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The goal of this study was to determine the efficacy of
local IL-1Ra gene therapy by intra-articular plasmid
injections on structural changes in the meniscectomy
rabbit model of osteoarthritis. A partial meniscec-
tomy of the right knee was performed on the rabbits
through a medial parapatellar incision. The rabbits
were then divided into four experimental groups.
Group 1 received no treatment. Group 2 received
three consecutive intra-articular injections at 24-hour
intervals of 0.9% saline containing a lipid, gAP-DL-
RIE/DOPE, and a DNA plasmid, VR1012. Group 3 re-
ceived three consecutive injections of saline contain-
ing 1000 mg of canine IL-1Ra plasmid and lipid. The
injections were given starting 4 weeks post-surgery.
Rabbits from Group 1 were killed 4 weeks post-sur-
gery, and all other rabbits 8 weeks post-surgery. The
severity of macroscopic and microscopic changes on
cartilage on the medial and femoral condyles and
tibial plateaus and synovium were graded separately.
Specimens were also processed for immunohisto-
chemical staining using a rabbit polyclonal antibody
against canine IL-1Ra. The level of canine IL-1Ra in
synovial fluid was determined using enzyme-linked
immunosorbent assay. The presence of the DNA plas-
mid in the synovium was tested by polymerase chain
reaction. A significant reduction in the width of os-
teophytes and size of macroscopic lesions (P < 0.04)
was observed, and was dependent on the amount of
IL-1Ra plasmid injected. A significant reduction was
also noted in the severity of histologic cartilage le-
sions (P < 0.01) in the group that received the highest
dosage (1000 mg) of IL-1Ra plasmid. IL-1Ra was de-
tected in synovial fluid by enzyme-linked immunosor-
bent assay and by immunohistochemical staining in

the synovium and cartilage of rabbits that received
injections containing the IL-1Ra plasmid. Polymerase
chain reaction analysis of synovial DNA revealed the
presence of the cloned cDNA dog IL-1Ra up to 4 weeks
after the first intra-articular injection. This study dem-
onstrates that direct in vivo transfer of the IL-1Ra gene
into osteoarthritis knee cells using intra-articular in-
jections of a plasmid vector and lipids can signifi-
cantly reduce the progression of experimental osteo-
arthritis. This avenue may therefore represent a
promising future treatment for osteoarthritis. (Am J
Pathol 1999, 154:1159–1169)

Morphological changes observed in osteoarthritis (OA)
include cartilage erosion as well as a variable degree of
synovial inflammation.1,2 Current research attributes
these changes to a complex network of biochemical fac-
tors, including proteolytic enzymes, that lead to a break-
down of the cartilage macromolecules.1 Proinflammatory
cytokines such as interleukin-1 (IL-1) and tumor necrosis
factor a (TNF-a), locally produced by the inflamed syno-
vium, also likely contribute to these alterations.2,3 More-
over, in OA synovium, a relative deficit in the production
of natural IL-1 receptor antagonists (IL-1Ra) has been
demonstrated, and could be related to an excess pro-
duction of nitric oxide in OA tissues.4,5 This, coupled with
an up-regulation in the receptor level, has been shown to
be an additional enhancer of the catabolic effect of IL-1 in
this disease.6,7 These findings, therefore, strongly sup-
port the rationale for developing anti-IL-1 therapeutic
strategies for the treatment of OA.

Several studies illustrate the potential importance of
modulating IL-1 activity as a means to reduce the pro-
gression of the structural changes in OA. Several in vitro
studies have demonstrated that the use of IL-1Ra can
reduce the degradation of cartilage induced by IL-1.8–10

An in vivo study has shown that intra-articular injections of
IL-1Ra can retard the progression of experimental OA.11
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des Maladies Rhumatismales, Centre Hospitalier de l’Université de Mon-
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More recently, the development of gene therapy has
provided several new methods to control the activity of
IL-1. The IL-1Ra gene has been transduced in vitro in
synovial cells using a retrovirus, MFG.12 This gene has
also been successfully transduced to articular chondro-
cytes using an adenovirus, rendering the cartilage resis-
tant to IL-1-induced degradation.13 In the experimental
dog model of OA, we have demonstrated that in vivo
intraarticular injections of autologous synovial cells trans-
duced with the human IL-Ra gene using the MFG retro-
virus, or injecting synovial cells transduced ex vivo with
the human IL-1Ra coding sequence of the gene,14 can
prevent the progression of structural changes in OA.

