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ABSTRACT Adenoviral vectors were used to deliver genes
encoding a soluble interleukin 1 (IL-1)-type I receptor-IgG
fusion protein andyor a soluble type I tumor necrosis factor
a (TNFa) receptor-IgG fusion protein directly to the knees of
rabbits with antigen-induced arthritis. When tested individ-
ually, knees receiving the soluble IL-1 receptor had signifi-
cantly reduced cartilage matrix degradation and white blood
cell infiltration into the joint space. Delivery of the soluble
TNFa receptor was less effective, having only a moderate
effect on white blood cell infiltration and no effect on cartilage
breakdown. When both soluble receptors were used together,
there was a greater inhibition of white blood cell infiltration
and cartilage breakdown with a considerable reduction of
synovitis. Interestingly, anti-arthritic effects were also seen in
contralateral control knees receiving only a marker gene,
suggesting that sustained local inhibition of disease activity in
one joint may confer an anti-arthritic effect on other joints.
These results suggest that local intra-articular gene transfer
could be used to treat systemic polyarticular arthritides.

Rheumatoid arthritis (RA) is a systemic autoimmune disease
primarily manifested by chronic, erosive inflammation of the
joints. Although a variety of pharmacological agents are used
in the management of the symptoms, no combination of these
conventional medications has proven effective in halting dis-
ease progression. Gene therapy, however, offers potential as a
novel means to treat RA. Although the precise etiology of RA
remains unknown, it may be possible to interrupt the disease
process by delivering genes encoding therapeutic proteins to
the cells within the synovial lining of joints. The localized
over-expression and secretion of these proteins should allow
for a concentrated accumulation of the therapeutic agent at
the site of disease, a major obstacle for existing drug delivery
methods (1).

Initial efforts in our laboratory as well as others have
focused on blocking the activity of proinflammatory cytokines
such as interleukin 1 (IL-1) and tumor necrosis factor a
(TNFa). These cytokines are considered to be principle me-
diators in RA (2, 3), driving such pathological effects as
leukocytic infiltration, synovial hyperplasia and hypercellular-
ity, synovial cell activation, cartilage breakdown, and inhibition
of cartilage matrix synthesis. The ex vivo delivery of the gene
encoding human IL-1 receptor antagonist (IL-1Ra) to the
joints of animals with experimental arthritis was found to
ameliorate the effects of antigen-induced arthritis (a.i.a) in the
rabbit knee (4), bacterial cell-wall-induced arthritis in rats (5),

cartilage degradation in a human–SCID mouse model (6), and
osteoarthritis in dogs (7). IL-1Ra is a naturally occurring
protein that binds to the type I IL-1 cell surface receptor,
preventing its ability to interact with IL-1 (8). These experi-
ments have formed the basis for the implementation of a
clinical trial to assess the safety and efficacy of using an ex vivo
gene transfer protocol in the treatment of arthritis (9).

Ex vivo gene delivery, while effective, is laborious and
expensive and thus difficult to apply on a widespread scale.
Other viral vector systems such as adenovirus, adeno-
associated virus, and herpes simplex virus, which can infect a
wide variety of nondividing cells, offer the potential to deliver
genes directly to the synovium in situ (10–12). Indeed, ade-
novirus has been shown to readily infect human and rabbit
synoviocytes in culture as well as rabbit synoviocytes in vivo
(10, 13). Moreover, infection of the rabbit knee joint with an
adenoviral vector encoding IL-1Ra has been shown to have a
prophylactic effect from some of the pathologies induced by
intraarticular injection of IL-1 (13).

In the present study we have tested the ability of local
adenovirus-mediated gene delivery of type I soluble receptors
for IL-1 and TNFa to protect the rabbit knee joint during the
acute inflammatory phase of a.i.a. We find that simultaneous
administration of both inhibitors is more therapeutic than
administration of either alone, resulting in a reduction in joint
leukocytosis, cartilage degradation, and synovitis. Interest-
ingly, after delivery of the IL-1 receptor alone or in tandem
with the TNFa receptor, anti-inflammatory effects were noted
in the contralateral arthritic control knee. This result suggests
that the anti-arthritic protective effects of local gene therapy
may not be limited to the target joint, but can affect distal
joints. Thus local intra-articular gene therapy may be applica-
ble to the treatment of systemic polyarticular arthritis.

