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ABSTRACT The transcription factor NF-kB is a pivotal
regulator of inf lammatory responses. While the activation of
NF-kB in the arthritic joint has been associated with rheu-
matoid arthritis (RA), its significance is poorly understood.
Here, we examine the role of NF-kB in animal models of RA.
We demonstrate that in vitro, NF-kB controlled expression of
numerous inf lammatory molecules in synoviocytes and pro-
tected cells against tumor necrosis factor a (TNFa) and Fas
ligand (FasL) cytotoxicity. Similar to that observed in human
RA, NF-kB was found to be activated in the synovium of rats
with streptococcal cell wall (SCW)-induced arthritis. In vivo
suppression of NF-kB by either proteasomal inhibitors or
intraarticular adenoviral gene transfer of super-repressor
IkBa profoundly enhanced apoptosis in the synovium of rats
with SCW- and pristane-induced arthritis. This indicated that
the activation of NF-kB protected the cells in the synovium
against apoptosis and thus provided the potential link be-
tween inf lammation and hyperplasia. Intraarticular admin-
istration of NF-kB decoys prevented the recurrence of SCW
arthritis in treated joints. Unexpectedly, the severity of ar-
thritis also was inhibited significantly in the contralateral,
untreated joints, indicating beneficial systemic effects of local
suppression of NF-kB. These results establish a mechanism
regulating apoptosis in the arthritic joint and indicate the
feasibility of therapeutic approaches to RA based on the
specific suppression of NF-kB.

Inflammation and hyperplasia of the synovium are the hall-
marks of rheumatoid arthritis (RA) (1). The normal synovium
is a delicate tissue lining the joint capsule; however, in RA, the
synovium transforms into an aggressive, tumor-like structure
called the pannus (1, 2). It is a common belief that inflam-
mation promotes hyperplasia in the synovium, but the under-
lying mechanisms for this are largely unknown.

Impaired regulation of apoptosis has been associated with
RA (3–5). Experimental evidence suggests that tumor necrosis
factor a (TNFa)- and Fas-mediated apoptosis is important in
the regulation of hyperplasia in the synovium (5, 6). The
human RA synovium contains a significant proportion of
apoptotic cells (7, 8), and elevated expression of TNFa protein
and functional FasL in the synovium is a common feature of
RA (1, 9).

Gene expression is transcriptionally controlled by inducible
transcription factors. The transcription factor NF-kB (re-
viewed in ref. 10) is particularly important in the regulation of
inflammation. In unstimulated cells, NF-kB is retained in the
cytoplasm through an interaction with inhibitory proteins

known as IkB. Cell stimulation causes degradation of IkB,
leading to nuclear translocation of NF-kB and activation of
transcription. Inducers of NF-kB include interleukin (IL)-1,
TNFa, platelet-derived growth factor, lipopolysaccharide, ox-
idative stress, and viral products. In turn, NF-kB can activate
transcription of IL-1, TNFa, IL-6, IL-8, the adhesion mole-
cules ICAM-1 (intercellular adhesion molecule-1), VCAM-1
(vascular cell adhesion molecule 1), E-selectin, the growth
factor granulocyteymacrophage colony-stimulating factor, and
inducible nitric oxide synthase. Since NF-kB is activated in
human RA synovium (11, 12), and the list of inducers and
targets of NF-kB almost perfectly matches the profile of
mediators of inflammation in RA, this suggests an important
role of NF-kB in the control of inflammation in the synovium.
Furthermore, the recent discovery of a protective function of
NF-kB against the cytotoxicity of TNFa (13–16) suggests the
involvement of this transcription factor in the regulation of
apoptosis in the synovium.