In the near future, gene therapy in OA may become the
vehicle for intra-articular protein delivery. Traditional
methods of drug delivery have many pitfalls: targeting
difficulty, side effects, short-lasting efficacy, need for fre-
quent administration, and, most importantly, unsuitability
of delivering proteins as drugs.15–17 Gene therapy, on the
other hand, presents no targeting difficulties once the
gene is in place and has minimal potential side effects
and long-lasting therapeutic effects. However, use of a
viral vector for the transfer of genes in a chronic nonfatal
disease such as OA has obvious limitations.15 The de-
velopment of a direct in vivo method that uses a nonviral
vector would present many advantages.

Our goal was to determine the efficacy of in vivo IL-1Ra
gene therapy through the direct delivery of a lipoplex
(plasmid complexed to a lipid) in a rabbit model of OA, as
a new therapeutic approach to control the progression of
the disease.

Materials and Methods

Surgery

Twenty-eight white New Zealand rabbits weighing 2.5 to
3 kg each were used in this study. Partial medial menis-
cectomy of the right knee was performed through a me-
dial parapatellar incision on all rabbits as previously de-
scribed.18–20 Briefly, rabbits were anesthetized with
ketamine (30 mg/kg, Wyeth-Ayerst, Montréal, QC, Cana-
da), zylazine (5 mg/kg, Bayer, Etobicoke, ON, Canada)
and acepromazine maleate (1 mg im; Wyeth-Ayerst). Un-
der sterile conditions, an anteromedial incision of the
right knee was done. The subcutaneous tissue and reti-
naculum were incised and retracted, along with the ar-
ticular capsule. The medial compartment was visualized
and the peripheral capsular insertion of the medial me-
niscus was dissected. The anterior half of the meniscus
was resected and the capsule, the medial retinaculum,
and the skin were sutured. All rabbits were housed in
regular individual cages and exercised and fed ad libitum.

Experimental Groups

The rabbits were divided into four experimental groups.
Rabbits in Group 1 (n 5 8) received no treatment. Those
in Group 2 (n 5 8) received three intra-articular injections
at 24-hour intervals of 0.9% saline (0.5 ml), lipid (GAP-

DLRIE/DOPE, a gift of Dr. Carl Wheeler, Vical, San Diego,
CA) and VR1012 plasmid (a gift of Dr. Peter Hobart,
Vical). Rabbits in Group 3 (n 5 8) received three injec-
tions at 24-hour intervals of 0.5 ml saline containing 500
mg canine IL-1Ra in VR1012 plasmid DNA and lipid.
Rabbits in Group 4 (n 5 4) received three injections at
24-hour intervals of 0.5 ml saline containing 1000 mg
canine IL-1Ra plasmid and lipid. All injections were given
beginning four weeks postsurgery.

Macroscopic Grading

Immediately after sacrifice, the right knees of the rabbits
were dissected on ice and cartilage was examined for
gross morphologic lesions as previously described.11,21

The cartilage changes on the medial and lateral femoral
condyles and tibial plateaus were graded separately un-
der a dissecting microscope (Stereozoom, Bausch &
Lomb, Rochester, NY). The depth of erosion was graded
on a scale of 0 to 4 as follows: grade 0 5 normal surface;
grade 1 5 minimal fibrillation or a slight yellowish discol-
oration of the surface; grade 2 5 erosion extending into
the superficial or middle layers only; grade 3 5 erosion
extending into the deep layers; grade 4 5 erosion ex-
tending to subchondral bone. The surface area changes
were measured and expressed in mm2. The severity of
OA lesions was graded through independent double-
blind observation (JF, JPP).

Histologic Grading

Histologic evaluation was performed on sagittal sections
of cartilage from the lesional areas of each medial femo-
ral condyle and tibial plateau.11,21 Following dissection,
specimens were fixed in 10% buffered formalin and em-
bedded in paraffin. Serial sections (5 mm) were prepared
and stained with safranin-O. The severity of OA lesions
was graded on a scale of 0–14 by through double-blind
observation (JF, JPP), using the histologic-histochemical
scale of Mankin et al.22 This scale evaluates the severity
of OA lesions based on loss of safranin-O staining (scale,
0–4), cellular changes (scale, 0–3), invasions of tide-
mark by blood vessels (scale, 0–1), and structural
changes (scale, 0–6, where 0 5 normal cartilage struc-
ture and 6 5 cartilage erosion down to the subchondral
bone). The scoring system is based on the most severe
histologic changes in the multiple sections.