MATERIALS AND METHODS

Adenoviral Vectors. Each recombinant adenoviral vector
originates from replication-deficient type 5 adenovirus lacking
E1 and E3 loci (14). cDNAs of the gene of interest were
inserted in place of the E1 region, and expression is driven by
the cytomegalovirus promoter. Ad.sTNF-RI-Ig encodes a
fusion protein consisting of the extracellular domain of human
55-kDa TNFa receptor and the CH2 through CH3 domains of
a mouse IgG1 heavy chain (15). Ad.sIL-1RI-Ig encodes the
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extracellular portion of the human type I IL-1 receptor fused
to the mouse IgG1 heavy chain. Ad.lacZ encodes a bacterial
b-galactosidase, and Ad.luciferase encodes firefly luciferase.

High-titer suspensions of recombinant adenovirus were
prepared by amplification in 293 cells by established methods.
Titers were determined by optical density at 260 nm (OD260)
and standard plaque assay (16, 17).

For adenoviral transduction in vitro, HIG-82 cells (18) were
grown to confluence in 10-cm dishes in Ham’s F-12 medium
supplemented with 10% fetal calf serum and 1% penicilliny
streptomycin. The cells were washed with saline solution, and
7 3 107 plaque-forming units (pfu) of adenovirus suspended
in 0.5 ml of saline was added. After incubation at 37°C for 2
hr, the medium was replaced. After 24 hr the medium was
replaced with Neuman and Tytell serumless medium (GIBCO/
BRL); 48 hr later the culture supernatant was removed and
stored at 220°C.

Western Blot Analyses. Tissue culture supernatants were
separated and resolved by SDSyPAGE by standard methods
(19) with minor modifications. Proteins were then transferred
to nitrocellulose at 100 V for 1 hr at 4°C in 50 mM TriszHCl,
pH 8.3y200 mM glyciney1% SDSy20% (volyvol) methanol.
Membranes were blocked with 5% nonfat dried milk in 13
PBST (PBS with Tween 20: 140 mM NaCly2 mM KCly10 mM
Na2HPO4y2 mM KH2PO4, pH 7.2y0.025% Tween 20) for 1 hr
at room temperature. Peroxidase-labeled goat anti-mouse IgG
whole molecule (Sigma) diluted 1:20,000 in 5% milky13 PBST
was used to probe the membranes for 1 hr at room tempera-
ture. After extensive washing with 13 PBST, proteins of
interest were detected by enhanced chemiluminescence and
exposure to film.

Experimental Arthritis and Biological Analyses. To estab-
lish a.i.a., rabbits were first sensitized to ovalbumin by a series
of two intradermal injections of 5 mg of ovalbumin emulsified
in Freund’s complete adjuvant in the first injection and in
Freund’s incomplete adjuvant in the second. Arthritis was
initiated in both hind knees of rabbits by the intraarticular
injection of 5 mg of ovalbumin dissolved in 0.5 ml of saline.
Twenty-four hours after induction of a.i.a., 7 3 107 pfu of
adenovirus encoding either the soluble TNFa andyor IL-1
receptors or b-galactosidase was suspended in 0.2 ml of saline
and injected into the joint space of the knee through the
patellar tendon.

To lavage rabbit knee joints, 1 ml of saline solution was
injected into the joint space through the patellar tendon. After
manipulation of the joint, the needle was reinserted and the
fluid was aspirated. Leukocytes in recovered lavage fluids
were counted by using a hemocytometer. Human TNFa
receptor type I concentrations in conditioned media, lavage
fluids, and blood sera were measured with ELISA kits from
R & D Systems as directed by the supplier. Levels of sulfated
glycosaminoglycans (GAGs) in lavage fluids were determined
in a colorimetric dye-binding assay using 1,9-dimethylmethyl-
ene blue as previously described (20).

For histological analyses, tissues harvested from dissected
knees were first fixed in 10% formalin for 24 hr. The fixed
tissues were imbedded in paraffin, sectioned at 5 mm, and
stained with hematoxylin and eosin.

