
part of

10.2217/17460816.2.4.403 © 2007 Future Medicine Ltd  ISSN 1746-0816

REVIEW

Future Rheumatol. (2007)  2(4), 403–413 403

Gene therapy for rheumatoid arthritis
Adam Reinhardt & 
Raphael Hirsch†

†Author for correspondence
Children’s Hospital of 
Pittsburgh, Division of 
Rheumatology, University of 
Pittsburgh School of 
Medicine, 3705 Fifth 
Avenue, Pittsburgh, 
PA 15213, USA
Tel.: +1 412 692 5970;
Fax: +1 412 692 5054;
raphael.hirsch@chp.edu

Keywords: adeno-associated 
virus, adenovirus, gene 
therapy, inflammation, 
rheumatoid arthritis

Therapy for rheumatoid arthritis (RA) has seen significant advances over the past decade. 
The use of biologic agents, such as TNF-α inhibitors, have led to improvement in up to 60% of 
RA patients. Unfortunately, biologic therapy also presents significant limitations, including 
systemic side effects, a  short half-life with requirement for frequent dosing, and a lack of 
curative response. Owing to such limitations, the ideal therapy for RA remains unrealized. 
Progress in the field of gene therapy provides interesting and applicable methods to 
overcome many of these deficits. In this review we will discuss some of these advances, 
focusing on the development of new vectors, gene-therapy targets and regulatory 
mechanisms. With continued efforts in this field, the hope for a lasting, regulated and 
possibly curative modality appears attainable.

Arthritis is the leading cause of disability in the
USA, affecting one out of five (46 million)
adults [201]. Rheumatoid arthritis (RA), a
chronic, destructive inflammatory arthritis, is a
major subtype with a worldwide prevalence
ranging from 0.2% to greater than 1% in North
America [1]. Advances in understanding the
pathophysiology of RA have led to the develop-
ment of novel therapeutic biologic agents, such
as TNF-α and IL-1 inhibitors. Importantly,
these treatments have demonstrated efficacy in
60% of RA patients [2]. Despite the many bene-
fits of these systemic agents, their side effects,
short duration of effect, need for long-term
treatment and inability to cure the disease, cause
them to fall short of optimal RA therapy. For
these reasons, the development of targeted gene
therapy is an increasingly attractive option for
long-term RA disease control. In order to make
gene therapy a viable therapeutic option for RA
the following need to be optimized: gene-deliv-
ery, vectors, candidate molecules and targets and
methods to regulate transgene expression. 

Gene delivery approaches to arthritis
Gene delivery for the treatment of RA can be
performed either locally or systemically. Local
injection into the joint is a minimally invasive
method to deliver high amounts of therapeutic
drug directly to areas of inflammation. Although
vector spread, transgene protein leakage and traf-
ficking of transduced fibroblast-like synovial
cells, leucocytes or antigen-presenting cells
(APCs) may produce therapeutic responses at
distant sites, the extent and efficacy of this distal
effect following local injection is highly variable.
In this light, systemic application is attractive in

its potential to target multiple sites of disease
activity with a single application. For RA this is
particularly desirable owing to the propensity of
RA to present with multiple joint involvement.
Of concern, however, is that increased vector
doses required for systemic therapy may
heighten the risk for vector and transgene pro-
tein side effects. As a result, an optimal scenario
is one that combines the ability to deliver moder-
ate doses locally with targeted spread to other
areas of inflammation, or systemic delivery with
selective homing to areas of disease activity.

Three delivery approaches for RA gene ther-
apy have been proposed and tested experimen-
tally (Figure 1). The first, in vivo gene delivery,
involves direct injection of transgene vectors,
usually viral, into the host’s target tissue. In vivo
delivery minimizes manipulation of the target
cell population, typically synoviocytes, by
directly targeting these cells in their normal host
environment. Despite the attractive nature of
in vivo therapy, two major disadvantages exist:
limited transduction efficiency and transient
transgene expression. Limited transduction effi-
ciency largely results from the induction of a
host immune response against the vector and
infected cells. Transient expression results from
the inability of most vectors to integrate perma-
nently into the host genome, leading to a loss of
expression with successive cell divisions. 

The second delivery approach, ex vivo gene
delivery, involves the harvesting and expansion
of target cells, followed by in vitro transduction
and reimplantation back into the host. The major
advantage over in vivo systems is the ability to
select and expand stably transduced cells prior
to reinjection. Such controlled gene insertion
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and selection can then lead to longer lasting
transgene expression. Furthermore, host
immune activation is more easily evaded through
the avoidance of exposure to viral vectors. Disad-
vantages include increased costs, low levels of sur-
vival of implanted cells and the need for
additional invasive procedures required to harvest
synovium and implant target synoviocytes.

Finally, adoptive cellular gene therapy
(ACGT) provides an alternative ex vivo approach
using immune cells, such as T cells, B cells or
APCs, as vectors for gene delivery [3–5]. The
promise behind ACGT lies in the ability of these
immune cells to migrate to distant sites of
inflammation following systemic or local

administration [5]. Currently engineered T cells
designed to target joint-specific antigens have
proven effective in reducing inflammation in
mouse models of arthritis [6,7]. 

Gene delivery vectors for arthritis
Viral vectors
Retrovirus 
Viral vectors currently provide the most efficient
system for high-level transgene expression
in vivo. Retrovirus (RV) and lentivirus (LV) vec-
tors are commonly used vehicles for ex vivo gene
transfer owing to their ability to integrate trans-
genes directly into the host genome, providing
the advantage of stable expression. Several

Figure 1. The three most common approaches to gene therapy in rheumatoid arthritis.

 

A) Ex vivo gene therapy shows in vitro transduction of synoviocytes followed by implantation back into host. B) In vivo gene delivery 
represented by direct transfer of transgene-expressing vector into the host followed by in vivo transduction. C) Adoptive cellular gene therapy 
shown as systemic intravenous administration of immune cells carrying the target therapeutic gene with homing to joint inflammation.
AAV: Adeno-associated virus; Ad: Adenoviral: LV: Lentivirus; RV: Retrovirus.
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studies have shown effective transduction and
protein expression within human synoviocytes
using RV/LV vectors [8–11]. Drawbacks to the use
of RV vectors include the poor transduction of
nondividing cells and poor in vivo transduction,
although there has been some success with direct
in vivo transfer at very high retroviral titers [12,13].
Lentiviral vectors, derived from RVs, have the
benefit of infecting quiescent cells by penetration
through the nuclear membrane. Another concern
with RV/LV vectors is the risk for mutagenesis as
a result of random genome insertion [14]. 