Representative specimens of synovial membrane were
dissected from underlying tissues. The specimens were
fixed, embedded, sectioned (5 mm) as above, and
stained with hematoxylin and eosin. Two synovial mem-
brane specimens were examined for scoring purposes
and the higher score from each was retained. The aver-
age was calculated and considered as a unit for the
whole knee. The severity of synovitis was graded on a
scale of 0 to 1023 through double-blind observation (JF,
JPP) adding the scores of three histologic criteria: syno-
vial lining cell hyperplasia (scale, 0–2), villous hyperpla-
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sia (scale, 0–3), and degree of cellular infiltration by
mononuclear and polymorphonuclear cells (scale, 0–5),
with 0 indicating normal structure.

IL-1Ra ELISA

The level of dog IL-1Ra in synovial fluid was determined
as previously described14 using enzyme-linked immu-
nosorbent assay (ELISA) according to the manufacturer’s
instructions (Quantikine, R&D Systems, Minneapolis,
MN). For the synovial fluid, 200 ml was tested according
to the aforementioned instructions. The limit of detection
of the assay is 10 pg/ml, and the one used in this study
does not recognize rabbit IL-1Ra.

Immunohistochemical Analysis

Cartilage and synovial membrane specimens were pro-
cessed for immunohistochemistry as previously de-
scribed24,25 with modifications. Sections (5 mm) of paraf-
fin-embedded specimens were placed on slides,
deparaffinized in benzene, hydrated in a graded series of
ethanol, rinsed in phosphate-buffered saline (PBS; 10
mmol/L sodium phosphate, pH 7.5, 0.9% saline), incu-
bated with chondroitinase ABC (0.25 U/ml in PBS; Sigma

Chemical, St. Louis, MO) for 1 hour at 37°C, and washed
in PBS. Incubation with 0.3% Triton X-100 (30 minutes)
was followed by a quenching of the peroxidases with 2%
H2O2 in PBS for 30 minutes at room temperature. Slides
were further incubated with 3% bovine serum albumin
BSA-PBS (Gibco BRL, Life Technologies, Gaithersburg,
MD) and 0.3% Triton X-1000 for 3 hours at room temper-
ature, then blotted and overlaid with the following primary
polyclonal goat IgG antibodies (mAb) against canine
IL-1Ra (R&D Systems). The specificity of the antibody
toward the dog protein was verified by Western immuno-
blot and the characteristic bands were found. Moreover,
no cross-reactivity of the antibody with the rabbit IL-1Ra
was found (personal observation).

Slides were incubated in a humidified chamber for 18
hours at 4°C with 5 mg/ml for IL-1Ra, stained using an IgG
antigoat antibody (dilution 1:1500; R & D Systems), then
washed twice in PBS, and the color developed by 3-39
diaminobenzidine tetrahydrochloride (DAB; Dako, Inc.,
Mississauga, ON, Canada). Slides were mounted using
Gel/Mount (Fisher Scientific, Montréal, QC, Canada) and
each section was examined under light microscopy (Leitz
Diaplan, Leitz Canada, Ville St. Laurent, QC, Canada).
Photographs were taken with Kodak Ecktachrome ASA
60 film.

Figure 1. Femoral condyles from (A) a 4-week OA rabbit; (B) an 8-week OA rabbit injected with the control plasmid; (C) an 8-week OA rabbit treated with 500
mg of IL-1Ra plasmid; (D) an 8-week OA rabbit treated with 1000 mg of IL-1Ra plasmid. Note the presence of osteophyte formations along the condylar ridge of
OA rabbits killed at either 4 weeks or 8 weeks postsurgery. The osteophytes were smaller in rabbits injected with the IL-1Ra plasmid.
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Control and verification of the specificity of the immune
reaction were done as follows:24,25 (i) omission of the
primary antibody; (ii) substitution of the primary antibody
with preimmune goat IgG, following the same experimen-
tal protocol; and (iii) absorption of the immune serum with
rhIL-1Ra (3 hours at 22°C) with a 203 equivalent of the
purified antigen.

