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Abstract

Objective. Inhibitor of nuclear factor κB kinase β (IκB kinase β, or IKKβ) has emerged 
as a key regulator of the transcription factor nuclear factor κB (NF-κB). Since IKKβ could 
have both pro- and anti-inflammatory activity, we examined whether its constitutive 
activation was sufficient to cause a chronic inflammatory disease such as rheumatoid 
arthritis.
Methods. Normal Lewis rats were evaluated for paw swelling by plethysmometry and 
histologic assessment after intra-articular injection of an adenoviral construct encoding 
the IKKβ wild-type gene (Ad.IKKβ-wt); controls received an adenoviral construct encod-
ing green fluorescent protein (Ad.GFP). The rats were killed after 7 days. Additionally, rats 
were killed 48 hours after intra-articular injection of Ad.IKKβ-wt or Ad.GFP for studies of 
IKK activity and NF-κB binding. For studies of the effects of inhibition of IKKβ activity, 
Lewis rats were immunized with Mycobacterium tuberculosis in mineral oil. The ankle 
joints were injected on day 12 with an adenoviral construct encoding IKKβK→M (domi-
nant negative, IKKβ-dn) or Ad.GFP. We evaluated paw swelling and NF-κB expression on 
day 25.
Results. Intra-articular gene transfer of IKKβ-wt into the joints of normal rats resulted in 
significant paw swelling and histologic evidence of synovial inflammation. Increased IKK 
activity was detectable in the IKKβ-wt–injected ankle joints, coincident with enhanced 
NF-κB DNA binding activity. Intra-articular gene transfer of IKKβ-dn significantly amelio-
rated the severity of adjuvant arthritis, accompanied by a significant decrease in NF-κB 
DNA expression in the joints of Ad.IKKβ-dn–treated animals.
Conclusion. IKKβ plays a key role in rodent synovial inflammation. Intra-articular gene 
therapy to inhibit IKKβ activity represents an attractive strategy for the treatment of 
chronic arthritis.
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Introduction

Activation of members of the nuclear factor κB (NF-κB)/Rel transcription family is be-
lieved to be an important factor contributing to inflammation in chronic diseases like 
rheumatoid arthritis (RA) (1,2). NF-κB is highly activated in synovium of patients with RA 
(3,4), and can induce transcription of proinflammatory cytokines, chemokines, adhesion 
molecules, and inducible nitric oxide (5). NF-κB activation may also be a pivotal factor 
protecting cells against apoptosis, thus contributing to synovial hyperplasia (6–8). Use 
of a potent NF-κB inhibitor resulted in a significant decrease in joint swelling in mice 
with collagen-induced arthritis (9).

Phosphorylation of inhibitor of NF-κB (IκB) proteins is an important step in NF-κB/
Rel activation and is mediated by IκB kinase (IKK). The IKK complex consists of at least 
3 subunits, including the catalytic subunits IKKα and IKKβ (also called IKK-1 and IKK-2) 
(10,11) and the regulatory subunit IKKγ (12,13). IKK activation initiates IκB phosphoryla-
tion, ubiquitination, and degradation by proteasomes, thereby releasing κB/Rel dim-
mers from the cytoplasmic NF-κB/Rel–IκB complex for nuclear translocation. NF-κB then 
binds to decameric DNA sequences in promoter regions and induces transcription of 
many proinflammatory genes. Interference with this pathway might be used to inhibit 
NF-κB activity (8,14).

Recent data indicate that IKKβ, rather than IKKα, is the primary pathway for proin-
flammatory stimuli, resulting in NF-κB activation (15–17). In particular, we have dem-
onstrated that IKKβ is expressed in synoviocytes from patients with RA, and that this 
is the key convergence point for both interleukin-1 (IL-1)– and tumor necrosis factor α 
(TNFα)–mediated NF-κB activation and expression of pro-inflammatory genes like IL-8, 
intercellular adhesion molecule 1, and IL-6 (18,19). Similarly, IKKβ specifically regulates 
NF-κB activation and inflammatory gene transcription in human monocytes (20) and 
in human CD4+ T lymphocytes (21), which are also known to be involved in the patho-
genesis of RA. However, the role of IKK as a pro-inflammatory stimulus is controversial, 
since IKKβ inhibition might also exacerbate inflammation by reducing the synthesis of 
anti-inflammatory cyclopentenone prostaglandins in the mononuclear cell–dominated, 
chronic phase of inflammatory disease (22,23).