Here, we used animal models of RA to examine the
relationship between inflammation, activation of NF-kB, and
apoptosis in the synovium. We demonstrate that in primary
synovial fibroblasts, NF-kB is required for induction of mul-
tiple inflammatory molecules, including IL-1b and TNFa.
Specific suppression of NF-kB potentiated TNFa- and FasL-
mediated apoptosis. Similar to that in human RA, NF-kB was
found activated in the synovium of rats with streptococcal cell
wall (SCW) arthritis. Suppression of NF-kB by intraarticular
(i.a.) administration of proteasomal inhibitors and i.a. adeno-
viral gene transfer of super-repressor IkBa (srIkBa) pro-
foundly enhanced apoptosis in the synovium of rats with SCW-
and pristane-induced arthritis. This indicated that activation of
NF-kB by inflammation inhibited apoptosis in the synovium,
thereby potentially contributing to hyperplasia. Administra-
tion (i.a.) of NF-kB decoy oligodeoxynucleotides (ODNs)
significantly inhibited the severity of recurrent SCW arthritis
in treated joints. Unexpectedly, the severity of arthritis also
was inhibited in untreated, contralateral joints, indicating
systemic therapeutic effects of local treatment.
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MATERIALS AND METHODS

Adenoviral (Ad) Vectors. The Ad vectors were derivatives of
Ad5 adenovirus with deleted E1A and E1B regions. Expres-
sion of the transgene was driven by the cytomegalovirus
(CMV) promoter. The srIkBa cDNA was obtained by a double
point mutation of cDNA of IkBa (Ser 32y36 to Ala 32y36) (17,
18). The resulting construct was subcloned into pAdCMV
transfer vector (Genvec, Rockville, MD) and cotransfected
with the linearized vector IN34051 into the HEK 293 cells. The
Ad virus was purified on a CsCl gradient and dialyzed. The
recombinant AdLacZ and AdGFP vectors (gift of Doug
McCarty, Vector Core facility, University of North Carolina)
were derivatives of Ad5 with deleted E1 and E3 regions.

NF-kB Decoys. The ODNs were synthesized as phosphoro-
thioate (PT) derivatives, which are resistant to degradation by
endonucleases. The single-stranded (ss) ODNs sequences were
as follows (59 3 39): wt kB-PT: CTGGGGACTTTCCAT
(underlined is kB-binding site from the HIV long terminal
repeat); mut kB-PT: TAACCGACTTTGCAT; fluorescein-
labeled wt kB-PT: f luorescein-CTGGGGACTTTCCAT. De-
salted ODNs were extracted with phenolychloroform and
purified on the C18 Sephac cartridges (Waters). The double-
stranded (ds) ODNs were prepared by annealing the ss ODNs
in 150 mM NaCl, and unannealed ss ODNs were removed by
using Probind columns (Waters). For in vivo delivery, the ds
ODNs were mixed with DOTAP (Boehringer Mannheim) at
the ratio of 1:1 (wtywt) in the buffer containing 140 mM
NaCly7 mM Hepes, pH 7.5, and injected i.a. in a volume of 10
ml.

Synoviocytes. Fibroblast-like synoviocytes were established
by enzymatically dispersing synovial explants from rats with
SCW arthritis (19). Cells were maintained in RPMI 1640
medium supplemented with 10% FBS and antibiotics.

Luciferase Assay. The reporter plasmids 3x wild-type (wt)
kBLUC and 3x mutated (mut) kBLUC containing three
repeats of the wt or mut kB sites from the class I major
histocompatibility complex enhancer were described previ-
ously (20). The plasmids were purified from endotoxin by using
Detoxigel (Pierce). Cells were transiently transfected with
DOTAP. One day later, cells were stimulated and the lucif-
erase activity was determined by using a chemiluminometer
and normalized on total protein.

Electrophoretic Mobility-Shift Assay (EMSA). The nuclear
extracts of stimulated cells were incubated with a 32P-labeled
ds UV21 probe containing the kB-binding site and resolved on
nondenaturing polyacrylamide gel (19). Where indicated, a
competitive cold probe was included along with the radiola-
beled probe at the molar ratio of 100:1. For the supershift
analysis, anti-RelA antibody (Ab) sc109 (Santa Cruz Biotech-
nology) was included into the reactions.

Northern Blotting. Synoviocytes were transduced at the
third passage with the AdCMV or AdsrIkBa adenovirus at the
multiplicity of infection of 100. Two days later, cells were
stimulated and total RNA was extracted and resolved on a
formaldehyde agarose gel (10 mgylane). Blots were consecu-
tively hybridized with 32P-labeled DNA probes to rat IL-1b
(gift of A. Shaw, Glaxo), rat IL-6 [American Type Cell
Collection (ATCC)], rat TNFa (gift of K. Decker, Universitat
Freiburg, Germany), rat VCAM-1 (gift of T. Collins, Harvard
Medical School, Cambridge, MA), and mouse GAPDH
(ATCC).