DNA Extraction from Synovial Membranes

The total DNA was extracted from the synovial mem-
branes of rabbits in Groups 1 (n 5 3) and 4 (n 5 4) by
first mincing the tissues with sterile razor blades. Each
sample was processed as previously described.26 Basi-
cally, the minced tissues were incubated overnight at
65°C in a solution containing 0.5 mg/ml proteinase K
(Gibco BRL, Life Technologies) dissolved in 50 mmol/L
Tris, pH 8.0, 100 mmol/L EDTA, 100 mmol/L NaCl, 1%

sodium dodecyl sulfate. The samples were extracted
three times with buffered phenol and then chloroform.
Total DNA was precipitated with an equal volume of
isopropanol at room temperature and centrifuged. DNA
pellets were resuspended in sterile water and quantified
spectrophotometrically.

DNA Construct of Dog IL-1Ra

The plasmid was constructed by cloning a polymerase
chain reaction (PCR)-generated dog IL-1Ra fragment into
the vector VR1012 (Vical). The PCR fragment contained
only the open reading frame of the gene, and was gener-
ated with the following two primers: 59-ATCGATGATATC-
CCACCATGGAAACCTGCAGGTGTCCT-39 (sense primer)
and 59-TCAAGTAGATCTCTATTATTCCTTCTGGAAGTA-39
(antisense primer). The sense primer contained an EcoRV
recognition site and the antisense primer a BglII recognition
site at their respective 59- ends to facilitate the cloning of the
fragment. The sequence of the primers was derived from
the sequence of the whole canine cDNA clone (provided by
Dr. G. Fuller, University of Alabama, Birmingham, AL).

The PCR fragment was digested with EcoRV and BglII,
and cloned into the vector VR1012 predigested with
EcoRV and BglII. This construct was transformed into
Escherichia coli. Plasmid DNA was extracted and se-
quenced to confirm that the IL-1Ra open reading frame
was cloned in its entirety and properly oriented.

PCR Assays

The PCR assays were carried out in the DNA thermal
cycler 480 (Perkin Elmer, Foster City, CA), using 1 mg of
total DNA as template in a reaction mixture consisting of
IX PCR buffer (Perkin Elmer), 2 mmol/L MgCl2, 0.2
mmol/L of each dNTPs, 2.5 units of Taq DNA polymerase
(Gibco BRL, Life Technologies), 0.2 mmol/L of sense and
antisense primers in a total volume of 100 ml. The reac-
tions were amplified for 35 cycles, each consisting of a
denaturation step at 94°C for 1 minute and an annealing/
denaturing step at 60°C for 1 1/2 minutes; in the last
cycle, the elongation step was extended to 7 minutes.

Table 1. Osteophyte Incidence on Femoral Condyles in
Rabbits

Group
No. of

animals
Osteophyte
Size (mm)

1, OA* 4 weeks 8 0.16 6 0.08
2, OA† 8 weeks 8 0.63 6 0.24
3, IL-1Ra 500 mg‡ 8 weeks 4 0.25 6 0.16
4, IL-1Ra 1000 mg§ 8 weeks 8 0.41 6 0.17

*Rabbits were killed and tissue examined at 4 weeks post-medial
meniscectomy. No treatment was given to these rabbits.

†Rabbits received intra-articular injections for 3 consecutive days
beginning 4 weeks post-medial meniscectomy. The preparation
contained 1000 mg of the vector VR1012 complexed to the lipid gAP-
DLRIE-DOPE in 700 ml of 0.9% sterile saline as vehicle. Rabbits were
killed and tissue examined 8 weeks after medial meniscectomy.

‡Rabbits received intraarticular injections for 3 consecutive days
beginning at 4 weeks post-medial meniscectomy. The preparation
contained 500 mg of plasmid DNA (Vector VR1012) containing the
coding sequence of the canine IL-1Ra gene complexed to the lipid
gAP-DLRIE-DOPE (500 mg) in 700 ml sterile 0.9% saline. Rabbits were
killed and tissue examined 8 weeks after surgery.

§Rabbits received intra-articular injections for 3 consecutive days
beginning at 4 weeks post-medial meniscectomy. The preparation
contained 1000 mg of plasmid DNA (Vector VR1012) containing the
coding sequence of the canine IL-1Ra gene complexed to the lipid
gAP-DLRIE-DOPE (1000 mg) in 700 ml sterile 0.9% saline as vehicle.
Rabbits were killed and tissue examined 8 weeks after surgery.

