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Preface

Rheumatic diseases, in general, are  of unknown pathogenic origin. Until
recently the mainstay in their treatment has been the use of general measures
without specificity. Such drugs as prednisone were used in the treatment of
most of the diseases to suppress the inflammatory process and a usually over-
active immune system. The effect was nonspecific and the side effects were
often life-threatening. In the field of such degenerative rheumatic diseases as
osteoarthritis, nonspecific anti-inflammatory drugs have been used with mini-
mal benefit and numerous side effects.

During the last two decades, enormous progress has been made in the
understanding of the molecular and cellular processes that lead to disease
pathology. Several biochemical steps have been identified in most of the sys-
temic diseases and the involved cells have been characterized. The complexi-
ties of the immune system have been better understood and the aberrations
that lead to autoimmunity have been clarified significantly.

During the last decade rheumatologists have capitalized on the knowl-
edge gained and have begun to develop new treatment modalities designed to
interrupt particular pathologic processes in the hope that, by reversing the
aberration, clinical improvement will ensue. This approach has enjoyed fre-
quent success. As a consequence, a number of novel biologics and drugs have
recently been introduced in the treatment of rheumatic diseases and many more
are in clinical trials. These new therapeutic modalities have already changed
the way we think about rheumatic diseases and have markedly increased our
ability to help suffering patients. The pace of development of these novel drugs
is also increasing and a continuous surge of new biologics and drugs that will
claim better clinical efficacy, more specificity, and less toxicity seems likely.

Modern Therapeutics in Rheumatic Diseases aims to synthesize this
developing knowledge and present it concisely to all those treating rheumatic
patients. Without ignoring what is currently standard treatment, it will present,
in practical detail, novel treatments and will discuss those that are in clinical
trials and about to be introduced in the rheumatology practice. Modern
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Therapeutics in Rheumatic Diseases provides a single volume, compiled by
experts, where this important information can be accessed.

The editors wish to thank Elyse O'Grady for making this book possible
and Jessica Jannicelli for her wonderful editing skills.

Steffen Gay
Gary M. Kammer

Johanne Martel-Pelletier
Larry W. Moreland

Jean-Pierre Pelletier
George C. Tsokos
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1 New Treatment Opportunities
for Rheumatoid Arthritis

Larry W. Moreland

From: Modern Therapeutics in Rheumatic Diseases
Edited by: G. C. Tsokos, et al. © Humana Press, Inc., Totowa, NJ

3

In this introductory chapter, it is the intent to point out the tremendous new advances 
that have been made within the past two years for treating rheumatoid arthritis (RA). 
The past decade has been marked by a remarkable increase in our knowledge in the 
pathogenesis of RA. This basic scientific knowledge has translated now into opportunities 
to target specifically the mediators that are now known to be players in this disease. 
These new therapies include potentially safer (although not more effective with pain 
control) cyclooxygenase-2 specific nonsteroidal anti-inflammatory drugs (NSAIDs); 
leflunomide; and two tumor necrosis factor (TNF) inhibitors, etanercept and infliximab. 
A device, the Prosorba column has also received approval by the US Food and Drug 
Administration (FOA) for use with RA patients. Moreover, it is anticipated in the near 
future that interleukin 1 (IL-1) inhibitors will soon be available. Although these new 
therapeutic options have shown significant clinical responses in RA patients, these 
advances will require further analysis with long-term follow-up to determine their true 
potential to modify the disease and to be safer than currently available therapies.

The ultimate goal of RA management is to restore the patient to normal non-RA 
status with normal physical, social, and emotional function and capacity to work, and 
with structurally and anatomically normal joints. Although this goal may be unrealistic 
in many patients, we can now at least have these goals in our sights. Never before have 
so many drugs been available to use as treatments for RA, and these new therapies have 
resulted in the paradigms for treating RA. 

Profound clinical improvements have been demonstrated with these new disease-
modifying, anti-rheumatic drugs (DMARDs) (leflunomide, etanercept, and infliximab) 
in placebo-controlled trials. Thus, the challenges we will face as clinicians include how to 
administer these new therapies either alone or in combination with our currently available 
DMARDs such as methotoxate, sulfasalazine, hydroxychloroquine, cycyclosporine, 
gold salts, corticosteroids, and so forth.

There is a growing consensus that we should treat RA patients earlier with our 
“best” DMARDs. This is based on evidence that up to three-fourths of RA patients 
have developed evidence of permanent damage (erosion of bone and cartilage) 
within three years of disease duration. This consensus has been further solidified 
with the recent evidence that several of our DMARDs (methotrexate, etanercept, 
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leflunomide, sulfasalazine, infliximab) can slow the disease progression, as measured 
radiographically.

These new advances in our treatment options are met with several new challenges 
including when these therapeutic agents should be used in the current treatment 
paradigms by physicians who see these patients. Decisions that will be important in 
this regard will need to take into account the comparable efficacy and safety profile as 
well as the cost-effectiveness of these new therapies. What is becoming increasing clear 
in the most recent years is that combinations of currently available disease-modifying 
drugs with each other, or in combination with these new therapies, provides in most 
cases a better therapeutic result than when each of the agents is used alone. These new 
therapies will require additional studies in patients to determine which options will 
provide the most beneficial long-term outcomes.

In Chapter 10, use of combination of our current disease modifying drugs is reviewed 
(1–6). Methotrexate remains the DMARD used most often and remains the cornerstone 
for the combination of DMARDs. This chapter reviews in detail each of the treatment 
approaches with combination therapy published to date. In particular, discussion of 
therapeutic options for early disease or initial therapy for RA, which may differ from 
treatment given to patients with more established disease, who have been treated with 
methotrexate and have failed to have an optimal response (i.e., complete remission). 
These pivotal studies have provided the basis with which to compare future studies 
with regards to study design, outcome measures, and so on. Numerous questions are 
unanswered at this time concerning the appropriateness of combination therapy for 
specific patients with mild vs more aggressive disease, as well as which specific 
combination would be the most effective. Further studies might include large clinical 
trials where patients with certain specific types of mild vs aggressive disease are 
randomized to specific protocols. Alternatively, we may also see large databases with 
long-term follow-ups in which therapies given to patients are carefully documented, 
along with the outcomes of such therapies.

In Chapter 6, there is a review of the current data regarding TNF inhibitors as new 
therapeutic options for the treatment of RA (7–19). TNF inhibitors have been truly a 
“bench to bedside” approach in which the lessons learned from both animal models 
of disease, and an understanding of molecular events gained by several investigators, 
have represented the first target based treatment for RA. There are currently two TNF 
inhibitors commercially available for the treatment of RA: etanercept and infliximab. 
The efficacy of TNF inhibitors in patients with refractory disease has been remarkable; 
in fact, the percentage of patients that respond to such therapies is in the range of 
50–70%. It will be important to predict or understand why some patients have such 
good clinical responses as we move forward with other targeted therapies, such as IL-1 
inhibitors (20–23). Therefore, much research is needed to understand why some patients 
do not respond to TNF inhibitors; better understanding of the disease in these patients 
can lead to new therapeutic options. Likewise understanding the mechanisms through 
which patients have dramatic responses to these TNF inhibitors is important, because 
as this will ultimately shed light on identifying patients who might be more likely 
to respond to such targeted therapies. Potential areas of investigation in this regard 
would involve the analysis of genetic factors that might be predictive of efficacy and/or 
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adverse events. Chapter 2 gives an up-to-date review of the current understanding 
of the genetics of RA.

One area of investigation has now led to the approval of drugs that will not only 
improve the signs and symptoms of RA, but also potentially slow the disease, as measured 
radiographically. Therapies that have been shown to slow the disease radiographically 
represent a new challenge as we move forward in developing new paradigms in the 
treatment of RA. Although the short-term (1-yr studies) clearly suggests that drugs such 
as leflunomide (reviewed in Chapter 8) and the TNF inhibitors (reviewed in Chapter 6), 
as well as methotrexate and sulfasalazine, can slow the disease, several question remain 
to be answered, such as whether a radiographic measurement of 1 yr of change will 
translate into long-term benefits such as improved function and survival. In addition, it 
is now important to understand if indeed these radiographic changes are truly important 
and whether these therapies (alone or in combination) should be used in early disease to 
prevent irreversible damage. This information will require significant further investigation 
especially regarding what types of combinations of these agents should be used and in 
what types of patients (i.e., more aggressive vs less aggressive disease).

Another molecular target for potential therapy is IL-1, which has many of the same 
proinflammatory activities of TNF. The current state of research in IL-1 inhibitors is 
reviewed in Chapter 7. Specifically, IL-1 receptor antagonists (IL-1ra) have been shown 
in controlled trials to produce statistically significant improvements in controlling 
the signs and symptoms of RA, as well as slowing the disease process, as measured 
radiographically (20–23). The efficacy of IL-1ra might be enhanced potentially with 
preparations that would increase the half-life or ability to block all IL-1 receptors. In 
fact, in animal models of arthritis, it has been shown that there is a clear dose response 
of the amount of IL-1ra given with regards to the efficacy. Therefore, perhaps improved 
formulations or delivery systems of IL-1ra and/or other mechanisms such as inhibitors 
of IL-1 converting enzyme (24) potentially might be future ways of inhibiting IL-1. 
In addition, agents that inhibit P38 mitogen activating protein (MAP) kinase (25–27),
which would theoretically inhibit the production of both TNF and IL-1, represent another 
target that is worthy of RA therapy exploration (reviewed in Chapter 11). 

Although often thought to be an adjunctive therapy for RA, corticosteroids have been 
shown to demonstrate remarkable anti-inflammatory effects in a variety of diseases. 
However, the significant adverse events associated with long-term, high-dose cortisone 
use (reviewed in Chapter 5) clearly have limited the usefulness of this particular agent 
as a long-term drug for the treatment of RA. As illustrated in Chapter 5, systemic steroid 
use in RA remains a highly debated area. The most intriguing aspect that remains to be 
clearly defined is whether corticosteroids can modify the disease by slowing damage as 
measured radiographically (28). The mechanisms by which corticosteroids are effec tive, 
such as inhibiting proinflammatory cytokines (such as TNF, IL-6, IL-1) would support 
the role that they might be able to alter disease manifestations. This is of particular 
importance now that both TNF and IL-1 inhibitors have been able to demonstrate true 
disease modification in this same manner. However, the long-term side effects, such as 
steroid-induced osteoporosis, as well as other untoward effects, would argue that the 
benefit-risk ratio would be unfavorable in using these as long-term disease-modifying 
drugs. 
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The increased mortality reported in studies of patients with RA is multifactoral. 
However, a probable cause of the long-term outcome of many RA patients might relate 
to many of the medications used to treat the signs and symptoms of this disease. This has 
been of particular interest with regards to NSAIDs, which have significant toxicities such 
as peptic ulcer disease with perforations and bleeds. Recent advances in the discovery 
of the COX-2 isoenzyme and specific inhibitors of COX-2 have led to a new class of 
drugs, the COX-2-selective NSAID (29–31). These new anti-inflammatory drugs are 
reviewed in Chapter 3. Although these new agents do not have increased efficacy when 
compared to the traditional COX-1/COX-2 NSAIDs, the benefit of COX-2 agents relates 
to their safety profile. Indeed, studies completed to date of patients with RA using 
upper-endoscopy and the presence of ulcerations as a surrogate marker for severity 
of toxicity would strongly support the improved safety profile with COX-2-specific 
NSAIDs. However, longer term trials appropriately powered to determine the true 
clinical significance, i.e., perforations and bleeds, will more clearly define the safety 
efficacy profile of these therapies. NSAIDs, either nonselective or selective COX-2 
inhibitors, are not disease modifying anti-rheumatic drugs. They do not slow the disease 
as measured radiographically. Their clinical benefit relates in inhibiting prostaglandin 
production and thus serving as analgesic and anti-inflammatory agents that improve the 
signs and symptoms of the disease, allowing patients to be more functional. These new 
selective COX-2 inhibitors should then offer increased safety as a means of improving 
pain in patients with this debilitating and crippling form of arthritis. 

Another interesting line of investigation in providing new therapeutic targets and 
potentially significant disease modification involves the use of agents that inhibit the 
destructive enzymes that destroy cartilage and bone. In this regard, there has been 
a significant interest in the past several years with the evaluation of drugs such as 
tetracyclines, in particular minocycline, as agents that could modify the disease (32–36).
The recent advances in this field are reviewed in Chapter 9. Although not approved by 
the FDA for use in RA, tetracyclines are an option that many physicians might consider 
in patients in combination therapy with other disease modifying drugs.

This line of investigation in inhibitors of matrix metalloproteinases (MMPs) remains 
an active area of interest. However, a major hurdle is to identify the specific MMPs 
that are involved in the destructive process in RA, but that are not essential for normal 
processes in the other areas of the body. MMPs have numerous activities and inhibition 
of them might result in significant untoward events such as increased fibrosis, or 
alterations in the immune surveillance with regards to malignancies. 

Leflunomide, a pyrimidine-synthesis inhibitor, has also shown significant improve-
ment in signs and symptoms of disease, as well as slowing radiographic progression 
(37–43) in RA patients. Emery, et al. in Chapter 8, have reviewed the clinical data 
regarding the development of this agent. An area of interest at this time is whether 
the combination of leflunomide with other drugs such as methotrexate, etanercept, 
infliximab, and so on will enhance the efficacy of each of these drugs when used 
in combination. 

Although recent advances in new therapies that have been outlined have markedly 
enhanced our ability potentially to slow the devastating manifestation of RA, the fact is 
that very few, if any, patients have developed true remissions. In Chapter 11, Genovese 
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outlines other areas of investigation regarding molecular targets that might contribute to 
improving our therapeutic options over the next few years. In particular in this regard, 
the ability to inhibit the T cells either with T-cell receptor peptide vaccine (44), or 
with agents that inhibit the costimulatory pathways (45–47), might potentially lead to 
combinations of therapies that inhibit not only macrophage molecules (such as IL-1 and 
TNF) but also T-cell function. In addition, an area of investigation that requires further 
exploration are agents that inhibit B cells. Rheumatoid factor production is one of the 
hallmarks of RA, and yet the exact role rheumatoid factors play in the destructive process 
remain elusive even after several decades of investigation in this area.

In summary, remarkable advances have occurred in the treatment options of RA. 
Several areas of investigation remain that will be crucial to our understanding of the 
long-term benefits of these new therapeutic options. Specifically, all of these agents 
have been studied in relatively short-term clinical trials and our understanding of 
the long-term benefits and/or toxicity of these new therapies remain elusive. In this 
regard, it is crucial that the long-term benefits and toxicities of these agents, when 
used either alone or in combination, are clearly defined as we embark on additional 
therapies for RA. It is clear that the agents in use now to inhibit targeted areas in human 
disease also have the potential of interfering with targets that are involved with normal 
physiological processes. We clearly do not understand the long-term benefits of these 
new therapies at this time. 

The bar for achievable clinical improvement has been substantially raised with these 
new treatment developments. With further definition of the genetic and nongenetic 
factors that contribute to the disease, we as rheumatologists can now realistically strive 
for remission as a goal for our patients with RA. With the human genome project 
completed, clinical and basic researchers have the opportunity to define which molecular 
mechanisms are likely operative in the initiation, perpetuation, and ultimate destructive 
phases of RA. Moreover, with new targets currently being investigated such as inhibitors 
of IL-1—agents that block costimulatory molecules that block the signaling between 
T and B cells—the potential of inducing tolerance in RA is now closer to reality. With 
continued advances in our understanding of cytokine biology, new ways of blocking 
TNF and IL-1 are likely to evolve.

There is general agreement that the inflammation of RA should be controlled as soon 
as possible, as completely as possible, and for as long as possible, consistent with patient 
safety. The risk of RA management has decreased as rheumatologists have gained more 
experience using combinations of DMARDs, and as increasingly specific and less 
toxic agents to modify inflammation (e.g., TNF and COX-2 inhibitors) have become 
available. Potential benefit has increased with the documentation of prevention of 
structural damage. This improved therapeutic risk/benefit and progressive, irreversible 
nature of RA joint damage justifies immediate initiation of DMARD treatment of newly 
diagnosed RA, and this is rapidly becoming the expected standard of care.

In summary, this work on RA therapies succinctly reviews the recent advances in 
our treatment options for RA and provides a glimpse to the future of other therapies 
that are currently under investigation for RA. As clinical researchers, the opportunity 
to take the basic research findings from the bench and to clinical practice provides 
a remarkable opportunity to improve the quality of life for our patients. Not since 
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the development of cortisone as a therapy for RA has such progress been made in 
the treatment of RA.
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1. INTRODUCTION

The lack of clinical and laboratory markers that reliably predict response, side effects, 
or toxicity to therapeutic intervention poses a significant challenge in therapeutic 
decision-making. Consequently, rheumatologists and other physicians treating patients 
with rheumatoid arthritis (RA) must choose treatment regimens based on their own 
experience and assessment of the literature which usually consists of clinical trials 
of heterogeneous patient populations. With the US Food and Drug Administration’s 
(FDA) approval of tumor necrosis factor (TNF) inhibitors such as etanercept (1) and 
infliximab (2), the era of targeted biological agents for the treatment of RA has begun. 
Biologic agents differ from traditional medications used for RA in their capacity to target 
specific pathophysiological pathways not previously accessible to focused therapeutic 
intervention. However, the expense of these medications (>$10,000/yr), their lack of 
universally positive clinical responses, and the risk of immunosuppression with regard 
to infections make the identification of markers for clinically significant responses both 
clinically and practically important. 

Although the mechanism of action of biologic agents may be through molecular events 
“downstream” from those being directly inhibited, there is rationale for searching for 
genetic markers of disease within the targeted molecules or their ligands. By identifying 
genetic markers of treatment response (either positive or negative), rheumatologists 
hope to be able to stratify patients according to genetic determinants of likelihood of 
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response or toxicity. Genetic markers that can stratify patients based on their likelihood 
of response or toxicity may have an impact on clinical trials. For example, incorporation 
of pharmacogenetic analyses into clinical trials may reduce the number of patients 
required in phase III trials, but may increase the number of patients to be studied in 
postmarketing studies. Thus, an understanding of the genetics of clinical responsiveness 
has the potential to improve safety, cost-effectiveness, and clinical response rates 
by allowing treatment regimens to be individualized (3,4). It should be noted that 
although genetic tests may provide guidelines for pharmacologic management, they 
should not be used by medical insurers to disallow reimbursement for treatments with 
a particular drug. 

GENETIC INFLUENCES ON TREATMENT RESPONSE
AND TOXICITY IN HUMAN DISEASES

In the treatment of any disease, there are many factors that can influence response 
to drugs, including the severity and chronicity of the illness, liver and kidney function, 
patient age, concomitant treatment with other drugs, coexistent illnesses, and nutritional 
status (5). Genetic influences on response to drugs have been documented since the 
1950s. For example, it was noted that inherited levels of erythrocyte glucose 6-phosphate 
dehydrogenase (G6PD) activity affected the likelihood of hemolysis after taking 
antimalarial medications (6). The explosive increase in human genetic information has 
influenced the field of pharmacology, fostering the burgeoning of pharmacogenetics 
and pharmacogenomics. For the purposes of this chapter, pharmacogenetics will be 
used in reference to the study of genetic variation underlying differential response to 
drugs; pharmacogenomics refers to the systematic application of genomics to discovery 
of drug-response markers (7).

Genetic markers useful in predicting treatment response or toxicity may lie in genes 
whose proteins are the target of the drug, are directly involved in the pathogenesis of the 
disease itself, or are enzymes that influence the metabolic or pharmacokinetic pathways 
of the drug (7). An example of a genetic marker in the drug target is the presence of 
coding and promoter polymorphisms in the serotonin receptor 5-HT2A gene, which 
influence response rates to the antipsychotic drug clozapine (8). For example, there is 
a polymorphism at position 452 of the 5-HT2A receptor in which either His or Tyr is 
encoded, based on the allele. In a sample of 153 schizophrenic patients, an association was 
found between the presence of the Tyr452 allele and poor clinical response to clozapine. 
A further analysis of multiple polymorphisms in the genes encoding adrenergic receptors, 
dopamine receptors, serotonin receptors, serotonin transporters, and histamine was 
performed. Genotypes at six polymorphisms (four in genes for serotonin receptors, one 
in a gene for serotonin transporter, and one in a histamine gene) yielded a sensitivity 
of 95% for predicting positive clinical response of schizophrenia to clozapine (9). In 
Alzheimer’s disease, the apolipoprotein E (apoE) gene is associated with neurofibrillary 
tangles and -amyloid protein in the senile plaques. The presence of particular alleles of 
the apoE gene are associated with response of Alzheimer’s to treatment with tacrine (10).
There are polymorphic variations in virtually all genes that encode enzymes involved in 
drug metabolism through modification of functional groups or through conjugation with 
endogenous substrates (reviewed in ref. 5). 
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There are many associations between drug response and genetic variations in 
the metabolic or pharmacokinetic pathways of the drug. The best studied of these 
associations is that of the cytochrome P450 system. Six cytochrome P450 enzymes 
(CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4) mediate the oxidative 
metabolism of most drugs in common use (reviewed in ref. 11), including some of 
those used in the treatment of RA, such as nonsteroidal anti-inflammatory drugs 
(12,13) and cyclosporin (14). Some of these enzyme systems (e.g., CYP2C19, CYP2D6) 
are polymorphic, with specific alleles that are associated with altered (i.e., reduced, defi-
cient, or increased) enzyme activity, which may influence the likelihood of drug toxicity or 
therapeutic failure (11). A comprehensive discussion of the influence of cytochrome P450 
genetic variations is beyond the review of this text, but is reviewed in ref. 15. In addition, 
a list of drugs metabolized through this system is available at the Cytochrome P450 Drug 
Interaction Table on the website of the Georgetown University Medical Center Pharmacol-
ogy Department <http://dml.georgetown.edu/depts/pharmacology/davetab.html>. 

Another example of genetic variations in enzymatic pathways affecting toxicity 
of drugs is the case of alleles in the thiopurine S-methyltransferase (TPMT) gene. 
This enzyme metabolizes the immunosuppressive drug azathioprine (as well as 
mercaptopurine and thioguanine), and genetic variants in its gene predict hematologic 
toxicity with use of the drug (16,17). Mutations TPMT*3A or TPMT*2 are found in 
80–95% of Caucasians with intermediate or low enzyme activity. In a study from two 
rheumatology units, 6 of 67 patients (9%) treated with azathioprine for rheumatic 
diseases were found to be heterozygous for mutant thiopurine methyltransferase alleles. 
Of note, 5 of the 6 heterozygous patients discontinued therapy within 1 mo of starting 
treatment because of low leukocyte counts; the sixth patient did not adhere to treatment. 
In contrast, patients with wild-type TPMT alleles received therapy for a median duration 
of therapy of 39 wk (range 6–180 wk). None of 61 patients with homozygous for the 
wild-type TPMT allele discontinued therapy (17). Genotyping of the TPMT gene is now 
routinely performed on all patients with acute lymphoblastic leukemia (ALL) at the 
Mayo Clinic; patients with genotypes associated with low TPMT are treated successfully 
with lower doses of thiopurines (18–20). Perhaps rheumatologists should be using a 
similar strategy to identify patients with RA and systemic lupus erythematosus (SLE) 
who require lower doses of azathioprine to avoid toxicity. 

Several requirements must be fulfilled for a pharmacogenetic assay to be useful 
for practicing clinicians (21). First, the test must discriminate between significantly 
different clinical responses. In RA, a pharmacogenetic assay for efficacy should be 
able to stratify patients according to improvement in the number of swollen and tender 
joints, e.g., those meeting American College of Rheumatology (ACR) 50% response 
criteria vs those failing to meet ACR 20% response criteria. Second, the test must be 
adequately sensitive. In an assay for toxicity, for example, a sensitivity approaching 
100% is desirable whereas in a test of efficacy, identification of 60–80% of responders 
is clinically useful. The number of false positives (specificity of the test) is also a 
parameter that influences clinical utility. Finally, the test must be relatively inexpensive, 
rapid, and yield clear results that are interpretable by practicing physicians. An ideal 
pharmacogenetic test would require a small blood sample, provide fast and reliable 
genotype analysis, and accurately predict the treatment response or toxicity to one or 
more treatment alternatives (22).
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GENETIC INFLUENCES ON SUSCEPTIBILITY TO RA
AND ITS SEVERITY

Genes important in susceptibility or severity of RA may also influence treatment 
response. There is a genetic component to susceptibility to RA, as there is with virtually 
every form of arthritis, including familial osteoarthritis (23), ankylosing spondylitis 
(24), SLE (25), and gout (26). Because of the complexity and redundancy of the 
human immune system and the large number of cell types and molecules involved in 
its pathogenesis, there are a multitude of genes that may influence RA susceptibility. In 
addition to contributing to susceptibility, genetic factors may have an effect on disease 
phenotype as defined by particular clinical manifestations (e.g., erosions or extra-
articular manifestations), or may influence response to particular treatments. Potentially 
relevant genes include those that encode proteins involved in antigen recognition, 
cell-cell interactions, intracellular signaling, inflammation, apoptosis, cell trafficking, 
hormonal interactions, and others (reviewed in ref. 27) A genome-wide screen of 
257 multiplex RA families by the North American Rheumatoid Arthritis Consortium 
(NARAC), revealed evidence for linkage to a number of non-HLA loci on chromosomes 
1, 4, 12, 16, and 17 (27a).

Class II MHC Alleles
RA susceptibility is known to be associated with genes in the class II major 

histocompatibility complex (MHC) (28,29). An association between HLA DR alleles 
and RA was first reported in 1978 (30) and has been confirmed in multiple studies 
(reviewed in ref. 31). It is now generally accepted that particular class II MHC alleles 
(DR4 subtypes Dw4 [DRB*0401], Dw14 [DRB*0404], and Dw15 [DRB*0405], and 
some DR1 alleles) are associated with susceptibility to RA in Caucasians. Nucleotide 
sequence analysis led to the hypothesis that these alleles confer susceptibility to RA 
based on shared homology at amino acid residues 70–74 of the third hypervariable 
region of the DRB1 chain, the so-called shared epitope (32). The predisposition to and 
severity of RA in African-Americans appears to be independent of the presence and 
dose of the shared epitope in class II MHC alleles (33) (see below). 

In addition to having a role in susceptibility to RA, MHC class II DR4 alleles 
have been reported to have an affect on disease severity (such as more erosions on 
radiographs) (34,35). Rheumatoid factor (RF)-positive Caucasians with RA who bear 
two susceptibility alleles have been shown to be more likely to have severe disease 
and extra-articular manifestations than heterozygous individuals, suggesting a gene 
dosing affect (36).