Cytotoxicity Assay. Cell viability in vitro was determined by
using the MTT assay. Synoviocytes (second to fourth passages)
were transduced with Ad vectors and 2 days later stimulated
with rat TNFa (rTNFa) (BioSource) or FasL (Alexis) for an
additional 24 hr. At the end of treatment, cells were incubated
for 4 hr in the growth medium containing MTT (0.5 mgyml).
The precipitate was solubilized, and the number of live cells
was determined with a spectrophotometer.

Western Blotting. The animals were sacrificed at the indi-
cated intervals after i.a. injection of Ad vectors. Excised joints
were pulverized in liquid nitrogen and extracted in a buffer (20
mM Tris, pH 7.6y140 mM NaCly2.5% Triton X-100) supple-
mented with protease and proteasomal inhibitors [2 mM
phenylmethylsulfonyl f luoridey4 mg/ml aprotininy2 mg/ml leu-
peptiny10 mM MG132 (Peptides International)]. The extracts
were resolved on SDSyPAGE, transferred to nitrocellulose,
and immunodetected using primary Ab against human IkBa
(Rockland, Gilbertsville, PA) and green fluorescent protein
(GFP) (CLONTECH).

In Situ Detection of Apoptosis. Synovial tissue explants were
cut into 5-mm cryostat sections, and apoptosis was evaluated by
using a quantitative terminal deoxynucleotidyltransferase-
mediated UTP end labeling (TUNEL) assay. After a brief
fixation in acetoneymethanol, samples were stained with a
fluorescein In Situ Cell Death Detection kit (Boehringer

FIG. 1. Suppression of NF-kB inhibits inflammatory responses in
primary rat synovial fibroblasts. (A) Induction of NF-kB-mediated
transcription in vitro. For luciferase assay, cells were transfected with
a 3x wt kBLUC reporter vector followed by an overnight incubation
in a low serum (0.5% FBS) medium and stimulated for 3 hr with IL-1b
(10 ngyml), lipopolysaccharide (10 mgyml), and TNFa (10 ngyml). The
specificity of NF-kB activation was determined by assessing the
expression of a 3x mut kBLUC vector (data not shown). (B) Induction
of NF-kB DNA-binding activity. For EMSA, quiescent synoviocytes
were stimulated for 1 hr with lipopolysaccharide (10 mgyml) and TNFa
(10 ngyml). The nuclear extracts were preincubated with a radiola-
beled kB probe and resolved on PAGE. The specificity of NF-kB
binding was assessed by including an excessive amount (100:1) of cold
wt and mut NF-kB decoys into the binding reactions. Both major
NF-kB bands (arrows) contained RelA subunits, as determined by the
supershift by a RelA (p65) Ab (data not shown). (C) AdsrIkBa
expression inhibits NF-kB activation in vitro. Cells were transduced
with indicated Ad vectors and 2 days later stimulated with TNFa (100
ngyml) for 30 min. NF-kB DNA-binding activity was determined by
EMSA as in B. (D) Suppression of NF-kB inhibits inflammatory
responses in vitro. For Northern blotting, cells were transduced as
indicated in the legend to C and stimulated with IL-1b (10 ngyml) and
TNFa (10 ngyml). Total RNA was analyzed by sequentially hybridizing
the blot with indicated radiolabeled probes.
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Mannheim) and examined under a fluorescence microscope.
Discrimination and count of bright apoptotic cells were facil-
itated by using a digital charge-coupled device camera with
IMAGE 1yMETAMORPH software (Universal Imaging, Media,
PA). The total number of cells in the field was counted based
on a blue fluorescence of 49,6-diamidino-2-phenylindole-
counterstained nuclei.