Table 2. Cartilage Macroscopic Lesions on Femoral Condyles and Tibial Plateaus in Rabbits

Group
No. of

animals

Medial Femoral Condyles Medial Tibial Plateaus

Size (mm2) Grade (0–4 scale) Size (mm2) Grade (0–4 scale)

1, OA* 4 weeks 8 7.88 6 1.51 1.12 6 0.13 16.88 6 1.83 1.12 6 0.13
2, OA† 8 weeks 8 17.88 6 3.48 1.62 6 0.26 19.88 6 2.61 1.75 6 0.25
3, IL-1Ra 500 mg‡ 8 weeks 4 11.50 6 2.90 2.00 6 0.41 17.50 6 4.06 1.50 6 0.29
4, IL-1Ra 1000 mg§ 8 weeks 8 9.25 6 1.75 (P , 0.04)¶ 1.44 6 0.18 14.62 6 2.19 1.31 6 0.16

*Rabbits were killed and tissue examined at 4 weeks post-medial meniscectomy. No treatment was given to these rabbits.
†Rabbits received intra-articular injections for 3 consecutive days beginning 4 weeks after surgery. The preparation contained 1000 mg of the vector

VR1012 complexed to the lipid gAP-DLRIE-DOPE in 700 ml of 0.9% sterile saline as vehicle. Rabbits were killed and tissue examined at 8 weeks post
medial meniscectomy.

‡Rabbits received intra-articular injections for 3 consecutive days beginning 4 weeks post medial meniscectomy. The preparation contained 500 mg
of plasmid DNA (Vector VR1012) containing the coding sequence of the canine IL-1Ra gene complexed to the lipid gAP-DLRIE-DOPE (500 mg) in 700
ml of sterile 0.9% saline. Rabbits were killed and tissue examined 8 weeks after surgery.

§Rabbits received intra-articular injections for 3 consecutive days beginning at 4 weeks post medial meniscectomy. The preparation contained 1000
mg of plasmid DNA (Vector VR1012) containing the coding sequence of the canine IL-1Ra gene complexed to the lipid gAP-DLRIE-DOPE (1000 mg) in
700 ml of sterile 0.9% saline as vehicle. Rabbits were killed and tissue examined 8 weeks after surgery.

¶Statistics were analyzed using the Mann-Whitney U-test; comparison was made with the 8-week OA group. P values , 0.05 were considered
significant.
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The sequences of the primers (59-TGCAAGCCTTCA-
GAATCTGG-39 sense, 127–146 bp, and 59-TCGTCCTC-
CTGGAAGTAGAA-39 antisense, 540–553 bp) were de-
rived from the IL-1Ra cDNA sequence27 and the size of
the specific amplified fragment was 427 bp. The primers
are conserved between the dog and human genes and
span introns, so that amplification from the genomic DNA
instead of the transfected cloned cDNA would be de-
tected. The amplified DNA were electrophoresed in 1.2%
agarose gels and stained with ethidium bromide. The
identity of the fragments amplified from the tissues was
tested by digestion with enzymes with known sites in the
amplified fragment.

Statistical Analysis

Mean values and SE were calculated and statistics were
analyzed using Student’s t-test with P , 0.05 considered
significant.

Results

Macroscopy

Small osteophytes, along with femoral condylar ridges,
were present in all rabbit specimens (Figure 1). The
osteophytes were much larger in the 8-week as com-
pared to the 4-week OA rabbits (Table 1). The width of
the osteophytes in the rabbits treated with the IL-1Ra
plasmid was smaller. The grade and size of cartilage
macroscopic lesions showed more severe lesions on the
8-week as compared to the 4-week rabbits. The progres-
sion of lesions during this period was more pronounced
on the condyles (Table 2, Figure 2); however, by 8 weeks
post-surgery, the lesions were of similar grade and size
on medial condyles and plateaus. In rabbits treated with
intraarticular injections of lipoplex containing IL-1Ra plas-
mid, there was a visible trend for macroscopic lesions to
be less severe. The reduction in severity of lesions was

Figure 2. Macroscopic appearance of cartilage
from femoral condyles (left panels) and tibial pla-
teaus (right panels) of (A,B) a 4-week OA rabbit
showing pitting of the central, weight-bearing re-
gion of the medial condyles and plateaus; (C,D) an
8-week OA rabbit injected with the control plas-
mid showing erosion and pitting of the medial
condyle and plateau; (E,F) an 8-week OA rabbit
treated with 500 mg of IL-1Ra plasmid showing
pitted areas of cartilage on medial condyle and
plateau; (G,H) an 8-week rabbit treated with 1000
mg of IL-1Ra plasmid showing pitted areas of car-
tilage on the medial condyle and plateau resem-
bling those of a 4-week OA rabbit.
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dose-dependent, with the most marked and significant
(P , 0.04) decrease observed on the femoral condyles
of rabbits treated with the highest dosage of the plasmid
(1000 mg; Table 2).

