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Heterogeneous Requirement of
I�B Kinase 2 for Inflammatory Cytokine and

Matrix Metalloproteinase Production in Rheumatoid Arthritis

Implications for Therapy

Evangelos Andreakos,1 Clive Smith,1 Serafim Kiriakidis,1 Claudia Monaco,1 Rainer de Martin,2

Fionula M. Brennan,1 Ewa Paleolog,1 Marc Feldmann,1 and Brian M. Foxwell1

Objective. To investigate the potential role of I�B
kinase 1 (IKK-1) and IKK-2 in the regulation of nuclear
factor �B (NF-�B) activation and the expression of
tumor necrosis factor � (TNF�), as well as interleu-
kin-1� (IL-1�), IL-6, IL-8, vascular endothelial growth
factor (VEGF), and matrix metalloproteinases
(MMPs), in rheumatoid arthritis (RA).

Methods. Recombinant adenoviruses expressing
�-galactosidase, dominant-negative IKK-1 and IKK-2,
or I�B� were used to infect ex vivo RA synovial mem-
brane cultures and synovial fibroblasts obtained from
patients with RA undergoing joint replacement surgery,
or human dermal fibroblasts, human umbilical vein
endothelialcells(HUVECs),andmonocyte-derivedmacro-
phages from healthy volunteers. Then, their effect on the
spontaneous or stimulus-induced release of inflamma-
tory cytokines, VEGF, and MMPs from RA synovial
membrane cells was examined.

Results. IKK-2 was not required for lipopolysac-
charide (LPS)–induced NF-�B activation or TNF�,
IL-6, or IL-8 production in macrophages, but was
essential for this process in response to CD40 ligand,

TNF�, and IL-1. In synovial fibroblasts, dermal fibro-
blasts, and HUVECs, IKK-2 was also required for
LPS-induced NF-�B activation and IL-6 or IL-8 produc-
tion. In RA synovial membrane cells, IKK-2 inhibition
had no effect on spontaneous TNF� production but
significantly reduced IL-1�, IL-6, IL-8, VEGF, and
MMPs 1, 2, 3, and 13.

Conclusion. Our study demonstrates that IKK-2
is not essential for TNF� production in RA. However,
because IKK-2 regulates the expression of other inflam-
matory cytokines (IL-1�, IL-6, and IL-8), VEGF, and
MMPs 1, 2, 3, and 13, which are involved in the
inflammatory, angiogenic, and destructive processes in
the RA joint, it may still be a good therapeutic target.

Tumor necrosis factor � (TNF�) plays a central
role in the pathogenesis of rheumatoid arthritis (RA)
because it is at the apex of inflammatory and destructive
processes that operate in the joint. Clinical trials using
anti-TNF� blocking biologic agents have demonstrated
that TNF� regulates the expression of inflammatory
cytokines and chemokines, adhesion molecules, and
thus, leukocyte trafficking in the joints, matrix metallo-
proteinases (MMPs), and joint destruction, as well as
vascular endothelial growth factor (VEGF) and angio-
genesis (1–5).

Three anti-TNF� blocking agents based on
TNF�-neutralizing monoclonal antibodies or soluble
TNF receptors (infliximab, adalimumab, and etaner-
cept) have now been approved for human use and many
more are under development, but they have some major
disadvantages, including their high cost and the incon-
venient administration route that requires repeated in-

Supported by the Arthritis Research Campaign (UK) and the
Wellcome Trust.

1Evangelos Andreakos, PhD, Clive Smith, PhD, Serafim
Kiriakidis, PhD, Claudia Monaco, MD, PhD, Fionula M. Brennan,
PhD, Ewa Paleolog, PhD, Marc Feldmann, MBBS, PhD, Brian M.
Foxwell, PhD: Kennedy Institute of Rheumatology, Imperial College
of Science, Technology and Medicine, London, UK; 2Rainer de
Martin, PhD: University of Vienna, Vienna, Austria.

Address correspondence and reprint requests to Brian M.
Foxwell, PhD, Kennedy Institute of Rheumatology, 1 Aspenlea
Road, Hammersmith, London W6 8LH, UK. E-mail: b.foxwell@
imperial.ac.uk.

Submitted for publication December 17, 2002; accepted in
revised form March 4, 2003.

1901



jections (6–8). Thus, research is currently under way to
look for better means to block TNF� expression by
designing small molecule inhibitors. This requires the
determination of what regulates or is rate-limiting for
TNF� expression in human macrophages, the major cell
type producing TNF� in the RA joint. TNF� gene
expression is under complex control, with the p38
mitogen-activated protein kinase pathway controlling
translation possibly by actions on the 3�-untranslated
region (9), and with the 5�-untranslated/promoter region
containing binding sites for multiple transcription fac-
tors, including nuclear factor �B (NF-�B), activator
protein 1, nuclear factor for the interleukin-6 (IL-6)
gene, and nuclear factor of activated T cells (10–12).
NF-�B has recently attracted particular attention be-
cause of its ability to regulate macrophage TNF� pro-
duction induced in response to lipopolysaccharide
(LPS), ultraviolet light, phorbol myristate acetate, or
contact with cytokine-activated T cells (13,14).

