direct injection of IGF-1 into the
oint cannot ac hie v e the expected effect in most cases.29 Implan-
ation of c hondr ocytes ov er expr essing IGF-1 at the site of injury
as shown to impr ov e pr edominance and type 2 colla gen pr o-
uction in articular cartilage.30 The tr ansforming gr owth factor- β
 TGF β) is also implicated in OA and cartilage biology. TGF β su-
erfamily consists of nearly forty ligands, and in cartilage, the
ain r epr esentativ es of this superfamily are TGF- β, bone morpho-

enetic protein ( BMP ) and growth/differentiation factor-5 ( GDF-
 ) . All of them are essential for normal joint de v elopment and
omeostasis , and ha ve been implicated in the pathogenesis of
 A. 31 TGF- β is beneficial to cartilage because it stimulates chon-
rocytes in vitro to induce an increase in proteoglycan and type 2
olla gen pr oduction. In addition, TGF- β can also r esist IL-1 β and
NF- α induced catabolism.32 BMP is gener all y thought to hav e a
r otectiv e effect on articular cartilage, but it has also shown to
e involved in chondrocyte h ypertroph y and ECM degradation.
teinert et al. tr ansferr ed genes for BMP-2 and BMP-4 into human
one marr ow-deriv ed mesenc hymal stem cells ( MSCs ) and found
hat BMP promoted upregulation of various cartilage h ypertroph y
nd maturation indicators . T his suggests that the ther a peutic use
f BMPs for OA should be used cautiously.33 GDF-5 can stimu-
ate the expression of aggrecan ( ACAN ) and Sox9 in human chon-
rocytes, and thus promote anabolism. In addition, GDF-5 also

nhibits the expression of ECM degrading enzyme MMP-13 and
isintegrin and metalloproteinase with thrombospondin motifs-
 ( ADAMTS4 ) .34 Fibroblast growth factor 2 ( FGF-2 ) and FGF-18 of
he fibroblast growth factor family also have regulatory effects
n cartilage. FGF-18 is an anabolic factor that promotes artic-
lar cartilage repair and cartilage formation. The role of FGF-2

n cartilage metabolism is currently controversial. Some reports
uggest that FGF-2 is involved in catabolism, while others show
hat it inhibits ADAMTS-5 and delays cartilage degradation in

urine O A. 35 , 36 Indeed, co-transfection of multiple growth factor
enes into cells has a better ther a peutic effect on OA than sin-
le gene transfer into cells . For example , transfer of IGF-1 com-
ined with FGF into rabbit knee joint via adenovir al v ector in-
uced more type 2 collagen expression and reduced ECM enzyme
xpression.37 
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Inflamma tion-rela ted cytokines 

The disruption of cytokine homeostasis is one of the most promi- 
nent contributors in the pathogenesis of OA. This is primarily 
because the process favors the generation of pro-inflammatory 
cytokines that degrade cartilage and other intra-articular struc- 
tur es by activ ating catabolic enzymes . Among all the cytokines ,
IL-1 β, TNF- α, and IL-6 are the most significant inflammatory me- 
diators in the etiology of O A. 38 IL-4 and IL-10 are major anti- 
inflammatory factors in the pathology of OA and have signifi- 
cant c hondr opr otectiv e effects, alle viating c hondr ocyte a poptosis 
either alone or in combination.39 Ther efor e, down-r egulation of 
pro-inflammatory factors or up-regulation of anti-inflammatory 
factors by gene ther a py is a promising treatment for OA. Intra- 
articular ov er expr ession of IL-1 β and TNF- α anta gonists via vir al 
vectors has shown to reduce ECM degradation, attenuate chon- 
dr ocyte a poptosis, and slow the pr ogr ession of OA. In addition,
completed or ongoing clinical trials support the effectiveness of 
this a ppr oac h for the tr eatment of O A. 16 , 40 MSCs spheroids with 

the expression of IL-4 gene have also been reported to alleviate 
painful symptoms of OA in rats and provide durable protection 

a gainst cartila ge.41 Intr a-articular administr ation of AAV5-IL-10 in 

horses ac hie v ed sustained local IL-10 expr ession in the joint and 

resulted in a significant decrease in IL-1 β and IL-6 expression.42 It 
is worth mentioning that the combination of anti-inflammatory 
factors is more helpful in terms of ther a peutic effect than the sin- 
gle use.43 