TNF Polymorphisms
In RA, there may be enrichment for genetic polymorphisms that lead to higher 

levels of cytokines with predominantly proinflammatory effects or lower levels of 
predominantly anti-inflammatory cytokines. Tumor necrosis factor (TNF), for example, 
plays a substantial role in the pathogenesis of RA (37,38). There are conflicting reports 
of the roles of TNF genetic variations in RA, possibly as a result of population admixture 
and multiple-hypothesis testing (39). Some studies have shown no association between 
RA susceptibility and the TNF locus (40–43). One study reported an association 
between the genotypes at the promoter polymorphisms at –238 and –308 and the mean 
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age at disease onset and the presence of rheumatoid nodules, respectively (43). The TNF 
–238 G/A heterozygous genotype has been reported to be associated, independent of the 
presence of HLA DR4 alleles, with a paucity of erosions early in the course of the disease 
(44) and with a lower rate of joint damage on hand radiographs as the disease progresses 
(45). However, functional assays revealed no significant differences in the level of 
inducible reporter-gene expression between the TNF –238 A and G alleles. 

Microsatellite markers in the TNF locus (TNFa, b, c, d, and e) have also been studied 
with regard to RA susceptibility and severity. Studies have shown an association of TNF 
microsatellite alleles with RA independent of the MHC locus (46,47), and an association 
with RA with possible synergy with the MHC locus (48). Criswell and colleagues studied 
the effect of TNF microsatellite polymorphisms on likelihood of severe RA (defined by 
rheumatologists’ assessments of disease course, joint replacement, hospitalization for 
RA other than for joint replacement, and severity of erosions on hand/wrist radiographs). 
Allele 11 of the TNF microsatellite polymorphism TNFa (TNFa11) appeared to be 
associated with RA severity through an interaction with the MHC shared epitope (48).
Most of the severe outcomes were observed among individuals who had inherited both 
TNFa11 and the shared epitope, whereas individuals who had inherited TNFa11 in 
the absence of the shared epitope had the best outcomes. Although the mechanism for 
this interaction remains unclear, both the MHC shared epitope and the TNF-LT locus 
appear to be important determinants in RA severity. 

DNA MICROARRAYS IN MOLECULAR GENOTYPING 
AND PHENOTYPING

One of the most exciting biotechnologies to impact on genetics is the development 
of DNA microarrays, which allow analysis of thousands of genes simultaneously (49).
DNA chip technology has facilitated discovery of single nucleotide polymorphisms 
(SNPs) as well as genotyping of a large number of SNPs in a rapid, accurate fashion 
(50,51). In addition to SNP discovery and genotyping, DNA microarrays can be used 
to characterize which of thousands of genes are preferentially expressed in particular 
tissues (expression profiling) (52). This is a powerful technique that allows molecular 
comparison of diseased cells or tissues to their normal counterparts and to detect changes 
in gene expression in response to cytokines, growth factors, and drugs. Thus, DNA 
microarrays are likely to have a substantial impact on identification of new molecular 
targets and drug discovery (53). Among the most important potential applications of 
gene chips is to identify molecular classification of diseases, which may ultimately allow 
optimization of treatment strategies. For example, Golub et al. used DNA microarrays to 
profile expression of 6817 genes in bone marrow aspirates of patients with acute myeloid 
leukemia (AML) and ALL (54). Using 50 informative genes, classification into AML vs 
ALL, as well as identification of subclasses, was possible. One of the informative genes 
was topoisomerase II, the target for the anti-leukemia drug etoposide, which illustrates 
the potential usefulness of molecular classification in pharmacogenetics. 

Because RA is a heterogenous disease, molecular phenotyping may someday be 
useful for determining optimal treatment. Synovial tissue may be obtained through 
arthroscopic or percutaneous biopsy and expression profiling performed. For results 
to be interpretable and clinically meaningful, artifacts owing to varying proportions 
of different cell types must be avoided. There are many ways to exclude this problem, 
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including histologic examination of synovial samples to ensure comparability, or 
purification of cells of a particular lineage (e.g., T cells, B cells, monocytes, or fibroblasts) 
by flow sorting or laser-capture microdissection (54).

PHARMACOGENETIC STUDIES IN RA

In approaching pharmacogenetic studies in RA, there are some genetic associations 
for which the mechanism of side effects or toxicity is unknown. For others, the genetic 
association may influence drug metabolism or pharmacokinetics. For still others, 
responsiveness may associate with variations in specific pathophysiologic pathways or 
with the underlying severity of disease.

Gold salts have been used in the treatment of RA for many years, and can cause 
side effects such as bone marrow suppression, proteinuria, and mucocutaneous lesions. 
HLA DR3 may be associated with gold toxicity in RA (55). Further studies indicate that 
HLA-DQA region genes (56) or HLA-B8 and DR3 antigens (57) may play an important 
role in susceptibility to gold-induced nephropathy and that HLA-DR1 (58) or HLA-DR5 
(57) may be involved in susceptibility to mucocutaneous side effects. Although the 
mechanisms and genes involved remain unknown, such studies helped to set the stage 
for pharmacogenetics in understanding drug effects in RA. Affecting drug-metabolism 
genetic variability in the G6PD and TPMT genes may influence toxicity of antimalarials 
or azathioprine, respectively, in the treatment of RA. Susceptibility to sulfasalazine-
induced agranulocytosis may be influenced by polymorphisms of NAT2 (59).

With the use of immunoglobulin-based biologics, naturally occurring polymorphisms 
in receptors for immunoglobulins may influence pharmacokinetics and side effects. The 
efficacy of some of these immunoglobulin-based therapeutics in model systems is Fc
receptor dependent (60,61). Similarly, the cytokine-release syndrome induced by at least 
some humanized monoclonal antibodies (MAbs) is also Fc receptor-dependent (62)
(Fig. 1). Tax and colleagues (63,64) have shown that in organ transplant recipients, 
the cell depletion induced by the anti-CD3 MAb, WT31, varies predictably with Fc
receptor genotype (Fig. 2). Although the effect of naturally occurring polymorphisms 
in Fc receptors on the efficacy of current therapeutic agents in RA has not been 
explored in depth, an influence on minor infections as an adverse events in both treated 
and control subjects has been demonstrated (65). Such observations suggest that the 
genetics of the study population may influence adverse events and impact on formulation 
strategies as well as affect responsiveness of pathophysiological pathways. Because of the 
role of TNF in RA and the availability of anti-TNF therapy, TNF and TNF-receptor loci 
may yield useful pharmacogenetic markers as an example of the latter (27).

The MHC class II shared epitope, which can influence disease severity, may also 
affect the clinical response of RA to treatment (66). In a study by O’Dell and investigators 
in the Rheumatoid Arthritis Investigational Network (RAIN), patients were randomized 
to receive three disease modifying anti-rheumatic drugs (DMARDs) (methotrexate 
[MTX], hydroxychloroquine, and sulfasalazine), MTX alone, or hydroxychloroquine 
plus sulfasalazine (67). The three drug regimen was found to be superior to the other 
two. In a follow-up analysis, all patients were genotyped for the presence of DRB1 *0401, 
*0404/*0408, *0405, *0101, *1001, and *1402 alleles to determine if there was an 
influence of the shared epitope on treatment response. Patients with the shared epitope 
were more likely to achieve ACR 50% response criteria to triple DMARD therapy than 
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to MTX alone (94% responders vs 32%, p <  0.0001) (66). In contrast, patients without 
the shared epitope did equally well regardless of treatment (88% responders to triple 
DMARD therapy vs 83% for MTX alone). Although the number of patients was small, 
this study suggests that knowing whether or not the patient has alleles containing the 
shared epitope may be useful in selecting among treatment options. 

Fig. 1. Role of Fc R in cytokine release syndrome. (A) Ex vivo whole-blood cultures demonstrate 
the central role of Fc receptors in TNF- release by the anti-CD52 MAb, CAMPATH 1-H. Adapted 
with permission from Wing et al. (62). (B) Fc receptor-binding affinity for MAb varies with 
receptor genotype and influences TNF- production in patients receiving MAb WT31. Adapted 
from Tax et al. (64).
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There are likely to be important racial differences in allele frequencies of genes 
important in the pathogenesis of RA. As mentioned earlier, MHC class II shared epitope 
appears to have less of an influence on susceptibility to RA in African-Americans 
than it does in Caucasians (33). In addition, there are marked differences between 
African-Americans and Caucasians with regard to the prevalence of an SNP in the 
IL-6 gene that appears to play a role in susceptibility to juvenile RA (68–70). Among 
Spaniards (71) and Israeli Jews (72), DR10 alleles appear to be the most important 
MHC susceptibility genes. Although there are no known racial differences in the overall 
frequency of mutant TPMT alleles compared to wild-type alleles, it has recently been 
reported that Caucasians mutant alleles are usually TPMT*3A, whereas Kenyans have 
the TPMT*3C allele (73). Thus, race should be considered an important variable in 
genetic analyses of susceptibility, severity, and treatment response in RA. 

When pharmacogenetics will be translated to the bedside in the treatment of RA 
remains to be established, but the future of molecular medicine, and its potential 
to enhance the management of our patients, appears bright. New agents, including 
those directed against IL-1 (74,75), and other biologic targets such as costimulatory 
molecules (e.g., CD40/CD40L, and CTLA4), are being developed, and identification 
of genetic markers of clinical response or toxicity may provide more efficient and 
cost-effective therapies. 

CONCLUSIONS

There has been an explosion of knowledge of genetic variations among different 
populations and the influences of genetics on complex autoimmune and inflammatory 
diseases such as RA. Although class II MHC alleles are important contributors, there 
are likely to be multiple other genes that modulate the disease phenotype. In addition, 
genetic markers may allow determination of treatment response, especially in light of 
the growing number of biologic agents undergoing clinical trials. 

Fig. 2. Percentage of circulating CD3+ lymphocytes during anti-CD3 treatment with MAb WT31. The 
donor with the Fc RIIA genotype which binds WT31 with high affinity showed a more pronounced 
decrease in circulating CD3+ lymphocytes. Adapted from Tax et al. (64).
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INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) continue to be a mainstay of 
rheumatoid arthritis (RA) management despite exciting recent advances in the therapy 
of RA (Table 1). Before the era of modern medicine, willow bark, which contains 
salicylates, was used to treat fever and pain (1). In 1860, salicylic acid was introduced 
for the treatment of rheumatic diseases, followed by the introduction of acetylsalicylic 
acid (aspirin) in 1899 (1). Salicylates remained the principle pharmacologic therapy 
of RA until the introduction of glucocorticoids in the 1940s. In the current era of 
early, aggressive management of RA with disease modifying anti-rheumatic drugs, the 
NSAIDs have assumed an adjunctive role in reducing the symptoms of RA.
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In 1971, Sir John Vane discovered that aspirin, sodium salicylate, and indomethacin 
inhibited prostaglandin synthesis (2). Cyclooxygenase was identified in 1976 as the 
critical enzymatic step in prostaglandin synthesis (3). By the late 1970s, clinicians 
began to appreciate the significant spectrum of NSAID toxicity. These drugs were 
shown to cause significant morbidity and mortality primarily owing to gastroduodenal 
ulcer formation and renal toxicity. The focus of clinical research shifted toward reducing 
NSAID-induced toxicity. Methods were developed to modify the gastrointestinal 
(GI) toxicity of NSAIDs through coadministration of gastroprotective drugs. The 
identification of a second isoform of cyclooxygenase (COX-2) led to the discovery of 
selective COX-2 inhibitors that exhibit markedly improved GI safety; albeit at greater 
economic cost. These developments have ushered in the latest era in the evolving history 
of NSAID therapy of RA.

This chapter reviews the pathogenic mechanisms that support the rationale for 
NSAID therapy in RA. Evidence for the efficacy of NSAIDs in RA will be presented 
with particular emphasis on the selective COX-2 inhibitors. NSAID toxicity remains 
an important issue. Accordingly, this chapter will review the risk factors for NSAID 
toxicity, methods for minimizing toxicity and the relative safety of selective COX-2 
inhibitors vs nonselective COX inhibitors. This review concludes with a discussion of 
the role of NSAIDs in the modern management of RA. 

PATHOGENIC MECHANISMS THAT RATIONALIZE USE OF NSAIDS

The primary molecular target of all NSAIDs is cyclooxygenase (COX), which 
converts arachidonic acid to prostaglandin G2 (PGG2) and prostaglandin H2 (PGH2) 
(4). PGH2 is enzymatically converted by prostaglandin synthases to the active forms of 
PGE2, PGD2, PGI2, and thromboxane A2. Two isoforms of COX have been identified; 
designated COX-1 and COX-2 (4). COX-1 is constitutively expressed in most tissues and 
produces prostaglandins important for normal tissue homeostasis. COX-2 is an inducible 
enzyme that is rapidly upregulated at sites of inflammation and tissue injury. With the 
exception of sites within the kidney and brain, there is very little constitutive expression 
of COX-2. Accordingly, COX-2 is the primary source of prostaglandin synthesis in 
inflamed tissue. Inducers of COX-2 expression in inflamed or injured tissue include: 
proinflammatory cytokines, immune complexes, lipopolysaccharide, immunoglobulin 
Fc receptor crosslinking, bradykinin, thrombin, and phospholipase A2 (4–6).

Table 1
Nonsteroidal Anti-Inflammatory Drugs

in Rheumatoid Arthritis: Important Milestones

Date Milestone

Pre-modern Salicylates from botanical sources
1860 Salicylic acid introduced
1949 First nonsalicylate NSAID, phenylbutazone
1971 Mechanism of action of aspirin elucidated
1991 COX-2 discovered
1999 First selective COX-2 inhibitors approved
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Prostaglandin synthesis is upregulated in virtually all forms of inflammation 
including RA. Prostaglandins are produced on demand and are not stored in cells. 
The key regulatory step in the production of prostaglandins is the conversion of 
membrane phospholipids to arachidonic acid by the phospholipase A2 (PLA2) family 
of enzymes. A variety of stimuli upregulate PLA2, including proinflammatory cyto-
kines, lipopolysaccharide, oxidized low-density lipoproteins, and small peptide growth 
factors (7–12).

The biologic effects of prostaglandins are numerous. Their role in regulating inflam-
matory responses includes the induction of fever, pain, swelling, and the regulation of 
leukocyte function. Fever is induced, in part, by local production of PGE2 in the brain. 
PGE2 raises the body temperature set point through interaction with neurons in the 
hypothalamus (13,14). Prostaglandins do not directly stimulate pain responses. Instead, 
they contribute to pain responses by inducing a state of hyperalgesia. PGE2 and PGI2 
cause sensitization of peripheral nerve terminals and modulate pain processing at a 
central level in the spinal cord (15). Finally, the role of prostaglandins in swelling 
is somewhat indirect. Prostaglandins increase blood flow through arteriolar dilation. 
Edema results from prostaglandin-induced increases in blood flow in conjunction with 
stimuli that promote endothelial permeability (leukotrienes, bradykinins, platelet- 
activating factor) (4).

Prostaglandins have a seemingly paradoxical anti-inflammatory effect on leukocytes. 
Neutrophil chemotaxis and superoxide production are inhibited in vitro by prostaglandins 
(16). PGE2 inhibits expression of the neutrophil activation marker CD66 (17). PGE2 
was also shown to inhibit TNF- production by monocytes. In fact, administration of 
NSAIDs to humans and mice enhances lipopolysaccharide-induced TNF- production, 
and renders mice more susceptible to the lethal effects of endotoxin (18,19). Enhanced 
TNF- production in response to NSAIDs in mice causes alterations in cartilage 
metabolism that have led to concerns about the role of NSAIDs in accelerating cartilage 
degradation (20,21). PGE2 has also been shown to downregulate T-lymphocyte 
proliferation, migration, and cytokine production (22–25). The clinical relevance of 
these findings is unclear because RA patients who responded to NSAIDs exhibited 
increased density of T-cell surface markers coincident with reductions in erythrocyte 
sedimentation rate, c-reactive protein, IgM rheumatoid factor, and clinical parameters 
of RA activity (26,27). These findings illustrate the importance of differentiating 
the isolated effects of prostaglandins in vitro from those observed in intact tissue or 
whole organisms.

Numerous studies provide evidence for the role of prostaglandins in the pathogenesis 
of RA (28). Prostaglandin E2 can be detected in the synovial fluid of RA patients at 
a level significantly higher than that seen in synovial fluid from osteoarthritis (OA) 
patients (29). Accordingly, RA patients express higher levels of COX in synovial tissue 
than do healthy subjects or patients with OA (30). Clinical responses to NSAIDs in RA 
patients correlated with reduced PGE2 levels in synovial fluid (31). 

The cellular source of prostaglandins in the inflamed joint has not been definitively 
identified. However, in vitro studies demonstrated upregulated prostaglandin synthesis 
in macrophages, neutrophils, mast cells, and type I and type II synovial lining cells 
(32–36). Finally, cytokines important in the pathogenesis of RA, such as Interleukin-1 
(IL-1) and TNF- , are known to upregulate PLA2 and/or COX-2 expression in cultured 
synovial-tissue fibroblasts (37–40).
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NSAIDs may have pharmacologic properties unrelated to inhibition of COX. For 
instance, anti-inflammatory doses of nonacetylated salicylates (which are weak COX 
inhibitors) were comparable to other NSAIDs in decreasing pain, joint tenderness, and 
swelling in RA (41). These data indicate that pharmacologic properties of NSAIDs 
that are distinct from COX inhibition may have clinical relevance in RA. Numerous 
molecular pathways related to inflammation but distinct from COX inhibition are 
modified by NSAIDs. Salicylates were shown to inhibit IL-1 induced COX gene 
expression in cultured human endothelial cells (42). Aspirin inhibits translocation of the 
transcription factor NF B to the nucleus, which can inhibit a variety of inflammatory 
and immune responses (43). Other mechanisms of action include the accumulation of 
adenosine, which possesses anti-inflammatory activity (43). The preferential COX-2 
inhibitor, nimesulide, induced glucocorticoid-receptor phosphorylation and transcription 
in cultured human synovial fibroblasts; an action which increases the anti-inflammatory 
activity of endogenous or exogenous corticosteroids (44). Tenidap, ibuprofen, and 
naproxen inhibited in vitro T-cell proliferative responses to IL-2 when added to cultures 
at therapeutic concentrations, whereas indomethacin, piroxicam, and sulindac did not 
(45). All of these findings suggest that NSAIDs may have anti-inflammatory activities 
separate from their ability to inhibit COX. The relevance of these findings to the efficacy 
of NSAIDs in RA has not been determined. It is likely that in the near future, NSAIDs 
will be developed that have primary activities unrelated to COX inhibition.

NSAIDS IN ANIMAL MODELS OF RA

Two animal model systems are relevant to the role of NSAIDs in RA. The first 
involves rodent models of RA such as adjuvant-induced arthritis. Remarkably few studies 
of the activity of NSAIDs have been reported in these systems. A second model system 
utilizes carrageenan injection and is widely used to assess the anti-inflammatory activity 
of NSAIDs. Carrageenan, a seaweed extract, induces pain and intense inflammatory 
responses when administered parenterally in laboratory animals (46). The adjuvant 
arthritis model and the carrageenan model have been used recently to investigate 
the effectiveness of selective COX-2 inhibitors. Representative data from this line of 
research are presented in this section.

Selective COX-2 Inhibition in Carrageenan-Induced Inflammation
The carrageenan model is the classic animal model used to assess the activity of anti-

inflammatory agents. Carrageenan injection induces marked increases in prostaglandin 
synthesis. Most NSAIDs in clinical use were developed for clinical studies based on their 
ability to reduce the proinflammatory effects of carrageenan in rodents.

The carrageenan model has provided an important tool for dissecting the mechanism 
by which various inflammatory mediators induce the cardinal manifestations of 
inflammation. Of particular interest, the carrageenan model helped to support the 
hypothesis that COX-2 was the critical mediator of inflammation and pain; and provided 
the in vivo system for initial studies of selective COX-2 inhibitors.

Smith and coworkers undertook a study of the pharmacologic effects of specific 
COX-1 and COX-2 inhibitors on the production of PGE2, swelling and pain in rats 
administered carrageenan parenterally (Table 2) (47). Carrageenan injected into the 
footpad of rats induced inflammatory pain and swelling in association with a four to 
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five-fold increase in local PG production. This inflammatory response was ameliorated 
by nonselective COX inhibitors (48). In the study by Smith et al., the selective COX-2 
inhibitor, celecoxib, but not the selective COX-1 inhibitor, SC-560, prevented increased 
pain and swelling associated with carrageenan injection (47). Interestingly, the selective 
COX-1 and COX-2 inhibitors each prevented or treated upregulated PG production in 
the footpad in response to carrageenan injection. This paradoxical finding indicates 
that inhibition of local pain and edema at sites of inflammation may be mediated by 
prostaglandin production at distant sites, such as the central nervous system (CNS). To 
investigate this possibility, cerebrospinal fluid (CSF) levels of PGE2 were measured 
after footpad injection of carrageenan. Peripheral inflammation induced by carrageenan 
footpad injection resulted in markedly upregulated PGE2 production in CSF. Celecoxib, 
but not the COX-1 selective, SC560 prevented and treated upregulated CSF PGE2 levels 
in response to footpad injection of carrageenan. These data support the hypothesis that 
COX-2 is critical for production of PG important in inflammation. Furthermore, these 
data suggest that the analgesic effect of COX-2 inhibition in response to peripheral 
inflammation may be mediated in the CNS.

Selective COX-2 Inhibition in Adjuvant Arthritis Models
Adjuvant arthritis is a polyarthritis syndrome induced in rats after immunization 

with crude mycobacterial-cell wall preparations (49). Selective COX-2 inhibition with 
celecoxib or rofecoxib reduced the swelling associated with adjuvant arthritis (50,51). 
Administration of celecoxib to rats with adjuvant arthritis resulted in reduction in 
serum and paw IL-6 levels and reduced the expression of COX-2 mRNA and protein 

Table 2
Analgesic and Anti-Inflammatory Actions of Selective Cyclooxygense Inhibitors

Response parameter Nonselective COX  Selective COX-1  Selective COX-2 
inhibitor* inhibitor inhibitor

Prevention of + - +
  footpad edema
Prevention of  + - +
  footpad pain
Prevention of footpad  + + +
  PG production
Therapy of footpad  + - -
  edema
Therapy of footpad  + - +
  pain
Therapeutic reduction  + + +
  in footpad PG levels
Prevention of CSF   - +
  PGE2 production
Therapy of CSF   - +
  PGE2 production

*PG, prostaglandin; CSF, cerebrospinal fluid; COX, cyclooxygenase. Adapted from ref. 48.
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in affected paws. These effects were comparable to those achieved by the nonselective 
COX inhibitor, indomethacin. Rofecoxib has also been shown to reduce bone and 
cartilage damage in the adjuvant arthritis model (50).

CLINICAL TRIALS OF NSAIDS IN RA

Hundreds of clinical trials have been performed using NSAIDs in RA. One of the 
first such trials in 1965 demonstrated that aspirin was effective in the treatment of 
RA (52). Numerous trials over the last 40 years have confirmed the effectiveness of 
NSAIDs in the treatment of RA. However, the interpretation of these clinical trial data 
is complicated by several factors, which include the introduction of disease-modifying 
therapy, and changes in accepted measures of clinical outcome. Gotzsche performed 
a comparative analysis of 196 double-blind trials of NSAIDs in RA and identified 
three findings: important differences in the variables used to assess efficacy, important 
errors in statistical methods, and evidence of publication bias (53). Nevertheless, several 
conclusions may be drawn from these clinical trial data: (1) often patients must try two 
or more NSAIDs before identifying one that is effective and well-tolerated (54,55); (2) 
NSAIDs are not disease-modifying drugs in RA (56); (3) although safety and tolerability 
profiles vary between NSAIDs (57,58), their efficacy is comparable (58–62).

It is difficult to explain the paradox between the comparable efficacy of NSAIDs and 
the marked variation in individual responses to various NSAIDs. In hundreds of clinical 
trials assessing over 100 NSAIDs, no one drug or class of NSAID has demonstrated 
superior efficacy. Yet, it is common for physicians and patients to note marked variation 
in clinical response. RA patients receiving fixed, blinded doses of ibuprofen, fenoprofen, 
ketoprofen, and naproxen demonstrated no significant clinical differences as a group. 
However, there were striking differences in individual responses and clear patient 
preferences for particular medications (63). This observation led to efforts to identify 
patients who are responders and nonresponders in clinical trials. In a small trial comparing 
clinical responses of RA and OA patients to ketoprofen or piroxicam, it was possible to 
identify “responders” to one or more medications (64). Despite these observations, clini-
cal response or nonresponse has not been correlated with pharmacokinetic parameters;
leading some authors to question the concept of nonresponders (65). At present it is not 
possible to explain the mechanism of differences in clinical responsiveness of individual 
patients to the various NSAIDs.

Despite reports of hundreds of clinical trials of NSAIDs in RA, study design varies 
significantly in these trials, making it difficult to summarize clinical findings. Modern 
RA response criteria have recently been used to compare the efficacy of the new highly 
selective COX-2 inhibitors with nonselective COX inhibitors (66). These studies have 
provided the most thorough assessment of the responses of RA patients to therapy with 
selective COX-2 inhibitors and nonselective COX inhibitors.

In the first such study, celecoxib, was compared with naproxen and placebo in a 
12-wk, multi-center, double-blind, randomized controlled trial of 1149 RA patients 
(67). Participants discontinued NSAIDs or analgesics and were allowed to have a 
RA flare. Upon experiencing increased RA symptoms, patients were randomized to 
receive celecoxib at 100, 200, or 400 mg twice daily; naproxen 500 mg twice daily; 
or placebo. Response rates American College of Rheumatology ([ACR] 20) were 36% 
in the naproxen group and 39–44% in the celecoxib groups; compared to 29% in the 
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placebo group (Table 3). Response rates were comparable in the naproxen and celecoxib 
groups and both drugs were significantly superior to placebo. Responses to approved 
doses of active treatments across individual components of the ACR responder index 
were all superior to placebo except for reduction in C-reactive protein. On average, 
patients in active treatment groups had 10–12 fewer tender joints, 7–9 fewer swollen 
joints, and morning stiffness was reduced by 90–120 min. Maximal clinical responses 
were achieved by 2 wk and were sustained for the duration of the study.

Several important conclusions may be drawn from this study. First, the efficacy of 
celecoxib in RA arthritis was better than placebo and was comparable to naproxen, a 
nonselective COX inhibitor that is widely used in RA. Clinical responses to naproxen in 
this study were comparable to those reported in prior clinical trials in RA (68,69). Second, 
the active therapies were well-tolerated. The incidence of endoscopically detected 
ulcers in patients receiving celecoxib was comparable to placebo and significantly 
lower than patients in patients taking naproxen (see Side Effects) (67). Third, despite 
efficacy of celecoxib and naproxen in most patients, over 25% withdrew from the study 
because of treatment failure (67). Most withdrawals occurred within 6 wk of initiating 
treatment. Lack of response in a significant number of patients receiving celecoxib 
or naproxen may reflect the significant individual to individual variability in clinical 
responses to NSAIDs.