Immunodetection of Activated NF-kB and AdsrIkBa Ex-
pression. Cryostat sections of synovial explants were air-dried,
fixed in the paraformaldehyde, and immunostained with a
primary Ab against human IkBa (Rockland) (final dilution
1:200). The expression of srIkBa was assessed by immuno-
staining with an mAb against human RelA NLS (12, 21)
(Boehringer Mannheim) (final dilution 1:100). Immunostain-
ing was visualized by using the HRP ABC Vectastain kit
(Vector). The specificity of NF-kB immunodetection was
assessed by immunostaining serial cryostat sections with the
primary Ab preabsorbed with the RelA NLS peptide (21)
(Quality Control Biochemicals, Hopkington, MA).

Rat Models of Arthritis. The model of recurrent SCW
arthritis was reproduced as described (19, 22). Female Lewis
rats (Charles River Breeding Laboratories) weighing '150 g
were injected into both ankle joints with 5 mg of a rhamnose
equivalent of peptidoglycan–polysaccharide complex (PG-
APS) (fraction 10s) (19, 21) isolated from group A strepto-
cocci. Four weeks later, reactivation of arthritis was induced by
i.v. injection of PG-APS at a dose of 200–300 mg. The severity
of arthritis was assessed as described (19). The model of
pristane polyarthritis was reproduced as described (23). Fe-

male DA rats (Harlan Breeders, Indianapolis) weighing '180
g received a s.c. injection of 0.15 ml of pristane into the base
of the tail (Sigma). At day 12, animals were divided into groups
with a similar degree of inflammation in ankle joints and i.a.
injected with 10 ml of Ad vectors.

RESULTS

NF-kB Controls Inducible Expression of Inf lammatory
Molecules in Synoviocytes in Vitro. To assess the role of NF-kB
in controlling inflammatory responses in synoviocytes, NF-kB
activation was suppressed by expression of srIkBa. The srIkBa
is a mutant form of wt IkBa (17). In contrast to wt IkBa,
srIkBa cannot be phosphorylated and degraded and thus
affords strong inhibition of NF-kB (18). Stimulation of pri-
mary rat synovial fibroblasts with IL-1, TNFa, and lipopoly-
saccharide induced DNA-binding and transcriptional activity
of NF-kB (Fig. 1A and B). The DNA-binding activity was
composed of two major complexes, both of which contained
the RelA (p65) subunit of NF-kB (Fig. 1B). Expression of
srIkBa ablated NF-kB activation (Fig. 1C) and strongly inhib-
ited the induction of IL-1b, TNFa, IL-6, and VCAM-1 mes-
sages by TNFa and IL-1 (Fig. 1D). This indicated the require-
ment of NF-kB activation for induction of IL-1, IL-6, and
TNFa in synovial fibroblasts and suggested the involvement of
NF-kB in VCAM-1-mediated recruitment of inflammatory
cells to the RA joints.

Suppression of NF-kB Activation Potentiates the Cytotox-
icity of TNFa and FasL in Rat Synoviocytes. Activation of
NF-kB provides protection against the cytotoxicity of TNFa in
a variety of cell types (13–16). TNFa and FasL are important
mediators of apoptosis in RA (5–9), and, therefore, we exam-
ined the potential involvement of NF-kB in TNFa- and
FasL-mediated apoptosis in synovial fibroblasts. We found
that similar to TNFa (Fig. 1 B and C), recombinant FasL (Fig.
2B) induced NF-kB activation in synovial fibroblasts, although
with a slower kinetics (Fig. 2B). Untransduced cells and those
transduced with a control AdCMV vector were equally resis-
tant to TNFa and FasL cytotoxicity, but AdsrIkBa expression
rendered the cells susceptible to both TNFa- and FasL-
induced apoptosis (Fig. 2 A and B). These findings demon-
strate that in primary synovial fibroblasts, activation of NF-kB

FIG. 2. Suppression of NF-kB potentiates the TNFa- and FasL-
induced cytotoxicity in rat synovial fibroblasts. (A) The expression of
srIkBa potentiates the cytotoxicity of TNFa. Cells were transduced in
duplicate with the AdsrIkBa vector and, 2 days later, stimulated with
indicated concentrations of TNFa for an additional 24 hr. The cell
viability was determined by using the MTT assay. (Bars 5 SD.) The
significance of difference was calculated by using unpaired two-tailed
Student’s t test. Data are representative of two experiments. (B)
Activation of NF-kB by FasL inhibits the cytotoxicity of FasL. (Upper)
Induction of NF-kB DNA-binding activity by FasL. For EMSA, cells
were stimulated with FasL (100 ngyml), and NF-kB DNA-binding
activity was determined by EMSA as described in the legend to Fig.
1B. The nuclear extracts of TNFa-stimulated cells (see Fig. 1C) were
used as a positive control. (Lower) srIkBa expression potentiates
cytotoxicity of FasL. Cells were transduced in duplicate with the
AdsrIkBa vector and, 2 days later, stimulated with the indicated
concentrations of FasL for an additional 24 hr. Control, untransduced
cells. The cell viability was determined by using the MTT assay. The
significance of difference was calculated by using unpaired two-tailed
Student’s t test. (Bars 5 SD.) Data are representative of three
experiments.