Non-coding RNAs 

With the rising number of high-thr oughput pr ofiling studies and 

mechanistic studies of microRNAs ( miRNAs ) , long non-coding 
RN As ( lncRN As ) and cir cular RN As ( cir cRN As ) in joint tissues and 

biological fluids, non-coding RNAs ( ncRNAs ) have been shown 

to possess a significant regulatory role in the pathogenesis of 
OA. ncRNAs regulate a wide range of physiological processes 
( inflammation, senescence, o xidati v e str ess, c hondr ogenic dif- 
fer entiation, autopha gy, methylation ) , signaling molecules ( TGF- 
β, NF κB, Wnt–β-catenin ) and mediators ( FGF18, So x9, So x5,
Hedgehog ) . These regulatory roles of ncRNAs directly or indirectly 
influence the inflammatory response, cell death and extracellu- 
lar matrix production in O A pathology. 44 A variety of ncRNAs 
can inhibit IL-1 β and TNF- α-induced inflammatory responses in 

c hondr oc ytes b y acting upstream and do wnstream of the NF κB 

pathway or on pathwa y-related molecules . Inhibition of IL-1 β- 
mediated cartilage inflammatory responses is executed by target- 
ing connexin 43 ( CX43 ) miR-382–3p via TLR4/MyD88/NF- κB sig- 
naling pathw ay.45 LncRN A SNHG1 attenuates IL-1 β-induced OA 

by inhibiting miR-16–5p-mediated NF- κB signaling pathway.46 The 
effect of ncRNAs on apoptosis and proliferation of chondrocytes 
usually occurs via the phosphoinositide 3-kinase ( PI3K ) -AKT sig- 
naling pathway. For example, ov er expr ession of miR-455–3p in 

c hondr ocytes amelior ates a poptosis and mitigates OA pr ogr ession 

by modulating the PI3K/AKT pathway.47 In addition, miR-20 blocks 
c hondr ocyte pr olifer ation and autopha gy by tar geting ATG10 via 
the PI3K/AKT/mT OR signaling pathwa y.48 Furthermore , ncRNAs 
in most cases affect the pr ogr ession of OA by regulating ECM en- 
zymes . For example , both circCDR1as and circTMBIM6 can up- 
r egulate MMP13 expr ession thr ough the mec hanism of compet- 
ing endogenous RN As ( ceRN As ) .49 , 50 Cir cRN A has been studied as 
a biomarker for various diseases due to its higher stability com- 
pared to other ncRNAs. For example, cir c_016901, cir c_0032131,
cir c_0044235 and cir c0000175 in peripheral blood have been sug- 
gested as markers for the early diagnosis of arthritis.51 , 52 
Small nucleolar RN A ( snoRN A ) is a class of ncRNAs ranging
rom 60 to 300 nt in length and is closely related to the splic-
ng and processing of ribosomal RN A ( rRN A ) precursors, post-
r anscriptional modification pr ocesses and ribosome biosynthe- 
is.53 Studies have shown that snoRNAs can also be used as di-
gnostic biomarkers and therapeutic targets for joint aging and 

A. The results of SnoRNASeq showed 27 differential snoRNAs in
erum from young and aged mice and 18 differential snoRNAs in
erum from sham-operated groups and experimental O A group . 54 

he results of snoRNA matrix analysis of cartilage from young,
ld and OA patients sho w ed that SNORD26 and SNORD96A w ere
ssociated with aging while SNORD26 and SNORD116 were asso- 
iated with the de v elopment of O A. 55 

ene delivery vectors 

 gene must be put into a vector for pr oper expr ession in a target
ell. The ideal vector is chosen based on two criteria: ( 1 ) effective
ene transfer with simple access to target cells and steady gene
ranscription after entering the nucleus; and ( 2 ) safety with min-
mal consequences of infection, mutation, or immunogenicity.56 

urr entl y, two types of v ectors ar e commonl y used, vir al v ectors
nd non-vir al v ectors, whic h hav e differ ent adv anta ges and dis-
dv anta ges. 

iral vectors 

he transmission of particular cell types with extreme specificity 
nd dependability is the major benefit of viral vectors.57 On the
ther hand, viral vectors also have dra wbacks , including limited
arrying capacity of therapeutic genetic material, invasive admin- 
stration, and the possibility of unfavorable immune reactions or 
ubsequent genetic impacts.58 , 59 Typicall y, thr ee r ecombinant vi- 
 al v ectors ar e used as a ppr opriate means of deliv ering ther a peu-
ic genes dir ectl y and specificall y into cells, including r etr o viruses ,
denoviruses and AAV.60 

etrovirus 
he vectors of the retroviral family are spherical enclosed viruses
ith a diameter of about 100 nm. Their genomes are made up
f two copies of sense ( + ) str and RNA. Retr ovirus is often iden-
ified by the ability of r e v erse tr anscribing its RNA genome into
DNA, and permanentl y integr ates these cDNA copies into the
enome of the host cell. This allows maintenance of gene ex-
r ession ov er a longer time span.61 The most often used r etr o-
ir al v ectors ar e gamma r etr ovir al v ectors and lentivir al v ectors.
hese v ectors ar e c har acterized by their efficient gene transfer ca-
abilities and ability to integrate into the cellular genome so as to
c hie v e stable genetic modification of the target cells.62 Among
 etr o viruses , lentivir al v ectors ar e mor e suitable for tr ansfection
f non-dividing cells. Studies sho w ed that the efficiency of trans-
ection of c hondr oc ytes using lentivirus w as up to 95% and that
f MSCs was 70%.63 , 64 The biggest dr awbac k of r etr ovir al a ppli-
ations is the possibility of insertional mutations and oncogene 
ormation.65 , 66 Ther efor e, the use of r etr oviruses for gene ther a py
n OA patients r equir es further investigation. 