Luciferase Assays. To determine luciferase content in rabbit
tissues, after sacrifice of the animals, tissues were dissected and
stored at 280°C. Approximately 0.7 g of each tissue was mixed
with 2 ml of 0.25 M TriszHCl, pH 7.5, and the mixture was
homogenized by hand with a tightly fitting Dounce homoge-
nizer. The homogenate was collected, put through three
freeze-thaw cycles, and centrifuged 15 min at low speed in a
table-top clinical centrifuge. Luciferase activity in 100 ml of
supernatant was measured in a luminometer as directed by
using a luciferase assay system from Promega. For leukocytes,
cells recovered from lavage fluid or blood were counted by
using a hemocytometer. About 5 3 106 cells were then pelleted

and resuspended in 200 ml of 0.25 M TriszHCl, pH 7.5, and put
through three freeze-thaw cycles. Lysates were cleared by
centrifugation, and luciferase activity in 100 ml was quantitated
as above.

RESULTS

Expression of TNFa and IL-1 Inhibitors After in Vitro
Infection of Synoviocytes. To determine levels of transgene
expression in vitro, 7 3 107 pfu of an adenoviral vector
encoding either the soluble type I TNFa receptor fused to the
constant region of a murine IgG1 (Ad.sTNF-RI-Ig) (15) or the
soluble type I IL-1 receptor fused to the same Ig domain
(Ad.sIL-1RI-Ig) was used to transduce 3 3 106 HIG-82 cells,
a lapine synovial fibroblast line (18). After 48 hr of culture in
serumless medium, culture supernatants were collected and
analyzed. ELISA measurements of the soluble TNFa receptor
detected greater than 300 ng per 106 cells per 48 hr. Western-
blot analyses using antibody specific for the murine IgG1
portion of the receptor fusion molecule demonstrated that
proteins of the approximate predicted size of the IL-1 and
TNFa receptor-Ig fusion proteins (IL-1 inhibitor and TNFa
inhibitor, respectively) were produced by the transduced cells.
The IL-1 inhibitor was found to be secreted at a level about
50% of that of the TNFa inhibitor (data not shown). The
biological activity of the IL-1 and TNFa inhibitors was dem-
onstrated by their ability to partially block the effects of
constitutively expressed human IL-1b in the rabbit knee
(S.C.G., C.H.E., and P.D.R., unpublished results) and TNFa
induction of NF-kB, respectively (S. Makarov, personal com-
munication).

Expression of TNFa and IL-1 Inhibitors After Intraartic-
ular Injection of Recombinant Adenoviruses into the Rabbit
Knee. To test the ability of the inhibitor molecules to block the
acute inflammatory effects of a.i.a. in the rabbit knee joint,
a.i.a. was induced in both knees of 32 rabbits. Twenty-four
hours after induction, approximately 7 3 107 pfu of Ad.sIL-
1RI-Ig, Ad.sTNF-RI-Ig, or both adenoviral vectors was in-
jected intraarticularly into the left knee of three sets of 8
rabbits. Approximately 7 3 107 pfu of adenovirus encoding
bacterial b-galactosidase (Ad.lacZ) was injected into the right
knee of all 32 rabbits. A control group of 8 rabbits received an
equal volume injection of saline in the left knee. Three days
after injection of the adenovirus, both knees of each rabbit
were lavaged with 1 ml of saline solution. At 7 days after
infection, the rabbits were sacrificed, and the knees were
lavaged, dissected, and analyzed for effects of transgene
expression. It should be noted that injections of Ad.sTNF-
RI-Ig significantly exceeding 1 3 109 pfu proved inflammatory
in naive rabbit joints, and they exacerbated the pathology in
knees with a.i.a. This heightened inflammatory response was
also accompanied by a loss of transgene expression in 3–7 days.
Adenoviral doses of 7 3 107 pfu or less, however, produced no
detectable leukocytic infiltrate into synovial f luid for up to 14
days after injection and maintained high levels of gene ex-
pression (data not shown).

