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Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease of un-
known etiology affecting about 1% of the population worldwide. The clinical syndrome 
is characterized by swelling, pain, and limited motion of multiple joints, due to inflam-
mation of the synovial tissue lining the inside of the joints. The inflamed tissue, known 
as pannus, invades into the cartilage and bone, resulting in progressive joint destruction 
leading to deformity of the joints, permanent disability, and loss of quality of life (1). 
Despite current treatments, the disease is still associated with long-term morbidity and 
early mortality (2).

Treatment for RA

Although the etiology of the disease is unknown, disease control is available for many, 
though not all, patients. In recent years important developments included early diagnosis 
as a result of implementation of early arthritis clinics and more accurate diagnostics, as 
well as more effective treatment using conventional disease-modifying anti-rheumatic 
drugs (DMARDs) and, if indicated, new targeted drugs. The first example of systemic 
targeted therapy that revolutionized the management of patients with RA is the use of 
monoclonal antibodies or soluble receptors blocking tumor necrosis factor (TNF) alpha 
(3-5).

The introduction of these biologicals has lead to significant improvement of the signs 
and symptoms of arthritis in 60-70% of the patients who experienced persistent disease 
activity despite conventional DMARD therapy. In addition, anti-TNF alpha treatment has 
a beneficial effect on joint destruction and, as a result, on disability and quality of life (6). 
Thus, TNF blockade has provided compelling proof of concept that targeted therapies 
may be used to effectively control the disease process. Despite the marked improve-
ment observed in most patients, however, some patients experience no clinical benefit. 
Recent publications suggest that the primary response is in part related to individual 
features of the patients related to TNF bioactivity in the blood (7), TNF expression and 
the level of inflammation in the inflamed synovium (8;9), and serum levels of cortisol 
(10). Apart from patients who do not exhibit a primary response, some patients gradu-
ally lose response over time. About 50% of the patients treated with anti-TNF therapy 
discontinue the TNF antagonist within 5 years because of lack of response or side ef-
fects (11). Secondary failure can in part be explained by immunogenicity of the drug, as 
antibody formation is correlated with reduced efficacy (12-14).

Recently, new targeted treatments became available for the treatment of RA: rituximab 
(a chimeric antibody directed at B cells) (15;16), abatacept (CTLA4-Ig, interfering with 
co-stimulatory molecules involved in T cell activation) (17;18), and tocilizumab (anti-IL6 
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receptor antibody) (19). Of importance, these drugs may be effective in patients who 
have failed TNF blockade. To reach the goal of complete disease remission in the future, 
it can be anticipated that a variety of new therapeutic approaches will be developed and 
that specific treatment regimens will increasingly be used in the context of individual-
ized or personalized medicine.

Experimental anti-rheumatic treatments

Several potential targeted treatments are in different stages of development and may 
be added to the RA treatment arsenal in the near future. Examples include antagonists 
interfering with cytokines, chemokines, chemokine receptors, complement factors, and 
adhesion molecules (20-23).

Other examples are drugs targeting signalling pathways, such as nuclear factor (NF)-
κB (24;25), and vascular neogenesis (26;27).

NF-κB

A potential target for the development of new treatment for RA is the transcription 
factor NF-κB, one of the key regulators of inflammation. This transcription factor plays 
an essential role in the expression and regulation of pro-inflammatory cytokines, such 
as interleukin (IL)-1 and TNF alpha, produced mainly by macrophages in the inflamed 
synovium (28;29). NF-κB also drives the increased expression of vascular adhesion mol-
ecules, attracting leukocytes into the joint, as well as matrix metalloproteinases (MMPs) 
(30;31). Furthermore, it protects the cells from undergoing programmed cell death or 
apoptosis (32). NF-κB, comprised of homo- or heterodimers of proteins belonging to the 
Rel family, resides in an inactive form in the cytoplasm, where it is bound to an inhibitory 
protein (IκB). Upon stimulation by various stimuli, such as IL-1, TNF alpha, lipopolysac-
charides (LPS), and CD40 ligand (L), two IκB kinases (IKK-α and IKK-β) phosphorylate IκB, 
and after subsequent ubiquitination, NF-κB is released from the NF-κB-IκB complex and 
translocated to the nucleus, where it binds to its target genes and starts transcription. 
Another way of activation of NF-κB does not require IKK-β and can be triggered by the 
activation of members of the TNF-receptor superfamily, such as lymphotoxin β receptor, 
B cell activating factor to the TNF family (BAFF)- receptor, and also CD40L (33).

Specific targeting of signal transduction pathways through interference with this 
pivotal transcription factor could be beneficial in RA treatment. Treatment can be ad-
ministered systemically or intra-articularly using small molecule inhibitors of NF-κB or 
local gene therapy (34-36).
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Vascular neogenesis

An alternative approach could be to target the supply of nutrients by suppressing blood 
vessel growth. Since angiogenesis is one of the first histopathologic changes seen in 
the rheumatoid synovial tissue and is an important factor in the process of pannus 
formation resulting in joint destruction, blockade of this pathogenic process could have 
beneficial effects (37;38). Comparable to the recent developments in treatments for 
cancer, where starving the tumor cells using anti-vascular agents has beneficial effects 
(39), blocking blood supply to the synovium could lead to diminish the supply of me-
tabolites and oxygen necessary for growing tissue (40;41). In addition, the recruitment 
of new immune cells from the bloodstream into the synovium may be decreased due to 
reduced vascularity. Since the activated endothelial cells themselves produce various 
pro-inflammatory factors, including cytokines and chemokines, the production of these 
factors could diminish as well. Thus, treatment directed against newly formed blood 
vessels may have therapeutic potential.

One of the possible targets expressed abundantly on the new blood vessels in RA is 
the αvβ3 integrin. This integrin is important in blood vessel formation in tumors and 
wound healing (42), and when its function is blocked by either antibodies or peptide 
antagonists, apoptosis of angiogenic blood vessels in neoplastic diseases occurs leading 
to suppression of tumor growth (43). The potential relevance of targeting αvβ3 in RA was 
demonstrated by several authors, who described beneficial effects after the suppression 
of neovascularisation by blocking this integrin in animal models of RA (43;44).

Evaluation of experimental anti-rheumatic treatments in vivo

In light of the large number of compounds in the pipeline of pharmaceutical industry, 
there is a clear need for good models that may be used to provide insight into the 
mechanism of action of a new drug and that will help in selection of compounds in an 
early phase of drug development. We will focus here on in vivo approaches in mice and 
men.

Animal models

During the preclinical phase of drug development, animal models for RA are used to 
provide insight into the disease mechanism and to identify new potential therapeutic 
targets. It is important to realize that, although animal models share important features 
with RA in humans, the pathogenesis of these artificial models is obviously not iden-
tical to RA. Depending on the therapeutic target to be tested and the mechanism of 
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disease of the animal model, a suitable arthritis model should be used. Ideally, animal 
models are predictive of clinical efficacy in humans and reproducible. Of these animal 
arthritis models, collagen-induced arthritis (CIA) in mice and adjuvant arthritis (AA) 
in rats are most commonly used. A variety of other models, including a model which 
involves engraftment of rheumatoid synovial tissue and normal human cartilage into 
SCID mice, may be used. Transgenic or knock-out mice, respectively overexpressing or 
lacking genes involved in the disease process of RA, may offer important knowledge 
about the underlying pathogenic mechanism of disease and the effects of experimental 
treatments. In a recent review of the literature it was concluded that therapeutic efficacy 
is most predictive when the compound is shown to be effective when initiated in the 
clinically manifest phase of the disease rather than when given in the pre-symptomatic 
stage (45). If there is good rationale for using a new compound in RA, supported by in 
vitro data using human cells, and if a compound appears safe based on preclinical data 
and effective (when there is cross reactivity between animals and humans) in animal 
models of RA, the next step is to test this compound in the best model for RA, patients 
with the disease.

Innovative trial design in RA patients

The rise in drug discovery for RA has consequences for testing the efficacy of potential 
novel therapies in large clinical trials. It has become more difficult to include large num-
bers of patients with active disease into these trials, because of the growing number of 
potential compounds to be tested, the fact that effective treatment is available for many 
patients, and ethical issues. Therefore, in an early stage of drug development, clinical 
investigations will increasingly consist of trials with a small number of patients and a 
high density of data. The identification of biomarkers that could be used for prediction 
of clinical response to treatment and the evaluation of novel therapies would be of great 
advantage in this process. Since the synovium represents the major target of the disease 
process (1;46), recent studies have focused on the identification of specific synovial 
biomarkers. Sensitive predictive synovial biomarkers may be used in small proof-of-
concept phase I/II trials for selection purposes (47). Different synovial biomarkers may 
be needed and used depending on the specific therapeutic strategy. As an example, for 
mechanism of action studies evaluating the effects of anti-B cell therapy, evaluation of B 
cells, plasma cells, and immunoglobulins would be required, among other biomarkers. 
In addition, synovial biomarkers that differentiate between effective and ineffective 
treatment independent of the primary mechanism of action of the specific intervention 
might be identified.
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The rheumatoid synovium

Since the recognition of the synovial tissue as the primary disease target in RA, descrip-
tive studies of rheumatoid synovium have contributed greatly to the understanding of 
the events taking place in vivo, complementing experimental animal and in vitro stud-
ies. The intimal lining layer normally consists of only a few cell layers overlaying a loose 
network of collagen fibers with fibroblasts, fat cells, and blood vessels, called the synovial 
sublining. The synovial tissue in RA is characterized by an increase in cellularity, with 
high numbers of activated macrophages, T cells, and plasma cells, as well as increased 
infiltration by B cells, dendritic cells, natural killer cells, mast cells, and neutrophils. These 
cells are thought to enter the synovial sublining through increased numbers of blood 
vessels caused by pronounced angiogenesis and increased expression of adhesion mol-
ecules and chemokines. Together with increased numbers of activated fibroblast-like 
synoviocytes (FLS), most of the infiltrating leukocytes have an inflammatory phenotype, 
producing an array of cytokines, chemokines, and matrix metalloproteinases (MMPs), 
promoting synovial inflammation and degradation of cartilage and bone (1;46).

Synovial tissue can be obtained using different minimally invasive biopsy techniques. 
These techniques are generally well-tolerated and can be performed safely in an out-
patient setting (48-51). The tissue is easily acquired from the inflamed knee joint by 
blind needle biopsy using a Parker Pearson needle under local anaesthesia (52), but the 
main limitation to this technique is that it is more difficult to obtain adequate samples 
from small joints as well as clinically uninvolved joints. The development of mini- or 
needle arthroscopy performed in rheumatologic practice has considerably enhanced 
the opportunities for selecting biopsy samples from other, smaller, joints such as the 
ankle, wrist, and other small joints (53;54).

This set up can be used for serial synovial sampling in small proof-of-concept studies 
and has been proven very useful in the development of targeted therapies (55). The 
description of changes after specific interventions has provided insight into the mecha-
nism of action of the treatment, as well as into the role of specific cells and molecules 
in the pathogenesis of RA, leading to discovery of potential targets for novel therapies. 
Examination of serial synovial samples can also be used for screening purposes to 
predict potential efficacy of new therapeutic interventions. This approach is supported 
by the highly significant correlation between measures of macrophage infiltration and 
expression of macrophage-derived cytokines, and clinical signs and symptoms of ar-
thritis (56). In addition, effective treatment with various conventional disease-modifying 
anti-rheumatic drugs, such as gold (57), methotrexate (58), leflunomide (59;60), but also 
biologic agents and targeted small molecules, including infliximab (61-65), etanercept 
(66), anakinra (67), rituximab (68-70), and a specific CCR1 antagonist (71), has been 
shown to affect the cell infiltrate and pro-inflammatory cytokines in the synovium.
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Contents of this thesis

Part I of this thesis describes studies of novel anti-rheumatic strategies evaluated in 
animal models of arthritis, with a specific focus on targeting NF-κB activity and neoan-
giogenesis. Part II focuses on synovial biomarkers in RA patients.

The effects of a novel, T cell specific NF-κB inhibitor in vitro and in CIA in mice are de-
scribed in Chapter 2.

Chapter 3 concerns the effects of inhibiting NF-κB activity by intra-articular gene 
transfer in a rat model for arthritis.

Chapter 4 addresses the effects of an apoptosis inducing protein on the neovascula-
ture of inflamed synovial tissue in mice.

Chapters 5 and 6 provide an introduction in the pathology of inflamed synovial tissue 
in RA and other forms of inflammatory arthritis and the methods to retrieve this inflamed 
tissue for various purposes.

In Chapters 7 and 8, arthroscopic synovial biopsy is used in a clinical trial designed for 
identification of synovial biomarkers associated with efficacy of treatment in human RA. 
This is done comparing a known effective treatment (prednisolone) to placebo, applying 
different (molecular) techniques.

In Chapter 9, one of the biomarkers described in Chapter 7 is tested in other groups of 
RA patients, receiving various effective versus ineffective treatments.

Chapter 10 presents the effects of prednisolone on the synovial tissue of patients with 
RA in more detail.

Chapter 11 is dedicated to the summary and conclusion based on the findings of the 
studies presented in this thesis.
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Abstract

NF-κB plays a key role in the production of cytokines in inflammatory diseases. The effects 
of a novel T cell-specific NF-κB inhibitor, SP100030, were evaluated in cultured Jurkat 
cells and in murine collagen-induced arthritis (CIA). Chemical libraries were screened 
for NF-κB-inhibitory activity. SP100030, a compound identified in this process, inhibited 
NF-κB activation in PMA/PHA-activated Jurkat cells by EMSA at a concentration of 1 µM. 
Jurkat cells and the monocytic cell line THP-1 were transfected with an NF-κB promotor/
luciferase construct and activated. ELISA and RT-PCR confirmed that IL-2, IL-8, and TNF-α 
production by activated Jurkat and other T cell lines were inhibited by SP100030. How-
ever, cytokine expression was not blocked by the compound in THP-1 cells, fibroblasts, 
endothelial cells, or epithelial cells. Subsequently, DBA/1J mice were immunized with 
type II collagen. Treatment with SP100030 (10 mg/kg/d i.p. beginning on day 21) sig-
nificantly decreased arthritis severity from onset of clinical signs to the end of the study 
on day 34 (arthritis score, 5.6 ± 1.7 for SP100030 and 9.8 ± 1.5 for control; P < 0.001). 
Histologic evaluation demonstrated a trend toward improvement in SP100030-treated 
animals. EMSA of arthritic mouse ankles in CIA showed that synovial NF-κB binding was 
suppressed in the SP100030-treated mice. SP100030 inhibits NF-κB activation in T cells, 
resulting in reduced NF-κB-regulated gene expression and decreased CIA. Its selectivity 
for T cells could provide potent immunosuppression with less toxicity than other NF-κB 
inhibitors.
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease of unknown etiology, af-
fecting synovial tissue in multiple diarthrodial joints. Hallmarks of this disease include 
synovial hyperplasia, angiogenesis, and erosion of articular cartilage and subchondral 
bone. Rheumatoid synovial tissue is characterized by marked intimal lining hyperplasia 
due to increased numbers of both intimal macrophages and fibroblast-like synoviocytes 
(FLS) and by the accumulation of T cells, plasma cells, macrophages, and other cells 
in the synovial sublining (1;2). Infiltrating synovial cells produce various cytokines, 
predominantly IL-1, TNF-α, and IL-6, promoting induction of adhesion molecule and 
proteinase gene expression (3). These factors play an important role in attracting and 
activating other inflammatory cells and in the degradation of cartilage and bone.

Cytokine and adhesion molecule gene expression is regulated by a variety of tran-
scription factors. One of these, NF-κB, plays an especially important role in inflammatory 
processes (4). The regulation of this particular transcription factor has been extensively 
explored in RA, in both tissues and cultured cells. For instance, its expression and activity 
is markedly increased in the RA synovium (5;6). NF-κB also plays a pivotal role in IL-6 
production by cultured FLS (7). This critical factor is a potential therapeutic target for the 
treatment of RA patients.

To assess the possible therapeutic role of NF-κB in arthritis, we investigated a novel T 
cell-specific transcription factor inhibitor, SP100030 (8). SP100030 was shown to inhibit 
NF-κB activation in vitro as well as suppress expression of NF-κB-driven genes. Subse-
quently, we demonstrated efficacy of this compound in a chronic arthritis model. These 
studies suggest that NF-κB inhibition in T cells could be beneficial in inflammatory 
arthritis.

Material and Methods

Reagents

SP100030 was obtained from Signal Pharmaceuticals, Inc. (San Diego, CA). The chemical 
formula is 2-chloro-4-(tri fluor o methyl) pyri mi dine-5-N-(3’,5’-bis(tri fluor o methyl) phenyl)-
car box amide. Phorbol 12-myristate-13-acetate (PMA) and phytohemagglutin (PHA) 
were obtained from Sigma (St. Louis, MO). A Bandshift Kit was purchased from Promega 
(Madison, WI). Oligonucleotides and Abs cross-reactive to rat p50, p65, c-Rel, RelB, and 
p52 subunits were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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Cells

Human Jurkat T cells and THP-monocytes were obtained from the America Type Cul-
ture Collection and grown in RPMI 1640 (Media Tech, West Chester, PA) containing 2 
mM L-glutamine and 50 U/ml penicillin plus 50 µg/ml streptomycin (Life Technologies, 
Grand Island, NY), and either 10% FCS (Jurkat) or 20% FCS (Gemini Bio-Products, Inc., 
Calabasas, CA) and 2-ME (Sigma, St. Louis, MO) (THP-1). Normal human endothelial and 
epithelial cells were obtained from Clonetics (Walkersville, MD), and other cell lines were 
purchased from American Type Culture Collection (Manassas, VA).

Mice

Six- to 8-wk-old male DBA/1J mice were purchased from The Jackson Laboratory (Bar 
Harbor, ME). Type II collagen and CFA were obtained from Chondrex (Seattle, WA), IFA 
and lipopolysaccharide (LPS, E. Coli serotype 0111:B4) from Sigma (St. Louis, MO).

RT-PCR

Total RNA was isolated using Tri reagent (Molecular Research Center, Cincinnati, OH) 
according to the manufacturer’s instructions. Semiquantitative RT-PCR was conducted 
using 2 µg of RNA, 0.4 µM each primer (Clontech, Palo Alto, CA), 0.2 mM each dNTP, 5 
µl 10X PCR Buffer (100mM Tris-HCl, 15 mM MgCl2, 500 mM KCl, pH 8.3), 0.5 µl RNasin 
(40 U/µl, Promega, Madison, WI), 0.5 µl avian myeloblastosis virus reverse transcriptase 
(25 U/µl, Promega), 0.5 µl Taq Polymerase (5 U/µl, Boehringer Mannheim, Chicago, IL) 
in a 50-µl reaction volume. Reverse transcription was conducted at 42°C for 1 h. The 
temperature was then adjusted to 95°C for 2 min to inactivate the avian myeloblastosis 
virus reverse transcriptase. The PCR reaction was amplified for 35 Cycles. The PCR cycle 
consisted of 94°C for 1 min, 55°C for 1 min, and 72°C for 1.5 min. After the final amplifica-
tion, the reaction was elongated at 72°C for 7 min. Twenty microliters of each reaction 
mix was separated by electrophoresis by using 1.5% agarose gels, followed by staining 
with ethidium bromide.

NF-κB assay

Human Jurkat T cells were stably transfected with a synthetic promoter comprising 
three copies of an NF-κB binding site (from the MHC promoter) fused to a minimal 
SV40 promoter driving luciferase (9). Cells were counted, resuspended in fresh medium 
containing 10% Serum-Plus (Hyclone, Logan, UT) at a density of 1 x 106 cells/ml, and 
plated in 96-well round-bottom plates (200 µl per well) for18 h. SP100030 was dissolved 
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in 0.2% DMSO/H2O and then added at the appropriate concentrations to the microtiter 
plates containing the cells, and the plates were incubated at 37°C for 30 min. To induce 
transcriptional activation, 50 ng/ml of PMA and 1 µg/ml of PHA were added to each well, 
and the cells were incubated for an additional 5 h at 37°C. Control cells were treated 
with identical amounts of DMSO alone. The plates were centrifuged at 2200 rpm for 
1 min at room temperature followed by removal of the media. Sixty microliters of cell 
lysis buffer (1x Cell Culture Lysis Reagent, 25 mM Tris-phosphate, pH 7.8, 2 mM DTT, 2 
mM 1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid, 10% glycerol, 1% Triton®X-100; 
Promega) was added to each well, and cells were lysed for 15 min. Then 40 µl of each cell 
lysate was transferred to a black 96-well plate, and 50 µl of luciferase substrate buffer 
was added. Luminescence was immediately measured using Packard TopCount (Packard 
Instruments, Meriden, CT). The β-actin assay was run as described above except for that 
the Jurkat T cells were transfected with a plasmid that contained the β-actin promoter 
driving luciferase.

Cytokine production assay

After centrifugation, supernatants were collected from each well in the above luciferase 
experiments and stored at –20°C until assay. Approximately 20- to 50-µl aliquots were 
removed and the levels of IL-2, IL-6, IL-8, IFN-γ, and TNF-α were determined by ELISA 
(Biosource International, Camarillo, CA).

Collagen-induced arthritis (CIA)

Six- to 8-wk-old male DBA/1J mice were immunized s.c. at the base of the tail with 100 
µl of a solution containing type II collagen (1 mg/ml) in CFA and IFA. On day 21, 100 µg 
of type II collagen in 100 µl PBS was injected i.p. On day 28, 50 µg of LPS in 100 µl PBS 
was injected i.p. to synchronize and exacerbate arthritis, as previously described (10). 
Using this protocol, the incidence of arthritis was 100% and peaked at day 34-35. Clinical 
arthritis scores were evaluated using a scale of 0-4 for each paw (0, normal; 1, minimal 
erythema and mild swelling; 2, moderate erythema and mild swelling; 3, marked ery-
thema and severe swelling, digits not yet involved; 4, maximal erythema and swelling, 
digits involved).

Study design

The animals were treated daily starting on day 21 till the end of the study by i.p. injection 
of either SP100030 (10 mg/kg, dissolved in polyethylene glycol 200 (ICN, Aurora, OH) 
in a total volume of 50 µl) or 50 µl polyethylene glycol 200 only. The clinical arthritis 
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scores were assessed three times a week in a blinded manner. On day 35, the mice were 
sacrificed and the two hind paws and one fore paw were harvested from each animal for 
nuclear protein and RNA extraction, as described below.

Histologic analysis

On day 35, the animals were sacrificed and one forepaw of each animal was fixed in a 
10% formalin solution, decalcified, and embedded in paraffin for histologic analysis. Five-
micrometer sections were cut, mounted on a glass slide, and stained with hematoxylin 
and eosin. The tissue was evaluated using a semiquantitative scoring system (0-3+) for 
synovial hyperplasia, cartilage erosion, and extra-articular inflammation. The maximum 
score per paw was 9.

Preparation of nuclear extracts of mouse tissue

The mouse paws were cut just above and below the ankle and the skin was removed. 
The joints were then snap frozen in liquid nitrogen and pulverized. Nuclear extracts 
were prepared according to the method described by Schreiber et al. with modifications 
(11). Homogenization of the tissue was performed using 3 ml buffer A (10 mM HEPES, 
pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF, and 0.1% Nonidet P-40). The 
supernatant was discarded after incubation on ice for 15 min and centrifugation at 850 x 
g at 4°C. The pellet was resuspended in 4 ml buffer A without Nonidet P-40, the samples 
were centrifuged, and the supernatant was again discarded. Buffer C (25 %(v/v) glycerol, 
20 mM HEPES, pH 7.9, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 Sodium EDTA, pH 8.0, 1 mM DTT, 
and 1 mM PMSF; 100 µl) was added to the pellets and the samples were rocked for 30 
minutes at 4°C. After centrifugation at 4°C, the supernatants were aliquoted and stored 
at –80°C. The protein concentration was measured using the method of Bradford using 
a protein dye reagent (12).

EMSA

The Bandshift kit was used according to the manufacturer’s instructions as previously 
described (10). Double-standed NF-κB consensus oligonucleotide probe (5’-AGTTGAG-
GGGACTTTCCCAGGC-3’) or the mutant oligonucleotide probe (5’-AGTTGAGGCGACTTTC-
CCAGGC-3’) were end-labeled with [γ-32P]-ATP (50 µ Ci at 222 TBq/mmol, Amersham Life 
Science, Arlington Heights, IL). For the experiments using the Jurkat T cells, binding 
reactions contained 35 fmol of oligonucleotide and 5 µg of nuclear protein. The reac-
tions were conducted at room temperature for 20 min in a total volume of 10 µl of 
binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM MgCl2, 0.5 mM EDTA, 0.5 
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mM DTT, 4% glycerol (v/v), and 0.5 µg poly(dI-dC) (Pharmacia, Peapack, NJ)). Unlabeled 
oligonucleotide was added 5 min before addition of radiolabeled probe in case of the 
competition reactions. For supershift analysis, 1 µg of each Ab was added 5 min before 
the reaction mixtures immediately after addition of radiolabeled probe. Following the 
binding reactions, 1 µl of 10 x gel loading buffer was added. For the experiments with the 
nuclear extracts of mouse tissue, the samples of the treated and the untreated groups 
were pooled. Two microliters of the labeled oligonucleotides were added to the nuclear 
extracts (4 µg of protein) in a total volume of 20 µl, and the samples were incubated 20 
min at room temperature. For the negative control samples, mutant or a 15-fold excess 
of cold consensus oligonucleotide was added. To perform supershift experiments, 2 µg 
of Abs to NF-κB p50 and p65 were added. Samples were incubated of 15 min at room 
temperature and loaded onto a 4% polyacrylamide gel. After electrophoresis, the gel 
was transferred to Whatman paper (Whatman International, Maidstone, U.K.) or vacuum 
dried and visualized by autoradiography.

Statistical Analysis

The clinical and histologic scores were compared using the ANOVA and Student t tests.

Results

DNA binding activity of NF-κB in Jurkat cells is reduced by SP100030

Chemical libraries were screened to identify compounds that inhibit induction of NF-κB 
binding activity in stimulated Jurkat cells. After identification of a lead and subsequent 
optimization, SP100030 was identified as a potent NF-κB inhibitor and characterized 
more completely. To assess the effect of SP100030 on NF-κB DNA binding activity, an 
EMSA was performed on nuclear extracts of Jurkat cells that had been stimulated with 
PMA and PHA for 6 h. As shown in Figure 1, the DNA binding activity was reduced in the 
SP100030-treated cells compared with the untreated cells (lanes 2 and 3, respectively). 
In supershift experiments, the DNA protein complex appeared to contain both p50 and 
p65. SP100030 decreased the intensity of both the p50 and p65 supershifted bands. 
Nonspecific bands with a higher electromobility were seen in all lanes.

Dose-response effect of SP100030 on Jurkat cells

Having demonstrated that SP100030 decreased NF-κB binding activity, we then deter-
mined whether the compound inhibited transcription of a gene regulated by NF-κB. For 
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these experiments, Jurkat cells were transfected with a construct containing the NF-κB 
promoter and the luciferase cDNA. Cells were then stimulated with PMA and PHA to 
activate NF-κB. There was a dose-response-dependent inhibition of luciferase expres-
sion in the transfected Jurkat cells (see Figure 2 for a representative experiment). The IC50 
for SP100030 was 30 nM. The compound had no effect on the β-actin promoter coupled 
to luciferase, demonstrating its specificity for NF-κB.

SP100030 inhibits NF-κB driven cytokine gene expression

We subsequently determined whether SP100030 inhibited expression of NF-κB-regulated 
cytokines in T cells. Jurkat cells were stimulated with PMA/PHA for 5 h in the presence of 
SP100030 or vehicle for 0.5-5 h, and cytokine mRNA was determined by RT-PCR analysis. 

Figure 1. Effect of SP100030 on NF-κB binding activity in Jurkat cells. Jurkat cells were stimulated with 
PMA/PHA as described in Material and Methods and NF-κB activity was determined. In lane 1, nuclear 
extract of unstimulated cells was loaded (Med). Nuclear extracts of cells stimulated with PHA/PMA in 
the presence of vehicle (“Veh”) (lanes 2, 4, and 6) or in the presence of 30 nM SP100030 (“SP”) (lanes 3, 5, 
and 7) are shown. Supershift experiments were performed for vehicle and SP100030-treated cells in the 
presence of anti-p65 Ab (lanes 4 and 5) or anti-p50 Ab (lane 6 and 7). Arrows show the specific complexes. 
Higher mobility nonspecific bands were found in all samples. Note that SP100030 suppresses NF-κB 
activity in the Jurkat cells.
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Figure 3, a representative experiment, shows the effect of SP100030 on gene expression 
for IL-2, IL-8, and TNF-α in Jurkat cells. SP100030 markedly decreased IL-2, TNF-α, and 
IL-8 mRNA levels compared with control cells. Notably, the PCR method used permits 
only a semiquantitative assessment of mRNA abundance due to potential differences 
in primer efficiency and the relative abundance of the control gene compared with the 
cytokine genes. These results suggest that SP100030 inhibits NF-κB-regulated cytokine 
production at the transcriptional level.