Adenovirus
First-generation recombinant adenoviral (Ad)
vectors, lacking viral replication genes, are able
to transduce dividing and nondividing cells and
can be produced in high titer, providing an
attractive option for both in vivo and in vitro
systems. A major limitation for the use of Ad
vectors in gene therapy stems from their induc-
tion of a significant host immune response after
infection. In addition, up to 70% of RA
patients acquire neutralizing antibodies in their
synovial fluid [15]. The inability of Ad vectors to
permanently integrate into the host genome,
leading to loss of transgene expression with
each cell division, further limits their utility for
long-term expression. Advances in recombinant
Ad vectors, including engineered vectors that
lack immunogenic viral capsid proteins and
vectors with modified capsids that target
synoviocyte surface receptors [16,17], may
improve the utility of Ad as a gene delivery
vehicle for arthritis. 

Adeno-associated virus
Adeno-associated virus (AAV) is less immuno-
genic than Ad and lacks immunogenicity in
humans. Over 100 AAV isolates have been
identified, with 11 being best characterized.
Eight serotypes, AAV1–5 and AAV7–9, are
regarded as true serotypes in their inability to
cross-react with neutralizing sera specific for all
other characterized serotypes [18]. Of the true
serotypes, AAV2 has been most extensively
studied in gene therapy, leading to its approval
in several clinical trials in cystic fibrosis, hemo-
philia and, recently, RA [19]. Despite its efficacy
and low side-effect profile, a major limitation
has been the finding that up to 30–80% of the
normal adult populations’ and 50–70% of RA
patients’ synovial fluid may have neutralizing
antibodies against AAV2 [20–22]. Furthermore,
anti-AAV2 IgG isolated from RA synovial fluid

effectively neutralized in vitro infection of
chondrocytes [22]. Although some studies have
demonstrated similar percentages of neutraliz-
ing antibodies to AAV5 [15], a recent direct
comparison of synovial fluid neutralizing anti-
bodies to AAV-5 and -2 showed a lower inci-
dence of neutralizing antibodies (10 vs 50%) [20].
This lower immunity may explain other studies
demonstrating a higher synovial transduction
efficiency in comparison with AAV2 [23], mak-
ing AAV5 a promising alternative to AAV2.
Interestingly, intra-articular injection of recom-
binant (r)AAV-2/5, a pseudotype containing
AAV2 terminal repeats flanking the reporter
gene within an AAV5 capsid, led to earlier and
longer expression than AAV-2/2 [24]. Such
pseudotype engineering may provide an
improved therapeutic option for patients with
neutralizing antibodies. 

Nonviral vectors
Multiple nonviral vectors have been developed
with the primary benefit of having decreased
immunogenicity and host toxicity compared
with their viral counterparts. Plasmid DNA
can be produced on a large scale via bacterial
sources and is able to deliver large or multiple
gene sequences to the target cell. Unfortu-
nately, the use of naked DNA is susceptible to
rapid degradation within target cells, limiting
transduction efficiency and expression in com-
parison with viral vectors [25]. Despite this, the
electrotransfer of naked human IL-1 receptor
antagonist (IL-1Ra), TNF-α receptor and
IL-10 plasmid DNA into skeletal muscles, and
abdominal gene-gun delivery of plasmid IL-4
have been effective in animal models of arthri-
tis [26–30]. Recently, electric-pulse delivery
following local joint administration of a
human IL-10 plasmid and siRNA to TNF-α in
mouse arthritis models have shown further
potential for their use in the treatment of
arthritis [31,32]. 

The artificial chromosome expression (ACE)
system has potential advantages over naked
DNA in its ability to maintain DNA episo-
mally for longer periods and theoretically mini-
mizing the risk of random host genome
integration. Ex vivo delivery of ACE into rat
synoviocytes led to long-term reporter gene
expression following injection into knee joints
in an adjuvant arthritis mode. The major limi-
tation of ACE in this study was poor transfec-
tion rates, with uptake in only a quarter of
cultured cells, and the lack of stable gene
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expression in rat synoviocytes compared with
skin fibroblasts. It is likely that the poor trans-
fection resulted from ACE’s lack of necessary
machinery to enter cells on their own, while the
lack of stable gene expression in synoviocytes
resulted from increased toxicity to the ACE sys-
tem and slower growth compared with other
primary lines [33].

Candidate genes
Inhibition of proinflammatory cytokines
Inhibition of TNF-α using the soluble TNF
receptor entanercept, or an antibody to TNF
(infliximab or adalimumab), has shown efficacy
in multiple RA trials [2]. However, frequent treat-
ment is required to sustain response. Delivery of
soluble TNF receptor, both by AAV vectors and
by electrotransfer of plasmid DNA, has shown
efficacy in decreasing joint erosions and synovial
hypertrophy in mouse models [26,34,35]. Early
human data from a Phase I/II clinical trial
showed a trend for decreased swelling and
tenderness in 40 RA patients treated with intra-
articular injection of tgAAC94, an rAAV2
vector encoding a human TNF receptor
(TNFR)-immunoglobulin (IgG1) Fc fusion
(TNFR:Fc) gene [36]. 

Similar to TNF, increased expression of IL-1 or
diminished expression of IL-1Ra in mice led to a
highly aggressive form of arthritis similar to
chronic RA in humans [37,38]. Although the use of
anakinra, a recombinant IL-1Ra, has been shown
in multiple clinical trials to be effective in moder-
ating RA, its short half-life and requirement for
daily injections make longer-lasting gene therapy
attractive. Ex vivo modification of synoviovytes
with retrovirus encoding IL-1Ra is both chondro-
protective and anti-inflammatory in rodent
models. A clinical study in which retrovirally trans-
duced autologous synoviocytes were injected into
metacarpophalangeal joints of patients with RA
prior to joint replacement showed consistent
expression of IL-1Ra [39,40]. In vivo delivery of
IL-1Ra into the knee joints of arthritic rats using
AAV vectors led to decreased joint inflamm-
ation [41]. Lastly, just as IL-1 inhibition with ana-
kinra has shown additive effects in patients with
an incomplete response to TNF inhibition or
methotrexate alone, coadministration of soluble
TNFR and IL-1 antagonist was more efficacious
than on IL-1 antagonist alone [35]. 

Recent findings showing that proinflamma-
tory cytokines IL-17 and -18 act independently
of IL-1 to contribute to inflammatory arthritis,
have provided an additional target for RA

therapy [42,43]. Both Ad-vector delivery of the
IL-18 binding-protein gene (AdCMVIL-18BPc)
and the delivery of anti-IL-17 antibody have
eliminated arthritis in a mouse model [44,45]. 

Delivery of immunosuppressive cytokines
IL-4, -13 and -10 are T-helper (Th)2-derived
cytokines known to inhibit IL-1 and TNF pro-
duction. Several studies in mouse models have
demonstrated their beneficial effects on arthritis
[27,46–50]. IL-4 is particularly interesting because of
its bone and chondrocyte protective action [51–54].
Although IL-10 alone may not be an ideal thera-
peutic option owing to the finding of decreased
IL-10 receptor in RA synovium, its combination
with other transgenes may provide benefit [55,56].
IL-13 has been shown to decrease inflammation
in an adjuvant-induced rat arthritis model [57].
As with IL-4, IL-13 activity in the joint seems to
play a major role in cartilage protection [58].