Microscopy

The severity of histologic lesions was greater in the
8-week as compared to the 4-week rabbits, the lesions
being slightly more severe on the medial plateaus (Fig-
ures 3 and 4). There was a noticeable decrease in the
severity of lesions on both the medial condyles and pla-
teaus in rabbits treated with IL-1Ra plasmid, a reduction
found to be statistically significant on the medial plateaus
of rabbits treated with the highest dosage of IL-1Ra (Ta-
ble 2).

Histological scores for severity of synovial inflamma-
tion were similar in all four groups of rabbits with a mod-
erate degree of inflammatory reaction seen in all speci-

mens (Figure 5). The reaction was characterized by
synovial hyperplasia and hyperthrophia with a mixed
mononuclear cell infiltration in the sublining tissue. No
invading neutrophils were observed.

Synovial Fluid IL-Ra Levels

A detectable level of dog IL-1Ra was found in only two of
the eight synovial fluid samples obtained from rabbits
treated with the highest dosage of IL-1Ra plasmid (1000
mg); the level was 35.7 6 20.7 pg/ml (mean 6 SE).

Immunohistochemistry

Immunohistochemistry demonstrated the presence of
dog IL-1Ra protein only in the synovial membrane spec-
imens of the rabbits given IL-1Ra plasmid (Figure 6).
Canine IL-Ra could not be detected in the specimens of

Figure 3. Representative sections of articular car-
tilage from a medial femoral condyle (left panels)
and tibial plateau (right panels) of (A,B) a 4-week
OA rabbit; (C,D) an 8-week OA rabbit injected
with the control plasmid; (E,F) an 8-week OA
rabbit treated with 500 mg IL-1Ra plasmid; (G,H)
an 8-week rabbit treated with 1000 mg IL-1Ra plas-
mid. safranin-O staining. Original magnification,
3250 (A, C, F), 3100 (B, D, E, G, H).
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rabbits transfected with the control vector or in the un-
treated OA rabbits. Positive staining was noted in 7 of the
8 rabbits injected with 1000 mg of IL-1Ra plasmid, and in
2 of 4 specimens injected with 500 mg of IL-1Ra plasmid.
The specific staining was observed mostly in the synovial
lining and mononuclear cells.

The immunohistochemistry of cartilage specimens
from the medial condyles and plateaus was negative for
dog IL-1Ra, with the exception of approximately half the
specimens from the rabbits injected with IL-1Ra plasmid.
In these specimens, a small group of chondrocytes in a
few areas of the superficial layer were found to stain
positive for dog IL-1Ra (Figure 7).

PCR Assays

PCR assays of DNA extracted from the synovial mem-
branes from untreated rabbits failed to generate the spe-
cific IL-1Ra-amplified DNA fragment of 427 bp (Figure 8).
In contrast, specific bands were obtained from the am-
plification of DNA extracted from 3 of 4 IL-1Ra-trans-
fected synovia tested (Figure 8). Although these PCR
assays are not quantitative, they suggest that some plas-
mid remained in the synovial membranes and may still
have expressed the IL-1Ra protein.

Discussion

Despite an extensive armamentarium and a number of
surgical options, OA remains incurable. An improved
approach in the treatment of this disease is imperative.

Figure 4. Histologic grading of cartilage from femoral condyles and tibial
plateaus of OA dogs. Values are the mean (6 SE) total score (Mankin scale)
of lesions from 4-week OA rabbits; 8-week OA rabbits injected with the
control plasmid; 8-week OA rabbits treated with 500 mg of IL-1Ra plasmid;
8-week OA rabbits treated with 1000 mg of IL-1Ra plasmid. P values were
calculated using the two-tailed Student’s t-test and compared to the 8-week
OA group.