Specificity of SP100030 for T cell cytokine production

The effect of SP100030 on Jurkat cell cytokine protein release was then determined. PMA/
PHA-stimulated Jurkat cells were incubated for 0-5 h in the presence of either SP100030 
or vehicle, and the levels of IL-2, TNF-α, and IL-8 were measured in the supernatant by 
ELISA. Figure 4A shows that SP100030 inhibited cytokine production in a concentration-
dependent fashion in Jurkat cells. Similar effects were observed in other T cell lines using 
several methods to stimulate cells (PMA/PHA; soluble anti-CD3 plus anti-CD28 Ab; Con 
A; PMA plus ionophore (A23187)) (see Table I). For each of these lines, complete dose-
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Figure 2. Dose-response effect of SP100030 on Jurkat cells. Jurkat cells were transfected with either an 
NF-κB or β-actin promoter coupled to luciferase and activated with PHA/PMA for 5 h in the presence of 
increasing concentrations of SP100030. Luciferase expression is shown as percentage of control.
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responses were evaluated from 0.1 to 30 µM of SP100030. At least 80% inhibition of 
cytokine production was observed at a concentration of 3 µM or less (see Table I). In 
contrast, cytokine expression was not inhibited by ≥ 10 µM in THP-1 cells (Figure 4B), or 
other monocytic cell lines, endothelial cells, fibroblasts, synoviocytes, osteo blasts, and 
epithelial cell lines (see Table II). Several different methods of stimulating these cells were 
tested, including PMA, LPS, IL-1, or TNF-α, and IL-1 plus TNF-α. Although IL-8 was the 
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Figure 3. Effect of SP100030 on cytokine expression. Jurkat cells, stimulated with PMA and PHA for 5 h, 
were cultured in the presence of vehicle (“Veh”) or SP100030 (“SP”) for 0.5-5 h (duration of stimulation 
shown in the top row). Cytokine mRNA for IL-2, IL-8, and TNF-α was determined by RT-PCR analysis. In the 
first lane, mRNA from unstimulated cells (Medium) was loaded. β-Actin gene expression was used as a 
control.

Table I. Effect of SP100030 on T cell cytokine production

Cell Type Name of Line Source Stimulus Cytokines 
Assayed1

Inhibition2

 T cell Jurkat T cell leukemia PMA+ PHA IL-2, IL-8 +

PMA + A23187

CD3+ CD28

Con A

T cell HUT78 T cell leukemia PMA+ PHA IL-2, IL-8 +

PMA+ A23187

T cell MOLT-4 Acute 
lymphoblastic 

leukemia

PMA+ A23187 IL-2 +

T cell CCRF-HSB-2 T cell leukemia PMA+ A23187 IL-2, IL-8, IFN-γ +

T cell LBRM-33 Mouse T cell 
lymphoma

PMA+ PHA IL-2 +

PMA+ A23187

Con A

T cell H9 Cutaneous T cell 
lymphoma

PMA+ PHA IL-2, IFN-γ +

PMA+ A23187

Con A

1 Samples were incubated in the presence or absence of SP100030 for 6–24 h, and supernatants were 
assayed by ELISA. PMA, 50 ng/ml; PHA, 1 µg/ml; A23187, 1 µg/ml; Con A, 10 µg/ml.
2 +, >80% inhibition at 3 µM; -, <5% inhibition at 10 µM.



Chapter 2
T cell-specific N

F-κB inhibitor

31

primary cytokine evaluated, SP100030 also had no effect on IL-6 and TNF-α production 
in selected cell lines.

To confirm that the compound had no effect on NF-κB activation, EMSA experiments 
were performed on U937 and THP-1 cells. SP100030 had no effect on NF-κB binding 
in the activated monocytic cells. Furthermore, expression of the NF-κB-luciferase con-
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Figure 4. Effect of SP100030 and vehicle on IL-2, TNF-α, and IL-8 production. Jurkat cells (A) and TPH-1 
cells (B), stimulated with PMA and PHA, were incubated for 0-5 h in the presence of either SP100030 
or vehicle, and the levels of IL-2, TNF-α, and IL-8 were measured in the supernatant by ELISA. Control 
cells were incubated in a similar concentration of the vehicle (DMSO), which had no effect on cytokine 
production.
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struct was not inhibited by the compound in transfected U937 and U2OS cells (data 
not shown).

Therapeutic effect of SP100030 in CIA

NF-κB activation and subsequent cytokine production are known to play a role in RA 
as well as animal models of inflammatory arthritis. To explore the possibility that T cell-
selective NF-κB suppression might have therapeutic efficacy in arthritis, the effect of 
SP100030 was determined in the murine CIA model. DBA/1J mice were immunized with 
type II collagen and treated with either vehicle (PEG 200; n = 13) or SP100030 (10 mg/
kg/day; n = 14) beginning on day 21. Figure 5 shows that the SP100030-treated mice 
had significantly decreased arthritis scores compared with controls (P < 0.001, ANOVA). 
Histologic evaluation of the paws from mice treated from day 20 to 34 showed a trend 
toward decreased inflammation (mean ± SEM scores: SP100030 2.86 ± 1.19; vehicle 5.73 
± 1.12; P > 0.05).

Table II. Effect of SP100030 on cytokine production by non-T cells

Cell Type Name of Line Source Stimulus Cytokines 
Assayed1

Inhibition2

Monocyte U9373 Histiocytic leukemia PMA
LPS

TNFα

IL-6, IL-8, TNF-α -

Monocyte THP-1 Acute monocytic 
leukemia

PMA
LPS

TNFα

IL-6, IL-8, TNF-α -

Monocyte HL-60 Promyelocytic 
leukemia

PMA
LPS

TNFα

IL-6, IL-8, TNF-α -

Endothelium HUVEC Primary cells IL-1
TNFα

IL-1+ TNFα

IL-8 -

Epithelium Caco-1 Colon 
adenocarcinoma

PMA IL-8 -

Epithelium HT-29 Colon 
adenocarcinoma

PMA IL-8 -

Epithelium HeLa Cervical carcinoma IL-1 IL-8 -

Synoviocyte HIG-82 Rabbit FLS IL-1 IL-8 -

Osteoblast U2OS3 Osteosarcoma IL-1 + TNFα IL-6 -

Fibroblast GM637 Skin fibroblast PMA IL-8 -

1 Samples were incubated in the presence or absence of SP100030 for 6–24 h, and supernatants were 
assayed by ELISA. PMA, 50 ng/ml; LPS, 1 µg/ml; TNFα, 20 ng/ml; IL-1, 10 ng/ml.
2 +, >80% inhibition at 3 µM; -, <5% inhibition at 10 µM.
3 Transcriptional activity via luciferase reporters also performed and confirmed cytokine results.
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Figure 5. Effect of SP100030 on paw swelling of mice with CIA. Mice with CIA were treated daily with 
10 mg/kg i.p. SP100030 or vehicle starting at day 21 after immunization. Clinical arthritis scores are on a 
scale of 0-4 for each paw. Statistical evaluation was performed by ANOVA; P<0.001 comparing vehicle to 
SP100030-treated animals.

Figure 6. NF-κB DNA binding in synovial tissue of mice with CIA treated with SP100030 or vehicle. EMSA 
results of nuclear extracts from pooled synovial samples from mice with CIA treated with SP100030 (“SP”) 
or vehicle (“Veh”) using a radiolabeled oligonucleotide containing the NF-κB consensus binding site are 
shown. Lane 1 (P) was a human positive control (which has additional nonspecific bands as in Fig.1), and 
lane 2 (CC) included competition with cold oligos. In supershift assays, anti-p50 Ab (lanes 5 and 6) and 
anti-p65 Ab (lanes 7 and 8) were present in the sample. Arrows show the specific complexes. There is a 
clear reduction of NF-κB activity in the samples of the SP100030-treated mice. A portion of the NF-κB 
binding activity appears to be due to p50, and this was decreased by SP100030.
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Synovial DNA binding activity of NF-κB is inhibited by SP100030 in mice with CIA

We have previously shown that NF-κB activity in this model gradually increases from 
day 10 to intense NF-κB binding at day 35 (10). To determine the effect of SP100030 on 
NF-κB binding activity in joints, we performed an EMSA of pooled samples from joints of 
treated and control mice (Figure 6). In the group of control animals, NF-κB binding was 
increased on day 35 (lane 3). However, the treatment group showed clearly diminished 
NF-κB binding activity. A portion of the functional NF-κB protein consisted of p50, as 
determined by supershift experiments, although the supershifted bands were not as 
clear as in the human cell line studies.

Discussion

RA is a synovial inflammatory disease marked by accumulation of mononuclear cells, 
increased numbers of blood vessels, and hyperplasia of the invasive intimal lining 
(2). Production of inflammatory cytokines is a key feature of this process, and recent 
advances in anti-cytokine therapy confirm that these factors play a critical role in the 
pathogenesis of RA (13;14). Development of novel treatment strategies that alter the 
cytokine milieu would be greatly facilitated by dissecting the regulatory elements that 
control mediator production in the joint.

Of the many transcription factors involved in joint inflammation, NF-κB appears to be 
especially important. For instance, production of IL-1 and TNF-α by synovial macrophages 
is regulated by NF-κB, as is the expression of TNF-α and IL-6 in FLS (15-20). In addition, 
constitutive IL-6 production by RA FLS clones is NF-κB-dependent (7). Increased cytokine 
production driven by NF-κB can enhance expression of vascular adhesion molecules 
that attract leukocytes into the joint, as well as matrix metalloproteinases, which help 
degrade the extracellular matrix (21-23). NF-κB protein is readily detected in rheumatoid 
synovium, especially in the nuclei of intimal lining cells (5;6;20). Although the proteins 
are also detected in osteoarthritis synovium, NF-κB DNA binding activity is much greater 
in RA than osteoarthritis (10). These data suggest that this signal transduction pathway 
can play a pivotal role in the synovial cytokine cascade.

NF-κB is a ubiquitous transcription factor that is primarily comprised of homo- or 
heterodimeric combinations of proteins belonging to the Rel family that shares a highly 
homologous N-terminal region. This domain contains sequences required for DNA bind-
ing, protein dimerization, and nuclear localization. Several Rel-containing dimers exist, 
of which p50/p65 (NF-κB1/RelA) heterodimers and the p50 homodimers are the most 
common. NF-κB normally resides as an inactive protein in the cytoplasm, where it is 
bound to an inhibitory protein, IκB. Activation is initiated by many stimuli, including IL-1, 
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TNF-α, platelet-derived growth factor, and phorbol esters. Signal transduction proceeds 
through activation of two IκB kinases, IKK-1 (IKK-α) and IKK-2 (IKK-β), which phosphory-
late IκB. These kinases are constitutively expressed by RA FLS, and IKK-2 stimulation is 
necessary and sufficient for NF-κB activation in these cells (20). After phosphorylation 
and degradation of IκB, NF-κB is translocated to the nucleus, where it binds to its target 
genes to initiate transcription.

The therapeutic potential for NF-κB suppression led us to screen libraries for com-
pounds that inhibit NF-κB activation. After optimization, one compound, SP100030, 
was an especially potent inhibitor of NF-κB activation in a T cell line with an IC50 of 30 
nM for NF-κB inhibition. Preliminary pharmacologic studies with SP100030 in rodents 
demonstrated anti-inflammatory effects in cutaneous delayed-type hypersensitivity and 
allogeneic cardiac transplantation (8). The purpose of the experiments described in the 
current report was to characterize the in vitro activity of SP100030 more completely and 
evaluate its mechanism of action in a chronic model of inflammatory arthritis in mice.

After confirming the effect of SP100030 on NF-κB activation in Jurkat cells, we dem-
onstrated that the compound inhibited NF-κB-driven expression of a luciferase reporter 
gene. This effect could not be explained by nonspecific toxicity because it had no ef-
fect on β-actin transcription. Furthermore, expression of endogenous NF-κB-regulated 
cytokine genes was also suppressed at the mRNA and protein levels by SP100030. Al-
though this compound blocked NF-κB activation in T cell lines (including Jurkat, Molt-4, 
Hut-78, and H9), it had no effect on cytokine production by monocytoid cells, fibroblasts, 
synoviocytes, endothelial cells, epithelial cells, and osteoblasts. Additional EMSA and 
NF-κB-driven reporter gene studies in selected non-T cell lines confirmed that SP100030 
did not suppress NF-κB activation. Hence, its action appears to be relatively specific to T 
cells. The mechanism of action is currently under investigation, but does not appear to 
be related to IKK inhibition or decreased IκB phosphorylation (data not shown). In any 
case, the selectivity for the T cell lineage suggests that SP100030 does not act at signal 
transduction pathways that are common to T cells and macrophages.

The effect of SP100030 was then evaluated in murine CIA. We have previously shown 
that NF-κB is activated in the joints of mice 10 days after systemic immunization with 
type II collagen even though clinical arthritis does not appear until day 25-30 (10). Joint 
swelling was significantly decreased in animals that were treated with SP100030 before 
to the onset of joint swelling, although the degree of disease suppression was surpris-
ingly modest. Clinical efficacy was accompanied by diminished NF-κB activation in joint 
extracts, suggesting that the compound acted through this mechanism in vivo. Although 
SP100030 only appears to suppress NF-κB activation in T cells, the dependence of syn-
ovial inflammation on T cell activation in CIA likely results in decreased NF-κB activation 
in other cell types as well. Efficacy in this animal model also indicates that SP100030 
can block NF-κB expression in normal cells in addition to the cell lines tested in vitro. 
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Of interest, animals with established disease did not appear to benefit when treatment 
was begun on day 35. At this later time point, many additional transcription factors, 
such as AP-1, are highly activated in CIA and could interfere with efficacy. Alternatively, 
T cell-independent processes in established disease might diminish the effectiveness of 
a selective T cell approach.

These data suggest that modulation of NF-κB activation by compounds like SP100030 
could be beneficial in chronic inflammatory diseases like arthritis. Of interest, it recently 
has been shown that the incidence and severity of CIA was significantly reduced in 
transgenic mice expressing a constitutive inhibitor of NF-κB/Rel (IκBα) in the T cell 
lineage (24). Selectivity for T cells could also potentially minimize systemic toxicity that 
could complicate inhibition of a key signal transduction pathway. However, in light of 
the importance of macrophage-derived cytokines and the relative lack of T cell products 
in RA, efficacy in this particular disease would depend on the ability of SP100030 to sup-
press local lymphocyte-dependent responses that support the macrophage-fibroblast 
cytokine network (3;25). Other anti-rheumatic drugs, such as salicylates, sulfalazine, and 
glucocorticosteroids also appear to suppress NF-κB activation, possibly contributing to 
their clinical efficacy (26-28). Furthermore, NF-κB activation prevents Fas ligand- and 
TNF-α-mediated apoptosis in arthritis and contributes to synovial hyperplasia (29). Sup-
pression of NF-κB in rat arthritis with NF-κB decoy oligonucleotides increased apoptosis 
in the inflamed synovium, thereby decreasing swelling. In conjunction with our studies, 
these data suggest that NF-κB is a potential therapeutic approach in RA that is amenable 
to small molecule inhibitors.
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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.



Chapter 3
Inhibitor of N

uclear Factor κB kinase β

51

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 

  A

2523211917151313
0

20

40

60

80

100

120

140

IKK-β-DN injected
GFP injected

Time (days)

Pa
w

Vo
lu

m
e

(x
10

-2
 m

l)

  B

13
0

20

40

60

80

100

120

140

IKK-β-dn injected
IKK-β-dn contralateral

Time (days)

Pa
w

 V
ol

um
e 

(x
10

-2
 m

l)

2315 17 19 21 25

Figure 7b

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.
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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 



Chapter 3
Inhibitor of N

uclear Factor κB kinase β

55

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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Abstract

Because angiogenesis plays a major role in the perpetuation of inflammatory arthritis, 
we explored a method for selectively targeting and destroying new synovial blood 
vessels. Mice with collagen-induced arthritis were injected intravenously with phage 
expressing an RGD motif. In addition, the RGD peptide (RGD-4C) was covalently linked 
to a proapoptotic heptapeptide dimer, D(KLAKLAK)2, and was systemically administered 
to mice with collagen-induced arthritis. A phage displaying an RGD-containing cyclic 
peptide (RGD-4C) that binds selectively to the αvβ3 and αvβ5 integrins accumulated 
in inflamed synovium but not in normal synovium. Homing of the RGD-4C phage to 
inflamed synovium was inhibited by co-administration of soluble RGD-4C. Intravenous 
injections of the RGD-4C-D(KLAKLAK)2 chimeric peptide significantly decreased clinical 
arthritis and increased apoptosis of synovial blood vessels, whereas treatment with 
vehicle or uncoupled mixture of the RGD-4C and the untargeted proapoptotic peptide 
had no effect. Targeted apoptosis of synovial neovasculature can induce apoptosis and 
suppress clinical arthritis. This form of therapy has potential utility in the treatment of 
inflammatory arthritis.
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Introduction

In rheumatoid arthritis (RA), the synovium is characterized by hyperplasia of the intimal 
lining layer and mononuclear infiltration of the sublining, leading to erosion of cartilage 
and subchondral bone by invasive pannus (1). Angiogenesis plays a crucial role in the 
formation of pannus, and the extensive network of blood vessels facilitates recruitment 
of mononuclear cells (2). Proangiogenic mediators found in RA synovial tissue regulate 
migration and proliferation of endothelial cells. In addition, αvβ3 and αvβ5 integrins 
are important in angiogenesis (3-5). αvβ3 is expressed on synovial blood vessels in 
rheumatoid arthritis (6;7) and αv antagonists injected directly into the joint suppress 
synovitis in rabbits (7). Therefore, targeted induction of apoptosis in the neovasculature 
is a potential therapy for RA (8).

We evaluated a novel method of targeted drug delivery to inflamed joints using 
peptides that selectively bind to neovasculature (9). Our data show that a constrained 
cyclic RGD peptide that binds to αvβ3 and αvβ5 integrins (10) homes to blood vessels in 
inflamed synovium after systemic administration. This peptide was covalently linked to 
a 14-amino-acid proapoptotic peptide and successfully suppressed arthritis in collagen-
induced arthritis (CIA).

Material and Methods

Phages and peptides

Insertless fd phage and phage presenting the peptide CDCRGDCFC (RGD-4C) was 
prepared as described elsewhere (10-12). The chemical structure of RGD-4C was deter-
mined by NMR analysis and is described in detail elsewhere (13). K91kan bacteria were 
a gift from G. Smith. The peptides RGD-4C, CARAC, D(KLAKLAKKLAKLAK) [designated 

D(KLAKLAK)2] and CDCRGDCFC-GG-D(KLAKLAKKLAKLAK) [designated (RGD-4C)-GG-

D(KLAKLAK)2 ] were synthesized by AnaSpec, Inc (San Jose, CA, USA).

Collagen-induced arthritis in mice

CIA was induced in 6- to 8-week-old male DBA/1J mice (Jackson Laboratories, Bar Harbor, 
ME, USA), as previously described (14;15).
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Phage delivery and detection

To determine homing characteristics of the RGD-4C phage in vivo, mice with CIA on day 
35 after immunization were anesthetized and injected with 200 µl of medium contain-
ing 1010 transducing units (TU) of phage into the tail vein. After 5 min, the mice were 
perfused with 5 ml of medium given through the right atrium. The organs of interest 
and the synovia were pooled, homogenized, incubated with K91kan bacteria for 30 
min, and plated on tetracycline plates. Phage enrichment was calculated as the ratio of 
TU/g of synovial tissue divided by the TU/g of brain tissue. Because animals are perfused 
and sacrificed within minutes after administration, relative rates of penetration into 
the target tissue do not influence this assay system (i.e., the target is the intravascular 
surface of the blood vessels). For the competitive peptide inhibition studies, the phage 
was injected with either 1 mg of the RGD-4C peptide or with 1 mg of a control peptide, 
CARAC (16). Unimmunized mice were used as normal controls.

Treatment protocol for CIA

In the clinical efficacy study, mice with established CIA were anesthetized and in-
jected intravenously on days 35 and 41 with either 500 µg of covalently linked RGD-4C 

D(KLAKLAK)2 dissolved in 500 µl DMEM (n=14), with a mixture of the equimolar amounts 
of uncoupled RGD-4C and D(KLAKLAK)2 dissolved in 500 µl DMEM (n=20), or with 500 µl 
DMEM only (n=20). The clinical arthritis scores were assessed daily in a blinded manner 
using a semiquantitative scoring system from 0 to 4+ for each paw (maximum score) 
(14;15).

Immunohistochemical staining and antibodies

Mice were sacrificed on day 35 after immunization and their paws and internal organs 
were fixed in a 10% formalin solution for 24 hours, decalcified, and embedded in paraf-
fin. The primary antibodies (horseradish peroxidase/anti-M13 monoclonal conjugate 
[Pharmacia Biotech, Piscataway, NJ, USA], rabbit anti-αv antibody (17) and secondary 
antibody (swine anti-rabbit-AP; Dako, Glostrup, Denmark), were diluted in 2% BSA-PBS. 
Peroxidase activity was detected using 3,3’diaminobenzidine, and alkaline phosphatase 
activity was detected using alkaline phosphatase kit III (Vector Laboratories Inc., Burl-
ingame, CA, USA).
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Terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL) assay

The paws of the animals treated with vehicle or 500 µg of RGD-4C coupled to D(KLAKLAK)2 
were fixed in a 10% formalin solution, decalcified for 14 days in a 15% EDTA-PBS solution 
at 4°C, and embedded in paraffin. Sections (5 µm) were incubated with proteinase K (20 
µg/ml) for 20 minutes. The In Situ Death Detection Kit from Boehringer Mannheim GmbH 
(Mannheim, Germany) was used in accordance to the manufacturer’s instructions.

Results

Phage displaying RGD-4C accumulates in inflamed synovium

RGD-4C phage was injected intravenously into DBA/1J mice with active CIA on day 35 
(n=18). Control mice with CIA received insertless fd phage (n=14). After circulation of 
the phage and perfusion with medium, the control organ (the brain) and synovium from 
arthritic joints were surgically dissected and phage enrichment was calculated as the 
ratio of TU/g of synovial tissue divided by the TU/g of control tissue. Accumulation of the 
RGD-4C phage in inflamed synovium was 8.0 ± 1.7 (mean ± standard deviation) fold that 
in brain (P < 0.01). For the control phage, this value was 1.5 ± 0.3 (Figure 1). Neither the 

Figure 1. Phage homing to inflamed synovium. DBA/1J mice with (“inflamed”) and without (“normal”) 
collagen-induced arthritis were injected intravenously on day 35 with 1010 transducing units (TU) of 
phage expressing RGD-4C on their surface and control phage. Phage enrichment was calculated as the 
ratio of TU/g in synovial tissue divided by the TU/g in brain tissue. RGD-4C phage accumulates in inflamed 
synovium, but not in normal synovium (P < 0.0001).
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RGD-4C phage nor the control phage accumulated in synovium of normal DBA/1J mice 
(n=6 and 5, respectively; P < 0.0001 compared with inflamed synovium). Other organs 
(lung, liver, spleen, heart, kidney, pancreas, and gut) were also tested for enrichment 
of the RGD-4C and control phage. There was no selective accumulation of the RGD-4C 
phage in these organs (data not shown).

Inhibition of RGD-4C phage by a competing peptide

After showing that RGD-4C phage targets inflamed synovium, we assessed the specific-
ity of homing using the soluble RGD-4C peptide, a competitive inhibitor. The RGD-4C 
phage was co-injected with 1 mg of either the RGD-4C peptide (n=5) or a control peptide 
(CARAC; n=5). Figure 2 shows that soluble RGD-4C peptide, but not the control peptide, 
blocked accumulation of the RGD-4C phage in inflamed synovium.

RGD-4C-expressing phage and αv co-localize in synovial blood vessels

The localization of RGD-4C phage in synovium was examined in more detail by im-
munohistochemistry. Staining of paraffin-embedded sections revealed localization of 
RGD-4C-expressing phage to small vessels in the sublining of the inflamed synovium 
(Figure 3A). Expression of the integrins containing αv was also observed in the small 
vessels in the inflamed synovial sublining (Figure 3B). Immunohistologic analysis did not 
reveal phage in the synovium of normal mice injected with the RGD-4C phage.

Figure 2. Inhibition of RGD-4C phage homing with the cognate soluble peptide. In competitive peptide 
inhibition studies in mice with collagen-induced arthritis, RGD-4C phage (“RGD phage”) was co-injected 
with1 mg of either RGD-4C peptide or control peptide (CARAC). Note accumulation of RGD-4C phage in 
inflamed synovium (P < 0.01).
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Figure 3. Detection of RGD-4C phage, αvβ3, and TUNEL positive cells in synovial blood vessels. Mice with 
established collagen-induced arthritis were injected with RGD-4C and sections were stained for (a) phage 
(blue blood vessels, denoted here by arrows) or (b) αvβ3 (brown blood vessels, denoted here by arrows) 
by immunohistochemistry. In a second experiment, mice with collagen-induced arthritis were given RGD-
4C-D(KLAKLAK)2 on day 35 and TUNEL assays were performed on day 38. Positive cells were found in the 
sublining vessels of inflamed synovium in the animals treated with RGD-4C-D(KLAKLAK)2 (arrows) (c) but 
not in the control animals (not shown).
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Suppression of arthritis by targeted apoptosis of synovial neovasculature

DBA/1J mice with CIA were administered a chimeric compound consisting of the 
peptide RGD-4C covalently linked to the proapoptotic peptide D(KLAKLAK)2 (16). The 
chimeric compound was injected intravenously on days 35 and 41. Control mice with 
CIA were either injected with vehicle or were co-injected with similar quantities of the 
uncoupled RGD-4C and D(KLAKLAK)2 peptides. The mean pretreatment score was 10.3 
± 0.5. Neither the vehicle nor the uncoupled mixture of RGD-4C with D(KLAKLAK)2 had 
an effect on arthritis, whereas the targeted chimeric compound significantly decreased 
clinical arthritis on day 44 (P < 0.001; Figure 4). TUNEL studies were performed on joint 
specimens collected 72 hours after intravenous injection of the chimeric peptide. Abun-
dant positive cells were detected in small vessels of the inflamed synovium (Figure 3C), 
but not in synovium of arthritic mice injected with vehicle (not shown). Positive cells 
were not found in lung, liver, or spleen of chimera-treated arthritic mice, indicating that 
apoptosis was selective to inflamed synovium.

45434139373535-7

-6

-5

-4

-3

-2

-1

0

1

2

Days after immunization

C
ha

ng
e 

in
 c

lin
ic

al
 a

rth
rit

is
 s

co
re

 (m
ea

n 
±

SD
)

vehicle
RGD-4C-D(KLAKLAK)2

RGD-4C  +  KLAKLAK

injection injection

*

Figure 4. Changes in clinical arthritis scores in mice with collagen-induced arthritis after treatment with 
peptides or the vehicle. Mice were injected intravenously on days 35 and 41 with either the targeted 
proapoptotic chimeric peptide RGD-4C- D(KLAKLAK)2 or a mixture of the uncoupled peptides RGD-4C and 

D(KLAKLAK)2 or the vehicle. Clinical arthritis scores were evaluated using a scale of 0 to 4+ for each paw 
(maximum = 16). The mean pretreatment score was 10.3 ± 0.5.
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Discussion

Angiogenesis has been implicated in inflammatory diseases such as RA (3;8). Synovial 
tissues from patients with RA express more of the angiogenesis marker αvβ3 integrin, 
than control synovium (6;7;18). An angiostatic compound suppressed arthritis in rat 
adjuvant arthritis and CIA (19;20), and intra-articular administration of an RGD peptide 
that binds to αvβ3 decreased synovial inflammation in a rabbit model of arthritis (7).

The homing properties of the cyclic RGD peptide allowed us to deliver a toxic agent – the 
proapoptotic peptide D(KLAKLAK)2 – to the synovial microvasculature through systemic 
administration. Homing minimized systemic toxicity in this model, as has been found in 
experimental tumor treatments (9;16). Systemic treatment with RGD peptides that are 
selective for αvβ3 reduces angiogenesis, presumably by blocking the function of the 
integrin (21). However, the systemic administration of free RGD-4C peptide had no effect 
on arthritis, indicating that the RGD-4C merely acts to target the proapoptotic peptide.

The RGD-4C peptide also enhances internalization of RGD-4C-D(KLAKLAK)2 (9). When 
covalently linked to the homing peptide RGD-4C, the proapoptotic peptide enters cells 
that express αvβ3 or αvβ5 (22). Once in the cytoplasm, it disrupts the mitochondrial 
membranes and initiates apoptosis (16). Distribution studies in vivo followed by cell 
fractionation indicate that RGD-4C-D(KLAKLAK)2 localizes to mitochondrial membranes 
of the target cells but not to endothelial cells in control tissues (16). Cells that do not 
express these integrins are spared, because the proapoptotic peptide alone is not inter-
nalized. As with our studies, Pasqualini and colleagues showed that αv-directed RGD-4C 
phage is not detected in normal tissues, but accumulates on the surface of tumor blood 
vessels (23).

Intravenous treatment of mice with established arthritis using RGD-4C-D(KLAKLAK)2 
induced apoptosis of endothelial cells in the inflamed synovium. This was associated 
with a decreased severity of arthritis compared with untreated mice or mice treated with 
a mixture of uncoupled RGD-4C and D(KLAKLAK)2 peptides. Since we did not observe 
systemic toxicity and did not find apoptotic cells in other tissues besides the inflamed 
synovium, RGD-4C-D(KLAKLAK)2 appears to have a favorable pharmacological profile.

