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Direct gene delivery strategies for the
treatment of rheumatoid arthritis

Steven C. Ghivizzani, Thomas J. Oligino, Joseph C. Glorioso,

Paul D. Robbins and Christopher H. Evans

Gene therapy offers a novel and innovative approach to the delivery of
therapeutic proteins to the joints of patients with arthritis. Several viral
vectors, including adenovirus, adeno-associated virus, retrovirus and
herpes simplex virus, are capable of delivering exogenous cDNAs to the
synovial lining, enabling effective levels of intra-articular transgene
expression following direct injection to the joint. The expression of certain
gene products has proven to be sufficient to inhibit the progression of
disease in animals with experimental arthritis. Non-viral methods of gene
transfer, however, are less satisfactory, and are limited by toxicity and
transience of expression. Although the principle of direct gene delivery
to the joint has been demonstrated, maintaining persistent intra-articular
transgene expression remains a challenge.

v Rheumatoid arthritis (RA) is a debilitating
condition in which the primary symptoms
include chronic inflammation of the joints.
The pathogenesis of the disease is slow but
progressive. The synovial lining of the joint,
which is normally a thin layer 2-3 cells deep,
becomes dramatically thickened and hyper-
cellular. The constitutive production of
inflammatory cytokines in the joint causes
the cells in the hypertrophied synovium to
become activated. The synovial tissue ac-
quires an aggressive phenotype and invades
the articulating tissues, eroding cartilage and
subchondral bone. With time, the steady
advancement of the disease can lead to a loss
of joint function.

To date, RA has proven to be an exceed-
ingly difficult disease to treat. In general, high
systemic doses of drugs are necessary to
achieve therapeutic levels in the joint, and
many agents that are effective in providing
symptomatic relief require repeated adminis-
tration, often with unpleasant side-effects.
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Advances in molecular biology and biochem-
istry have enabled the identification of sev-
eral proteins whose biological properties
might be valuable in treating RAL. However,
these molecules are expensive to manufacture,
have limited half-lives in vivo, and are difficult
to administer effectively.

Gene transfer — an alternative to
conventional therapies?

Gene transfer might provide an attractive al-
ternative to conventional drug therapy and
drug delivery strategies in the treatment of ar-
ticular disease. By delivering cDNAs encoding
proteins with anti-arthritic or therapeutic
properties to certain tissues of the patient,
and enabling production of these molecules
at elevated levels, it might be possible to
achieve sustained therapeutic levels of these
agents. If the gene(s) of interest are stably in-
serted into the tissues, it might be possible to
attain long-term relief or even to reverse the
pathologies of arthritic disease?.

Local and systemic gene delivery strategies
can be envisaged for the treatment of arthri-
tis. Using a systemic approach, genes would
be delivered to the tissues that would permit
secreted protein products to readily enter the
circulatory system, permitting body-wide dis-
tribution and access to all articular tissues3-9.
With a local approach, exogenous genes
would be delivered to cells within specific
joints, where the protein products would be
synthesized within the joint capsulel®.

Local gene transfer methods

For several reasons, we have directed the ma-
jority of our effort toward development of a
local gene transfer method. The gene product
would be synthesized within afflicted joints,
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permitting the highest concentration of the protein at the
site of disease, thus reducing the risk of exposure to un-
afflicted tissues and organs. Also, the small fluid volume of
the joint space relative to the total human blood volume
would require significantly less protein synthesis to achieve
therapeutic concentration than a systemic approach.
Although originally conceived as a method to treat RA,
methods developed for the transfer of genes to specific
joints might also have value in the treatment of osteo-
arthritis (OA), in which typically only a limited number of
joints are affected.

The initial studies of gene delivery to the joint employed
an ex vivo strategy, in which synovial tissue was surgically
harvested, and the synovial fibroblasts isolated and cul-
tured. The cultured cells were then infected with a recom-
binant retrovirus encoding the gene of interest and deliv-
ered to the joint by intra-articular injection. The genetically
modified cells then colonized the synovial lining and lo-
cally expressed the transgenell. This procedure proved to
be feasible and safe, first in animal models!!-13 and then in
a Phase I clinical trial4.