T- & B-cell inhibition 
Inhibition of T-cell activation through the block-
ade of CD28/B7 interactions has been shown to
reduce the severity of several autoimmune dis-
eases. The use of CTLA-4Ig, a fusion protein
that binds to the costimulatory molecules B7–1
and B7–2 reduces inflammation in mouse arthri-
tis and in RA patients refractory to TNF inhibi-
tors [59–61]. One-time delivery of CTLA-4Ig in
mice using an Ad-vector was found to be as
effective as multiple injections of anti-CTLA-4
antibody [62], suggesting that gene therapy could
provide long-term efficacy.

Studies showing clinical improvement in RA
patients administered rituximab, a chimeric
monoclonal antibody against CD20, has renewed
the interest in B-cell targeting for RA [63–67].
Belimumab, a humanized monoclonal antibody
against BlyS, has also been used but has proven
less effective than anti-CD20 therapy in
RA [68]. 

Induction of synovial apoptosis
Pannus formation is central to the destructive
features of RA. Pannus results, in part, from the
proliferation of synoviocytes. Induction of
synoviocyte apoptosis thus offers another target
for RA therapy. Fas ligand, which, upon recogni-
tion of Fas antigen on target cells, induces apop-
tosis, effectively induced apoptosis following
ex vivo Ad delivery to cultured rabbit and RA
synovial fibroblasts [69]. Ad delivery of
TNF-related apoptosis-inducing ligand, or its
recombinant form, also resulted in synovial cell
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apoptosis in the rabbit arthritis model [70,71].
In vivo delivery of Ad-encoding Fas-associated
death-domain protein induced apoptosis of
engrafted proliferating human RA synoviocytes
in severe combined immunodeficiency mice
(SCID) mice [72]. Several cell-cycle regulators
have been shown to play an important role in
the pathogenesis of aggressive synovial hyper-
trophy. Both p53 and p53-upregulated modula-
tor of apoptosis induced apoptosis in
synoviocytes [73,74]. Ad-mediated overexpression
of p21, a cell-cycle regulator controlled by p53,
to p53-deficient RA synoviocytes repressed their
abnormal invasive properties [75]. Another recent
approach involved the targeting of apoptosis
promoting transcription factor signal transducer
and activator of transcription (STAT)3. Retro-
viral-mediated gene transfer of a dominant nega-
tive mutant of STAT3, termed STAT3-YF,
effectively induced apoptosis in synoviocytes [76]. 

Inhibition of transcription factors
The nuclear factor (NF)-κB pathway is a key
intracellular pathway for induction of synovial
inflammation [77–80]. Several studies have
demonstrated that gene delivery of inhibitors
of NF-κB decreased arthritis and inflammatory
cytokine production in mouse models. Exam-
ples of this include liposome delivery of decoy
NF-κB oligodeoxynucleotides and Ad or AAV
delivery of a dominant negative form of inhib-
itor of NF-κB kinase β, a known activator of
NF-κB [81–83]. 

Inhibition of angiogenesis
An early feature of pannus formation is neo-
vascularization. Therefore, the targeting of
angiogenesis may act as a means to inhibit early
synovial hypertrophy and subsequent cartilage
and bony invasion. RV-, LV- and AAV-mediated
delivery of angiostatin, endostatin or thrombo-
spondin 1, three antiangiogenic factors, decrease
synovial hypertrophy and pannus formation in
animal arthritis models [84–88]. 

Expression of VEGF, a potent stimulator of
angiogenesis, correlates with arthritis disease
severity [89,90]. The administration of VEGF sol-
uble receptor and the VEGF inhibitor nanogold
by Ad vectors effectively reduced arthritis in
mice [91,92]. 

Inhibition of cartilage & bone erosion 
The underlying destructive nature and invasive-
ness of RA synoviocytes are at least in part due to
the presence of matrix metalloproteinases

(MMPs) [93]. MMP-1 inhibition through retro-
viral transduction of MMP-1-specific
ribozymes and MMP-1 antisense constructs
diminished synoviocyte invasiveness [94,95]. A
similar reduction in cartilage invasion has been
shown with Ad-mediated transfer of tissue
inhibitors of MMPs types 1 and 3 in the SCID
RA model [96]. 

Regulation of gene expression
The ability to regulate the level of the therapeu-
tic drug is critical to any successful therapeutic
regimen. For gene therapy, this rests in the acti-
vation or turning on of select genes during dis-
ease flare while being able to turn off expression
after disease remission. Drug-inducible promot-
ers provide a targeted method to control trans-
gene expression. One such method developed for
this purpose is an antibiotic-inducible system. In
this system the antibiotic tetracycline (tet-sys-
tem) is used to either induce transcription (tet-
on) or inhibit transcription (tet-off ). The tet-sys-
tem has been used successfully in rodent arthritis
to regulate viral IL-10 expression for up to
2–3 months [97,98]. 

Inflammation-responsive promoters provide
an attractive alternative approach to drug-induc-
ible systems. In these systems, proinflammatory
cytokines or transcription factor regulatory ele-
ments are used to control gene expression. The
promise of such systems has been shown in using
the combination of hIL-1β enhancer and IL-6
promoter elements delivered by an Ad vector to
regulate transgene expression. Using luciferase as a
reporter gene, this system demonstrated the ability
to reactivate luciferase expression up to 3 weeks
after infection [99]. A second two-component sys-
tem using complement protein 3 (C3) promoter
activation of an HIV promoter for the IL-1Ra
gene effectively decreased rodent arthritis after its
local delivery (Ad.C3Tat/HIV-IL-Ra) [100]. Recent
findings demonstrating the ability of cytokines
such as TNF-α, IL-1β and -6 to control AAV
transgene expression expands on the use of
inflammation itself as a regulatory element in
gene therapy [101]. 

Another method of gene regulation comes in
the form of small molecules capable of regulating
gene expression once the transgene has been
delivered. Proteasome inhibitor (PI) administ-
ration has been shown both in vitro and in vivo
to upregulate transgene expression. Interest-
ingly, although the effect is transient, repeated
PI administration was able to reinduce gene
expression [102]. 
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Future perspective
Much progress has been made in the past several
years in developing gene therapy as a therapeutic
tool for the treatment of arthritis. Areas of future
focus will include the targeted delivery of vectors,

close regulation of transgene expression, improved
vector safety and efficacy and the avoidance of
host immune response. Ideally, these systems will
specifically target distant sites of inflammation
through local or systemic administration. Once

Table 1. Rheumatoid arthritis gene therapy targets listed with associated vectors and therapeutic transgenes.