To address the question of pro- and anti-inflammatory potential of IKK in vivo, we 
investigated the role of IKKβ in inflammation by evaluating the effects of IKKβ activation 
in the joints of normal rats as well as the effect of IKKβ inhibition in an animal model of 
chronic arthritis. The results reveal a central role of IKKβ in the pathogenesis of inflam-
mation and identify IKKβ as a potential therapeutic target in RA.
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Materials and methods

Adenoviral constructs

IKK adenovirus was constructed by blunt-ligating the appropriate complementary DNA 
into the SwaI site of the replication-deficient adenovirus vector pAxCA. Adenovirus 
particles were prepared as previously described (24,25). The adenoviral FLAG-tagged 
constructs encoding IKKβ wild-type (IKKβ-wt) and IKKβ K→M (dominant negative, IKKβ-
dn) were produced as described (26); amplification and purification were performed by 
Quantum Biotechnologies (Montreal, Canada). IKKβ-wt functions as a constitutive active 
kinase, and IKKβ-dn suppresses the wild-type IKKβ allele (18). The adenoviral construct 
encoding green fluorescent protein (GFP) was purchased from Quantum Biotechnolo-
gies.

Adenovirus-mediated infection of fibroblast-like synoviocytes (FLS)

FLS were isolated from synovial tissue as described previously (18) and were grown to 
80% confluence. The cells were then infected with FLAG-tagged adenovirus encoding 
either IKKβ-dn (Ad.IKKβ-dn) or IKKβ-wt (Ad.IKKβ-wt), or with non–FLAG-tagged GFP 
control (Ad.GFP) for 6 hours. Forty-eight hours after infection, cells were harvested using 
Ripa buffer (1% NP4O, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]), 
protein was extracted, and whole cell lysate (60 µg) was fractionated on Tris–glycine 
buffered 10% SDS–polyacrylamide gel and transferred to nitrocellulose membrane (Bio-
Rad, Hercules, CA). The membrane was blocked with 5% nonfat milk powder (Bio-Rad), 
probed with 10 µg/ml primary mouse antibody to FLAG (Sigma, St. Louis, MO), and 
then probed with goat anti-mouse horseradish peroxidase (HRP)–conjugated antibody 
(Biolabs, Beverly, MA) in phosphate buffered saline (PBS) with 0.1% Tween 20 and 5% 
nonfat milk powder. Immunoreactive protein was detected with chemiluminescence 
and autoradiography (Amersham, Cleveland, OH).

Animal studies

Nonimmunized male Lewis rats (150–200 grams) were used for studies on the effects of 
IKKβ-wt gene transfer. Eleven rats were included for daily evaluation of paw swelling by 
plethysmometry and assessment of histologic signs of inflammation after intra-articular 
injection in the right ankle joint; 6 rats received 1 x 1011 virus particles Ad.IKKβ-wt and 5 
controls received 1 x 1011 particles Ad.GFP. After anesthesia with methoxyfluorane, the 
skin was prepared with ethanol and a 31-gauge needle on a glass syringe was inserted 
anterolaterally into the right ankle joint; the construct was injected in a volume of 50 µl 
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(27). The rats were killed after 7 days by CO2 narcosis. In addition, 8 rats were killed 48 
hours after intra-articular injection of either 1 x 1011 particles Ad.IKKβ-wt (n=4) or 1 x 1011 
particles Ad.GFP (n=4) for studies on IKK activity and NF-κB binding.

For studies on the effects of inhibition of IKKβ activity, the adjuvant arthritis model 
was used. Lewis rats were immunized at the base of the tail with 1 mg Mycobacterium 
tuberculosis H37 RA (Difco, Detroit, MI) in 0.1 ml mineral oil on day 0 (27). Paw swelling 
usually started around day 10 (28). The right ankle joints were injected on day 12 with 
either 2 x 1010 particles Ad.IKKβ-dn or 2 x 1010 particles Ad.GFP. Twenty rats (10 in each 
group) were included for evaluation of paw swelling and NF-κB expression on day 25. 
Paw volumes were measured by water displacement plethysmometry. All animals were 
handled in accordance with University of California, San Diego (UCSD) Animal Subjects 
Committee and United States Department of Agriculture guidelines.