Following the initial demonstration of gene transfer to
the joint, studies of gene therapy for arthritis have, in gen-
eral, proceeded in two complementary directions. The first
is the identification of genes or gene products that exert
effective anti-arthritic activity. This usually involves deliv-
ering a gene of interest to a particular animal model of
arthritis and measuring the effect of its protein expression
on the progression of pathology in the experimental sys-
tem. From these types of experiments, several gene prod-
ucts have been shown to have therapeutic properties when
expressed at elevated levels in vivo2. Second, methods of
gene delivery have been evaluated for their relative merit
as tools for introducing exogenous DNAs into the joint.

Some studies have investigated the efficiency of intra-
articular gene delivery and the persistence of transgene ex-
pression in the knee joint of the New Zealand white rabbit
rather than small rodents such as rats or micel1.15-18, The
knee joint of the rabbit is similar in size to many of the
human joints that are commonly afflicted with RA and
should therefore provide a proportional representation of
the effects that can be achieved when treating human
disease. The larger size of the rabbit knee also permits accu-
rate and reliable intra-articular injection, and enables the
use of serial lavage. The lavage procedure involves the
injection of 1 ml saline solution into the joint space, ma-
nipulation of the joint to ensure mixing of the saline with
the synovial fluid, and then removal of the fluid from the
joint with the syringe. Recovered joint washings can be ana-
lyzed for the presence and concentration of secreted gene
products as well as any pathological responses induced by
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the gene transfer procedure. Because the lavage procedure
can be performed several times without adverse conse-
quence to the animal, the expression of transgenes encod-
ing secreted products can be monitored over time in the
same animal. Much of the data discussed in the following
paragraphs were obtained using this animal system.

Viral-mediated gene transfer to the joint

Although ex vivo delivery provides several potential safety
advantages compared with the direct injection of gene
transfer vectors to the patient, it is probable that the labor
and expense of the procedure would prohibit its use on a
large scale. In an effort to streamline the process of intra-
articular gene delivery, different means by which cDNAs
can be transferred to the synovial lining by the direct intra-
articular injection of a gene transfer vehicle or vector have
been evaluated, including several viral and non-viral gene
transfer methods. Overall, vectors derived from viruses
have proven to be the most efficient and permit greater
duration of transgene expression. However, each different
type of virus that has been adapted for gene transfer has
specific advantages and limitations inherent to its physical
and biological propertieste.

Adenoviral vectors
Gene transfer vectors derived from replication-deficient
adenovirus are the most widely used viral systems for
preclinical experimentation owing to their efficient and
technically straightforward methods for generating recom-
binant adenovirus and the comparative ease with which
high-titer preparations can be obtained20-23, The adenoviral
particle is non-enveloped, contains an ~35 kb double-
stranded DNA genome and can infect a wide range of cell
types from numerous species. Its ability to infect quiescent
and dividing cells makes it useful for direct in vivo gene
delivery. A distinct limitation of the first generation, E1, E3
deleted vectors, which are the most commonly used, is that
the majority of native viral-coding sequences are retained
and expressed at a low level by virally transduced cells. The
production of these viral antigens is thought to contribute,
at least in part, to the inflammatory effects often observed
in vivo following adenoviral-mediated gene delivery24.
Furthermore, the expression of viral proteins leads to the
clearance of transduced cells by the immune system.
Adenoviral vectors will readily infect and efficiently
transduce synovial fibroblasts in vitro. At a multiplicity of
infection between 10 and 100, nearly 100% of the cells in
culture can be successfully transduced, often permitting
synthesis and secretion of microgram levels of transgene
product per milliliter of culture medium per million cells.
The direct injection of adenoviral vectors encoding marker
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Figure 1. The expression of human alkaline phosphatase (hAP)
in the synovial lining of rabbits following adenoviral and non-
viral gene delivery. The knees of normal adult rabbits were
injected intra-articularly with either 1011 particles of a
recombinant adenoviral vector [(b), magnification x 50; Ad.hAP]
or a DNA-liposome formulation [(c), magnification x 100;
DOTIM-cholesterol]. One week following adenoviral injection,
and 24 h after injection of the liposome preparation, the
animals were sacrificed and the joint capsules harvested. Frozen
sections were prepared from the tissues and stained for hAP
activity. Control animals, injected with saline (a), magnification
x 50, were similarly treated for use as comparative controls.

genes such as lacz2526 or cell-associated alkaline phos-
phatase into the joints of experimental animals has been
found to result in the highly efficient transduction of
synovial lining cells, often permitting the genetic modifi-
cation of cells several layers deep within the lining layer
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(Fig. 1). The injection of adenoviral vectors encoding vari-
ous soluble proteins into the rabbit knee has met with the
synthesis of tens to hundreds of nanograms of transgene
product per milliliter of recovered lavage fluid6.27.