ELISA measurements of TNFa receptor levels in lavage
fluids detected approximately 20 ngyml of fluid at days 3 and
7 in knees receiving Ad.sTNF-RI-Ig alone. Significant levels of
the receptor (.1 ngyml) were not detected in contralateral
joints receiving Ad.lacZ (Fig. 1). Similarly, in knees receiving
a mixture of adenovirus encoding the TNFa and IL-1 inhib-
itors together, TNFa receptor expression of greater than 15
ngyml of lavage fluid was observed at both day 3 and day 7. No
significant expression was detected in the contralateral knee or
in blood sera.

Therapeutic Efficacy of IL-1 and TNFa Inhibitors in a
Rabbit a.i.a. Model After Intraarticular Injection of Recom-
binant Adenoviral Vectors. As a quantitative index of inflam-
mation in the rabbit knees, leukocytes in recovered lavage
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f luids from each group of rabbits were counted and compared.
As shown in Fig. 2A, in the control group of rabbits, injected
with Ad.lacZ in the right knee and saline in the left knee, both
knees were similarly inflamed, with mean levels of infiltrating
leukocytes exceeding 2 3 107 per ml of fluid at days 3 and 7
after adenoviral infection. In the group of rabbits injected with
Ad.sTNF-RI-Ig in the left knee and Ad.lacZ in the right,
equally high numbers of infiltrating leukocytes were seen in
both knees at day 3. By day 7, a modest decline in the mean
leukocytic infiltration was observed in knees receiving the
TNFa inhibitor. Knees injected with Ad.sIL-1RI-Ig showed a
mean 65% reduction in infiltration over the control group of
rabbits at day 3, which increased to about 80% by day 7.
Interestingly, in this group of rabbits, the contralateral knees
that were injected with Ad.lacZ also showed a reduction in
infiltration at both day 3 and day 7 relative to the control group
of rabbits. Rabbits injected in the left knee with both Ad.sIL-
1RI-Ig and Ad.sTNF-RI-Ig vectors showed an 85–90% reduc-
tion in mean leukocytic infiltration at both day 3 and day 7 over
the control group of rabbits, and the reduction was accompa-
nied by an 80% reduction in the contralateral Ad.lacZ-injected
knee.

To determine relative cartilage matrix degradation in the
rabbit knees, GAGs released into synovial f luid as a result of
proteoglycan breakdown were measured in recovered lavage
fluids (20). The results of these assays, shown in Fig. 2B,
correspond closely with the relative levels of leukocytic infil-
tration from Fig. 2 A. The control group rabbits receiving
injections of Ad.lacZ and saline in opposing knee joints had
similarly high levels of GAGs in the lavage fluids of both knees
at both day 3 and day 7. Rabbits injected with Ad.sTNF-RI-Ig
and Ad.lacZ in opposite knees likewise had elevated GAGs in
both knees at both time points. However, rabbits injected in
one knee with Ad.IL-1 receptor showed a greater than 50%
reduction in mean GAG levels at both day 3 and day 7 over the
control group rabbits. By day 7, the contralateral knees, which
had been injected with Ad.lacZ, also showed nearly a 40%
reduction in GAG release. Rabbit knees that were injected
with virus encoding both IL-1 and TNFa inhibitors had a 65%

reduction in mean GAG level, while GAGs in opposing
Ad.lacZ-injected knees were reduced .50%.

Histological Analyses. Histological analyses of tissue recov-
ered from the knees of each group of rabbits is shown in Fig.
3. Compared with tissue recovered from normal naive rabbits
(Fig. 3A), sections from the Ad.lacZysaline group showed a
severe synovitis typical of that seen with a.i.a. (Fig. 3B) (21).
The synovium was dramatically thickened, highly fibrous, and
hypercellular, with increased numbers of synovial cells and
infiltrating mononuclear leukocytes. A small population of
polymorphonuclear leukocytes was also present. Treatment of
joints with Ad.sTNF-RI-Ig alone had little observable effect
on the severity of synovitis in either the treated (Fig. 3C) or the
contralateral (Fig. 3D) joint. Synovial sections from this group
of rabbits were largely indistinguishable from those of the a.i.a.
knees from the Ad.lacZysaline group. Although somewhat
variable among the rabbits within the group, knees receiving
intraarticular injection of Ad.sIL-1RI-Ig (Fig. 3E) showed a