Therapeutic 
approach

Targets Transgene Vectors used (Ref.) Findings

Inflammatory
cytokine 
inhibition

TNF sTNFR AAV [34] Decreased inflammation and 
bone/cartilage
destruction 

sTNFR-IgG Plasmid [26]

IL-1 sIL-1R-Ig Ad [35]

IL-1Ra Ad [35]

RV [39,40]

IL-18 IL-18 bp rAAV [41] 

Ad [44]

IL-18 Ad [43] Increased bone and cartilage 
destructionIL-17 IL-17 Ad [42]

Inhibitory
cytokines

IL-4 IL-4 Ad [49,52,53] CIA suppression and
cartilage protectionIL-10 IL-10 AAV [50]

IL-13 IL-13 Ad [46–48]

RV [56]

Plasmid [27]

Ad [57,58]

T-cell inhibition T cells CTLA-4Ig Ad [62] CIA suppression

Pannus formation Apoptosis Fas-L Ad [69] FLS apoptosis-sparing chondrocytes 

FADD Ad [72]

TRAIL Ad [70]

p53 Ad [73]

PUMA Plasmid [74]

p21 Ad [75,103] Inhibited FLS migration, 
CIA suppression

STAT3 RV [76] FLS apoptosis 

Angiogenesis Endostatin LV [87] Suppression of TNF-induced arthritis

Angiostatin RV [84] CIA suppression

HIV [85]

AAV [86]

sVEGFR Ad [90] CIA suppression

Intracellular signaling NF-κB IκBα Ad [78] Inhibition of NF-κB

NF-κB decoy ODN Liposome [81]

IKKκBdn Ad [82] CIA suppression

AAV [83] CIA suppression

Cartilage and bone 
destruction

MMP RzMMP1 RV [94] Decreased FLS invasiveness

TIMP1 and 3 Ad [96] Decreased cartilage destruction 
by FLSMMP1 antisense RV [95]

AAV: Adeno-associated virus; Ad: Adenovirus; CIA: Collagen-induced arthritis; CTLA: Cytotoxic T-lymphocyte antigen; FADD: Fas-associated death 
domain; FAS-L: Fas ligand; FLS: Fibroblast-like synoviocytes; IKKk-dn: Inhibitor of NF-kB kinase b; IL1-Ra: IL-1-receptor antagonist; MMP: Matrix 
metalloproteinase; NF-kB: Nuclear factor-kB; ODN: Oligodeoxynucleotide; PUMA: p-53-upregulated modulator of apoptosis; rAAV: Recombinant 
AAV; RV: Retrovirus; RzMMP1: MMP-1-specific ribozymes; STAT: Signal transducer and activator of transcription; TIMP: Tissue-specific inhibitors of 
MMPs; TNFR: TNF receptor; TRAIL: TNF-related apoptosis-inducing ligand; VEGFR: VEGF receptor.
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delivered the genes can then be tightly controlled
by inflammation-driven promoters. Mechanisms
to avoid the host immune response to vectors
and their target cells will provide improved dura-
tion of gene expression. Finally, the delivery of
combinations of genes affecting different targets
may induce a more rapid and sustained

remission (Table 1). Examples would include
targeting cytokines at inflammatory lesions while
limiting synovial hypertrophy with the induction
of apoptosis and inhibition of angiogenesis. 
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Executive summary

Advances in gene delivery

• Delivery of therapeutic agents, through viral and nonviral vectors, provides a potential solution to the current limitations in rheumatoid 
arthritis therapies.

• Development of viral and nonviral vectors capable of avoiding the host immune response improves both transduction and 
long-term therapeutic efficacy.

• Systemic delivery of immune cells as vectors allows the delivery of transgenes to multiple areas of disease activity, through their 
innate ability to home to areas of inflammation.

Therapeutic targets for gene therapy in rheumatoid arthritis

• Restoration of the balance between proinflammatory and immunosuppressant cytokines through gene therapy can effectively 
attenuate arthritis.

• Apoptosis induction and the inhibition of angiogenesis or erosive mediators through gene therapy have prevented aggressive 
pannus formation.

Regulation of transgene expression

• Use of inflammation and cytokines to drive adeno-associated virus or promoter-specific transgene expression provides an optimal 
disease regulatory mechanism.

• In vivo administration of small molecules such as proteasome inhibitors can enhance transgene expression following viral vector delivery. 

Future perspective 

• Continued development of low immunogenic vectors able to deliver therapeutic gene combinations targeted at multiple elements 
involved in arthritis will provide better long-term disease control. 

Bibliography
Papers of special note have been highlighted as 
either of interest (•) or of considerable interest (••) 
to readers.
1. Alamanos Y, Voulgari PV, Drosos AA: 

Incidence and prevalence of rheumatoid 
arthritis, based on the 1987 American 
College of Rheumatology criteria: 
a systematic review. Semin. Arthritis 
Rheum. 36, 182–188 (2006).

2. Gartlehner G, Hansen RA, Jonas BL, 
Thieda P, Lohr KN: The comparative 
efficacy and safety of biologics for 
the treatment of rheumatoid 
arthritis: a systematic review and 
metaanalysis. J. Rheumatol. 33, 
2398–2408 (2006).

3. Tarner IH, Neumann E, Gay S, 
Fathman CG, Muller-Ladner U: 
Developing the concept of adoptive 
cellular gene therapy of rheumatoid 
arthritis. Autoimmun. Rev. 5, 148–152 
(2006).

• Concise and pertinent review on the 
potential for adoptive cellular gene 
therapy in rheumatoid arthritis (RA).

4. Tarner IH, Slavin AJ, McBride J et al.: 
Treatment of autoimmune disease by 
adoptive cellular gene therapy. Ann. NY 
Acad. Sci. 998, 512–519 (2003).

5. Nakajima A: Application of cellular gene 
therapy for rheumatoid arthritis. 
Mod. Rheumatol. 16, 269–275 (2006).

6. Nakajima A, Seroogy CM, Sandora MR 
et al.: Antigen-specific T cell-mediated 
gene therapy in collagen-induced arthritis. 
J. Clin. Invest. 107, 1293–1301 (2001).

• Demonstrates the potential of 
autoantigen-reactive T cells to target 
inflamed autoantigen-expressing tissues.

7. Tarner IH, Nakajima A, Seroogy CM 
et al.: Retroviral gene therapy of 
collagen-induced arthritis by local delivery 
of IL-4. Clin. Immunol. 105, 304–314 
(2002).

8. Jorgensen C, Demoly P, Noel D et al.: 
Gene transfer to human rheumatoid 
synovial tissue engrafted in SCID mice. 
J. Rheumatol. 24, 2076–2079 (1997).

9. Lin YL, Noel D, Mettling C et al.: 
Feline immunodeficiency virus vectors for 
efficient transduction of primary human 

synoviocytes: application to an original 
model of rheumatoid arthritis. Hum. Gene 
Ther. 15, 588–596 (2004).

10. Gouze E, Pawliuk R, Pilapil C et al.: In vivo 
gene delivery to synovium by lentiviral 
vectors. Mol. Ther. 5, 397–404 (2002).

11. Gouze E, Pawliuk R, Gouze JN et al.: 
Lentiviral-mediated gene delivery to 
synovium: potent intra-articular expression 
with amplification by inflammation. 
Mol. Ther. 7, 460–466 (2003).