FIG. 3. Induction of the recurrence of SCW arthritis is associated
with activation of NF-kB in the synovium. Activated NF-kB was
detected by HPR immunostaining by using primary mAb against RelA
NLS (21). (a) Normal synovium. Original magnification, 3200. (b)
Inflamed synovium at day 1 after reactivation of SCW arthritis.
Original magnification, 3200. (c) Same as b; original magnification,
3400. (d) Control immunostaining of the inflamed synovium (day 1
after reactivation) by using an mAb preabsorbed with a RelA NLS
peptide. Original magnification, 3200. Data are representative of two
experiments.
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serves as a protective mechanism against the cytotoxicity of
TNFa and FasL. Since TNFa is a potent mitogen in synovial
fibroblasts (24), NF-kB activation appears to be a master
switch determining whether TNFa elicits mitogenic or cyto-
toxic responses. Similar to that with TNFa, activation of
NF-kB in synoviocytes by FasL provided a negative feedback
to the cytotoxic action of FasL. Therefore, these results
strongly suggested the potential involvement of NF-kB in the
protection of synovial cells against apoptosis in the RA
synovium, where both FasL and TNFa are overexpressed (1,
5, 9).

The Onset of SCW Arthritis Coincides with Activation of
NF-kB in the Synovium. Based on our in vitro data, we next
assessed the role of NF-kB in the regulation of apoptosis in
vivo. For these studies, we employed the model of recurrent
SCW arthritis in rats, which truly reproduces many features of
human RA (21). In this model, initial i.a. injection of PG-APS
produces transient acute joint inflammation. Several weeks
later, a recurrence of chronic inflammation in the preinjured
joint can be induced by i.v. injection of PG-APS. This model
provides a predictable reactivation of chronic inflammation
that reaches a peak in 2–4 days after the i.v. injection (21).

The activation of NF-kB in human RA synovium has been
well documented (11, 12). To assess NF-kB activation in the
SCW rat synovium, we used immunostaining with an mAb
specifically recognizing activated NF-kB (12). Activated
NF-kB was absent in the normal rat synovium (Fig. 3a) and
hardly detectable in rats at 5 weeks after the initial i.a. injection
of PG-APS (data not shown). Reactivation of SCW arthritis
caused strong activation of NF-kB (Fig. 3c), which persisted for

at least 4 days (data not shown). Thus, similar to that in human
RA, SCW arthritis is associated with activation of NF-kB in the
synovium.

Inhibitors of NF-kB Accelerate Apoptosis in the Inflamed
Synovium. Numerous studies demonstrated the presence of
apoptosis in human RA synovium (7, 8). Similar to that in
human RA, we found that SCW rat arthritic joints contained
a significant proportion of apoptotic cells. As assessed by a
quantitative TUNEL assay, 1 day after reactivation of SCW
arthritis, the average frequency of apoptosis in the synovium
was approximately 6.6%. This was independently confirmed by
detecting apoptotic fragmentation in genomic DNA isolated
from the whole joint (D.K. and S.M., unpublished data).