Histologic analysis

Signs of synovial inflammation after IKKβ-wt gene transfer were analyzed by routine 
histologic examination. Eleven nonimmunized rats were killed 7 days after intra-articular 
injection of IKKβ-wt or control construct. The right and left ankle joints were fixed in for-
malin, decalcified in HCl, embedded in paraffin, and sectioned. All slides were stained in 
one procedure with hematoxylin and eosin. Sections were coded and randomly scored 
on a 0–3 scale by two observers (PPT and Tom J. M. Smeets of the Academic Medical 
Center/University of Amsterdam) who were blinded to the treatment (29). A score of 0 
represented minimal infiltration, while a score of 3 represented infiltration with numer-
ous inflammatory cells.

Immunohistochemistry

NF-κB expression in adjuvant arthritis after IKKβ-dn gene transfer was evaluated by im-
munohistochemistry. Twenty immunized rats were killed on day 25, 13 days after intra-
articular injection of Ad.IKKβ-dn or control construct. The ankle joints were dissected, 
fixed in formalin, decalcified for 4 weeks in 15% EDTA in PBS, embedded in paraffin, and 
sectioned. All slides were stained in one procedure. Sections were dewaxed, dehydrated 
using xylene and ethanol, and stained using polyclonal anti–NF-κB antibody (anti-p65; 
Santa Cruz Biotechnology, Santa Cruz, CA), biotinylated goat anti-mouse antibody 
(Vector, Burlingame, CA), and avidin–biotin–peroxidase complex (Vectastain ABC Kit; 
Vector). HRP activity was detected using H2O2 as substrate and 3,3’-diaminobenzidine 
(Vector) as dye.

Sections were coded and randomly analyzed by two observers (PPT and Tom J. M. 
Smeets) who were blinded to the treatment. The synovial tissue at the pannus-cartilage 
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junction was evaluated for the presence of NF-κB staining using the following semi-
quantitative scoring system: 0 = no staining, 1 = rare positive staining or trace staining 
(1–5%), 2 = scattered clusters of positive cells (6–15%), 3 = moderate staining in a specific 
region (16–50%), and 4 = extensive staining throughout a region (51–100%) (30).

Joint IKK activity assay

IKK activity after gene transfer was detected by immunoprecipitation of IKK and addition 
of radiolabeled phosphate to recombinant IκBα, using a previously described method (18) 
with several modifications. Forty-eight hours after intra-articular injection with adeno-
viral vectors, the hind paws were dissected, followed by removal of the skin and muscle. 
The ankle joints were snapfrozen in liquid nitrogen and ground. Tissue was rotated for 2 
hours at 4°C in lysis buffer (20 mM HEPES [pH 7.7], 0.5M NaCl, 0.25% Triton X-100, 1 mM 
EDTA, 1 mM EGTA, 1 mM dithiothreitol [DTT], and phosphatase and protease inhibitors). 
Phosphatase and protease inhibitors consisted of 20 mM β-glycerophosphate, 10 mM 
NaF, 0.3 mM Na3VO4, 1 mM benzamidine, 20 mM p-nitrophenyl phosphate (PNPP), and 
complete protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN). This was 
followed by centrifugation at 3,500 revolutions per minute for 5 minutes at 4°C.

The protein concentration was measured using the method of Bradford with a protein 
dye reagent (Bio-Rad) (31). The supernatants from the left ankles and the right joints of 
each treatment group were pooled separately, such that individual samples contributed 
equally to the final amount (1,000 μg) of protein per group.

Completed pulldown buffer (40 mM Tris HCl [pH 8.0], 500 mM NaCl, 0.1% Nonidet 
P40 [NP40], 6 mM EDTA, 6 mM EGTA, 10 mM PNPP, 0.5 mM DTT, and phosphatase and 
protease inhibitors) and rabbit anti-IKKβ antibody (H-470; Santa Cruz Biotechnology) 
were added, mixed, and incubated for 2 hours on a rotator at 4°C. Washed protein A–
agarose (40 µl/sample; Calbiochem, San Diego, CA) was then added and incubated for 
an additional 1.5 hours on a rotator at 4°C.