NF-�B has been detected by immunohistology in
human synovial tissue from RA patients during both
early and later stages of disease and in both
macrophage- and fibroblast-like synoviocytes (15,16). In
particular, macrophage-like synoviocytes that localize in
the synovial lining layer and the vascular endothelium
have been shown to contain p65 and p50 NF-�B subunits
in their nucleus (16). This NF-�B activation is of func-
tional relevance, since we recently showed that it regu-
lates the expression of TNF� as well as other proinflam-
matory cytokines, such as IL-1�, IL-6, IL-8, MMP-1
(collagenase 1) and MMP-3 (stromelysin 1), without
major effects on the expression of antiinflammatory
cytokines IL-10, IL-11, and IL-1 receptor antagonist,
soluble TNF receptors, or tissue inhibitor of metallopro-
teinases 1 (17) in ex vivo synovial membrane cultures. In
streptococcal cell wall– and pristane-induced arthritis,
inhibition of NF-�B through the administration of �B
decoy oligonucleotides or proteasome inhibitors has also
been shown to be beneficial (18,19).

However, because NF-�B is involved in normal
immune and homeostatic processes, such as the preven-
tion of apoptosis in certain tissues (e.g., liver) (20–22),
its prolonged inhibition may have hazards and is unlikely
to be a direct therapeutic target. Much more likely and
more therapeutically attractive would be the selective
inhibition of upstream molecules such as I�B kinase 2
(IKK-2), a kinase previously shown to be essential for
TNF�- and IL-1–induced I�B� degradation, NF-�B
activation, and cytokine expression (21–28). One study
recently demonstrated that IKK-2 is an important kinase
required for TNF�- or IL-1–induced NF-�B activation

and expression of IL-6, IL-8, intercellular adhesion
molecule 1, and MMP-1 in passaged synoviocytes (29),
although the significance of these observations in terms
of the treatment of RA is not clear. Passaged synovio-
cytes obtained from patients with RA do not produce
TNF�, are not representative of the rheumatoid syno-
vium because the process of growing them selects for the
fibroblast-like cells that probably represent �10% of the
total synovium, and require in vitro stimulation to
produce many of the inflammatory mediators seen in
vivo.

Another study performed in the rat adjuvant-
induced arthritis model demonstrated significant benefit
after intraarticular injection of an adenoviral construct
encoding a dominant-negative form of IKK-2 (IKK2dn)
after disease onset that correlated with a decrease in
NF-�B DNA-binding in the nucleus of synovial cells
(30). However, that study did not provide the potential
mechanisms involved. Moreover, rat adjuvant-induced
arthritis is distinguished from RA by its lack of chron-
icity (31). This suggests differences in disease pathogen-
esis and makes it difficult to extrapolate observations
made in rat adjuvant-induced arthritis to the human
situation. Thus, there is a need to further study the
role of IKK-2 in systems that more closely resemble
human RA.

In this study, we examined the involvement of
IKK-2 and IKK-1 in NF-�B activation and TNF� pro-
duction in primary human macrophages, the main cell
type producing TNF� in the RA joint, and in ex vivo RA
synovial cultures that consist of the entire population of
cells found in vivo (i.e., �30% T cells, 30–40% macro-
phages, and fewer fibroblasts, endothelial cells, dendritic
cells, plasma cells, and B lymphocytes) (32) and that, in
the absence of extrinsic stimulation, spontaneously pro-
duce the same inflammatory mediators seen in vivo. We
then extended our studies to other primary human cells,
such as RA synovial fibroblasts, normal dermal fibro-
blasts, and human umbilical vein endothelial cells
(HUVECs), as well as other molecules involved in
inflammatory, angiogenic, or destructive processes in
RA, such as IL-1�, IL-6, IL-8, VEGF, and MMPs 1, 3, 9,
and 13 (collagenase 3). Our results are the first to
demonstrate that IKK-2 is not universally required for
TNF� production in the RA synovium, although it is
required for the production of other inflammatory cyto-
kines (IL-1�, IL-6, and IL-8), VEGF, or MMPs. This
has important implications for the targeting of this
kinase in RA.