FIG. 1. In vivo expression of TNFa inhibitor after injection into
rabbit knees with a.i.a. Twenty-four hours after induction of a.i.a. two
groups of eight rabbits were injected in the left knee with either 7 3
107 pfu of Ad.sTNF-RI-Ig or 7 3 107 pfu of Ad.sTNF-RI-Ig and
Ad.sIL-1-RI-Ig. Both groups were injected with 7 3 107 pfu of Ad.lacZ
in the right knee. At days 3 and 7 after injection of virus the knees were
lavaged and the recovered fluids were analyzed by ELISA for levels of
human type I TNFa soluble receptor (sTNF-R).

FIG. 2. Leukocytic infiltration and GAG release in a.i.a. knees
after intraarticular injection of Ad.sIL-1-RI-Ig and Ad.sTNF-RI-Ig.
a.i.a. was induced in both knees of four groups of eight rabbits.
Twenty-four hours after induction groups of rabbits received injection
of adenoviral vectors as indicated. (A) At 3 and 7 days after adenoviral
injection, knees of rabbits were lavaged. Numbers of infiltrating
leukocytes (white blood cells; WBC) in synovial f luids for both right
and left knees of each group are shown as indicated. (B) GAG levels
in lavage fluids were determined by 1,9-dimethylmethylene blue assay
and are shown for each group as indicated. Error bars designate 6 one
standard deviation. To determine whether differences observed
among the groups of rabbits, left and right knees, and the days were
significant, the appropriate F tests were performed. For A, differences
among the groups, knees, and days, P values equal 0.0001, 0.0365, and
0.0008, respectively. For B, differences among the groups, knees, and
days, P values equal 0.0001, 0.0149, and 0.0312, respectively.
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limited but distinct reduction in synovitis. The general pathol-
ogy was the same as the Ad.lacZysaline group, but the severity
was observably reduced. Opposing contralateral joints also had
a detectable reduction in synovitis (Fig. 3F). Knees of rabbits
receiving both the Ad.sIL-1RI-Ig and Ad.sTNF-RI-Ig vectors
together showed a marked reduction in synovial pathology
(Fig. 3G). Contralateral knees within this group also showed
a significant reduction in synovitis (Fig. 3H).

Distribution of Transgene Expression After Intraarticular
Injection of an Adenoviral Vector. The results of the experi-
ments described above suggested that direct intraarticular
delivery of adenoviral vectors encoding IL-1 and TNFa inhib-
itors could have an anti-inflammatory effect that was not
limited to the site of virus injection. One possible explanation

for this observation is that sufficient levels of inhibitor protein
were present in the contralateral joint to confer a protective
effect. However, significant levels (.1 ngyml) of TNFa inhib-
itor molecules were not detected in sera or lavage fluids from
contralateral joints. Alternatively, adenoviral particles or vi-
rally transduced cells could be migrating from the joint of
injection to the opposite knee or other organs, thereby causing
a systemic anti-inflammatory effect. To test this possibility, an
adenoviral vector encoding the firefly luciferase reporter gene
(22, 23) (Ad.luciferase) was utilized. As in experiments de-
scribed above, a.i.a. was induced in both knees of two rabbits.
Twenty-four hours after induction, 1.5 3 109 pfu of the
Ad.luciferase virus was injected into one knee of each rabbit,
whereas the contralateral knee received 7 3 107 pfu of