A second randomized controlled trial performed in Europe compared celecoxib 
200 mg twice daily with diclofenac SR 75 mg twice daily in 655 RA patients (70).
At 24 wk the efficacy of celecoxib was comparable to that of diclofenac. ACR 20 
response rates of 25 and 22% were achieved with celecoxib and diclofenac, respectively. 
Withdrawal owing to treatment failure occurred in 8% of patients receiving celecoxib 
and 7% of patients receiving diclofenac. 

Finally, a short-term, placebo-controlled trial of rofecoxib, a highly selective COX-2 
inhibitor, was performed in 658 RA patients. ACR20 response rates of 44–50% were 
seen in the rofecoxib group vs 32% in the placebo group (71). Results of large-scale 

Table 3
Efficacy and Safety of Celecoxib vs Naproxen vs Placebo in Rheumatoid Arthritis

Celecoxib (all doses) Naproxen Placebo

ACR20 (% responder) 39–44 36 29
Withdrawal owing to treatment failure (%) 21–28 29 45
Patient’s global assessment (% improved) 22–30 19 16
Physician’s global assessment (% improved) 21–30 20 15
Reduction in number of tender joints 11.6–12.4 9.5 7.6
Reduction in number of swollen joints 7.0–9.1 6.9 5.5
Reduction in arthritis pain VAS (mm) 16.9–20.7 16.9 9.3
Change in AM stiffness (duration-min) Decr. 98–153 Decr. 90 Incr. 9
Withdrawal due to adverse events (%) 5–7 5 5
Incidence of gastroduodenal ulcer (%) 4–6 26 4
Combined GI adverse events 25–28 31 19
GI adverse events causing withdrawal (%) 1–3 5 1

Adapted from ref. 67.
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clinical trials in RA using the preferential COX-2 inhibitors nimesulide and meloxicam 
are not yet available.

SIDE EFFECTS AND PRECAUTIONS

Without question, NSAIDs are effective in treating the signs and symptoms of RA. 
However, medication-related adverse events ultimately drive clinical decision-making 
with regard to NSAID use. Up to one-third of patients using conventional NSAIDs 
develop persistent adverse events, and 10% ultimately discontinue treatment because 
of adverse events (72). Despite widespread prescribing of over 70 million prescriptions 
each year, NSAIDs increase the risk of hospitalization and death (73–75). Therefore, 
considerable attention should be given to identifying patient risk factors for NSAID-
related adverse events. In fact, observations of patient-physician encounters indicate 
that inadequate attention is given to identifying risk factors for NSAID toxicity prior 
to prescribing (76). Common adverse events associated with NSAID use are detailed 
below. Differences in rates of adverse events between selective COX-2 inhibitors and 
nonselective COX inhibitors are highlighted in this section.

Gastrointestinal
The most important adverse event associated with NSAIDs is gastroduodenal 

ulceration, which is a significant cause of morbidity and mortality worldwide. Clinically 
relevant gastroduodenal ulceration occurs in up to 6% of patients on long-term NSAID 
therapy (77). Given the widespread use of NSAIDs this translates into over 100,000 
hospitalizations annually; resulting in an estimated 16,000 deaths (77). The direct 
medical costs in treating these complications exceeded $1.3 billion annually (77).
Approximately 40% of the morbidity and mortality is seen in patients with RA (77).

PATHOGENESIS OF NSAID-INDUCED GASTROINTESTINAL TOXICITY

The pathogenesis of NSAID-induced gastrointestinal toxicity results from a combina-
tion of local injury to the gastroduodenal mucosa in association with systemic inhibition 
of normal prostaglandin synthesis, which is important for mucosal homeostasis. Normal 
gastroduodenal prostaglandin synthesis is mediated almost entirely by COX-1 (reviewed 
in ref. 78). Mucosal effects of decreased prostaglandin synthesis include impaired 
bicarbonate formation, decreased mucus production, reduced mucosal blood flow, and 
loss of normal epithelial cell proliferation (78,79). Most NSAIDs are weak acids that 
also mediate local injury to the gastroduodenal mucosa (72). Weak acids are nonionized 
in the acidic environment of the stomach and can penetrate the protective mucosal layer. 
In the neutral environment beneath the mucus layer, weak acids release hydrogen ions, 
which become locally concentrated. The combination of local acid-mediated injury, 
coupled with systemic loss of prostaglandin-mediated mucosal protection results in the 
gastroduodenal injury associated with COX-1 inhibitor activity. 

RISK FACTORS FOR NSAID-INDUCED GASTROINTESTINAL TOXICITY

Several well-designed epidemiologic studies have characterized risk factors gastro-
duodenal ulceration (Table 4). A thorough assessment of each patient’s risk factors 
is necessary to facilitate rational decision-making regarding selection of appropriate 
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NSAIDs and concomitant use of gastroprotective medications (see below). It is 
important to appreciate that the risk of NSAID-associated ulcers is greatest in the first 
month of therapy (75). In fact, most instances of GI bleeding occur in patients taking 
nonprescription NSAIDs for short periods of time (80). Increasing age is associated 
with risk of ulceration in a linear fashion. The relative risk of ulceration rises from 
1.6 in the sixth decade to 5.6 in the eighth decade of life (81). Other risk factors for 
gastroduodenal ulceration are shown in Table 4; each of which confers at least a fivefold 
increased risk of ulceration. The importance of Helicobacter pylori in the pathogenesis 
of NSAID-induced gastropathy is uncertain. H. pylori is an independent risk factor 
for endoscopic and clinically significant ulcers (82) Eradication of H. pylori prior to 
instituting NSAID therapy may prevent ulcer recurrence or onset of symptomatic ulcer in 
chronic NSAID users (83,84). Paradoxically, the presence of H. pylori protected against 
recurrent gastroduodenal ulcerations in arthritis patients using NSAIDs (85,86). Further 
study is needed to define the role of H. pylori in the pathogenesis of NSAID-related 
gastroduodenal injury.

PREVENTING NSAID-INDUCED GASTROINTESTINAL

TOXICITY USING SELECTIVE COX-2 INHIBITORS

Several trials have been performed that demonstrate reduction in the incidence of 
endoscopic ulcers in patients receiving highly-selective COX-2 inhibitors in comparison 
to a control population receiving standard NSAIDs. In a 6-mo European trial of celecoxib 
vs diclofenac in 655 patients with RA, ulcers were detected in 4% of the patients 
receiving celecoxib and 15% of the patients receiving diclofenac (70). A similar US 
trial compared celecoxib and naproxen in 1149 RA patients. At 12 wk the cumulative 
incidence of endoscopic ulcer was 26% in the naproxen group and 4% in the celecoxib 
groups (67). In a 24-week trial of rofecoxib vs ibuprofen in patients with OA, the 
cumulative ulcer risk was 10% in patients receiving 25 mg of rofecoxib daily vs 46% in 
patients receiving ibuprofen 800 mg t.i.d. (87). Finally, the incidence of symptomatic 
adverse gastrointestinal events was compiled from eight clinical trials of rofecoxib in 
comparison to ibuprofen, diclofenac, or nabumetone for the treatment of OA (88). In 

Table 4
Risk Factors for NSAID-Induced Gastroduodenal Ulcers

Established risk factors
Advanced age
History of gastroduodenal ulcer
Concomitant use of corticosteroids
High dose NSAIDs/combination of NSAIDs
Concomitant anticoagulants
Serious systemic disorder

Possible risk factors
Concomitant infection with H. pylori
Cigarette smoking
Alcohol consumption

Adapted from ref. 145 with permission.
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over 5000 patients receiving therapy for 6–52 wk, the incidence of GI-tract perforation, 
symptomatic gastroduodenal ulcers or upper GI bleeding was 1.3% in the rofecoxib-
treated patients vs 1.8% in patients receiving standard NSAIDs. This translated into a 
relative risk of a clinically significant GI event of 0.51 in patients receiving rofecoxib.

MEDICATIONS USED TO PREVENT NSAID-INDUCED GASTROINTESTINAL TOXICITY

Another important strategy for reducing gastrointestinal complications with NSAIDs 
is the concomitant use of gastroprotective medications. Clinical trials aimed at reducing 
NSAID-induced ulcers have been undertaken using sucralfate, type 2 histamine receptor 
antagonists, proton pump inhibitors and the prostaglandin analog, misoprostol. Sucralfate 
is not effective (89). The H2-receptor antagonist, ranitidine, given at 150 mg twice 
daily for 8 wk, reduced duodenal but not gastric ulcers in the setting of nonselective 
COX-inhibitor use (90,91). However, high-dose famotidine (40 mg b.i.d.) reduced both 
gastric and duodenal ulcers in a 24-wk study of arthritis patients taking nonselective 
COX inhibitors (92).

The prostaglandin analog, misoprostol, reduced the incidence of endoscopic ulcers 
and ulcer complications. Patients taking NSAIDs for OA had a 15-fold reduction 
in gastric-ulcer risk with concomitant use of misoprostol 200 mcg. q.i.d. (93). A
subsequent trial confirmed these findings and extended them to include duodenal ulcers 
as well (94). More importantly, the reduction in complicated ulcers was studied in 
the MUCOSA trial, which enrolled 8843 RA patients using NSAIDs (95). Patients 
were randomized to receive misoprostol 200 mcg. q.i.d. vs placebo for 6 mo. The 
misoprostol group experienced a 40% reduction in serious upper-GI complications. 
Consequently, misoprostol is the only drug approved for prophylaxis against NSAID-
related gastroduodenal ulcers. Barriers to widespread use of misoprostol prophylaxis 
include dyspepsia and diarrhea. Lower doses of misoprostol are better tolerated but do 
not provide the same protection as dosing the drug four times daily (96).

Two large trials demonstrated that proton-pump inhibitors reduce the incidence 
of NSAID-related gastroduodenal ulcers. The first trial compared omeprazole with 
ranitidine in the prevention of recurrent ulcers in arthritis patients requiring NSAID 
therapy (86). About 40–50% of the subjects had RA. Patients with endoscopically 
diagnosed gastroduodenal ulcers or >10 erosions were treated with omeprazole or 
ranitidine. Patients who healed completely were randomized to receive concurrent 
therapy with omeprazole 20 mg daily or ranitidine 150 mg twice daily as prophylaxis 
against recurrent ulcer or erosions. After 6 mo, 72% of patients receiving omeprazole 
remained in remission, and 59% of patients receiving ranitidine remained in remission. 
The difference in relapse rates between omeprazole and ranitidine were statistically 
significant. The second trial compared omeprazole 20 mg daily with misoprostol 
200 mcg. twice daily in the prevention of recurrent gastroduodenal ulcers (85). A
placebo arm was also included in this study. Remission was sustained in 61% of patients 
taking omeprazole, 48% of patients taking misoprostol, and 27% of patients taking 
placebo. Omeprazole was significantly more effective than misoprostol at the doses used. 
Both drugs were significantly more effective than placebo. Fewer patients discontinued 
therapy because of adverse events or lack of efficacy. It is possible that the effectiveness 
of misoprostol would have been greater if higher doses had been used in this study (96). 
However, any gain may have been offset by increased adverse events (96).
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OTHER GASTROINTESTINAL COMPLICATIONS OF NSAIDS

Although most attention is appropriately given to gastroduodenal ulceration, several 
other gastrointestinal toxicities occur with NSAID use. Dyspepsia is a common symptom 
in RA patients using NSAIDs (97). The presence of dyspepsia does not necessarily 
correlate with endoscopic evidence of mucosal injury. Less than half of patients 
with dyspepsia have abnormal gastroduodenal mucosa, and up to 40% of patients 
with gastritis are asymptomatic (97). In studies of ulcer healing or prevention, both 
histamine-receptor antagonists and proton-pump inhibitors were shown to relieve 
dyspepsia symptoms (85,86). Other gastrointestinal complications associated with 
NSAID use include strictures of the esophagus, small bowel, and colon (reviewed in ref. 
98). Frank ulceration of the small bowel and colon has also been associated with NSAID 
and may be present in up to 4% of chronic NSAID users (98,99). The pathogenesis of 
small and large bowel ulcerations is thought to involve the same mechanisms known to 
occur in the stomach and duodenum.

Nephrotoxicity
There are several manifestations of NSAID-induced nephrotoxicity: hyperkalemia, 

acute reduction in renal function, nephrotic syndrome with interstitial nephritis, and 
papillary necrosis (reviewed in ref. 100). Reduced renal production of prostaglandins 
contributes to the pathogenesis of each of these syndromes.

HYPERKALEMIA

NSAIDs contribute to hyperkalemia by indirectly inhibiting aldosterone-induced 
potassium excretion, and by interfering with normal sodium-potassium exchange 
in the distal nephron (100). Risk factors for NSAID-induced hyperkalemia include 
renal insufficiency, diabetes, heart failure, and multiple myeloma (100). Concurrent 
use of potassium supplements, angiotensin-converting enzyme (ACE) inhibitors, 
and potassium-sparing diuretics also contributes to the risk of hyperkalemia (100).
Hyperkalemia is reversed by discontinuing NSAIDs.

ACUTE REDUCTION IN RENAL FUNCTION

Prostaglandins maintain normal renal blood flow in hypovolemic or low-perfusion 
states. Inhibition of prostaglandin production in these situations can cause ischemia with 
acute loss of renal function. Comorbidities that predispose to reduced renal function 
include congestive heart failure, nephrotic syndrome, dehydration, cirrhosis, chronic 
renal disease, and advanced age (100,101). Early diagnosis with discontinuation of 
NSAIDs will usually lead to resolution over several days; whereas continued use may 
lead to irreversible loss of renal function and even need for dialysis. Indomethacin has 
been most commonly associated with this adverse effect; whereas naproxen, diclofenac, 
ibuprofen, and piroxicam have intermediate effects (100). Long-acting NSAIDs may 
pose greater risk than short-acting NSAIDs (101). COX-2 is constitutively expressed in 
the kidney and contributes to autoregulation of renal blood flow. Therefore, the same 
caution must be extended to use of COX-2 inhibitors in high-risk settings.

NEPHROTIC SYNDROME AND INTERSTITIAL NEPHRITIS

A rare complication of NSAIDs is interstitial nephritis with nephrotic syndrome 
(100). This adverse event is characterized by edema and occasionally reduced urine 
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output. Urinalysis reveals nephrotic range proteinuria with epithelial cell casts and 
microscopic hematuria. Renal biopsy demonstrates interstitial nephritis in association 
with minimal change glomerulonephritis. This constellation of pathologic findings and 
the absence of eosinophilia and urine eosinophils distinguishes this condition from 
typical drug-induced interstitial nephritis. Proteinuria usually remits within a month 
of discontinuing NSAIDs. A trial of corticosteroids is recommended for patients who 
show no reduction in proteinuria within 2 wk (102).

RENAL PAPILLARY NECROSIS

Acute renal papillary necrosis is associated with excessive NSAID doses combined 
with a volume depleted state (100). Necrosis results from infarction of the distal segment 
of the renal pyramid. The underlying conditions resulting in papillary necrosis resolve 
with discontinuation of NSAIDs. However, patients may have permanent defects in 
maximally concentrating urine. Chronic renal papillary necrosis results from long-
standing, excessive ingestion of analgesic combinations containing phenacetin.

Cardiovascular

HYPERTENSION

Elevated blood pressure is perhaps the most common cardiovascular side effect of 
NSAID use. In a study of over 19,000 Medicare patients, the prescribing of NSAIDs 
doubled the risk of requiring anti-hypertensive therapy within the first year of treatment 
(103). Two large meta-analyses of clinical trial data revealed in increase in mean 
arterial pressure of 3–6 mm Hg depending on the particular NSAID studied (104,105).
Although this effect seems modest, it is known that increased diastolic blood pressure 
of 5 mm Hg sustained over several years is associated with a 15% increased risk of 
coronary artery disease and a 67% increased risk of stroke (106). No single NSAID 
has been associated with consistently significant increases in blood pressure. However, 
aspirin and sulindac were shown in both meta-analyses to have negligible impact on 
blood pressure. Patients with hypertension at the time of initiating NSAID therapy 
demonstrated the greatest rise in blood pressure (104,105). NSAIDs diminish the 
effectiveness of anti-hypertensives; an effect that is most pronounced for -blockers 
(100). Because the renal effects of selective COX-2 inhibitors are similar to those of 
nonselective COX inhibitors, careful monitoring of blood pressure is also required. 
Given the lengthy duration of NSAID therapy for many RA patients, the clinician should 
regard modest elevations in blood pressure as a significant risk factor for cardiovascular 
disease and treat patients accordingly.

CONGESTIVE HEART FAILURE

NSAIDs induce clinically insignificant sodium and fluid retention in many patients. 
Symptomatic edema occurs in 3–5% of patients and is usually not associated with 
clinical impairment in cardiac or renal function (102). However, concurrent use of 
NSAIDs and diuretics in a patient population aged 55 or greater was associated with 
a doubling in the risk for hospitalization for congestive heart failure (CHF) (107).
NSAIDs may lead to sodium and fluid retention with subsequent exacerbation of CHF 
through a variety of mechanisms (reviewed in ref. 108). The most important effect is 
through inhibition of prostaglandin synthesis. Compensated CHF is dependent on the 
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vasodilatory effect of prostaglandins on renal afferent arterioles. Prostaglandins also 
counteract the actions of angiotensin II on the systemic vasculature. NSAIDs can also 
attenuate the pharmacologic effects of diuretics and ACE inhibitors (109,110). NSAIDs 
do not directly impair myocardial function. Exacerbation of CHF has been reported 
with both selective COX-2 inhibitors and nonselective COX inhibitors. Exacerbations 
of CHF in patients treated with NSAIDs are commonly associated with impairment in 
renal function, which may magnify the harmful effects of NSAIDs used in this setting. 
NSAIDs should be initiated with extreme caution in patients with compensated CHF, 
and only in situations in which the benefits outweigh potential risks.

Hepatotoxicity
Liver injury as a result of NSAID therapy is rare, occurring in less than 0.1% of 

patients (111). Toxic reactions are generally idiosyncratic or immune-mediated and are 
unpredictable (111,112). One exception is aspirin, which is an intrinsic hepatotoxin and 
will cause liver injury in all persons exposed to sufficient concentrations of the drug 
(113). Risk factors for NSAID induced liver injury are thought to be the same as those for 
drug-induced liver injury in general and include: age > 40, female gender, polypharmacy, 
chronic ethanol ingestion, over- or under-nutrition, and genetic polymorphisms in the 
cytochrome P-450 system (111).

Hepatoxicity is viewed as a class effect of NSAIDs (111). Spontaneous reports 
of adverse events to the US Food and Drug Administration (FDA) indicate that 
hepatotoxicity may be more common for diclofenac than other commonly used NSAIDs 
such as nabumetone, naproxen, and piroxicam (114). However, these findings have not 
been borne out in epidemiologic studies, which have detected no significant differences 
in rates of hepatotoxicity for commonly prescribed NSAIDs (115).  In studies of approved 
COX-2 inhibitors in the United States, elevations in liver aminotransferases occurred 
at rates similar to those of comparator drugs. No reports of severe hepatic injury have 
been reported for rofecoxib or celecoxib at this time. 

Patterns of liver toxicity include both hepatocellular and cholestatic injury. Patients 
may present with new onset of constitutional symptoms, elevated aminotransferase levels, 
and/or cholestatic jaundice. Rarely patients may present with fulminant hepatic failure 
(116–118). The most common manifestation of liver injury is elevated aminotransferase 
levels. This presents a diagnostic challenge because patients with RA often have transient 
elevations in aminotransferases unrelated to NSAID use (119). NSAID-induced liver 
injury is usually reversible but may progress to irreversible injury with continued use 
of offending drugs (111,120). Therefore, the clinician must maintain a high index of 
suspicion for NSAID-induced liver injury in RA patients. Periodic monitoring of liver 
function studies should be undertaken in all patients using NSAIDs regularly (121).
A trial withdrawal of an NSAID is appropriate in patients with persistently abnormal 
laboratory studies. 

NSAID Hypersensitivity Syndromes
A small subset of patients demonstrate heightened sensitivity to aspirin and all 

nonselective COX inhibitors. The rheumatologist should be aware of the manifestations 
and management of these syndromes because severe and sometimes fatal attacks of 
asthma may be precipitated by ingestion of NSAIDs. Two syndromes are generally 
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recognized. The first is the “aspirin triad,” which comprises aspirin-sensitivity, asthma, 
and nasal polyposis (122). Approximately 10% of asthmatics experience NSAID-induced 
exacerbation of symptoms (123). The syndrome is slightly more common in women 
(123). A second syndrome of NSAID-induced urticaria and/or angiodema occurs in 
a subset of patients who virtually always have underlying chronic urticaria (124).
About 20–30% of patients with chronic urticaria exhibit exacerbations of urticaria and 
angioedema upon exposure to NSAIDs (124).

Although these syndromes are typically associated with aspirin, it is important 
to note that all drugs that demonstrate COX-1 inhibition have been associated with 
NSAID-hypersensitivity syndromes. Patients who experience respiratory symptoms 
with ingestion of NSAIDs should be carefully educated as to the generic and trade names 
of NSAIDs and instructed to avoid them. Particular attention should be given to over- 
the-counter medications that may contain aspirin or other NSAIDs. In addition, patients 
should ask about the contents of medications prescribed by other practitioners who 
may not be aware of the extensive crossreactivity of most NSAIDs in hypersensitivity 
syndromes.

Some NSAIDs are safe to use in the setting of NSAID sensitivity. Patients can 
usually safely take sodium salicylate, salicylamide, and choline magnesium trisalicylate 
(125). Nimesulide and meloxicam, which have preferential COX-2 selectivity, may be 
administered in lower doses to patients with NSAID sensitivity (126–128). In theory, 
the highly selective COX-2 inhibitors, rofecoxib and celecoxib, should be safe to use 
in NSAID-sensitive patients (125). As of yet, no studies have been reported to confirm 
this hypothesis. Current medication labeling cautions against using these drugs in 
NSAID-sensitive patients.

Aspirin desensitization may be undertaken to reduce the respiratory symptoms of 
NSAID sensitivity. Typically nasal congestion responds to desensitization better than 
asthma symptoms (125). Desensitization is not effective for urticaria or angioedema. 
Desensitization can reduce symptoms of nasal congestion, slow further formation of 
polyps, and allow the patient with RA to safely take NSAIDs.

Acute urticaria or anaphylaxis may occur as an immunologic hypersensitivity reaction 
to the parent drug or a metabolite. In this setting, hypersensitivity is confined to the 
parent drug and does not require avoidance of all NSAIDs. Patients are usually able to 
tolerate an alternate NSAID, especially if it is of a chemically distinct class.

Hematologic
The most important hematologic toxicity of NSAIDs is also one of the most important 

therapeutic effects (reviewed in ref. 129). NSAIDs impair platelet function through 
inhibition of TBXA2 synthesis by COX-1. Aspirin irreversibly inhibits COX-1 through 
acetylation, whereas nonaspirin COX inhibitors reversibly inhibit COX-1. The highly 
selective COX-2 inhibitors have no effect on platelets at therapeutic doses. Aspirin reduces 
mortality in the primary and secondary prevention of coronary artery disease. Inhibition 
of platelet function can lead to complications such as ulcer bleeding or intracranial 
hemorrhage. Fortunately, the latter is quite rare. Excessive use of alcohol may impair 
platelet function further, thus contributing to the risk for bleeding complications. The 
duration of impaired platelet function in the setting of aspirin use is 4–7 d. The nonaspirin 
NSAIDs inhibit platelet function for a variable period based upon half-life. 



Chapter 3 / NSAIDS in RA Treatment 37

Miscellaneous Side Effects

PULMONARY

Pulmonary infiltrates and eosinophilia are rarely reported as a complication of 
NSAID therapy (130). Patients have typically presented with fever, shortness of breath, 
cough, and infiltrates on chest X-ray. Leukocyte differential demonstrates an absolute 
eosinophilia. Biopsy of affected lung tissue demonstrates granulomas with eosinophilic 
infiltrates. This syndrome has been associated with naproxen, ibuprofen, fenoprofen, 
and sulindac. This complication is usually self-limited and resolves with discontinuation 
of the NSAID.

CENTRAL NERVOUS SYSTEM

Aseptic meningitis is a rare complication of NSAID therapy (131). This complication 
has typically been associated with naproxen but may occur with any NSAID. There 
have been no reports of aseptic meningitis with use of the selective COX-2 inhibitors, 
rofecoxib and celecoxib. Patients present with meningeal signs and headache. Fever was 
present in over 90% of reported cases of NSAID-related aseptic meningitis. Analysis of 
cerebrospinal fluid (CSF) demonstrates a pleocytosis with a median of 280 cells that are 
predominantly neutrophils. Aseptic meningitis probably represents a hypersensitivity 
reaction. Some reports indicate that patients tolerated challenge with the same NSAID 
after resolution of aseptic meningitis. However, given the number of available NSAIDs 
it is reasonable to avoid exposing patients to the same drug if NSAIDs are required. 
Finally, transient cognitive dysfunction has been reported in elderly patients taking 
NSAIDs (132).

SKIN

The most common adverse event involving the skin is an urticarial drug eruption. 
Pseudoporphyria has been reported rarely (133,134).

SALICYLATE TOXICITY

Salicylates cause dose-related adverse events involving the ears, (CNS), and liver 
(135). In therapeutic doses, patients may experience tinnitus and/or hearing loss that 
is reversible with discontinuation of the drug. Excessive doses may lead to coma and 
liver injury. Salicylate levels should be monitored periodically in patients using high 
therapeutic doses.

PREGNANCY

NSAIDs may be continued if necessary during the first half of pregnancy. A single 
case-control study described aspirin and NSAID use in early pregnancy as a risk factor 
for persistent pulmonary hypertension of the newborn pregnancy (136). Low doses of 
aspirin are frequently used during the second half of pregnancy to treat preeclampsia 
(137). High doses of NSAIDs in the second half of pregnancy may cause constriction 
of the ductus arteriosis and oligohydramnios (138). NSAIDs should only be continued 
in late pregnancy if absolutely necessary and in close association with an experienced 
high-risk obstetrician. Usually it is possible to substitute alternative analgesic and 
anti-inflammatory medications in this setting. 
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CURRENT RECOMMENDATIONS ON NSAID USE IN RA

Over the last 20 years, the role of NSAIDs in RA therapy has shifted to one of symptom 
modification when used in association with disease-modifying drugs. Preventing 
NSAID toxicity has become a critical aspect of the appropriate use of these medications. 
The following recommendations on the use of NSAIDs in RA are derived from the 
data reviewed previously:

Use of NSAIDs in RA
It is appropriate to offer NSAID therapy to any patient with RA who does not have an 

underlying condition that would prohibit safe use. NSAIDs have been proven to relieve 
the signs and symptoms of RA using current response criteria (67,70). Furthermore, 
patients prefer NSAIDs over other analgesic medications, and are willing to accept 
additional risks of adverse events in order to achieve better symptom control (139,140).
Given that NSAIDs are not believed to be disease-modifying, it is appropriate for 
patients to use NSAIDs on an as needed basis if desired. However, patients should 
be aware that the analgesic effects of NSAIDs have rapid onset, whereas it may take
1–2 wk to achieve maximal anti-inflammatory benefit (141).