denovirus 
t present, the most commonly used adenoviral vectors are based
n human adenovirus type 5 ( Ad5 ) , with 36 kb long genome
nd linear double-stranded DNA structure . Adeno viruses ex- 
st in the form of loose bodies in cells.67 The adv anta ges of
denovir al v ectors include a wide range of tr opism, effectiv e
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ransduction of dividing and non-dividing cells, high transduction
fficiency and r a pid onset of action and r elativ el y lar ge pac ka ging
apacity.68 Adeno viruses ha ve been used to deliver genes encoding
rowth factors,37 , 69 transcription factors,28 , 70–75 enzymes,76–80 and 

ytokines 81 , 82 to c hondr ocytes , syno vial fibroblasts , and MSCs . 
Because of the strong host humoral and cellular immune re-

ponses to adenoviral gene products, the use of adenoviral vectors
n clinical settings has r eceiv ed serious attention. Using vectors
hat only contain genes, packaging sequences and flanking viral
nd duplications can help reduce immune responses, which is one
 ppr oac h to addr essing this issue. Ho w e v er, this str ategy r equir es
he use of another helper virus to ac hie v e cell transduction.40 

Helper-dependent adenovirus ( HDV ) v ectors lac k the coding se-
uences of the main components of adenoviruses and contain
nly about 500 bp cis-acting elements for adenoviral DNA repli-
ation and pac ka ging. Ther efor e, in addition to helper viruses,
he process also requires all proteins required for adenoviral vec-
or pac ka ging. Compar ed with adenovir al v ectors, HDV v ectors
av e adv anta ges suc h as long tr ansgene expr ession time, lar ge
r ansgene ca pacity, excellent safety and less side effects.83 Pr e-
ious studies have shown that HDV can transduce chondrocytes
nd synoviocytes more efficiently compared to AAV. Additionally,
DV-transduced genes might continue to express for more than
 year after being injected into the knee joints of normal mice.84 

X201, constructed based on the HDV vector of human serotype
, is an innov ativ e intr a-articular ther a peutic a gent for IL-1Ra. Us-
ng FX201, the gene is deliv er ed to joint cells and produces IL-1Ra
nder the control of an inflammation-sensitive promoter.84 Sen-
er et al. demonstrated that a single intra-articular injection of
X201 7 days after ACLT model r elie v ed osteoarthritic c hanges in
artilage , bone , and syno vium 12 weeks after sur gery.85 Mor eov er,
X201 persisted in the joint for at least 3 months without any ad-
 erse effects. Curr entl y, clinical trials inv estigating the safety and
olerability of FX201 in patients with knee OA are ongoing. 

deno-associated virus 
AV is a single-stranded DN A parv ovirus that is non-pathogenic
nd non-en veloped. T he primary benefits of AAV vectors include
heir small size, low immunogenicity, and inability of viral infec-
ion. Ther efor e, AAV is curr entl y the most commonl y used vir al
ector.86 AAV can be modified to r emov e vir al genetic material so
hat it can produce targeted gene transcription without generat-
ng vir al pr oteins .87 T he most pr e v alent AAV ser otype is AAV-2,
hich has a wide tissue tropism and a respectable cell infection

ffectiv eness. Differ ent ser otypes of AAV exhibit differ ent tr ans-
uction efficiencies in c hondr ocytes and MSCs. Ser otypes of AAV2,
A V5, AA V6 and AAV6.2 are appropriate for human chondrocyte

n vitro culture systems. Different AAV serotypes also differ in tis-
ue specificity. For example, AAV2 and AAV6.2 are better choices
or hard cartilage tissue as they have a higher transduction effi-
iency on c hondr ocytes than other AAV serotypes . T he high trans-
uction efficacy of AAV2 and AAV6.2 in human c hondr ocytes and
SCs suggests that these viruses have stronger chondrocyte se-

ectivity both in vitro and in vivo . 88 

In the current field of gene ther a py, the most used AAV v ectors
r e the rAAV v ector famil y or self-complementary AA V ( ScAA V ) .
he rAAV cannot be integrated into genome; thus, it can be used
o infect both dividing and non-dividing cells . T he rAAV is thought
o be the least harmful viral system because it causes r elativ el y
ittle innate and ada ptiv e imm une r eactions to tr ansduced cells.89 

ven though rAAV’s genome is still an episome, it can support in
ivo long-term transgene expression in dormant cells.90 In multi-
le clinical studies, rAAV is the vector system of choice for human
rotocols involving in vivo gene delivery due to the safty.68 ScAAV
omplementary v ectors pac ka ge an inv erted r epeat genome that
an fold into dsDNA without DNA synthesis or base pairing be-
ween m ultiple v ector genomes, thus impr oving tr ansduction effi-
iency.91 When testing the ability of scAAV vectors to deliver genes
n joints, r esearc hers found that in the presence of the same num-
er of viral genomes in infected cells, the transgene expression
f scAAV vectors was earlier and the gene product was approx-
mately 25-fold higher than traditional AAV.92 The drawback of
cAAV in comparison to standard AAV is its inability of carry-
ng lar ger genes. Numer ous studies of OA hav e focused on the
se of rAAV and scAAV in the studies of mammals, including hu-
ans,93 , 94 horses,95 , 96 dogs,97 rabbits,92 sheep 