Immunoprecipitated material was washed in completed pulldown buffer, completed 
urea buffer (urea buffer, 20 mM PNPP, 2 mM DTT, and phosphatase and protease inhibi-
tors), and completed kinase buffer (20 mM HEPES [pH 7.7], 1 mM MgCl2, 1 mM MnCl2, 2 
mM DTT, 20 mM PNPP, and phosphatase and protease inhibitors). Kinase activity was as-
sayed in 40 µl kinase buffer containing 10 µM γ32P-dATP (Amersham, Arlington Heights, 
IL) and 3 µg glutathione S transferase (GST)–amino acids 1–54 of IκB for 30 minutes at 
30°C. The reaction was stopped by the addition of SDS gel sample buffer, and results 
were analyzed by SDS–polyacrylamide gel electrophoresis (PAGE) and autoradiography. 
Densitometry was performed with Image software version 1.57 (NIH, Bethesda, MD). 
Results are expressed as arbitrary densitometry units (AU).
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Electrophoretic mobility shift assay (EMSA)

NF-κB binding in joint extracts after IKKβ-wt gene transfer was investigated by EMSA. 
Eight nonimmunized rats were killed 48 hours after intra-articular injection with Ad.IKKβ-
wt or control construct. The hind paws were dissected, and skin and muscle tissues were 
removed. The ankle joints were snapfrozen in liquid nitrogen and pulverized. Nuclear 
extracts were prepared according to the method described by Schreiber et al, with 
modifications (32). Homogenization of the tissue was performed using 3 ml buffer A (10 
mM Na-HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM phenylmethylsul-
fonyl fluoride [PMSF], and 0.1% NP40). The supernatant was discarded after incubation 
on ice for 15 minutes and centrifugation at 850g at 4°C. The pellet was resuspended in 
4 ml buffer A without NP40, the samples were centrifuged, and the supernatant was 
again discarded. One hundred microliters of buffer C (25% [volume/volume] glycerol, 20 
mM Na- HEPES [pH 7.9], 0.42M NaCl, 1.5 mM MgCl2, 0.2 mM Na-EDTA [pH 8.0], 1 mM DTT, 
and 1 mM PMSF) was added to the pellets, and the samples were rocked for 30 minutes 
at 4°C. After centrifugation at 850g at 4°C, the supernatants were aliquoted and stored 
at –80°C. The protein concentration was measured as described above. The Bandshift 
kit (Promega, Madison, WI) was used according to the manufacturer’s instructions, as 
previously described (33).

The double-stranded NF-κB consensus oligonucleotide probe (5’-AGTTGAGGG-
GACTTTCCCAGGC-3’) and the mutant oligonucleotide probe (5’-AGTTGAGGCGACTTTC-
CCAGGC- 3’) were end-labeled with γ32P-dATP (50 mCi at 222 TBq/mmole). The samples 
were pooled as described above. Of the labeled oligonucleotides, 2 µl was added to the 
nuclear extracts (4 µg protein) in a total volume of 20 µl, and the samples were incubated 
for 20 minutes at room temperature. For the negative control samples, mutant or a 15 x 
excess of cold consensus oligonucleotide was added. For the positive controls, we used 
TNFα-stimulated human and rat FLS. Samples were loaded onto a 4% polyacrylamide 
gel. After PAGE, the gel was transferred to Whatman paper (Whatman, Maidstone, UK) 
and visualized by autoradiography.

Statistical analysis

For comparison of paw volumes after intra-articular injection, we used a mixed-model 
analysis of variance for repeated measures. The histologic scores were compared using 
paired t-tests for related samples and nonpaired t-tests for independent samples.
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Results

In vitro transfer of adenoviral IKKβ constructs

Initial studies were performed to confirm that the IKKβ adenoviral constructs could suc-
cessfully infect synoviocytes in vitro and induce transgene expression. The experiment 
was repeated 4 times with similar results. Figure 1 shows a representative experiment 
in which synoviocytes were infected with the FLAG-tagged constructs. Western blot 
analysis demonstrated high FLAG expression (MW of ~90 kd) in the Ad.IKKβ-wt– and 
Ad.IKKβ-dn–infected cells, indicating efficient transgene expression. As expected, no 
FLAG was detected in the cells transfected with the control Ad.GFP construct or in 
uninfected control synoviocytes.

neg dn wt gfp

Figure 1

Figure 1. In vitro transfer of inhibitor of nuclear factor κB kinase β (IKKβ) adenoviral constructs. Studies 
were performed to confirm that the adenoviral FLAG-tagged constructs encoding IKKβ wild-type (IKKβ-
wt) and IKKβ K→M (dominant negative, IKKβ-dn) could successfully infect synoviocytes in vitro and 
induce transgene expression. Fibroblast-like synoviocytes were infected with the adenoviral constructs 
(Ad.IKKβ-wt and Ad.IKKβ-dn). Western blot analysis shows high levels of FLAG expression (MW of ~90 kd) 
in the Ad.IKKβ-wt (wt)– and Ad.IKKβ-dn (dn)–infected cells, indicating efficient transgene expression. As 
expected, no FLAG was detected in the cells transfected with the control adenoviral construct encoding 
green fluorescent protein (gfp) or in uninfected control synoviocytes (neg). Results shown are from 1 
experiment representative of 4 experiments.