Assessment of Risk Factors for NSAID Toxicity
Risk factors for NSAID toxicity should be assessed for every patient initiating therapy. 

Particular emphasis should be placed on assessing risks for GI and renal toxicity. Elderly 
patients and those with a history of peptic ulcer disease, renal disease, CHF, and asthma 
represent a high-risk population. System review should focus on eliciting symptoms 
that may indicate one or more of these diseases are present. Risk-factor assessment 
should not be delayed as toxicity occurs early in the course of NSAID therapy (75,121).
The American College of Rheumatology recommends a baseline laboratory evaluation 
that includes a complete blood count, creatinine, and liver aminotransferases (121).
Concurrent medication use must be considered as important drug-drug interactions 
influence toxicity (see below). Patients should be educated about potential toxicity 
and should be informed of warning signs of toxicity (e.g., edema, dark/tarry stools, 
persistent abdominal discomfort, rash, etc.).

Monitoring for NSAID toxicity
Symptoms of potential NSAID toxicity should be elicited periodically—at least 

yearly. The American College of Rheumatology recommends that a complete blood 
count, serum creatinine, and serum aminotransferases be monitored yearly (121).
Decreasing hemoglobin, and increased creatinine or aminotransferases should all be 
considered signs of NSAID toxicity. Weekly monitoring of serum creatinine for the first 
3 wk of therapy is recommended for NSAID users taking diuretics or ACE inhibitors 
(121). Patients using diclofenac should have liver-function studies repeated within the 
first 8 wk of therapy (package insert).

Selection of NSAIDs
Efficacy of the various NSAIDs in RA is comparable among groups of patients 

(141). Therefore, selection of an NSAID should focus on patient factors such as risk of 
complications, cost, and convenience. Individual patients may show marked variability 
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in clinical responses. In this setting, changing to an alternate NSAID is appropriate in 
order to identify an effective and well-tolerated therapy. Maximal clinical responses 
are usually achieved within 2–3 wk. There is no data supporting improved efficacy 
with combination NSAID therapy (142). Patients who are anti-coagulated should not 
receive NSAIDs that inhibit COX-1. In this setting highly selective COX-2 inhibitors 
(celecoxib, rofecoxib) appear to be safe as long as the prothrombin time is carefully 
followed.

Prevention of NSAID-Related Gastroduodenal Ulceration
Decision-making on selection of NSAIDs or the concomitant use of gastroprotective 

medications should be driven by analysis of individual patient risk factors (Table 4). 
Inevitably, an individual patient’s financial means and risk tolerance will influence 
prescribing as well. Patients with RA and no risk factors for NSAID-induced ulcer have 
a 0.4% risk of a serious GI event over 6 mo (95), whereas 10% of patients with four 
or more risk factors will experience a serious GI event within 6 mo (95). Some studies 
suggest that nabumetone and etodolac may have lower rates of GI toxicity; suggesting 
that these drugs may be preferable to other nonselective COX inhibitors (143,144).
Patients with one or more risk factors for NSAID-related gastroduodenal ulceration 
should be treated with a selective COX-2 inhibitor, or concomitant use of a proton- 
pump inhibitor (20 mg omeprazole, 20 mg lansoprazole, 20 mg rabeprazole, or 40 mg 
pantoprazole daily) or misoprostol (200 mcg b.i.d.-q.i.d.) (141,145).

Patients with symptoms of dyspepsia may be treated with H2-receptor antagonists or 
proton-pump inhibitors for symptom relief. Despite the poor correlation of dyspepsia 
with gastroduodenal ulceration, persistent symptoms of dyspepsia warrant additional 
investigation to rule out gastroduodenal ulcer.

The role of H. pylori infection in NSAID-related ulcers is unclear. Therefore, 
current recommendations are to identify and treat H. pylori in patients diagnosed with 
gastroduodenal ulcer (145). Routine screening for H. pylori in asymptomatic patients 
taking NSAIDs is not recommended (145).

Important Drug-Drug Interactions
Many drug interactions have been described with NSAIDs (146). A selected listing 

of important interactions of NSAIDs with commonly prescribed drugs is shown 
(Table 5).

Table 5
Important Interactions of NSAIDs with Commonly Prescribed Drugs

Drug Interaction Action necessary Reference

Lithium Reduced clearance Monitor lithium levels (147)
Methotrexate Reduced clearance Careful methotrexate  (121)
   toxicity monitoring
Warfarin Bleeding ulcer;  Avoid COX-1 inhibitors (148)

hemorrhage
Diuretics Hyperkalemia Monitor potassium (121)
ACE Inhibitors Hyperkalemia Monitor potassium (109)
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CONCLUSIONS

The NSAIDs continue to be important in the management of RA. The primary 
objective of NSAID use is to reduce symptoms of RA rather than to modify the 
disease course. Given the comparable efficacy of NSAIDs, decisions regarding NSAID 
selection are driven predominantly by the need to minimize the risks of therapy. In 
this regard, the selective COX-2 inhibitors represent an important step forward in 
reducing the incidence of GI toxicity. Progress anticipated in the future includes the 
introduction of more selective COX-2 inhibitors, the development of irreversible COX-2 
inhibitors, and NSAIDs that inhibit alternate pathways of inflammatory mediator 
production in RA.
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INTRODUCTION

Physicians have the capacity to attenuate most types of pain, but the effectiveness of 
the presently available medications is typically limited by their toxic effects. One such 
class of analgesic medications is the nonsteroidal anti-inflammatory drugs (NSAIDs), 
which have been shown to be anti-inflammatory, analgesic, and antipyretic. NSAIDs 
represent one of the most commonly used classes of drugs in the world, with more than 
17,000,000 Americans using various NSAIDs on a daily basis.

The following chapter describes how NSAIDs exert their effect on pain and inflam-
mation, details the associated toxicities including serious gastrointestinal (GI) events, 
and reviews the newest available drugs, the cyclooxygenase-2 (COX-2) inhibitors. These 
new medications have been proven to be as efficacious as traditional NSAIDs while 
inducing substantially less risk of GI toxicity. 
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With the aging of the US population, the Centers for Disease Control predicts 
a significant increase in the prevalence of painful degenerative and inflammatory 
rheumatic conditions, leading to a probable parallel increase in the use of NSAIDs (1–2). 
They are widely used to reduce pain, decrease gel phenomenon and improve function 
in patients with osteoarthritis (OA), rheumatoid arthritis (RA), and treatment of pain 
including headache, dysmenorrhea, and postoperative pain. 

Approximately 60 million NSAID prescriptions are written each year in the United 
States, with the number for elderly patients exceeding those for younger patients by 
approx 3.6-fold (2–3). Some of these NSAIDs are also available over the counter 
such as aspirin (ASA), ibuprofen, naproxen, and ketoprofen. At equipotent doses, 
the clinical efficacy and tolerability of the various NSAIDs are similar; however, 
individual responses are highly variable (4–6). Anecdotally, although it is believed 
that if a patient fails to respond to one NSAID of one class that it is reasonable to try 
another NSAID from a different class, however, no one has studied this in a prospective 
controlled manner.

The origin of NSAIDs dates back to 1763, at which time sodium salicylic acid 
was discovered. Various impure forms of salicylates had been used as analgesics 
and antipyretics throughout the previous century. Once purified and synthesized the 
acetyl derivative of salicylate, acetylsalicylic acid (ASA), was found to provide more 
anti-inflammatory activity than salicylate alone. However, GI toxicity (particularly 
dyspepsia) associated with the use of ASA led to the introduction of phenylbutazone, an 
indoleacetic acid derivative, in the early 1950s. This was the first nonsalicylate NSAID 
developed for use in patients with painful and inflammatory conditions. Phenylbutazone 
is a weak prostaglandin synthase inhibitor that also induces uricosuria, and was rapidly 
shown to be useful in patients diagnosed with ankylosing spondylitis and gout. However, 
adverse events such as bone marrow toxicity, particularly in women over the age of 60, 
have essentially eliminated the use of this drug. 

Indomethacin, another indoleacetic acid derivative, was subsequently developed in 
the 1960s as a substitute for phenylbutazone. Although this medication was safer, it 
had significant toxicity as well and the search for safer and at least equally effective 
NSAIDs ensued. Other clinical issues have driven the development of newer agents, 
such as once a day (QD) or twice a day (BID) dosing to help improve compliance. 
Today, there are at least 20 different NSAIDs currently available in the United States. In 
addition, COX-2 specific inhibitors have been introduced (e.g., celecoxib and rofecoxib) 
with similar efficacy to traditional NSAIDs but significantly decreased effects on the 
GI tract and on platelet effects (7–11).

PHARMACOLOGY

Bioavailability
In experimental situations, all NSAIDs are completely absorbed after oral administra-

tion. However absorption rates may vary in patients with altered GI blood flow or motility 
and, with certain NSAIDs when taken with food. For example, taking naproxen with 
food may decrease absorption by 16% although this is likely not clinically important. 
Enteric coating may reduce direct effects of NSAIDs on the gastric mucosa but may 
also reduce the rate of absorption of active drug. 
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Most NSAIDs are weak organic acids; once absorbed they are >95% bound to 
serum albumin. This is a saturable process. Clinically significant decreases in serum 
albumin levels or institution of other highly protein-bound medications may lead to an 
increase in the free component of NSAID in serum. This may be important in patients 
who are elderly or are chronically ill especially with associated hypoalbuminemic 
states. Importantly, owing to increased vascular permeability in localized sites of 
inflammation, this high degree of protein binding may result in delivery of higher 
levels of NSAIDs.

In general, the pharmacology of NSAIDs is characterized by a negligible first-pass 
hepatic metabolism, high protein binding with small volumes of distribution, and poor 
dialysis potential. NSAIDs may also be detrimental to renal function. Anti-inflammatory 
agents are inhibitors of prostaglandin synthesis and in a variety of diseases (i.e., 
congestive heart failure, liver disease, chronic renal failure, systemic lupus erythematosis 
(SLE) with renal involvement, or clinically important dehydration) prostaglandins 
appear to be important in maintaining renal blood flow (Table 1) (12). Therefore, 
treating such patients with NSAIDs can have an incremental worsening of their renal 
function. The kinetics of NSAIDs can also differ in various clinical conditions. In the 
elderly population or those with hepatic cirrhosis, naproxen clearance, for example, is 
reduced by 50%. On the other hand, renal disease does not have an important effect, 
because urinary excretion of unchanged drug is negligible for most NSAIDs, except 
for indomethacin, aclofenac, azapropazone, and tiaprofenic acid (10–60% of which 
is excreted in the urine) (12).

Mechanism of Action
There is a clear individual variation in response to NSAID therapy; some patients 

seem to respond better to one drug than to others (6,13–15). Adverse events also seem 
to be variable among individual drugs and patients. Some of the variability in clinical 
effects may be explained as certain NSAIDs appear to be more potent inhibitors of 
prostaglandin synthesis, whereas others may more prominently affect nonprostaglandin 
mediated biologic events. Differential effects have also been attributed to variations in 
the enantiomeric state of the agent, as well as its pharmacokinetics, pharmacodynamics, 
and metabolism (6,14,16). The theoretical and real differences between NSAIDs 
have been reviewed by Brooks and Day and Furst (6,17). Although variability can be 
explained in part by absorption, distribution, and metabolism, potential differences 

Table 1
Diseases That Can Affect 

Glomerular Filtration Rate

Congestive heart failure
Established renal disease
Diabetes
Hypertension
Dehydration
Significant hypoalbuminemia
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in mechanism of action must be considered as an important explanation for their 
variable effects. 

The primary effect of NSAIDs is to inhibit COX enzyme (prostaglandin synthetase), 
thereby blocking the transformation of arachidonic acid to prostaglandins, prostacyclin, 
and thromboxanes. These drugs are primarily anti-inflammatory and analgesic by 
decreasing production of these prostaglandins, specifically of the E series. Prostanoic 
acids are proinflammatory, increasing both vascular permeability, as well as sensitivity 
to the release of bradykinins. By inhibiting prostaglandin synthesis, NSAIDs have also 
been shown to inhibit the formation of prostacyclin and thromboxane; thus, resulting 
in complex effects on vascular permeability and platelet aggregation undoubtedly 
contributing to the overall clinical effects of these compounds.

Polyunsaturated fatty acids include arachidonic acid, constituents of all cell mem-
branes, exist in ester linkage in the glycerols of phospholipids and are subsequently 
converted first through the action of phospholipase A2 or phospholipase C ultimately to 
prostaglandins or leukotrienes. Free arachidonic acid, released by the phospholipase acts 
as a substrate for the PGH synthase complex or COX, which includes both an oxygenase 
and peroxidase step. These enzymes catalyze the conversion of arachidonic acid to 
the unstable cyclic-endoperoxide intermediates, PGG2 and PGH2. These arachidonic 
acid metabolites are then converted to the more stable PGE2 and PGF2 compounds by 
specific tissue prostaglandin synthases. NSAIDs inhibit COX activity by blocking the 
capacity of arachidonate from binding into the active site and thereby reducing the 
conversion of arachidonic acid to PGG2.

THE COX ENZYME

At least two isoforms of the COX enzymes have been identified: COX-1 and COX-2. 
Although they share 60% homology in the amino acid sequences considered important for 
catalysis of arachidonic acid, they are products of two different genes. They differ most 
importantly in their regulation and expression of the enzymes in various tissues (18–19).

COX-1 or prostaglandin synthase H1 (PGHS-1) is a “housekeeping enzyme” that 
regulates normal cellular processes and is stimulated by hormones or growth factors. 
It is constitutively expressed in most tissues, and is inhibited by all NSAIDs to varying 
degrees depending on the applied experimental model system used to measure their drug 
effects (20). COX-1 is important in maintaining the integrity of the gastric and duodenal 
mucosa and many of the toxic effects of the NSAIDs on the GI tract are attributed to its 
inhibition. It is also important in the activity leading to platelet aggregation.

The other isoform, COX-2 or prostaglandin synthase H2 (PGHS-2) is an inducible 
enzyme and is usually undetectable, or is at very low levels in most tissues. Its expression 
is increased during states of inflammation or experimentally in response to mitogenic 
stimuli. For example, in the monocyte/macrophage systems, endotoxin stimulates COX-2 
expression; in fibroblasts various growth factors, phorbol esters, and interleukin-1 (IL-1) 
also upregulate the enzyme. This isoform is also constitutively expressed in the brain, 
specifically cortex and hippocampus; in the female reproductive tract, such as the ovum 
and associated with implantation of the fertilized ovum, in the male vas deferens, in 
bone, and at least in some models in human kidney specifically, in the macula densa 
and associated with the thick ascending limb of henle. The expression of COX-2 is 
inhibited by glucocorticoids. COX-2 is also inhibited by all of the presently available 
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NSAIDs to a greater or lesser degree. Thus, differences in the effectiveness with which 
a particular NSAID inhibits an isoform of cyclooxygenase may affect both its activity 
and its potential toxicity. It has been proposed that the ideal NSAID would inhibit the 
inducible COX-2 isoform (thereby decreasing inflammation) without having any effect 
on the constitutive COX-1 isoform (thereby minimizing toxicity) at any efficacious 
therapeutic dose.

The in vitro systems used to define the actions on the COX enzymes of the available 
NSAIDs are based on using either cell-free systems, pure enzyme, or whole cells (20).
Each drug studied to date has demonstrated different measurable effects within each 
system. As an example: it appears that nonacetylated salicylates inhibit the activity 
of COX-1 and COX-2 in whole cell systems but are not active against either COX-1 
or COX-2 in recombinant enzyme or cell-membrane systems. This evidence suggests 
that salicylates act early in the arachidonic acid cascade, perhaps by inhibiting enzyme 
expression rather than direct inhibition of COX.

Recently evidence has accumulated that several NSAIDs are selective for COX-2 
enzyme effects over COX-1. For example, in vitro effects of etodolac demonstrate an 
approx a 10-fold inhibition of COX-2 compared to COX-1, at low doses. However, at 
higher anti-inflammatory doses this specificity appears to be mitigated, as both enzymes 
are affected. However, two highly selective or specific COX-2 inhibitors, celecoxib 
(Celebrex) and rofecoxib (Vioxx) have been approved from the US Food and Drug 
Administration (FDA). Both of these specific COX-2 inhibitors are at least 300 times 
more effective at inhibiting COX-2 activity than COX-1, and have no measurable effect 
on COX-1 mediated events at any therapeutic doses. Both COX-2 specific inhibitors (or 
CSI’s) have been shown as effective at inhibiting osteoarthritis pain, dental pain, and 
the pain and inflammation associated with RA as naproxen at 500 mg BID, ibuprofen 
800 mg TID (3×/d), diclofenac 50 mg TID or 75 mg BID, without endoscopic evidence 
of gastroduodenal damage and without affecting platelet aggregation (8–10,21–24).
Unfortunately, owing to the design of the randomized controlled clinical trials used for 
many investigations, the important questions regarding the renal effects of the specific 
COX-2 inhibitors remain unanswered. 

Arachidonic acid can also serve as a substrate for 5- or 12-lipoxygenase. The 
5-lipoxygenase enzyme catalyzes the conversion of arachidonic acid to biologically 
active leukotriene and hydroxyeicosatetraenoic acids (HETEs) products. None of the 
presently available NSAIDs used to treat arthritis inhibit 5-lipoxygenase directly, 
although several compounds presently under development may have inhibitory effects 
on both cyclooxygenase and lipoxygenase. It remains to be seen whether these will 
be clinically useful.

Biologic and Other Effects of the NSAIDs
NSAIDs are lipophilic and become incorporated in the lipid bilayer of cell membranes 

and thereby may interrupt protein-protein interactions important for signal transduction. 
For example, stimulus response coupling, which is critical for recruitment of phagocytic 
cells to sites of inflammation has been demonstrated in vitro to be inhibited by 
some NSAIDs (24–27). There are data suggesting that NSAIDs inhibit activation 
and chemotaxis of neutrophils as well as reducing toxic oxygen radical production in 
stimulated neutrophils. There is also evidence that several NSAIDs scavenge superoxide 
radicals (24).
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Salicylates have been demonstrated to inhibit phospholipase C activity in macrophages. 
Some NSAIDs have been shown to affect T-lymphocyte function experimentally by 
inhibiting rheumatoid factor production in vitro (25). Another newly described action 
not directly related to prostaglandin synthesis inhibition, is a decrease in the expression 
of L-selectin thus affecting a critical step in the migration of granulocytes to sites of 
inflammation (26). NSAIDs have been demonstrated in vitro to inhibit NF- B (nitric 
oxide [NO] transcription factor)-dependent transcription thereby inhibiting inducible 
nitric-oxide synthetase [NOS] which has been associated with increasing inflammation 
(27). Anti-inflammatory levels of ASA have been shown to inhibit expression of 
inducible NOS and subsequent production of nitrite in vitro. At pharmacologic doses, 
sodium salicylate, indomethacin, and acetaminophen have been studied and had no 
effect; however, at suprapharmacologic dosages, sodium salicylate inhibited nitrite 
production.

Recently it has been described that prostaglandins inhibit apoptosis (programmed cell 
death) and that NSAIDs, via inhibition of prostaglandin synthesis may reestablish more 
normal cell cycle responses (20). There is also evidence suggesting that some NSAIDs 
may reduce PGH synthase gene expression thereby supporting the clinical evidence of 
differences in activity in NSAIDs in sites of active inflammation.

The importance of these prostaglandin and nonprostaglandin mediated processes in 
reducing clinical inflammation is not entirely clear. Although nonacetylated salicylates 
have been shown in vitro to inhibit neutrophil function and to have equal efficacy in 
patients with rheumatoid arthritis (RA), clinically there is no substantial evidence to 
suggest that biologic effects other than prostaglandin-synthase inhibition are more 
important for anti-inflammatory and/or analgesic effects (28).

Metabolism
Nonsteroidal anti-inflammatory agents are metabolized predominantly in the liver 

by the cytochrome P450 system, the 2C9 isoform, and subsequently excreted in the 
urine. This must be taken into consideration when prescribing NSAIDs for patients with 
hepatic and/or renal dysfunction. Some NSAIDs such as oxyprozin have two metabolic 
pathways, whereby some portion is directly secreted into the bile and another part is 
further metabolized and excreted in the urine. Others have a prominent enterohepatic 
circulation, resulting in a prolonged half-life and should be used with caution in the elderly 
(i.e., Indomethacin, sulindac, and piroxicam). In patients with renal insufficiency, some 
inactive metabolites may be resynthesized in vivo to the active compound. Diclofenac, 
flurbiprofen, celecoxib, and rofecoxib are metabolized in the liver, and should be used 
with care and at lowest possible doses in patients with clinically significant liver disease. 
This would mean patients with significant liver dysfunction such as patients with 
cirrhosis with or without ascites, prolonged prothrombin times, falling serum albumin 
levels, or important elevations in liver transaminases in blood. 

Salicylates are the least highly protein bound NSAID: approx 68%. Zero order kinetics 
is dominant in salicylate metabolism. Thus, increasing the dose of salicylates is effective 
over a narrow range but once the metabolic systems are saturated, then incremental dose 
increases may lead to very high serum salicylate levels. Thus, changes in salicylate doses 
need to be carefully considered at chronic steady state levels particularly in patients 
with altered renal or hepatic function. 
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Table 2
The Nonsteroidal Anti-Inflammatory Drugs and Cox-2 Inhibitors

  Daily
  recommended
  adult doses Plasma
NSAID Trade name (mgs/24 h)  half-life (h)

Carboxylic acids
Aspirin (acetylsalicylic acid) Multiple 1300–5000  4–15
Buffered aspirin Multiple Same Same
Enteric-coated salicylates Multiple Same Same
Salsalate Disalcid 1500–3000 Same
Choline magnesium trisalicylate Trilisate Same Same
Diflunisal Dolobid  500–1500  7–15

Proprionic acids
Ibuprofen Motrin, Rufen 1600–3200  2
Naproxen Naprolan, Anaprox  500–1000 13
Fenoprofen Nalfon 1200–3200  3
Ketoprofen Orudis 150–300  2
Flurbiprofen Ansaid 200–300 3–9
Oxaprozin Daypro  600–1800 40–50

Acetic acid derivatives
Indomethacin Indocin, Indocin SR  75–200  3–11
Tolmetin Tolectin  800–1600  1
Sulindac Clinoril 300–400 16
Diclofenac Voltaren, Arthrotec 100–200 1–2
Etodolac Lodine  600–1200 2–4
Ketorolac Toradol 20–40  2

Fenamates
Meclofenamate Meclomen 200–400 2–3
Mefenamic acid Ponstel  500–1000  2

Enolic acids   
Piroxicam Feldene 10–20 30–86
Phenylbutazone Butazolidin  200–600 40–80
Meloxicam Mobic 7.5 20

Naphthylkanones
Nabumetone Relafen  500–1000 19–30

COX-2 inhibitors   
Celecoxib Celebrex 100–400 11
Rofecoxib Vioxx 12.5–50 17

Plasma Half-Life
Significant differences in plasma half-lives of the NSAIDs may be important in 

explaining their diverse clinical effects (Table 2). Those with long half-lives typically 
do not attain maximum plasma concentrations quickly and clinical responses, such 
as acute analgesia, may be delayed. Plasma concentrations can vary widely owing to 
differences in renal clearance and metabolism. Piroxicam has the longest serum half-life 
of currently marketed NSAIDs: 57  ±  22 h. In comparison, diclofenac has one of the 
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shortest: 1.1  ±  0.2 h. Although drugs have been developed with very long half-lives to 
improve patient compliance, the fact that piroxicam has such a long half-life is less 
attractive for the elderly patient at risk for specific NSAID-induced toxic effects. In the 
older patient, it is sometimes preferable to use drugs with a shorter half-life so that when 
the drug is discontinued the unwanted effects may be more rapidly eliminated. 

Sulindac and nabumetone are “prodrugs,” in which the active compound is produced 
after first pass metabolism through the liver. Theoretically, prodrugs were developed to 
decrease the exposure of the gastrointestinal mucosa to the local effects of the NSAIDs. 
Unfortunately, as was noted, with adequate systemic inhibition of COX-1 the patient 
is placed at substantial risk of an NSAID-induced upper GI event as long as COX-1 
activity remains inhibited. This is true for drugs such as ketorolac given as an injection 
or by these prodrugs when given at adequate therapeutic doses (29). Once steady 
state has been achieved, synovial-fluid concentrations of NSAIDs, do not vary much. 
Although theoretically important for clinical effect, this has not been shown in vivo (30).
Thus, choices to prescribe specific NSAIDs are largely based on issues of safety and 
convenience/compliance.

Miscellaneous
Other pharmacologic properties may be important clinically. NSAIDs, which are 

highly lipid soluble in serum will penetrate the central nervous system (CNS) more 
effectively and occasionally may produce striking changes in mentation, perception, 
and mood. Indomethacin has been associated with many of these side effects, even after 
a single dose, particularly in the elderly. 

ADVERSE EFFECTS

Hepatotoxicity
Elevation in hepatic transaminase levels is not uncommon, although it occurs 

more often in patients with juvenile RA or systemic lupus erythematosus (SLE). 
Unless elevations exceed 2–3× upper limit of normal (ULN) or serum albumin and/or 
prothrombin times are altered, these effects are usually not considered clinically 
significant (31).

Nonetheless, overt liver failure has been reported following use of many NSAIDs: 
including diclofenac, flurbiprofen, and sulindac (31). Garcia-Rodriguez et al. preformed 
a retrospective study of 625,000 patients who received more than 2 million prescriptions 
for NSAIDs and evaluated for newly diagnosed acute liver injury. The incidence 
of acute liver injury was 3.7/100,000 NSAID users and none of these had a fatal 
outcome (33).