These data support the feasibility of administering systemic agents that home to sites of 
inflammation as a means of delivering a therapeutic agent. This approach can treat mul-
tiple sites simultaneously while not accumulating in normal tissues. Our study is the first 
example of selective proapoptotic treatment of an inflammatory disease using homing 
peptides and could potentially be used to deliver therapeutic agents to inflamed joints.
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Synovial pathology

The synovium normally is comprised of a synovial lining layer (or intimal lining) that 
contains one to three layers of cells without an underlying basal membrane, overlay-
ing the synovial stroma, also called the synovial sublining or subsynovium. The intimal 
lining layer lacks tight junctions and is discontinuous in some regions, resulting in 
direct contact between synovial fluid and synovial sublining. The intimal lining layer is 
formed by two types of cells: the intimal macrophages (also called macrophage-like syn-
oviocytes or type A synoviocytes) and the fibroblast-like synoviocytes (also called type B 
synoviocytes) (1). The synovial sublining is formed by a loose collagen fiber network 
with fibroblasts, fat cells, and scattered blood vessels.

Increased interest in the architecture and characteristics of inflamed synovium, es-
pecially in rheumatoid arthritis (RA) and osteoarthritis, has lead to new insights into 
the pathology and function of cells involved in the disease process. Most of the data 
describe the changes of the synovium in RA, and tissue samples of other diseases, such 
as reactive arthritis and psoriatic arthritis, are typically used as controls. In general, the 
characteristics of synovium in patients with arthritis are highly variable.

Rheumatoid arthritis

Hypertrophy and edema characterize the synovial tissue (ST) in RA. The intimal lin-
ing layer is hyperplastic, forming villi that protrude into the joint cavity. The inflamed 
synovium overgrows and invades the underlying cartilage and bone. At the junction 
between cartilage and synovium, the proliferating synovium is often referred as pannus. 
Here, specialized cell types have been identified, such as pannocytes and cells func-
tionally resembling osteoclasts (2). Pannocytes are rhomboid-shaped cells that show 
functional and morphological characteristics of both fibroblast-like synoviocytes and 
chondrocytes, but it is still unclear if these cells represent a separate lineage of cells 
(3;4).

The increased cellularity of the RA synovium is likely a result of enhanced migration of 
inflammatory cells into the synovium, local retention and proliferation of these cells, 
combined with impaired apoptosis. Little is known about the dynamics of cell migration 
in the rheumatoid synovium, but it appears that the continuous influx of inflammatory 
cells plays an important role in cell accumulation. These cells enter the ST through blood 
vessels that form an extensive network in the inflamed synovium. Pro-angiogenic fac-
tors, like vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) 
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and the integrins αvβ3 and αvβ5, are found in the RA ST, and are important mediators in 
the formation of new blood vessels. In situ proliferation of fibroblast-like synoviocytes 
also contributes to some extent, although rates of cell division within the synovium are 
relatively low (5;6). Various factors could be involved in defective apoptosis (7), such as 
overexpression of anti-apoptotic proteins like sentrin, contributing to the modulation of 
Fas- and TNFR-mediated apoptosis in RA synovium, and thereby extending the lifespan 
of invasive, cartilage-destructive fibroblast-like synoviocytes (8). The anti-apoptotic 
FLIP (FLICE-like inhibitory protein), expressed at high levels by macrophages in the 
RA synovium (9;10), and IL-15 (11), could also be involved in inhibition of apoptosis in 
the synovium. Additionally, it has been suggested that genotoxic changes due to the 
toxic microenvironment (12), and a deficient Fas/Fas ligand mechanism (13) could play 
a role.

Synovial histology in “early” RA (i.e., within the first few months of symptoms), is 
essentially the same as longstanding RA (14). Intimal lining layer hyperplasia, marked 
infiltration of the synovial sublining by inflammatory cells, increased vascularity, and 
edema are observed in all stages of the disease process. Of importance, systematic com-
parison of the features of the synovium from patients with (very) early RA with synovial 
tissue from patients with longstanding disease revealed that the characteristics were, 
on average, the same (15;16). This could be explained by the observation that asymp-
tomatic synovial inflammation may precede the development of RA (17). The differences 
in cell infiltrate and in the expression of mediators of inflammation between early RA 
and longstanding disease, which are sometimes reported, can often be explained by 
differences in disease activity and medication.

Intimal lining layer

Intimal Macrophages
In RA two thirds of the intimal lining layer is formed by macrophages. These macro phages 
are activated, expressing a variety of cytokines, such as interleukin (IL)-1, tumor necrosis 
factor (TNF)-α, granulocyte macrophage colony-stimulating factor (GM-CSF), IL-15, and 
IL-18 (18;19), adhesion molecules (20;21), and matrix metalloproteinases (22;23). They 
exhibit phagocytic capacity and carry lysosomes, granular structures called residual bod-
ies, and vacuoles. Specific markers, such as CD68, CD97, FcRIIIa, myeloid related proteins 
(MRP)-8 and -14, and non specific esterase, are strongly expressed by (subsets of ) these 
cells in RA (24-26) (Figure 1). Recently, high mobility group box chromosomal protein 1 
(HMGB-1), a ubiquitous chromatin component expressed in nucleated mammalian cells, 
was found to be expressed intracellularly as well as in the extracellular matrix by cells 
with a macrophage phenotype in ST of RA patients. HMGB-1 is expressed by stimulated 
mononuclear phagocytes and acts as a potent factor that causes inflammation and 
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protease activation (27). In addition to these markers, macrophages also express HLA 
class II molecules, and intercellular adhesion molecule (ICAM)-1 (28), again reflecting 
their highly activated state and suggesting a role in cell-cell interaction. Intimal lining 
macrophages express CD14, although the cellular expression is reduced in association 
with activation (29).

The accumulation of intimal macrophages is thought to be the result of recruitment from 
bone-marrow derived monocytes from the bloodstream, entering the synovial sublin-
ing through endothelial cells (30;31). Chemotactic factors are produced by activated 
macrophages, fibroblast-like synoviocytes, and other cells in the inflamed ST and con-
tribute to further cell recruitment. Of the chemokine family, monocyte chemoattractant 
protein (MCP)-1, RANTES, MIP-1α and 2α, and epithelial neutrophil activator (ENA)-78 
have been associated with monocyte recruitment (32;33). Also, C5a and C3a and their 
receptors (C5aR, C3aR) show chemoattractive capacities and are present in the ST and SF 
of RA patients. In a model of experimental arthritis, genetic deletion of C5aR completely 
protected mice from arthritis, indicating a pivotal role for this complement receptor in 
cell recruitment in this model (34).

Figure 1. Activated macrophages expressing CD68 (red-brown) in the intimal lining layer and in the 
sublining layer of rheumatoid synovial tissue (original magnification ×100).
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Fibroblast-like synoviocytes
The fibroblast-like synoviocyte is very specific to the intimal lining layer. This cell type, 
presumably derived from mesenchymal origin (1), appears to be in a highly activated 
state, producing a variety of cytokines, matrix metalloproteinases, cysteine proteinases, 
proteoglycans, and arachidonic acid metabolites (35). The marked expression of CD55 
and vascular cell adhesion molecule (VCAM)-1 differentiates them from other fibroblasts 
(36;37). The accumulation of these cells in the intimal lining layer is thought to be caused 
by a combination of impaired apoptosis, some in situ proliferation, and possible migra-
tion and differentiation of mesenchymal cells from the synovial sublining into the inti-
mal lining layer (9;35;38). The fibroblast-like synoviocytes could invade the cartilage and 
possibly bone, promoting joint degradation (35). Somatic mutations in the p53 suppres-
sor gene might explain, in part, the aggressive behavior of fibroblast-like synoviocytes, 
although the relative contribution to the disease process remains to be clarified (12). 
Other cells occasionally found in the RA intimal lining layer include multinucleated or 
polynuclear synoviogenous giant cells, derived from ST monocytes (39) and rare T cells, 
especially when synovial hyperplasia is severe.

The synovial sublining layer

Although normally there are only few cells present in the tissue underlying the intimal 
lining layer, excessive cell infiltration, proliferation of blood vessels, and edema cause 
the synovial sublining to be markedly thickened in RA. The cells found in this layer are 
mainly T cells, plasma cells, and macrophages. Mast cells, NK cells, dendritic cells, and 
neutrophils are also found, but not in large quantities.

T cells
Although not pathognomic for RA, T lymphocytes, are found in aggregates in 50-60% 
of the patients (Figure 2). These aggregates resemble germinal centers as in lymphoid 
tissue, containing mainly CD4+ T cells in association with B cells, a few CD8+ T cells 
and large interdigitating dendritic cells. It has recently been suggested that the CD8+ 
T cells are involved in the structural integrity and functional activity of the lymphocyte 
aggregates (40).

Adjacent to the aggregates, the endothelial cells of the postcapillary venules are larger 
and resemble high endothelial venules. The microarchitecture suggests that this is an 
area where antigen presentation and local synovial B cell maturation takes place (41). 
The CD4+ T cells found in these areas are of the CD45RA-CD45RO+ memory subtype, 
suggesting earlier antigen exposure either in the periphery or in the ST. These memory 
T cells have greater migratory capacity and accumulate at sites of inflammation (42). The 
close relationship of the T cells with interdigitating cells suggests (mutual) interaction 
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between these two cell types, which may lead to activation and cytokine production. In 
addition, membrane contact between synovial T cells and synovial macrophages could 
enhance proinflammatory cytokine production, such as TNF-α (43;44), in these regions.

The CD4+CD45RO+ memory T cells may also express CD27, which, together with its 
ligand CD70, plays a role in T cell proliferation (45), the generation of T cell memory 
(46), and B-cell help (47). Interestingly, the majority of the CD4+ T cells found in the 
lymphocyte aggregates are predominantly CD27 positive (48). These cells are thought 
to be attracted from the peripheral blood into the rheumatoid ST, where further activa-
tion and differentiation into CD4+CD45RO+CD27-cells follows (48). Their close relation-
ship with B cells and interdigitating dendritic cells, suggests a role in the activation and 
maturation of lymphocytes in the aggregates.

T cells can also be diffusely found scattered throughout the RA ST. Many of these are 
CD8+ T cells with a relative increase in the percentage of CD27- cells (48), suggesting 
that these cells are antigen-induced cytotoxic effector cells (49). Previous work has 
shown that there is an increase in cytototoxic effector cells in the synovial compartment 

Figure 2. CD4+ T cells in a lymphocytic aggregate in the sublining layer of rheumatoid synovial tissue 
(original magnification ×400).
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of RA of patients, which may be involved in promoting synovial inflammation and joint 
damage (50;51).

B cells and plasma cells
Less than 5% of synovial lymphocytes in RA are B cells. They are mainly found in close 
relation with the CD4+ cells when lymphocytic aggregates are present (52). This spatial 
relationship might be a reflection of their role (i.e. giving B cell help, leading to produc-
tion of immunoglobulins) (53;54). T cell activation in RA ST may be, in part, dependent 
of B cells (55). When CD4+ T cells from RA ST were adoptively transferred in the severe 
combined immune deficient (SCID) mouse model in synovial tissues with CD20+ B cell 
clusters, the T cells became activated, whereas this was not the case in tissues lacking B 
cells (55). Furthermore, elimination of B cells from the RA ST abrogated T cell activation 
and the production of proinflammatory cytokines. Especially RF-positive B cells are able 
to act like antigen presenting cells, and they might be able to activate T cells by captur-
ing antigens with their immunoglobulin (Ig) receptors (56;57).

Figure 3. Plasma cells, expressing CD38 (red-brown), surrounding a lymphocyte aggregate in the 
sublining layer of rheumatoid synovial tissue. This architecture is also called corona (original magnification 
×100).



Chapter 5
Synovial pathology

79

Plasma cells may surround the lymphocyte aggregates in large numbers in so-called 
coronas, but they are also found scattered throughout the synovium (Figure 3) (15;58). 
The detection of clonally related plasma cells within single infiltrates suggests that these 
cells underwent terminal differentiation within the synovium (59). The plasma cells are 
probably mainly derived from B cells that have migrated from the circulation. They may 
be long lived and thus accumulate in the synovial tissue, where they are a major source 
of autoantibodies (60;61).

Sublining macrophages

The macrophages found in the synovial sublining can form the majority of the inflam-
matory cells in the rheumatoid ST (15;62), and can be distinguished by high expression 
of CD68 and CD163 (63). CD163 could be a more specific macrophage marker, with the 
exception of the cells near the lymphocyte aggregates, where downregulation of CD163 
has been observed (63). The sublining macrophages are derived from circulating mono-
cytes and are found in areas adjacent to the articular cartilage as well as a distance from 
the cartilage-pannus junction (Figure 4) (62;64). The migration to these specific areas is 

Figure 4. CD163+ macrophages in the intimal lining and sublining layer of rheumatoid synovial tissue 
(original magnification ×100).
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probably the result of chemotactic factors, such as chemokines and adhesion molecules, 
that are highly expressed in the RA synovium. The synovial macrophages display an 
activated phenotype, expressing several activation markers and secreting a variety of 
proinflammatory mediators (30). Of interest is the recent observation that the majority 
of the CD68+ macrophages in rheumatoid ST, but not in synovium of osteoarthritis or 
trauma patients, may express the recently described dendritic cell marker dendritic cell 
specific I-CAM3 grabbing non-integrin (DC-SIGN) (65). These cells are found in close as-
sociation with ICAM-3 positive T cells, which are able to bind to DC-SIGN positive cells, 
and might be involved in the production of degrading enzymes. The importance of 
synovial macrophages in the disease process is supported by the clinical observation 
that macrophage numbers in the synovium are associated with clinical signs of disease 
activity (15).

Mast cells
The rheumatoid synovium contains an increased number of mast cells compared with 
normal synovium and ST of patients with other rheumatic diseases (15;66;67). These cells 
are found in perivascular regions, around the lymphocytic aggregates, at the cartilage-
pannus junction, and they may be in contact with nerves (68;69). ST mast cells are in 
an activated state, expressing cell surface antigens, cytokine receptors, and adhesion 
molecules, and they produce potent mediators, including histamine, proteinases, such 
as tryptase and chymase, cytokines, and growth factors (70;71). Their localized accumu-
lation at cartilage erosion sites in combination with the expression of potent mediators 
of inflammation, suggests that mast cells contribute to the inflammatory process in the 
rheumatoid lesion (72).

Natural killer cells
NK cells are found in increased numbers the RA ST. Because of the abundance of dif-
ferent cell surface markers expressed by various subpopulations, characterizing these 
cells morphologically and functionally has been difficult. There are, however, functional 
markers carried by all activated NK subtypes, for instance granzymes, which can be 
detected in specialized granules in NK cells and cytotoxic T cells (73-75). Compared to 
other forms of arthritis, granzyme-positive cells are found in increased numbers in the 
RA ST in both the intimal lining layer and in the synovial sublining as well as at the 
pannus-cartilage junction (62;76-78). Furthermore, a special subset of CD4 positive T 
cells carrying receptors that regulate NK cells, is present in the ST (79). These T cells could 
bridge functions of the innate and adaptive immune systems, such as responsiveness to 
specific antigen, rapid release of interferon-gamma, and cytotoxicity.
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Dendritic cells
Two types of dendritic cells, the interdigitating and follicular dendritic cell, are found in 
the synovial sublining of RA patients. The interdigitating dendritic cells (IDC), known as 
the most potent antigen presenting cells, are found close to CD4+ T cells in the perivas-
cular lymphocytic aggregates (80-82). Mature and immature IDCs migrate from the 
blood and possibly through the intimal lining layer into the synovial sublining, attracted 
by chemokines (83). Under influence of cytokines, such as GM-CSF and TNF-α, IDCs dif-
ferentiate from precursor cells of the myeloid and probably lymphoid lineage into ma-
ture IDCs (84-86). They have an activated phenotype, expressing HLA class II molecules, 
adhesion molecules, CC-chemokine receptor (CCR)7, and co-stimulatory molecules, such 
as CD80 and CD86. CD86 is a co-stimulatory molecule that plays an important role in 
antigen presentation (87;88). Recently, the expression of nuclear RelB by differentiated 
IDCs was demonstrated (89). These data suggest that, after differentiation in the RA ST, 
the activated IDCs may present antigen to CD4+ T cells in the perivascular lymphocyte 
aggregates. Although it still remains unclear what kind of antigens are being presented, 
potential candidates include exogenous antigens, such as bacterial (90;91) or viral (92), 
and endogenous autoantigens (86;93;94).

The second type of dendritic cells in the synovium is the follicular dendritic cells (FDC). 
The FDCs may be derived from fibroblastic reticulum cells rather than from bone 
marrow-derived cells (95). Of interest, when fibroblast-like synoviocytes are cultured in 
vitro, some cell lines may be induced to express the FDC phenotype (96;97). The FDCs 
are mainly present in the proximity of B cells in the lymphocyte aggregates and close 
to the intimal lining layer (85;98;99). They can be found in close association with CD4+ 
T cells and B cells, especially when the perivascular lymphocytic aggregates are large. 
As noted above, the aggregates are surrounded by large fields of plasma cells. FDCs are 
thought to play an important role in the accumulation and differentiation of B cells into 
plasma cells.

Neutrophils
Although the neutrophils constitute the majority of inflammatory cells in the SF, only few 
neutrophils are present in the ST, mainly in fibrin depositions (15). Little is known about 
the dynamics of neutrophil migration through the synovium into the SF compartment.

Spondylarthropathies

The synovia of patients with spondylarthropathies share many features with RA tissue 
(100). Still, some differences in the architecture and types of inflammatory cells and their 
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products can be found. These might reflect a difference in the etiology of synovitis of 
these disease entities.

Ankylosing Spondylitis

Information about the features of synovial tissue in various forms of seronegative spon-
dylarthropathy is limited compared with RA. One issue complicating the interpretation 
of the literature is the fact that many reports describe different spondylarthropathies as 
one group despite differences in their respective pathogenesis.

Early studies of ankylosing spondylitis (AS) ST suggested that the changes were indistin-
guishable from those seen in RA. Clear intimal cell hyperplasia with largely macrophage 
as well as diffuse lymphocyte and plasma cell infiltration, and occasionally formation of 
lymphocyte aggregates can be found. However, compared to RA ST, the intimal lining 
layer hyperplasia is less pronounced, with an average cell depth of only 3 (101). Also, 
mononuclear cell infiltration even more intense than RA and psoriatic arthritis (PsA), has 
been observed in the ST of patients with peripheral arthritis in AS (101). Large fields of 
plasma cells can be detected in AS ST (101), although the percentage of IgM-containing 
cells appears to be lower in AS than in RA (102). CD4+ cells clearly outnumber CD8+ T 
cells in RA, but apparently not in AS. In contrast, the CD4:CD8 ratio was reportedly 1:6 in 
a small group of AS patients with peripheral arthritis (101).

T cells appear to play a pivotal role in the pathogenesis of AS and other spondylar-
thropathies, but their role might be different than that in RA (103). In several studies, the 
expression of Th1 like cytokines, such as interferon γ (IFNγ) and IL-2, and Th2 cytokines 
like IL-4, IL-5, and IL-10, has been examined. These studies have shown a decreased 
Th1:Th2 ratio in seronegative spondylarthropathies compared to RA (104).

The synovium of the inflamed sacroiliac joint of patients with AS, contains infiltrating 
T cells and macrophages (105). Also, diffuse expression of mRNA for TNF-α was found, 
whereas mRNA for transforming growth factor (TGF)-β, a cytokine with mainly anti-
inflammatory properties, was absent in these same areas (106). TGF-β was found near 
the bone, where it could play a role in the formation of new bone formation.

Reactive arthritis

Compared to RA tissue, the changes in the ST of patients with reactive arthritis show 
significantly less infiltration by both T and B lymphocytes, CD 38+ plasma cells, and 
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granzyme B + cytotoxic cells regardless of disease duration (77). Analysis of the cytokine 
profile has shown that the expression of IFNγ-positive T cells is lower in ST of reactive 
arthritis patients, whereas IL-2, IL-10, and IL-4 expression do not differ significantly, result-
ing in a decreased Th1:Th2 ratio compared with RA (77;107). Conceivably, this might be 
explained in part by the lower IL-15 levels in the reactive arthritis ST, since this cytokine 
plays a pivotal role in migration and activation of T cells (108;109). The fact that fewer 
granzyme B+ cytotoxic cells are present in reactive arthritis compared with RA, seems to 
be a specific feature (50;77). Because granzyme B is able of degrading the extracellular 
matrix of cartilage (110;111), this could be one of the explanations that reactive arthritis 
is not as destructive as RA.

The role of arthritogenic bacteria and their interaction with the host is of fundamental 
importance in the pathogenesis of reactive arthritis. The synovial cavity is accessible to 
(fragments of ) micro-organisms, either by bacteremia or by transport within monocytes 
or lymphoid cells. Bacterial DNA, messenger and ribosomal RNA, as well as bacterial 
cell wall fragments have been demonstrated with PCR and immunohistochemical tech-
niques in arthritic joints of reactive arthritis patients (112;113). These intra-articular 
microbial components may trigger a sterile acute inflammatory reaction or give rise to 
a chronic inflammatory process, probably depending on the host defense and specific 
bacterial characteristics.

Psoriatic arthritis

Previous work has suggested that the appearance of the ST of patients with psoriatic 
arthritis (PsA) differs from RA ST macroscopically. Higher intensity of villous vasculariza-
tion with typical morphology, described as tortuosity, has been reported by macroscopic 
evaluation of the ST in PsA (16;114). Although these vascular changes may be prominent 
in some patients with PsA, they are also seen in RA, albeit to a lesser degree. Endothelial 
cell swelling and marked thickening of the vessel walls was already observed earlier in 
the ST of PsA patients by both light and electron microscopy (115) and this was later 
confirmed byimmunohistochemical techniques (116). However, another study could 
not detect significant differences in vascularity between RA, reactive arthritis and PsA 
ST (117).

Intimal lining layer hyperplasia in PsA may be less pronounced compared to RA. Con-
flicting results have been published about cell infiltration in the synovial sublining of 
PsA patients (116;118;119), perhaps due to patient selection or the differences in mi-
croscopic evaluation of the tissue. T lymphocytes, thought to play an important role in 
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the pathogenesis of psoriasis, are present in similar numbers in PsA as in RA ST (119). In 
another study, CD3+, CD4+, CD20+ cells, and lymphocyte aggregates were reportedly 
less abundant in PsA than in RA ST (16). The fact that novel T cell specific therapies have a 
beneficial effect on synovial inflammation in PsA, clearly supports the hypothesis that T 
cell activation plays an important role in this disease (120). Interestingly, treatment with 
alefacept, a T cell-specific agent inhibiting the CD2-lymphocyte function associated 
antigen (CD2-LFA) interaction, led to decreased macrophage infiltration in the ST of PsA 
patients (120), supporting the view that macrophage infiltration and activation is T cell 
dependent in this condition.

The expression of TNF-α and IL-15 appears to be lower in psoriatic synovium than in 
RA, even after correction for the number of macrophages (119). This could suggest that 
these proinflammatory cytokines are perhaps less important in PsA than in RA. In con-
trast with these observations are the results of studies with infliximab and eternacept, 
TNF-α-directed therapies that are effective in psoriatic arthritis patients. Examination 
of the ST before and after treatment with infliximab, showed decreased intimal lining 
layer hyperplasia, reduced vascularity, and inhibition of neutrophil and macrophage 
infiltration of the PsA ST (121).

Inflammatory osteoarthritis

Although osteoarthritis is traditionally considered a noninflammatory arthropathy, 
synovial inflammation is a well known feature of this disease (122). Inflammatory os-
teoarthritis refers to the situation of marked synovial inflammation in OA, commonly 
associated with more destructive disease, elevated C-reactive protein (CRP), and the 
presence of morning stiffness. Intimal lining layer hyperplasia, increased numbers of 
inflammatory cells in the synovial sublining, and increased vascularity are all found 
in the oseoarthritic ST, but these changes are less prominent than in RA (123;124). 
These changes are not only seen in patients with advanced osteoarthritis, but also in 
early stages of the disease (122). This inflammatory reaction of the ST is believed to 
be secondary to the release of breakdown products of cartilage and bone, perpetuat-
ing inflammation and leading to progression of the structural changes. Production of 
proinflammatory cytokines, in particular IL-1β and TNF-α, growth factors, and matrix 
metalloproteinases, has an important role in the pathogenesis of OA (125). These factors 
are produced by macrophages, T lymphocytes and other cells in the synovium, as well 
as by chondrocytes (126;127). Taken together, these results strongly suggest, that OA is 
in part an inflammatory disease.
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Abstract

In patients with arthritis, synovial tissue is easily accessible for analysis. Blind needle 
biopsy is a simple and safe procedure. Arthroscopic biopsy is also safe, it allows access 
to most sites in the joint and it can provide adequate tissue for extensive laboratory in-
vestigations, both before and after successful therapy. Synovial tissue analysis has been 
successfully applied to the study of disease mechanisms and response to treatment. In 
addition, there may be an indication for diagnostic synovial biopsy in selected cases.
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Introduction

The synovium lines the non-cartilaginous surfaces of the synovial joints and provides 
nutrients to avascular structures such as cartilage. Synovial tissue is also found in tendon 
sheaths and bursae. Since the synovium is the key target of a variety of arthritides, it is 
to be expected that examination of synovial tissue may provide insight into the patho-
genesis of the disease. Thus, descriptive studies of rheumatoid synovium contribute to an 
understanding of the events that take place in vivo and complement experimental animal 
studies and in vitro studies (1). Many of the older studies have examined synovial tissue 
obtained at surgery. In these patients inflammation is not necessarily a prominent feature. 
Moreover, patients requiring joint surgery obviously represent a highly selected group in 
whom specific pathogenetic mechanisms might be operative that are associated with the 
process of destruction. Recent work has shown that the features of surgical specimens may 
indeed differ from synovial biopsies obtained during the active stage of the disease (2).

In recent years, examination of serial arthroscopic synovial biopsy samples has also 
been very useful in understanding the mechanism of action of targeted therapies (3). 
In the clinic, synovial tissue analysis may assist in the diagnostic work-up when synovial 
fluid cannot be aspirated, or in cases of suspicion of neoplastic or granulomatous dis-
ease, deposition disease, or infection in spite of negative synovial fluid culture (4-6).

Synovial biopsy is a safe and generally well-tolerated procedure (7-9). Synovial tis-
sue is most easily acquired from the inflamed knee joint by needle biopsy under local 
anaesthesia. The development of needle arthroscopy has considerably enhanced the 
opportunities for selecting biopsy samples from other joints, such as the ankle, wrist 
and metacarpophalangeal joints (10;11). Skill in synovial biopsy techniques is a valuable 
research resource, which can be exploited when studying disease mechanisms, the ef-
fects of therapeutic intervention or when attempting to identify prognostic indicators of 
the clinical course of the disease.

Biopsy techniques

Blind needle biopsy

Early studies have used blind needle biopsy techniques with, for instance, the Parker-
Pearson needle, which is a simplified 14-gauge biopsy needle that does not require a skin 
incision (12). Using standard aseptic techniques, the skin and subcutaneous tissue over 
the biopsy area, usually the lateral aspect of the knee joint, is infiltrated to the capsule 
with 1% local anaesthetic after aspirating the synovial fluid. The trochar is inserted into 
the joint through the anaesthetized skin and the biopsy needle is introduced through 
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the trochar. Multiple tissue samples may be obtained by altering the angle of the biopsy 
needle. Suction can be applied through the needle using a 20 ml syringe in order to ac-
quire larger tissue samples. Biopsy of knee joint synovium demonstrating minimal or no 
clinical evidence of inflammation or effusion may be facilitated by introducing 10-20 ml 
isotonic saline to expand the joint prior to introducing the trochar (13;14). Closed needle 
biopsy has, in some cases, also been performed on other joints including the shoulder, 
elbow, wrist and ankle. A modified short needle may be used to obtain synovial tissue 
from the small joints of the hands (15).

Many investigators have used blind needle biopsy to obtain synovial tissue samples, 
mostly for diagnostic reasons. It is a well-tolerated, safe, inexpensive and technically easy 
method that yields adequate tissue samples in most of the cases. It is important to note 
that measures of inflammation in tissue samples taken from clinically inflamed joints 
using the blind needle technique are generally similar to samples obtained by arthros-
copy under vision (14). In our experience with more than 800 Parker-Pearson biopsy 
procedures, we have obtained sufficient synovial tissue for histological examination in 
about 85% of the patients with various forms of arthritis. The procedure failed especially 
in joints which were not swollen. In this series, the procedure was never complicated by 
haemarthros or infection.

However, there are also limitations and disadvantages of the use of blind needle 
biopsy. It is usually restricted to larger joints, such as the knee joint, the operator is not 
able to visually select the tissue, causing potential sampling error, and as described 
above, it is not always possible to obtain adequate tissue samples. This is especially true 
when clinically quiescent joints are investigated, for example after successful therapy.

Arthroscopic biopsy

During the last 30 years arthroscopy made its entrance into rheumatology. Technology 
has considerably improved over time and the use of local and regional anaesthetics 
have made this a safe, office-based procedure.