FIG. 3. Histological analyses of synovial tissue recovered from rabbit knees. a.i.a. was induced in both knees of four groups of eight rabbits.
Twenty-four hours after induction all rabbits were injected in the right knee with 7 3 107 pfu of Ad.lacZ. In the left knee, groups of 8 rabbits were
injected with 7 3 107 pfu of Ad.sTNF-RI-Ig, 7 3 107 pfu of Ad.sIL-1-RI-Ig, 7 3 107 pfu each of Ad.sTNF-RI-Ig and Ad.sIL-1-RI-Ig, or saline.
Seven days after virus injection synovial tissues from each group were harvested, sectioned, and stained with hematoxylin and eosin. (340.) (A)
Synovium from a normal naive rabbit knee. (B) Synovium recovered from rabbit knee receiving saline after a.i.a. induction. Relative to A, the tissue
is dramatically thickened, fibrous, and hypercellular, with infiltrating leukocytes and synovial cells. (C and D) Synovial tissue recovered from rabbit
knees injected with Ad.sTNF-RI-Ig in the left (C) and Ad.lacZ in the right (D). (E and F) Tissue recovered from rabbit knees injected with
Ad.sIL-1-RI-Ig (E) in the left and Ad.lacZ in the right (F). (G and H) Synovium from rabbits injected with both Ad.sTNF-RI-Ig and Ad.sIL-1-RI-Ig
in the left knee and Ad.lacZ in the right.
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Ad.lacZ. At 7 days after injection, the rabbits were bled and
sacrificed, the joints were lavaged, and the joint capsules of
both knees were harvested along with regional lymphoid
tissue, heart, liver, lung, spleen, and kidney. Recovered tissues
and leukocytes were then analyzed for the presence of intra-
cellular luciferase activity. A low level of luciferase activity was
observable in lymphoid tissue obtained near the site of injec-
tion and in synovial tissue of the contralateral knee joint
relative to knees receiving the Ad.luciferase vector (Fig. 4).
Analysis of similar numbers of leukocytes obtained from both
knee joints and peripheral blood showed luciferase activity in
leukocytes obtained from the injected knee and a lower level
in the contralateral knee. No appreciable activity was detected
in circulating leukocytes. These results demonstrate that a
population of transduced leukocytes can migrate to the op-
posing inflamed knee joint, suggesting a possible mechanism
for the observed contralateral effect. However, if and how the
adenovirally transduced trafficking cells confer anti-
inflammatory effects at distal joints is still unclear.

DISCUSSION

IL-1 and TNFa are considered to be the principle inflamma-
tory cytokines in the pathogenesis in RA (2, 3) and are thus
natural targets for therapy in this disease. Currently there is
much interest in the use of biological agents that block the
activity of these cytokines (24). These agents include such
molecules as cytokine-specific antibodies (25), soluble recep-
tor molecules (26, 27), and receptor antagonists such as IL-1Ra
(8). In vitro, soluble receptors for TNFa and IL-1 can bind
directly with their respective ligand and preclude that cytokine
from interacting with cellular receptors. When delivered sys-
temically by infusion or intravenous injection to animal models

with experimental RA, each soluble receptor was found to
prevent the onset of arthritic pathology (24). Recently a
clinical trial using subcutaneous injection of a soluble TNFa
receptor has shown therapeutic efficacy in humans; however,
twice-weekly injections were required, and arthritic symptoms
rapidly returned upon cessation of treatment (28).

The results of experiments described here demonstrate that
intraarticular adenoviral gene delivery of soluble receptor
molecules for IL-1 and TNFa can substantially block an acute
inflammatory and erosive response in a.i.a in the rabbit knee.
Delivery of the IL-1 soluble receptor gene alone was found to
be considerably more effective at inhibiting synovial f luid
leukocytosis and cartilage matrix degradation than the TNFa
inhibitor. Neither inhibitor had a significant effect on synovitis.
However, simultaneous gene delivery of both inhibitors was
the most effective, resulting in a net reduction in leukocytosis,
cartilage matrix degradation, and synovitis. Surprisingly, these
anti-inflammatory responses were also apparent in contralat-
eral knees that received adenovirus containing the lacZ gene,
suggesting that local intraarticular gene therapy may have
distal or systemic anti-arthritic effects. We are unaware of any
other study reporting an anti-arthritic effect by in vivo gene
therapy.

Although the anti-arthritic properties of IL-1 and TNFa
antagonists have been extensively studied, the therapeutic
efficacy of simultaneous inhibition of IL-1 and TNFa has not
previously been evaluated. The enhanced therapeutic effects
observed after injection of both Ad.sIL-1RI-Ig and Ad.sTNF-
RI-Ig suggest that strategies directed at blocking the activity of
both TNFa and IL-1 may be considerably more effective in the
treatment of RA than targeting either cytokine individually.
This result correlates with earlier observations by Henderson
and Pettipher (29) that IL-1 and TNFa may work synergisti-
cally in the pathology of RA. The coinjection of both cytokines
into the joints of rabbits was found to stimulate significantly
greater leukocytic infiltration into the synovial f luid than when
either was administered alone. This observation is consistent
with RA being a disorder driven by the imbalance of a cytokine
network and implies that therapies which target the activities
of multiple inflammatory effectors would be the most bene-
ficial.