To explore the role of NF-kB in the regulation of apoptosis
in vivo, we utilized two approaches. In an initial experiment, we
assessed proteasome inhibitor peptide aldehyde MG132,
which inhibits NF-kB by preventing IkBa degradation (25).
Administration (i.a.) of MG132 dramatically increased the
frequency of apoptosis in SCW arthritic joints (9.3% in the
control, vehicle-treated rats vs. 25.8% in MG132-treated rats,
P , 0.01) (Fig. 4A and D). To substantiate these data, we
employed a more specific approach based on Ad gene transfer
of srIkBa. Ad gene transfer (i.a.) affords efficient transduction
in vivo, targeting both fibroblast- and macrophage-like syno-
viocytes (26, 27). In our study, low titers (#107 plaque-forming
unitsyjoint) of i.a. injected Ad vectors did not cause apparent
gross inflammation (data not shown), yet afforded an appre-
ciable expression of srIkBa protein (Fig. 4B). I.a. injected
AdsrIkBa did not increase apoptosis in the normal rat joint
(data not shown), but significantly accelerated apoptosis in the

FIG. 4. Inhibitors of NF-kB accelerate apoptosis in the inflamed rat synovium. (A) Proteasomal inhibitor MG132 induces apoptosis in the SCW
arthritic joint. At day 1 after reactivation of the recurrence of SCW arthritis, ankle joints were injected either with MG132 dissolved in 10% DMSO
(5 mgyjoint) (a and c) or with the vehicle (b). One day later, synovial tissue was explanted and apoptosis was assessed by using TUNEL assay. Some
of apoptotic cells are indicated by the arrowheads. Original magnification, 3100. (B) In vivo adenovirus-mediated gene transfer of srIkBa into the
SCW arthritic joints. One day after reactivation of SCW arthritis, ankle joints were injected with the AdsrIkBa vector. Two days later, synovial
tissue was explanted and srIkBa expression was assessed by HRP immunostaining for human IkBa (b). The specificity detection was confirmed
by immunostaining the AdCMV-transduced joints (a). Data are representative of two experiments. Original magnification, 3200. (C) In vivo gene
transfer of srIkBa induces apoptosis in the SCW arthritic joint. At day 1 after reactivation of SCW arthritis, ankle joints were injected either with
the AdsrIkBa (a) or with the AdCMV (b) vectors. One day later, synovial tissue was explanted and apoptosis was assessed by using TUNEL assay.
Some of apoptotic cells are indicated by the arrowheads. Note nuclear fragmentation in apoptotic cells. Data are representative of two experiments.
Original magnification, 31,000. (D) Quantitative assessment of apoptosis in SCW arthritic joints. A summary of the experiments is described in
the legends to A and C. Each bar represents the average percentage of apoptotic cells counted in randomly chosen fields. (Bars 5 SD.) The frequency
of apoptosis was counted at a low magnification in the indicated numbers of randomly chosen fields and compared with that in untransduced SCW
arthritic rat synovium (the first bar in the row). MG 132, 12 fields in the explants of four joints; vehicle, 12 fields in the explants of four joints;
AdsrIkBa, nine fields in the explants of three joints; AdCMV, nine fields in the explants of three joints. The significance of the difference between
treated and untreated SCW joints was calculated by using unpaired two-tailed Student’s t test. (E) Time course of AdGFP (Upper) and AdsrIkBa
(Lower) expression in rats with pristane-induced arthritis. Rats with established pristane arthritis received AdsrIkBa or AdGFP vectors into both
ankle joints. Expression of the transgene was analyzed by Western blotting. (Upper) Immunodetection of Ad GFP in AdGFP-transduced joints.
GFP, the arrow indicates the position of the band of recombinant GFP protein (not shown). (Lower) Immunodetection of srIkBa in
AdsrIkBa-transduced joints. Pos., a positive control (in vitro AdsrIkBa-transduced cells); Neg., a negative control (in vitro AdCMV-transduced
cells); srIkBa, the arrow indicates the position of the band of the srIkBa protein; n.s., a nonspecific band unrelated to human or rat IkBa, as
determined by immunodetection with a peptide-blocked primary Ab (data not shown).
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SCW arthritic joints (8.9% vs. 29.5% in the AdCMV- and
AdsrIkBa-transduced joints, P , 0.01) (Fig. 4 C and D). To
rule out the possibility that increased apoptosis was a nonspe-
cific effect of overexpressing an exogenous transgene, we
additionally examined gene transfer of reporter Ad vectors
expressing GFP and b-galactosidase genes. It was found that
neither vector significantly increased apoptosis (data not
shown). To ascertain that our findings were not restricted to
the SCW model, the consequences of suppression of NF-kB
were examined in pristane-induced arthritis in rats (22). Sim-
ilar to that found in SCW model, expression of srIkBa
drastically accelerated apoptosis in pristane-induced arthritis
(data not shown). We reasoned that if exogenous srIkBa
expression ‘‘deprotected’’ transduced cells, srIkBa protein
would be rapidly lost. Indeed, while the expression of a
reporter GFP protein persisted in the arthritic joints for at least
1 week, srIkBa protein was detectable only during the first 2
days after gene transfer (Fig. 4E). Taken together, these data
demonstrate the antiapoptotic function of NF-kB activation in
the arthritic synovium.