Small-bore arthroscopes may be employed under local anaesthesia (8;11;16). After 
introducing the arthroscope, a second portal is required for the introduction of the 
grasping forceps. Knee arthroscopy can be performed using a small-bore, 2.7-mm 
arthroscope and utilising an infrapatellar skin portal for macroscopic examination of 
the synovium and a second suprapatellar portal for the biopsy procedure (Figure 1). This 
makes it possible to obtain synovial biopsy samples under direct vision from the supra-
patellar pouch, the cartilage-pannus junction, the patellar gutters, and the tibiofemoral 
junction. Similarly, arthroscopy of the wrist joint can be performed using a small-bore, 
1.9-mm arthroscope through a radial and an ulnar skin portal at the dorsum of the wrist 
at the proximal and/or distal carpal row.
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A recent survey showed a rapid increase in the number of arthroscopies performed by 
rheumatologists in an out-patient setting (17). The arthroscopic procedure is well toler-
ated and has a low complication rate, with 35-36% of patients reporting minimal pain or 
discomfort during the procedure (9). Minor complications, such as vasovagal reactions 
and temporary swelling of the joint, were mentioned in 5-10% of the cases. In a recent 
survey, in which information of 15,682 arthroscopies performed by rheumatologists was 
collected, the complication rate of haemarthros was 0.9%, deep vein thrombosis 0.2% 
and wound and joint infection 0.1%. The total complication rate reported was 15.1/1000 
arthroscopies, which is comparable to the figures reported in the orthopaedic literature 
(17). The irrigation volume of the knee joint was positively correlated with the rate of 
wound infection and the total complication rate. A possible explanation for this is the 
extended length of the procedure. In our own series of more than 2,000 arthroscopic 
synovial biopsy procedures over the last 5 years, the complication rate was < 0.3% 
(haemarthros, portal infection and septic arthritis). The procedure was generally well-
tolerated. Deep vein thrombosis did not occur. There was no permanent damage or loss 
of function after infection in any of the patients as a result of aggressive joint drainage 
and prompt antibiotic therapy. Obviously, strict instructions to the patients after the 
arthroscopy procedure are essential to prevent any delay in case of complications.

Figure 1. Knee arthroscopy using a small-bore arthroscope and a second suprapatellar portal for synovial 
biopsy under visual inspection.
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Although the technique is more complicated and more expensive than the blind 
needle biopsy, there are several advantages. First, it allows macroscopic evaluation of 
the synovium. A positive correlation between the macroscopic signs of inflammation at 
the biopsy site and the immunohistological features of inflammatory activity in the cor-
responding tissue sample has been observed (18). It is not possible, however, to predict 
in a reliable way the microscopic features of the inflamed synovium on the basis of the 
macroscopic appearance at arthroscopy (19). Interestingly, previous reports have sug-
gested that macroscopic scoring systems could be used to distinguish different patient 
groups (20;21). The visual evaluation needs more extensive validation, however, before 
it can be used in the diagnostic work-up. Using narrow-diameter arthroscopes, small 
joints, such as ankles, wrists and even metacarpophalangeal and proximal interpha-
langeal joints, can be evaluated. Another advantage of arthroscopy over blind needle 
biopsy is the fact that evaluation of the articular cartilage may be used for the evaluation 
of the effects of treatment (22). Moreover, it is basically always possible to obtain tissue 
in adequate amounts, even when the synovial tissue volume has decreased as a result 
of effective treatment.

Synovial tissue samples: how many and from which patients?

Several studies have suggested a certain degree of morphological heterogeneity in syn-
ovial samples taken from one joint (18). However, it is possible to quantify several mark-
ers of inflammation in a reliable way examining a limited area of tissue (23-25). For T cell 
infiltration and expression of activation antigens in rheumatoid arthritis (RA) synovium, 
a variance of less than 10% can be reached when at least six biopsy specimens are exam-
ined (26), suggesting that representative data can be obtained when a limited number 
of biopsy samples from different areas within one joint are investigated. Consistent with 
these data, it has been demonstrated that using about six tissue samples allows for the 
detection of twofold differences in gene expression by quantitative polymerase chain 
reaction (PCR) (27). Therefore, we recommend obtaining at least six biopsies for each 
technique used in research.

When the biopsies are taken from an actively inflamed joint there is, on average, no 
clear cut difference in the features of synovial inflammation or the expression of media-
tors of inflammation and destruction at the pannus-cartilage junction compared with 
other regions away from the pannus-cartilage junction (28-30). In addition, the signs 
of inflammation in tissue samples taken from inflamed small joints compared to larger 
joints, such as the knee, are generally comparable (11), indicating that the inflammatory 
process in one inflamed joint is representative of that in other inflamed joints.
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In contrast, there is large variability of synovial inflammation between different patients 
in all phases of the disease (31-34). Therefore, it is essential that the number of patients 
is sufficient when different arthritides are compared. In addition, patient cohorts should 
be stratified for disease activity and use of medication to allow meaningful conclusions, 
since both variables influence the features of the synovium (31;35).

Processing of synovial tissue

For routine pathological examination by light microscopy, the tissue samples are fixed 
in 4% formalin and embedded in paraffin. This can be used for haematoxylin and eosin 
staining and certain immunohistochemical stainings. When gout is suspected, the bi-
opsy samples should be conserved in absolute alcohol because the monosodium urate 
crystals will dissolve in most other fixatives. Unstained sections can be examined with 
the polarization microscope. It is also possible to use the DeGolanthal stain to detect 
urate crystals. In the case of a suspected infection, the tissue should be kept in suitable 
culture media. When tissue samples are to be examined for the presence of bacterial 
DNA by PCR, contaminating DNA needs be avoided and the samples should be snap 
frozen in liquid nitrogen.

For research purposes, synovial tissue can be processed for histology, immuno-
histochemistry, immunofluorescense, in situ hybridization, PCR, micro-array, tissue 
enzyme-linked immunoassay (ELISA), proteomic profiling and cell or tissue culture. Im-
munohistochemistry can be performed on formalin fixed, paraffin-embedded material 
or on samples that were snap-frozen in optimum cutting temperature (OCT) compound-
embedding medium and stored in liquid nitrogen. mRNA can be extracted directly from 
fresh biopsy samples, but detection of mRNA is also possible in samples that were snap 
frozen immediately after the tissue was obtained. Tissue samples can be used to culture 
synovial cell populations (36) and whole biopsy samples (37) when appropriate tissue 
culture media are used.

Indications of synovial tissue analysis

Differential diagnosis

In rheumatology it is usually possible to make a diagnosis on the basis of the history, 
clinical examination, routine laboratory tests, radiographical examination, and synovial 
fluid analysis. When synovial fluid cannot be aspirated, or in cases of suspicion of infec-
tion in spite of negative synovial fluid culture, examination of synovial biopsies may 
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be of additional value (38-40). The mainstay of the diagnosis is a positive culture, but 
this may take days or even weeks for slow-growing pathogens. Cultures can also be 
negative when the pathogen is difficult to culture or due to prior exposure to antibiotics. 
Recently, the use of PCR has been evaluated in detecting bacterial DNA in the synovium 
for differential diagnosis as well as monitoring therapy of infectious arthritis. By apply-
ing broad-range bacterial primers to the analysis and amplification of genes coding for 
ribosomal RNA, most bacterial species can be detected. This method has been used 
successfully, even when culture failed (41;42). PCR might be especially helpful when 
antibiotic treatment has been initiated before synovial fluid was obtained for culture 
(41), in case of slow-growing micro-organisms such as mycobacteria (38), or when Bor-
relia, Chlamydia or Neisseria species are suspected (39;43;44). Very stringent conditions 
are required because of the risk of false positive results caused by contamination (4;45). 
It is important to note that a positive result does not necessarily proof the presence of a 
viable or proliferating organism.

Examination of synovial biopsies may also help to make a diagnosis in some relatively 
rare infiltrative and deposition diseases of the joints. In gout and pseudogout, tophus-
like deposits can be found in the synovial membrane and cartilage (46). This may reveal 
the diagnosis in occasional cases when synovial fluid analysis is negative. Other rela-
tively rare diagnoses that can be made on the basis of synovial tissue analysis include 
amyloidosis, ochronosis, haemochromatosis, proliferative disorders such as pigmented 
villonodular synovitis (PVNS), synovial chondromatosis, synovial chondrosarcomas, 
synovial haemangiomas, lipoma aborescens, intracapsular chondromas, synovial metas-
tases from distant neoplasms and synovial involvement of lymphoreticular malignancy 
(47).

Synovial tissue analysis might also assist in the diagnostic process in early phases 
of immune-mediated forms of arthritis before the patients fulfil classifying diagnostic 
criteria. It would be particularly useful to predict which patients will have a persistent 
and destructive disease, such as RA. However, many of the pathological changes in the 
rheumatoid synovium, including vascular congestion, intimal lining layer hyperplasia, 
mononuclear cell infiltration and fibrin depositions commonly occur in disorders other 
than RA. Still, synovial tissue analysis might have diagnostic potential in distinguishing 
RA from other forms of arthritis. Multivariate models can predict a diagnosis of RA solely 
on the basis of examination of synovial biopsy specimens with an accuracy of 85% when 
massive infiltration by plasma cells and macrophages in the synovial sublining is pres-
ent. A diagnosis other than RA can be predicted in > 95% of the cases when there is only 
minimal infiltration by these cells (5). Previous work has suggested that the presence 
of citrullinated proteins could be specific for RA (48), but this could not be confirmed 
in subsequent studies (49;50); citrullination of synovial antigens may occur in any form 
of joint inflammation (51). The induction of autoantibodies directed to these proteins, 
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however, appears to be specific for RA (51). Taken together, examination of synovial tis-
sue may be useful for diagnosing infectious, infiltrative and deposition diseases of the 
joints, but the role in the differential diagnosis of immune-mediated disease is limited.

Pathogenetic studies

The synovium is a primary site of inflammation and a major effector organ in a variety 
of joint diseases, including RA. As a result, there has been increased interest in studies 
of the pathological changes of the synovium (52). Rheumatoid synovial tissue is char-
acterised by marked intimal hyperplasia and by accumulation of T cells, plasma cells, 
macrophages, B cells, mast cells, natural killer cells and dendritic cells in the synovial 
sublining layer, but only few neutrophils are found (1). It is generally believed that large 
numbers of neutrophils diffuse through the intimal lining layer into the synovial fluid, 
where they form the predominant cell population (53). Many pro-inflammatory media-
tors and tissue degrading products such as reactive oxygen species and reactive nitro-
gen species, prostaglandins, cytokines, auto-antibodies and proteases are secreted into 
the synovial compartment by the infiltrating cell populations. Of interest, the synovial 
cell infiltrate, as well as the expression of adhesion molecules, cytokines, chemokines 
and matrix metalloproteinases, already exhibit all features of chronic synovial inflam-
mation very early after the clinical onset of the disease (21;31;54-58). This is consistent 
with the notion that the development of signs and symptoms is preceded by a phase 
characterized by immunological abnormalities and asymptomatic synovitis (54;59-61). 
As indicated above, it is essential to stratify patient cohorts for disease activity and use 
of medication when comparing the tissue characteristics from early RA patients to those 
with longstanding disease, since these variables represent an important source of bias.

Synovial tissue analysis has also shown that there is marked variation between dif-
ferent individuals in all phases of RA (31;32;62). It has been suggested that RA patients 
display reproducible patterns in the organization and activity of synovial infiltrates, 
which are associated with the level of cytokine expression in the tissue (33). Recent work 
using complementary DNA microarray analysis to profile gene expression in rheuma-
toid synovial tissue also showed considerable variability, resulting in the identification 
of molecularly distinct subsets of RA tissues (34). Thus, using different methodologies, 
these studies have consistently indicated that RA may comprise different pathogenetic 
mechanisms leading to a common clinical syndrome. Conceivably, more insight into 
these distinct subsets may help to define homogeneous groups for clinical studies and 
the evaluation of targeted therapies. Together, studies on rheumatoid synovial tissue 
have provided important insight into the key factors involved in the pathogenesis of the 
disease and they have revealed the heterogeneity of RA as well as the chronicity of the 
inflammatory process in what we in the clinic define as  ‘early RA’.
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Although the data are even more limited, similar studies are being undertaken in other 
arthritides, such as psoriatic arthritis (63-65), reactive arthritis (66;67) and ankylosing 
spondylitis (21;68).

Synovial tissue response to treatment

Analysis of serial synovial tissue samples is increasingly used in the evaluation of tar-
geted therapies in an early stage of drug development (3). This approach may help to 
increase our understanding of the mechanism of action of the therapeutic intervention. 
Furthermore, examination of the effects at the site of inflammation in phase I/II studies 
may be used for target validation and to demonstrate proof of principle. In addition to 
studying the specific effects of the intervention, sensitive biomarkers associated with 
clinical efficacy may be used for selection purposes during the development process 
(35;69;70). It has been suggested that our usual thinking about the use of biomarkers in 
clinical trials is about to change dramatically (71). Clinical investigations will increasingly 
consist of small trials with a high density of data. The importance of including the analy-
sis of synovial tissue samples has been underscored by the observation that the activity 
of clinical arthritis is accompanied by histological signs of synovitis after treatment of 
RA patients with the monoclonal antibody Campath-1H, despite profound depletion of 
circulating lymphocytes (72).

A recent study was designed to identify the optimal synovial biomarker associated 
with clinical efficacy following a short treatment duration (69). This study demonstrated 
the status of sublining macrophages as an optimal biomarker associated with clinical 
response. Subsequently, the merit of using this biomarker was tested across a range of 
discrete interventions and kinetics (26). Eighty-eight patients who participated in various 
randomised clinical trials were evaluated in the same centre, using standardised tech-
niques. The treatments evaluated included methotrexate, leflunomide, prednisolone, 
infliximab, a specific chemokine receptor-1 (CCR-1) inhibitor and placebo. All patients 
had baseline and follow-up biopsies and disease activity scores (DAS) obtained. There 
was a significant correlation between the change in the number of macrophages and 
the change in DAS28. The change in sublining macrophages could explain 76% of the 
variation in the change in DAS28. Interestingly, this close correlation was independent 
of the primary mode of action of the individual therapy, indicating that the effect of 
treatment is associated with an ultimate effect on common final pathways.

The sensitivity to change of the biomarker was high in actively treated patients, 
while no significant changes were detected in placebo-treated patients. These data 
are consistent with other studies showing that serial biopsy samples from RA patients 
who received either placebo or unsuccessful treatment did not reveal synovial changes 
in the relevant biomarkers (35;73-77). Thus, changes in serial biopsy samples cannot 
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be explained by placebo effects, regression to the mean, expectation bias, or by the 
arthroscopy procedure itself. Rather, they reflect biological effects of the treatment. 
Therefore, this approach can be used as a screening method to test new drug candidates 
requiring relatively small numbers of subjects. The absence of changes after treatment 
would suggest that the therapy is probably not effective. However, the demonstration 
of biological changes at the site of inflammation may provide the rationale for larger, 
placebo-controlled trials.

Using this approach, successful treatment with disease-modifying anti-rheumatic 
drugs, such as gold (78), methotrexate (79-81) and leflunomide (81), was shown to be 
associated with decreased mononuclear cell infiltration. Similarly, successful treatment 
of RA patients with infliximab (82-85) and anakinra (74) resulted in reduced synovial 
inflammation. Of interest, the number of macrophages in the synovium was already sig-
nificantly decreased 48 hours after initiation of infliximab treatment (85). After 1 month, 
the most pronounced reduction of macrophage numbers was found in the patients who 
fulfilled criteria for clinical improvement at 12 weeks, suggesting that this approach 
might be used to predict the clinical response.

Most of the biopsy studies have been performed in RA patients, but recent work has 
shown that the same approach can be used for the evaluation of novel therapies in 
patients with other rheumatological disease, such as spondylarthropathies (86-89).

Serial synovial biopsy is now widely used by a limited number of centres with stan-
dardised methodology. The advances in the evaluation of the synovial tissue response 
to targeted therapy will challenge academic rheumatology to optimise the clinical 
resources and expertise in both arthroscopy and sophisticated tissue analysis. Moreover, 
there will be interesting opportunities for collaboration with pharmaceutical industries 
in early phases of drug development.

Concluding remarks

The synovial membrane is a major target tissue in RA and other arthropathies. Recent 
technical developments have allowed synovial biopsy samples to be obtained in a safe 
and generally well-tolerated way. Synovial tissue analysis can be used for diagnostic 
purposes in selected cases. In addition, the evaluation of inflamed synovial tissue plays 
an increasingly important role in pathogenetic studies as well as in the identification 
of novel therapeutic targets. Experimental studies evaluating the effects of targeted 
therapeutic interventions at the site of inflammation may further increase our insight 
into the pathogenesis of a variety of arthritides. This approach can also be used for proof 
of principle studies and to screen for potential efficacy of new compounds. Recent work 
has identified synovial biomarkers that are associated with clinical efficacy independent 
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of the primary mechanism of action of treatment. It is likely that more sophisticated 
biomarkers, including gene expression profiles, will be developed and validated in the 
near future. It can be anticipated that future work will also include the identification of 
predictive indices of outcome in patients with arthritis. Since studies of synovial tissue 
samples will increasingly be used in multi-centre studies, further standardisation and 
validation of the methodology will be essential.
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Abstract

Objective. To create greater understanding of the changes in synovial tissue parameters 
that occur in conjunction with clinical response by using an effective therapy, in order to 
facilitate the planning of future studies with therapeutic agents for rheumatoid arthritis 
(RA).
Methods. Twenty one patients with active RA were randomized to receive either oral 
prednisolone (n = 10) or placebo (n = 11) for 2 weeks. In all patients, synovial tissue 
specimens were obtained by arthroscopy directly before treatment and after 14 days 
of treatment. Immunohistochemical analysis was performed to characterize the cell 
infiltrate and vascularity. Stained tissue sections were analyzed by digital image analysis. 
Statistical analysis was performed using an analysis of covariance model.
Results. After treatment, the mean Disease Activity Score in 28 joints (DAS28) was 2.0 
units lower (95% confidence interval [95% CI] 1.0-3.0) in patients who received pred-
nisolone than in those who received placebo. In the prednisolone group, the mean (± 
SD) DAS28 decreased from 6.27 ± 0.95 to 4.11 ± 1.43 after therapy; minimal change was 
observed in the placebo group. For macrophages, the estimated effect of prednisolone 
was large. Patients receiving active treatment had fewer (mean 628 cells/mm2 [95% CI 
328 to 927]) macrophages after therapy compared with those receiving placebo. A re-
duction in the total number of CD68+ macrophages, from 1038 ± 283 cells/mm2 before 
treatment to 533 ± 248 cells/mm2 after treatment, was observed in the prednisolone 
group. There were clear trends toward decreased infiltration by T cells, plasma cells, and 
fibroblast-like synoviocytes after active treatment. We observed a trend toward a reduc-
tion in αvβ3+ newly formed blood vessels and expression of vascular growth factors 
after prednisolone therapy.
Conclusion. Prednisolone therapy in RA is associated with a marked reduction in mac-
rophage infiltration in synovial tissue, suggesting that synovial macrophage numbers 
could be used as a biomarker for clinical efficacy.
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Introduction

In recent years, there has been increased interest in studying the synovial tissue of 
patients with rheumatoid arthritis (RA). Reasons for this include the recognition of the 
synovium as the primary site of inflammation and technical developments that made 
it possible to study the processes that take place in the synovial tissue in more detail. 
Although examination of peripheral blood and synovial fluid may also provide insight 
into the production of soluble mediators as well as the dynamics of migration of inflam-
matory cells into different compartments, it has become clear that such studies only 
yield indirect information about the events in the synovium (1). In addition to the use 
of synovial biopsies for diagnostic purposes (2;3) and pathogenetic studies (4), serial 
synovial biopsy has been used to evaluate the effects of novel treatments (5).

The serial synovial biopsy approach has been proposed as a method that might help 
to determine potential effects of novel anti-rheumatic interventions. The increase in the 
development of a variety of new, targeted therapies clearly raises the need for sensitive 
biomarkers, which could be used for selection purposes during the development process. 
In the past, successful treatment of RA patients with disease-modifying anti-rheumatic 
drugs (DMARDs) and biologics was associated with a decrease in mononuclear cell infil-
tration of the synovial tissue. Of interest, treatment with high-dose intravenous meth-
ylprednisolone was found to reduce the expression of tumor necrosis factor α (TNFα) in 
the intimal lining layer and synovial sublining as soon as 24 hours post-treatment, with 
associated clinical improvement (6).

It is important to note that analysis of serial synovial samples from RA patients who 
received either placebo or in whom treatment with low-dose anakinra or interleukin-10 
(IL-10) was unsuccessful did not reveal any changes in the synovial tissue (7;8). The 
observation that synovial inflammation can occasionally be reduced to some extent 
in the absence of clinical improvement (9), or with only a modest decrease in serum 
levels of acute-phase reactants (10), suggests that examination of serial synovial biopsy 
specimens might be more sensitive to change compared with clinical response criteria. 
These studies suggest that analysis of serial biopsy specimens could be used as a screen-
ing method to test new compounds, requiring relatively small numbers of subjects. The 
absence of changes in the synovial tissue after treatment would suggest that the therapy 
is probably not effective.

The objective of this study was to provide a greater understanding of the changes that 
occur in the synovial tissue in association with clinical response by using a known clini-
cally effective therapy, to find sensitive biomarkers that may facilitate the planning of fu-
ture studies with novel agents to treat RA. In addition, this study is the first to investigate 
the effects of treatment with oral corticosteroids, according to the Combinatietherapie 
Bij Reumatoide Artritis (COBRA) schedule (11), on rheumatoid synovium.
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Patients and Methods

Patients

Patients with RA diagnosed according to the 1987 criteria of the American College of 
Rheumatology (ACR; formerly, the American Rheumatism Association) (12), ages 18-85 
years, were included in the study if they had Steinbrocker functional class I-III (13). All 
patients had active disease at the time of enrollment, defined by the presence of ≥ 6 
tender joints ≥ 6 swollen joints of 28 joints assessed. Additional inclusion requirements 
were an erythrocyte sedimentation rate (ESR) of at least 28 mm/hour or serum levels of 
C-reactive protein (CRP) of at least 1.5 mg/dL, or morning stiffness that lasted for at least 
45 minutes. Patients had to have received a stable dosage of DMARDs such as metho-
trexate, sulfasalazine, hydroxychloroquine, leflunomide, or a combination of these for 
at least 28 days. Use of nonsteroidal antiinflammatory drugs was allowed, provided that 
the dose had been stable for at least 28 days.

Parenteral, intra-articular, or oral use of corticosteroids within 28 days before enroll-
ment in the study was not allowed. Other exclusion criteria were acute major trauma 
within 28 days before entering the study, the use of any investigational drug (such as 
monoclonal antibodies (e.g., TNF inhibitors), growth factors, or cytokines) within the 
previous 3 months, and a history of glaucoma, psychosis, mania or severe depression, 
epilepsy, cerebrovascular disease, tuberculosis, or cancer. Patients with uncontrolled 
high blood pressure (defined as systolic pressure of >160 mm Hg and diastolic pressure 
of >95 mm Hg), insulin-dependent or poorly controlled non-insulin- dependent diabetes, 
a history of confirmed peptic ulceration, or known adverse reactions to prednisolone or 
drugs with a chemical structure similar to that of prednisolone were excluded from the 
study. Additional exclusion criteria were clinically significant abnormalities in laboratory 
assessments, hematologic disease, immunodeficiency, or impaired coagulation.

Study protocol

This double-blind, placebo-controlled, single-center study was performed in the Aca-
demic Medical Center of the University of Amsterdam. The study protocol was approved 
by the Medical Ethics Committee of the institute, and all patients provided informed 
consent before the start of the study. For each patient, a complete medical history was 
obtained and a full physical examination, including joint assessment, was performed. 
Clinical chemistry, hematology, and coagulation assessments, urinalysis, chest radiog-
raphy, and skin testing for tuberculosis were performed. Eligible patients were included 
in the study within 1 week and were randomized to receive either a course of oral pred-
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nisolone, 60 mg daily for the first week followed by 40 mg daily during the second week 
(similar to the dosages used in the COBRA study (11)) or matching placebo for 2 weeks.

Clinical assessment included a 28-joint count for tenderness and swelling, the patient’s 
score for pain on a 100-mm visual analog scale (VAS; 0 = no pain, 100 = worst possible 
pain), patient’s and physician’s global scores for global assessment of disease activity 
on a 100-mm VAS (0 = very well/no arthritis activity, 100 = very poor/extremely active 
arthritis), and a 4-point Health Assessment Questionnaire (14) for quality of life (0 = no 
difficulty, 3 = severe disability). Furthermore, CRP levels and ESRs were determined. An 
independent assessor performed the clinical evaluation.

Treatment

Patients were randomized in a 1: 1 ratio to receive either a 2-week course of oral pred-
nisolone (60 mg/day for the first week followed by 40 mg/day during the second week) 
or matching placebo.

Blood cytokines, matrix metalloproteinase 3 (MMP-3) and urinary bone markers 
of bone degradation

Cytokine levels (IL-1β, IL-1α, IL-6, IL-8, IL-18, and TNFα) were measured in serum by the 
Luminex (Luminex, Austin, TX) or enzyme-linked immunosorbent assay (ELISA) method, 
and levels of MMP-3 were measured in serum by ELISA. Changes in urinary markers of 
bone degradation (pyridinoline, deoxypyridinoline, the creatinine-to-pyridinoline ratio, 
and the creatinine-to-deoxypyridinoline ratio) were assessed. Creatinine was measured 
by the Jaffe method, a kinetic reaction. Pyridinoline and deoxypyridinoline levels were 
measured by enzyme immunoassays.

Arthroscopy

In all patients, needle arthroscopy of an actively inflamed joint (knee, ankle, or wrist) was 
performed with the patient under local anesthesia, before treatment and after 14 days of 
treatment (in the same joint). The procedures for needle arthroscopy and tissue processing 
were performed as described previously in detail (15;16). During each procedure, biopsy 
specimens were obtained from ≥ 6 sites in the joint to minimize sampling error (17;18).

Immunohistochemical analysis

In order to analyze the cell infiltrate, serial sections were stained with the following 
antibodies: anti-CD68 (EMB11; Dako, Glostrup, Denmark), anti-CD163 (Ber-MAC3; Dako), 
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anti-CD14 (clone M5E2; Becton Dickinson, Erembodegem, Belgium), anti-CD64 (clone 
10-1; Dako), anti-CD32 (KB61; Dako), anti-CD5 (L17F12; Becton Dickinson), anti-CD4 
(SK3; Becton Dickinson), anti-CD8 (DK25; Dako), anti-CD22 (CLB-B-ly/1,6B11; Central 
Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The 
Netherlands), anti-CD38 (HB-7; Becton Dickinson), anti-CD138 (B-B4; Immunotech, Mar-
seilles, France), anti-CD3 (SK7; Becton Dickinson), anti-CD55 (clone 67; Immunotech), 
and anti-granzyme B (GrB-7; Monosan, Uden, The Netherlands).

For immunohistochemical analysis of cytokine expression, IL-1β (anti-IL-1β; 2D8; 
Immunokontact, Stockholm, Sweden), IL-1α (anti-IL-1α; 1277-82-29; Immunokontact), 
and TNFα (anti-TNFα; 52B83; Monosan) were stained. Furthermore, several markers of 
angiogenesis (19) were analyzed: αvβ3 (23C6; Santa Cruz Biotechnology, Santa Cruz, 
CA), von Willebrand’s factor (vWF; F8/86; Dako), basic fibroblast growth factor (bFGF; 
clone 6; Transduction Laboratories, Lexington, KY), and vascular endothelial growth 
factor (VEGF; C-1, Santa Cruz Biotechnology). Additionally, the expression of chemokine 
receptor CCR1 (53504.111; R&D systems, Abingdon, UK), MMP –1 (41-1E5; Oncogene 
Research Products, Cambridge, MA) and MMP-13 was determined.

Sections with nonassessable tissue, defined by the absence of an intimal lining layer, 
were not analyzed. For control sections, the primary antibodies were omitted or ir-
relevant antibodies were applied. Staining for cellular markers was performed using a 
3-step immunoperoxidase method as previously described (9). For the determination 
of cytokine expression, biotinylated tyramine was used for amplification, as previously 
described (20;21).

Digital image analysis

After immunohistochemical staining, all coded sections were randomly analyzed by 
computer-assisted image analysis. For all markers, 18 high-power fields were analyzed. 
CD68 expression was analyzed separately in the intimal lining layer and the synovial 
sublining. The images of the high-power fields were analyzed using the Qwin image 
analysis system (Leica, Cambridge, UK), as described previously in detail (22;23).

Statistical analysis

Each of the endpoints was statistically analyzed using an analysis of covariance (AN-
COVA) model. The model included terms for treatment as a fixed effect and the baseline 
measurement as a covariate. The aim was to assess the treatment difference.
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Results

Demographic features

Twenty-one patients (8 men, 13 women) were included in the trial within 18.4 ± 21.9 
days. Ten patients received prednisolone, and 11 patients received placebo. The mean 
ages were 49.4 years (range 32-63 years) for the patients in the prednisolone group and 
55.7 years (range 37-69 years) for those the placebo group (Table 1). The median dura-
tions of disease and DMARD use were comparable in both groups. None of the patients 
had received TNF inhibitors in the past. All patients had active disease, with similar levels 
of disease activity in both groups (Table 1). The ESRs and CRP values were comparable 
between the 2 groups, but the median duration of morning stiffness was twice as long in 
the placebo group (60.0 minutes versus 30.0 minutes in the predsnisolone group).