Activation of synovial IKK using Ad.IKKβ-wt

Increased IKK activation after in vivo wild-type IKKβ gene transfer
To determine whether IKKβ activation could cause clinical arthritis in rats, ankles of 
normal rats were injected with an adenoviral vector encoding the IKKβ-wt gene or a 
control GFP gene. Previous studies in our laboratory demonstrated that overexpression 
of the wild-type IKKβ gene leads to constitutive activation of IKKβ (18). Forty-eight hours 
after intra-articular gene transfer with IKKβ-wt or control construct, the ankles were 
harvested and assayed for IKK functional activity using an in vitro kinase assay (n = 4 
animals/group). As shown in Figure 2, there was a marked increase in IKK activity (shown 
by the increased ability to phosphorylate GST-IκBα) in the pooled samples of the ankle 
joints injected with Ad.IKKβ-wt (156 AU) compared with the contralateral joints (72 AU). 
A small increase in IKK activity was noted in the joints injected with Ad.GFP (93 AU) 
compared with the paired contralateral paws (58 AU) (Figure 2), presumably in response 
to the adenoviral vector. This was, however, substantially lower than the increase in the 
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mutant IκB substrate was negative. The joint contralateral to the IKKβ-wt–transduced 
joint also exhibited more IKK activity than the joint contralateral to the GFP-transduced 
joint. This suggests that trafficking of IKK-expressing cells might occur from the injected 
site to other joints (27,34).

Increased synovial NF-κB binding after in vivo wild-type IKKβ gene transfer
The effect of increased synovial IKK activity on NF-κB binding after in vivo IKKβ-wt gene 
transfer was examined by EMSA. Figure 3 shows that NF-κB binding was increased in 
joints that had been injected with Ad.IKKβ-wt (219 AU) compared either with contralat-
eral joints (196 AU) or with joints of Ad.GFP-injected animals (170 AU and 160 AU for 
Ad.GFP-injected and contralateral joints, respectively) (n = 4 animals/group).

Development of arthritis after wild-type IKKβ gene transfer
To determine whether a selective increase in IKK activity could lead to clinical signs of 
arthritis, we measured paw swelling by water displacement plethysmometry after in 
vivo IKKβ-wt gene transfer. The experiments with Ad.IKKβ-wt and control Ad.GFP were 
performed on two occasions, with similar results. Clinical arthritis developed in Ad.IKKβ-
wt–treated animals (n = 6) compared with a second group of rats (n = 5) whose ankle 
joints were injected with control Ad.GFP (P = 0.01) (see Figure 4A). Of interest, there was 
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Figure 2. Increased IKK activation after in vivo wild-type IKKβ gene transfer. Forty-eight hours after 
intra-articular gene transfer with IKKβ-wt or control construct, ankles were harvested and assayed for 
IKK functional activity (n = 4 animals/group). There was a marked increase in IKK activity, shown by the 
increased ability to phosphorylate glutathione S transferase–inhibitor of nuclear factor κB (IκB)α, in the 
pooled samples of the ankle joints injected with Ad.IKKβ-wt (156 arbitrary units [AU]) compared with 
the contralateral joints (72 AU). A small increase in IKK activity was noted in the joints injected with the 
control adenoviral construct encoding GFP (93 AU) compared with the paired contralateral paws (58 AU). 
The negative control of joints injected with Ad.IKKβ-wt using mutant IκB substrate was negative. The joint 
contralateral to the IKKβ-wt–transduced joint also exhibited more IKK activity than the joint contralateral 
to the GFP-transduced joint. See Figure 1 for other definitions.
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48 also a lesser increase in paw volumes on the contralateral side in rats that received IKKβ-
wt, although the volumes were still substantially higher in the injected paws (P = 0.02) 
(Figure 4B).

Seven days after injection, rats were killed and the joints were examined by routine 
histology. We observed marked synovial inflammation after intra-articular IKKβ-wt gene 
transfer, but not in the contralateral paws or in Ad.GFP-injected ankles (see Figure 5). The 
mean ± SEM semiquantitative scores for synovial inflammation at the pannus–cartilage 
junction were significantly higher in IKKβ-wt–injected ankle joints (2.17 ± 0.3) than in 
the uninjected contralateral joints (0.50 ± 0.2) (P = 0.001) or in the Ad.GFP-injected joints 
(0.40 ± 0.2) (P = 0.002).