12. Ghivizzani SC, Lechman ER, Tio C et al.: 
Direct retrovirus-mediated gene transfer to 
the synovium of the rabbit knee: 
implications for arthritis gene therapy. Gene 
Ther. 4, 977–982 (1997).

13. Nguyen KH, Boyle DL, McCormack JE, 
Chada S, Jolly DJ, Firestein GS: Direct 
synovial gene transfer with retroviral vectors 
in rat adjuvant arthritis. J. Rheumatol. 25, 
1118–1125 (1998).

14. Hacein-Bey-Abina S, Von Kalle C, 
Schmidt M et al.: LMO2-associated clonal 
T-cell proliferation in two patients after gene 
therapy for SCID-X1. Science 302, 415–419 
(2003).



410

REVIEW – Reinhardt & Hirsch 

Future Rheumatol. (2007)  2(4) future science groupfuture science group

15. Goossens PH, Vogels R, Pieterman E et al.: 
The influence of synovial fluid on 
adenovirus-mediated gene transfer to the 
synovial tissue. Arthritis Rheum. 44, 48–52 
(2001).

16. Goossens PH, Havenga MJ, Pieterman E 
et al.: Infection efficiency of type 5 
adenoviral vectors in synovial tissue can be 
enhanced with a type 16 fiber. Arthritis 
Rheum. 44, 570–577 (2001).

• Important paper demonstrating the 
promise of viral-vector modification 
for increased transduction efficiency 
within synoviocytes.

17. Toh ML, Hong SS, van de Loo F et al.: 
Enhancement of adenovirus-mediated 
gene delivery to rheumatoid arthritis 
synoviocytes and synovium by fiber 
modifications: role of arginine-glycine-
aspartic acid (RGD)- and non-RGD-
binding integrins. J. Immunol. 175, 
7687–7698 (2005).

18. Wu Z, Asokan A, Samulski RJ: 
Adeno-associated virus serotypes: 
vector toolkit for human gene therapy. 
Mol. Ther. 14, 316–327 (2006).

19. Snyder RO, Francis J: Adeno-associated viral 
vectors for clinical gene transfer studies. 
Curr. Gene Ther. 5, 311–321 (2005).

20. Boissier MC, Lemeiter D, Clavel C 
et al.: Synoviocyte infection with 
adeno-associated virus (AAV) is 
neutralized by human synovial fluid from 
arthritis patients and depends on AAV 
serotype. Hum. Gene Ther. 18(6), 525–535 
(2007).

• Recent study emphasizing the
importance of anti-adeno-associated
virus (AAV)-neutralizing antibodies 
found in the synovial fluid of RA patients.

21. Halbert CL, Miller AD, McNamara S 
et al.: Prevalence of neutralizing antibodies 
against adeno-associated virus (AAV) types 
2, 5, and 6 in cystic fibrosis and normal 
populations: implications for gene therapy 
using AAV vectors. Hum. Gene Ther. 17, 
440–447 (2006).

22. Cottard V, Valvason C, Falgarone G, 
Lutomski D, Boissier MC, Bessis N: 
Immune response against gene therapy 
vectors: influence of synovial fluid on 
adeno-associated virus mediated gene 
transfer to chondrocytes. J. Clin. Immunol. 
24, 162–169 (2004).

23. Adriaansen J, Tas SW, Klarenbeek PL 
et al.: Enhanced gene transfer to arthritic 
joints using adeno-associated virus 
type 5: implications for intra-articular gene 
therapy. Ann. Rheum. Dis. 64, 1677–1684 
(2005).

• Study characterizing tropism of five 
commonly used retroviral AAVs 
(rAAVs) to the synovium following 
intra-articular injection.

24. Apparailly F, Khoury M, 
Vervoordeldonk MJ et al.: Adeno-
associated virus pseudotype 5 vector 
improves gene transfer in arthritic joints. 
Hum. Gene Ther. 16, 426–434 (2005).

25. Nita I, Ghivizzani SC, Galea-Lauri J et al.: 
Direct gene delivery to synovium. An 
evaluation of potential vectors in vitro and 
in vivo. Arthritis Rheum. 39, 820–828 
(1996).

26. Bloquel C, Bessis N, Boissier MC, 
Scherman D, Bigey P: Gene therapy of 
collagen-induced arthritis by 
electrotransfer of human tumor necrosis 
factor-α soluble receptor I variants. 
Hum. Gene Ther. 15, 189–201 (2004).

27. Saidenberg-Kermanach N, Bessis N, 
Deleuze V et al.: Efficacy of interleukin-10 
gene electrotransfer into skeletal muscle in 
mice with collagen-induced arthritis. 
J. Gene Med. 5, 164–171 (2003).

28. Jeong JG, Kim JM, Ho SH, Hahn W, 
Yu SS, Kim S: Electrotransfer of human
IL-1Ra into skeletal muscles reduces the 
incidence of murine collagen-induced 
arthritis. J. Gene Med. 6, 1125–1133 
(2004).

29. Bessis N, Cottard V, 
Saidenberg-Kermanach N, Lemeiter D, 
Fournier C, Boissier MC: Syngeneic 
fibroblasts transfected with a plasmid 
encoding interleukin-4 as non-viral vectors 
for anti-inflammatory gene therapy in 
collagen-induced arthritis. J. Gene Med. 4, 
300–307 (2002).

30. Kageyama Y, Koide Y, Uchijima M et al.: 
Plasmid encoding interleukin-4 in the 
amelioration of murine collagen-induced 
arthritis. Arthritis Rheum. 50, 968–975 
(2004).

31. Khoury M, Bigey P, Louis-Plence P et al.: 
A comparative study on intra-articular 
versus systemic gene electrotransfer in 
experimental arthritis. J. Gene Med. 8, 
1027–1036 (2006).

• Potential of intra-articular gene 
electrotransfer to deliver nonviral genes 
into arthritic joints.

32. Schiffelers RM, Xu J, Storm G, 
Woodle MC, Scaria PV: Effects of 
treatment with small interfering RNA on 
joint inflammation in mice with 
collagen-induced arthritis. Arthritis Rheum. 
52, 1314–1318 (2005).

33. Adriaansen J, Vervoordeldonk MJ, 
Vanderbyl S, de Jong G, Tak PP: A novel 

approach for gene therapy: engraftment of 
fibroblasts containing the artificial 
chromosome expression system at the site 
of inflammation. J. Gene Med. 8, 63–71 
(2006).

• Study characterizing the feasibility of 
artificial chromosomes for treatment of 
inflammatory arthritis.

34. Zhang HG, Xie J, Yang P et al.: 
Adeno-associated virus production of 
soluble tumor necrosis factor receptor 
neutralizes tumor necrosis factor α and 
reduces arthritis. Hum. Gene Ther. 11, 
2431–2442 (2000).