26 , 98 and pigs.99 , 100 

For gene ther a p y, the efficienc y of v ector deliv ery has al ways
een one of the most important concerns of r esearc hers. Studies
ave shown that synovial tissue has better delivery efficiency than
artilage when adenovirus is injected dir ectl y into the joint as a
ector. To assess the dose-response and cellular distribution of
ransduction, Ruan et al. evaluated the knee joints of mice injected
ith 10 9 or 10 8 HDV viral particles.84 These doses were much less

han the maximum tolerated systemic dose in humans. At the
igher doses, HDV transduced superficial chondrocytes and syn-
 vial cells , whereas at the lo w er doses only synovial cells were
ransduced. 

Although ther e ar e still no customized str ategies for cartila ge
nd synovial gene ther a py, what has been reported can provide
s with some r efer ence. For cartila ge, HDV with the same titer
as a higher transduction efficiency than many popular AAVs
 including AA V2, AA V2.5 and AA V6 ) .84 Combining HDV with an
lpha-10 integrin monoclonal antibody ( a10mab ) will reposition
 hondr ocytes, and this modified HDV can reduce the effective
r eatment dosa ge by 10-fold compared to normal HDV.101 For syn-
vium, AAV serotype DJ ( AAV-DJ ) is a recombinant virus of AAV2
nd AAV5, which has a better ability to e v ade imm une neutr al-
zation and is suitable for in vitro and in vivo DNA ther a py, with a
igher transfection efficiency for synovial cells and a higher ex-
ression of the transfected protein in the joint fluid.102 In addition
o using a different delivery vehicle, changing the timing of gene
elivery can also have an impact on the site of treatment. When
AV was injected befor e injury, AAV tr ansgene expr ession was lo-
alized to the soft tissues of uninjured and injured joints; whereas
hen injected after injury, AAV was able to transduce articular
 hondr ocytes within the cartilage matrix.103 

on-viral vectors 

her e ar e two categories of design of non-viral gene deliv ery v ec-
ors: the delivery of DNA or RNA pac ka ged in a vector, and bare-
eaka ge deliv ery of DN A or RN A.104 The former normally utilizes
hysical methods ( gene gun, laser, ultrasound, electroporation,
icr oinjection ) to physicall y deliv er the tar get gene into the tar-

et cell. The latter involves use of chemical methods ( lipofection,
ipoplexes , exosomes , vesicles , nanoparticles ) to penetrate cell

embr anes by pac ka ging tar get genes into components suc h as
ipophilic particles .105 T he design of non-vir al v ectors has r eceiv ed
ncreasing attention because they are inexpensive, easy to handle,
ess toxic and minor immunogenic than viral vectors. 

Electr opor ation is a physical transfection method that pro-
otes cellular uptake of nucleic acids or drugs by a ppl ying a high-

oltage pulse to the cell membrane for a short period of time. Ear-
ier reports suggested that gene transfer into articular cartilage
nd synovial cells can be performed using electr opor ation.106 , 107 

r ossin et al. deliv er ed a plasmid containing the heat shock
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Figure 1. Ov ervie w of osteoarthritis gene ther a py tar gets, v ectors, deliv ery methods and treatment processes. Commonly used genes include 
tr anscription factors, gr o wth factors, inflammation-associated c ytokines, and non-coding RN As. Deliv ery v ectors consist of vir al v ectors ( including 
adeno virus , adeno-associated virus , γ -r etr ovirus and lentivirus ) and non-vir al v ectors ( including plasmids , exosomes , nanoparticles ) . Dir ect deliv ery ( in 
vivo ) refers to the direct delivery of the vector carrying the gene to the target region. Indirect delivery ( ex vivo ) is the genetic modification of cells 
( including c hondr ocytes, mesenc hymal stem cells, induced pluripotent stem cells and fibr oblasts ) befor e deliv ery to the tar get site. TFs: tr anscription 
factors, GFs: growth factors, ncRNAs: non-coding RNAs, MSC: mesenchymal stem cell, iPS: induced pluripotent stem cell, IA: intra-articular. 
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proteins70 ( HSP70 ) gene into rat knee cartilage by electropora- 
tion.108 Their study found that 50% of c hondr ocytes exhibited 