The study medication was well tolerated. Two adverse events were reported in the 
placebo group. In 1 patient a skin portal infection of the wrist developed after the first 
arthroscopic procedure, leading to withdrawal of that patient from the study. In a sec-

Table 1. Demographic features of the patients enrolled in the study. Placebo and prednisolone treated 
patient groups are comparable. Morning stiffness is twice as long in the placebo group.

Prednisolone
(N=10)

Placebo
(N=11)

Age (years) 49.4 (32, 63) 55.7 (37, 69)

Sex (M:F) 5:5 4:7

Current use of DMARDs 10 10

Rheumatoid Factor Positive (%) 70 55

Biopsied joint (knee:wrist:ankle) 7:2:1 8:3:0

Mean (range) Mean (range)

ESR (mm/h) 29.8 (4, 107) 27.4 (5, 92)

CRP (mg/L) 12.5 (3, 150) 16.3 (3, 97)

DAS28 6.27 (4.59, 7.98) 5.98 (4.56, 7.59)

Median (range) Median (range)

Disease Duration (months) 17.0 (2, 134) 22.0 (3, 168)

Morning stiffness (mins) 30.0 (0, 330) 60.0 (0, 960*)

Mean (range) Mean (range)

Pain assessment of biopsied joint
(VAS 0-100) 48.5 (0, 100) 47.3 (5, 83)

Subjects assessment of pain (VAS 0-100) 56.3(0, 96) 46.4(16, 83)

Subject’s global assessment of disease activity 
(VAS 0-100) 69.2 (49, 100) 55.0 (15, 100)

Doctor’s global assessment of disease activity 
(VAS 0-100) 59.0 (37, 76) 45.2 (9, 76)

Tender joint count 12.9 (6, 26) 13.0 (5, 23)

Swollen joint count 12.6 (6, 25) 10.7 (3, 17)

HAQ (0-3) 1.92 (1.1, 2.7) 1.92 (1.2, 3.0)

* 960 minutes indicates ‘all day’ morning stiffness
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ond patient, a portal inflammation of the knee developed after the first arthroscopic 
procedure, but that patient completed the study. One subject receiving prednisolone 
reported weight gain and bruising.

Clinical response

As expected, there was a marked positive effect of prednisolone treatment on the 
Disease Activity Score in 28 joints (DAS28) (24). After treatment, the mean DAS28 was 
2.0 units lower (95% confidence interval (95% CI) 1.0-3.0) in patients who received 
prednisolone than in those who received placebo (Figure 1). The mean (± SD) DAS28 
decreased from 6.27 ± 0.95 before prednisolone therapy to 4.11 ± 1.43 after therapy. This 
effect was not observed in the placebo group, in which the mean (± SD) DAS28 was 5.98 
± 0.99 before treatment versus 5.68 ± 1.31 after treatment. After 2 weeks of treatment, 
an ACR20 improvement response was observed in 7 patients in the prednisolone group 
but in none of the patients in the placebo group. The ESR and the CRP level, respectively, 
were 69% lower (95% CI 54-79%) and 70% lower (95% CI 48-92%) after prednisolone 
treatment than after placebo treatment. For the ESR, the geometric mean declined from 
29.81 mm/hour (coefficient of variation (CV) 123.89%) before prednisolone treatment 
to 10.29 mm/hour (CV 118.67%) after treatment. For the CRP level, the geometric mean 
declined from 12.53 mg/liter (CV 181.35%) before prednisolone treatment to 4.34 mg/
liter (CV 92.38%) after treatment.

Serum cytokine levels were generally too low to be detected, with the exception of 
IL-18. Mean levels of IL-18 decreased from 219.0 ± 119.2 pg/ml before treatment to 179.7 

                                                                                                                                                   1 

Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
A

S
28

2.00

3.00

4.00

5.00

6.00

7.00

8.00

Prednisolone
Pre

Prednisolone
Post

Placebo
Pre

Placebo
Post

Figure 1. Effect of treatment with either prednisolone or placebo on the individual DAS28. A marked 
reduction is seen after 2 weeks of prednisolone treatment.
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± 80.1 pg/ml after treatment in the prednisolone group. In the placebo group, the mean 
level decreased from 181.9 ± 121.5 pg/ml to 170.2 ± 106.4 pg/ml. These data were not 
formally analyzed.

The level of serum MMP-3 was, on average, 1.8-fold higher following prednisolone 
therapy compared with placebo therapy; however the 95% CI was wide (0.76-4.22).

For urine markers, there was a trend toward a reduction in urinary pyridinoline, deoxy-
pyridinoline, and markers of bone degradation corrected for creatinine measurements; 
however the 95% CIs included the value for no effect, possibly due to the relatively small 
numbers of patients.

Immunohistochemical findings

Synovial tissue from 19 of the 20 patients who completed the study could be analyzed 
before treatment and after 2 weeks of treatment. One synovial tissue sample did not 
contain an intimal lining layer and was omitted from analysis. The results of this analysis 
are shown in Table 2. For macrophages, the estimated effect of prednisolone was large. 
Patients receiving prednisolone had fewer (mean 628 cells/mm2 (95% CI 328-927)) 
macrophages after therapy compared with those receiving placebo. In the predni-
solone group, the total number of CD68 cells decreased from 1,038 ± 283 cells/mm2 
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Figure 2a. 
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Figure 2A. Representative photomicrograph showing CD68+ macrophages (red-brown) in rheumatoid 
synovial tissue before and after treatment with prednisolone or placebo (original magnification ×200). 
A marked reduction in the number of CD68+ macrophages was observed after 2 weeks of prednisolone 
treatment.
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before treatment to 533 ± 248 cells/mm2 after treatment, whereas in the placebo group 
there was an increase from 836 ± 408 cells/mm2 to 1,052 ± 422 cells/mm2. This effect 
of prednisolone was mainly attributable to a decrease in the number of macrophages 
localized in the synovial sublining. A representative picture of CD68 staining before and 
after treatment is shown in Figure 2A. Graphs showing the effect of treatment on CD68+ 
sublining macrophages and total CD68+ macrophages are shown in Figures 2B and 2C, 
respectively.

Table 2. Results of immunohistochemical analysis of synovial tissue obtained from patients with 
rheumatoid arthritis*

Prednisolone
Pre

Prednisolone
Post

Placebo
Pre

Placebo
Post

CD68 total 1,038.0±283.2 533.1±248.1 835.8±408.1 1,052±421.9

CD68 lining 144.2±84.7 94.5±86.3 93.9±91.5 125.2±100.0

CD68 sublining 950.4±285.0 462.5±226.5 765.4±405.2 963.0±452.6

CD32 1,558.7(450.7) 1,029.8 (643.4) 1369.3 (797.0) 1371.1 (656.9)

CD163 203.4 (190.9%) 96.0 (159.6%) 156.6 (509.5%) 291.4 (90.8%)

CD14 380.8 (89.4%) 209.4 (67.7%) 299.4 (378.0%) 240.5 (308.6%)

CD64 359.9 (171.0%) 137.8 (101.3%) 243.4 (247.6%) 225.0 (249.0%)

CD5 1,936.9 (933.8%) 187.6 (782.8%) 1,909.6 (784.0%) 2,668.0 (401.3%)

CD22 11.4 (372.5%) 6.1 (159.1%) 5.2 (790.4%) 11.6 (752.7%)

CD38 36.6(1935.7%) 17.6 (1669.3%) 128.1(349.6%) 103.1 (460.1%)

CD138 35.5 (240.0%) 33.6 (130.7%) 44.9 (437.9%) 37.8 (234.1%)

CD3 215.0 (166.6%) 147.6 (96.4%) 245.1 (125.1%) 258.0 (161.2%)

CD4 212.0 (231.1%) 48.2 (172.1%) 137.5 (331.4%) 220.9 (104.9%)

CD8 47.6 (143.3%) 28.4 (192.8%) 29.3 (82.3%) 26.4 (150.5%)

Granzyme B 1631.2 (207.9%) 1268.1 (306.5%) 1020.0 (894.2%) 488.1 (5993.5%)

CD55 1,041.2 (63.5%) 608.6 (59.5%) 834.4 (60.9%) 931.1 (44.2%)

CCR1 10,201 (243.8%) 9,918.0 (138.5%) 21,890 (180.6%) 16,779 (253.4%)

TNF-α 177,050 (56%) 87,855 (95%) 143,530 (66%) 166,214 (51%)

IL-1-α 124,739 (135.2%) 88,138 (88.1%) 172,152 (85.9%) 121,322 (82.4%)

IL-1β 248,882 (52%) 147,428 (39%) 210,060 (54%) 239,060 (22%)

MMP1 361.1 (6620.7%) 85.5 (321.5%) 266.7 (2912.6 %) 196.3 (605.4%)

MMP13 421.2 ( 77.8%) 368.9 (67.8%) 321.7 (79.0%) 381.4 (77.7%)

αvβ3 20,728 (270%) 7,966 (179%) 9,443 (171%) 16,111 (63%)

BFGF 5,637 (414%) 1,903 (225%) 5,679 (383%) 3,242 (187%)

VEGF 47,895±25,060 38,264±37,251 32,000±24,867 54,199±28,205

VWF+ vessels 65.0±16.9 52.6±13.4 46.4±17.5 51.2±19.8

* Values for CD68+ macrophages and CD32+ cells (Fc γ receptor II) are the mean ± SD cells/mm2. 
Values for CD163+ macrophages (overall), CD14+ cells (monocytes), CD64+ cells (Fcγ receptor I), CD5+ 
lymphocytes (B and T cells), CD22+ lymphocytes (B cells), CD38+ cells (plasma cells), CD138+ cells (plasma 
cells), CD3+ (T cells), CD4+ and CD8+ T cells, Granzyme B+ cells, CCR1+ cells (chemokine receptor), and 
CD55+ fibroblast-like synoviocytes are the geometric mean (coefficient of variation [CV] [%]) positive 
cells/mm2. Values for tumor necrosis factor α (TNFα), interleukin-1α (IL-1α), IL-1β, matrix metalloproteinase 
1 (MMP-1), MMP-13, αvβ3, basic fibroblast growth factor (bFGF), vascular endothelial growth factor 
(VEGF), and von Willebrand’s factor (vWF+) vessels are the geometric mean (% CV) or the mean ±  SD 
integrated optical density.
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Figure 2B. Graph showing the effect of treatment with prednisolone on sublining (SL) CD68+ 
macrophages. A marked reduction was observed after 2 weeks of prednisolone treatment.
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Figure 2C. Graph showing the effect of treatment with prednisolone on total CD68+ macrophages. A 
marked reduction was observed after 2 weeks of prednisolone treatment.
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There was also a decrease following prednisolone treatment in the number of CD5+ 

stained cells (B cells and T cells), CD163+ stained cells (macrophages), and CD4+ stained 
cells, accompanied by increases in the placebo group, combining to result in a large dif-
ference between the treatment groups in these markers. There were clear trends toward 
decreased infiltration by CD38+ plasma cells and CD55+ fibroblast-like synoviocytes 
after active treatment, but CIs included the value for no treatment effect.

Staining for cytokines showed that expression IL-1β was 40% lower (95% CI 18-56%) 
following prednisolone therapy compared with placebo (the geometric mean integrated 
optical density (IOD) decreased from 248,882 (CV 52%) to 147,428 (CV 39%) following 
prednisolone treatment), and expression of TNFα was 52% lower (95% CI 10-74%) fol-
lowing prednisolone therapy versus placebo (the geometric mean IOD decreased from 
177,050 (CV 56%) to 87,855 (CV 95%) after prednisolone treatment). This effect was 
mainly attributable to changes in the synovial sublining (Figure 3).

A trend toward decreased vascularity was observed in the prednisolone-treated group 
for markers of angiogenesis studied, especially in αvβ3+ newly formed blood vessels 
(change in geometric mean IOD from 20,728 (CV 270%) to 7,966 (CV 179%)). This was 
60% lower (95% CI 84% lower to 3% higher) after prednisolone therapy compared with 
placebo.
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Figure 3. Representative photomicrograph showing tumor necrosis factor α (TNFα) expression (reddish-
brown staining) in rheumatoid synovial tissue before and after treatment with prednisolone or placebo 
(magnification ×200). A strong decrease in TNFα expression after 2 weeks of prednisolone treatment.
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For all other markers analyzed, estimates for the size of treatment effect varied widely, 
with many of them showing a trend toward a reduction in the prednisolone group; 
however, CIs included the value for no effect.

Discussion

This study was conducted to address the question of which features in RA synovial tissue 
samples could be used as a biomarker for clinical efficacy in relatively small studies of 
short duration. The results presented here show that clinically effective prednisolone 
therapy (the COBRA regimen) is particularly associated with a marked reduction in mac-
rophage infiltration in the synovial tissue from RA patients after 2 weeks of treatment.

Results of a previous study suggested a decrease in T cell numbers after at least 6 
months of treatment with gold; macrophages were not analyzed in that study (25). 
Another study that included the evaluation of macrophages showed a clear reduction in 
macrophages 12 weeks after gold therapy (26). The expression of macrophage-derived 
cytokines such as IL-1β, TNFα, and IL-6 was also found to be reduced (26). Similarly, 
16 weeks of treatment with methotrexate led to a decrease in the numbers of various 
inflammatory cells, including T cells, plasma cells, and macrophages (15;27). The expres-
sion of macrophage-derived cytokines, adhesion molecules, and MMPs was also reduced 
after methotrexate treatment (15;27;28). Similar effects were observed after effective 
treatment with leflunomide (15). Consistent with the results from the present study 
after 2 weeks of corticosteroid treatment, a marked reduction in the number of synovial 
macrophages was reported in patients who achieved clinical remission, as defined by 
the ACR response criteria, after 3 months of treatment with various DMARDs (29).

Treatment with biologic agents and targeted small molecules, including infliximab 
(29-32), etanercept (33), anakinra (8), and a specific CCR1 antagonist (34), also resulted 
in decreased synovial cellularity. Results of these studies support the notion that there 
is a possible relationship between changes in macrophage numbers and both expres-
sion of macrophage-derived cytokines and clinical improvement. Of interest, treatment 
with infliximab induced a significant reduction in macrophage numbers only 48 hours 
after the first infusion of the antibody, especially in those patients who fulfilled the Euro-
pean League Against Rheumatism response criteria 1 month after initiation of anti-TNF 
therapy (35). The change in sublining macrophage numbers was far more pronounced 
than changes in other cell types.

Taken together, the experience with both DMARDs and targeted therapies generally 
suggests that, although the mechanism of action may differ among different therapeu-
tic strategies, the ultimate effect associated with clinical improvement is a reduction in 
numbers of macrophages and the expression of macrophage-derived cytokines in the 
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synovium. Consistent with this concept, stepwise multiple regression analysis revealed 
that these same biomarkers were associated with scores for local disease activity in RA 
in a cross-sectional study (36). The present study is the first placebo-controlled trial us-
ing a known clinically effective therapy designed to identify synovial tissue biomarkers 
associated with clinical efficacy after short-term treatment in a relatively small number 
of patients. Consistent with suggestions from previous studies described above, the 
ANCOVA model confirmed that the number of macrophages in the synovial sublining 
could be used as a biomarker for clinical efficacy.

The changes in the synovium might be explained in part by changes in cell migration 
attributable to reduced expression of adhesion molecules and chemokines, as sug-
gested previously (37-39). In addition, the results from this study indicate that inhibition 
of (neo)angiogenesis could play a role as well. There was a trend toward reduced expres-
sion of various markers of angiogenesis (VEGF, bFGF, and αvβ3). Corticosteroids may 
have direct effects on these factors (40;41). In addition, indirect effects due to inhibition 
of chemokine and cytokine expression could play a role (42). Although there were clear 
trends in the same direction for factors involved in angiogenesis, the 95% CIs included 
the value for no effect, possibly due to the relatively small number of patients.

There were also trends toward decreased infiltration by T cells, plasma cells, and 
fibroblast-like synoviocytes after active treatment. Conceivably, these changes would 
be more pronounced after more prolonged treatment, similar to observations in serial 
biopsy specimens obtained after treatment with various DMARDs (29). In addition, the 
expression of TNFα and IL-1β was greatly reduced in rheumatoid synovial tissue com-
pared with placebo, in accordance with previous studies (6;43). It should be noted that 
these cytokines are mainly produced by macrophages in the inflamed synovium.

In conclusion, prednisolone therapy is associated with a marked reduction in synovial 
tissue macrophage infiltration. These data lend further support to the hypothesis that 
synovial sublining layer macrophages represent the parameter most sensitive to change 
after effective treatment of RA and may be used as a biomarker when novel therapeutic 
agents for RA are screened for potential efficacy.
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Abstract

Background. Previous work identified synovial sublining macrophage numbers as a 
potential biomarker for clinical efficacy in rheumatoid arthritis.
Objective. To investigate the association between changes in infiltration of synovial 
macrophages and clinical improvement after anti-rheumatic treatment.
Methods. 88 patients who participated in various clinical trials were studied. All patients 
underwent serial arthroscopy before initiation of treatment and after different time in-
tervals. Immunohistochemical and digital image analysis were performed according to 
standardised procedures to detect changes in CD68+ synovial sublining macrophages 
in relationship to changes in the 28 joint count Disease Activity Score (DAS28). Statistical 
analysis was performed using one-way analysis of variance, the independent samples t 
test, linear regression, and the standardised response mean (SRM).
Results. For good, moderate, and non-responders, according to the DAS28 response 
criteria, there was a significant difference in the change in sublining macrophages 
(mean (SEM) cells/mm2 -643 (124), -270 (64), and -95 (60), respectively; P < 0.0003). 
There was a significant correlation between the change in the number of macrophages 
and the change in DAS28 (Pearson correlation 0.874, P < 0.01). The change in sublining 
macrophages explained 76% of the variation in the change in DAS28 (P < 0.02). The 
sensitivity to change of the biomarker was high in patients treated actively (SRM > 0.8), 
whereas the ability to detect changes in placebo treated patients was weak (SRM <0.3).
Conclusion. The results suggest that changes in synovial sublining macrophages can be 
used to predict possible efficacy of anti-rheumatic treatment.
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Introduction

The recent increase in the development of a variety of new, targeted therapies clearly 
raises the need for sensitive biomarkers, which could be used for selection purposes 
during the development process. The acquisition of optimal tissue samples has been 
greatly enhanced by technological developments in needle arthroscopy (1). Reliable 
microscopic quantification of synovial inflammation has been facilitated by advances 
in computerized image analysis. By these means, sequential synovial biopsy specimens 
have recently been analysed in several clinical trials evaluating the effects of disease 
modifying anti-rheumatic drugs (DMARDs), biological treatments, and targeted small 
molecules. These studies suggested consistent associations between the rapidity and 
magnitude of both the clinical and immunohistological responses. No consensus, how-
ever, has previously emerged as to the optimal markers in tissues that are representative 
of disease activity or sensitive to change.

A prior cross sectional study in 62 patients with rheumatoid arthritis (RA) using 
stepwise multiple regression analysis showed that scores for local disease activity are 
particularly associated with the number of macrophages in the synovial sublining as 
well as the expression of macrophage-derived cytokines (2). Recently, we conducted 
a randomized trial to answer the question of which feature in RA synovial tissue (ST) 
samples could be used as a biomarker for clinical efficacy in relatively small studies of 
short duration (3). Patients received either prednisolone according to the COBRA regi-
men (4) or placebo for 2 weeks. ST samples were obtained before the start of treatment 
and at 2 weeks. Twenty four immunohistological markers were investigated in this study. 
Each of the endpoints was statistically analysed using an analysis model of covariance. 
The model fitted included terms for treatment as a fixed effect and the baseline measure-
ment as a covariate. The aim was to assess the treatment difference. This study identified 
sublining macrophages as the best biomarker associated with the clinical response to 
corticosteroids (3).

The utility of CD68+ macrophages in the sublining layer as a candidate biomarker 
now requires to be tested across discrete interventions and kinetics. The objective of 
this study was to investigate the changes in this biomarker after different treatments 
and after different time intervals in relationship to the clinical response to treatment to 
validate the analysis of synovial macrophages in clinical studies.
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Patients and Methods

Patients

ST was obtained by arthroscopy under local anaesthesia at two different time points from a 
clinically active wrist, knee, or ankle joint of each of 88 patients who fulfilled the American 
College of Rheumatology criteria for RA (5). Before each arthroscopy the 28 joint count 
Disease Activity Score (DAS28) was calculated (6). All patients had active disease before 
initiation of treatment, measured by a tender and swollen joint count of at least six joints in 
combination with a raised erythrocyte sedimentation rate and/or C reactive protein and/or 
significant morning stiffness. All patients were included in clinical trials and the complete 
patient group comprised seven subgroups receiving distinct treatment regimens.

Fifteen patients who were DMARD naïve for at least 28 days started treatment with 
methotrexate (MTX) (7), at 7.5 mg/week and increased stepwise to 15.0 mg/week in 12 
weeks. Synovial biopsy specimens were taken before initiation of treatment and after 
112 days of treatment from the same joint.

Fifteen patients who were DMARD naïve for at least 28 days started receiving lefluno-
mide (LEF) after the first arthroscopy (7), at a loading dose of 100 mg/day during the first 
3 days and then 20 mg/day thereafter. Synovial biopsy specimens were obtained before 
initiation of treatment and after 112 days of treatment from the same joint.

Ten patients who were receiving stable DMARD treatment (MTX, sulfasalazine, hy-
droxychloroquine, LEF, or a combination of these drugs) for at least 28 days were given 
2 weeks’ oral treatment of prednisolone at 60mg/day for 7 days followed by 40mg/day 
for another 7 days (3). Before treatment and at 2 weeks synovial biopsy specimens were 
taken from the same joint.

Infliximab treatment was started in 20 patients. These patients were receiving stable 
MTX for at least 28 days before infliximab treatment and stable prednisone was allowed 
at ≤ 10 mg/day. Patients were dosed with 3 mg/kg infliximab on day 1 (directly after the 
first arthroscopy) and on day 15 (8). Arthroscopies were performed before initiation of 
treatment and, on average, after 28 days.

Ten patients with active RA who were receiving stable DMARD treatment for at least 
28 days were treated with a specific CCR1 antagonist (9). Patients were allowed to use 
stable low dose prednisone ≤ 10 mg/day. They underwent arthroscopy directly before 
and after 14 days of treatment.

Some of the above mentioned clinical trials were placebo controlled studies (3;8;9). 
Therefore this allowed us to include a control group of 18 patients who underwent 
serial synovial biopsies at different intervals while they were receiving stable DMARD 
treatment (mostly MTX). These patients received a placebo treatment as detailed in the 
referred studies.
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Arthroscopy

Synovial tissue was obtained by arthroscopy under local anaesthesia in all patients at 
baseline (before treatment) and directly after completion of each treatment strategy. 
Arthroscopies, tissue sampling, and storage were performed according to standardised 
procedures, as described previously in detail (7).

Immunohistochemistry

Synovial tissue sections were stained with a monoclonal mouse-antihuman anti-CD68 
antibody (EBM11; Dako, Glostrup, Denmark). Sections with non-assessable tissue, de-
fined by the absence of an intimal lining layer, were omitted before analysis. For control 
sections, the primary antibodies were omitted or irrelevant isotype matched mouse 
antibodies were applied. Staining was performed according to a three step immunoper-
oxidase method as previously described in detail (10).

Digital image analysis

Stained slides were evaluated by computer assisted image analysis. All sections were 
coded and analysed in a random order by an independent observer who was unaware of 
the clinical data, as described previously (11). For each patient the change in the number 
of total positive cells per square millimetre ST was calculated for sublining macrophages, 
and intimal macrophages were also evaluated.

Statistical analysis

Mean differences between independent groups were determined by one way analysis 
of variance and the independent samples t test; significant differences were confirmed 
by non-parametric tests. The association between the clinical measurements and the 
immunohistochemical results was quantified using Pearson’s correlation coefficient. The 
immunohistochemical factors with significant correlation coefficients (P < 0.05) were 
entered into a linear regression analysis, testing for variables capable of explaining 
clinical response. The immunohistochemical markers were assigned as the independent 
variable. The probability of a significant association between the independent and 
dependent variables was defined as P < 0.05.

Standardized response means (SRMs) of the clinical scores and immunohistochemical 
scores were calculated to evaluate the ability of these measurements to detect changes 
over time in the different study groups. The SRM is the mean change in a score in a 
defined period of time divided by the standard deviation of the change in that score. An 
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SRM of >0.8 is considered high, representing a change of at least four fifths of a standard 
deviation of the change in the score. An SRM of 0.5 is defined as having a moderate 
potential to detect changes, and an SRM of 0.2 as having low potential (12).

Results

Clinical features

Eighty eight patients were included and analysed in this study. Table 1 shows their 
baseline disease activity and treatment characteristics. All patients had active disease 
at baseline as measured by the DAS28 (mean (SEM) 6.02 (0.11)). On average, there were 
no differences in age, sex, and disease duration between the different subgroups; for 
further demographic and clinical characteristics we refer to the published data of all 

Table 1. Treatment characteristics and baseline disease activity

Treatment Active/Control 
group

Number of 
patients

Interval
(days)

DAS28 baseline
Mean [range]

Methotrexate Active 15 112 6.15 [4.50-7.83]

Leflunomide Active 15 112 6.05 [4.38-7.31]

Prednisone Active 10 14 6.26 [4.58-7.98]

Infliximab Active 20 27 6.07 [4.14-8.21]

CCR1 antagonist Active 10 14 5.84 [4.31-6.95]

Stable MTX Control 6 2 5.97 [4.22-8.21]

Stable DMARD Control 12 14 5.69 [3.43-7.59]

Overall 88
 [total]

53 [5]
(mean [s.e.m.])

6.02 [0.11]
(mean [s.e.m.])

Table 2. Mean (SEM) change in DAS28, mean (SEM) change in the number of intimal lining CD68+ 
macrophages, mean (SEM) change in the number of sublining CD68+ macrophages, and the mean 
percentage change in sublining CD68+ macrophages compared with baseline for each substudy.

Treatment
(No; interval)

Change in the 
number of intimal 
lining CD68+ 
macrophages 
Mean (SEM)

Change in the 
number of 
sublining CD68+ 
macrophages 
Mean (SEM)

Change for 
sublining CD68+ 
macrophages 
Mean %

Change in 
DAS28 Mean 
(SEM)

Prednisolone start (10; 14) −35 (46) −492 (89) −51 −2.15 (0.40)

Infliximab (Remicade) (20; 28) −100 (30) −275 (84) −47 −1.39 (0.28)

Leflunomide start (15; 112) −28 (17) −286 (112) −38 −1.29 (0.31)

Methotrexate start (15; 112) −44 (17) −292 (106) −41 −1.36 (0.25)

CCR1 antagonist (10; 14) −192 (81) −338 (131) −44 −0.72 (0.27)

Stable DMARD (12; 14) +40 (38) +152 (107) +13 −0.23 (0.10)

Stable MTX (6; 2) −71(29) +26 (158) +22 +0.07 (0.28)

Active treatment grouped (70; 53) −76 (17) −321 (46) −44 −1.37 (0.14)

Controls grouped (18; 10) +3 (29) +110 (87) + 17 −0.13 (0.12)
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subgroups (3,7-9). The 70 patients who started active treatment showed, on average, a 
significant change in the DAS28 of -1.37 (0.14) (mean (SEM)) after treatment (P < 0.001), 
whereas the DAS28 remained the same in the 18 control patients (change in DAS28 
-0.13 (0.12); table 2).

The number of good, moderate, and non-responders was calculated for all patients 
according to the DAS28 response criteria (13). In total, 11 patients fulfilled the criteria for 
good responders (that is, improvement > 1.2 and DAS28 at end point ≤ 3.2), 35 patients 
were moderate responders (that is, improvement >0.6 and ≤ 1.2 and DAS28 at end 
point ≤ 5.1, or improvement > 1.2 and DAS28 at end point > 3.2), and 42 patients were 
considered non-responders.

Changes in sublining macrophages are associated with clinical improvement

Table 2 shows the changes in macrophage numbers in the intimal lining layer and sublin-
ing as well as the percentage changes in sublining macrophages compared with base-
line, in relationship to changes in the DAS28 for the various trials. There was a significant 
difference in the mean (SEM) change in the number of sublining macrophages between 
good responders (-643 (124)), moderate responders (-270 (64)), and non- responders 
(-95 (60)) (one way analysis of variance, P < 0.0003; between group differences were 
determined by t tests and confirmed by non-parametric tests). The intimal macrophages 
tended to be decreased in all groups. There were no significant differences in the mean 
change from baseline between the three response groups for the number of intimal 
macrophages (Figure 1).

the published data of all subgroups.3 7–9 The 70 patients who
started active treatment showed, on average, a significant
change in the DAS28 of 21.37 (0.14) (mean (SEM)) after
treatment (p,0.001), whereas the DAS28 remained the same
in the 18 control patients (change in DAS28 20.13 (0.12);
table 2).
The number of good, moderate, and non-responders was

calculated for all patients according to the DAS28 response
criteria.13 In total, 11 patients fulfilled the criteria for good
responders (that is, improvement .1.2 and DAS28 at end
point (3.2), 35 patients were moderate responders (that is,
improvement .0.6 and (1.2 and DAS28 at end point (5.1,
or improvement .1.2 and DAS28 at end point .3.2), and 42
patients were considered non-responders.