1902 ANDREAKOS ET AL



MATERIALS AND METHODS

Reagents. Human recombinant macrophage colony-
stimulating factor (M-CSF), IL-1, and TNF� were gifts from
the Genetics Institute (Cambridge, MA), Roche Laboratories
(Nutley, NJ), and the Centre of Molecular and Macromolec-
ular Studies (Lodz, Poland), respectively. Soluble noncovalent
trimeric CD40 ligand (CD40L) was purchased from Pepro-
Tech (London, UK), and Escherichia coli LPS and lipid A were
obtained from Sigma (Poole, UK). CD40L-transfected and
control mouse fibroblast cell lines were obtained from Profes-
sor D. Gray (University of Edinburgh, Edinburgh, UK) and
Professor A. Schimpl (University of Würzburg, Würzburg,
Germany).

Cells, specimens, and culture. Primary human dermal
fibroblasts, HUVECs, peripheral blood monocytes, RA syno-
vial membrane cells, and rheumatoid synovial fibroblasts from
patients undergoing joint replacement surgery were isolated as
previously described (32–38). Macrophages were derived from
monocytes after differentiation for 2–3 days with 100 ng/ml of
M-CSF (35). All cells were cultured in RPMI 1640 containing
5% (volume/volume) fetal bovine serum (FBS) and 100
units/ml of penicillin/streptomycin, except for HUVECs, which
were cultured in RPMI 1640 containing 10% (v/v) FBS, 10%
(v/v) newborn calf serum, 100 units/ml of penicillin/
streptomycin, and 50 units/ml of heparin.

Adenovirus vectors and their propagation. Ad0, Ad�-
gal, AdGFP, and AdIKK1dn were kind gifts of Dr. A. Byrnes
(Oxford University, Oxford, UK), Quantum Biotech (Carls-
bad, CA), and Dr. M. Karin (University of California, San
Diego), respectively. AdIKK2dn and I�B� were produced by
us (39). All viruses were E1/E3-deleted, belonged to the Ad5
serotype, and had been previously used in other studies
(39–43). Viruses were propagated in HEK 293 cells (American
Type Culture Collection, Manasas, VA), purified by ultracen-
tifugation through 2 CsCl gradients, and viral titers were
determined by plaque assay as previously described (44).

Adenoviral infection of cells. Dermal fibroblasts,
HUVECs, macrophages, and rheumatoid membrane cell cul-
tures were infected in serum-free medium with adenoviruses at
a multiplicity of infection (MOI) of 100. After 2 hours, the
adenovirus-containing medium was removed and complete
medium was added. For passaged synovial fibroblasts, an MOI
of 500 was used because these cells are more resistant to
adenovirus infection. These MOIs have been previously shown
by us and others to result in �90% of these cells expressing the
transgene of interest (17,35,41,42,45).

Western blotting and electrophoretic mobility shift
assay (EMSA). Two days after infection, dermal fibroblasts,
synovial fibroblasts, HUVECs, or macrophages were stimu-
lated with either the vehicle control, 20 ng/ml of TNF�, 20
ng/ml of IL-1, 30 �g/ml of CD40L, or 1 �g/ml (10 ng/ml for
macrophages) of LPS for 45 minutes, and cytosolic and nuclear
extracts were prepared as previously described (46). For
rheumatoid membrane cell cultures, cytosolic and nuclear
extracts were collected in the absence of further stimulation.
Cytosolic proteins were subsequently separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis on a 10%
(weight/volume) polyacrylamide gel and transferred onto a
polyvinylidene difluoride membrane for Western blotting.
Antibodies for IKK-2 and I�B� were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA). The antibody recogniz-
ing Ser32–36 phosphorylated I�B� was purchased from Cell
Signaling Technology (Hitchin, UK). Nuclear extracts (10 �g)
were examined for NF-�B DNA-binding activity using EMSA,
as previously described (47).

Analysis of cytokines. Cells were plated in 96- and
24-well tissue culture plates (Falcon, Oxford, UK) and were
left uninfected or were infected with adenovirus. Two days
after infection, cells were stimulated for another 24 hours with
20 ng/ml of TNF�, 20 ng/ml of IL-1, 30 �g/ml of soluble
CD40L, and 1 �g/ml of LPS (10 ng/ml for macrophages), and
supernatants were collected after 24 hours. In preliminary
experiments, these concentrations induced maximal cytokine
production in the cell types of interest (data not shown). In
some cases, macrophages were cocultured with transfected
mouse fibroblasts at a 1:1 ratio for 24 hours. For rheumatoid
membrane cell cultures, supernatants were collected after
24–48 hours in the absence of further stimulation. Superna-
tants were then analyzed for TNF�, IL-1�, IL-6, and IL-8 by
enzyme-linked immunosorbent assay (ELISA) (PharMingen,
Oxford, UK). Absorbance was examined on a spectrophoto-
metric ELISA plate reader (Multiscan Biochromic; Lab-
systems, Helsinki, Finland) and analyzed using a DeltaSoft II.4
software program (DeltaSoft, Princeton, NJ). In all cases,
viability of the cells was not significantly affected over this time
period when examined by the MTT assay (Sigma) (48).