35. Ghivizzani SC, Lechman ER, Kang R 
et al.: Direct adenovirus-mediated gene 
transfer of interleukin 1 and tumor necrosis 
factor α soluble receptors to rabbit knees 
with experimental arthritis has local and 
distal anti-arthritic effects. Proc. Natl Acad. 
Sci. USA  95, 4613–4618 (1998).

36. Mease PJ, Wei N, Fudman E et al.:  
A Phase 1/2 clinical study of 
intra-articular administration of a 
recombinant adeno-associated vector 
containing a TNF-α antagonist gene in 
inflammatory arthritis. Arthritis Rheum. 
54, S925 (2006).

• Results of the first clinical study for 
AAV delivered gene therapy in the 
treatment of RA.

37. Ghivizzani SC, Kang R, Georgescu HI 
et al.: Constitutive intra-articular 
expression of human IL-1β following gene 
transfer to rabbit synovium produces all 
major pathologies of human rheumatoid 
arthritis. J. Immunol. 159, 3604–3612 
(1997).

38. Horai R, Saijo S, Tanioka H et al.: 
Development of chronic inflammatory 
arthropathy resembling rheumatoid arthritis 
in interleukin 1 receptor antagonist-
deficient mice. J. Exp. Med. 191, 313–320 
(2000).

39. Otani K, Nita I, Macaulay W, 
Georgescu HI, Robbins PD, Evans CH: 
Suppression of antigen-induced arthritis in 
rabbits by ex vivo gene therapy. J. Immunol. 
156, 3558–3562 (1996).

40. Evans CH, Robbins PD, Ghivizzani SC 
et al.: Gene transfer to human joints: 
progress toward a gene therapy of arthritis. 
Proc. Natl Acad. Sci. USA  102, 8698–8703 
(2005).

41. Pan RY, Chen SL, Xiao X, Liu DW, 
Peng HJ, Tsao YP: Therapy and prevention 
of arthritis by recombinant adeno-associated 
virus vector with delivery of interleukin-1 
receptor antagonist. Arthritis Rheum. 43, 
289–297 (2000).



411

Gene therapy for rheumatoid arthritis – REVIEW

future science groupfuture science group www.futuremedicine.com

42. Lubberts E, Joosten LA, Oppers B 
et al.: IL-1-independent role of IL-17 
in synovial inflammation and joint 
destruction during collagen-induced 
arthritis. J. Immunol. 167, 1004–1013 
(2001).

43. Joosten LA, Smeets RL, Koenders MI 
et al.: Interleukin-18 promotes joint 
inflammation and induces interleukin-1-
driven cartilage destruction. Am. J. Pathol. 
165, 959–967 (2004).

44. Smeets RL, van de Loo FA, Arntz OJ, 
Bennink MB, Joosten LA, 
van den Berg WB: Adenoviral delivery of 
IL-18 binding protein C ameliorates 
collagen-induced arthritis in mice. Gene 
Ther. 10, 1004–1011 (2003).

45. Lubberts E, Koenders MI, 
Oppers-Walgreen B et al.: Treatment 
with a neutralizing anti-murine 
interleukin-17 antibody after the 
onset of collagen-induced arthritis 
reduces joint inflammation, cartilage 
destruction, and bone erosion. Arthritis 
Rheum. 50, 650–659 (2004).

46. Lubberts E, Joosten LA, 
van den Bersselaar L et al.: Intra-articular 
IL-10 gene transfer regulates the 
expression of collagen-induced arthritis 
(CIA) in the knee and ipsilateral paw. 
Clin. Exp. Immunol. 120, 375–383 (2000).

47. Ma Y, Thornton S, Duwel LE et al.: 
Inhibition of collagen-induced arthritis in 
mice by viral IL-10 gene transfer. 
J. Immunol. 161, 1516–1524 (1998).

48. Whalen JD, Lechman EL, Carlos CA 
et al.: Adenoviral transfer of the viral
IL-10 gene periarticularly to mouse 
paws suppresses development of 
collagen-induced arthritis in both injected 
and uninjected paws. J. Immunol. 162, 
3625–3632 (1999).

49. Watanabe S, Imagawa T, Boivin GP, 
Gao G, Wilson JM, Hirsch R: 
Adeno-associated virus mediates long-term 
gene transfer and delivery of 
chondroprotective IL-4 to murine 
synovium. Mol. Ther. 2, 147–152 (2000).

50. Cottard V, Mulleman D, Bouille P, 
Mezzina M, Boissier MC, Bessis N: 
Adeno-associated virus-mediated 
delivery of IL-4 prevents 
collagen-induced arthritis. Gene Ther. 7, 
1930–1939 (2000).

51. Joosten LA, Lubberts E, Helsen MM et al.: 
Protection against cartilage and bone 
destruction by systemic interleukin-4 
treatment in established murine type II 
collagen-induced arthritis. Arthritis Res. 1, 
81–91 (1999).

52. Lubberts E, Joosten LA, 
van Den Bersselaar L et al.: Adenoviral vector-
mediated overexpression of 
IL-4 in the knee joint of mice with 
collagen-induced arthritis prevents cartilage 
destruction. J. Immunol. 163, 4546–4556 
(1999).

53. Woods JM, Katschke KJ, Volin MV et al.: IL-4 
adenoviral gene therapy reduces inflammation, 
proinflammatory cytokines, vascularization, 
and bony destruction in rat adjuvant-induced 
arthritis. J. Immunol. 166, 1214–1222 (2001).

54. Saidenberg-Kermanach N, Bessis N, Lemeiter 
D, de Vernejoul MC, Boissier MC, Cohen-
Solal M: Interleukin-4 cellular gene therapy 
and osteoprotegerin decrease inflammation-
associated bone resorption in collagen-induced 
arthritis. J. Clin. Immunol. 24, 370–378 
(2004).

55. Neumann E, Judex M, Kullmann F et al.: 
Inhibition of cartilage destruction by double 
gene transfer of IL-1Ra and IL-10 involves the 
activin pathway. Gene Ther. 9, 1508–1519 
(2002).

56. Yang SY, Wu B, Mayton L et al.: Protective 
effects of IL-1Ra or vIL-10 gene transfer on a 
murine model of wear debris-induced 
osteolysis. Gene Ther. 11, 483–491 (2004).

57. Woods JM, Amin MA, Katschke KJ Jr et al.: 
Interleukin-13 gene therapy reduces 
inflammation, vascularization, and bony 
destruction in rat adjuvant-induced 
arthritis. Hum. Gene Ther. 13, 381–393 
(2002).

58. Nabbe KC, van Lent PL, Holthuysen AE 
et al.: Local IL-13 gene transfer prior to 
immune-complex arthritis inhibits 
chondrocyte death and matrix-
metalloproteinase-mediated cartilage matrix 
degradation despite enhanced joint 
inflammation. Arthritis Res. Ther. 7, 
R392–R401 (2005).

59. Knoerzer DB, Karr RW, Schwartz BD, 
Mengle-Gaw LJ: Collagen-induced arthritis 
in the BB rat. Prevention of disease by 
treatment with CTLA-4-Ig. J. Clin. Invest. 
96, 987–993 (1995).