Figure 5. Representative sections of synovium from (A) a 4-week OA rabbit and (B) an 8-week OA rabbit injected with the control plasmid, (C) an 8-week OA
rabbit treated with 500 mg of IL-1Ra plasmid and, (D) an 8-week OA rabbit treated with 1000 mg of IL-1Ra plasmid. Hematoxylin and eosin staining; original
magnification, 3250.
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Figure 7. Immunohistochemical detection of canine IL-1Ra in cartilage of rabbit OA knees. A: An 8-week OA rabbit injected with the control plasmid showing
no specific staining for canine IL-1Ra. B: An 8-week OA rabbit treated with 500 mg of IL-1Ra plasmid. C: An 8-week OA rabbit treated with 1000 mg of IL-1Ra
plasmid showing intense specific staining for IL-1Ra, mostly at the synovial lining cell level. D: Control using a specimen from an 8-week old rabbit treated with
1000 mg of IL-1Ra plasmid performed with an immune absorbed serum using a 20-fold mass equivalent to the purified antigen showed no specific staining.
Original magnification, 3100.

Figure 6. Immunohistochemical detection of canine IL-1Ra in synovium of rabbit OA knees. A: A 4-week OA rabbit. B: An 8-week OA rabbit injected with the
control plasmid showing no specific staining for canine IL-1Ra. C: An 8-week OA rabbit treated with 500 mg of IL-1Ra plasmid. D: An 8-week OA rabbit treated
with 1000 mg of IL-1Ra plasmid showing some staining in chondrocytes mainly in the superficial layer. Controls using specimens from 8-week old rabbits treated
with 500 mg (E) and 1000 mg (F) of IL-1Ra plasmid performed with an immune absorbed serum using a 20-fold mass equivalent to the purified antigen showed
no specific staining, Original magnification, 3250.
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Drug delivery, the chief vehicle for existing antiarthritic
therapies, has major drawbacks. This study demon-
strates that the direct in vivo transfer of the IL-1Ra gene
into the OA cells by means of a plasmid vector can
successfully induce the production of IL-1Ra in situ and
can significantly reduce the progression of experimental
OA. This protective effect seems to be dose-dependent
and likely reflects the achievement of a higher level of
transfection and, secondarily, IL-1Ra production.

Local delivery of anti-inflammatory cytokines or the
induction in vivo of their expression using gene transfer
may provide a novel approach for the treatment of
OA.17,28–30 The transfer of genes into joint cells can be
done using both in vivo and ex vivo methods.14,28,31–34

The indirect ex vivo approach is complex and involves
several steps including the removal of synovium from the
joint, transfection of the cells in vitro by a viral or nonviral
gene transfer method, and reintroduction of the trans-
fected cells into the joint.29 Adenoviral vectors are con-
sidered best suited to in vivo gene transfection of syno-
viocytes, as these cells normally have a low rate of
turnover.35,36 In fact, adenovirus has been demonstrated
to transduce synovial cells efficiently in vivo.34 However,
achieving a similar level of gene transfer using a nonviral
vector would clearly be more desirable in the context of
clinical studies in a chronic nonfatal disease. Several
modes of gene transfer that target therapy for the treat-
ment of joint disease have been attempted, although to
date few genes have been successfully transfected into
articular cartilage or synovium without viral vectors.35–38

In fact, using technology that could target both articular
cartilage and synovial membrane may represent the ideal
strategy for OA modulation. Recent studies have shown
that the use of cationic lipid DNA complex with improved

expression vector and new cationic lipid could greatly
optimize gene transfer into cells.39–41 A new cationic
lipid, GAP-DLRIE/DOPE, has been shown to provide a
very high level of gene transfection into artery and skel-
etal muscle cells using plasmid DNA in vivo. Moreover,
the plasmid DNA vector VR1012 has been proven in
former experiments to provide a higher level of expres-
sion compared to many other commonly available ex-
pression vectors.40

The present study shows that the IL-1Ra gene can
be transduced directly in vivo using a nonviral plasmid
technology and incorporated into the synovial cells and
chondrocytes to produce the IL-1Ra protein. The immu-
nohistochemical study has confirmed that transfer of the
IL-1Ra gene was much more efficient in OA synovial cells
as compared to chondrocytes. This could be explained
by several hypotheses, one being taught that it may be
related to the higher replicating rate of synovial cells. On
the other hand, the diffusion rate of the lipoplex into the
cartilage matrix may be another factor responsible for
the much lower level of cell transfection. In vitro experi-
ments in cell culture have also demonstrated that the
transfection of the IL-1Ra gene in chondrocytes using
lipoplex was less efficient than in synovial cells (Pelletier,
Tardif, and Dupuis, personal observation).35 In light of the
present study, however, the lipoplex alone seemed less
effective in inducing the synthesis of IL-1Ra than the
technology used in our previous study, in which we em-
ployed a viral vector.14 For instance, the level of IL-1Ra in
the synovial fluid was lower and could be detected only in
a limited number of rabbits that received the IL-1Ra gene.
One must, however, use caution when interpreting the
data from the ELISA, because neutralizing antibodies that
could be present in the synovial fluid may have induced
a falsely low reading from these assays. Studies that may
allow us to overcome this difficulty are currently under-
way in our laboratory.