Statistical analysis. Mean, SD, and SEM values and
statistical significance were calculated using GraphPad version
3 (GraphPad Software, San Diego, CA). For statistical analysis
of parametric data, a repeated-measures analysis of variance
test with Dunnett’s post-test was used.

RESULTS

Dispensable role of IKK-2 for LPS-induced
NF-�B activation or TNF� production in primary hu-
man macrophages. Although most of the TNF� in the
rheumatoid synovium is produced by cells of the macro-
phage lineage, there are as yet no studies on the role of
IKKs in that process, mainly because of the difficulty of
transfecting primary monocyte/macrophages with DNA
(49). Using recombinant, replication-deficient adenovi-
ruses that efficiently infect primary human macrophages
(50), it was possible in this study to examine the role of
IKK-2 in TNF� cytokine production. Unexpectedly, we
found that AdIKK2dn did not significantly inhibit LPS-
induced TNF� production, although AdI�B� did (Fig-
ure 1A). Similarly, AdIKK2dn had no effect on LPS-
induced IL-6 or IL-8 production (Figures 1B and C).
There was also no effect of IKK2dn expression on I�B�
degradation and NF-�B activation as examined by
EMSA (Figure 1D). Using an antibody that specifically
recognizes I�B� phosphorylated in both Ser32 and Ser36,
we confirmed that LPS induced I�B� phosphorylation
at these residues (Figure 1E). The same results were also
obtained when we repeated the experiments with lipid A
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as an alternative Toll-like receptor 4 (TLR-4) ligand
(data not shown).

The intriguing observation that LPS induced
NF-�B activation and cytokine production in an IKK-2–
independent manner in primary human macrophages
raised the question of whether IKK-1 was used instead.
To address that, we used adenoviral infection to express

IKK1dn or both IKK1dn and IKK2dn in macrophages
(Figure 1F). AdIKK1dn, either alone or in combination
with AdIKK2dn, had no effect on LPS-induced TNF�,
IL-6, or IL-8 production or on I�B� degradation and
NF-�B activation (Figures 1A–C and F). These results
suggested that in primary human macrophages, TNF�,
IL-6, or IL-8 production or I�B� degradation and
NF-�B activation in response to LPS can be induced in
an IKK-1– or IKK-2–independent manner.

Stimulus dependence of IKK-2 usage for NF-�B
activation and TNF� or other cytokine production. The
observation that IKK-2 is not required for NF-�B acti-
vation and cytokine production in macrophages in re-
sponse to LPS was against the conventional wisdom
that inflammatory stimuli activating NF-�B converge at
the level of IKK-2 (28). Thus, we tried to determine
why there was that paradox. It was possible that IKK2dn
was not functioning as a dominant-negative in human
macrophages or simply that IKK-2 usage was specific for
particular stimuli and not others or was specific for
particular cell types. Thus, we examined whether IKK-2
was involved in TNF�, IL-6 or IL-8 production, and/or
NF-�B activation in primary human macrophages in
response to other inflammatory stimuli, such as CD40L,
IL-1, or TNF�. Stimulation of CD40 on human macro-
phages was achieved using mouse fibroblasts that had
been stably transfected with a plasmid encoding CD40L
(51). Mouse fibroblasts transfected with an empty plas-
mid were used as a control (51) and induced no cytokine
production (Figure 2A). We found that AdIKK2dn or
AdI�B� potently inhibited CD40L-induced TNF� (Fig-
ure 2A), IL-6, and IL-8 production (data not shown) in
macrophages. CD40L-induced NF-�B activation exam-
ined by EMSA was also inhibited (data not shown).
Infection with Ad�-gal had no significant effect on
CD40 signaling (Figure 2A).

We also found that AdIKK2dn blocked I�B�
degradation and NF-�B DNA-binding activity in re-
sponse to IL-1 or TNF� (Figure 2C). Neither IL-1 nor
TNF� strongly induced cytokine production in human
macrophages. However, it was possible to observe that
IL-1–induced IL-8 production was markedly inhibited by
IKK2dn (Figure 2B) and AdI�B�, but not Ad�-gal
(Figures 2A and B). These data demonstrate that
IKK2dn is a functional inhibitor and that IKK-2 usage is
stimulus-specific in this cell type and is essential for
CD40L-, TNF�-, and IL-1–induced, but not LPS-
induced, NF-�B activation and cytokine production.