Suppression of Recurrent SCW Arthritis in Rats by NF-kB
Decoys. While Ad gene transfer of srIkBa afforded effective
suppression of NF-kB in vitro, inflammatory reaction to the Ad
vectors itself represented a serious obstacle for in vivo thera-
peutic protocols (27). This has been particularly detrimental
for delivery of intracellular inhibitors, such as srIkBa, when
exogenous protein has to be expressed in the majority of
targeted cells. In pilot experiments, we found that high titers
of either AdsrIkBa or AdCMV vectors provoked recurrence of
SCW arthritis, whereas low titers of AdsrIkBa were not
effective. Thus, we attempted an alternative approach that is
based on the use of NF-kB decoys, the ds ODNs containing
NF-kB-binding sites (28, 29).

Synthesized decoys were found to be functionally active in
competing for binding NF-kB in vitro (see Fig. 1B). Liposomal
delivery of fluorescein-labeled decoys into the SCW arthritic
joint afforded efficient transduction of the synovium (Fig. 5A).
The highest intensity of fluorescence was observed at the
interface of the pannus and subchondral cartilage in the
injected joint (data not shown), while no fluorescence was
detected in the contralateral, uninjected ankle joints (data not
shown). The ODNs persisted in the synovium for at least 8
days, as determined by hybridization of recovered ODNs with
a complementary radiolabeled probe (data not shown). How-
ever, consistent with the data by others (27), we observed
significant variations in the efficacy of liposomal delivery
between experiments.

The therapeutic efficacy of NF-kB decoys was assessed by
using the recurrent SCW arthritis rat model. Rats were in-
jected in both ankle joints with PG-APS, and 4 weeks later,
reactivation of arthritis in preinjured joints was induced by the
i.v. injection of PG-APS (Fig. 5B). I.a. injection of liposomal
complexes containing NF-kB decoys 24 hr before reactivation
markedly inhibited development of arthritis in treated joints.
Unexpectedly, the severity of inflammation was also inhibited
in the contralateral, untreated ankle joints (Fig. 5C). This
suppression was NF-kB-specific, since the wt NF-kB decoys
were more effective as compared with the mut decoys (Fig.
5C), albeit some suppression of inflammation was evident in
the mut NF-kB decoy-treated joints. In a separate experiment,
it was found that i.a. injection of ‘‘empty’’ liposomes did not
influence the severity of inflammation (data not shown).
These data demonstrate therapeutic efficacy of specific inhib-
itors of NF-kB in SCW arthritis and indicate systemic thera-
peutic effects of local treatment.

DISCUSSION

In the present study, we examined the role of NF-kB in the
arthritic joint in animal models of RA. We demonstrated that

reactivation of arthritis caused activation of NF-kB in the
synovium and that specific suppression of NF-kB activation
induced apoptosis. We thus concluded that the activation of
NF-kB in the inflamed synovium protected the cells against
apoptosis, thereby providing a putative link between inflam-
mation and hyperplasia. Our in vitro studies in primary synovial
fibroblasts demonstrated that one conceivable mechanism
whereby NF-kB exerted its protective function was suppression
of the cytotoxicity of TNFa and FasL, factors strongly impli-
cated in apoptosis in the RA synovium (5, 6). Our data suggest
a dual role of NF-kB in RA pathology (Fig. 6). Activation of
NF-kB in synoviocytes is required for the induction of inflam-
matory cytokines, including IL-1b, IL-6, and TNFa. On the
other hand, the activation of NF-kB by inflammation inhibits
TNFa- and FasL-mediated apoptosis, thereby promoting hy-
perplasia. The requirement of NF-kB for the induction of
VCAM-1 suggests its potential role in the recruitment of
inflammatory cells into the synovium. Our preliminary studies
have revealed a requirement of NF-kB for mitogenic activity