Of all NSAIDs, sulindac has been associated with the highest incidence of cholestasis 
in certain countries, whereas there is evidence that diclofenac not uncommonly varies 
transaminases serum levels (31). Therefore it is recommended that patients at risk for 
liver toxicity be followed very carefully. When initiating NSAID treatment, all patients 
should be evaluated again within 8–12 wk and serious consideration given to performing 
a blood analysis evaluating for serum transaminase changes. In addition, a drop in 
serum albumin (suggestive of a synthetic defect induced by the drug) or a prolonged 
prothrombin time should warrant the cessation of NSAID therapy. 
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PULMONARY EFFECTS

Many adverse reactions attributed to NSAIDs are owing to inhibition of prostaglandin 
synthesis in local tissues. The broadest example are patients with allergic rhinitis, 
nasal polyposis, and/or a history of asthma, in whom all NSAIDs effectively inhibit 
prostaglandin synthetase and increase their risk for anaphylaxis. In high doses, even 
nonacetylated salicylates may sufficiently decrease prostaglandin synthesis to induce 
an anaphylactic reaction (33). Although the exact mechanism for this effect remains 
unclear, it is known that E prostaglandins serve as bronchodilators. When COX activity 
is inhibited in patients at risk, a decrease in synthesis of prostaglandins that contributes 
to bronchodilation results (33).

Another explanation implicates the alternate pathway of arachidonate metabolism, 
whereby shunting of arachidonate into the leukotriene pathway occurs when COX is 
inhibited (34). This explanation implies that large stores of arachidonate released in 
certain inflammatory situations lead to excess substrate for leukotriene metabolism 
when cyclooxygenase is inhibited. This results in release of products that are highly 
reactive and may stimulate anaphylaxis (34).

HEMATOLOGIC EFFECTS

Platelet Effects/Neutropenia
Platelet aggregation and thus the ability to clot is primarily induced through stimulating 

thromboxane production with activation of platelet COX-1. There is no COX-2 enzyme 
activity in the platelet. NSAIDs and aspirin inhibit the activity of COX-1, but the COX-2 
specific inhibitors have no effect on COX-1 at clinically effective therapeutic doses (10).
We also have little information about the use of the COX-2 specific inhibitors and the 
risk of thrombosis because there is no effect of these drugs on platelet function. However, 
Leese et al has recently published a double-blind randomized placebo-controlled study 
to compare the effects on platelet function of supratherpeutic doses of celecoxib (600 mg 
BID, which is 2–3× the treating doses) with a standard dose of naproxen (500 mg 
BID). The study results indicate that even at supratherapeutic doses, celecoxib will not 
interfere with normal mechanisms of platelet aggregation and hemostasis, thus supporting 
the premise that celecoxib is COX-1 sparing relative to traditional NSAIDs (10). Only 
aspirin has been studied prospectively to determine inhibition of potential for thrombosis 
and low-dose aspirin should be given concomitantly with either NSAIDs or specific 
COX-2 inhibitors in patients at risk. Given the additive ulcerogenic potential associated 
with the use of multiple NSAIDs, it is advisable to use specific COX-2 inhibitors with 
aspirin when considering combination cardioprotective/anti-inflammatory therapies. 

The effect of the nonsalicylate NSAIDs on platelet function is reversible and related to 
the half-life of the drug; whereas the effect of aspirin (ASA), which is acetylsalicylic acid 
and acetylates the COX-1 enzyme serving to permanently inactivate it. The individual 
platelet cannot synthesize new COX enzyme so for the life span of the platelet exposed 
to ASA the platelet does not function appropriately. Therefore, the effect of ASA on 
the platelet does not wear off as the drug is metabolized as with the nonsalicylate 
NSAIDs. Thus, patients awaiting surgery should be able to stop their NSAIDs at a time 
determined by 4–5 times their serum half-life, whereas ASA needs to be discontinued 
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1–2 wk before the planned procedure to allow the platelet population to reestablish 
itself with platelets unexposed to ASA. 

GI TOLERABILITY

The most clinically significant adverse effects following use of NSAIDs occurs in 
the GI mucosa and appears to be owing to local effects of the drug, or more importantly, 
owing to systemic inhibition of prostaglandin synthesis. NSAIDs cause a wide range 
of GI problems including esophagitis, esophageal stricture, gastritis, mucosal erosions, 
hemorrhage, peptic ulceration and/or perforation, obstruction, and death (35).

NSAIDs can interfere with multiple components of GI tract homeostasis. It can 
disrupt the local milieu by the process of ion trapping. NSAIDs are weak organic 
anions that, at the pH of the stomach lumen, remain unchanged and can penetrate the 
thick gastric mucous barrier and then the mucosal-cell layers accumulate at high levels 
within cells causing direct cellular toxicity. Effects secondary to prostaglandin depletion 
include increased acid production, decreased mucin and bicarbonate production, and 
decreased epithelial-cell proliferation, and decreased mucosal blood flow. Endothelial 
effects include microvascular injury by causing stasis within the small blood vessels 
within GI mucosa leading to ischemia and ulceration. 

In addition, to the known effects on gastric and duodenal mucosa, there is increasing 
evidence that the mucosa of the large bowel as well as the small bowel can be affected. 
These agents may also induce stricture formation (36). These strictures may manifest as 
diaphragms that precipitate small or large bowel obstruction, and may be very difficult 
to detect on contrast radiographic studies. Additionally, there is evidence to suggest that 
NSAIDs induce dysfunction in GI mucosal permeability. The magnitude of risk for GI 
adverse events is controversial. The FDA reports an overall risk of 2–4% for NSAID-
induced gastroduodenal ulcer and its complications, whereas the point prevalence of 
gastroduodenal ulcer determined by endoscopy is 15–31% (35,37,38).

 In general, the relative risk as summarized in multiple clinical trials, ranges from 
4.0–5.0 for development of gastric ulcer, from 1.1 and 1.6 for development of duodenal 
ulcer, and a relative risk of 4.5–5.0 for development of clinically significant gastric 
ulcer with hemorrhage, perforation, obstruction, or death. Although there have been 
many epidemiological studies attempting to prove causal associations, most have had 
inherent design flaws that complicate estimation of true risk. There are data which 
suggest that the risk of hospitalization for adverse GI effects may be 7–10-fold greater 
in patients with RA treated with NSAIDs compared with those who are not receiving 
these agents. 

Epidemiologic studies suggest that the safest NSAIDs are nonacetylated salicylates 
(salsalate, magnesium choline trisalicylate, and diflunisal). Other drugs such as 
nabumetone, lower doses of ibuprofen, and etodolac are usually listed together with 
similar effects. Those NSAIDs with prominent enterohepatic circulation and significantly 
prolonged half-lives such as sulindac and piroxicam have been linked to increased GI 
toxicity owing to increased reexposure of gastric and duodenal mucosa to bile reflux 
and thus the active moiety of the drug.

As noted, other sites in the GI tract including the esophagus and small and large 
bowel may also be affected. Exposure to NSAIDs is probably a major factor in the 
development of esophagitis and subsequent stricture formation. Effects on small and 
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large bowel have increasingly been reported. An autopsy study of 713 patients showed 
that small bowel ulceration defined as ulcers >3 mm in diameter were observed in 8.4% 
of patients exposed to NSAIDs compared to 0.6% of nonusers of (39). Ulcerations 
of stomach and duodenum were observed in 22% of NSAID users compared with 
12% of nonusers. 

Endoscopic studies have clearly demonstrated that NSAID administration results in 
shallow erosions or submucosal hemorrhage which, although occurring at any site in 
the GI tract are more commonly observed in the stomach near the prepyloric area and 
the antrum. Typically, these lesions are asymptomatic making prevalence data very 
difficult to determine. Nor do we know the number of lesions that spontaneously heal 
or that progress to ulceration, frank perforation, gastric or duodenal obstruction, serious 
GI hemorrhage, and/or subsequent death. Risk factors for the development of important 
GI ulcer complications in patients receiving NSAIDs include: age > 60, prior history 
of peptic ulcer disease or GI bleeding, prior use of anti-ulcer therapies for any reason, 
concomitant use of glucocorticoids particularly in patients with RA, comorbidities such 
as significant cardiovascular disease, or patients with severe RA as determined by a 
disability index (Table 3) (8,37,38,41). Other risk factors include increasing dose of 
specific and individual NSAIDs, or combination NSAIDs at full dose (41).

Endoscopic data from large numbers of patients treated with COX-2 specific inhibitors 
demonstrate that ulcers are induced at the same rate as in patients who received placebo; 
whereas the active comparators may induce ulcers (as documented by endoscopy) from 
15% (diclofenac 75 mg BID, ibuprofen 800 mg TID) to 19% (naproxen 500 mg BID) 
following 1 wk of treatment in healthy volunteers. In addition, after 12 wk of treatment, 
26% (naproxen 500 mg BID) of patients with OA and RA demonstrate ulcers. A meta- 
analysis of the randomized controlled trials (RCTs) regarding rofecoxib demonstrated 
the bleeding complication rate to be 50%, whereas a similar study with celecoxib 
demonstrated about 77% decrease in bleeding with active comparators in both the RCT 
and open-label trials (42). Patients treated with low dose aspirin for cardiovascular 
prophylaxis or who are infected with Helicobacter pylori are considered independent 
risk factor for ulcer formation. A large outcome trial (intention to treat cohort), which 
compared the effects of celecoxib 400 mg bid (2–4 times the treating dose for OA 
and RA), compared with ibuprofen 800 mg TID and diclofenac 75 mg BID for 6 mo 
demonstrated a 65% reduction of complications including bleeds, perforations and 
obstructions in the non-ASA-treated cohort (8). It will be important for long-term 
outcomes to address issues of a delay in healing of ulcers induced by ASA or H. pylori
in order to fully elucidate the magnitude of this individual risk, which currently is 
based on theoretical data. 

Table 3
Risk Factors for NSAID-Induced

Gastoduodenal Toxic Effects

Age over 65
Past history of peptic ulcer disease (including GI bleeding)
Concomitant use of NSAIDs with glucocorticoid therapy
Use of combination or maximum dose of the NSAIDs
History of GI toxicity due to to other NSAIDs
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APPROACH TO THE PATIENT AT RISK
FOR NSAID-INDUCED GI ADVERSE EVENTS

The approach to the patient with arthritis who requires chronic NSAID treatment 
and has developed or is at risk for an NSAID-induced GI event is straightforward but 
is complicated by the issue of cost of therapy. Many patients with dyspepsia or upper 
GI distress typically manifest superficial erosions by endoscopy, which often heal 
spontaneously without change in therapy. Even more difficult to evaluate is whether 
agents documented as cytoprotective actually alter NSAID-induced symptoms which 
may or may not predict significant GI events. One clinical study demonstrated that 
>80% of patients who developed significant NSAID-induced endoscopic abnormalities 
were asymptomatic (43).

However, prospective observational trials have demonstrated that patients are 
surprisingly more symptomatic when they develop NSAID-induced toxicities than 
previously thought (44). The patient who develops a gastric or duodenal ulcer while 
taking NSAIDs should have treatment discontinued and therapy for ulcer disease, 
either H2-antagonist or proton pump inhibitors instituted. If NSAIDs must be continued 
concomitantly then the patient will be required to receive therapy for longer periods 
of time. Typically most patients with uncomplicated gastric or duodenal ulcers will 
heal within 8 wk of initiating H2-antagonists. If NSAID treatment is continued then 
perhaps 16 wk of therapy may be necessary for adequate healing. Diagnostic tests to 
determine if the patient is H. pylori positive should be performed and if the patient 
has measurable antibodies, then specific antibiotic therapy to eradicate the infection 
should be administered. Prophylaxis to prevent NSAID-induced gastric and/or duodenal 
ulcers is more complicated. To date, there has been no evidence that agents other than 
misoprostol therapy will prevent NSAID-induced gastric ulceration and its complications 
(40,45,46).

Although H2-antagonists or proton pump inhibitors have been demonstrated to prevent 
NSAID-induced duodenal ulcers, prevention of gastric ulcerations has not been clearly 
shown. Endoscopy has shown that famotidine at twice the approved dose (40 mg BID) 
significantly decreased the incidence of both gastric and duodenal ulcers (47). Similarly, 
endoscopy demonstrated that treatment with omeprazole decreased gastroduodenal 
ulcers (48).

Although both H2-antagonist and proton pump inhibitors (PPIs) decrease dyspeptic 
symptoms quite effectively, neither has been studied to determine if they decrease the 
incidence of ulcer complications. Misoprostol is a prostaglandin analog, which locally 
replaces the prostaglandins normally synthesized in the gastric mucosa but whose 
synthesis is inhibited by NSAIDs. A large prospective trial evaluated 8843 patients with 
RA to determine whether misoprostol would decrease the incidence of ulcers but also 
their complications (41,46). Patients received various NSAIDs and were followed for 
6 mo either on misoprostol co-therapy or placebo. The study was powered based on 
endoscopic observations of an 80% decrease with concomitant misoprostol therapy in 
endoscopically proven ulcers >0.3–0.5 cm in diameter with obvious depth in the gastric 
and duodenal mucosa (40,46). Misoprostol successfully inhibited development of ulcer 
complications such as bleeding, perforation, and obstruction. There was a 40% reduction 
in patients treated with misoprostol as opposed to those receiving placebo. Further 
analysis demonstrated that patients with health-assessment questionnaire (HAQ) scores 
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> 1.5 (thus worse disease) had an 87% reduction in risk for an NSAID-induced toxic 
event if concomitantly treated with misoprostol (45).

These data suggest that high-risk patients may benefit from concomitant misoprostol 
therapy if NSAID treatment is indicated. Unfortunately, the major adverse event causing 
withdrawal in approx 10% of patients was diarrhea. Therefore medications such as stool 
softeners and cathartics should be stopped. There are data suggesting that concomitant 
treatment with misoprostol once an ulcer develops will allow healing (48). These data 
are preliminary, at best. The use of COX-2 specific inhibitors in high risk patients may 
clearly be cost-effective; further studies in the general population are warranted.

RENAL ADVERSE EFFECTS

The effects of NSAIDs on renal function include retention of sodium, changes in 
tubular function, interstitial nephritis, and reversible renal failure owing to alterations 
in filtration rate and renal plasma flow. Prostaglandins and prostacyclins are important 
for maintenance of intrarenal blood flow and tubular transport (49). All NSAIDs 
except nonacetylated salicylates have the potential to induce reversible impairment of 
glomerular-filtration rate; this effect occurs more frequently in patients with congestive 
heart failure; established renal disease with altered intrarenal plasma flow including 
diabetes, hypertension, or atherosclerosis; and with induced hypovolemia: dehydration, 
salt depletion, or significant hypoalbuminemia (12). Triamterene-containing diuretics, 
which increase plasma renin levels, may predispose patients receiving NSAIDs to develop 
precipitously acute renal failure. NSAIDs have been implicated in the development of 
acute and chronic renal insufficiency, owing to inhibition of vasodilating prostaglandins, 
thereby reducing renal blood flow, as has been observed infrequently in patients with 
lupus nephritis.

NSAID-associated intersitial nephritis is typically manifested as nephrotic syndrome, 
characterized by edema or anasarca, proteinuria, hematuria, and pyuria. The usual 
stigmata of drug-induced allergic nephritis such as eosinophilia, eosinophiluria, and 
fever are not typically present. Interstitial infiltrates of mononuclear cells are seen 
histologically with relative sparing of the glomeruli. Phenylproprionic acid derivatives 
such as fenoprofen, naproxen, and tolmetin along with the indoleacetic acid derivative 
indomethacin are most commonly associated with the development of interstitial 
nephritis. Inhibition of prostaglandin synthesis intrarenally by NSAIDs decreases renin 
release and thus produces a state of hyporeninemic hypoaldosteronism with resulting 
hyperkalemia. Physiologically, this effect may be amplified in patients taking potassium 
sparing diuretics. Salt retention precipitated by some NSAIDs which may lead to 
peripheral edema, is likely owing to both inhibition of intrarenal prostaglandin produc-
tion, which decreases renal medullary blood flow and increases tubular reabsorption 
of sodium chloride as well as direct tubular effects. NSAIDs have also been reported 
to increase anti-diuretic hormone effect, thereby reducing excretion of free water, 
resulting in hyponatremia. Thiazide diuretics may produce an added effect on the 
NSAID-induced hyponatremia. All NSAIDs have been demonstrated to interfere with 
medical management of hypertension and heart failure and indomethacin appears to be 
the prescribed NSAID most commonly associated with this adverse reaction. 

All NSAIDs with the exception of the nonacetylated salicylates have been associated 
with increases in mean blood pressure. Patients receiving antihypertensive agents 
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including beta blockers, ACE inhibitors, thiazide and loop diuretics must be checked 
regularly when initiating therapy with a new NSAID to insure that there are no 
significant continued and sustained rises in blood pressure. Because these patients 
have elevated levels of angiotensin II and norepinephrine, their kidneys increase the 
release of vasodilator prostaglandins, which act locally to minimize the degree of 
renal ischemia (50). NSAIDs can interfere with this compensatory response and the 
increase in renal and systemic vascular resistance can cause an elevation in blood 
pressure. 

The mechanism of acute renal failure induced in the “at risk” patient treated with 
NSAIDs is believed to be prostaglandin mediated. However, the role of COX-2 in 
maintenance of renal homeostasis in the human remains unclear. COX-2 activity 
is notably present in the macula densa and tubules in animals and humans, and is 
upregulated in salt depleted animals. In humans COX-1 is an important enzyme for 
control of intrarenal blood flow. There is sufficient evidence to indicate the new COX-2- 
specific inhibitors are not safer than traditional NSAIDs in terms of renal function. 
Any patient at high risk for renal complications should be monitored very carefully. 
No patient with a creatinine clearance of <30 cc/min should be treated with either 
a NSAID or a COX-2-specific inhibitor. The COX-2 inhibitors at normal approved 
treating doses in OA (celecoxib 100 mg BID and 200 mg QD and rofecoxib 12.5 mg 
and 25 mg QD) and RA seem to be a cause of edema and hypertension at the same rate 
as the traditional NSAIDs (2–3%).

IDIOSYNCRATIC ADVERSE EFFECTS

Many of the untoward effects of NSAIDs are related to their mechanism of action, 
via prostaglandin inhibition; but they also have important idiosyncratic effects. A 
typical nonspecific reaction includes skin rash and photosensitivity, associated with 
all currently available NSAIDs and particularly the phenylproprionic acid derivatives. 
The phenylproprionic acid derivatives may also induce aseptic meningitis especially in 
patients with SLE. The underlying mechanism of action remains unknown. This class of 
NSAIDs has also been associated with a reversible toxic amblyopia. 

The CNS side effects of NSAIDs include aseptic meningitis, psychosis, and cognitive 
dysfunction. The latter changes are more commonly seen in elderly patients treated 
with indomethacin, whereas the phenylproprionic acid derivatives are more commonly 
associated with the development of aseptic meningitis and toxic amblyopia. Patients 
at the extremes of age may not manifest this side effect. Unfortunately, there is 
conflicting data about the effects of NSAIDs on cognitive function, particularly in 
the elderly (51).

Tinnitus is a common problem with higher doses of salicylates as well as the 
nonsalicylate NSAIDs. The mechanism is unknown. Interestingly, the young and the 
elderly may not complain of tinnitus but only of hearing loss. Decreasing the dose usually 
alleviates the effect. In all circumstances tinnitus is reversible with discontinuation 
of medication.

Owing to the antiplatelet effects of all NSAIDs except the nonacetylated salicylates 
and COX-2 specific inhibitors, concomitant therapy with coumadin puts patients at great 
risk for bleeding. Because concomitant NSAID therapy would displace coumadin from 
its albumin-binding sites, the prothrombin time may be prolonged; in addition, given the 
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increased relative risk for NSAID-induced gastroduodenal ulcers and bleeding, there is 
an increased risk for bleeding when the NSAIDs are used concomitantly with warfarin. 
In that the COX-2 specific inhibitors rarely induce ulcers of the GI tract and do not alter 
platelet function, the patient on warfarin would have less risk for a significant GI bleed 
when treated with these drugs than traditional NSAIDs. However, both rofecoxib and 
celecoxib have been shown to prolong the international normal ratio (INR) in patients 
concomitantly treated with the anti-inflammatory and coumadin. Thus, the INR should 
be monitored at a 2 wk interval after initiation of therapy. Effects such as these may 
also be seen with Dilantin or other highly protein-bound drugs such as antibiotics. 
The NSAIDs inhibit the renal excretion of lithium and should be used with caution in 
patients taking this drug. Cholysteramine, an anion-exchange resin reduces the rate of 
NSAID absorption and its bioavailability.

There are little data documenting the effects of the NSAIDs on pregnancy or the fetus. 
In animal models, the NSAIDs have been shown to increase the incidence of dystocia, 
post-implantation loss as well as delay of parturition. The effect of prostaglandin 
inhibition may result in premature closure of the ductus arteriosus. Thus, the drug is 
usually stopped at least 6–8 wk before delivery. ASA has been associated with smaller 
babies and neonatal bruising; however, it has been used for many years in the treatment of 
patients who require NSAIDs while pregnant. In animals there is no evidence that ASA 
is a teratogen. The NSAIDs are excreted in breast milk. It is believed that salicylates in 
normally recommended doses are not considered dangerous to nursing infants. Although 
there are a few case reports of reversible infertility associated with the use of NSAIDs, 
given the large numbers of patients who regularly use NSAIDs, there does not appear 
to be a generalized epidemic of infertility (52).

SUMMARY AND CONCLUSIONS

NSAIDs are important in treating patients with arthritis and effectively relieving the 
pain, inflammation, and stiffness. In the past, potential GI and or renal toxicity was 
the major reason for not prescribing NSAIDs as first-line therapy for OA given the age 
of the typical patient who suffers such a clinical problem. With the availability of the 
COX-2 specific inhibitors, the search for efficacious analgesic and anti-inflammatory 
drugs with decreased toxicity, namely reduced deleterious GI side effects and no platelet 
effects has questioned the use of the traditional NSAIDs in such a patient population. 
Thus it is logical that the COX-2 inhibitors may play a larger role in the repertoire of 
treatment for OA. As more individuals are exposed to COX-2 inhibitors, a different 
adverse-event profile may emerge. Of greatest concern, there are pending questions 
regarding the unwanted effects on renal function with chronic use, the possible increased 
risk of thromboembolic events in at risk patients, and/or the repair process following 
tissue injury. In addition, COX-2 specific inhibitors may also have important effects 
on other diseases affecting the same population of patients who suffer from OA, which 
would give them a distinct advantage relative to traditional NSAIDs. Given the safety 
profile of the COX-2 inhibitors, these drugs are being studied for use in decreasing 
the progression of Alzheimer’s disease, prevention and treatment of colon cancer, and 
celecoxib has been recently approved for use in preventing polyps and decreasing polyp 
size in Familial Adenomatous Polyposis.
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Unfortunately, NSAIDs have not been shown to decrease erosions in RA, to retard 
osteophyte formation in OA, or to protect cartilage from mechanical or inflammatory 
injury; thus they have not been shown to alter the natural history of any of these 
destructive tissue processes. Interestingly, in contrast, pretreatment with NSAIDs 
has repeatedly been demonstrated to decrease heterotopic bone formation after joint 
replacement (53). In other experimental models, specific NSAIDs have been shown in 
vitro to inhibit chondrocyte proteoglycan synthesis (27). There are a few case reports 
that suggest that the chronic use of some NSAIDs accelerated cartilage damage in OA 
(i.e., indomethacin), and some investigators believe the data to be compelling enough 
to preclude the use of NSAIDs in standard therapy for OA (54). Amin et al have also 
presented similar in vitro data regarding the effects of the COX-2-specific inhibitors on 
cartilage. Although this effect may have profound implications, the evidence is infer ential 
that chronic use of NSAIDs in general or the COX-2-specific inhibitors clearly damage 
cartilage in humans and/or worsens the clinical course of OA. Until our understanding 
of biochemical events affecting the articular cartilage and subchondral bone improve, 
there is still a need to aggressively treat both acute and chronic pain in order to maintain 
function in patients with OA. Both the NSAIDs and the COX-2 inhibitors have been 
demonstrated to be equally efficacious in palliating the pain and inflammation of 
OA and to improve function and quality of life of these patients. The combination 
of nonpharmacologic interventions with acetaminophen, NSAIDs, and/or COX-2 
inhibitors will allow control of pain in patients with OA, and the availability of the 
COX-2 specific therapies will allow for a safer side-effect profile for those who need 
chronic therapy. 
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INTRODUCTION

Discovered over 50 years ago, synthetic cortisone was first shown to be remarkably 
effective in relieving the inflammation associated with rheumatoid arthritis (RA) (1,2).
This pioneering work by Hench, Kendall, and colleagues subsequently resulted in a 
Nobel Prize in Medicine. Today, synthetic glucocorticoid use in RA remains one of the 
most controversial and commonly debated areas of modern arthritis management (3–8).
Attitudes towards glucocorticoid use in RA range from disdain (6,9) to widespread 
acceptance (3,5). Despite this contentiousness, it is widely agreed that moderate- or high-
dose glucocorticoid therapy is highly effective in controlling acute RA inflammation, 
but may result in significant serious adverse events. In addition to their recognized short- 
and medium-term efficacy for disease activity, increasing evidence favors a potential 
RA disease modifying effect of these agents. Lastly, controversy continues to surround 
the toxicity of low-dose therapy in RA, particularly its effects on bone.
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POTENTIAL MECHANISMS OF GLUCOCORTICOID ACTION

Glucocorticoids act as anti-inflammatory mediators via a number of pathways, which 
continue to be further elucidated (10–12). Oral steroids in standard doses (<30 mg 
daily) circulate in the plasma and diffuse through the plasma membrane where they bind 
to cytosolic glucocorticoid receptors. Two types of effect can then occur. In one, heat- 
shock protein chaperons this complex to the nucleus where it exerts potent effects on 
transcription via binding to positive and negative glucocorticoid response elements in 
the promoter region of target genes. An alternative route is through direct interaction 
with pathways within the cytosol that control the production of inflammatory mediators. 
The relative effects of these two mechanisms are not yet fully understood, but in 
combination they result in the decreased synthesis of proinflammatory cytokines such as 
interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF) (11,12). They also influence 
the production of arachidonic acid metabolites including both prostaglandins and 
leukotrienes. Specifically, they inhibit phospholipase A2 via upregulation of lipocortin, 
and glucocorticoids are selective inhibitors of cyclooxygenase 2 (COX-2) (11,13–17).
Suppression of endothelial factors and nitric oxide (NO) as well as activation of 

-adrenoreceptors, endonucleases, and neutral endopeptidases explains other observed 
effects (12,18). Glucocorticoids have a direct effect on lymphocytes by decreasing T-cell 
function and circulating number. New evidence suggests (10) that when glucocorticoids 
are given in high dose (e.g., >200 mg intravenously) all glucocorticoid receptors become 
saturated and additional therapeutic effects emerge that are mediated by incorporation 
of glucocorticoid molecules into cell membranes.