HSP70 positivity the day after in vivo use of electr opor ation; and 

after 3 months, long-term expr ession of the tr ansgene was seen 

only in the deeper layers ( 20%–30% of positive cells ) . They isolated 

r at c hondr ocytes for testing at different time points of gene in- 
troduction and sho w ed that electrical pulses do not affect ECM 

synthesis in articular cartilage, indicating that this method is safe 
for in vivo application. Another report suggests that intramuscu- 
lar electr opor ation has a better ther a peutic effect and dur ation 

for arthritis than intra-articular plasmid injection for electropo- 
ration.109 

Cationic liposomes and other lipid-based systems are easy and 

safe to pr epar e. Mor eov er, the tr ansport of this type of vector is not 
limited by the size of the deliv er ed DNA.110 Howe v er, lipid-based 

systems have several disadvantages compared to viral vectors, in- 
cluding the low transfection efficiency, which can be affected by 
the amount of lipid r ea gent per DNA.111 FuGENE6 is a commer- 
ciall y av ailable lipid tr ansfection r ea gent that was used to trans- 
fect c hondr ocytes in vitro . The r esults sho w ed that the efficienc y 
of FuGENE6 is 41% in normal bovine articular cartilage, 20.7% in 

normal human articular cartilage, and 7.8% in cartilage of pa- 
tients with O A. 112 T he integration of plasmids , and biocompatible 
and better-targeted components into nanoparticles can produce 
nanovectors with higher transfection efficiency.113 Chitosan ( CS ) 
has superior biocompatibility and biodegradability and can eas- 
ily pass through cell membranes and bind to negatively-charged 

genes . T he combination of CS, sodium hyaluronate ( HA ) , chon- 
roitin sulfate ( CHS ) and plasmid produces nanospheres, which 

ave high stability, elevated transfection efficiency and low cyto- 
oxicity.114 Chen et al. used the abov e nanoparticle-pac ked GDF-
 plasmid to transfect rabbit chondrocytes in vitro , to achieve a
r ansfection r ate of 60%.115 

Exosomes ar e membr ane-bound extr acellular v esicles sur-
ounded by a phospholipid bilayer and released by cells in nor-

al or pathological states into body fluids such as blood, saliva,
rine and synovial fluid.116 Cell-derived exosomes can be modi- 
ed to carry exogenous genes as a non-viral delivery system.117 

xosome-cell responses and interactions are based on recogni- 
ion of membrane rece ptors. Acti vation upon rece ptors triggers
ertain signaling pathwa ys , which in turn leads to the fusion of
he exosome with the plasma membrane or the exocytosis of the
xosome. Exosomes can release their cargo into the receiving cell
hrough the internalization pathway mentioned abov e. Ther efor e,
xosomes as gene carriers are characterized by high targeting effi-
acy, good safety and low xenobiotics.118 Curr entl y, a gr eat number
f studies have been focusing on the use of engineered exosomes
or the treatment of O A. 119–121 

ene delivery methods 

t present, the most commonly used delivery strategies can be
ummarized into two categories: ( 1 ) dir ect deliv ery of the target
ene to the lesion site by surgical incision or local injection ( in
ivo ) ; ( 2 ) in vitro transfection or infection of the cells, follo w ed
y delivery of the cells to the target tissue ( ex vivo ) ( Fig. 1 ) . In
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ddition, protocols using natural or synthetic scaffolds to carry
enes or cells prior to performing the above two delivery methods
av e incr easingl y gained popularity in the field. 

n vivo methods 

ir ect deliv ery is conv enient, r elativ el y c hea p and less time-
onsuming. Ho w e v er, the deliv er ed gene via this method can-
ot be individuall y tar geted to a particular cell, resulting in non-
pecific targeting in intra-articular cells spread, leading to poten-
ial off-target effects. Articular chondrocytes are surrounded by a
ense ECM, and the rAAV vector is considered to be the most suit-
ble option for in vivo transfection up to this point.122 At present,
ir ect deliv ery methods ar e mor e commonl y used to deliv er anti-

nflammatory genes,123 growth factors 124 and ncRNAs.125 

x vivo methods 

x vivo gene ther a py has better safety and fe wer off-tar get ef-
ects; ho w e v er, it is involved with more technical steps and is
ess applicable because of the technical complexity and the more
tringent environmental requirements for in vitro cell amplifi-
ation. Indirect gene therapy strategies for OA typically employ
ells such as chondrocytes 126 , 127 and MSCs.128 , 129 Chondrocytes
r e the onl y cell type in articular cartila ge that can pr oduce ECM
o maintain basic joint homeostasis, and autologous articular
ells are used for autologous c hondr ocyte implantation in car-
ila ge r epair. The source used for gene ther a py in OA is mostl y
llogeneic cartila ge. Chondr ocytes isolated fr om allogeneic car-
ila ge ar e first modified in vitro with an anti-inflammatory gene
 IL-1Ra ) or growth factor ( TGF- β) , and then injected into the pa-
ient’s joint cartilage.130 TissueGene-C ( TG-C ) , a novel gene ther-
py for OA, includes a mixture of human allogeneic chondro-
ytes and irradiated cells modified to overexpress TGF- β1. Cur-
 entl y, TG-C has been used in numerous animal studies and clin-
cal trials. Tr ansformed c hondr ocytes can adher e to cartila ge and
ontinuousl y secr ete TGF- β1. Animal studies hav e also shown
hat tr ansformed c hondr ocytes can pr omote M2 polarization in
 at OA macr opha ges, whic h pr ovides an anti-inflammatory mi-
r oenvir onment, ther eby r elie ving pain and impr oving joint struc-
ure.131 , 132 Several clinical studies have shown that TG-C improves
he International Knee Documentation Committee ( IKDC ) and Vi-
ual Analog Scale ( VAS ) scores in patients with chronic degen-
r ativ e knee O A. 126 , 133 , 134 Other sources like induced pluripotent
tem cells ( iPSCs ) and MSCs have also been used in preclinical or
linical trials ( NCT01448434, NCT01448434 ) . Due to the c hondr o-
enic potential, iPSCs can be an alternative if there is a shortage
f autologous and allogeneic c hondr oc yte sour ces.135 MSCs are
elf-r ene wing and dir ectionall y differ entiated cells, whic h hav e
 hondr ogenic differ entiation potential and can secrete inflam-
atory regulators for immune regulation in OA. MSCs can ex-