Although adenoviral vectors have proven to be highly
efficient vehicles for gene delivery to the synovium follow-
ing intra-articular injection, their use has often been
associated with the induction of an inflammatory re-
sponse>16, The intra-articular injection of excessive viral
loads or of preparations that have not been sufficiently
purified have been observed to induce a nonspecific in-
flammatory response within 24 h of injection. At a lower
dose, the use of first-generation adenovirus will often,
within 2-3 weeks, stimulate specific cellular and humoral
immunity that results in local inflammation at the site of
delivery. In Fig. 2, a typical expression profile observed
for adenoviral gene delivery into normal joints is shown.
Following the intra-articular injection of increasing amounts
of recombinant adenovirus encoding a soluble tumour
necrosis factor-alpha (TNFa) receptor, the production and
secretion of the transgene is observed in a dose-dependent
manner during the first week post-injection. At approxi-
mately two weeks, gene expression usually declines and is
accompanied by an onset of synovial fluid leukocytosis
and mild synovitis. Re-injection of the same adenovirus or
an adenoviral vector encoding a different secreted protein
does not permit the detection of transgene products.

Using an adenoviral vector, it is possible therefore to
achieve high levels of transgene expression intra-articu-
larly that can persist for several days in vivo. Even though
there are potential inflammatory consequences, this ‘win-
dow’ of intra-articular gene expression has been particu-
larly useful for the screening of genes with anti-arthritic
potential. The adenoviral-mediated delivery of several
genes encoding secreted gene products, such as the inter-
leukins: IL-10 (Ref. 28), IL-4 (Refs 29,30), vIL-10 (Refs 5,31,32)
and IL-1Ra (Ref. 27), among others2, results in expression
levels that are sufficient to block the pathologies of several
animal models of arthritis.

Although they are valuable for generating high levels of
transient gene expression in the joint, it is highly unlikely
that first-generation adenoviral vectors will be used in a
clinical setting, particularly in applications that require
persistent expression of gene products within the joint. It
is possible, however, that later generations of adenoviral
vectors, either E1, E4 deleted or ‘gutted’ vectors that do not
contain viral coding regions, might have less of an inflam-
matory potential and enable longer expression33. These
types of systems, which have been shown to prolong
persistence in certain tissues, have not yet been evaluated
in the joint.
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Figure 2. Intra-articular transgene expression and inflammation
following adenoviral-mediated delivery of a cDNA encoding a
soluble TNF receptor (STNFR). Increasing doses of a recombinant
adenoviral vector encoding a human sTNFR were injected into
the knees of normal rabbits. At 3, 7 and 14 days post-injection,
the knees of the rabbits were lavaged with saline, and the
recovered fluids analyzed for sTNFR levels by ELISA (a) and
infiltrating leukocytes (WBC) (b).

The delivery of cytotoxic or apoptotic genes to invasive
synovium might be an alternative approach for which
adenoviral vectors are well suited. Because the phenotype
of rheumatoid synovium resembles in many ways that of
an aggressive tumor, it might be possible to adapt certain
gene therapy strategies that were originally devised for
treating cancer to RA. By delivering genes to the joint that
encode proteins capable of killing the cells within the syn-
ovium, it might be possible to delay or slow the destructive
progression of the disease. cDNAs encoding Fas ligand34.35
(FasL) and herpes simplex virus thymidine kinase36:37 (HSVtk)
have been successfully transferred to cells in the synovial
lining and have been shown to mediate significant cell

262

DDT Vol. 6, No. 5 March 2001

death. Adenoviral vectors are unlikely to be useful in set-
tings where long-term gene expression is needed; however,
approaches such as these, which rely on a high efficiency
of gene delivery but require only a transient burst of ex-
pression, might prove to be viable clinical applications of
adenoviral-mediated gene transfer to the joint.