PHYSICIAN PERCEPTIONS AND BEHAVIORS RELATED
TO DAILY GLUCOCORTICOID TREATMENT

Although the majority of physicians prescribing glucocorticoids are generalists 
(19), rheumatologists comprise one of the largest group of specialists who commonly 
prescribe these agents, particularly for the treatment of RA. On a population basis, 
RA constitutes the most common indication for chronic glucocorticoid use (20). Most 
US rheumatologists report that they use “low-dose” glucocorticoid therapy in their 
management of RA (21). Physicians’ interest in using glucocorticoids is supported 
by their perceived efficacy for this therapy. Wolfe found that 30% of rheumatologists 
considered prednisone to be “good” or “excellent” in efficacy, third only behind 
methotrexate (65%) and combination therapy (53%) (22).  In contrast, European 
rheumatologists are more inclined to use higher doses of glucocorticoids at the onset 
of disease, in an effort to induce disease remission (23). The term “low-dose” therapy, 
however, is not well defined. Some authorities suggest 10 mg/d as the upper threshold 
(24). In a 1994 survey of 301 practicing US rheumatologists, 43% agreed with this 
definition but 36% considered a maximum of 7.5 mg/d as low dose (21). Here we adopt 
the more conservative definition.

There continues to be widespread variation in glucocorticoid use with prescribing 
dependent on both clinician and patient factors. Criswell and colleagues demonstrated 
that independent of insurance status and other patient characteristics, physicians were 
highly variable in glucocorticoid-prescribing patterns even among similar patients 
(25). Although some rheumatologists report use of glucocorticoids in up to 80% 
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of their RA patients (26), other practitioners claim that <10% of their patients use 
glucocorticoids (6). However, in a 1997 survey of American College of Rheumatology 
(ACR) members by Schlessinger and colleagues, only 7% of respondents reported never 
using glucocorticoids in RA (27). In the 1994 survey of US rheumatologists, 85% 
reported use of low-dose glucocorticoids either routinely (33%) or as “bridge” therapy 
when initiating second-line anti-rheumatic agents (52%). Nearly three-fourths of these 
rheumatologists estimated that they most often prescribed between 5 and 10 mg/d of 
prednisone, a proportion only modestly higher than the 63% use of glucocorticoids just 
recently documented in a 1999 survey of a random sample of over 130 ACR members 
(Saag and Kirwan, unpublished data). A survey of UK rheumatologists (28) found that 
63% “never” or “very infrequently” initiated corticosteroid treatment in uncomplicated 
RA, whereas a survey of current outpatients showed that 24% were actually currently 
taking glucocorticoids. 

The possibility that physicians’ perceptions of glucocorticoid treatment may not 
always reflect their documented practices is further evidenced in a group of 819 RA 
patients followed for a mean of 14.2 yr by Wolfe and colleagues, 69.1% took prednisone at 
some point during their disease course (29). In 857 RA outpatients seen at a Midwestern 
US medical center over a 5-yr period, 34% were taking glucocorticoids, a proportion 
second only to nonsteroidal anti-inflammatory drugs (NSAIDs) of all RA medications 
(30). To our knowledge, and owing in part to difficultly with RA case definition in 
community-based cohorts, there have been no population-based surveys addressing 
glucocorticoid use by generalists for the treatment of RA. In summary of the available 
data on physician beliefs and practices, approx 25–40% of RA patients in many US and 
European practices are receiving glucocorticoids at any given time (6,25,26,29,31).

EVIDENCE FOR EFFICACY OF DAILY
GLUCOCORTICOIDS ON SYMPTOM CONTROL

Short- to moderate-term glucocorticoid studies fairly consistently reveal similar or 
improved disease activity when compared with control therapy (32). In an effort to 
define improvement in disease activity, interventional studies compare glucocorticoid 
preparations with placebo, aspirin, other NSAIDs, and less potent second-line anti-
rheumatic drugs. Million and colleagues, in a randomized but unblinded study, reported 
improvements in functional capacity (measured on a 1–5 scale) attributable to low-dose 
glucocorticoids (33). A Cochrane Library meta-analysis by Gotzche and colleagues 
confirmed short-term efficacy (outcomes measured closest to 1 wk) with superior 
improvement in joint tenderness and pain in comparison to NSAIDs (34,35).

Moderate term low-dose glucocorticoid effectiveness (outcomes measured closest 
to 6 mo) was assessed in a meta-analysis and subsequent Cochrane Review by Saag, 
Criswell, and colleagues (36,37). Of 32 studies identified, only nine satisfied a relatively 
modest list of inclusion criteria for the meta-analysis. The remainder of the studies 
were not randomized, used an excessive dose, were of too short a duration or did not 
quantitatively define the endpoints. The meta-analysis of satisfactory studies concluded 
that glucocorticoids were significantly as or more effective than placebo in four out 
of six outcomes measured (tender joints, swollen joints, pain, and functional status). 
Compared with alternative therapies such as chloroquine and aspirin, glucocorticoids 
were as or more effective in improving RA disease activity. 
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Although the evidence demonstrates that up to several months of reduction in 
RA disease activity can be achieved with glucocorticoids, documented long-term 
anti-inflammatory benefits of glucocorticoids are not well-supported by the current 
literature. In a randomized controlled clinical trial of prednisolone vs placebo in 
addition to standard therapy (38), anti-inflammatory benefits of glucocorticoids declined 
considerably after the first year, such that by 18 mo patients receiving prednisolone 
or placebo had statistically indistinguishable Health Assessment Questionnaire and 
articular index scores. A randomized controlled trial by Van Gestel and colleagues also 
indicated little differential benefit in disease activity score between gold/prednisolone 
vs placebo/gold beyond the 3-mo point (32). In a study of elderly onset RA, Van 
Schaardenburg and colleagues compared prednisone vs chloroquine over a 2-yr period. 
Disease activity improved in both groups to a similar extent, whereas there was a 
heightened need for other DMARDs in those on chloroquine (39). Similarly, neither 
the Dutch COBRA study nor a second Dutch clinical trial demonstrated protracted 
anti-inflammatory benefits of glucocorticoids beyond 5 mo (40,41). In contrast to these 
consistent report from well-designed trials, a preliminary results from the German 
Low Dose Prednisolone Study Group (discussed further below) suggested that 5 mg 
of prednisolone resulted in better joint indices and ACR remission criteria than among 
patients taking placebo at 2 yr (42). In contrast to the accumulating data on disease 
modification potential (discussed below), the majority of these studies raise concerns 
about the long-term benefits of glucocorticoids on disease activity. It has been suggested 
that there may be separate mechanisms responsible for development of RA erosions 
(regulated by synovial hypertrophy) and those responsible for inflammation (influenced 
by the degree of synovitis) this might account for this perceived disparity (43).

EVIDENCE FOR CONTROL OF RA RADIOGRAPHIC
PROGRESSION WITH DAILY GLUCOCORTICOIDS

In addition to disease activity (as evidenced by synovial inflammation), it is necessary 
to examine the definitive outcome of continuing joint destruction by radiographic 
progression. Firm conclusions on the long-term efficacy of glucocorticoid therapy 
in this respect have been lacking, because only a few studies have exceeded 1 yr in 
follow-up duration. Studies reporting on the effects of glucocorticoids on radiographic 
progression are summarized in Table 1.

The early studies of the Empire Rheumatism Council (44) and Joint Committee of 
the Medical Research Council (MRC) and Nuffield Foundation (45) failed to observe 
significant improvements in radiographic progression of patients treated with cortisone 
compared with aspirin preparations over a 1 yr period. However, a subsequent and 
less widely quoted MRC study (46) compared prednisolone with either aspirin or 
phenylbutazone and demonstrated that glucocorticoid treatment was associated with 
significantly less destructive joint changes of hand radiographs (41% progression in 
prednisolone group and 72% progression in analgesic group at yr 2; p  <  0.03). This later 
investigation has been criticized for incomplete follow-up of many patients over the 
full 2-yr study period. Critics also note that one-third of patients in both groups 
showed further radiographic deterioration in the final year (6,47). When the patients 
from this second MRC study were followed over a full 4 yr, there was a significantly 
better radiographic outcome in those who received prednisolone (1.06 erosions per 
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Table 1
Studies of Oral Glucocorticoids and Radiographic Progression in RA

    Study type   
Study   (number of  Effect on radiologic 
(reference/yr) Experimental group Control group subjects ) progression of disease Comments

MRC (44) 1955 Cortisone (69 mg/d)  ASA CT (100) No difference Trend toward protective effect
MRC (46) 1959 Prednisolone (Initial 20 ASA CT (77)   Reduction after  Control patients offered 
   mg, 12 mg/d by yr 1,     2 yr, less after    prednisolone in yr 3
   10 mg/d by yr 2)     3 yr
Bernsten (51)   Various glucocorticoids,  IM Gold,  Retrospective  Deterioration   Many patients had already

1961 dose not reported   analgesics   (388)   in all groups   failed other Rx
Harris (50)  Prednisone (5 mg/d)  Placebo and  DB RCT (34) No significant  Trend towards reduction

1983 and DMARD   DMARD    difference
Million (33)   Prednisolone  No RCT (103) Significant reduction 10-yr study
  1984   and DMARD prednisolone
Kirwan (38)  Prednisolone (7.5 mg/d) Placebo and DB RCT (106) Significant reduction 
  1995   and DMARD   DMARD
Boers (40) Prednisolone (60 mg/d  Placebo  DB RCT (102) Significant reduction 
  1997   with taper) and   and SSZ 

MTX, SSZ
Hansen (41) Prednisolone (6 mg/d) DMARD RCT (102) No significant Trend towards reduction

1999   and DMARD     difference
Wassenberg  Prednisolone (5 mg/d)  Placebo and  DB RCT (196) Significant reduction Relatively new onset RA

(56)* 1999   and either AU or    either AU 
   MTX   or MTX
Van Everdingen Prednisolone (10 mg/d) Placebo DB RCT (81) Significant reduction Only study since the MRC to not 

(57)* 1999       allow background DMARDs. 
       SSA allowed after 6 mo 

* Abstract.
MRC, Medical Research Council; R, randomized; CT, controlled trial; DB, double blind; IM intramuscular; ASA, high dose aspirin;  MTX, methotrexate; 

SSZ, sulfasalazine; AU, auranofin; DMARD, disease modifying anti-rheumatic drug.

69
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patient-year on prednisolone vs 3.25 erosions per patient-year on analgesics) (48).
Additionally, only half as many glucocorticoid-treated patients developed new erosions 
(51  vs 94%) (49).

Although limited by the small number of patients, a clinical trial by Harris and 
colleagues suggested a disease-modifying effect of low-dose glucocorticoid therapy, 
as evidenced by the finding of erosions in 4 controls vs 1 prednisone- treated patient, 
although this was not statistically significant (50). Million and colleagues also detected 
a small but significant reduction in joint erosions in some anatomic areas; however, this 
study was marred by an only 64% completion rate and a failure to adjust already large 
p-values for multiple comparisons (33). In contrast to these later studies, a retrospective 
comparison of 183 glucocorticoid-treated RA patients with 205 patients taking either 
gold or analgesics and found similar levels of radiographic deterioration in both groups 
(51). These later findings, however, were limited by the use of uncertain glucocorticoid 
doses and comparison of the glucocorticoid group with historical controls. In contrast to 
oral use, Hansen-treated RA patients with monthly intravenous methylprednisolone and 
observed no significant radiographic improvements in comparison to a control group 
receiving only saline infusions (52).

Several recent studies using randomized controlled designs have provided further 
insight into this controversy. Kirwan and colleagues evaluated measures of disease 
activity and examined changes in radiographic severity scores (graded using the 
Larsen system), over a 2-yr period in patients treated with glucocorticoids in addition 
to standard therapy (38). For those patients receiving 7.5 mg/d of prednisolone, a 
statistically significant difference in progression of radiographic erosion was detected 
at the 2-yr follow-up (0.72 U in the prednisolone group vs 5.37 U in the placebo group, 
p = 0.0004). The results of this large and well-designed study were questioned by some 
because of the chance occurrence of slightly more severe disease in the placebo group 
at baseline, ambiguities in the statistical approach to radiographic assessment, and 
the decision to treat each patient’s hand radiograph as an independent outcome (53).
However, subsequent “blinded” follow-up of these patient showed that after prednisone 
was discontinued a significant deterioration in the Larsen index occurred (54). In 
support of the effects of prednisolone on retardation of radiographic progression, levels 
of N propeptide of type III procollagen were reduced by 26% (p <  0.001), whereas 
patients were on prednisolone compared to levels when they were withdrawn from 
glucocorticoids (55).

Results from the Dutch COBRA study showed that patients randomized to high-dose 
prednisolone (initially 60 mg/d tapered in 6 weekly steps to 7.5 mg/d) in combination 
with methotrexate and sulphasalazine may have experienced an arrest of radiographic 
progression after the first 6 mo of active treatment (40). Further, the clinical differences 
between the subjects receiving the triple combination vs those on sulfasalazine alone 
were no longer significant once prednisolone was stopped. A second Dutch study 
of 102 patients with active RA of variable duration detected a nonsignificant trend 
towards reduction in radiographic progression among those randomized to DMARD 
plus prednisolone vs prednisolone alone (41).

The preliminary report of a double-blind randomized controlled clinical trial by 
Wassenberg and colleagues compared 5 mg of prednisolone with placebo in 196 patients 
with RA of only 2 yr duration. All patients also received comedication with auranofin 
or methotrexate. Using a modified Sharp method, erosions were significantly fewer 
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among patients randomized to prednisolone (erosion score 7.6% of maximum at yr 2) 
vs control (12.7% of maximum) (56).

With the exception of the very early MRC studies, all of the investigations just noted 
have been accompanied by the concomitant use of disease modifying anti-rheumatic 
agents. Thus, it has been difficult to discern the independent effects of glucocorticoids 
in these studies. Only one preliminary report has compared prednisolone alone with 
placebo in patients with very early RA defined as less than 1 yr and no prior RA treatment 
(57). For the first 6 mo of this study patients received only the study medications but could 
later receive sulfasalazine. At 2 yr, a significant (p =  0.02) inhibition of radiographic 
change was seen and less than 65% of patients later required sulfasalazine. As most of 
these studies included patients of similar severity and disease duration, it is reasonable 
to directly compare their results. Figure 1 shows such a comparison, based on the 
proportionate change from baseline. The cumulative magnitude and consistency of these 
findings supports a protective effect of glucocorticoids on joint destruction.

ALTERNATIVE SYSTEMIC DOSING REGIMENS

The majority of glucocorticoid use in RA appears to be by daily oral dosing. However, 
alternative dosing regimens have been explored. 

Timing of administration of the glucocorticoid dose may influence both efficacy 
and toxicity. Daily split-dose therapy should be used only for short duration owing 
to its more profound disruption of the normal hypothalamic-pituitary-adrenal (HPA) 

Fig. 1. Proportion change in the erosion score in five trials of prednisolone in RA.
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axis function. Administration of short acting glucocorticoid very early in the morning
(0200 h), in contrast to later in the day, may better complement the normal diurnal 
variation in endogenous hormones and further block pro-inflammatory cytokine 
production such as IL-6 (58). In contrast to other rheumatic disease where alternate day 
therapy may be both effective and less toxic, <50% of RA patients tolerate alternate-day 
regimens because of increased symptoms on “off” days (59). Some physicians, however, 
have reported success with these regimens (60).

Pulse therapy administered either intramuscularly or intravenously has been 
investigated in predominately small studies. Intramuscular pulses was beneficial 
for disease activity in combination with chrysotherapy (61), but not apparently with 
sulfasalazine (62). Intravenous pulse therapy has been recently reviewed (23). Of 
note, intermittent 1 g infusions of solumedrol (as a rapid infusion) have shown modest 
clinical improvements (63,64) but a heightened risk of electrolyte, metabolic, and 
cardiovascular complications (65). At least one study has touted long-term benefits on 
disease progression of intermittent pulse therapy (66).

INTRA-ARTICULAR AND OTHER TYPES
OF LOCAL GLUCOCORTICOID THERAPY

Intra-articular glucocorticoids are often used successfully in RA to control local-
ized inflammation for periods of up to 3 mo (67,68). When injected, triamcinolone 
hexacetonide, triamcinolone acetonide, and long-acting methylprednisolone are the 
preferred preparations with dosing ranging from 10 mg for small joints to 40 mg for 
larger joints. Local injections of triamcinolone into crioarytenoid joints may be an 
adjunct to systemic therapy for patients developing stridor or airway obstruction owing to 
RA involvement in this region (69,70). Although even intra-articular therapy may have 
systemic spillover leading to blood-sugar effects and decrements in biochemical markers 
of bone formation (71), this mode of administration is safer with respect to long-term 
toxicity (72). Local complications have been suspected if injections are administered 
very frequently. These have included avascular necrosis (67), Charcot-type arthropathy 
(73), and tendon rupture (74). There has been surprisingly little investigation into the 
long-term efficacy or disease modification potential of intra-articular therapy.

SPECIAL GLUCOCORTICOID INDICATIONS IN RA

High dose glucocorticoids are the therapeutic mainstay for managing serious 
visceral manifestations of RA (75). Potential glucocorticoid responsive RA complica-
tions and extra-articular manifestations include: interstitial lung disease (30,76–78),
bronchiolitis obliterans with organizing pneumonia (BOOP) (79), pericarditis (80),
vision-threatening eye involvement (81,82), and vasculitis (75). The vasculitis indication 
is somewhat controversial because older studies have suggested a potential etiologic role 
of glucocorticoids in vasculitis pathogenesis (83,84). However, these studies are limited 
by selection bias or rapid fluctuation of dose leading to vasculitis flares. For Felty’s
syndrome, glucocorticoids are of questionable benefit. Although glucocorticoids will 
increase the white blood cell count, the risk for infection may actually be higher. For most 
of these serious disorders enumerated, glucocorticoids are typically administered in the 
dose range of 1 mg/kg prednisone equivalent. For life or organ-threatening complications, 
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intravenous pulse therapy is often considered (500–1000 mg of methylprednisolone), 
although data supporting this regimen are predominately anecdotal (85).

Glucocorticoids are often used in pregnant RA patients to control peri-partum disease 
activity. Although clearly safer than most other anti-rheumatics during pregnancy, 
glucocorticoid use has been suggested to cause fetal growth retardation and low birth- 
weight offspring. It is difficult, however, to discern fully whether these adverse fetal 
outcomes are owing to the glucocorticoids or the underlying chronic inflammatory 
disorder (86,87). The American Academy of Pediatrics considers prednisone and its 
active metabolite prednisolone to be compatible with breast-feeding (88,89). Even at 
doses above 1 mg/kg, the amount of glucocorticoid secreted into the breast milk is less 
than 10% of a nursing infant’s endogenous cortisol production (90).

Two other indications for glucocorticoid administration in RA are worthy of comment. 
Some physicians offer glucocorticoids as first-line therapy to patients with elderly-onset 
RA and predominantly generalized stiffness similar to polymyalgia rheumatica (91).
However, heightened concerned about the effects of glucocorticoids on bone in these 
often already osteoporotic patients, has challenged this traditional approach (92).
Finally, some RA patients who are at particular risk for NSAID-induced gastropathy 
or renal insufficiency may be more safely managed with low-dose glucocorticoids 
than with NSAIDs. 

Evidence for Toxicity
Studies of glucocorticoid toxicity in RA tend to be retrospective and observational. 

The ability to differentiate bad outcomes attributable to glucocorticoids from those 
occurring owing to RA or other comorbidities, therefore, confounds the picture. A 
strong physician selection bias for glucocorticoid use exists as physicians are inclined 
to treat more severe RA patients with glucocorticoids. The use of glucocorticoids 
at variable points in the disease course, limited data defining the “threshold” dose 
for particular adverse events, and toxicity reports covering a heterogeneous group of 
glucocorticoid-treated diseases (which do not always extrapolate to RA) all further 
confound interpretation of toxicity data. 

Mortality and hospitalization are important discrete outcomes analyzed in several 
studies of glucocorticoid use. Scott and colleagues noted 35% mortality by 20 yr in a 
follow-up study of RA patients assigned to a standard regimen that included prednisone 
(93). The investigators attributed at least some of these deaths to glucocorticoids. Based 
on an analysis of the large Arthritis Rheumatism and Aging Medical Information System 
(ARAMIS) database, a 1.5-fold increased risk of mortality for glucocorticoid-treated 
patients was seen when compared with controls (hazards ratio ranging from 1.3–1.6) 
(94). In another ARAMIS study, prednisone at an average dose of 6.9 mg/d resulted in 
a high frequency of attributable hospitalizations, particularly related to fractures and 
cataracts (95). Although risk estimates in these studies were adjusted for case mix, 
ARAMIS is limited to self-report for much of its data and, it is not possible to account 
fully for all comorbidities in such cohorts.

Several large retrospective reviews indicate that long-term, low-dose glucocorticoid 
use is a significant independent predictor of numerous, potentially serious adverse events 
(21,29,96). In a recent study, even after statistical adjustment for significant disease 
severity factors such as the presence of rheumatoid nodules and bony erosions, average 
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prednisone dose was the strongest predictor of a serious adverse event potentially 
attributable to glucocorticoid therapy (odds ratio [OR] = 4.5 for 5–10 mg, 95% confidence 
interval [CI] 2.1–9.6 and OR = 32.3 for 10–15 mg, 95% CI 4.6–220) (21). Lending 
further credibility to causality, a glucocorticoid-adverse event association was both 
dose- and time-dependent (Fig. 2). This investigation and other studies indicate that 
both cumulative and mean glucocorticoid dose are independent important adverse-event 
predictors. Our conclusion is that, over and above the reduced life expectancy owing 
to RA alone, glucocorticoid toxicity probably does include an element of increased 
mortality in the long term. The confounding effect of patient selection, physician bias, 
and comorbidity will continue to make it difficult to estimate the risk precisely.

Interestingly, less serious toxicities (e.g., skin thinning, cushingoid appearance) may 
be of great concern to patients, whereas more debilitating toxicities, e.g., including 
vertebral crush deformity, cataracts, and glucocorticoid-induced hypertension, may be 
initially unrecognized or asymptomatic. Compared with other anti-rheumatic agents, 
glucocorticoids have a low incidence of short-term symptomatic toxicity and patients 
uncommonly discontinue therapy for these reasons (95,97). What follows is an overview 
of the most common glucocorticoid toxicities that may occur in RA.

Bone and Muscle
Glucocorticoid-induced osteoporosis (GIOP) is the most potentially devastating 

complication of protracted glucocorticoid therapy in RA. Lukert and Raisz estimate 
that over 50% of glucocorticoid users will develop bone loss leading to fracture (98).
However, there have been no randomized controlled trials in RA large or long enough 
to clarify the full magnitude of the fracture risk of lower dose therapy in patients 
followed under optimal clinical trial conditions. The mechanisms of GIOP include:

Fig. 2. Probability of remaining free from adverse events (adverse events) over time while on 
low-dose (<5 mg), intermediate dose (5–10 mg) or high-dose (>10–15 mg) prednisone compared 
with a control group. Adapted from ref. 21.



Chapter 5 / Glucocorticoid Therapy in RA 75

(1) direct inhibition of osteoblast activity; (2) decreased calcium absorption through the 
gastrointestinal (GI) tract; (3) increased renal calcium loss (both of which may increase 
PTH); and (4) diminished sex-hormone production, all of which lead to enhanced 
osteoclast-mediated bone resorption. Recent findings suggest that a glucocorticoid-
induce defect in bone formation may be the predominant pathway of importance 
(99). Prednisone doses as low as 2.5 mg/d orally or even intra-articular therapy can 
suppress osteocalcin, a biochemical marker of bone formation (71,98). Steroid-induced 
osteoporosis initially affects trabecular bone. However, with chronic glucocorticoid 
use, cortical bone at sites such as the femoral neck is also affected (100). Most studies 
of GIOP define bone mass as bone mineral density (BMD), commonly measured using 
dual energy X-ray absorptiometry (DXA). Comparison of studies is made more difficult 
by the differential timing of glucocorticoid initiation, variable-dosing regimens, use 
of different bone-mass measurement techniques, and disparities between the sites 
of measurement. Indeed, bone-mass changes may vary considerably between sites 
measured (41).

Laan and colleagues reported that changes in spinal BMD, measured by quantitative 
computerized tomography (QCT), occurred within the initial 5 mo of low-dose therapy 
(mean dose  =  7.5 mg prednisone), but that RA patients had significant (although not 
complete) reversal of their bone loss once the prednisone was discontinued (101).
Although well-designed, this study has been criticized owing to its use of QCT, a 
technique that may overestimate the effects of glucocorticoid on bone. Additional 
studies of RA and those with other glucocorticoid-requiring diseases confirm a mean 
first-year loss of bone of up to 15% at the dose range 10 mg/d prednisone (102–105).
Few of these studies, however, have been randomized controlled clinical trials and the 
mean glucocorticoid doses used in individual studies somewhat vary. With continued 
use beyond a year, bone loss is greater than normal and is estimated at approx 3%/yr 
in subsequent years (98,104). Although a decline in BMD is strongly correlated with 
fracture risk and BMD is considered the best overall predictor (106,107), the rate of 
bone turnover, bone quality, and other factors also play important roles in fracture risk 
(108). Several studies including a recent meta-analysis have failed to demonstrate an 
association of low-dose glucocorticoid use with low axial BMD, even in the setting 
of an increased fracture rate (102,103,109,110). However, one of the studies included 
in the meta-analysis reported improved BMD at the lumbar spine, but paradoxically 
showed bone loss at all other locations measured (111).

Some investigators argue that glucocorticoids may prevent bone loss in RA because of 
their inhibitory effects on proinflammatory cytokines that modulate osteoclast activity as 
well as their beneficial effects on functional status, which promotes more weight-bearing 
activities (112,113). Sambrook and colleagues could not demonstrate a statistically 
significant decline in axial bone mass over a 24-wk period when patients taking a mean 
dose of 8 mg/d of prednisone were compared with controls (102). However, a trend was 
present in this small cross-sectional study. A subsequent longitudinal study by the same 
investigators also failed to associate glucocorticoids with bone loss in RA (114). Gough 
and colleagues (115) reported greater bone loss at a prednisone dose between 1 and 
5 mg rather than a dose >5 mg, and hypothesized that the outcome might be related to 
poorer control of disease activity in the group less aggressively treated. A small set of 
data collected in a randomized controlled trial of prednisolone (38) did not point to any 
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substantial increase in osteoporosis (Table 2). Thus the confounding effects in trying to 
identify an association between glucocorticoid treatment and osteoporosis in RA relate 
to two principal issues: the heightened risk of osteoporosis caused by the RA disease 
process itself (116–121) and a higher rate of osteoporosis in postmenopausal women, 
the demographic group with the highest prevalence of RA.

Given the inconsistencies in BMD studies and the knowledge that fractures in 
glucocorticoid-treated patients may occur at a higher BMD and may be dependent on 
other factors (108,122), it is necessary to examine long-term studies that evaluate actual 
fracture incidence. Michel and colleagues (123) reported that 34% of more than 300 
women on a mean dose of prednisone of 8.6 mg/d had a self-reported fracture within 
5 yr of follow-up. Two case-control studies of hip fractures in patients both with and 
without RA showed a two-fold increased risk even after adjusting for the presence of 
RA (121,124). At least two retrospective studies identify fractures as one of the most 
commonly documented complication of supraphysiologic glucocorticoid use (21,96).
As previously noted, observational studies of these types may be prone to confounding 
by indication, whereby RA patients with more severe and active disease are also more 
likely to develop a comorbidity independent of glucocorticoid use. 