Inhibition of synovial IKK using Ad.IKKβ-dn

Decreased synovial IKK function and NF-κB binding after in vivo dominant-negative IKKβ 
gene transfer
Having demonstrated that IKK activation induces arthritis in rats, we then evaluated 
whether IKK inhibition could block synovitis in the rat adjuvant arthritis model. Initial 
experiments were performed to determine whether injection of the adenoviral con-
struct encoding the dominant-negative IKKβ gene (Ad.IKKβ-dn) suppressed IKK activity 
in animals with active arthritis. Rats were immunized on day 0 with Freund’s complete 
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Figure 3. Increased synovial binding of nuclear factor κB (NF-κB) after in vivo wild-type IKKβ gene transfer. 
The effect of increased synovial IKK activity on NF-κB binding after in vivo IKKβ-wt gene transfer was 
examined by electrophoretic mobility shift assay. NF-κB binding was increased in joints that had been 
injected with Ad.IKKβ-wt (219 AU) compared either with contralateral joints (196 AU) or with joints of 
animals injected with the control adenoviral construct encoding GFP (170 AU and 160 AU for GFP-injected 
and contralateral joints, respectively) (n = 4 animals/group). FLS = fibroblast-like synoviocytes (see Figures 
1 and 2 for other definitions).
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adjuvant, and paw swelling was observed by day 10. The ankles of rats with arthritis 
were injected on day 12 and harvested 2 days later. In vitro kinase assays on paw extracts 
demonstrated abundant IKK activity in ankles that had been injected with Ad.GFP (51 
AU), but about one-half as much activity in ankles injected with Ad.IKKβ-dn (25 AU). 
To evaluate the effect of Ad.IKKβ-dn on NF-κB activation, immunohistochemistry was 
performed on the paws of Ad.IKKβ-dn– and Ad.GFP-treated rats (n = 10 animals/group). 
Decreased nuclear NF-κB localization was observed in the synovial tissue at the invasive 
front of pannus after Ad.IKKb-dn gene therapy (see Figure 6). The mean ± SEM semi-
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Figure 4. Development of arthritis after wild-type IKKβ gene transfer. Paw swelling was measured by 
water displacement plethysmometry after in vivo IKKβ-wt gene transfer. A, Clinical arthritis developed in 
Ad.IKKβ-wt–treated animals (n = 6) compared with a second group of rats (n = 5) whose ankle joints were 
injected with the control adenoviral construct encoding GFP (P = 0.01). B, There was also a lesser increase 
in paw volumes on the contralateral side in rats that received IKKβ-wt, although the volumes were still 
substantially higher in the injected paws (P = 0.02). See Figure 1 for definitions.
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quantitative scores for NF-κB expression were significantly lower in IKKβ-dn–injected 
ankle joints (1.90 ± 0.4) than in uninjected contralateral joints (2.80 ± 0.5) (P < 0.004) or 
in Ad.GFP-injected joints from a separate group of animals (2.90 ± 0.2) (P = 0.05). These 
data indicate that Ad.IKKβ-dn blocks IKK function and NF-κB translocation in vivo.

 
 
 
Figure 5 

Figure 5. Histologic findings after wild-type IKKβ gene transfer. Seven days after injection, rats were killed 
and joints were examined by routine histology. There was marked synovial inflammation after intra-
articular IKKβ-wt gene transfer (A), but not in the contralateral paws (B) or in ankles injected with the 
control adenoviral construct encoding GFP (C). Arrows indicate cartilage (C) and synovial tissue (ST). The 
intimal lining layer normally comprises only 1–3 cell layers, and the normal synovial sublining is relatively 
acellular, containing scattered blood vessels, fat cells, and fibroblasts. (Hematoxylin and eosin stained; 
original magnification x 50 in left panels; x 100 in right panels [right panels are magnifications of boxed 
areas in left panels].) See Figure 1 for other definitions.
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Suppression of adjuvant arthritis after in vivo dominant-negative IKKβ gene transfer
To evaluate the effect of Ad.IKKβ-dn gene therapy on clinical arthritis, a preliminary 
dose–response study was performed. Animals were injected on day 12 with 2.0 x 1010, 
6.7 x 109, or 2.2 x 109 particles of either Ad.IKKβ-dn or Ad.GFP, and the course of arthritis 
was evaluated by plethysmometry (n = 5 animals/group). After 1 week, significantly less 
paw swelling was observed in the IKKβ-dn gene transfer group (mean ± SEM increase 
in paw volume of 1.06 ± 0.1 ml) than in the Ad.GFP control group (1.39 ± 0.1 ml) (P 
< 0.03), especially in the high-dose group. Based on this pilot study, groups of 10 rats 
were treated with intra-articular Ad.IKKβ-dn gene therapy or Ad.GFP on day 12 (2 x 1010 
particles). Significantly less paw swelling occurred in the Ad.IKKβ-dn–injected paws than 
in Ad.GFP-injected controls (P < 0.02) or in contralateral paws (P = 0.02) (see Figure 7). 
Using a standardized scoring system (35), radiographic analysis of the ankles on day 25 
by two observers who were blinded to the treatment showed no difference between the 
Ad.IKKβ-dn– or Ad.GFP-treated animals (Table 1).