Retroviral vectors

Retroviral vectors derived from the Moloney murine
leukemia virus (MoMLV) have been used extensively in the
laboratory and in the majority of gene therapy clinical tri-
als. Several features of the MoMLV-based vectors have con-
tributed to their popularity as a means of gene delivery?9.
They have an ample, 8-10 kb, capacity for exogenous
DNA, and do not retain any of the native viral coding se-
quences. Because this virus is capable of integrating its
genome into that of the host cell, the gene of interest will
persist for the life of the transduced cell and will be present
in all daughter cells. Thus, if the proper progenitor or cell
population were successfully modified with this vector sys-
tem, it might be possible to achieve stable transgene ex-
pression in vivo. Further, when attempting to treat chronic
persistent afflictions such as RA and OA, enduring trans-
gene expression will perhaps be necessary. Because
MoMLV-based retroviral vectors require mitosis for the suc-
cessful transduction of target cells, the use of these vectors
has been, for the most part, limited to ex vivo gene deliv-
ery. A possible drawback associated with the use of these
vectors is the potential for insertional mutagenesis, which
might occur following the random integration of the
provirus into the host genome. To date, however, no ad-
verse clinical response has been reported with the use of
this vector system.

In certain cases, where local cell division can be induced
in vivo (e.g. in the liver after partial hepatectomys38), it has
been possible to achieve significant levels of transduction
in vivo following local infusion of recombinant retroviral
particles. We hypothesized that under conditions of acute
intra-articular inflammation, in which the synovial lining
becomes hypercellular from proliferating synoviocytes, the
local cell division in this environment might support ap-
preciable retroviral-mediated gene delivery. Indeed, follow-
ing the onset of IL-1-induced arthritis in the rabbit knee,
injection of high-titer (>108 infectious particles per milli-
liter) recombinant retroviral preparations encoding human
growth hormone as a secretable marker was found to gen-
erate levels of secreted transgene product comparable to
that achieved with ex vivo gene deliverys. Related experi-
ments in rats with adjuvant-induced arthritis also found
significant transfer of a lacZ marker gene to inflamed syn-
ovium using a concentrated retroviral vector3®. Expression
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was noted to peak at 3-7 days post-injection but was
detected for up to seven weeks in this animal system.
Transgene expression following intra-articular injection
was limited to the synovium and was not detected in
organs or tissues outside of the injected joints.

To date, high-titer preparations of MoMLV-based vectors
have been difficult to generate routinely, and this has
limited studies involving direct retroviral-mediated gene
delivery. Advances in technology might help to expand the
practical use of retrovirus beyond ex vivo applications. For
example, the ability to produce pseudotype retrovirus,
where the vesicular stomatitis virus G-protein is incorpo-
rated into the MoMLV viral envelope4°, has provided
increased infectivity of the vector and the ability to concen-
trate retroviral particles by ultracentrifugation. In addition,
the development of lentiviral-based vectors,4! which are
able to transduce non-mitotic cells, might further enable
the advantages of retroviral-mediated gene transfer to be
adapted to direct gene delivery to the joint.