The experiments described here suggest that intraarticular
gene delivery of the IL-1 and TNFa inhibitors has systemic
anti-inflammatory effects, or at least therapeutic effects that
extend to the contralateral knee joint. If this observed con-
tralateral joint effect was due to therapeutic levels of inhibitor
molecules leaking from the joint space to the circulation, it
would seem that they should be detectable in the serum or in
lavage fluids recovered from the contralateral joint. However,
significant levels of sTNFa receptor were not detected outside
the injected joint. In contrast, cell trafficking studies con-
ducted here using the Ad.luciferase vector indicate that a
percentage of leukocytes transduced by adenovirus in one joint
migrate to the adjacent lymph node and opposing inflamed
joint. This observation would indicate that even though ap-
preciable levels of soluble TNFa receptor were not be detected
in animal fluids by ELISA, a population of leukocytes capable
of expressing the inhibitor genes does indeed migrate from the
site of transduction and travel via either the circulatory or the
lymphatic system. However, whether these cells contribute to
the contralateral therapeutic effect is still unclear. The bilat-
eral symmetry of the response suggests that a neural compo-
nent may also play a role. Certain neurogenic factors such as
substance P or corticotropin-releasing hormone are known to
modulate articular inflammation (30–32). Recently, a similar
contralateral joint effect has been observed by Makarov et al.
(33), who reported that intraarticular delivery of oligode-
oxynucleotides containing decoy binding sequences for the
transcription factor NF-kB into the knees of rats with exper-
imental arthritis appears to down-regulate inflammation in the

FIG. 4. Expression of luciferase activity in various tissues after
intraarticular injection of Ad.luciferase into a.i.a. knees. Twenty-four
hours after induction of a.i.a. in both knees of two rabbits, 1.5 3 109

pfu of Ad.luciferase was injected into the left knee joint (L.), and 7 3
107 pfu of Ad.lacZ was injected into the right knee joint (R.). Seven
days after injection of adenovirus, the rabbits were sacrificed. Blood
was collected, knees were lavaged, and synovium, heart, liver, lung,
spleen, and kidney tissues were harvested. Luciferase activities in
lysates from tissues and leukocytes from lavages of right (R.) and left
(L.) knees and blood (peripheral [P.] leukocytes) were quantitated and
are expressed relative to luciferase activity found in synovium and
leukocytes from the left knee.
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knee receiving the oligonucleotides and in uninjected con-
tralateral knees as well.

The results of these experiments clearly demonstrate that
adenoviral vectors can be used to efficiently deliver potentially
therapeutic genes directly to intraarticular tissues, and that
subsequent expression of these genes can occur at levels
sufficient to produce beneficial effects in an animal model of
arthritis. In principle, the use of adenovirus for direct delivery
of therapeutic genes to diseased joints appears promising;
however, the current generation of adenoviral vectors is un-
suitable for use in the treatment of joint disease in humans (34,
35). Altering the properties of the adenovirus to increase
infectivity of the vector may allow for high levels of transgene
expression with administration of fewer adenoviral particles
(36). Furthermore, reducing the antigenicity of the adenovi-
rally infected cell may also allow extended transgene expres-
sion (14). Because both these type of approaches are currently
being studied, there is optimism that adenoviral vectors may be
applicable for future use in gene therapy for arthritis and other
joint diseases.

One criticism of the local delivery approach to gene therapy
for arthritis is that RA is a systemic disorder and that treatment
of multiple joints might be impractical. However, our results
demonstrate that local gene delivery of anti-inflammatory
agents can have distal effects, suggesting that it may be
necessary to treat only a limited number of sites to down-
regulate or halt the disease progression throughout the body.
Certainly further investigation into the generality of this
apparent systemic anti-inflammatory effect and its biological
basis is in order.
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