 

Figure 6. Decreased NF-κB binding after in vivo dominant-negative IKKβ gene transfer. To evaluate 
the effect of Ad.IKKβ-dn gene transfer on NF-κB activation, immunohistochemistry was performed on 
the paws of rats treated with Ad.IKKβ-dn (A) and the control adenoviral construct encoding GFP (B). 
Decreased nuclear NF-κB localization was observed in the synovial tissue at the invasive front of pannus 
after Ad.IKKβ-dn gene therapy. The peroxidase technique was used for immunohistologic detection of 
p65 (brown). (Mayer’s hemalum counterstained; original magnification x 400). C = cartilage; ST = synovial 
tissue (see Figures 1 and 3 for other definitions).
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Discussion

NF-κB is a transcription factor that likely plays a key role in the pathogenesis of inflam-
matory diseases like RA. NF-κB is activated by IKK, and IKK is therefore believed to be 
an important target for anti-inflammatory drugs (2). Recently, however, IKK inhibition 
was shown to exacerbate inflammation under certain conditions by preventing the 
synthesis of anti-inflammatory prostaglandins (22, 23). To gain better knowledge of the 
possible role of IKK in a chronic inflammatory disease, we examined IKK function and bi-
ology using intra-articular gene therapy to either activate or suppress IKK function. The 
results show that selective activation of IKKβ in normal joints can lead to inflammation 
secondary to NF-κB activation. Conversely, inhibition of NF-κB activation by targeting 
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Figure 7. Suppression of adjuvant arthritis after in vivo dominant-negative IKKβ gene transfer. To evaluate 
the effect of Ad.IKKβ-dn gene therapy on clinical arthritis, groups of 10 rats were treated with intra-
articular Ad.IKKβ-dn gene therapy or the control adenoviral construct encoding GFP (Ad.GFP) on day 12 (2 
x 1010 particles). Significantly less paw swelling occurred in the Ad.IKKβ-dn–injected paws than in Ad.GFP-
injected controls (P < 0.02) (A) or in contralateral paws (P = 0.02) (B). See Figure 1 for other definitions.



Chapter 3
Inhibitor of N

uclear Factor κB kinase β

53

IKKβ activity has a beneficial effect in inflammatory arthritis. These data show for the first 
time the role of IKK in disease and suggest that IKKβ is a key regulator of inflammation 
in vivo.

We have recently shown that IKKα and IKKβ genes, as well as IKK protein, are 
abundantly expressed in human FLS (18). IKK function was greatly increased by pro-
inflammatory cytokines such as TNFα and IL-1. Activation of IKK in these cells was ac-
companied by degradation of endogenous IκBα and nuclear translocation of NF-κB. We 
also demonstrated that transfection with Ad.IKKβ-dn prevented TNFα-mediated NF-κB 
nuclear translocation in synoviocytes, while a dominant-negative IKKα mutant had no 
effect (18,19). This observation is consistent with the findings of another study (15), that 
phosphorylation of two sites at the activation loop of IKKβ was essential for activation of 
IKK by TNFα and IL-1, while elimination of equivalent sites in IKKα did not interfere with 
IKK activation. Similarly, IKKβ-deficient cells were found to be defective in their ability to 
activate IKK and NF-κB in response to TNFα and IL-1 (16). This insight is relevant to our 
studies, since TNFα and IL-1 are key players in the pathogenesis of RA (36,37).