Changes in sublining macrophages are associated
with clinical improvement
Table 2 shows the changes in macrophage numbers in the
intimal lining layer and sublining as well as the percentage
changes in sublining macrophages compared with baseline,
in relationship to changes in the DAS28 for the various trials.
There was a significant difference in the mean (SEM) change
in the number of sublining macrophages between good
responders (2643 (124)), moderate responders (2270 (64)),
and non-responders (295 (60)) (one way analysis of

variance, p,0.0003; between group differences were deter-
mined by t tests and confirmed by non-parametric tests). The
intimal macrophages tended to be decreased in all groups.
There were no significant differences in the mean change
from baseline between the three response groups for the
number of intimal macrophages (fig 1).
Of interest, the mean change in the number of sublining

macrophages for each substudy was highly correlated with
the mean change in DAS28, according to the two tailed
Pearson correlation coefficient (Pearson correlation 0.874,
p,0.01) (fig 2). There were no correlations between the
change in intimal macrophages and the change in DAS28
(data not shown). Linear regression analysis, weighted for
the number of patients in each substudy, showed that the
mean change in sublining macrophages could significantly
explain 76% of the variance in the mean change in DAS28
grouped for each substudy (p,0.02).

Changes in sublining macrophages may predict active
treatment
To determine the sensitivity to change, SRMs of the changes
after treatment were calculated. Figure 3 shows that the
SRMs in individual substudies were high for both sublining
macrophages and DAS28 after active treatment. When
patients from all active treatment substudies were grouped

Table 2 Mean (SEM) change in DAS28, mean (SEM) change in the number of intimal
lining CD68+ macrophages, mean (SEM) change in the number of sublining CD68+
macrophages, and the mean percentage change in sublining CD68+ macrophages
compared with baseline for each substudy

Treatment

Change in the
number of intimal
lining CD68+
macrophages

Change in the
number of
sublining CD68+
macrophages

Change for
sublining CD68+
macrophages

Change in
DAS28

(No; interval) Mean (SEM) Mean (SEM) Mean % Mean (SEM)

Prednisolone start (10; 14) 235 (46) 2492 (89) 251 22.15 (0.40)
Infliximab (Remicade) (20; 28) 2100 (30) 2275 (84) 247 21.39 (0.28)
Leflunomide start (15; 112) 228 (17) 2286 (112) 238 21.29 (0.31)
Methotrexate start (15; 112) 244 (17) 2292 (106) 241 21.36 (0.25)
CCR1 antagonist (10; 14) 2192 (81) 2338 (131) 244 20.72 (0.27)
Stable DMARD (12; 14) +40 (38) +152 (107) + 13 20.23 (0.10)
Stable MTX (6; 2) 271(29) +26 (158) + 22 +0.07 (0.28)
Active treatment grouped (70; 53) 276 (17) 2321 (46) 244 21.37 (0.14)
Controls grouped (18; 10) +3 (29) +110 (87) + 17 20.13 (0.12)
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Figure 1 Mean values of the change compared with baseline in (A) the number of CD68+ macrophages in the intimal lining layer and (B) the synovial
sublining for, respectively, non-responders, moderate responders, and good responders according to the DAS28 response criteria in the total study
group.
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Figure 1. Mean values of the change compared with baseline in (A) the number of CD68+ macrophages 
in the intimal lining layer and (B) the synovial  sublining for, respectively, non-responders, moderate 
responders, and good responders according to the DAS28 response criteria in the total study group.
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136 Of interest, the mean change in the number of sublining macrophages for each sub-
study was highly correlated to the mean change in DAS28, according to the two tailed 
Pearson correlation coefficient (Pearson correlation 0.874, P < 0.01) (Figure 2). There were 
no correlations between the change in intimal macrophages and the change in DAS28 
(data not shown). Linear regression analysis, weighted for the number of patients in each 
substudy, showed that the mean change in sublining macrophages could significantly 
explain 76% of the variance in the mean change in DAS28 grouped for substudy (P < 
0.02).

Changes in sublining macrophages may predict active treatment

To determine the sensitivity to change, SRMs of the changes after treatment were calcu-
lated. Figure 3 shows that the SRMs in individual substudies were high for both sublining 
macrophages and DAS28 after active treatment. When patients from all active treatment 
substudies were grouped (n=70), the SRMs of the change in both the DAS28 and sublin-
ing macrophages were high (1.16 and 0.83, respectively). In the control group where the 
second biopsy was performed after 2 days (n=6) the SRM for both DAS28 and sublining 
macrophages was close to zero (0.10 and 0.07, respectively). In the control group where 
the second biopsy was performed after 2 weeks (n=12), the SRM for the DAS28 was -0.64 
and the SRM for sublining macrophages 0.40. When both control groups were grouped 

(n=70), the SRMs of the change in both the DAS28 and
sublining macrophages were high (1.16 and 0.83, respec-
tively). In the control group where the second biopsy was
performed after 2 days (n=6) the SRM for both DAS28 and
sublining macrophages was close to zero (0.10 and 0.07,
respectively). In the control group where the second biopsy
was performed after 2 weeks (n=12), the SRM for the
DAS28 was 20.64 and the SRM for sublining macrophages
0.40. When both control groups were grouped the SRM for
the change in DAS28 was 20.23 and the SRM for the change
in sublining macrophages was 0.30, consistent with the
notion that the biological marker is less susceptible to placebo
effects or expectation bias than clinical evaluation.

DISCUSSION
The results of this study show that changes in numbers of
synovial sublining macrophages correlate with clinical
improvement independently of the therapeutic strategy.
Furthermore, this study demonstrates that the change in
the numbers of sublining macrophages may be used to
explain clinical outcome. Of importance, the data indicate
that the change in the number of sublining macrophages
could be used as a sensitive biomarker to predict possible
efficacy of a new antirheumatic treatment.
Previous work suggested an association between the

number of synovial macrophages and joint destruction in
RA.14 Moreover, analysis of the synovial cell infiltrate
demonstrated a positive correlation between scores for local
disease activity and the number of macrophages as well as
expression of macrophage derived cytokines (tumour necro-
sis factor a (TNFa) and interleukin (IL) 6) in rheumatoid ST,
suggesting that macrophage numbers are associated with
clinical signs of inflammation.2 In keeping with this concept,
macrophage numbers are increased in clinically affected
joints compared with clinically non-affected joints of patients
with RA.15 It appears likely that various pathogenetic
mechanisms might lead to a final common pathway resulting
in synovial macrophage activation. This may cause increased
production of a variety of proinflammatory cytokines and
chemokines, which play a part in the development of

symptoms like pain and swelling.16–18 The importance of
macrophage derived cytokines for the clinical expression of
the disease is underlined by the beneficial effect of strategies
aimed at targeting TNFa, IL1, and IL6.19–21 Of note, most of
the macrophages in actively inflamed joints are localised by
far in the synovial sublining rather than in the intimal lining
layer.22

The results presented here are consistent with previous
studies examining the effects of treatment with DMARDs
and biological agents at the site of inflammation. It has been
shown that various effective agents like gold, sulfasalazine,
MTX, and LEF can reduce macrophage infiltration in RA
ST.7 23–25 Moreover, a predominant reduction in macrophage
numbers of the synovial membrane has been reported in
patients who achieved clinical remission as defined by the
American College of Rheumatology criteria, induced by the
use of various DMARDs.26 Similarly, treatment with anti-
TNFa antibodies and the IL1 receptor antagonist reduced
macrophage numbers.8 27 28 The same results were obtained
using a specific CCR1 antagonist.9

It should be noted that inflammatory cells other than
macrophages may also be reduced after antirheumatic
treatment, depending on the specific mechanism of action
and the duration of treatment. Obviously, these specific cell
types and their mediators of inflammation also need to be
evaluated in studies focusing on the mechanism of action of
targeted treatments. The immunohistological variables may
correlate with each other to a certain extent. Recently, we
conducted a study to provide a greater understanding of the
changes in the ST alongside clinical response by using a
known clinically effective treatment, prednisolone.3 The
analysis model of covariance showed that clinically effective
prednisolone treatment was particularly associated with a
marked reduction in macrophage infiltration in the RA ST
after 2 weeks of treatment. Comparable results were obtained
after infliximab treatment.8

As a result of these observations, we investigated whether
this biomarker might exhibit similar changes after different
therapeutic regimens and after varying lengths of treatment.
The results of this study show that this is the case. There is a
highly significant correlation between changes in sublining
macrophages and clinical improvement, independent of the
specific treatments studied. The changes may be observed as
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Figure 2. Correlation between the mean change for each substudy in the number of CD68+ sublining 
macrophages and the mean change in DAS28 (P < 0.01, Pearson correlation 0.874, weighted linear 
regression P <0.02, R2 = 0.755, 95% confidence interval (95% CI) 0.001 to 0.005). t, interval between the 
first and second measurement, n, number of patients; TI, treatment initiation.



Chapter 8
Synovial tissue m

acrophages

137
the SRM for the change in DAS28 was -0.23 and the SRM for the change in sublining 
macrophages was 0.30, consistent with the notion that the biological marker is less 
susceptible to placebo effects or expectation bias than clinical evaluation.

Discussion

The results of this study show that changes in numbers of synovial sublining mac-
rophages correlate with clinical improvement independently of the therapeutic strat-
egy. Furthermore, this study demonstrates that the change in the numbers of sublining 
macrophages may be used to explain clinical outcome. Of importance, the data indicate 
that the change in the number of sublining macrophages could be used as a sensitive 
biomarker to predict possible efficacy of a new anti-rheumatic treatment.

Previous work suggested an association between the number of synovial macrophages 
and joint destruction in RA (14). Moreover, analysis of the synovial cell infiltrate demon-
strated a positive correlation between scores for local disease activity and the number of 
macrophages as well as expression of macrophage derived cytokines (tumour necrosis 
factor α (TNFα) and interleukin (IL) 6) in rheumatoid ST, suggesting that macrophage 
numbers are associated with clinical signs of inflammation (2). In keeping with this 
concept, macrophage numbers are increased in clinically affected joints compared 
to clinically non-affected joints of patients with RA (15). It appears likely that various 
pathogenetic mechanisms might lead to a final common pathway resulting in synovial 

(n=70), the SRMs of the change in both the DAS28 and
sublining macrophages were high (1.16 and 0.83, respec-
tively). In the control group where the second biopsy was
performed after 2 days (n=6) the SRM for both DAS28 and
sublining macrophages was close to zero (0.10 and 0.07,
respectively). In the control group where the second biopsy
was performed after 2 weeks (n=12), the SRM for the
DAS28 was 20.64 and the SRM for sublining macrophages
0.40. When both control groups were grouped the SRM for
the change in DAS28 was 20.23 and the SRM for the change
in sublining macrophages was 0.30, consistent with the
notion that the biological marker is less susceptible to placebo
effects or expectation bias than clinical evaluation.

DISCUSSION
The results of this study show that changes in numbers of
synovial sublining macrophages correlate with clinical
improvement independently of the therapeutic strategy.
Furthermore, this study demonstrates that the change in
the numbers of sublining macrophages may be used to
explain clinical outcome. Of importance, the data indicate
that the change in the number of sublining macrophages
could be used as a sensitive biomarker to predict possible
efficacy of a new antirheumatic treatment.
Previous work suggested an association between the

number of synovial macrophages and joint destruction in
RA.14 Moreover, analysis of the synovial cell infiltrate
demonstrated a positive correlation between scores for local
disease activity and the number of macrophages as well as
expression of macrophage derived cytokines (tumour necro-
sis factor a (TNFa) and interleukin (IL) 6) in rheumatoid ST,
suggesting that macrophage numbers are associated with
clinical signs of inflammation.2 In keeping with this concept,
macrophage numbers are increased in clinically affected
joints compared with clinically non-affected joints of patients
with RA.15 It appears likely that various pathogenetic
mechanisms might lead to a final common pathway resulting
in synovial macrophage activation. This may cause increased
production of a variety of proinflammatory cytokines and
chemokines, which play a part in the development of

symptoms like pain and swelling.16–18 The importance of
macrophage derived cytokines for the clinical expression of
the disease is underlined by the beneficial effect of strategies
aimed at targeting TNFa, IL1, and IL6.19–21 Of note, most of
the macrophages in actively inflamed joints are localised by
far in the synovial sublining rather than in the intimal lining
layer.22

The results presented here are consistent with previous
studies examining the effects of treatment with DMARDs
and biological agents at the site of inflammation. It has been
shown that various effective agents like gold, sulfasalazine,
MTX, and LEF can reduce macrophage infiltration in RA
ST.7 23–25 Moreover, a predominant reduction in macrophage
numbers of the synovial membrane has been reported in
patients who achieved clinical remission as defined by the
American College of Rheumatology criteria, induced by the
use of various DMARDs.26 Similarly, treatment with anti-
TNFa antibodies and the IL1 receptor antagonist reduced
macrophage numbers.8 27 28 The same results were obtained
using a specific CCR1 antagonist.9

It should be noted that inflammatory cells other than
macrophages may also be reduced after antirheumatic
treatment, depending on the specific mechanism of action
and the duration of treatment. Obviously, these specific cell
types and their mediators of inflammation also need to be
evaluated in studies focusing on the mechanism of action of
targeted treatments. The immunohistological variables may
correlate with each other to a certain extent. Recently, we
conducted a study to provide a greater understanding of the
changes in the ST alongside clinical response by using a
known clinically effective treatment, prednisolone.3 The
analysis model of covariance showed that clinically effective
prednisolone treatment was particularly associated with a
marked reduction in macrophage infiltration in the RA ST
after 2 weeks of treatment. Comparable results were obtained
after infliximab treatment.8

As a result of these observations, we investigated whether
this biomarker might exhibit similar changes after different
therapeutic regimens and after varying lengths of treatment.
The results of this study show that this is the case. There is a
highly significant correlation between changes in sublining
macrophages and clinical improvement, independent of the
specific treatments studied. The changes may be observed as
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SRM cut off point (moderate), the dotted line indicates the 0.8 SRM cut off point (high).
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macrophage activation. This may cause increased production of a variety of proinflam-
matory cytokines and chemokines, which play a part in the development of symptoms 
like pain and swelling (16-18). The importance of macrophage derived cytokines for 
the clinical expression of the disease is underlined by the beneficial effect of strategies 
aimed at targeting TNFα, IL1, and IL6 (19-21). Of note, most of the macrophages in 
actively inflamed joints are localised by far in the synovial sublining rather than in the 
intimal lining layer (22).

The results presented here are consistent with previous studies examining the ef-
fects of treatment with DMARDs and biological agents at the site of inflammation. It 
has been shown that various effective agents like gold, sulfasalazine, MTX, and LEF can 
reduce macrophage infiltration RA ST (7;23-25). Moreover, a predominant reduction in 
macrophage numbers of the synovial membrane has been reported in patients who 
achieved clinical remission as defined by the American College of Rheumatology cri-
teria, induced by the use of various DMARDs (26). Similarly, treatment with anti-TNFα 
antibodies and the IL1 receptor antagonist reduced macrophage numbers (8;27;28). The 
same results were obtained using a specific CCR1 antagonist (9).

It should be noted that inflammatory cells other than macrophages may be reduced 
after anti-rheumatic treatment, depending on the specific mechanism of action and 
the duration of treatment. Obviously, these specific cell types and their mediators of 
inflammation also need to be evaluated in studies focusing on the mechanism of action 
of targeted treatments. The immunohistological variables may correlate to each other 
to a certain extent. Recently, we conducted a study to provide a greater understanding 
of the changes in the ST alongside clinical response by using a known clinically effective 
treatment, prednisolone (3). The analysis model of covariance showed that clinically 
effective prednisolone treatment was particularly associated with a marked reduction 
in macrophage infiltration in the RA ST after 2 weeks of treatment. Comparable results 
were obtained after infliximab treatment (8).

As a result of these observations, we investigated whether this biomarker might 
exhibit similar changes after different therapeutic regimens and after varying lengths 
of treatment. The results of this study show that this is the case. There is a highly sig-
nificant correlation between changes in sublining macrophages and clinical improve-
ment, independent of the specific treatment studied. The changes may be observed as 
early as 14 days after initiation of effective treatment, but treatment for more prolonged 
periods results in a more pronounced decrease in macrophage infiltration. Patients 
who are good, moderate, or non-responders according to the DAS28 response criteria 
differ significantly in the changes in the number of sublining macrophages. Addition-
ally, it is possible to explain the change in DAS28 based upon the change in sublining 
macrophages, which implies a direct relationship between macrophages and clinical 
measures of disease activity.
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Moreover, we investigated the sensitivity to change of this biomarker after active 
treatment or placebo. According to the SRM, the sensitivity to change after active 
treatment is good for both DAS28 and sublining macrophages. The SRMs calculated for 
changes in DAS28 and sublining macrophages after placebo treatment suggest that the 
biological marker may be less susceptible to placebo effects or expectation bias than 
clinical evaluation. This might be explained by the subjective components included in 
clinical measures of disease activity (29). This notion is supported by a previous study 
in an independent patient cohort using semiquantitative analysis, showing unaltered 
immunohistological scores in serial synovial biopsies obtained after placebo treatment 
(30).

In conclusion, the results of this study indicate that synovial sublining macrophages 
might be used as a biomarker for the evaluation of novel anti-rheumatic treatments. In 
addition to providing insight into the mechanism of action of treatment, this approach 
may help to screen for possible efficacy.
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Abstract

Synovial biomarkers are increasingly important in the development of novel therapeutic 
agents for the treatment of rheumatoid arthritis (RA). To identify biomarkers correlating 
with changes in clinical disease activity, real-time quantitative PCR (Q-PCR) was used 
to evaluate changes in synovial gene expression after treatment with corticosteroids. 
Patients with active RA received either oral prednisolone (n=10, 60 mg daily for the first 
and 40 mg daily for the second week) or placebo (n=11) for 14 days. Real-time Q-PCR 
was used to quantify gene expression of tumour necrosis factor (TNF)α, IL1β, IL8 and 
matrix metalloproteinase (MMP) 1 in synovial tissue samples obtained through an 
arthroscopic procedure before and after treatment. mRNA levels were reported as rela-
tive expression units (REU) compared to a cell-based standard. Statistical analysis was 
performed using an analysis of covariance model. Prednisolone markedly decreased IL8 
and MMP1 expression compared with placebo, and the CIs excluded the likelihood of 
no effect. A trend towards reduction was seen in IL1β and TNFα mRNA expression in the 
prednisolone group, although CIs included the value for no effect. These data suggest 
that Q-PCR can be used to measure synovial mRNA expression of mediators implicated 
in the pathogenesis of RA in small proof-of-concept trials.
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Introduction

After preclinical evaluation of potential new drugs for rheumatoid arthritis (RA), clinical 
trials in humans are required to assess efficacy and safety. Improved therapy, ethical as-
pects and the growing number of novel therapeutic agents have increased the need for 
trials generating a higher density of data in smaller groups of patients. Limited numbers 
of patients and a shorter study period could be used in early development to assess 
the effect of a therapeutic intervention on biomarkers that are potentially predictive 
of clinical efficacy (1;2). The aim of this study was to examine the utility of real-time 
quantitative PCR (Q-PCR) as a method to detect changes in gene expression in a small 
proof-of-concept clinical trial on small synovial tissue samples. Patients with RA were 
treated with a well-known effective therapy, and real-time Q-PCR technique was used to 
quantify gene expression in serial synovial biopsies obtained after active treatment with 
prednisolone compared with placebo.

Patients, Materials and Methods

Patients

Twenty-one patients, aged 18-85 years, with RA according to the 1987 criteria of the 
American College of Rheumatology were included into the study (3). All had active 
disease at enrolment, defined by the presence of ≥ 6 tender ≥ 6 swollen joints out of 
the 28 joints assessed. In addition, patients had one of the following: erythrocyte sedi-
mentation rate ≥ 28 mm/h, serum levels of C reactive protein ≥ 1.5 mg/dl or morning 
stiffness ≥ 45 minutes. They had to be stable for at least 28 days on disease modifying 
anti-rheumatic drugs.

Study design

Following informed consent, eligible patients were randomised to receive either oral 
prednisolone 60 mg daily for the first week, followed by 40 mg daily during the second 
week (comparable to the dosages used in the COBRA study, n=10), or matching placebo 
for 2 weeks (n=11) in a 1:1 ratio (5). Clinical assessment included a Disease Activity Score 
28 (DAS28). An independent assessor performed the clinical evaluation.
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Arthroscopy

All patients underwent synovial tissue sampling at the Academical Medical Center, 
University of Amsterdam, Amsterdam, The Nehterlands, by needle arthroscopy of an ac-
tively inflamed joint (knee, ankle or wrist), performed under local anaesthesia before and 
after 14 days of treatment, as described previously in detail (6;7). During each procedure 
biopsy specimens were taken from six or more sites of the joint to minimise sampling 
error (8;9). The biopsy specimens were snap frozen in liquid nitrogen and stored until 
RNA isolation.

RNA isolation and complementary DNA synthesis

RNA from synovium and peripheral blood monocytes (PBMCs) was isolated using 
RNAStat-60 (TelTest, Friendswood, Texas, USA). PBMC were stimulated in vitro with 
Concanavalin A (Sigma Chemical Co, St Louis, Missouri, USA) for 24 h to induce mRNA 
transcription. The RNA content was determined with RiboGreen (Molecular Probes, 
Eugene, Oregon, USA), and up to 500 ng per reaction was reverse-transcribed in a final 
volume of 50 µl. The resulting synovial complementary DNA (cDNA) was stored at –80°C. 
PBMC-cDNA was diluted in fourfold steps to yield a set of standards representing mRNA 
acquired from between 24 and 100 000 cells.

Real-time Q-PCR

Q- PCR was performed as previously described in detail (9). mRNA levels were quantified 
using the GeneAmp 5700 Sequence Detection System (Applied Biosystems, Foster City, 
California, USA). Predeveloped sequence detection reagents specific for human tumour 
necrosis factor (TNF) α, IL1ß and IL8, including forward and reverse primers as well as a 
fluorogenic TaqMan FAM/TAMRA-labelled hybridisation probe, were used. Matrix metal-
loproteinase (MMP) 1 was amplified with forward primer: TTT CAT TTC TGT TTT CTG GCC 
A; reverse primer: CAT CTC TGT CGG CAA ATT CGT and detected by probe: 6FAM-AAC 
TGC CAA ATC GGC TTG AAG CTG CT-TAMRA. The fluorescent signal was plotted versus 
cycle number, and the threshold cycle (C(t), the cycle number at which an increase above 
background fluorescence could be reliably detected) was determined for each sample.

In order to relate message levels for the cytokines, MMP1 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) to known standard, fourfold dilutions of PBMC-
cDNA were included. Standard curves were generated by linear regression using log 
(C(t)) versus log (cell number). The PBMC equivalent (cell equivalent (CE)) number for 
synovial samples was calculated from C(t) values using the PBMC standard curve. Data 
are expressed as the ratio between inflammatory mediator-CE and GAPDH CE, yielding 
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the relative expression unit (REU). Each PCR run also included non-template controls 
containing all reagents except cDNA. These controls generated a C(t) >40 (ie, message 
below detection level) in all experiments.

Statistical Analysis

An analysis of covariance was used to control for initial differences in the values of the 
baseline samples in this small group of samples. The model fitted included terms for 
treatment as a fixed effect and the baseline measurement as a covariate, with the aim to 
estimate a treatment difference. The geometric mean was taken instead of the mean or 
median, because the data were skewed to the right. A normal distribution was reached 
after transforming the data to a logarithmic scale. The geometric mean was obtained by 
taking the exponent of the mean of the transformed data.

Results

Demographic features

Eight male and 13 female patients were included into the trial. Of these patients, 10 
received prednisolone and 11 received placebo treatment. Demographic features were 
comparable in both groups. The mean age was 49.4 (range 32-63) years for the patients 
in the prednisolone group and 55.7 (range 37-69) years in the placebo group. The median 
disease duration was 17 (range 4-107) and 22 (range 5-92) months for the prednisolone 
and placebo group, respectively. Use of disease-modifying anti-rheumatic drugs was the 
same in both groups. All patients had active disease with comparable disease activity 
scores DAS28 in both groups: 6.27 (range 4.59-7.98) for the prednisolone group and 5.98 
(range 4.56-7.59) for the placebo group.

Clinical results

A strong positive effect of oral prednisolone treatment on the DAS28 (SD) was found, 
with a decrease of 2 units (from 6.27 (0.95) to 4.11 (1.43)). The mean DAS28 of the placebo 
group did not change after treatment (5.98 (0.99) before vs 5.68 (1.31) after treatment).

Cytokine mRNA expression

The mRNA yield of the samples was 5.1 (1.13) μg. Table1 shows the mean (SD) relative 
expression units before and after treatment.
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Table 1. Geometric means of synovial mRNA levels before and after treatment with prednisolone or 
placebo.

Prednisolone
pre

Prednisolone
post

Placebo
pre

Placebo
post

IL-1β Geomean 0.001829 0.000993 0.001412 0.001479

CI low 0.000663 0.000485 0.000621 0.000668

CI high 0.005047 0.002034 0.003212 0.003276

TNF Geomean 0.349658 0.197523 0.277621 0.366998

CI low 0.126729 0.096473 0.122033 0.165688

CI high 0.964744 0.404419 0.631577 0.812898

IL-8 Geomean 0.009089 0.004387 0.008108 0.012567

CI low 0.003294 0.002142 0.003564 0.005673

CI high 0.025077 0.008981 0.018446 0.027835

MMP-1 Geomean 40.26167 3.861284 12.28034 33.79457

CI low 14.59228 1.88599 5.398034 15.25717

CI high 111.0863 7.905792 27.93737 74.85481

All values are expressed in Relative Expression Units, normalized to GAPDH message.
Geomean, Geometric mean; CI low, Confidence Interval lower limit; CI high, Confidence Interval upper 
limit.

The effect of prednisolone treatment on the cytokine mRNA expression of IL1β and 
TNFα in the synovial tissue showed a trend towards reduction after treatment, atlhough 
confidence intervals included the value for no effect (Figures 1a and 1b). Prednisolone 
markedly decreased the expression levels of IL8 and MMP1 mRNA levels compared with 
placebo (Figures 1c and 1d).

Discussion

Biomarker-based clinical trials are becoming increasingly important as a means to 
evaluate efficacy of novel therapeutic agents for RA. While peripheral blood is readily 
available for analysis, the target organ, (the synovium), likely provides the most accurate 
assessment of disease activity. As a result, several investigators have focused on the 
analysis of serial synovial tissue samples [10-15]. Among the techniques that have been 
developed, immunohistochemistry to evaluate cell populations or protein expression 
in the inflamed synovium correlates well with subsequent changes in clinical disease 
activity (5;16).

Whereas protein is most relevant to function, analysis of RNA transcript levels may 
provide additional evidence of drug efficacy or provide information on the mechanism 
of action in proof-of-concept clinical trials. This study was designed to determine the 
utility of a Q-PCR technique, developed specifically for analysis of small synovial biopsy 
samples (9), to measure mRNA expression of genes implicated in the pathogenesis of 
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RA after oral prednisolone or placebo treatment. A marked clinical effect was seen in 
patients treated with prednisolone, but not in the placebo group.

Expression of two biomarkers (IL8- and MMP1- mRNA) significantly decreased in the 
corticosteroid-treated patients compared with those treated with placebo. A trend 
was also observed in IL1β and TNFα gene expression in the prednisolone group. This 
difference did not reach statistical significance, possibly because of a relatively small 
sample size or relatively low transcript abundance. The more prominent effect observed 
in MMP1 is especially interesting, because its expression represents the integration of 
multiple proinflammatory cytokines, including IL1 and TNFα, which regulate this family 
of proteases.

mRNA expression for relatively low abundance transcript
species.
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Figure 1a. Geometric mean of IL1β mRNA expression with their Confidence Interval (CI) before (pre) and 
after (post) treatment with prednisolone or placebo. Numbers are expressed as Relative Expression Unit 
(REU).
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Figure 1b. Geometric mean of TNFα mRNA expression with their Confidence Interval (CI) before (pre) and 
after (post) treatment with prednisolone or placebo. Numbers are expressed as Relative Expression Unit 
(REU).
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This is the first study demonstrating that changes in expression of genes determined 
by Q-PCR in serial synovial biopsies can differentiate between effective and ineffec-
tive treatment. Synovial mRNA levels of IL8 and MMP1 in particular could be useful as 
biomarkers in clinical proof-of-concept studies, especially in combination with immu-
nohistochemistry to quantify the synovial cell infiltrate. More recent developments in 
synovial biopsy techniques that obtain larger specimens might also improve the power 
of cytokine mRNA expression for relatively low abundance transcript species.

Acknowlegdements

We would like to thank Dr C.A. Wijbrandts for her statistical support.

mRNA expression for relatively low abundance transcript
species.

ACKNOWLEDGEMENT
We thank Dr CA Wijbrandts for her statistical support.

Authors’ affiliations
. . . . . . . . . . . . . . . . . . . . . . .

Danielle M Gerlag, Paul P Tak, Division of Clinical Immunology and
Rheumatology, Academic Medical Center, University of Amsterdam,
Amsterdam, The Netherlands
David L Boyle, Sanna Rosengren, Gary S Firestein, Division of
Rheumatology, Allergy and Immunology, UCSD School of Medicine, La
Jolla, California, USA
Tony Nash, Astra Zeneca, Macclesfield, UK

Competing interests: TN worked for Astra Zeneca when the study was
performed, and owns Astra Zeneca stock.