Herpes simplex virus
The herpes simplex virus (HSV) offers several potential
benefits that could be particularly useful for treating
arthritic conditions42. Within the large 152 kb HSV
genome, 43 out of the 81 known coding sequences are
non-essential for replication in vitro. This enables ample
room for the insertion of multiple genes and complex
regulatory regions. Because the cytokine network that
participates in the inflammatory response is complex, the
successful treatment of RA might involve the delivery of
several types of proteins and require controlled coordinate
expression. HSV also has the ability to develop latency in
certain cell types, in which the viral genome persists for
the life of the host cell without integrating into the host
genome and without altering host cell metabolism. A neur-
onal-specific promoter system that is uniquely capable of
remaining active during latency, when all other viral gene
promoters are repressed, has been shown to express foreign
genes during latency43. Replication-defective viruses can be
constructed that establish latency even though they are
unable to replicate in vivo, and this pseudo-latent state can
occur in a variety of cell types in addition to neurons.
First-generation, replication-defective HSV-based vectors
were derived by the inactivation of the immediate-early,
infected cell protein 4 (ICP4; Ref. 44). The delivery of ex-
ogenous cDNAs to rabbit synovial fibroblast cultures via
this viral system proved to be highly efficient; however, the
continued synthesis of other HSV immediate-early proteins
was highly cytotoxic. Later-generation vectors, deficient for
ICP4, 22 and 27 and UL41 (Ref. 45) were found to be signif-
icantly improved and permitted persistent expression
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in vitro without evidence of cell death?. The delivery of this
vector encoding human IL-1Ra to the joints of rabbits with
experimental arthritis was found to generate nanogram lev-
els of secreted protein, sufficient to ameliorate certain
inflammatory effects of the arthritis model. This elevated
expression was found to persist for ~7 days, after which
gene expression was rapidly lost and accompanied by
leukocytic infiltration of the synovial fluid. Although most
of the immediate-early genes are inactivated, similar to
adenovirus, HSV vectors also permit low level expression
of certain viral proteins and, thereby, have an inflamma-
tory capacity. The re-injection of the HSV vector after the
loss of expression has only been met with detectable trans-
gene expression in a limited number of animals. Transgene
expression has not been observed in any animal following
a third intra-articular injection!?. Consequently, although
HSV vectors have features that might be advantageous for
RA gene therapy, further development will be necessary
before its administration to human joints.

Adeno-associated virus
The adeno-associated virus (AAV) also has certain charac-
teristics that favor its use as a gene delivery vector to the
tissues of the joint. Wild-type AAV is non-pathogenic and
is not associated with any known disease. For gene deliv-
ery, recombinant AAV is engineered so that it encodes no
viral proteins, reducing the immunogenicity of the trans-
duced cell in vivo and its capacity to stimulate an inflam-
matory response. Because the virus infects a wide variety of
dividing and non-dividing cells, it can achieve significant
levels of cellular transduction following delivery in vivo,
and, in some tissues, recombinant AAV has been found to
integrate into the genome of the target cell enabling
persistent gene expression46-48, Recent advances in meth-
ods for generating large-scale, high-titer, adenovirus-free
preparations49-51 have brought wider interest to the use of
this vector system, including its potential for use in treat-
ing the arthritides (arthritic conditions, such as RA and OA).
Indeed, an initial study using an AAV vector encoding
B-galactosidase as a marker gene has indicated that gene
expression following intra-articular injection is significantly
higher in inflamed joints than in normal joints32. Further,
it was found that gene expression, once lost, could be
rescued by the induction of a second inflammatory episode.
Patterns of AAV-mediated gene expression following
intra-articular injection of AAV encoding IL-1Ra into normal
and inflamed joints of rabbits have recently been charac-
terized (Oligino and colleagues, unpublished). No signifi-
cant difference was found in the levels or duration of ex-
pression of the IL-1Ra transgene between the two groups.
Typically, following injection of ~5 x 101! particles,
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approximately one nanogram of IL-1Ra was detected per
milliliter of recovered lavage fluid for the first week post-
injection. During this period, a significant reduction in the
leukocytic infiltration was observed in joints inflamed by
constitutive IL-1 production. After the first week, expres-
sion was found to gradually diminish, and in most animals
was absent by 21 days. In several animals, expression per-
sisted for a longer time period and was diminished at 4-5
weeks. It was found that following the loss of IL-1Ra trans-
gene expression, neither re-injection of the AAV.IL-1Ra
vector nor the induction of an inflammatory response
could generate detectable levels of IL-1Ra in recovered
lavage fluids. In normal animals injected with the AAV.IL-
1Ra virus, no evidence of an inflammatory response was
observed at any of the time points analyzed.

Several studies of AAV-mediated gene transfer to non-
articular tissues have been reported to exhibit persistent, if
not stable, transgene expression in vivo53-55. In some cases,
expression has been found to remain for greater than a
years6-58, |n joint tissues, however, AAV-mediated gene ex-
pression is of limited duration. There are several possible
explanations that might account for this difference, in-
cluding synovial cell turnover, failure of integration and
loss of viral DNA, or immune response to expression of
a human protein in the rabbit. It has been reported that
the expression of an exogenous transgene product in an
adenoviral infection can stimulate a potent immune
response to the expressed protein; AAV, however, has not
been shown to augment this process®®. In the rabbit knee,
although gene expression gradually diminished, unlike
adenovirus, no accompanying leukocytosis was observed,
suggesting that a strong immune reaction was not initiated
to the transduced cells.