These studies led us to investigate the role of IKKβ in inflammation in vivo. First, we 
evaluated the effects of gene transfer in rats using Ad.IKKβ-wt, which functions as a con-

Table 1. Individual semiquantitative scores for radiographic destruction of ankle joints (scale of 0–6) 13 
days after intra-articular injection of adenovirus expressing dominant-negative inhibitor of nuclear factor 
κb kinase β (Ad.IKKβ-dn) or control adenoviral construct encoding green fluorescent protein (Ad.GFP) into 
the right ankle joints of Lewis rats with adjuvant arthritis*

Rat Treatment Injected joint Contralateral joint

1 Ad.IKKβ-dn 2 2

2 Ad.IKKβ-dn 6 6

3 Ad.IKKβ-dn 6 6

4 Ad.IKKβ-dn 6 6

5 Ad.IKKβ-dn 6 5

6 Ad.IKKβ-dn 5 3

7 Ad.IKKβ-dn 5 5

8 Ad.IKKβ-dn 4 6

9 Ad.IKKβ-dn 5 5

10 Ad.IKKβ-dn 6 6

11 Ad.GFP 2 3

12 Ad.GFP 6 6

13 Ad.GFP 6 6

14 Ad.GFP 6 6

15 Ad.GFP 4 4

16 Ad.GFP 6 6

17 Ad.GFP 6 5

18 Ad.GFP 5 5

19 Ad.GFP 5 4

20 Ad.GFP 6 6

* There was no significant difference between Ad.IKKβ-dn–injected joints and uninjected contralateral 
joints or Ad.GFP-injected joints.
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stitutive active kinase. This approach made it possible to induce IKK activity selectively in 
the injected joints. Interestingly, there was also some increase in IKK activity in the con-
tralateral joints. This might well be explained by trafficking of transfected cells from the 
injected joint to the uninjected contralateral joint, as has been demonstrated recently 
(34). Increased IKK activity was associated with increased synovial NF-κB binding and 
led to the development of synovial inflammation and paw swelling. A small increase in 
IKK activity was noted in the joints injected with the GFP containing construct, presum-
ably in response to the viral vector. This was associated with a minor increase in paw 
swelling. These observations serve to illustrate that the magnitude of NF-κB activation 
determines the severity of arthritis activity.

Second, we investigated whether inhibition of IKK activity might have a beneficial 
effect in rats with adjuvant arthritis. Although animal models of arthritis only approxi-
mate RA, they provide a good model of complex multigenic disease and can be used as 
test systems for the evaluation of therapeutic interventions. Adjuvant arthritis in rats is 
among the most commonly used animal models for RA and provides a useful screening 
model for the evaluation of gene therapy, since the size of the joints permits relatively 
easy intra-articular injection (27,28).

In order to selectively inhibit IKKβ in arthritis, we produced a dominant-negative IKKβ 
adenoviral construct and injected it into the joints of rats with accelerating adjuvant 
arthritis. This treatment effectively suppressed local IKK functional activity and reduced 
NF-κB translocation. In addition, intra-articular gene therapy using Ad.IKKβ-dn signifi-
cantly suppressed (but did not reverse) clinical arthritis as measured by paw swelling. 
These data indicate that amelioration of arthritis symptoms can be achieved by decreas-
ing NF-κB activity. However, we could not demonstrate a decrease in joint destruction.

Inhibition of the production of matrix metalloproteinase 1 (MMP-1) and MMP-3 has 
been described after IκBα overexpression (14), but it is not clear what proportion of 
MMP expression can be inhibited by blocking NF-κB (38). It is also possible that other 
transcription factors, especially activator protein 1 (AP-1), are more important than 
NF-κB in joint destruction. For instance, previous studies have demonstrated that AP-1 
activation occurs very early in murine collagen induced arthritis, while NF-κB activity 
peaks much later (33). Early AP-1–driven MMP expression would be unaffected by NF-κB 
blockade in our model. Alternatively, the absence of a protective effect on joint destruc-
tion could be because our therapeutic protocol led to IKK inhibition too late to alter the 
irreversible damage that occurs early in disease.

Taken together, the data suggest that the primary function of IKKβ in vivo is to activate 
and coordinate the inflammatory response, and that this overrides the potential anti-
inflammatory activities of the kinase complex. Blocking NF-κB activity by direct intra-
articular gene therapy with a dominant-negative IKKβ mutant ameliorates rat adjuvant 
arthritis, while activation of NF-κB by wild-type IKKβ gene transfer induces arthritis in 
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normal rats. These data point to a central role of IKKβ in the pathogenesis of inflamma-
tion in vivo and identify this pathway as a potential therapeutic target.
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