FIG. 5. I.a. administration of NF-kB decoys inhibit the recurrence
of SCW arthritis. (A) Distribution of fluorescein-labeled ODNs in the
synovium. Ankle joints of rats with established SCW arthritis were
injected with liposomal complexes of fluorescein-labeled NF-kB de-
coys. One day later, synovial explants were isolated, sectioned, coun-
terstained with propidium iodide, and analyzed under a fluorescent
microscope equipped with a fluorescein filter set. Note the bright-
yellow fluorescent nuclei and red fluorescence of cytoplasmic RNA.
Original magnification, 3200. (B and C) Therapeutic protocol. (B)
Schedule of injections. Rats were injected into both ankle joints with
PG-APS. Four weeks later, at Day 0, animals were divided into three
groups and monoarticularly injected with liposomal complexes of
NF-kB decoys (10 mg ODNsyjoint). In the experimental group,
animals were injected with wt-kB decoys, and two control groups
received mut kB-PT decoys and saline. The contralateral ankle joints
were injected with saline. At Day 1, reactivation of arthritis was
induced by i.v. injection of PG-APS. (C) The severity of recurrent
SCW arthritis in treated rats. The average mean values of joint swelling
were calculated in each group as dn 5 ,Dn 2 D1., where Dn and D1
are joint diameters at day n and day 1, respectively. After reactivation,
the maximal joint swelling in all groups was registered at day 4. ODNs,
liposome-treated joints; CL, contralateral joints; N, number of joints
per group. The significance of difference with the control, saline-
treated group was calculated by using unpaired two-tailed Student’s t
test. (Bars 5 SEM.) Results of a single experiment are shown. The
therapeutic effect of wt NF-kB decoys was reproduced in an identical
experiment.
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of growth factors in synovial fibroblasts (J. Romashkova and
S.M., unpublished observations), thus implicating NF-kB in
the control of proliferation of the inflamed synovium.

Importantly, our data indicate that NF-kB activation in
synoviocytes is protective against the cytotoxicity of both
TNFa and FasL. The protective function of NF-kB in TNFa
apoptosis has been recognized (13–16), but the role of NF-kB
in Fas-mediated apoptosis remains obscure. As with TNFa,
engagement of Fas receptors can activate NF-kB, at least in
some cells (30); however, activation of NF-kB by Fas does not
correlate with FasL cytotoxicity (30). Our data suggest that
this mechanism may be cell type-specific.

The present study focused on the net aspects of activation of
NF-kB and apoptosis. Further analysis should determine the
role of NF-kB in regulation of apoptosis in distinct cell
populations in the inflamed synovium, macrophage- and fi-
broblast-like synoviocytes, chondrocytes, recruited leukocytes,
and APC and T cells. Another important question is the
relevance of our findings to human RA. Since suppression of
NF-kB accelerates apoptosis in distinctively different models
of RA and SCW- and pristane-induced arthritis, we believe
that our observations are not limited to a particular model of
RA, but are directly relevant to human disease.

In line with the evidence of general involvement of NF-kB
in the pathogenic processes in the synovium, it was not
surprising that inhibitors of NF-kB alleviated SCW arthritis in
treated joints, but systemic therapeutic effects of local treat-
ment were completely unexpected. However, our data are
consistent with findings by Ghivizzani et al. (31), who dem-
onstrated that the combined i.a. gene transfer of soluble IL-1
and TNFa in adjuvant-induced arthritis in rabbits exerted
beneficial effects in distal joints. Although the mechanisms
underlying the systemic therapeutic effects of local treatment
are unclear, these findings suggest that in human RA, effica-
cious therapy may be achieved by an adequate treatment of a
limited number of involved joints.

In conclusion, data presented here demonstrate the crucial
involvement of NF-kB in the pathogenesis of arthritis and
establish a putative mechanism whereby inflammation facili-
tates the expansion of synovial stroma. Our data suggest that
targeting NF-kB should not only alleviate inflammation, but
may also inhibit hyperplasia in the RA synovium.
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