This study demonstrates that, using a direct in vivo
technology for gene transfer, it is possible to ensure a
detectable level of expression of the IL-1Ra with persis-
tence of the plasmid for at least 4 weeks following the
lipoplex injections. These results are most encouraging
and further studies are needed to explore the length of
time for the plasmid and gene expression to last. The
level of IL-1Ra produced was sufficient to block the bio-
logical activity of the IL-1 as judged by the effect of such
therapy on the progression of OA structural changes. The
strong gene expression observed in synovial cells is also
noteworthy. The gene was, in fact, transfected not only in
lining cells but also in mononuclear cells of the sublining
tissue, indicating that the gene could be transfected in
different cell types as previously reported.38 In contrast to
our previous study using a retroviral vector, no increase
in the level of synovial inflammation was noted, even in
the presence of an active secretion of canine IL-1Ra.
Under the actual experimental conditions, the foreign
protein seemed to have been well tolerated by the rab-
bits, though one cannot exclude the presence of neutral-
izing antibodies.42

Reduction in the growth of osteophytes in rabbits that
received the IL-1Ra plasmid was very marked. From

Figure 8. PCR analysis of rabbit synovial membranes for the presence of the
dog IL-1Ra gene. Plasmids were injected into the knee joints of rabbits as
described in Materials and Methods. DNA was extracted from the synovial
membranes of untreated (Group 1; n 5 3) and treated (Group 4; n 5 4)
rabbits and subjected to PCR analysis to detect the cloned cDNA dog IL-1Ra.
MW, molecular weight markers (pGEM markers, Promega, Madison, WI); 2,
negative control (reaction mixture without template DNA); 1, positive con-
trol (plasmid IL-1Ra used as DNA substrate). The size of the specific ampli-
fied DNA fragment is 427 bp.
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previous studies, it has become evident that the growth of
these cartilage-bone structures are, at least in part, re-
lated to the action of IL-1. For instance, in the experimen-
tal dog model of OA, intra-articular injections of the IL-
1Ra proved very effective at reducing the progression of
osteophytes.11 Recent reports, however, have also dem-
onstrated the involvement of transforming growth factor-b
in the formation of osteophytes, indicating that these
structural changes may have a multifactorial origin.43 The
exact link between IL-1 and transforming growth factor-b
in the formation of osteophytes remains to be determined.

Direct transfection of the IL-1Ra gene and its in vivo
expression was also found to effectively reduce, in a
manner dependent on the amount of plasmid injected,
the progression of cartilage lesions. The severity of mac-
roscopic lesions was reduced on both condyles and
plateaus, with a reduction in the severity of histologic
lesions on plateaus. The pathophysiology of OA lesions,
both in the model and in the natural disease, has been
shown to be induced by proteolytic enzymes, the synthe-
sis of which is up-regulated by proinflammatory cytokines
such as IL-1.1,2 Therefore, the actual findings with regard
to cartilage lesions are most likely explained by the in-
hibitory action of increased local production of IL-1Ra on
IL-1 action. The extent of the effect, which was depen-
dent on the amount of the IL-1Ra plasmid injected, cor-
related well with the number of chondrocytes synthesiz-
ing IL-1Ra as shown by immunohistochemistry. The
staining for IL-1Ra was observed almost exclusively in
the rabbits that received the higher dosage of the IL-1Ra
lipoplex. The absence of staining in rabbits that received
the lower dosage of plasmid could possibly be explained
by a lower level of production of IL-1Ra not detectable by
immunohistochemistry, or by the fact that production of
IL-1Ra in these rabbits may have stopped before they
were sacrificed, as suggested in literature.35,44

In summary, this study demonstrates that the use of
DNA plasmid represents a promising method for the
direct transfer of therapeutic gene(s) in vivo. This tech-
nology presents several obvious advantages, including
safety and efficacy. The use of the IL-1Ra gene also
seems to hold interesting future prospects for the treat-
ment of OA. This conclusion is based on the results of
multiple studies, including ours, which have shown that
the use of this gene under several experimental ex vivo
and in vivo conditions could reduce cartilage degradation
and retard the progression of structural changes in OA.
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