Cell type dependence of IKK-2 usage for NF-�B
activation and cytokine production. We next investi-
gated the role of IKK-2 in inflammatory cytokine pro-

Figure 1. Role of dominant-negative form of I�B kinase 2 (IKK2dn)
in lipopolysaccharide (LPS)–induced nuclear factor �B (NF-�B) acti-
vation or tumor necrosis factor � (TNF�) production in human
macrophages. Macrophage colony-stimulating factor–differentiated
macrophages were left uninfected or were infected with adenoviruses
encoding �-galactosidase, AdIKK1dn, AdIKK2dn, AdIKK1dn plus
AdIKK2dn, or AdI�B�. A–C, Cells were stimulated with vehicle
control (shaded bars) or 10 ng/ml LPS (solid bars) for 24 hours, and
supernatants were collected and examined for the presence of TNF�,
interleukin-6 (IL-6), and IL-8 by enzyme-linked immunosorbent assay.
Values are the mean and SD cytokine production in triplicate cultures
and are representative of 11 independent donors. D and F, Cells were
stimulated with 10 ng/ml of LPS for 45 minutes, and cytosolic or
nuclear extracts were obtained and examined for the presence of
IKK-1, IKK-2, I�B�, phosphorylated I�B�, or �-tubulin by Western
blotting and for NF-�B DNA-binding activity by electrophoretic
mobility shift assay. E, Cells were stimulated with 10 ng/ml of LPS and,
at 0, 15, 30, and 45 minutes, cytosolic and nuclear extracts were
obtained and examined for the presence of I�B� and phosphorylated
I�B� (phospho-I�B�) by Western blotting.
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duction and NF-�B activation in other nonmyeloid cell
types to determine whether IKK-2 usage was also cell-
type specific. First, we studied RA synovial fibroblasts,
which do not make TNF� protein in response to stimu-
lation. Synovial fibroblasts were obtained through the
expansion of fibroblasts present in ex vivo RA synovial
membrane cultures. As in macrophages, AdIKK2dn and
AdI�B� blocked TNF�- and IL-1–induced IL-6 or IL-8
production in synovial fibroblasts (data not shown).
However, in contrast to human macrophages,
AdIKK2dn and AdI�B� also inhibited LPS-induced
IL-6 (Figure 3A) or IL-8 production (data not shown) in
these cells. Similar data were obtained in dermal fibro-
blasts derived from healthy volunteers (data not shown).

We also examined the role of IKK-2 in the
activation of endothelial cells. We found that AdIKK2dn
and AdI�B� inhibited TNF�- and IL-1–induced IL-6
and IL-8 production in HUVECs, as expected (data not
shown). In addition, AdIKK2dn and AdI�B� inhibited
LPS-induced IL-6 (Figure 3B) or IL-8 production (data
not shown) and LPS-induced I�B� degradation and
NF-�B activation (Figure 3C) in these cells. These
observations demonstrated that IKK-2 usage is also
cell-type specific and essential for LPS-induced IL-6 and
IL-8 production, as well as NF-�B activation in primary
fibroblasts and endothelial cells. Although fibroblasts
and endothelial cells do not produce TNF�, IKK-2
inhibition may be beneficial in other pathologic aspects
of RA that involve fibroblast proliferation and activation
of the endothelium, which increases leukocyte traffick-
ing to the inflamed joints.

Necessity of IKK-2 for IL-1�, IL-6, IL-8, and
VEGF, but not TNF�, production. Studies in different
human primary cells suggest that there is heterogeneity
in the requirement of IKK-2 for NF-�B activation and,
more importantly, TNF�, IL-6, or IL-8 production that
depends on the cell type and stimulus used. Because the
stimulus leading to the expression of molecules involved
in inflammatory and destructive processes in RA is not
known, we decided to examine whether IKK-2 is in-
volved in TNF�, IL-1�, IL-6, and IL-8 production in ex
vivo short-term RA synovial membrane cultures. Again,
we used recombinant adenoviruses because we have
previously shown that this method results in �90% of
synovial macrophages, fibroblasts, and T cells express-
ing the transgene of interest (17). We found that
AdGFP infected almost all cells present in RA syno-
vial membrane cultures (Figure 4A), and AdIKK2dn
or AdI�B� (used as a positive control) resulted in