The clinical trial was sponsored by Astra Zeneca. DMG was sponsored by
the Dutch Arthritis Association.

Correspondence to: Professor P P Tak, Division of Clinical Immunology and
Rheumatology, F4-218, Academic Medical Center, University of
Amsterdam, PO Box 22700, 1100 DE, Amsterdam, The Netherlands;
p.p.tak@amc.uva.nl

Accepted 1 September 2006
Published Online First 19 September 2006

REFERENCES
1 Ilyin SE, Belkowski SM, Plata-Salaman CR. Biomarker discovery and validation:

technologies and integrative approaches. Trends Biotechnol 2004;22:411–16.
2 Biomarkers definitions working group. Biomarkers and surrogate endpoints:

preferred definitions and conceptual framework. Clin Pharmacol Ther
2001;69:89–95.

3 Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper NS, et al. The
American Rheumatism Association 1987 revised criteria for the classification of
rheumatoid arthritis. Arthritis Rheum 1988;31:315–24.

4 Boers M, Verhoeven AC, Markusse HM, van de Laar MA, Westhovens R, van
Denderen JC, et al. Randomised comparison of combined step-down
prednisolone, methotrexate and sulphasalazine with sulphasalazine alone in
early rheumatoid arthritis. Lancet 1997;350:309–18.

5 Gerlag DM, Haringman JJ, Smeets TJ, Zwinderman AH, Kraan MC, Laud PJ, et
al. Effects of oral prednisolone on biomarkers in synovial tissue and clinical
improvement in rheumatoid arthritis. Arthritis Rheum 2004;50:3783–91.

6 Kraan MC, Reece RJ, Barg EC, Smeets TJ, Farnell J, Rosenburg R, et al.
Modulation of inflammation and metalloproteinase expression in synovial tissue
by leflunomide and methotrexate in patients with active rheumatoid arthritis.
Findings in a prospective, randomized, double-blind, parallel-design clinical trial
in thirty-nine patients at two centers. Arthritis Rheum 2000;43:1820–30.

7 Kraan MC, Reece RJ, Smeets TJ, Veale DJ, Emery P, Tak PP. Comparison of
synovial tissues from the knee joints and the small joints of rheumatoid arthritis
patients: implications for pathogenesis and evaluation of treatment. Arthritis
Rheum 2002;46:2034–8.

8 Dolhain RJ, Ter Haar NT, De Kuiper R, Nieuwenhuis IG, Zwinderman AH,
Breedveld FC, et al. Distribution of T cells and signs of T-cell activation in the
rheumatoid joint: implications for semiquantitative comparative histology.
Br J Rheumatol 1998;37:324–30.

9 Boyle DL, Rosengren S, Bugbee W, Kavanaugh A, Firestein GS. Quantitative
biomarker analysis of synovial gene expression by real-time PCR. Arthritis Res
Ther 2003;5:R352–60.

10 Tak PP. Lessons learnt from the synovial tissue response to anti-rheumatic
treatment. Rheumatology (Oxford) 2000;39:817–20.

11 Bresnihan B, Tak PP. Synovial tissue analysis in rheumatoid arthritis. Baillieres
Best Pract Res Clin Rheumatol 1999;13:645–59.

12 Ruderman EM, Weinblatt ME, Thurmond LM, Pinkus GS, Gravallese EM.
Synovial tissue response to treatment with Campath-1H. Arthritis Rheum
1995;38:254–8.

13 Cunnane G, Madigan A, Murphy E, Fitzgerald O, Bresnihan B. The effects of
treatment with interleukin-1 receptor antagonist on the inflamed synovial
membrane in rheumatoid arthritis. Rheumatology (Oxford) 2001;40:62–9.

14 Youssef PP, Haynes DR, Triantafillou S, Parker A, Gamble JR, Roberts-
Thomson PJ, et al. Effects of pulse methylprednisolone on inflammatory mediators
in peripheral blood, synovial fluid, and synovial membrane in rheumatoid
arthritis. Arthritis Rheum 1997;40:1400–8.

15 Ulfgren AK, Andersson U, Engstrom M, Klareskog L, Maini RN, Taylor PC.
Systemic anti-tumor necrosis factor alpha therapy in rheumatoid arthritis down-
regulates synovial tumor necrosis factor alpha synthesis. Arthritis Rheum
2004;43:2391–6.

16 Haringman JJ, Gerlag DM, Zwinderman AH, Smeets TJ, Kraan MC, Baeten D,
et al. Synovial tissue macrophages: a sensitive biomarker for response to
treatment in patients with rheumatoid arthritis. Ann Rheum Dis 2005;64:834–8.

Figure 1 Geometric mean (¤) of (A) ILIb, (B) tumour necrosis factor a (TNFa), (C) IL8 and (D) matrix metalloproteinase (MMP) 1 mRNA expression of
genes, with their confidence interval (CI) before (pre) and after (past) treatment with prednisolone or placebo. Numbers are expressed as relative expression
units (REUs).

Q-PCR in RA after corticosteroid treatment 547

www.annrheumdis.com

 on 18 August 2008 ard.bmj.comDownloaded from 

Figure 1c. Geometric mean of IL-8 mRNA expression with their Confidence Interval (CI) before (pre) and 
after (post) treatment with prednisolone or placebo. Numbers are expressed as Relative Expression Unit 
(REU).
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Figure 1d. Geometric mean of MMP-1 mRNA expression with their Confidence Interval (CI) before (pre) 
and after (post) treatment with prednisolone or placebo. Numbers are expressed as Relative Expression 
Unit (REU).
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Abstract

Introduction. Previous work has shown decreased synovial inflammation after predni-
solone treatment in patients with rheumatoid arthritis (RA), but the mechanism of action 
is not well understood. Therefore, we studied the effects of prednisolone treatment on 
apoptosis induction at the site of inflammation.
Patient and methods. Synovial tissue samples of twenty-one RA patients were obtained 
before and after two weeks of oral prednisolone or placebo treatment. Apoptosis induc-
tion in the synovium was investigated using active caspase-3 staining and TUNEL assays; 
we also measured nucleosome levels in the peripheral blood. In addition, we studied 
the effects of prednisolone on apoptosis induction in RA peripheral blood mononuclear 
cells (PBMCs) in vitro. To explore the effects on mechanisms involved in cell migration 
and retention, we examined the expression of adhesion molecules and the number of 
lymphatic vessels in the synovium in response to prednisolone treatment.
Results. There was a marked decrease in synovial cellularity associated with clinical 
improvement after prednisolone treatment. However, there were no signs of apoptosis 
induction as shown by active caspase-3 staining as well as TUNEL and nucleosome as-
says. Consistent with the in vivo findings, there was no apoptosis induction in cultured 
RA PBMCs after exposure to prednisolone. The expression of adhesion molecules was 
markedly decreased in the prednisolone-treated patients, but there was no clear change 
in the number of lymphatic vessels.
Conclusion. The anti-inflammatory effects of oral prednisolone on the inflammatory 
synovial membrane of RA patients are apparently not caused by apoptosis induction. 
Conceivably, the effects on cell migration and retention are sufficient to reduce synovial 
inflammation.
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Introduction

The inflamed synovium of patients with rheumatoid arthritis (RA) is characterized by 
increased cellularity combined with edema and blood vessel proliferation. In the thick-
ened intimal lining layer, mainly macrophages and fibroblast-like synovial cells (FLS) are 
located. In the underlying synovial sublining different types of inflammatory cells are 
found, in particular macrophages, plasma cells, and T cells in addition to interdigitating 
and follicular dendritic cells, B cells, natural killer cells, mast cells and neutrophils (1;2). 
After effective treatment, cellularity decreases, accompanied by a decrease in pro-
inflammatory cytokine expression.

Corticosteroids are among the most effective treatments for inflammatory joint dis-
eases. Prednisolone is a potent anti-inflammatory drug that suppresses inflammation in 
a very effective way with a rapid onset of action; it also inhibits joint destruction (3;4). 
Previous work has shown a significant decrease in the number of macrophages, B and T 
cells, plasma cells and fibroblast-like synoviocytes in the synovium of RA patients after 
only two weeks of treatment with high dosages of prednisolone taken orally (5). The 
mechanism underlying this effect is not completely understood. It has been suggested 
that prednisolone may induce apoptosis in inflammatory cells. Alternatively, predni-
solone could interfere with the expression of adhesion molecules, thereby decreasing 
the influx of inflammatory cells into the synovium. Conceivably, prednisolone may also 
enhance egress of inflammatory cells from the inflamed compartment.

To create a greater understanding of the effects of high dose oral prednisolone treat-
ment on rheumatoid synovial tissue, we investigated apoptosis induction in vitro and 
in vivo. Furthermore, we examined the effects of oral prednisolone on the expression of 
adhesion molecules, which are intimately involved in cell migration and retention at the 
site of inflammation.

Patients, Materials and Methods

Patients

Twenty-one patients, aged 18-85 years, with RA according to the 1987 criteria of the 
American College of Rheumatology (ACR)(6) were included into the study. All had active 
disease at enrollment, defined by the presence of ≥ 6 tender and ≥ 6 swollen joints 
out of 28 joints assessed. In addition, patients had one of the following: erythrocyte 
sedimentation rate (ESR) ≥ 28 mm/h, serum levels of C-reactive protein (CRP) of ≥ 1.5 
mg/dL, or morning stiffness ≥ 45 minutes. They had to be stable for at least 28 days on 
Disease Modifying Anti-Rheumatic Drugs (DMARDs).
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Following informed consent, eligible patients were randomized to receive either oral 
prednisolone 60 mg daily for the first week, followed by 40 mg daily during the second 
week (comparable to the dosages used in the COBRA study (7); n=10) or matching pla-
cebo for two weeks (n=11) in a 1:1 ratio, as described previously (5). Clinical assessment 
included a Disease Activity Score 28 (DAS28) (8). An independent assessor performed 
the clinical evaluation.

Arthroscopy

All patients underwent synovial tissue sampling at the Academical Medical Center of 
the University of Amsterdam by needle arthroscopy of an actively inflamed joint (knee, 
ankle, or wrist), performed under local anesthesia before and after 14 days of treatment, 
as described previously in detail (9). During each procedure biopsies were taken from ≥ 
6 sites of the joint to minimize sampling error (10;11). The biopsies were snap frozen en 
bloc in Tissue Tek OCT (Miles, Elkhart, IN) and stored in liquid nitrogen until sectioning. 
Five µm sections were cut in a cryostat, mounted on glass slides, and stored at -70°C 
until analysis. Sections with non-assessable tissue, defined by the absence of an intimal 
lining layer, were not analyzed.

Immunohistochemistry

To detect apoptotic cells, we used anti-caspase-3 antibody (Cell Signaling Technology, 
Leusden, The Netherlands), followed by amplification of the signal using EnVision ac-
cording to the manufacturer’s instructions (Dako, Glostrup, Denmark). Anti-intercellular 
adhesion molecule (ICAM)-1 (MEM 111, Sanbio, Belgium), anti-vascular cell adhesion 
molecule (VCAM)-1 (1G11B1, Sanbio, Belgium), and anti-E-selectin (BBIG-E4, R&D, UK) 
antibodies followed by biotinylated tyramine were used to detect adhesion molecules 
as previously described (12). Biotinylated tyramine was used as amplification. For control 
sections, the primary antibodies were omitted or irrelevant antibodies were applied.

TUNEL assay

Apoptotic cells were detected on frozen synovial tissue, using an in situ cell death assay 
according to the manufacturer’s instructions (Roche Diagnostics, Mannheim, Germany) 
(13). Using this method, DNA strand breaks are visualized by labeling the terminal de-
oxynucleotidyl transferase-mediated dUTP nick ends.
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Digital image analysis

After immunohistochemical staining, all coded sections were randomly analyzed by 
computer-assisted image analysis. For all markers, 18 high-power fields were analyzed. 
CD68 expression was analyzed separately in the intimal lining layer and the synovial 
sublining. The images of the high-power fields were analyzed using the Qwin analysis 
system (Leica, Cambridge, UK), as described previously in detail (14;15).

Nucleosomes

Serum was collected from the patients before and two weeks after treatment for the de-
tection of nucleosomes, using Cell Death Detection ELISAplus (Roche Diagnostics, Pen-
zberg, Germany). This test is based on a quantitative sandwich-enzyme-immunoassay 
principle and detects specifically mono- and oligonucleosomes (16). The ELISA assay 
reliably detects nucleosomes released by dying cells (17) and was used as validated 
previously for the detection of nucleosomes in serum (13;18;19). Serum samples were 
tested in duplicate and results calculated as the mean value from the absorbance mea-
surements (optical density).

In vitro apoptosis assay

PBMCs were isolated from RA patients who were on methotrexate treatment using a 
Ficoll-Hypaque separation protocol. Isolated PBMCs were resuspended in IMDM plus 
10% fetal calf serum at concentrations of 1.106/ml and incubated with various concen-
trations of prednisolone (Sigma-Aldrich, St Louis, MO). After 24 and 48 hours of incuba-
tion the cells were harvested and the percentage of early and late apoptotic cells was 
determined using Annexin V/PI staining by FACS analysis (13). The cells were washed 
and resuspended in annexin buffer and stained with FITC-conjugated annexin V (BD 
Pharmigen, Bedford; 1 µg/1.0 x 106 cells). Just before analysis of the samples by flow 
cytometry (FACS-scan, Becton Dickinson, San Jose, CA), propidium iodide (PI; Sigma-
Aldrich) was added.

Lymphangiogenesis/Lyve-I staining

Lymphatic vessels were stained on tissue sections of all patients using the lymphatic 
endothelial marker Lyve-1(RELIA Tech GmbH, Germany) in a concentration of 1:400 (0.5 
µg/ml) in 10% goat serum. Positive stained vessels were counted semi-quantitatively at 
two to three hotspots with high lymphatic vessel density, as previously described (20).
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Statistical Analysis

For analysis of immunohistochemical data as well as TUNEL and nucleosome assays, 
changes within the groups were compared using the Wilcoxon Signed Rank test. To 
compare between groups, the non-parametric Mann-Whitney test was used.

Results

Demographic and clinical features

Of the 21 patients (eight male and 13 female), who were included into the trial, 10 
received prednisolone and 11 placebo treatment (5). Demographic features were com-
parable in both groups. The mean age was 49.4 (range 32-63) years for the patients in 
the prednisolone group and 55.7 (range 37-69) years in the placebo group. The median 
disease duration was 17.0 (range 4-107) and 22.0 (range 5-92) months for the predniso-
lone and placebo group, respectively. DMARD use was the same in both groups. All pa-
tients had active disease with comparable DAS28 in both groups: 6.27 (range 4.59-7.98) 
in the prednisolone group and 5.98 (range 4.56-7.59) in the placebo group. There was 
a strong positive effect of oral prednisolone treatment on the DAS28, with a decrease 
of 2.0 units (from (mean ± SD) 6.27 ± 0.95 to 4.11 ± 1.43; P=0.001). The mean DAS28 in 
the placebo group did not change after treatment (5.98 ± 0.99 before versus 5.68 ± 1.31 
after treatment) (5).

Reduced synovial inflammation after prednisolone therapy

After prednisolone treatment, a clear decrease of the cellularity of the synovial tissue 
was seen: the total cell numbers/mm2 (mean ± SD) were 2351.73 ± 788.4 and 1675.54 ± 
689.1 before and after treatment with prednisolone (P = 0.03), whereas these numbers 
were 2027.44 ± 590.1 and 2066.36 ± 779.26 in the placebo treated group, respectively 
(P = 0.95).

Active caspase-3 activity in the synovium is not increased after prednisolone 
therapy

Paired synovial tissue sections of in total 18 patients could be analyzed. There was no 
statistically significant increase in active caspase-3 activity, nor trends, after either pred-
nisolone or placebo therapy (Figure 1). In fact, there was a decrease in caspase-3 expres-
sion after prednisolone therapy. The mean (± SD) change in the number of caspase-3 
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positive cells corrected for total nuclei/mm2 was -3.0033 ± 0.0056 vs. 0.0006 ± 0.0099 
after prednisolone versus placebo treatment.

Unaltered TUNEL positive cells after prednisolone treatment

TUNEL assays on paired synovial tissue sections of 19 patients fulfilled the quality criteria 
and could be analyzed. There was no statistically significant increase, or a trend, in TUNEL 
positive cells after prednisolone (Figure 2). The mean (± SD) change in the number of 
TUNEL positive cells corrected for the total number of nuclei/mm2 was -0.0001 ± 0.0079 
and 0.0023 ± 0.0045, respectively, after prednisolone versus placebo treatment.

 
Figure 1. Caspase-3 activity was measured in synovial tissue of RA patients before and after 2 weeks 
of prednisolone or placebo. No increase in the number of caspase-3 positive cells could be detected 
after prednisolone or placebo. In fact, a reduction in the number of active caspase-3 positive cells was 
observed after prednisolone treatment (P=0.012).

 
Figure 2. The number of TUNEL positive cells was determined in the synovial tissue of RA patients before 
and after 2 weeks of prednisolone or placebo treatment. A statistically significant increase in the number 
of TUNEL positive cells could be detected after placebo (P=0.038), but not after prednisolone treatment.
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Prednisolone treatment does not induce an increase in serum nucleosome levels

Paired serum samples were available from twenty patients. In agreement with the results 
for active capsase-3 staining and TUNEL assays, there was on average no increase in 
nucleosome levels in the serum of patients treated with prednisolone (Figure 3).

 
Figure 3. Nucleosomes were detected in the serum of patients before and two weeks after placebo or 
prednisolone treatment using an ELISA assay. There was on average no increase in nucleosome levels 
after treatment with prednisolone or placebo (P = 0.95 and 0.508, respectively).

Prednisolone treatment does not induce apoptosis in RA PBMCs in vitro

Having shown that there was no evidence of apoptosis induction in vivo, which could 
explain the marked decrease in synovial cellularity after initiation of oral prednisolone 
therapy, we subsequently examined the effects of prednisolone in vitro, as we could 
not completely exclude the possibility that macrophages had removed apoptotic cells 
from their immediate environment in vivo (21). After 24 and 48 hours, as expected, the 
number of apoptotic cells increased spontaneously in cells cultured in medium. Of inter-
est and in support of the in vivo findings, there were no signs of apoptosis induction by 
prednisolone in PBMCs isolated from RA patients when these cells where incubated with 
up to 100 µM of prednisolone (at least as high as the concentrations reached in vivo after 
ingestion of 60 mg of prednisolone) for 24 and 48 hours (Figure 4). As expected, a small, 
non-significant increase in the numbers of apoptotic cells after 48 hours was found in 
all samples.

Reduced ICAM-1, VCAM-1, and E-selectin expression after prednisolone therapy

Since apoptosis could apparently not explain the marked decrease in synovial inflam-
mation after oral prednisolone therapy, we next studied the effects on the expression 
of adhesion molecules in the inflamed synovium. Adhesion molecules are critically 
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involved in the migration and retention of inflammatory cells at the site of inflamma-
tion. Of note, previous work has shown a reduction of adhesion molecule expression in 
the synovium after intravenous methylprednisolone pulse therapy (22). In accordance 
with these results, we observed a statistically significant decrease of ICAM-1 (P = 0.028), 
VCAM-1 (P = 0.037), and E-selectin expression (P = 0.009) after prednisolone treatment, 
but not after placebo treatment (Figure 5).

Figure 4. PBMCs of RA patients who were stable on 
methotrexate were treated in vitro with 0.01, 0.1, 1, 
10, and 100 µM of prednisolone or medium. After 
24 and 48 hours, no increase in the percentage 
of apoptotic cells was found in the various 
concentrations of prednisolone treated PBMCs 
compared to the medium control determined by 
FACS analysis. As expected, a small increase in the 
number of apoptotic cells was found in all samples 
after 24 hours.
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Unaltered number of Lyve-1 positive lymphatic vessels after prednisolone 
treatment

To evaluate whether prednisolone therapy could promote the proliferation of lymphatic 
vessels as a mechanism underlying increased cell egress, similar to the findings that 
we recently reported for anti-TNF therapy (20), we measured Lyve-1 expression in the 
synovial tissue samples. Exploratory studies on Lyve-1 expression could only be per-
formed on 5 and 7 paired samples of patients who were treated with prednisolone and 
placebo, respectively. There was no clear cut change in Lyve-1 expression after either 
prednisolone or placebo treatment (Figure 6).

Figure 5. ICAM-1, VCAM-1, and E-selectin expression was measured by immunohistochemistry in synovial 
tissue samples of patients with RA before and after treatment with prednisolone or placebo. A statistically 
significant decrease of ICAM-1, VCAM-1, and E-selectin expression was found after prednisolone (P=0.028, 
0.037, and 0.009, respectively), but not after placebo treatment.
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Discussion

The strong beneficial clinical effect observed in RA patients after only two weeks of high 
dose oral prednisolone was associated with a clear decrease in the number of infiltrating 
cells in the synovial tissue of these patients. To understand and evaluate the possible 
mechanism of action underlying this effect, several investigations were performed in 
the present study.

Previous work has shown that cells in the inflamed synovium exhibit impaired apoptosis 
due to various anti-apoptotic mechanisms, such as nuclear factor κB activation (23), 
a relative deficiency of functional Fas ligand and the protein called Programmed Cell 
Death 5 (PDCD5) in the RA synovium (24;25), genotoxic changes in response to the toxic 
environment (26), and the expression of anti-apoptotic proteins, including interleukin-15 
(27), FLIP-inhibitory protein (28), sentrin (29), and Mcl-1 (30).

We asked the question if prednisolone taken orally could counteract these effects and 
induce apoptosis. Therefore, serum samples of RA patients obtained before and after 
treatment with oral prednisolone or placebo were tested for the levels of circulating 
nucleosomes, which result from DNA fragmentation in the late stages of apoptosis. Of 
importance, on average we did not find an increase in circulating nucleosome levels 
after treatment with oral prednisolone; there was no difference compared with placebo. 
Similarly, there was no increase in the number of active caspase-3 positive and TUNEL 
positive cells in the synovium after prednisolone therapy. These results are in line with 
a recently published study, which showed unaltered apoptosis in peripheral blood 
lymphocytes of patients with various renal diseases, such as lupus glomerulonephritis, 

 
Figure 6. Lyve-1 expression was determined in synovial tissue of 5 paired samples of patients treated with 
prednisolone and 7 paired samples of patients treated with placebo. No differences in Lyve-1 expression 
could be found before and after treatment with both therapies and no differences were found between 
these two treatments.
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membranous glomerulonephritis, and rapidly progressive glomerulonephritis, who 
were treated with 10-20 mg/day of oral corticosteroid (deltacortene)(31). In contrast, 
intravenous methylprednisolone did induce apoptosis in patients with kidney diseases 
(31;32) and multiple sclerosis (33). These studies show that it is possible to demonstrate 
apoptosis induction in vivo, in spite of the fact that apoptotic cells are rapidly cleared 
from the system (21).

Our data are further supported by in vitro data. We determined the percentage of 
apoptotic PBMCs of RA patients after in vitro treatment with prednisolone. To establish 
the concentration of prednisolone reached in the serum after oral ingestion of predniso-
lone, serum levels in 3 healthy volunteers were measured every hour after oral ingestion 
of 60 mg prednisolone (Cmax 1.4 µM after 1 and 2 hours; data not shown). There was no 
increase in apoptosis after incubation with concentrations up to 100 µM compared to 
medium control, while there was a small increase in the total of apoptotic cells over time 
in all samples. Taken together, we found no evidence that the reduced synovial inflamma-
tion observed after oral prednisolone therapy can be explained by apoptosis induction. 
Of interest, these results are comparable to earlier observations in the synovial tissue of 
RA patients after 2 hours, 48 hours, and 28 days of infliximab therapy. In these studies, 
there was no evidence of increased apoptosis in the inflamed synovial tissue very early 
after initiation of anti-TNF therapy, although the cell infiltrate diminished significantly 
after active treatment (13;34).

Another possible explanation for the fast disappearance of the inflammatory cells from 
the synovium could be a decreased influx of leukocytes from the bloodstream into the 
tissue. Conceivably, continuous influx of leukocytes is required to maintain the inflam-
matory cell infiltrate. The notion that prednisolone therapy may result in reduced cell 
migration towards the inflamed compartment is supported by decreased expression of 
adhesion molecules, as observed in this study. Reduced expression of adhesion mol-
ecules has also been described after treatment with intravenous methylprednisolone, 
methotrexate, leflunomide, intramuscular gold, sulfasalazine, and anti-TNF α therapy 
(35).

Reduced expression of adhesion molecules may also affect the retention of inflam-
matory cells in the inflamed synovium, resulting in increased cell egress. In addition, 
prednisolone could perhaps enhance the efflux of inflammatory cells from the synovial 
tissue through the lymphatic drainage system by stimulating neovascularisation of the 
lymphatic system. In a recently published study investigating the presence and regula-
tion of lymphatic vessels in inflamed synovial tissue of mice and man, lymphangiogen-
esis was stimulated by anti-TNFα therapy, possibly leading to an increased clearance of 
inflammatory cells and fluid out of the joint (20). Other reports, however, have shown an 
inhibitory effect of dexamethasone on lymphatic regeneration in the process of wound 
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healing (36) and in a model of prostate cancer (37). In the present study we did not find 
evidence of altered lymphangiogenesis after prednisolone therapy, but the number of 
samples that could be analyzed was quite limited.

In conclusion, the anti-inflammatory effects of oral prednisolone treatment in RA could 
not be explained by apoptosis induction in the synovial tissue, but may result in part 
from decreased influx and retention of inflammatory cells.
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This thesis focuses on the development of innovative therapies for the treatment of 
rheumatoid arthritis (RA).

In Chapter 1, a general introduction to some of the features of the clinical syndrome 
of RA and the recent developments in the treatment of RA are described. Novel targeted 
treatments, the so-called biologics, have revolutionized the treatment of RA for many 
patients. These therapeutics have been discovered by studies aimed at understanding 
the pathogenetic mechanism of the disease. Research on the pathogenesis of RA identi-
fied several key factors involved in the inflammatory process in this disease. One of these 
factors is TNFalpha, and blocking this factor by means of monoclonal antibodies or a 
receptor antagonist is an effective strategy for 60-70% of the patients who experience 
persistent disease activity despite adequate disease-modifying anti-rheumatic drug 
(DMARD) therapy. Other recently introduced biologic treatment options show on aver-
age comparable efficacy. Since not all patients benefit from these new therapies due to 
primary lack of response, side-effects, or secondary loss of the initial response, there is 
still an unmet need for new treatments for selected patient groups.

The discovery and developmental process of new therapeutic targets consists of sev-
eral phases. The preclinical phase involves in vitro and in vivo testing of the effects of the 
new therapeutic approach. After studying the in vitro effects, animal models for RA, such 
as collagen-induced arthritis (CIA) in mice and adjuvant arthritis (AA) in rats are often 
used to test the compound in vivo. Therapeutic efficacy in the clinically manifest phase 
in these disease models seems to be the best predictor of clinical efficacy in human RA 
(1). If a compound shows potential clinical efficacy and when there is no safety signal in 
the preclinical evaluation, the next step is to test the compound in patients with active 
RA.

In Part I of this thesis, some novel therapeutic targets are discussed, which were ex-
amined using various experimental approaches. Both in vitro and in vivo studies were 
used to provide information about the potential efficacy of these compounds in the 
treatment of RA.

Chapter 2 describes the effects of a novel T cell-specific inhibitor of nuclear factor 
(NF)-κB, a pivotal transcription factor regulating an array of pro-inflammatory mediators 
in various immune-mediated inflammatory diseases like RA (2). After confirmation of 
the inhibitory effects of this compound, SP100030, on cultured Jurkat cells and other T 
cell lines, this NF-κB inhibitor was tested in murine CIA. Treatment with SP100030 signifi-
cantly decreased arthritis severity from onset of clinical signs to the end of the study. The 
activity of the compound was confirmed by electromobility shift assay (EMSA) on mouse 
synovial tissue and histologic evaluation demonstrated a trend toward improvement in 
SP100030-treated animals. It was concluded that SP100030 inhibits NF-κB activation in 
T cells, resulting in reduced NF-κB-regulated gene expression and amelioration of CIA. 
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Its selectivity for T cells could theoretically provide potent immunosuppression with less 
toxicity than other NF-κB inhibitors.

In Chapter 3, a different approach was used to study the effects of NF-κB inhibition 
in rats with adjuvant arthritis (AA) by inhibiting the activity of inhibitor of nuclear fac-
tor κB kinase β (IκB kinase β, or IKKβ), a key regulator of NF-κB activation (3). The first 
question was whether its constitutive activation could be sufficient to cause arthritis 
and subsequently we addressed the question whether suppression of IKKβ may lead 
to clinical improvement. The constitutive active IKKβ gene was introduced into normal 
ankle joints of Lewis rats by intra-articular injection of an adenoviral construct, leading 
to inflammation secondary to NF-κB activation. Conversely, inhibition of NF-κB activa-
tion by targeting IKKβ activity in ankle joint of rats with AA showed a beneficial effect on 
arthritis activity. These data suggest that IKKβ plays a key role in synovial inflammation, 
and that intra-articular gene therapy inhibiting IKKβ activity could represent an attrac-
tive strategy for the treatment of chronic arthritis. Since NF-κB not only plays an essential 
role in signal transduction in inflammatory diseases but also in processes required for 
normal cellular functioning, interfering with this signalling pathway potentially has seri-
ous side effects when administered systemically. One solution to this problem may be 
the use of local therapy for the administration of targeted small molecules interfering 
with NF-κB activity, thus increasing tissue specificity and preserving the delicate balance 
between suppression of inflammation and maintenance of homeostatic function (4).