Alternate-day therapy may have some benefits for bone preservation (125), but 
the cumulative glucocorticoid dose appears most important (100,116,126,127). The 
presence of biochemical changes with very low oral (98), intra-articular (71), or 
even inhaled steroids (128,129) argues against a “safe” glucocorticoid dose from the 
standpoint of bone (114).

Osteonecrosis of bone is a significant problem in patients receiving high glucocorticoid 
doses, particularly for treatment of systemic lupus erythematosus (SLE). However, 
osteonecrosis can rarely occur in RA patients receiving low-dose therapy. In one 
retrospective RA cohort, no cases of known osteonecrosis were found, and in another 
study, osteonecrosis occurred in <3 % of patients given physiologic glucocorticoids for 
adrenal insufficiency (21,130). Osteonecrosis is seldom noted when the prednisone 
dose is maintained <20 mg/d (131).

Similar to osteonecrosis, the occurrence of myopathy in patients receiving low-dose 
glucocorticoids is rare. Based on small studies, fluorinated glucocorticoid preparations, 

Table 2
Mean (sd) Changes (%) in Bone Mineral Density in a Subset of Patientsa

in the ARC Low Dose Glucocorticoid Study (38)

   

Years
Prednisolone 7.5 mg daily (n  =  11) Placebo (n  =  10)

of treatment Spine Hip Spine   Hip

1 –1.6 (5.0) –2.2 (7.1) –2.3 (6.5) –0.6 (5.6)
2 –3.0 (5.6) –1.2 (3.1) –1.3 (4.6) –4.0 (2.5) b

aPatients were chosen for bone mineral density measurement because they were attending study 
centers where measurement facilities were readily available at the time of the study. Only those patients 
for whom measurements at the spine and hip were available after yr 1 and yr 2 are included.

bP  =  0.04 for difference from the prednisolone group (T-test).
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such as triamcinolone, appear to be more closely associated with myopathy than 
prednisone (132). Of note, myopathy has been reported to occur at a dose as low as 8 
mg/d of triamcinolone after only 3 mo of treatment. In general, myopathy attributable to 
prednisone requires a higher dose and longer duration of treatment.

Cardiovascular
Steroids promote fluid retention (133), a problem of particular concern in patients with 

underlying heart or kidney disease. Patients with essential hypertension require closer 
surveillance of blood pressure and may need modification of their anti-hypertensive 
regimens while on low-dose glucocorticoid therapy. Often, in patients receiving 
<10 mg/d, age and elevated pre-treatment blood pressure may better explain significant 
hypertension than the use of glucocorticoids (134).

Another troublesome but difficult-to-study potential toxicity of low-dose glucocor-
ticoids is the development of premature atherosclerotic vascular disease. Increasing 
attention to the importance of accelerated atherosclerotic disease in RA and other 
inflammatory conditions has raised interesting questions about the role of chronic 
inflammation on the vascular endothelium (135). Although atherosclerotic vascular 
disease is known to be accelerated in patients with Cushing’s disease, there are insufficient 
data to implicate a similar heightened risk in RA patients owing to glucocorticoids. 
Kalbak (136) reported a threefold increase of atherosclerosis in RA patients treated with 
glucocorticoids compared with nonsteroid-treated patients, although the dose consumed 
and other confounding factors were not reported. In another report, moderate- to low-
dose glucocorticoids (20 mg tapered to 5 mg over 3 mo) had no significant adverse effect 
on lipoprotein levels if other risk factors were controlled (137).

Dermatologic 
Even at the low doses typically used in RA, skin thinning and ecchymoses represent 

one of the most common glucocorticoid adverse events. It is estimated from ARAMIS 
data that 32 cases of purpura developed for every 1000 patient-years of follow-up (95).
A cushingoid appearance is very troubling to patients, but is uncommon at doses below 
physiologic range. However, in one study, moon facies did develop in 13% of patients 
receiving 4–12 mg of triamcinolone for <60 d (138). Alternate-day therapy decreases 
the incidence of cushingoid appearance. Steroid acne and, to a lesser extent, hirsutism 
and striadverse event are other undesirable dermatologic side effects that occur even 
at doses used for RA.

Gastrointestinal
Although most investigators agree that glucocorticoids are considerably less toxic 

to the upper GI tract than NSAIDs, glucocorticoids may slightly increase the risk 
of adverse GI events such as gastritis, ulceration, and GI bleeding. Among 477 RA 
patients treated with varying glucocorticoid doses Bollet and colleagues found a 7.5% 
prevalence of ulcers (139). If glucocorticoids independently increase GI events, the 
effect is slight, with estimated relative risks varying from 1.1 (not significant) to 1.5 
(marginally significant) (140,141). In addition to reports of upper GI morbidity, there 
are anecdotal reports of intestinal rupture, diverticular perforation, and pancreatitis 
believed to be caused by low-dose glucocorticoids (142–144). Glucocorticoids are 
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frequently used concurrently with NSAIDs in RA, and meta-analyses confirm that the 
combination of glucocorticoids and NSAIDs synergistically result in a higher risk of GI 
adverse events (141,145). One meta-analysis (145) reported that glucocorticoids caused 
a nearly two-fold increased risk of GI adverse events (OR  =  1.8, 95% CI 1.2–2.8) among 
NSAID users; whereas in another study, combined use of NSAIDs and glucocorticoids 
resulted in more than a four-fold increased risk of GI adverse events over nonusers (OR = 
4.4, 95% CI 2.0–9.7) (141). These meta-analyses were conducted before the availability 
of COX-2 selective NSAIDs, therefore, the combined GI effects of glucocorticoids with 
selective COX-2 NSAIDs is unknown.

Infectious Diseases and Immunologic Dysfunction 
Moderate- to high-dose glucocorticoid therapy can lead to an increased risk of serious 

infections requiring hospitalizations, surgery, or both. However, to our knowledge, 
no studies have explored the risk of infection specifically to RA patients treated with 
lower dose glucocorticoids. The risk of infection appears to be lessened by initiating 
alternate-day therapy (146). A meta-analysis by Stuck and colleagues (147) showed 
that the rate of infection was not significantly increased in patients given a mean dose 
of <10 mg/d of prednisone or a cumulative dose of <700 mg. One investigation of 250 
RA patients demonstrated that asymptomatic bacteriuria was almost three-fold more 
frequent (p < 0.05) in those taking less than 7.5 mg/d of prednisolone for more than 6 mo 
(the minimal or average glucocorticoid dose was not reported) (148).

Herpes zoster has a higher incidence among RA patients treated with immunosup-
pressive agents. In one analysis, eight glucocorticoid-treated RA patients developed 
zoster compared with only one control (p  <  0.04) (21). However, it is difficult to 
separate the independent effects of glucocorticoid use from those of other commonly 
used anti-rheumatic agents such as methotrexate. It is anticipated that association 
of glucocorticoids with infectious sequeladverse event may become an even greater 
concern if glucocorticoids are used in combination with biological anti-rheumatic 
agents (i.e., TNF- inhibitors) that may predisopose to infections. At this time, the 
independent role of glucocorticoids in this infectious disease outcome of RA patients 
is uncertain.

Metabolic and Endocrine 
RA patients with diabetes mellitus will commonly have higher blood-glucose levels 

while taking glucocorticoids (149). Moreover, in patients with early diabetes or glucose 
intolerance new-onset hyperglycemia or, rarely, a nonketotic hyperosmolar state, may 
develop without warning for the first time. Ketosis in glucocorticoid-associated diabetes 
is very rare, as the gluconeogenic and glycogenic effects of glucocorticoids offer 
protection against this complication (150). It is uncommon for frank diabetes to develop 
de novo as a result of glucocorticoid therapy (151).

An additional concern of chronic glucocorticoid use is hypothalamic-pituitary-adrenal 
(HPA) insufficiency. HPA insufficiency appears to be both dose- and duration-specific. 
High-dose therapy can result in protracted suppression of adrenocorticotropic hormone 
release and adrenal hypo-responsiveness in as little as 5 d (152). Spontaneous recovery of 
the HPA axis is usual in patients on 5 mg of prednisone (153); however, subphysiologic 
doses (<7.5 mg/d) given for long-term periods may lead to HPA blunting (154). HPA 
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suppression is worsened if glucocorticoids are given twice daily. Steroid withdrawal 
syndrome is not clearly associated with HPA insufficiency but presents as extreme 
weakness and arthralgias (155); therefore, too rapid a glucocorticoid withdrawal can 
be confused with an exacerbation of RA disease activity. Van Gestel and colleagues 
demonstrated that tapering from 20 mg/d by increments of 2.5 mg/d every 2 wk resulted 
in rebound deterioration in 58% of responders (32). Indeed, difficulty withdrawing 
patients from glucocorticoids is sometimes cited as a compelling reason for not initiating 
them (156). Despite these widely held sentiments, with the exception of Kirwan’s study 
where patients were successfully withdrawn form 7.5 mg of prednisolone over 4 wk 
without a prominent flare, there have been no randomized controlled trials of lower 
dose withdrawal to specifically address this issue.

Neuropsychiatric 
Many RA patients receiving low-dose therapy report a slight increase in their overall 

sense of well-being, which appears to be independent of improvement in disease activity. 
Symptoms of akathisia, insomnia, and depression are also occasionally observed in 
patients taking low-dose therapy. Memory impairment, particularly in older patients, 
can occur even at low doses (157). Daily split-dose therapy, in particular, tends to be 
troublesome because the evening dose disrupts normal diurnal variation in endogenous 
glucocorticoid levels and promotes sleep disturbances. True glucocorticoid psychosis is 
distinctly uncommon at doses <20 mg/d of prednisone (158).

Ophthalmologic
Posterior subcapsular cataracts are a well-described complication of prolonged 

corticosteroid use. Although some clinicians believe there is no minimal safe dose with 
respect to this complication and reports exist of cataract formation even with inhaled 
glucocorticoid preparations (159). Others note that cataracts rarely occur in patients 
taking <10 mg/d for <1 yr (160,161). Cataracts were detected in 29% of 112 RA patients 
taking a mean dose of 8 mg/d for an average of 6.9 yr compared with an 18% incidence in 
matched controls (p <  0.05) (96). In their preliminary analysis of 819 RA patients (29),
Wolfe and colleagues reported an almost threefold increased risk of cataracts for >15 
mg-yr (i.e., 5 mg/d for 3 yr) of prednisone (OR  =  2.7, 95% CI 1.7–4.4).

In addition to cataracts, glucocorticoid-treated patients may develop increased intra-
ocular pressure, which can lead to minor visual disturbances (162). The development of 
frank glaucoma, particularly with low-dose therapy, is rare and tends to appear in patients 
who are otherwise predisposed to the condition (163,164). Highlighting a potential 
risk of even low-dose therapy, glaucoma may occur with inhaled glucocorticoids as 
well (165).

Evidence-Based Treatment Guidelines
Owing to difficulties balancing effectiveness data with toxicity concerns, as well 

as the advent of numerous other RA specific therapies, there is little consensus about 
the current place of glucocorticoid in the majority of RA clinical scenarios. Potential 
indications for glucocorticoid use in RA patients are outlined in Table 3; however, 
several of these recommendations are debatable. A fixed, low dose of prednisolone for 
patients with early active disease as an erosion-suppressing treatment may be justified 
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for the first 2 yr or so, but long-term therapy or “background” treatment for symptom 
control is not clearly supported based on the evidence available.

Once the decision is made to initiate glucocorticoids, every effort should be made to 
use these agents as safely and effectively as possible (Table 4). Increasing data argues 
that more aggressive use of higher dose glucocorticoids earlier rather than later in 
the course of disease might be best supported by the available evidence. However, 
practitioners skeptical of the disease-modifying benefits of glucocorticoid therapy and 
choosing to use these agents long-term should strive to achieve the lowest effective 
dose. Many rheumatologists report significant difficulties in tapering glucocorticoids 
for most RA patients and abrupt withdrawal may result in dramatic flares in disease 
activity (32,50). Thus, more gradual withdrawal regimens are generally necessary to 

Table 3
Indications for Possible Use of Glucocorticoids in RA

• “Bridge” therapy for patients who have experienced a severe functional decline 
with limitations interfering with necessary daily living or vocational activities

• Patients with NSAID contraindications who have acute inflammation unlikely to 
respond rapidly enough to second-line agents

• Extra-articular manifestations or other serious life-threatening or organ-damaging 
RA manifestation (i.e., pericarditis, scleromalacia perforans)

• Men or women not at reduced risk of bone loss, for whom chronic glucocorticoids may 
be reasonable in combination therapy regimens with a single daily dose <10 mg/d

• Pregnant or lactating women 
• Suppression of joint destruction in patients with early, active disease

NSAID, nonsteroidal anti-inflammatory drugs;  RA, rheumatoid arthritis.

Table 4
Recommendations for Safe and Effective Glucocorticoid Use

• Use the smallest dose possible to accomplish clinical objectives
• Taper dose more rapidly to near a physiologic range (<7.5 mg/d), then taper more slowly 

to avoid steroid withdrawal flare-ups that may require dosage increases
• Exercise special caution in individuals on concomitant NSAIDs, because of a heightened 

risk of gastropathy, fluid retention, and other synergistic toxicities 
• Monitor blood sugar, blood pressure, and consider periodic ophthalmologic examinations 

to avoid preventable glucocorticoid toxicity
• Protect the bones

o Encourage osteoporosis risk factor modification 
o Obtain baseline bonemass determination to assess the need for anti-osteoporotic 

therapy 
o Supplement all at-risk patients to achieve 1500 mg/d of elemental calcium and add 

vitamin D
o Replace gonadal hormone deficiencies if not contra-indicated
o Strongly consider bisphosphonate therapy 

NSAID, nonsteroidal anti-inflammatory drugs.
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avoid re-exacerbations. However further research on appropriate tapering regimens 
is greatly needed.

All RA patients with or at risk of glucocorticicoid-induced osteoporosis (GIOP) 
should receive conservative therapy with calcium and vitamin D (166,167) with strong 
consideration given to the addition of a bisphosphonate (168–171). Hormone-replacement 
therapy and calcitonin should also be considered in selected individuals, although the 
data is less conclusive than that seem with the newer bisphosphonates (172). Despite this 
accumulating data, only a minority of patients on glucocorticoids receive preventative 
therapy or diagnostic testing for bone loss (19,20,173–176).
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INTRODUCTION

The development of inhibitors of tumor necrosis factor (TNF) evolved from a targeted 
bench-to-bedside approach in which lessons learned from basic pathophysiological 
research were tested in patients with debilitating chronic inflammatory diseases, 
particularly rheumatoid arthritis (RA) and inflammatory bowel disease. Insofar as all 
prior treatments for (RA) evolved primarily from serendipitous observations, the TNF 
inhibitors represent the first “rationally based” treatment, as well as the first Food 
and Drug Administration (FDA)-approved recombinant proteins (“biologics”) for the 
treatment of RA. This chapter will focus on RA as a paradigm for examining the role of 
TNF in the pathogenesis and propagation of chronic inflammation, and for evaluating 
anti-TNF therapy as a strategy for the treatment of chronic inflammatory disease. 

RA is a chronic disease with genetic and autoimmune components that is characterized 
by intense inflammation, resulting in destruction and dysfunction of the joints and, 
potentially, other organs as well. The characteristic histopathologic findings in the 
joint are hyperplasia of the synovial lining (or intima), which consists primarily of 
macrophages and fibroblasts, and an inflammatory influx of lymphocytes, plasma cells, 
and other cell types in the subintimal area (1). In addition, the joint cavity is invaded by 
large numbers of activated neutrophils. The destruction of articular cartilage and bone 
is presumed to occur not only from the direct invasion of contiguous hypertrophied 
synovium, but also by the synovial fluid neutrophils bathing the cartilage, and by resident 
chondrocytes, which become activated to degrade their surrounding matrix (1).
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Work by Stastny (2) and Nepom (3,4) more than 15 years ago demonstrated the 
association of HLA-DR4, a Class II major histocompatibility antigen, with RA. The 
specificity for this association resides in a conserved five amino acid sequence in the 
DR- chain of the associated DR4 alleles (and in several other DR molecules), and 
is referred to as the “shared epitope” (5). Recent work has suggested that the shared 
epitope not only conveys disease susceptibility, but is also a marker of disease severity 
and of extra-articular manifestations, at least in Caucasian patients (6,7). Furthermore, 
results from epidemiologic and family studies are consistent with the involvement of 
multiple genes, rather than a single gene, in conveying susceptibility to rheumatoid 
arthritis. Candidate genes currently under investigation include T-cell receptor, TNF- ,
hsp 70, large multifunctional protease (LMP) , and transporter associated with antigen 
processing (TAP) (8).

RA is also characterized by the presence of several autoantibodies. The most prominent 
of these is the so-called “rheumatoid factor,” an antibody (usually IgM) directed against 
self-IgG, which occurs in approx 80% of patients with RA. Other autoantibodies 
described in RA include those directed against keratin, glycoprotein-39, collagen type 
II, p205, and the G1 domain of aggrecan (9–12). None of these autoantibodies, including 
rheumatoid factor, is specific to RA, and it is more likely that they play a role in 
propagating inflammation rather than serving as causative agents. 

While the identification of susceptibility genes, and the role of autoantibodies, remain 
to be clarified in RA it is clear that the sustained inflammatory process, leading to the 
secretion of matrix-degrading proteases, is ultimately responsible for joint damage and 
dysfunction in RA. Attention has focused recently, therefore, on strategies that will 
interrupt this inflammatory cycle. A major advance in this regard is the elucidation of 
the role of TNF-  in this destructive process. 

PATHOGENIC MECHANISMS

The Rheumatoid Synovium
The rheumatoid synovium is hyperplastic with increased numbers of macrophages, 

fibroblasts, and lymphocytes. Activated T cells and T-cell-derived cytokines have been 
difficult to identify in the rheumatoid synovium (13), and clinical trials in RA of agents 
designed to deplete, or inhibit function of, T cells have demonstrated only modest, 
transient clinical improvement (reviewed in ref. 14). In contrast, there is an abundance 
of macrophage and fibroblast-derived cytokines, proteases, and prostanoids in the 
rheumatoid synovium and synovial fluid (13,15). These observations have led to the 
suggestion that, although a T-cell mediated, antigen-specific process is undoubtedly 
critical to the initiation of disease, sustained inflammation is at least equally dependent 
on cytokine production by synovial macrophages and fibroblasts, which may act on 
each other in an autocrine or paracrine manner (16). Thus, TNF- and IL-1, which 
are primarily products of macrophages, induce the synthesis and secretion from 
synovial fibroblasts of matrix-degrading proteases, prostanoids, interleukin-6 (IL-6), 
interleukin-8 (IL-8), and granulocyte-macrophage colony stimulating factor (GM-CSF) 
(17,18) (Fig. 1). Local synthesis of IL-6 promotes the synthesis of immunoglobulins, 
including rheumatoid factor, by synovial plasma cells; IL-8 induces selective recruitment 
of neutrophils to the joint cavity; prostaglandin E2 causes bone resorption; and the 
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matrix metalloproteases degrade the extracellular matrices of bone and cartilage. 
TNF- and IL-1 also induce a variety of adhesion molecules, which enables the influx of 
inflammatory cells to the rheumatoid joint (19,20). GM-CSF produced by the fibroblast 
may contribute in a positive feedback loop to sustaining macrophage activation, although 
some have suggested that the fibroblast may become independent of macrophage 
influence by transformation to an autonomous phenotype (21).

These in vitro observations, suggesting a central of TNF-  and IL-1 in the pathogenesis 
of RA, prompted a series of studies in animal models and in patients to provide “proof 
of concept.” Two IL-1 inhibitors have been evaluated in patients with longstanding RA: 
a soluble human type I IL-1 receptor (sHuIL-1R), and a human IL-1 receptor antagonist 
(IL-1ra). Clinical results were discouraging for both constructs (reviewed in ref. 14). 
However, the selection of the sHuIL-1R was premature as subsequent data confirmed 
a higher affinity of sHuIL-1R for IL-1ra over IL-1 (22); and, in the case of IL-1ra, its 
only modest performance may be owing to a short half-life. Although IL-1 and TNF-
act alone and synergistically to elicit a nearly identical spectrum of biological responses 
(23), it has been suggested that a hierarchy exists in which IL-1 acts downstream of 
TNF- —for example, blocking TNF- abolishes IL-1 production and bioactivity in 
synovial-cell cultures (24). The relative contribution of each cytokine to rheumatoid joint 
damage remains controversial. Nonetheless, therapeutic attention has predominantly 
focused on inhibition of TNF- .

Fig. 1. Simplified scheme of interaction of synovial macrophages and fibroblasts.
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TNF and TNF Receptors
TNF- was originally named for its ability to trigger necrosis of transplanted tumor 

cells in mice (25). The purification and cloning of cachectin, a mediator of wasting 
in chronic diseases, was subsequently found to be identical to TNF- (26). TNF is 
produced primarily by macrophages and, to a lesser extent, by lymphocytes (26). It 
is one of 17 known members of a family of polypeptides that bind to a corresponding 
family of receptors. The polypeptide ligands are characterized by a common core 
sequence predicted to contain 10 -sheet forming sequences, and include TNF- ,
lymphotoxin- and- , Fas ligand, CD40 ligand, and others (27) (Table 1). TNF- is 
initially synthesized and expressed as a transmembrane molecule, the extracellular 
portion of which is subsequently cleaved by TNF-  converting enzyme (TACE) to 
release the soluble 17 kDa molecule. Soluble TNF- circulates as a homotrimer and 
engages its cognate receptors on cell surfaces (28).

In contrast to the relatively restricted synthesis of TNF- by macrophages and T 
cells, TNF receptors (TNF-R) are expressed by nearly every mammalian cell. This 
ubiquitous expression, in conjunction with cell-specific effector molecules that are 
triggered by the TNF-R, may explain the variety of effects of TNF, which include 
apoptosis, the synthesis of protein and lipid inflammatory molecules, and transcription 
factors (27,28). Unlike other ligands of the TNF-R family that bind to a single receptor, 
TNF and lymphotoxin- are capable of binding to each of the two TNF-R designated 
as TNF-RI (or p55) and TNF-RII (or p75) (28). Interaction of TNF with its receptor 
triggers a conformational change and dimerization or clustering of receptors that, in 
turns, triggers the cellular response (29). TNF-R, like their ligand, can be cleaved from 
the cell surface by TACE (30) but soluble TNF-R are believed to be present in small 
amounts relative to membrane-bound TNF-R (28).

The effects of TNF are mediated by its ability to directly or indirectly trigger a 
variety of signal-transduction pathways including proteases of the caspase family, 
transcription factors, phospholipases, and protein kinases. TNF-induced activation of 
the cysteine protease family of caspases leads to apoptotic cell death (31). In contrast, 
the induction by TNF of cytokine production is mediated, at least in part, by its ability to 

Table 1
Selected Members of the TNF Ligand/Receptor Superfamilya

Ligands Receptors

Lymphotoxin- TNF-R1 and -RII
TNF- TNF-RI and -RII
Lymphotoxin- LT- R
OX40L OX40

 CD40L CD40
FasL Fas
CD27L CD27
CD30L CD30
4-1BBL 4-1BB

aThis is not a complete list. For complete list of TNF ligands and recep-
tors, and updated nomenclature, see ref. 81.
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enhance gene expression and/or increase stability of messenger RNA. Gene expression 
is upregulated by TNF either via activation of transcription factors such as NF- B, or 
increased synthesis of transcription factors such as IRF1. TNF signaling mechanisms 
have been reviewed in detail recently (27). An unanswered question is whether the 
TNF-R have any intrinsic mechanism for downregulating their responses to TNF- ,
such as desensitization or internalization, or whether the receptor continues to signal 
as long as TNF- is available.

Development of TNF Inhibitors
The two strategies for inhibiting TNF that have been most extensively studied to 

date consist of monoclonal anti-TNF antibodies and soluble TNF receptors (sTNF-R) 
(Table 2). Both constructs will theoretically bind to circulating TNF- , thus limiting 
its ability to engage cell membrane-bound TNF receptors and activate inflammatory 
pathways. Soluble TNF-R, but not anti-TNF antibodies, would also be expected to 
bind lymphotoxin. 

With regard to anti-TNF monoclonal antibodies (MAbs), the best studied to date 
is infliximab (Remicade™), originally referred to as cA2. Infliximab is a chimeric 
human/mouse anti-TNF- MAb composed of the constant regions of human (Hu) 
IgG1 , coupled to the Fv region of a high-affinity neutralizing murine anti-HuTNF
antibody (32). The antibody exhibits high affinity (Ka 1010/mol) for recombinant and 
natural huTNF- , and neutralizes TNF-mediated cytotoxicity and other functions in 
vitro (32). It has been extensively studied in animal models of arthritis, as well as in 
patients with RA and inflammatory bowel disease, and is now approved for use in both 
diseases (see below). Because of the potential for an immune reaction to the mouse 
protein components of a chimeric antibody, an alternate strategy has been to develop 
a fully human anti-TNF MAb. One such antibody, known as D2E7, was generated 
by phage- display technology. A high-affinity murine anti-TNF MAb was used as a 
template for guided selection, which involves complete replacement of the murine 
heavy and light chains with human counterparts and subsequent optimization of the 
antigen-binding affinity (33). Although not FDA-approved, early clinical trials with 
D2E7 are also promising and are discussed briefly below. 

In the second approach to TNF inhibition, soluble TNF-R have been engineered as 
fusion proteins in which the extracellular ligand-binding portion of the huTNF-RI or 
huTNF-RII is coupled to a human immunoglobulin-like molecule. Although TNF-RI 

Table 2
TNF Inhibitors Currently Approved or in Development

Name Description Status

Infliximab Mouse-human chimeric anti-huTNF MAb FDA-approved
D2E7 Fully human anti-huTNF MAb In development

Etanercept p75sTNF-RII-Fc (dimeric) FDA-approved
NA PEG-p55sTNF-RI (monomeric) In development 
Lenercept p55sTNF-RI-IgG1 (dimeric) Development terminated

NA, not available. 
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is thought to mediate most of the biological effects of TNF in vivo (28), engineered 
sTNF-RI and sTNF-RII constructs both appear to be effective in vivo inhibitors of TNF. 
Although these constructs consist entirely of human protein, the linkage region between 
the receptor and the immunoglobulin molecule represents an unnatural sequence and, 
therefore, has the potential for eliciting an anti-drug antibody response. This was 
the case with lenercept, a fusion protein of two sTNF-RI (p55) with human IgG1-Fc. 
Pharmacokinetic data indicated enhanced clearance of lenercept with repeated dosing 
due to the development of anti-lenercept antibodies, and there was an inverse correlation 
of drug concentration with antibody levels (34). Although the antibodies were non-
neutralizing and patients treated with lenercept demonstrated clinical improvement, 
further development of the drug was terminated in view of concerns about durability 
of the response and long-term safety. 