Figure 2. Inhibition of IL-1�–, TNF�-, and CD40 ligand (CD40L)–
induced NF-�B activation and cytokine production in human macro-
phages by IKK2dn. Cells were left uninfected or were infected with
Ad�-gal, AdIKK2dn, and AdI�B�, and were cultured for another 24
hours. A, Cells were stimulated with vehicle control (shaded bars) or 10
ng/ml of LPS (solid bars) for 24 hours, and supernatants were collected
and examined for the presence of TNF� by enzyme-linked immunosor-
bent assay (ELISA). Values are the mean and SD cytokine production in
triplicate cultures and are representative of 3 independent donors. B,
Cells were stimulated with vehicle control (shaded bars) or 20 ng/ml of
IL-1� (solid bars) for 24 hours, and supernatants were collected and
examined for the presence of IL-8 by ELISA. Values are the mean and
SD cytokine production in triplicate cultures and are representative of 3
independent donors. C, Cells were stimulated with vehicle control, 20
ng/ml of IL-1�, or 20 ng/ml of TNF� for 45 minutes. Cytosolic and nuclear
extracts were then obtained and examined for the presence of I�B� by
Western blotting, and NF-�B DNA-binding activity was determined by
electrophoretic mobility shift assay. See Figure 1 for other definitions.
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high levels of expression of IKK2dn and I�B�, respec-
tively (Figure 4B). In some cases, AdIKK1dn was also
used. Two days after infection, the effect of these
molecules on spontaneous cytokine production was
studied. As we previously reported (17,35) AdI�B�
significantly inhibited TNF� (61 � 10% inhibition;
P � 0.01), IL-1� (58 � 5%; P � 0.05), IL-6 (96 � 3%;
P � 0.05), and IL-8 (86 � 2%; P � 0.05) production,
whereas a control Ad�-gal virus had no effect (Figures
4C–G). Unexpectedly, however, we found that neither
AdIKK2dn nor AdIKK1dn had any significant effect
on TNF� production (30 � 17% [P � 0.05] and 4 �
19% [P � 0.05], respectively) in RA synovial mem-
brane cultures. In contrast, AdIKK2dn produced in-
hibition similar to that of AdI�B� on IL-1� (59 �
12%; P � 0.05), IL-6 (92 � 3%; P � 0.05), and IL-8
(84 � 4%; P � 0.05) (Figures 4C–G). This was not due
to increased cell death, as demonstrated when cells
were examined by the MTT viability test (data not
shown) (48).

We also investigated for the first time the expres-
sion of the angiogenic cytokine VEGF in the ex vivo RA
synovial membrane cultures. We found that VEGF
expression was NF-�B dependent and was blocked
equally well by both AdI�B� (67 � 6%; P � 0.01) and
AdIKK2dn (82 � 2%; P � 0.01), whereas Ad�-gal had
no effect. Interestingly, VEGF expression was also
inhibited by AdIKK1dn (52 � 2%; P � 0.01), but
whether this was due to modulatory phosphorylation
effects of IKK-1 on certain NF-�B DNA-binding
subunits that enhance their transcription activity
(24,52,53) or to a requirement of NF-�B2 processing
for optimal VEGF expression remains to be deter-
mined. These data suggested that although IKK-2 is
not required for TNF� production in RA, it is still
involved in the expression of other inflammatory and
angiogenic cytokines, and thus, is still a potential
target.

Necessity of IKK-2 for production of MMPs 1, 2,
3, and 13. We subsequently investigated the role of
IKK-2 in the production of MMPs in the RA synovial
membrane. These enzymes play a role in the destructive
process of RA by breaking down human cartilage and
bone (54–56). We previously showed that MMP-1 and
MMP-3 expression in ex vivo RA synovial membranes is
NF-�B dependent because AdI�B� down-regulates
their expression (17). In this study, we also examined
the expression of MMP-2 (gelatinase A) and MMP-13
and found that their expression is also NF-�B depen-
dent (Figures 5B and C). We then looked at the role
of IKK-2 in that process and found that AdIKK2dn,

Figure 3. Inhibition of LPS-induced NF-�B activation in human
umbilical vein endothelial cells (HUVECs) and synovial fibroblasts by
IKK2dn. HUVECs and synovial fibroblasts were left uninfected or
were infected with Ad�-gal, AdIKK2dn, or AdI�B�, and cultured for
24 hours to express the transgene of interest. A, HUVECs and B,
synovial fibroblasts were stimulated with vehicle control (shaded bars)
or 1 �g/ml of LPS (solid bars) for 24 hours, and supernatants were
collected and examined for the presence of IL-6 by enzyme-linked
immunosorbent assay. Values are the mean and SD cytokine produc-
tion in triplicate cultures and are representative of 5 independent
donors. C, For NF-�B studies, HUVECs were stimulated with 1 �g/ml
LPS for 45 minutes. Cytosolic and nuclear extracts were obtained and
examined for the presence of IKK2dn or I�B� by Western blotting,
and NF-�B DNA-binding activity was examined by electrophoretic
mobility shift assay. See Figure 1 for other definitions.

1906 ANDREAKOS ET AL



but not Ad�-gal (control virus) or AdIKK1dn, could
block the expression of MMP-1 (75 � 18%; P � 0.05),
MMP-2 (81 � 6%; P � 0.05), MMP-3 (88 � 4%; P �
0.01), and MMP-13 (92 � 3%; P � 0.05) (Figures

5A–D). These data suggested that IKK-2 is also
essential for the expression of extracellular matrix–
degrading enzymes that are responsible for promoting
destructive processes in RA.