• Early article reporting reduction of 
collagen-induced arthritis (CIA) using 
T-cell inhibition through gene therapy. 

60. Webb LM, Walmsley MJ, Feldmann M: 
Prevention and amelioration of collagen-
induced arthritis by blockade of the CD28 
co-stimulatory pathway: requirement for 
both B7–1 and B7–2. Eur. J. Immunol. 26, 
2320–2328 (1996).

61. Genovese MC, Becker JC, Schiff M et al.: 
Abatacept for rheumatoid arthritis refractory 
to tumor necrosis factor α inhibition. 
N. Engl. J. Med. 353, 1114–1123 (2005).

62. Quattrocchi E, Dallman MJ, Feldmann M: 
Adenovirus-mediated gene transfer of 
CTLA-4Ig fusion protein in the suppression of 
experimental autoimmune arthritis. Arthritis 
Rheum. 43, 1688–1697 (2000).

63. Cohen SB, Emery P, Greenwald MW et al.: 
Rituximab for rheumatoid arthritis refractory 
to anti-tumor necrosis factor therapy: Results 
of a multicenter, randomized, double-blind, 
placebo-controlled, Phase III trial evaluating 
primary efficacy and safety at twenty-four 
weeks. Arthritis Rheum. 54, 2793–2806 
(2006).

64. Edwards JC, Cambridge G: Sustained 
improvement in rheumatoid arthritis 
following a protocol designed to deplete B 
lymphocytes. Rheumatology (Oxford) 40, 
205–211 (2001).

65. Edwards JC, Szczepanski L, Szechinski J et al.: 
Efficacy of B-cell-targeted therapy with 
rituximab in patients with rheumatoid 
arthritis. N. Engl. J. Med. 350, 2572–2581 
(2004).

66. Emery P, Fleischmann R, 
Filipowicz-Sosnowska A et al.: The 
efficacy and safety of rituximab in 
patients with active rheumatoid arthritis 
despite methotrexate treatment: results 
of a Phase IIB randomized, double-blind, 
placebo-controlled, dose-ranging trial. 
Arthritis Rheum. 54, 1390–1400 (2006).

67. Finckh A, Ciurea A, Brulhart L et al.: 
B cell depletion may be more effective 
than switching to an alternative 
anti-tumor necrosis factor agent in 
rheumatoid arthritis patients with 
inadequate response to anti-tumor necrosis 
factor agents. Arthritis Rheum. 56, 
1417–1423 (2007).

68. McKay J, Chwalinska-Sadowska H, Boling E 
et al.: Belimumab (BmAb), a fully human 
monoclonal antibody to B-lymphocyte 
stimulator (BLys), combined with standard of 
care therapy reduces the signs and symptoms 
of rheumatoid arthritis in a heterogenous 
subject population. Arthritis Rheum. 52, S710 
(2005).

69. Yao Q, Glorioso JC, Evans CH et al.: 
Adenoviral mediated delivery of FAS ligand to 
arthritic joints causes extensive apoptosis in the 
synovial lining. J. Gene Med. 2, 210–219 
(2000).

• Potential of apoptosis induction 
through gene therapy to treat 
inflammatory arthritis.

70. Yao Q, Wang S, Gambotto A et al.: Intra-
articular adenoviral-mediated gene transfer 
of trail induces apoptosis of arthritic rabbit 
synovium. Gene Ther. 10, 1055–1060 
(2003).



412

REVIEW – Reinhardt & Hirsch 

Future Rheumatol. (2007)  2(4) future science groupfuture science group

71. Yao Q, Seol DW, Mi Z, Robbins PD: 
Intra-articular injection of recombinant 
TRAIL induces synovial apoptosis and 
reduces inflammation in a rabbit knee 
model of arthritis. Arthritis Res. Ther. 8, 
R16 (2006).

72. Kobayashi T, Okamoto K, Kobata T et al.: 
Novel gene therapy for rheumatoid 
arthritis by FADD gene transfer: induction 
of apoptosis of rheumatoid synoviocytes 
but not chondrocytes. Gene Ther. 7, 
527–533 (2000).

73. Yao Q, Wang S, Glorioso JC et al.: Gene 
transfer of p53 to arthritic joints stimulates 
synovial apoptosis and inhibits 
inflammation. Mol. Ther. 3, 901–910 
(2001).

74. You X, Boyle DL, Hammaker D, 
Firestein GS: PUMA-mediated apoptosis 
in fibroblast-like synoviocytes does not 
require p53. Arthritis Res. Ther. 8, R157 
(2006).

75. Woods JM, Klosowska K, Spoden DJ et al.: 
A cell-cycle independent role for p21 in 
regulating synovial fibroblast migration in 
rheumatoid arthritis. Arthritis Res. Ther. 8, 
R113 (2006).

76. Krause A, Scaletta N, Ji JD, Ivashkiv LB: 
Rheumatoid arthritis synoviocyte survival 
is dependent on Stat3. J. Immunol. 169, 
6610–6616 (2002).

77. Andreakos E, Smith C, Kiriakidis S et al.: 
Heterogeneous requirement of IκB kinase 2 
for inflammatory cytokine and matrix 
metalloproteinase production in 
rheumatoid arthritis: implications for 
therapy. Arthritis Rheum. 48, 1901–1912 
(2003).

78. Bondeson J, Brennan F, Foxwell B, 
Feldmann M: Effective adenoviral transfer 
of IκBα into human fibroblasts and 
chondrosarcoma cells reveals that the 
induction of matrix metalloproteinases and 
proinflammatory cytokines is nuclear 
factor-κB dependent. J. Rheumatol. 27, 
2078–2089 (2000).

79. Hiramitsu T, Yasuda T, Ito H et al.: 
Intercellular adhesion molecule-1 mediates 
the inhibitory effects of hyaluronan on 
interleukin-1β-induced matrix 
metalloproteinase production in 
rheumatoid synovial fibroblasts via 
down-regulation of NF-κB and p38. 
Rheumatology (Oxford) 45, 824–832 
(2006).

80. Roman-Blas JA, Jimenez SA: NF-κB as a 
potential therapeutic target in 
osteoarthritis and rheumatoid arthritis. 
Osteoarthritis Cartilage 14, 839–848 
(2006).

81. Tomita T, Takeuchi E, Tomita N et al.: 
Suppressed severity of collagen-induced 
arthritis by in vivo transfection of nuclear 
factor κB decoy oligodeoxynucleotides as a 
gene therapy. Arthritis Rheum. 42, 
2532–2542 (1999).

82. Tak PP, Gerlag DM, Aupperle KR 
et al.: Inhibitor of nuclear factor κB 
kinase β is a key regulator of synovial 
inflammation. Arthritis Rheum. 44, 
1897–1907 (2001).

83. Tas SW, Adriaansen J, Hajji N et al.: 
Amelioration of arthritis by 
intra-articular dominant negative IKKβ 
gene therapy using adeno-associated virus 
type 5. Hum. Gene Ther. 17, 821–832 
(2006).