Another way of interfering with the processes underlying chronic inflammation would be 
to block the formation of new blood vessels in the synovial tissue. Using this approach, 
the supply of metabolites and oxygen, as well as the recruitment of new immune cells 
from the bloodstream into the synovium may be decreased. In addition, the expression 
of proinflammatory factors produced by activated endothelial cells should decrease after 
inhibition of neoangiogenesis. In Chapter 4, apoptosis of endothelial cells was induced 
in order to ameliorate arthritis activity in murine CIA. Mice were injected intravenously 
with phage expressing an RGD motif, binding selectively to the αvβ3 and αvβ5 integrins. 
These integrins are expressed on newly formed blood vessels, which are abundant in 
inflamed synovial tissue, with the theoretical advantage of some tissue specificity of 
this therapeutic approach. Although systemic treatment with RGD peptides that are 
selective for αvβ3 reduces angiogenesis presumably by blocking the function of the 
integrin (5;6), systemic administration of free RGD-4C peptide in the study presented in 
this thesis had no effect on arthritis. When an RGD peptide that was covalently linked 
to a pro-apoptotic peptide was used, a significant decrease in clinical signs of arthritis 
associated with apoptosis induction in synovial blood vessels was found. RGD-4C may 
target the proapoptotic peptide specifically to areas characterized by neoangiogenesis, 
minimizing toxicity in this model. Consistent with this notion, no apoptotic cells were 
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found in tissues other than the inflamed synovium. These results show that targeted 
apoptosis of synovial neovasculature may suppress arthritis activity and has potential 
utility in the treatment of inflammatory arthritis. Furthermore, these data support the 
feasibility of administering systemic agents that home to sites of inflammation as a 
means of delivering a therapeutic agent. To date it is still unclear if this approach may 
be effective in humans. Earlier phase II studies on anti-αvβ3 antibody treatment in RA 
and psoriasis did not show clinical benefit and were ended prematurely (press release 
Medimmune, August 2004). Treatments directed to vascular endothelial growth factor 
(VEGF) showed variable results in different experimental animal models of RA. Published 
data on anti-VEGF treatment in RA are as yet not available, but in some forms of cancer 
this approach has proven to be clinically effective (7).

When new therapeutic targets have been identified by in vitro and experimental stud-
ies in animal models, these compounds ultimately need to be tested in RA patients. 
To be able to understand the effects of novel treatments, it is important to evaluate 
the effects on the primary site of inflammation, the synovium. In Part II of this thesis, 
studies are described focused on the synovial tissue of RA patients. The features of the 
synovial tissue in RA and other forms of inflammatory arthritis are reviewed in Chapter 
5. The synovial tissue in RA shows a dense infiltrate of cells when compared to normal 
synovium due to accumulation of T cells, B cells, plasma cells, macrophages, dendritic 
cells, natural killer cells, mast cells, and neutrophils. In addition, there are increased 
numbers of fibroblast-like synoviocytes. Increased vascularity and adhesion molecule- 
and chemokine- dependent recruitment of cells from the bloodstream, inappropriate 
retention, impaired apoptosis, and proliferation may all contribute to the accumulation 
of inflammatory cells, many of which exhibit an activated phenotype. In this network, 
cells interact through cell-cell interactions as well as via soluble mediators, including 
cytokines, chemokines, matrix metalloproteinases (MMPs), and immunoglobulins. The 
hyperplastic synovium overgrows and invades the underlying cartilage and bone, caus-
ing joint destruction and ultimately disability.

Chapter 6 gives an overview of techniques used by rheumatologists to acquire syn-
ovial tissue from patients with RA. Minimally invasive arthroscopic biopsy techniques, 
using small-bore arthroscopes under local anaesthetics, can be performed in an outpa-
tient setting in a safe and well-tolerated way. Advantages of this technique over blind 
needle biopsy include the possibility to evaluate the synovium macroscopically and to 
obtain synovial biopsy samples under direct vision. Furthermore, this approach makes 
it possible to obtain tissue samples in adequate amounts from small as well as clinically 
uninvolved joints.

Evaluation of synovial tissue biopsies can be used to identify biomarkers for diagnos-
tic and prognostic purposes (8;9). In addition, synovial tissue analysis could be used to 
investigate the pathological processes underlying the disease and to study the effects of 
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anti-rheumatic treatment. Sensitive biomarkers associated with clinical efficacy may help 
to increase our understanding of the mechanism of action of the therapeutic interven-
tion and may be used for selection purposes during the developmental process of novel 
targeted treatments (10). This approach may be instrumental in the identification of an 
early therapeutic effect requiring only small numbers of patients, accelerating decisions 
in phase I/II studies, and enhancing dose selection before large, conventional clinical 
trials are conducted. Such studies may provide the rationale for phase III trials that are 
necessary to determine whether the biological effects found in these earlier studies 
translate into clinically meaningful improvement. The need for the use of biomarkers 
in early phase clinical trials to evaluate novel therapies in relatively small proof-of-
concept studies is becoming increasingly clear from the large number of compounds in 
the pipeline of pharmaceutical industry, the increasing difficulty including RA patients 
with active disease in clinical trials due to the success of available treatment, as well as 
financial and ethical reasons.

The importance of collecting data on the primary site of inflammation, the synovium, 
to understand the effects of anti-rheumatic treatment is illustrated by the observation 
that clinical arthritis activity is accompanied by persistent histologic signs of synovitis 
after treatment with humanized anti-CD52 antibodies or chimeric anti-CD4 antibodies, 
despite profound depletion of peripheral blood lymphocytes (11;12). Similarly, recent 
work has shown that B cells may persist in the synovium in some RA patients after treat-
ment with rituximab, in spite of marked depletion of peripheral blood B cells in nearly 
all patients (13;14).

In earlier studies using serial sampling of the synovial tissue, the effects of success-
ful treatment with various disease modifying anti-rheumatic drugs, such as gold (15), 
methotrexate (16-18), leflunomide (18), and corticosteroids (19-21) were shown to be 
associated with decreased mononuclear cell infiltration. Similarly, successful treatment 
of RA patients with infliximab (22-26), etanercept (27), anakinra (28), and rituximab 
(13;14;29;30) resulted in reduced synovial inflammation. Evaluation of serial synovial 
biopsies has also been used to evaluate the effects of experimental compounds for 
the treatment of RA, including a synthetic retinoid (31), IL-10 (32), anti-CD4 antibodies 
administered intra-articularly (33), IFNβ (34), a CCR1 antagonist (35), a CCR2 antagonist 
(36), a C5a receptor blocker (37), and anti-CCL2 antibody treatment (38). These studies 
show that it is feasible to use examination of serial biopsy samples to monitor the re-
sponse to treatment, providing information about the effects related to the mechanism 
of action of the drug and on biomarkers associated with active treatment.

To formally address the question of which feature in RA synovial tissue samples could 
be used as a biomarker for clinical efficacy in relatively small studies of short duration, a 
randomized clinical trial was performed. In this study, described in Chapter 7, patients 
were treated with prednisolone, a known effective drug in the treatment of RA, accord-
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ing to the COBRA (Combinatietherapie Bij Reumatoide Artritis) regimen, or placebo for 
2 weeks. As a result of this treatment the mean Disease Activity Score (DAS)28 was 2.0 
units lower after prednisolone therapy compared with placebo and the sublining mac-
rophages were identified as a useful biomarker associated with the clinical response to 
corticosteroids. Next, the utility of macrophages in the synovial sublining as a candidate 
biomarker was tested across discrete interventions and kinetics (Chapter 8). A strong 
correlation between the mean change in the disease activity score (delta DAS28) and 
the mean change in the number of sublining macrophages was observed. The change 
in sublining macrophages could explain 76% of the variation in the change in DAS28 (P 
< 0.02). The sensitivity to change of the biomarker was high in actively treated patients 
(the standardized response mean (SRM), a measure of the sensitivity to change, was > 
0.8) while the ability to detect changes in placebo treated patients was weak (SRM < 
0.3), suggesting that changes in synovial sublining macrophages can be used to predict 
possible efficacy of anti-rheumatic treatment.

For a biomarker to pass the “discrimination criterion” of the so-called OMERACT (Out-
come Measures in Rheumatology Clinical Trials) filter, not only should it exhibit high 
sensitivity to change, but it should also distinguish between effective and ineffective 
treatment. Therefore, the data from two recently performed randomized, controlled 
clinical trials of treatment strategies that were shown to be ineffective in RA were added 
to the data set described above (39). The weighted mean of the SRM for CD68 positive 
sublining macrophages was -0.89 (SE 0.12) in the patients receiving effective experimen-
tal treatment, 0.20 (SE 0.18) in the patients receiving ineffective experimental treatment, 
and 0.11 (SE 0.18) in the patients receiving placebo. The difference in the weighted mean 
of the SRM between the effective treatment group and the ineffective treatment group 
was significant for CD68 positive sublining macrophages. Hence, a clear distinction 
between effective and ineffective treatment could be made. Linear regression analysis 
showed that the mean change in the number of sublining macrophages could predict 
80% of the variance in the mean change in DAS28 in each study group. As expected, in 
contrast to the results obtained using the synovial biomarker, the DAS28 was susceptible 
to placebo effects, as shown by the weighted mean of the SRM of -0.30 (SE 0.18) in the 
group receiving ineffective treatment.

Taken together, these studies suggest that serial synovial biopsy can be used for 
selection purposes during early drug development. In proof-of-concept studies based 
on this approach three types of data are obtained: 1. clinical data, 2. synovial biomarkers 
specifically related to the mechanism of action of the therapy, and 3. quantification of 
the number of CD68 positive macrophages. When there is no change in DAS28, no spe-
cific effects related to the mechanism of action, and no change in macrophage numbers 
after treatment, the drug might not hit the target effectively or the concept behind the 
role of the target in the pathogenesis might be wrong. A rethinking of the therapeutic 
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strategy to large clinical trials would then be recommended. It can be anticipated that 
future development will include the use of more extensive markers of joint degradation 
-- in addition to the available markers of inflammation -- as well as the use of panels of 
biomarkers in synovial tissue samples

To investigate if other molecular techniques applied on synovial tissue would provide 
additional biomarkers, changes in expression of genes determined by Reverse Tran-
scriptase Quantitative Polymerase Chain reaction (Q-PCR) were studied in Chapter 9. 
The expression of IL-8 and MMP-1 mRNA was significantly decreased in corticosteroid 
treated patients compared with placebo, while there was also a trend towards decreased 
IL-1β and TNF-α gene expression in the prednisolone treated group. Since the change in 
expression of IL-8 and MMP-1 mRNA could differentiate between effective and ineffec-
tive treatment, it was shown that Q-PCR may provide additional biomarkers in proof-of-
concept studies to supplement immunohistochemical data.

To study the mechanism of action of prednisolone therapy in RA in more detail, 
Chapter 10 focuses on the mechanisms by which corticosteroids may decrease synovial 
cellularity. The decreased cell infiltrate after prednisolone therapy might theoretically 
result from the induction of apoptosis. However, in vitro studies on peripheral blood 
mononuclear cells as well as analysis of synovial tissue from patients treated with oral 
prednisolone showed no evidence of apoptosis induction. Consistent with these results, 
there was no increase in the serum levels of nucleosomes after prednisolone therapy. 
The cells may leave the synovial compartment via the lymphatic system and it is con-
ceivable that prednisolone therapy exerts its effects in part by increasing the number of 
lymphatic vessels in the synovium, similar to observations after anti-TNF therapy (40). 
Analysis of Lyve-1 expression to detect lymphatic vessels in the synovium, however, 
did not demonstrate an increase in the number of lymphatic vessels after prednisolone 
therapy, although the number of paired tissue samples tested was probably too low 
to draw definite conclusions. We also examined the effects of prednisolone treatment 
on the expression of adhesion molecules, since these molecules are intimately involved 
in the migration and retention of inflammatory cells into the inflamed synovial tissue. 
The use of oral prednisolone lead to down regulation of the expression of adhesion 
molecules, confirming earlier reports (41;42). Thus, prednisolone therapy appears to 
reduce synovial inflammation primarily by interfering with migration and retention of 
inflammatory cells rather than by apoptosis induction, similar to recent findings after 
TNF blockade (43).

Taken together, studies of rheumatoid synovium contribute to an understanding of the 
events that take place in vivo and complement experimental animal studies and in vitro 
studies. Examination of molecular markers in synovial tissue combined with analysis of 
peripheral blood and synovial fluid is increasingly used in clinical trials on anti-rheumatic 
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therapies (10). It can be anticipated that examination of synovial biopsy samples will also 
be developed to predict and monitor the response in individual patients. To facilitate 
dissemination of this approach, synovial biopsy will probably increasingly be used by 
means of office-based mini-invasive ultrasound-guided techniques (44).
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Reumatoïde artritis (RA) is een chronische gewrichtsaandoening die zich kenmerkt door 
een ontstekingsproces van het weefsel dat de binnenzijde van de gewrichten bekleedt 
(synovium). Dit ontstoken synovium geeft vaak aanleiding tot zwelling, pijn en beperkte 
beweeglijkheid van de gewrichten. Daarnaast kan de ziekte zich ook in andere organen 
openbaren, zoals de ogen, huid, longen en bloedvaten. RA komt wereldwijd bij ongeveer 
1% van de bevolking voor, waarbij vrouwen 3 keer vaker door de ziekte getroffen wor-
den dan mannen. De ziekte leidt onbehandeld vaak tot ernstige schade van kraakbeen 
en bot, met als gevolg invaliditeit en verminderde kwaliteit van leven. Bovendien leidt 
het hebben van een ernstige vorm van RA tot een hogere mortaliteit, vergelijkbaar met 
sommige vormen van kanker. Ondanks het feit dat de oorzaak van RA onbekend is, zijn 
er de laatste 10-15 jaar meer en betere behandelingsopties. Door veranderde inzichten 
in behandelstrategieën met conventionele anti-reumamiddelen (disease-modifying 
anti-rheumatic drugs (DMARDs)) en de introductie van medicamenten die als gevolg 
van moleculair wetenschappelijk onderzoek zijn ontwikkeld, de zg. biologicals, zijn de 
vooruitzichten voor veel patiënten met de diagnose RA belangrijk verbeterd. De behan-
delingen met medicamenten uit deze categorie leiden bij 60 tot 70% van de mensen die 
eerder onvoldoende reageerden op meer dan één DMARD tot een duidelijke afname 
van de ziekteactiviteit met als gevolg verminderde gewrichtsschade en een verbetering 
van de kwaliteit van leven.

Gedetailleerde kennis van het ziekteproces, dat zich voornamelijk afspeelt in het syno-
vium, heeft ten grondslag gelegen aan de ontwikkeling van veel nieuwe biologicals, zoals 
tumor necrosis (TNF) alpha blokkerende therapie, anti-B cel therapie, anti-interleukine 
(IL)-6 receptor therapie en abatacept. Deze therapieën, in de vorm van eiwitten (anti-
lichamen of oplosbare receptoren), zijn gericht op één specifiek molecuul, waardoor 
zij interfereren met de normale functie van deze stoffen in het ontstekingsproces. Het 
bestuderen van de effecten van deze therapieën op het ontstoken synovium heeft 
geleid tot verder inzicht in de rol van de betrokken moleculen in het ontstekingsproces 
en daarmee in de pathogenese van RA.

Hoewel voor de grootste groep patiënten behandeling met de nieuwe biologicals 
een uitkomst biedt, zijn er toch nog patiënten die niet op deze medicijnen reageren, 
bijwerkingen ervaren waardoor de medicatie gestopt moet worden, of na een aanvan-
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kelijke respons niet meer reageren op de medicijnen. Dit laatste kan het gevolg zijn van 
antistofvorming tegen het lichaamsvreemde eiwit. Voor die patiënten is het nog steeds 
belangrijk dat er onderzoek wordt gedaan naar mogelijk nieuwe therapieën.

In dit proefschrift, dat uit twee delen bestaat, worden potentieel succesvolle aangrij-
pingspunten voor het ontwikkelen van nieuwe gerichte therapieën in de behandeling 
van RA onderzocht. Het eerste deel bevat experimenteel onderzoek, waaronder dier-
experimenteel onderzoek in muizen en ratten, waarin de effecten van het remmen van 
moleculen die een belangrijke rol hebben bij het in stand houden van de synoviale 
ontsteking (synovitis) worden onderzocht. Bovendien wordt bestudeerd wat er gebeurt 
als de vorming van nieuwe bloedvaatjes in het synovium wordt geremd. Het tweede 
deel wordt ingeleid door twee hoofdstukken. In het eerste hoofdstuk worden de ken-
merken van synovitis bij RA en enkele andere inflammatoire ziektebeelden beschreven 
en in het tweede hoofdstuk de verschillende technieken die toegepast kunnen worden 
om synoviaal weefsel bij patiënten af te nemen. Vervolgens wordt onderzoek gedaan 
naar de identificatie van een mogelijke biomarker in het synovium die de effecten van 
een te testen medicament zou kunnen voorspellen. Op die manier zou in een vroeg 
stadium van de ontwikkeling van een nieuwe therapie bepaald kunnen worden of dit 
middel effectief zou kunnen zijn of niet. In het laatste deel van het proefschrift staan de 
effecten van één van de oudste en sterkste ontstekingsremmende middelen die in de 
behandeling van RA gebruikt wordt, prednisolon, beschreven.

Hoofdstuk 1 geeft een algemene introductie in dit proefschrift. Hierin wordt uitgelegd 
hoe belangrijk het is dat het onderzoek naar nieuwe therapieën voor de behandeling 
van RA wordt voortgezet. Nadat een potentieel effectieve behandeling is geïdentificeerd 
in het laboratorium en effectief is gebleken in diermodellen voor RA, waarbij toxiciteit is 
uitgesloten, is de volgende stap het middel te testen in patiënten met de ziekte. Omdat 
er veel van deze middelen op dit moment ontwikkeld worden door de farmaceutische 
industrie, veel patiënten door recente introductie van effectieve medicatie goed behan-
deld worden en er ethische en financiële redenen zijn om de klinische onderzoeken bij 
zo weinig mogelijk patiënten in een zo kort mogelijke tijd te testen, zou het vinden van 
een biomarker die voorspelt of een medicament succesvol zal zijn in de behandeling 
van RA een uitkomst zijn. In de vroege fase van ontwikkeling van een medicament dat 
over het algemeen ongeveer 10 jaar in beslag neemt, kan de biomarker richtinggevend 
zijn in het besluit het middel wel of niet verder te ontwikkelen. Omdat RA zich voorna-
melijk afspeelt in het synovium, zou het onderzoeken van het synovium uit ontstoken 
gewrichten van patiënten met RA een specifieke biomarker kunnen opleveren.

In hoofdstuk 2 worden de effecten van een T cel specifieke remmer van de transcrip-
tiefactor Nuclear Factor (NF)- κB onderzocht in een muismodel voor RA. T cellen zijn 
cellen van het immuunsysteem die een belangrijke rol spelen in het ziekteproces. NF-κB 
is een eiwit dat in ontstekingscellen zorgt voor de activering en productie van stoffen 
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(cytokinen) die in staat zijn andere ontstekingscellen aan te trekken en te activeren. In 
de normale situatie blijft NF-κB in inactieve vorm in het cytoplasma van de cellen, maar 
nadat het geactiveerd wordt (door verschillende factoren), verplaatst het zich naar de 
kern van de cellen, waar het zorgt voor de vorming van ontstekingsbevorderende eiwit-
ten. In het synovium van patiënten met RA is veel geactiveerd NF- κB aanwezig, waardoor 
het ontstekingsproces wordt onderhouden. Door remming van deze transcriptiefactor 
neemt de productie van ontstekingsbevorderende eiwitten af, waardoor de ontsteking 
in het synovium wordt verminderd. In een muizenmodel voor artritis werd deze T cel 
specifieke NF-κB remmer getest, wat leidde tot significant minder artritisactiviteit ten 
opzichte van de muizen die in de controlegroep behandeld waren. Dit bleek zoals be-
doeld te berusten op NF-κB remming in het synovium. Hiermee lijkt bevestigd dat NF-κB 
in T cellen een mogelijk aangrijpingspunt zou kunnen zijn in de behandeling van RA. 
In hoofdstuk 3 wordt NF-κB op een andere manier geremd, namelijk door een remmer 
van IKKβ (dat betrokken is bij de activatie van NF-κB) tot expressie te brengen in de 
gewrichten van ratten met artritis door middel van lokale gentherapie. Hierdoor wordt 
de activiteit van IKKβ en daardoor van NF-κB geremd. Uit de resultaten van dit onder-
zoek bleek dat de inactivatie van IKKβ in de ontstoken gewrichten van ratten leidt tot 
minder ontsteking. Verder bleek het goed mogelijk door middel van lokale gentherapie 
een effectieve behandeling aan de ratten te geven. In hoofdstuk 4 wordt door middel 
van een geheel andere aanpak, namelijk het remmen van nieuw gevormde bloedvaten 
in het ontstoken synovium van muizen met artritis, gekeken of deze de ontsteking ver-
mindert. Wanneer bloedvaten, die zorgen voor de aanvoer van allerlei voedingsstoffen 
en (ontstekings-) cellen naar het synovium, in mindere mate kunnen worden gevormd, 
zou dit uiteindelijk tot het ‘uithongeren’ van het ontstoken weefsel kunnen leiden. Dit 
soort therapieën, waarbij bloedvatnieuwvorming geremd wordt, worden al gebruikt in 
de behandeling van kanker en bij patiënten met bepaalde netvliesafwijkingen. In dit 
hoofdstuk werd een eiwit dat specifiek op de cellen van nieuwgevormde bloedvaten 
gaat zitten (RGD) gekoppeld aan een stof die ervoor zorgt dat de cel vervolgens dood 
gaat (apoptose). Dit middel werd aan muizen met artritis toegediend en leidde tot een 
vermindering van de ernst van de artritis. Het middel leidde niet tot apoptose in andere 
organen. Hiermee werd aangetoond dat het mogelijk is door middel van een specifieke 
therapie de bloedvaten in synovitis te treffen en hierdoor de artritis te verbeteren.

Hoofdstuk 5 en 6 zijn een introductie op het tweede deel van het proefschrift. In deze 
twee hoofdstukken worden de afwijkingen in het synovium bij RA en de technieken 
die gebruikt worden om dit weefsel bij patiënten af te nemen beschreven. Eén van de 
beschreven technieken is de mini- of naaldartroscopie, een poliklinische ingreep waar-
bij na toediening van lokale verdoving een videocamera van 2,7 of 4,5 mm doorsnede 
in het gewricht wordt ingebracht. Door middel van een biopteur (‘happertje’) kunnen 
stukjes synovium worden afgenomen voor onderzoek.
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Evaluatie van synoviaal weefsel van patiënten met RA en andere ontstekingsgerela-
teerde gewrichtsaandoeningen kan worden toegepast voor verschillende doeleinden. 
Allereerst is de oorzaak van de meeste gewrichtsaandoeningen niet bekend. Het bestu-
deren van het ontstoken weefsel zou kunnen leiden tot het vinden van de oorzaak van 
de ziekte(n). Verder is het in het begin van een gewrichtsaandoening niet altijd duidelijk 
welke ziekte ten grondslag ligt aan de ontsteking. Het is daarom wenselijk een specifiek 
kenmerk te vinden die in de vroege fase van een dergelijke ziekte kan aangeven om 
welke ziekte het gaat. Verder verloopt RA niet bij elke patiënt hetzelfde. Bij sommige 
patiënten ontstaat veel gewrichtschade, bij anderen is het beloop wat milder. Deze 
laatste patiëntengroep zou je wellicht minder agressief of met andere medicamenten 
kunnen behandelen. Omdat de ontsteking zich bij RA voornamelijk in het synovium be-
vindt, kunnen deze diagnostische en prognostische biomarkers wellicht daar gevonden 
worden.

Een andere belangrijke reden om het synovium te bestuderen is het beoordelen van 
de effectiviteit van een mogelijk nieuwe therapie voor artritis. Nadat potentieel nieuwe 
medicamenten in de behandeling van artritis effectief en niet schadelijk zijn bevonden 
in dierexperimentele modellen, is de volgende stap in de ontwikkeling van nieuwe the-
rapieën het testen in de patiënten met artritis. In een vroege fase van ontwikkeling van 
een potentieel therapeutisch medicament kan door het bekijken van synoviaal weef-
sel beoordeeld worden of het middel leidt tot vermindering van de ontsteking in het 
gewricht. Tegelijkertijd kan gekeken worden of het middel aangrijpt waar het op basis 
van preklinisch onderzoek zou moeten aangrijpen. De identificatie van een biomarker 
die voorspelt of een therapie effectief is, zou in dit proces een belangrijke rol kunnen 
spelen. Door gebruik te maken van een dergelijke biomarker kan in een vroege fase van 
de ontwikkeling van nieuwe therapieën besloten worden of het zinvol is de ontwikke-
ling voort te zetten of niet. Hierdoor kan het aantal patiënten dat blootgesteld wordt 
aan de eventueel niet-effectieve therapie verminderd worden. Dit is van belang vanuit 
medisch, ethisch, financieel en praktisch oogpunt.

In hoofdstuk 7 wordt de biopsietechniek die beschreven wordt in hoofdstuk 6 toe-
gepast in een onderzoek waarin getracht wordt een gevoelige biomarker te vinden die 
het effect van therapie zou kunnen voorspellen. Hiervoor werden patiënten met RA met 
een bekend effectief middel (prednisolon) of een placebo (niet effectief of ‘nepmid-
del’) behandeld. Bij hen werden zowel vóór als na de behandeling synoviumbiopten 
afgenomen. Deze synoviumbiopten zijn vervolgens met allerlei technieken, onder 
andere microscopisch en moleculair onderzoek, onderzocht, waarbij een groot aantal 
potentiële markers bekeken werden. De marker die het duidelijkst reageerde op de 
ingestelde (effectieve) therapie was CD68, een eiwit dat door macrofagen tot expres-
sie wordt gebracht. De verandering was het duidelijkst te zien in een bepaald deel van 
het synovium, de sublining. Ook de producten van deze ontstekingscellen reageerden 
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duidelijk op de behandeling. Om te testen of CD68 ook bij het toedienen van andere 
therapieën gebruikt zou kunnen worden als voorspeller voor effectieve therapie, werd 
deze potentiële biomarker getest in het weefsel van RA patiënten die allerlei therapieën, 
zowel effectieve als niet-effectieve / placebo, hadden gekregen. Bij analyse van deze 
gegevens bleek dat de verandering van CD68 in de sublining van het synovium onaf-
hankelijk van de aard van de therapie een gevoelige voorspeller is van effectieve the-
rapie (hoofdstuk 8). In hoofdstuk 9 wordt bestudeerd of toepassing van een specifieke 
moleculaire techniek (Q-PCR) op het ontstoken synovium een aanvulling zou kunnen 
zijn bij het zoeken naar biomarkers als voorspeller voor effectieve therapie. Door middel 
van deze techniek kon het synoviale weefsel van patiënten die actieve behandeling 
kregen in het onderzoek beschreven in hoofdstuk 6 onderscheiden worden van het 
weefel van patiënten die niet actief behandeld werden. Toepassing van deze techniek 
kan daarom aanvullende informatie geven over de werkzaamheid van een potentieel 
antireumatisch middel. In het op één na laatste hoofdstuk, hoofdstuk 10, worden de 
effecten van prednisolon op ontstekingscellen van patiënten met RA en het ontstoken 
synovium nader bestudeerd. Prednisolon zorgt in korte tijd voor een effectieve afname 
van het aantal ontstekingscellen in het synovium, maar het precieze werkingsmecha-
nisme is niet bekend. Prednisolon bleek niet in staat apoptose in de ontstekingscellen 
uit het bloed en in het synovium van patiënten met RA te induceren. Bovendien kon 
niet worden aangetoond dat prednisolon zorgt voor een toename van de afvoerende 
lymfevaatjes waardoor de ontstekingscellen het synovium kunnen verlaten. Wel werd 
er een effect waargenomen op de moleculen die zorgen voor het aantrekken van 
ontstekingscellen uit de bloedbaan naar het synovium. Deze kwamen verminderd tot 
expressie onder invloed van prednisolon in vergelijking met placebo behandeling. Dit 
zou een mogelijke verklaring kunnen zijn voor het therapeutische effect van dit middel 
op het synovium. Of prednisolon ook effect heeft op de beweeglijkheid of migratie van 
de ontstekingscellen is nog onderwerp van onderzoek.

In hoofdstuk 11 is een samenvatting te vinden van de onderzoeken die hierboven 
genoemd worden, waarbij de ontwikkeling van nieuwe potentiële medicamenten in de 
behandeling van RA en de rol van de geïdentificeerde biomarker in het verrichten van 
klinisch wetenschappelijk onderzoek in een breder perspectief worden geplaatst.
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