Overall, there is cautious optimism toward the potential
use of AAV-based vectors in treating articular disease. As
shown by the ability of the IL-1Ra expression to alleviate
leukocytosis in the inflamed joints of rabbits, the efficiency
of AAV-mediated gene delivery and expression in the joint is
sufficient to induce a biological response in a joint of human
proportion. The observation that cells within both normal
and inflamed joints are similarly capable of being trans-
duced by an AAV-based vector and of expressing a transgene
indicates that this type of vector might have application
in a broad spectrum of articular ailments. These include
inflammatory conditions, such as RA, in addition to those
not directly associated with inflammation (e.g. OA) and
the repair of joint tissues such as meniscus and ligament¢o.

Non-viral gene delivery to synovium

Although viral gene transfer approaches have been shown
for the most part to be safe (>3000 patients have been
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successfully treated until 1999), numerous safety concerns
make their use unappealing. With the use of non-viral,
plasmid-based systems, no infectious agents are adminis-
tered to the patient or to the patient’s cells, eliminating a
large portion of the potential risks associated with gene
transferél. In an effort to devise a safer method for deliver-
ing exogenous genes to joints, we undertook the large-scale
screening of a wide variety of DNA formulations.

Evaluating DNA formulations for gene delivery

Our strategy was adapted from our previous experiments
with viral vectors in the rabbit knee system. Owing to the
availability of a reliable ELISA, and our experience in
preclinical animal work and in gene transfer to human
joints, human IL-1Ra was selected for use as a secretable
marker for transgene expression. In earlier studies involv-
ing the direct injection of various viral vectors, levels of
secreted transgene products in lavage fluids recovered from
rabbit knees were observed to range up to several hundred
nanograms of IL-1Ra per millilitre of recovered fluid,
depending on the type and amount of virus injected.
Investigations of intra-articular transfer of various thera-
peutic genes into either antigen- or IL-1-induced models of
arthritis in the rabbit knee indicated that, in general, pro-
tein levels of at least 1 ng ml-* of lavage fluid were necess-
ary to achieve an observable biological response. Thus, in
evaluating the potential of various DNA formulations, this
level of expression was established as a working bench-
mark11.12.17 In preliminary work with naked DNA and a
common DNA-liposome formulation (DOTIM-cholesterol),
it was found that with either preparation, injection of
0.5 ml of a 1 mg ml- DNA preparation was necessary to
achieve the minimal level of gene expression in the rabbit
knee joint. Parallel injections of plasmid DNAs encoding
cell-associated human alkaline phosphatase as a histologi-
cal marker demonstrated that a large number of cells in the
synovial lining could be genetically modified by this pro-
cedure (Fig. 1). Together, these observations suggested that
it was indeed possible to achieve significant gene transfer
to the synovial lining by the non-viral approachis.

Before initiating large-scale screening of different DNA
formulations in animals, exhaustive efforts were made to
identify in vitro parameters that are useful in selecting can-
didate formulations with increased likelihood of efficient
gene delivery in vivo. Unfortunately, however, there proved
to be no correlation between transfection efficiency in vitro
and in vivo in the rabbit knee. The in vivo strategy was
straightforward: a low number of HIG-82-IL-1+ cells®2 were
injected into both knee joints of rabbits to induce a mild
inflammatory response (in more recent work, it was found
that there was no significant difference in gene transfer
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_ e Figure 3. Intra-articular transgene expression and inflammation following non-viral-
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_( 1_00 pg_] mi™) -Surprlsmgly, Ieyels of mediated delivery of the human interleukin-1 receptor antagonist (IL-1Ra) cDNA to the
infiltrating white blood cells in the joints of rabbits. Normal rabbits were injected intra-articularly with plasmid DNA
synovial fluid of the knees receiving formulated with lipid [liposome, plus (+) or minus (=) the IL-1Ra coding region], an
DNA, either alone or in any formula- oligomeric peptide, various polymers (polyethylene glycol, PEG; polyvinylpyrrolidone, PVP,
R ' i or chitosan) or unformulated (naked). In all subjects, 0.5 mg DNA was injected. At 1, 3
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as much as 10-fold. In most of the ex- Control animals were injected with similar volumes of saline solution. For each formulation,
. . . . both knees of three rabbits were injected and the mean value (n = 6) is shown for each bar.
periments, the inflammation persisted o
) Error bars represent one standard deviation from the mean.
for at least 1 week, far exceeding the

duration of expression of the thera-

peutic gene. The repeat administration of formulations
capable of sufficient gene expression was associated
with increasingly severe levels of inflammation and the
development of large osteophytesis.