rt a better ther a peutic effect on OA after the treatment with
r owth factors, inflammatory r egulators and tr anscription fac-
ors.136 One study sho w ed that a mixture of MSCs and chondro-
ytes in equal pr oportions pr omoted cartila ge r epair in destabi-
ization of the medial meniscus ( DMM ) -induced OA compared to
ingle cell types alone.137 Ther efor e, the use of genetically modi-
ed MSCs and c hondr ocytes together for ex vivo gene ther a py may
e mor e pr omising for the tr eatment of OA. We summarize the
urrent gene types , vectors , expression regulation types , species ,
odel construction methods, delivery methods and treatment ef-

ects of OA gene ther a py in Table 1 . 
ene-editing for OA 

he ability to pr ecisel y edit mammalian cell genomes allows us
o gain greater insight into deeper mechanisms while minimizing
ff-target effects . T he r ecentl y de v eloped CRISPR/Cas9 tec hnol-
gy provides a simple and efficient option for gene editing.148 , 149 

RISPR/Cas consists of a single guide RN A ( sgRN A ) , targeting ends
 including base pairs complementary to the nucleic acid to be
dited ) and Cas proteins . T he use of differ ent tar get ends en-
bles precise editing of specific genes. After a double-stranded
reak caused by a Cas pr oteol ytic cleav a ge of a gene, the cell em-
loys non-homologous end-joining ( NHEJ ) to repair the broken
NA, thus ac hie ving a knoc k out. On the other hand, the intro-
uction of exogenous DNA templates into cells can lead to the
ccurrence of homologous recombination repair ( HDR ) , resulting
n gene knock-in.150 An earlier report transfected human articular
 hondr ocytes with ribonucleoprotein complexes ( RNP ) contain-
ng Cas9 and crisprRNA targeting exon 2 of MMP13. The results
ho w ed that the editing efficiency of MMP13 was 63%–74% and
he le v el and activity of secr eted MMP13 pr otein was significantl y
educed.151 This suggests that gene editing within c hondr ocytes is
easible. 

Curr ent a pplications of CRISPR-Cas9 tec hnology in OA ther-
py focus on reducing the inflammatory response. Cell transplan-
ation ther a py is effectiv e in the tr eatment of OA. Ho w e v er, in-
ammatory factors can lead to failure of cartilage differentiation
f transplanted cells. Karlsen et al. used CRISPR/Cas9 to knock
ut the IL-1 β receptor ( IL-1R1 ) in human chondrocytes and in-
erted a puromycin resistance gene to screen the cells.152 The
esults sho w ed that deletion or knockdo wn of IL-1R1 impr ov ed
ell ther a py outcomes in OA patients as w ell as c ytokine stim-
lation by TNF- α independent of IL-1 β signaling. The implanted
 hondr ocytes secr ete a lar ge amount of cytokines, whic h in turn
eads to the invasion of M1 macrophages in the grafted carti-
a ge, thus r educing the ther a peutic effect. To addr ess this situ-
tion, knockdown of the TGF- β-activated kinase 1 ( TAK1 ) gene
n c hondr oc ytes b y CRISPR-Cas9 tec hnology significantl y r educed