Figure 4. Effects of IKK1dn, IKK2dn, and I�B� overexpression in cytokine production in
rheumatoid arthritis (RA) synovial membrane cells from patients undergoing joint replacement
surgery. RA synovial membrane cells were left uninfected or were infected with AdGFP, Ad�-gal,
AdIKK1dn, AdIKK2dn, and AdI�B�. Cells were cultured for another 2 days. A, After AdGFP
infection, cells were examined for the presence of green fluorescence by phase-contrast and
fluorescence microscopy. B, Cytosolic extracts were obtained and examined for the presence of
IKK-2, I�B�, or �-tubulin by Western blotting. Supernatants were collected and examined for the
presence of C, TNF�, D, IL-1�, E, IL-6, F, IL-8, and G, vascular endothelial growth factor (VEGF)
by enzyme-linked immunosorbent assay. Values are the mean and SD cytokine production in
triplicate cultures from 7 unrelated patients. For statistical analysis of these parametric data, a
repeated-measures analysis of variance test with Dunnett’s post-test was used to compare
uninfected control cells with recombinant adenovirus–infected cells. NS � not significant; � � P �
0.05; �� � P � 0.01. See Figure 1 for other definitions.
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DISCUSSION

TNF� blockade is a validated treatment in RA,
and extensive research is under way to target molecules
that control TNF� expression. Two such molecules are
NF-�B and IKK-2, a kinase that activates NF-�B and
NF-�B–dependent gene expression in a number of
systems. NF-�B has been shown to be activated in RA
and to be of functional relevance since it controls the
expression of TNF� and other proinflammatory cyto-
kines and MMPs (17,57). However, no such role for
IKK-2 has yet been demonstrated. In this study, we

examined the role of IKK-2 in this process and found
that IKK-2 is not essential for TNF� production in RA
ex vivo synovial membrane cultures from patients under-
going joint replacement surgery. This was unexpected
and prompted us to investigate why this is the case.

We found that there is heterogeneity in the
requirement of IKK-2 for NF-�B activation and NF-�B–
dependent gene expression that depends on the stimulus
and cell type used (Figure 6). Thus, in primary human
macrophages, the main producers of TNF� in the RA
joint, IKK-2 is not required for LPS-induced NF-�B
activation and TNF�, IL-6, or IL-8 production, whereas
it is still essential for CD40L-, TNF�-, or IL-1–induced
NF-�B activation and TNF�, IL-6, or IL-8 production.
IKK-1 is not alternatively used instead of IKK-2 to
induce NF-�B activation and cytokine production in
response to LPS. However, in dermal fibroblasts, RA
synovial fibroblasts, and HUVECs, IKK-2 is essential for
TNF�-, IL-1–, and LPS-induced NF-�B activation and
IL-6 or IL-8 production. This is due to a direct effect of
IKK-2 on I�B� degradation and NF-�B activation, and
is consistent with other studies that have examined some
of these aspects (29,39,58).

In contrast, our findings in primary human macro-

Figure 5. Effects of IKK1dn, IKK2dn, and I�B� overexpression in
matrix metalloproteinase (MMP) production in rheumatoid arthritis
(RA) synovial membrane cells from patients undergoing joint replace-
ment surgery. RA synovial membrane cells were left uninfected or
were infected with Ad�-gal, AdIKK1dn, AdIKK2dn, and AdI�B�.
Cells were cultured for another 2 days. Supernatants were collected
and examined for the presence of A, MMP-1, B, MMP-2, C, MMP-3,
and D, MMP-13 by enzyme-linked immunosorbent assay. Values are
the mean and SD cytokine production in triplicate cultures from 5
unrelated patients. For statistical analysis of these parametric data, a
repeated-measures analysis of variance test with Dunnett’s post-test
was used to compare uninfected control cells with recombinant
adenovirus–infected cells. � � P � 0.05; �� � P � 0.01. See Figure 1
for other definitions.

Figure 6. Cell type– and stimulus-dependent requirement of I�B
kinase 2 (IKK-2) for nuclear factor �B (NF-�B) activation and
inflammatory cytokine production in humans. SF � synovial fibro-
blasts; HUVEC � human umbilical vein endothelial cells; TNF� �
tumor necrosis factor �; IL-1 � interleukin-1; CD40L � CD40 ligand;
LPS � lipopolysaccharide; excl. � excluding; RA � rheumatoid
arthritis.
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phages are inconsistent with those of previous studies of
THP-1 human monocytic cells that showed a 50%
inhibition of an NF-�B reporter gene by IKK2dn. These
studies did not examine endogenous NF-�B–dependent
promoters, nor did they look at cytokine gene expression
induced by LPS (59,60). Moreover, IKK1dn could be
equally effective as IKK2dn (60), a result that is incon-
sistent with evidence from mice deficient in these mol-
ecules (21,22,25–27). In addition, our findings suggest
significant differences in LPS signaling between macro-
phages and endothelial cells or fibroblasts. A possible
reason for the discrepancy in these data is that, as for
nuclear factor �B–inducing kinase (NIK), there is a
different usage of signaling components between trans-
formed cell lines (e.g., THP-1 cells), where cell prolifer-
ation is the essential process, and primary cells such as
macrophages, which do not divide (42,61,62). However,
in the case of IKK-2, the situation appears more subtle,
since IKK-2 is also involved in LPS signaling in primary
cells, such as HUVECs and synovial fibroblasts. The fact
that IKK2dn is expressed and is effective at blocking
signaling by IL-1, TNF�, and CD40L would discount
questions about the effectiveness of AdIKK2dn as an
inhibitory construct.