These results are in contrast to experiments reported by
Fernandes and coworkers®3 in which milligram quantities
of a lipid-DNA complex encoding canine IL-1Ra were
injected into the joints of rabbits that had undergone a sur-
gically induced model of OA. In this study, significant

improvements were observed several weeks following
injection, which correlated with administration of the
IL-1Ra plasmid. Inflammatory responses following in vivo
delivery of DNA and lipid-DNA complexes have been
reported by several laboratories following intravenousé4,
intraperitoneal®s and intratracheal® injections. The exact
mechanism is currently unknown but might be related to
the presence of unmethlyated CpG motifs in plasmid
DNAs propagated in bacteria. A recent study by Norman
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and colleagues®s showed that intraperitoneal administration
of liposome-DNA complexes stimulates production of IL-13
and TNFa and causes an increase in serum acute-phase pro-
teins. Furthermore, this process was shown to significantly
enhance pre-existing inflammation in a murine pancreatitis
model.

The results of our experiments with non-viral delivery
provide limited optimism that non-viral gene delivery will
be useful for treating human articular conditions. A major
shortfall of non-viral gene delivery approaches is typically
that transfection efficiency in vivo is relatively low. We
have found that it is at least possible to achieve functional
levels of transgene expression using this technology, but
the inflammation and transience of gene expression remain
as immediate barriers.

Directions for the future

It has been shown that exogenous cDNAs can be efficiently
delivered to cells within the synovial lining by direct intra-
articular injection of certain viral and non-viral vectors.
Following delivery, the expression of specific transgene
products is sufficient to elicit beneficial responses in sev-
eral animal models of arthritis. Further, via ex vivo (whereby
tissue from a patient is removed, manipulated, and then
returned to the patient) gene delivery, successful, safe, gene
transfer has been demonstrated in the joints of humans.
Thus, the principle of gene therapy for arthritis has been
proven.

Considerable work remains, however, if gene therapy is to
move beyond the experimental and into the practical arena.
Although much progress has been made, particularly in the
area of identification of genes with anti-arthritic potential,
similar to the field of gene therapy in general, the develop-
ment of a satisfactory method of gene transfer remains the
greatest impediment. Although efficiency of delivery has
proven to be sufficient, persistent expression remains a chal-
lenge. In virtually all studies performed to date, gene expres-
sion within the synovium has been found to be transient,
persisting at a high level for no longer than 2-3 weeks.

Perhaps the best place to begin to address the issue of
persistence of transgene expression is in the basic biology
of the synovium. Unfortunately, few data are available
concerning such fundamental issues as the rate or mecha-
nism of cellular turnover in this tissue and the source of
synoviocyte progenitors. Understanding more clearly the
nature of the synovium will help to determine the types of
genes and gene delivery strategies with the greatest potential
for successful application. Furthermore, to clearly evaluate
different methods of gene delivery and available vectors, it
is crucial to develop homologous animal systems within
which to conduct experiments.
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To date, the majority of studies related to gene therapy
for arthritis have involved an interplay of non-homologous
systems, whereby a gene from one species (or phylogenetic
kingdom) has been delivered to that of another. To resolve
issues related to the transient persistence of expression, it
will be necessary to unambiguously identify the source(s)
of the problems. Because proteinaceous transgene products
will be presented to the immune system in the context of
class | major histocompatibility molecules, it is essential
that cells genetically modified to express these molecules
are not interpreted as non-self and subsequently targeted
for elimination. Thus, to firmly define the specific benefits
and limitations of various vector systems and target tissues
it will be necessary to evaluate them using marker genes
that are completely native to the animal model. Further, it
is imperative that the markers used are reliable and can be
unambiguously and reproducibly measured against the
background of endogenously produced protein.
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