84. Kim JM, Ho SH, Park EJ et al.: 
Angiostatin gene transfer as an effective 
treatment strategy in murine 
collagen-induced arthritis. Arthritis Rheum. 
46, 793–801 (2002).

85. Kato K, Miyake K, Igarashi T, 
Yoshino S, Shimada T: Human 
immunodeficiency virus 
vector-mediated intra-articular 
expression of angiostatin inhibits 
progression of collagen-induced arthritis 
in mice. Rheumatol. Int. 25, 522–529 
(2005).

86. Takahashi H, Kato K, Miyake K, 
Hirai Y, Yoshino S, Shimada T: 
Adeno-associated virus vector-mediated 
anti-angiogenic gene therapy for 
collagen-induced arthritis in mice. 
Clin. Exp. Rheumatol. 23, 455–461 
(2005).

87. Yin G, Liu W, An P et al.: Endostatin 
gene transfer inhibits joint 
angiogenesis and pannus formation in 
inflammatory arthritis. Mol. Ther. 5, 
547–554 (2002).

88. Jou IM, Shiau AL, Chen SY et al.: 
Thrombospondin 1 as an effective gene 
therapeutic strategy in collagen-induced 
arthritis. Arthritis Rheum. 52, 339–344 
(2005).

89. Miotla J, Maciewicz R, Kendrew J, 
Feldmann M, Paleolog E: Treatment with 
soluble VEGF receptor reduces disease 
severity in murine collagen-induced 
arthritis. Lab. Invest. 80, 1195–1205 
(2000).

90. Mould AW, Tonks ID, Cahill MM et al.: 
VEGFβ gene knockout mice display 
reduced pathology and synovial 
angiogenesis in both antigen-induced 
and collagen-induced models of 
arthritis. Arthritis Rheum. 48, 2660–2669 
(2003).

91. Afuwape AO, Feldmann M, 
Paleolog EM: Adenoviral delivery of 
soluble VEGF receptor 1 (sFlt-1) abrogates 
disease activity in murine collagen-induced 
arthritis. Gene Ther. 10, 1950–1960 
(2003).

92. Tsai CY, Shiau AL, Chen SY et al.: 
Amelioration of collagen-induced arthritis 
in rats by nanogold. Arthritis Rheum. 56, 
544–554 (2007).

93. Tolboom TC, Pieterman E, 
van der Laan WH et al.: Invasive properties 
of fibroblast-like synoviocytes: correlation 
with growth characteristics and 
expression of MMP-1, MMP-3, and 
MMP-10. Ann. Rheum. Dis. 61, 975–980 
(2002).

94. Rutkauskaite E, Zacharias W, Schedel J 
et al.: Ribozymes that inhibit the 
production of matrix metalloproteinase 1 
reduce the invasiveness of 
rheumatoid arthritis synovial fibroblasts. 
Arthritis Rheum. 50, 1448–1456 
(2004).

• Potential promise of ribozymes in the 
treatment of inflammatory arthritis.

95. Rutkauskaite E, Volkmer D,
 Shigeyama Y et al.: Retroviral gene 
transfer of an antisense construct against 
membrane type 1 matrix metalloproteinase 
reduces the invasiveness of rheumatoid 
arthritis synovial fibroblasts. Arthritis 
Rheum. 52, 2010–2014 (2005).

96. van der Laan WH, Quax PH, 
Seemayer CA et al.: Cartilage degradation 
and invasion by rheumatoid synovial 
fibroblasts is inhibited by gene transfer of 
TIMP-1 and TIMP-3. Gene Ther. 10, 
234–242 (2003).

97. Perez N, Plence P, Millet V et al.: 
Tetracycline transcriptional silencer 
tightly controls transgene expression 
after in vivo intramuscular electrotransfer: 
application to interleukin-10 therapy in 
experimental arthritis. Hum. Gene Ther. 
13, 2161–2172 (2002).

98. Apparailly F, Millet V, Noel D, 
Jacquet C, Sany J, Jorgensen C: 
Tetracycline-inducible interleukin-10 
gene transfer mediated by an 
adeno-associated virus: application to 
experimental arthritis. Hum. Gene Ther. 
13, 1179–1188 (2002).

99. van de Loo FA, de Hooge AS, Smeets RL 
et al.: An inflammation-inducible 
adenoviral expression system for local 
treatment of the arthritic joint. Gene Ther. 
11, 581–590 (2004).

• Promise for inflammation-regulated 
transgene expression in arthritis.



413

Gene therapy for rheumatoid arthritis – REVIEW

future science groupfuture science group www.futuremedicine.com

100. Bakker AC, van de Loo FA, 
Joosten LA et al.: C3-Tat/HIV-regulated 
intraarticular human interleukin-1 
receptor antagonist gene therapy results
in efficient inhibition of collagen-induced 
arthritis superior to cytomegalovirus-
regulated expression of the same 
transgene. Arthritis Rheum. 46, 1661–1670 
(2002).

101. Traister RS, Fabre S, Wang Z, Xiao X, 
Hirsch R: Inflammatory cytokine 
regulation of transgene expression
in human fibroblast-like synoviocytes 
infected with adeno-associated 
virus. Arthritis Rheum. 54, 2119–2126 
(2006).

• Cytokines can be used to 
regulate AAV transgene expression
in synoviocytes.

102. Jennings K, Miyamae T, Traister R 
et al.: Proteasome inhibition enhances 
AAV-mediated transgene expression in 
human synoviocytes in vitro and in vivo. 
Mol. Ther. 11, 600–607 (2005).

• Benefit of small molecules to 
regulate transgene expression following 
AAV delivery.

103. Nasu K, Kohsaka H, Nonomura Y et al.: 
Adenoviral transfer of cyclin-dependent 
kinase inhibitor genes suppresses 
collagen-induced arthritis in mice. 
J. Immunol. 165, 7246–7252 (2000).

Website
201. Centers for Disease Control and Prevention. 

Arthritis At A Glance 2007. Targeting 
Arthritis reducing disability for nearly 19 
million americans. 
www.cdc.gov/arthritis/

Affiliations

• Adam Reinhardt
Children’s Hospital of Pittsburgh, Division of 
Rheumatology, University of Pittsburgh School of 
Medicine, 3705 Fifth Avenue, Pittsburgh, 
PA 15213, USA
Tel.: +1 412 692 5970;
Fax: +1 412 692 5054;
adam.reinhardt@chp.edu

• Raphael Hirsch, Aldo V. Londino Professor and Chief

Children’s Hospital of Pittsburgh, Division of 
Rheumatology, University of Pittsburgh School of 
Medicine, 3705 Fifth Avenue, Pittsburgh, 
PA 15213, USA
Tel.: +1 412 692 5970;
Fax: +1 412 692 5054;
raphael.hirsch@chp.edu



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [589.606 793.701]
>> setpagedevice