Differential usage of IKK-2 between macro-
phages and synovial fibroblasts or HUVECs may be due
to the involvement of alternative adapter molecules in
signaling through the LPS receptor TLR-4. Two such
molecules, MyD88 and Mal/TIRAP, have already been
reported to play a role in TLR-4–induced TNF� and
IL-6, but not IP-10, production (63,64). It has been
suggested that IP-10 production requires the activation
of interferon-regulatory factor 3 (65), and this may
depend on the adapter molecule TRIF/TICAM-1, an-
other recently identified MyD88 homolog (66,67). Thus,
distinct adapter molecules of TLR-4 are likely to engage
alternative signaling pathways and alternative kinases
involved in I�B� phosphorylation. In addition to IKK-1
and IKK-2, other kinases have been shown to phosphor-
ylate I�B�, including IKK�/IKKi, p90rsk, PKR (double-
stranded RNA–dependent kinase), casein kinase II, and
the catalytic subunit of DNA-dependent kinase (68–73),
although it remains to be determined whether these
kinases specifically phosphorylate both Ser32 and Ser36

of I�B�. The importance and involvement of these
kinases in IKK-2–independent pathways of LPS signal-
ing need to be addressed.

Interestingly, in ex vivo RA synovial membrane
cells, we found that although IKK-2 is not required for
TNF� production, it is still essential for the production
of IL-1�, IL-6, and IL-8. This paralleled the results with

AdI�B� that confirmed our previous observations that
NF-�B is required for IL-1�, IL-6, and IL-8 production
(17,35). In addition, we found that IKK-2 and NF-�B are
essential for the expression of the angiogenic cytokine
VEGF and the extracellular matrix–degrading enzymes
MMPs 1, 3, 9, and 13. Inhibition was not due to
increased cell death of AdIKK2dn-infected cells, a find-
ing that was consistent with our previous work in RA
synovial membrane cells using AdI�B� (17,35). On the
other hand, IKK-1 was not involved in the release of any
of these mediators, with the exception of VEGF. How
IKK-1 is involved in VEGF expression in RA synovial
membrane cultures is not yet clear, but this may require
processing of NF-�B2, since we have evidence that in
primary human macrophages that produce NF-�B–
dependent VEGF in response to various stimuli (74),
NIK is also involved (Andreakos E and Kiriakidis S:
unpublished observations).

Because rheumatoid synovial membrane cultures
consist of a complex mixture of cells comprising T cells,
macrophages, and fibroblasts, these observations may
reflect the selective use of IKK-2 for NF-�B activation
and NF-�B–dependent gene expression in different cell
types and in response to different stimuli. While rheu-
matoid macrophages are the major source of TNF�,
isolated rheumatoid fibroblasts can produce abundant
IL-1�, IL-6, IL-8, VEGF, and MMPs (but not TNF�) in
response to cytokines in an IKK-2–dependent manner,
as our data and those of other investigators (58) dem-
onstrate. Another, but not exclusive, explanation for this
observation could be the ability of IKK2dn to block
TNF�-mediated NF-�B activation and NF-�B–
dependent gene expression. Such a mechanism is sup-
ported by our previous finding that TNF� is at the apex
of a proinflammatory network or cascade that operates
in the rheumatoid synovium, and that blockade of TNF�
activity by neutralizing antibodies results in the down-
regulation of IL-1�, IL-6, IL-8, and MMP production
both in dissociated synovial membrane cultures in vitro
(37,38) and in patients with RA in vivo (3).

In contrast to RA, studies that we performed
recently in bronchoalveolar lavage cultures from pa-
tients with fibrosing alveolitis showed that IKK-2 is
required for the production of TNF� as well as IL-6 and
IL-8 (75). The constituent cells of this system are just
alveolar T cells and macrophages, and TNF� is mainly
produced by macrophages. However, it is likely that the
primary stimulus inducing TNF� production in patients
with fibrosing alveolitis is different from that in patients
with RA, and different or alternative signaling mecha-
nisms are used. In terms of RA therapy, these observa-
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tions suggest that although IKK-2 is not involved in
TNF� production, it still plays a central role in the
inflammatory, angiogenic, and destructive processes that
operate in the RA synovial joint. This may have the
advantage of not compromising the immune system in a
major way, since macrophage function is partially main-
tained. Whether IKK-2 inhibition will be clinically effec-
tive can only be resolved by clinical trials, which are
eagerly awaited.
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