1 macr opha ge infiltr ation and inflammatory factor secr etion in
r ansplanted cartila ge.153 CRISPR-Cas9 system is also a pplied to
ar get gr owth factor in the tr eatment to OA. Nerv e gr owth fac-
or ( NGF ) is upregulated in OA and associated with the onset of
ain. Ho w e v er, r educed NGF can also lead to bone destruction.154

 hus , gene ther a py of NGF alone cannot ac hie v e the best ther a-
eutic effect. In this case, simultaneous deletion of NGF, MMP13
nd IL-1 β genes by intra-articular injection of AAV expressing
RISPR/Cas9 components alleviates pain and structural damage

n a post-traumatic OA ( PTOA ) model.155 

Although numerous scaffolds can prolong the expression of
he target gene, neither the delivery method nor the delivery of
ny gene can achieve self-regulated, dynamic and feedback re-
ease of the target gene . T he pathological changes in OA are pro-
r essiv e, and exogenous gene expression usually begins to de-
line after r eac hing the peak, whic h does not meet the subse-
uent regulatory requirements. Guilak’s team has come up with
 promising solution to this situation.156 , 157 One of their stud-
es pac ka ged a synthetic pr omoter consisting of NF κB r ecogni-
ion gene sequences ( including INF- β1, IL-6, CCL2, Adamts5, and
xcl10 ) , along with the IL-1Ra gene, into a lentivir al v ector. Ther e-
fter they transfected lentiviruses into iPSCs and induced iPSCs
nto c hondr ocytes. Suc h c hondr ocytes r espond in a time- and
ose-dependent manner to IL-1 α stim ulation, r a pidl y pr oducing
her a peutic le v els of IL-1Ra to counter act the effects of inflam-

ation. This method may be br oadl y r ele v ant to the creation of
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Figure 2. CRIPSR/Cas9-mediated expression of IL-1Ra or sTNFR1 genes downstream of the CCL2 promoter. Introduction of CRISPR/Cas9 into iPSCs by 
plasmid allows insertion of IL-1Ra or sTNFR1 genes into CCL2 after the promoter. Binding of exogenous IL-1 and IL-1 receptor induces intracellular 
NF κB pathway activ ation, whic h in turn induces CCL2 promoter activ ation. Similarl y, binding of exogenous TNF- α and TNFR1 activates NF κB pathway, 
subsequently leading the binding of transcription factor NF κB to the CCL2 promoter. Activation of the CCL2 gene leads to the translation of IL-1Ra and 
sTNFR1 proteins. IL-1Ra binds IL-1R1 subunit with higher affinity than IL-1 α or IL-1 β, but does not recruit IL-1RAcP. sTNFR1 binds TNF- α without 
gener ating downstr eam intr acellular signaling. The gene cir cuit formed in this w ay is ca pable of feedbac k r elease of anti-inflammatory factors. 
sTNFR1: soluble tumour necrosis factor receptor-1, IL-1RAcP: IL-1 receptor accessory protein, CCL2: C-C Motif Chemokine Ligand 2. 
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auto-regulatory biological systems for the delivery of gene and 

tissue engineering in response to a variety of disease.158 The 
chemokine ( C-C ) ligand 2 ( CCl2 ) gene product attracts a variety 
of inflammatory cells, leading to increased inflammation. The 
activation of CCL2 depends on the continuous expression of IL- 
1 and TNF- α, and the expression of CCL2 gene decreases along 
with alleviated inflammation.159 Based on this property, Choi et al.
used CRISPR-Cas9 technology to insert the IL-1Ra gene after the 
CCL2 promoter in iPSCs ( Fig. 2 ) .160 This synthetic gene circuit 
can sense changes in endogenous inflammatory cytokine le v els,
thereby triggering a proportional treatment response and block- 
ing IL-1Ra production when inflammation resolves. Gene-edited 

iPSCs deliv er ed to OA cartila ge significantl y r educed joint pain,
structur al dama ge, and systemic and local inflammation in the 
mouse model with inflammatory arthritis. 

CRISPRa system is a modified CRISPR-Cas9 system for upregu- 
lation of genes. It utilizes n uclease-inacti v ated Str eptococcus p y o- 
enes Cas9 ( dCas9 ) , fused to transcriptional activation domains 
 VP64, p65 and Rta ) . When paired with a guide RNA targeting a
ene near the promoter region, the natural transcriptional start 
ite of the gene is activated. 161 F arhang et al. used this system
o successfully upregulate the gene transcription of ACAN and 

OL2A1 in pellet-cultured human adipose stem cells ( hADSC ) ,
hich mediated the deposition of sulfated gl ycosaminogl ycan 

 sGA G ) and type II collagen. 162 Compared to the use of growth
actors to induce differentiation of stem cells into natural cell
ypes, this a ppr oac h ov ercomes the effect of the musculoskeletal

icr oenvir onment on growth factors in vivo and allows for more
recise and controlled production of matrix proteins. 

Among the factors associated with the de v elopment of OA, ge-
etic factors account for a ppr oximatel y 50% of the total risk of
isease in individuals. Curr entl y, mor e than 100 pol ymor phic DNA
 ariants hav e been associated with OA. Although data from OA
enetics studies have not yet led directly to new treatments, a
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number of proteins encoded by genes associated with OA have po- 
tential for ther a peutic a pplications .163 P oint mutations or exoge- 
nous knock-in using the CRISPR-Cas9 system can better explore 
the impact of risk variants in joint de v elopment on OA pathogen- 
esis. Dicks et al. explains how functionally acquired mutations in 

tr ansient r eceptor potential v anilloid 4 ( TRPV4 ) can lead to skele- 
tal dysplasia of varying severity by generating CRISPR-Cas9 gene 
edited hiPSC cell lines with V620I or T89I TRPV4 mutations.164 

Their results suggest that TRPV4 mutations alter BMP signaling 
in c hondr ocytes and pr e v ent c hondr ocyte hypertr ophy. Similarl y,
Klein et al. knocked the single nucleotide pol ymor phism ( SNP ) 
rs4730222 into the osteosarcoma cell line.165 The results demon- 
strate that rs4730222 leads to incr eased expr ession of alternativ e 
transcripts of disease-associated alleles, follo w ed b y reduced ex- 
pression of typical HMG box protein 1 ( HBP1 ) , leading to the de- 
velopment of OA. 

Existing issues and future directions 

The number of clinical trials of gene ther a py for OA is r elativ el y 
small compared to other diseases. A search on the website clini- 
caltrial.gov shows that 12 clinical trials ( including TissueGene-C, 
FX201, ICM-203, XT-150, Invossa K ) for OA and degener ativ e arthri- 
tis gene ther a py ar e curr entl y enr olled, ongoing, or completed. We 
categorized these clinical trials in Table 2 according to interven- 
tion name, identification n umber, target, deli very mode, disease 
type , trial type , and e v aluated subjects. We belie v e that in addi- 
tion to the high cost of gene ther a py itself and the obstacle of 
commercializing ther a peutic pr oducts, ther e ar e thr ee major is- 
sues that need to be addressed. 

The first and most important issue is the safety of gene ther- 
apy. In some cases, viral vector activation of the immune system 

led to death of patients due to multiple organ failure . T hese cases 
serve as a constant reminder of the awareness and caution of the 
safety of gene ther a py.166 Although there are no serious incidents 
in gene ther a py for OA, the imm une activ ation and tumorigenic 
side effects of vir al v ectors still demand a more rational use of 
gene ther a py. The use of non-integr ated and low-imm unogenic 
rAAV or safer non-viral vectors may be a mor e pr omising dir ec- 
tion for future research. 

Second, the existing OA-related clinical trials all focus on in vivo 
suppr ession or ov er expr ession of a single gene. Ho w e v er, the func- 
tions of genes ar e div erse and can lead to unpredictable harm- 
ful pathological processes. For example, the NF- κB family mem- 
ber RelA/p65 is a potent transcriptional activator of ADAMTS5 
in c hondr ocytes, while it can also induce anti-apoptotic genes 
to protect chondrocytes from apoptosis during the development 
of O A. 167 In articular cartila ge, heter ozygous knoc k out of Rela 
caused a consider able acceler ation of OA by increasing chondro- 
cyte death, despite reduced expression of catabolic genes.168 In 

this case, the use of multigene regulation instead of a single gene 
may be a more practical approach. Simultaneous regulation of 
NGF, MMP13 and IL-1 β genes not only addressed the structural 
damage caused by deletion of NGF genes, but also alleviated the 
pain symptoms in O A. 155 In summary, the use of multiple gene 
r egulation can effectiv el y exploit the ther a peutic effects of genes 
while avoiding harmful effects. 

Lastl y, gene expr ession r equir es dynamic homeostasis and 

should be maintained within an a ppr opriate r ange . Otherwise , un- 
intended adverse effects may occur. In the treatment of OA, it is 
not the continuous inhibition of inflammatory factor expression 

or the continuous promotion of growth factor expression that pro- 
vides the best ther a peutic effect. Excessiv e TGF- β in OA can also 
ead to syno vial fibrosis , osteophyte formation and subc hondr al
one changes .169 P otent o v er expr ession of TGF β1 in rabbit joints
ith experimental OA resulted in a significant reduction in car-

ilage ECM.170 The above-mentioned self-feedback gene regula- 
ion circuit using CRISPR/Cas9 technology has an environment- 
ependent feature and can automatically regulate gene expres- 
ion on demand. Future clinical trials should consider incorpo- 
ating this technique, which may improve treatment efficacy and 

itigate negative side effects. 

onclusions 

he current dilemma in OA treatment is that there is no effective
ay to stop the continued destruction of joint structures and no
lausible method to r egener ate natur al joint structur es in vivo .
ene ther a py offers a ne w str ategy to alle viate symptoms and
r omote cartila ge r egener ation and joint function r ecov ery in pa-
ients with OA. Meanwhile, gene ther a py can lead to more sus-
ained, targeted, site-specific expression of therapeutic proteins 
n a mor e physiologicall y r ele v ant manner than tr aditional a p-
r oac hes. Futur e r esearc h should focus on safer, mor e conv enient
nd less expensive gene delivery vectors, delivery methods and 

ene editing tec hnologies. In addition, curr ent gene ther a py does
ot titrate the appropriate vector dosage to mimic the in vivo ex-
ression of delivered genes, which requires further investigation 

n the future. Deepening the understanding of OA pathophysiol- 
gy and optimizing gene ther a py a ppr oac hes will shed light on the
reatment of OA. 
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