Etanercept (sTNF-RII:Fc; Enbrel™) is the best studied of the sTNF-R and is approved 
for the treatment of RA in adults and in children. Like lenercept, it is a dimeric construct 
in which two sTNF-RII (p75) are linked to the Fc portion of human IgG1 (35). The 
dimeric receptor has a significantly higher affinity for TNF- than the monomeric 
receptor (50–1000-fold higher), and the linkage to the Fc structure significantly prolongs 
the half-life of the construct in vivo (35). Although it also has an unnatural linkage site, 
anti-etanercept antibodies have been infrequent. Another mechanism for prolonging 
the half-life of monomeric receptors is via conjugation with polyethylene glycol. One 
such construct, PEG-sTNF-RI (p55), has shown efficacy in several animal models of 
arthritis and is now in early clinical trials (see below). 

ANIMAL STUDIES

Several lines of evidence exist in animal models that support the importance of TNF-
in the pathogenesis of human RA. Although no animal model of inflammatory arthritis 
is thought to completely mimic human RA, studies in animals have provided important 
information on inflammatory mediators and their potential as therapeutic targets in 
human disease. Most compelling are the findings of elevated levels of TNF- in the 
joints of mice with collagen-induced arthritis (CIA), amelioration, or prevention of CIA 
with anti-TNF blocking antibodies and the spontaneous development of inflammatory 
arthritis in transgenic mice overexpressing TNF- .

Collagen-induced arthritis (CIA) in the mouse is induced by immunization of 
susceptible mice strains with native type II collagen. Macroscopically evident arthritis 
occurs between d 28–35 after immunization and persists for several months until the 
joints ankylose (36). CIA shares several histopathologic features with RA including 
mononuclear-cell infiltration and synovial-cell hyperplasia, resulting in pannus formation 
with bone and cartilage destruction. In both RA and CIA, disease susceptibility is 
restricted by MHC class II alleles (37) and autoreactive T cells are prominent in the 
joint with restriction in V T-cell receptor usage (38). Because of these similarities, 
CIA is a widely used experimental model for RA. 

Similar to RA, several studies with CIA mice have demonstrated elevated TNF levels 
in the arthritic joints (39–41). Recently, to assess the level of cytokine expression during 
the course of CIA, CIA mice were sacrificed on a weekly basis starting at d 21, before 
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the onset of clinical arthritis. Cytokine mRNA levels in joint tissue were measured by 
highly quantitative RNA protection assays (42). Levels of TNF- together with TNF- ,
interleukin 11 (IL-11), interleukin 1 receptor antagonist (IL-1Ra), macrophage inhibitory 
factor 1  (MIP-1 ), and RANTES were elevated early in the CIA disease course and 
persisted at high levels through the later stages. By contrast, IL-1 , IL-2, MIP-2, and 
IL-6 rose early in the disease course but rapidly returned to normal levels. Transforming 
growth factor 1 (TGF- 1), TGF- 2, and TGF- 3 increased slowly, peaking in late 
disease. Elevated TNF-  mRNA levels were also found in macroscopically and 
microscopically uninvolved joints. The pattern of persistent elevation TNF- mRNA 
throughout the disease course and prior to the onset of arthritis supports the role of 
TNF- both in the initiation and maintenance of chronic joint inflammation.

The availability of potent inhibitors of TNF- have added valuable tools to further 
elucidate the importance of TNF- in chronic inflammatory arthritis. CIA mice treated 
weekly with a neutralizing hamster MAb to TNF- starting prior to the onset of arthritis, 
ameliorated the severity of the disease both histologically and clinically although the 
incidence of arthritis did not change. Antibody treatment starting soon after the onset 
of arthritis (d 30) had a similar but less pronounced effect on decreasing the severity 
of the arthritis (43). Anti-TNF had diminishing benefit when used later in the disease 
course. Treatment of CIA mice with a neutralizing rat anti-TNF- monoclonal was 
effective in improving joint scores when given before the onset or 2 d the onset of the 
arthritis, but was ineffective if given 7 d after onset of arthritis (44). Of interest, use 
of a polyclonal antibody (PAb) against IL-1 and IL-1 was effective in CIA in both 
early and late disease. The effectiveness of anti-TNF therapy limited to early disease 
in murine CIA is in marked contrast to the efficacy of TNF inhibitors in humans with 
both early and longstanding RA (see Clinical Trials below).

Similar results were also obtained using a sTNF-R1- IgG1 fusion protein construct. 
Administration of the sTNF-R1-IgG1 starting prior to the onset of arthritis decreased 
severity of arthritis but differed from the MAb studies in decreasing the incidence 
of arthritis as well. Mice deficient in TNF-R1 by gene targeting were resistant to 
development of CIA, confirming the importance of TNF-R1 (45), possibly through 
mediating TNF-induced adhesion-molecule expression and mononuclear-cell infiltration 
into the joint space (46).

Transgenic mice expressing a modified human TNF- transgene spontaneously 
develop a chronic polyarthritis, providing further evidence for the direct involvement of 
TNF in the pathogenesis of human RA (47). Mice carrying a human TNF transgene with 
a modified 3 region from a human globin gene show deregulated human TNF expression 
with constitutive low-level expression of TNF in a variety of tissues. In contrast, mice 
carrying a wild-type human TNF transgene show appropriate macrophage-specific 
inducible TNF expression in response to lipopolysaccharide. Mice with deregulated 
TNF expression develop a chronic symmetric polyarthritis with histologic features 
similar to human RA. 

Despite the differences with human RA, these animal models support TNF as an 
important therapeutic target for RA. In addition, the models raise intriguing questions 
regarding other potential cytokine targets and the utility of inhibiting these targets at 
different stages of the disease process. 
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CLINICAL TRIALS

The clinical efficacy of TNF inhibition has been studied most extensively in RA 
and, to a lesser extent, in inflammatory bowel disease. Data from clinical trials with 
etanercept and infliximab have been encouraging, and have resulted in the FDA approval 
of both agents for the treatment of RA, and of infliximab for inflammatory bowel 
disease (see Current Recommendations). 

Because the safety of the TNF inhibitors in humans was unknown, early trials in RA 
targeted patients with severe, longstanding disease that had failed to respond adequately 
to conventional treatments such as methotrexate, gold salts, immunosuppressives, and 
others. More recently, as the safety of these agents unfolded, patients with juvenile 
RA and adults with early RA have been targeted. An evolution in the selection of 
study outcomes has also occurred in that earlier trials focused on clinical parameters 
as endpoints, whereas more recent trials have focused on structural (radiographic) 
endpoints.

Infliximab in Advanced RA
Favorable results for both safety and efficacy in a small open-label pilot study 

of infliximab in advanced RA (32) prompted a larger double-blind trial comparing 
infliximab to placebo (48). In the latter study, 73 patients were randomized to a single 
infusion of infliximab 1 mg/kg or 10 mg kg or placebo, and their fulfillment at wk 4 
of the Paulus 20% response criteria (see Table 3) was evaluated in an intention-to-treat 
analysis. The profile of participants in this study is very representative of most of the 
studies to follow—that is, predominantly women approx 50 yr of age with disease 
duration of 9–10 yr who had failed an average of three disease-modifying anti-rheumatic 

Table 3
Composite Scores for Assessing Clinical Responses in Rheumatoid Arthritis

ACR 20% Responsea

Must include: 20% improvement in tender joint count
  20% improvement in swollen joint count

And 20% improvement in 3 of 5 of the following criteria:
Patient pain assessment
Patient global assessment
Physician global assessment
Patient self-assessed disability
Acute phase reactant value (ESR or CRP)

Paulus 20% Responseb

Requires improvement in 4 of 6 criteria:
Painful joint score by 20%
Swollen joint score by 20%
Morning stiffness by 20%

  ESR by 20%
Physician global assessment
Patient global assessment

aSee ref. 57.
bSee ref. 82.
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drugs (DMARDs). Baseline disease activity was considerable as evidenced by a mean of 
28 tender joints, 23 swollen joints, 3 h of morning stiffness, erythrocyte sedimentation 
rate (ESR) of 63, C-reactive protein (CRP) of 6.2 mg/dL. At wk 4, only 8% of placebo-
treated patients fulfilled Paulus 20 and Paulus 50 criteria, whereas response rates in 
the high-dose infliximab group were 79 and 58% respectively, and in the low-dose 
group were 44 and 28%, respectively. Comparably dramatic decreases in acute-phase 
reactants, especially CRP, were observed in conjunction with clinical improvement, 
often within 2 wk of treatment. This important study provided the first proof-of-concept 
for a pivotal role for TNF- in the inflammatory process in the rheumatoid joint. Equally 
important, the responses to infliximab were robust and rapid, and the treatment was 
well-tolerated (see Side Effects and Precautions). 

Interestingly, some decay in the clinical and CRP responses was observed in the 
low-dose group by wk 4. Furthermore, several patients who were enrolled in a follow-up, 
multiple-dosing trial developed antichimeric antibodies, and a progressive decrease 
in the duration of the response to each successive infliximab infusion was noted in 
several patients (49). These observations raised the possibility that repeated dosing of 
infliximab may not be feasible in patients with anti-chimeric antibody response owing 
to a reduction in the half-life of infliximab. 

This question was examined in a subsequent study by Maini et al. (50) in which 
the investigators reasoned that concomitant methotrexate might suppress the antibody 
response to infliximab. In this protocol, 101 patients with active RA despite methotrexate 
were randomized to treatment with placebo or one of three doses of infliximab (1, 3, 
or 10 mg/kg). Low-dose methotrexate (7.5 mg/wk) was continued throughout the study. 
Infliximab (or placebo) treatments were administered at 0, 2, 6, 10, and 14 wk, and 
Paulus response criteria were evaluated at 26 wk.  

Robust clinical responses to infliximab alone were again observed at all three doses 
by wk 2 of treatment, but the low-dose (1 mg/kg) group became unresponsive to repeated 
dosing. Co-administration of infliximab 1 mg/kg with methotrexate significantly 
prolonged the duration of the 20% Paulus response in >60% of patients from a median 
of 2.6 wk to 16.5 wk (p  <  0.006 vs no methotrexate) (Table 4). Approximately 60% 
of patients receiving infliximab at 3 or 10 mg/kg, with or without methotrexate, 
achieved the 20% Paulus criteria and these responses were sustained for a median 
duration of 10.4 to  >  18.1 wk (p  <  0.001 vs placebo). The frequency of antichimeric 
antibodies was inversely proportional to the dose of infliximab, and significantly 
reduced by concomitant treatment with methotrexate (Table 4). These data suggest that 
immunologic tolerance to infliximab was induced with higher doses, and potentiated by 

Table 4
Effect of MTX on Frequency of Anti-Chimeric Antibody 

Response in Patients Treated with Infliximaba

+ MTX – MTX + MTX
Infliximab, mg/kg 0 1 3 10 1 3 10

Median duration of
Paulus 20 response (wk) 0 2.6 17.2 10.4 16.5 16.5 >18.1
Antibody response, % N/A 53 21 7 17 7 0

aFrom ref. 50.
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the simultaneous administration of methotrexate. Current FDA guidelines advise the use 
of methotrexate along with infliximab (see Current Recommendations below). 

In view of the apparent prolongation of the half-life of infliximab when given in 
conjunction with methotrexate, a long-term study was undertaken to determine whether 
the frequency of dosing of infliximab could be reduced further without sacrificing 
efficacy (51). Four hundred twenty-eight patients with RA of 6 mo duration or more who 
were active despite methotrexate therapy (median dose 15 mg/wk) were randomized to 
one of five treatment groups: placebo; infliximab 3 mg/kg every 4 or 8 wk; infliximab 
10 mg/kg every 4 or 8 wk, intravenously (Table 5). At 30 wk, comparable proportions of 
patients in all four infliximab treatment groups (50–58%) achieved ACR 20 responses,
compared to only 20% in the placebo (methotrexate only) group. There were no 
statistically significant differences in the percent responding at 4 vs 8 wk of treatment 
for either dosage, and current FDA guidelines recommend treatment every 8 wk (see
below). However, at 54 wk of treatment, there was a slight decay in the ACR 20 
responses in the 3 mg/kg at both dosing intervals, compared to the higher dose of 
infliximab (Table 5) (52).

The improvement in the clinical signs of RA observed with TNF inhibitors is likely 
to reflect a reduction in inflammation and damage to the joint. The accepted surrogate 
marker for joint damage is the radiographic demonstration of joint space narrowing 
(cartilage degradation) and joint erosion (bone degradation) in the small joints of the 
hands and/or feet. There are a number of validated radiographic scoring systems for 
quantifying the accumulation of erosions and joint space narrowing over time. In the 
aforementioned study with infliximab (52), the Sharp score with modification by van der 
Heijde (53,54) was utilized. Placebo-treated patients exhibited radiographic progression 
at a rate of 7.0 Sharp units/yr, whereas the four infliximab groups progressed at rates 
ranging from –0.7–1.6 (52). These data confirm a significant disease modifying effect of 
the combination of infliximab/methotrexate compared to methotrexate alone. 

Etanercept in Advanced RA
Favorable results have been observed with etanercept for the treatment of longstanding 

refractory RA also. A preliminary dose-ranging study, in which a small number of 
patients with refractory RA were treated for 1 mo with increasing doses of etanercept, 

Table 5
Effect of Infliximab Dosing Schedule on ACR 20 Responses

Dosing
Proportion (%) of patients responding

Treatment Schedule          30 wka 54 wkb

Placebo every 4 wk   20  17
Infliximab 3 mg/kg every 4 wk   53  48
Infliximab 3 mg/kg every 8 wk   50  42
Infliximab 10 mg/kg every 4 wk   58  59
Infliximab 10 mg/kg every 8 wk   52  59

aSee ref. 51.
bSee ref. 52.
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demonstrated a trend towards clinical improvement (55). Therefore, a larger placebo-
controlled, double-blinded trial was undertaken in which 180 patients with active, 
refractory RA were randomly assigned to twice weekly subcutaneous injections of 
placebo or one of three doses of etanercept (0.25, 2, or 16 mg/m2 of body-surface 
area) (56). Clinical response was defined as the achievement at 3 mo of the ACR20 
composite score (57) (Table 3). 

Robust ACR20 responses were observed in response to etanercept, as follows: 14% 
response in the placebo group, 33% in the 0.25 mg/m2 group, 46% in the 2 mg/m2 group, 
and 75% in the 16 mg/m2 group (p  <  0.001 for all treatment groups compared to placebo). 
The calculated ACR50 response was also robust at the highest dose of etanercept (57% 
compared to 7% in the placebo group, p <  .001). Withdrawal of etanercept led to a 
rapid rebound in clinical-disease activity, consistent with the relatively short half-life of 
etanercept (2–3 d). No antibody responses to etanercept were observed. In a subsequent 
trial, etanercept doses of 10 or 25 mg (rather than dosing by body surface area) were 
utilized and treatment was continued for a total of 6 mo (58). No significant decay in 
the clinical response was observed during the longer follow-up, and a dose-dependent 
reduction in clinical activity was reconfirmed (Table 6). 

The treatment of RA has been evolving, like that of cancer, towards simultaneous 
therapy with multiple drugs. Weinblatt et al. (59) evaluated the safety and efficacy of 
adding etanercept to methotrexate in patients who had had inadequate responses to 
methotrexate alone. Eighty-nine patients with persistently active RA, despite at least
6 mo of methotrexate therapy at a stable dose of 15–25 mg/wk (or as low as 10 mg/wk 
if unable to tolerate higher doses), were randomized to receive either etanercept
25 mg or placebo subcutaneously twice weekly for 6 mo in addition to methotrexate. 
The addition of etanercept to methotrexate resulted in rapid and sustained improvements 
(see Table 7) without potentiating the known toxicities of methotrexate. An unanswered 
question is whether the combination of etanercept and methotrexate is more efficacious 
than etanercept alone.

Table 6
ACR Responses in Patients Treated with Etanercept

Percent of patients responding

Etanercept dose

Criterion 0 10 mg 25 mg 

ACR20
3 months 23 45 62
6 months 11 51 59

ACR50
3 months 8 13 41
6 months 5 24 40

ACR70
3 months 4 8 15
6 months 1 9 15
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TNF-  Inhibitors in Early RA 
Radiographic studies in RA indicate that, in patients who ultimately develop erosions, 

40% exhibit their first erosions in the first year of disease, and 90% within the second 
year (54,60–62). These observations have prompted recommendations for the initiation 
of disease-modifying treatment early in disease (63). Toward this end, the ability of 
etanercept to prevent or slow radiographic erosions was evaluated in patients with 
early disease (64). Six hundred thirty-two patients with an average disease duration of
1 yr were randomized to receive etanercept 25 mg, etanercept 10 mg, or methotrexate 
(mean dose, 18.3 mg/p wk). Radiographs were evaluated by the modified Sharp score. 
Robust clinical responses were observed in all three groups. Furthermore, all three 
treatments dramatically reduced the rate of radiographic progression. Sharp scores at 
study entry after a mean of 1 yr of disease were 9, 8, and 9 U in the etanercept 25 mg, 
etanercept 10 mg, and methotrexate groups, respectively; after 1 yr of treatment, Sharp 
scores had only increased by 0.8, 1.4, and 1.3 U, respectively. These results confirm the 
ability of this TNF inhibitor, as a single agent, to slow the progression of RA.

TNF Inhibitors in Juvenile RA
Etanercept is the only TNF inhibitor that has been studied in children. In a study by 

Lovell et al. (64), patients (4–17 yr old) were enrolled in an open-label period in which 
they received etanercept 0.4 mg/kg of body weight (up to a maximum of 25 mg) twice 
weekly for 3 mo. Those who met criteria for 30% improvement were invited to continue 
in a 4-mo double-blind arm of the trial in which they were randomized either to placebo 
or to continue etanercept. The occurrence of flare of disease, and time to disease flare, 
were quantified. Of the 64 patients who completed the open-label phase of the study, 
51 (75%) met criteria for response. In the double-blind phase of the trial, 21 of the 26 
patients (81%) who were randomized to placebo withdrew from the study owing to 
disease flare, compared to only 7 of the 25 patients (28%) who were randomized to 
continue etanercept (p  =  0.003). The median time to disease flare with placebo was
28 d, compared to more than 116 d in the etanercept group (p  <  0.001). In light of 
these encouraging results, etanercept has been approved by the FDA for use in patients 
with polyarticular juvenile RA.

TNF Inhibitors in Inflammatory Bowel Disease
Several small open-label studies (65–68), and one larger double-blind study (69),

of anti-TNF inhibitors in patients with inflammatory bowel disease have shown 

Table 7
ACR Responses at 6 Mo in Patients Receiving Concomitant 

Methotrexate and Etanercept (or Placebo)

Percent of patients responding

Placebo and Etanercept and
Clinical response methotrexate methotrexate

ACR20 27 71 
ACR50 3 39
ACR70 0 15
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encouraging results. In the last study (69), 108 patients were randomized to receive a 
single infusion of one of the following: 5 mg/kg infliximab, 10 mg/kg infliximab, or 
20 mg/kg infliximab, or placebo. Four weeks after treatment, 81, 50, and 64% of the 
infliximab groups, respectively, had achieved criteria for clinical response compared to 
only 17% of patients in the placebo group (p < 0.001). In a follow-up study (70), four 
repeated treatments of these patients with 10 mg/kg infliximab every 8 wk proved safe 
and efficacious. Infliximab is the only TNF inhibitor approved for use in inflammatory 
bowel disease (see below).

Other TNF Inhibitors in Development
The fully human anti-TNF antibody known as D2E7 was evaluated in a Phase II

3-mo dose finding study in active RA in which a total of 283 patients were randomized to 
receive placebo, 20, 40, or 80 mg of D2E7 by weekly subcutaneous injection (69). ACR 
responses in the preliminary report were 10, 49, 57, and 56%, respectively, confirming 
the clinical efficacy of D2E7. A disease-modifying effect of D2E7 was also suggested 
by analysis of serial radiographs from a small number of patients participating in a 
Phase I trial (70).

PEG-p55sTNFR-1, the PEGylated p55-soluble receptor, is earlier in development. It 
does not appear to be immunogenic (71), but its overall safety and clinical efficacy are 
currently under investigation in clinical trials.

TNF INHIBITORS: SIDE EFFECTS AND PRECAUTIONS

In controlled clinical trials in RA infliximab and etanercept have been safe and well 
tolerated with no demonstrable major organ toxicities and no dose-limiting side effects. 
No significant differences in the incidence of serious adverse events were seen between 
treatment and placebo groups. Infliximab has also been well-tolerated in clinical trials 
in Crohn’s disease (70). Despite the demonstrated safety in short-term clinical trials, 
in the absence of long-term treatment data, there remain continued concerns about the 
potential for increased infections and increased malignancies because of the role TNF 
may play in these processes. In addition, as these agents are genetically engineered 
proteins that will be given repeatedly over long periods for the treatment of chronic 
diseases, issues of immunogenicity and injection reactions require scrutiny. These 
issues will be briefly addressed.

Injection Reactions
With both etanercept and infliximab, injection reactions represent the most frequent 

and consistent side effect, although rarely limiting administration of the drugs. Injection 
site reactions occur in approx 40% of patients treated with etanercept and consist of 
raised urticarial lesions limited to the injection sites (58). Reactions occur early after 
initiation of treatment, are generally mild and self-limited, decrease and then resolve 
completely with repeated dosing. The injection-site reactions are limited to the skin and 
are not associated with other features of immediate hypersensitivity. No specific therapy 
is generally required, although topical antihistamines or topical corticosteroids may 
be tried. Similarly, infusion reactions are the most common side effect of infliximab, 
manifested most frequently by headache and nausea in approx 20 and 15% of patients, 
respectively. The infusion reactions are transient and controlled by slowing the rate of 
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infusion or treatment with acetaminophen or antihistamines. The infusion reactions 
do not increase over time (51).

Infection
Multiple studies in humans and animals demonstrate the importance of TNF- as 

a defense against infection with intracellular organisms, raising concerns about the 
potential for increased infections with chronic TNF inhibition. TNF is increased in the 
systemic circulation after administration of endotoxin or bacteria, and TNF together 
with IL-1 are responsible for the physiologic alterations seen in septic shock (28). Mice 
deficient in TNF- by gene targeting lack primary B-cell follicles and demonstrate 
impaired humoral immune responses to both T-dependent and T-independent antigens 
(74). Mice deficient in TNF- , TNFR1 (p55), or TNFR2 (p75) are highly susceptible 
to infection by Listeria monocytogenes (74–76). In a human clinical trial, treatment 
of septic shock with etanercept resulted in increased mortality in patients with gram 
positive organisms (77).

Despite these concerns, controlled clinical trials with etanercept alone (58) or in 
combination with methotrexate (59) did not show an increase in either frequency, 
type, or severity of infections. This was confirmed in long-term open label experience 
(78,79). In the infliximab study by Maini et al. (51), patients receiving 10 mg/kg 
infliximab every 8 wk or every 4 wk had a 64 or 73% incidence of any infection, which 
was signficantly higher than the 40% seen in the placebo group. However, in patients 
receiving 3 mg/kg every 8 wk, the incidence of any infection was 53%, which was 
not statistically different compared with placebo. The incidence of serious infections 
(those requiring hospitalization and/or intravenous antibiotics) did not differ among 
the treatment and placebo groups. However investigators reported one patient who 
died of complications of tuberculosis and one patient who died of coccidiomycosis 
in the infliximab groups (51). These infliximab results were also confirmed with 
long-term data (52,80).

Although these studies are reassuring, clinicians should continue to be vigilant for 
infections. Anti-TNF therapy may suppress the cardinal signs of infection such as fever 
or malaise, resulting in a delay of appropriate anti-microbial therapy. Both infliximab 
and etanercept should be used with caution in patients who are prone to frequent 
infections or who are immunocompromised. The lack of heptotoxicity with these agents 
make their use appealing in chronic viral hepatitis, but there is no information regarding 
therapy in these patients. Both agents should be held if an acute infection is present or 
suspected, keeping in mind the long half-life of the drugs. 

Malignancy
The immune system has an important role in surveillance for malignancy, and the 

role of TNF, in particular, in triggering apoptosis of some tumor-cell types has already 
been noted. Thus, an increased risk of malignancy is of theoretical concern with chronic 
long-term TNF inhibition. Unfortunately, short-term clinical trials cannot adequately 
answer these questions. In the 30 wk infliximab trial (51), representing 445 patient-years 
of follow-up (359 in the infliximab groups, 86 in the placebo group), 3 patients were 
reported to have malignancy:1 recurrence of breast cancer, 1 squamous-cell carcinoma 
and melanoma, and 1 B-cell lymphoma. All three patients were treated with 10 mg/kg 
infliximab every 4 wk (51). However the incidence of malignancy in the trial was not 
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different than the 2.8 cases expected based on an age and sex matched control population 
from the Surveillance Epidemiology and End Results (SEER) database of the National 
Institutes of Health . Similarly in the long-term etanercept data, 9 patients were reported 
with cancer, not higher than the 9.2 cases expected from the SEER database (78).
Definitive answers to the risk of malignancy await long term treatment data in a wider 
population. Registries have been established to collect these data.

Immunogenicity
As noted earlier, infliximab is a chimeric monoclonal antibody containing 25% 

mouse sequence at the binding site for TNF. Of concern is the potential of the mouse 
sequence to elicit an anti-infliximab or human anti-chimeric antibody response that 
would limit the therapeutic efficacy. In the study of Maini et al. discussed earlier 
(51), the incidence of anti-chimeric antibodies was significant and inversely correlated 
with dose of infliximab (Table 4). Concomitant methotrexate reduced the incidence 
of anti-chimeric antibodies, but improved the rate and duration of clinical response 
only in the 1 mg/kg infliximab group. In the Crohn’s study, patients treated with
10 mg/kg infliximab every 8 wk had an incidence of anti-chimeric antibodies of 15% 
without an apparent effect on long-term efficacy (70). The effect of these antibodies 
on limiting therapeutic efficacy remains unclear and they do not increase the risk of 
infusion reactions. 

Although etanercept is composed entirely of human sequence, neoepitopes might be 
generated at the joining regions of the TNF receptor and the immunoglobulin Fc region, 
which could elicit an anti-etanercept antibody response. This does not appear to be 
relevant. In the two published trials, non-blocking anti-etanercept antibodies were found 
in only two patients and did not have a notable effect on efficacy (58,59).

Of unclear etiology and clinical signficance is the development of low titers of 
anti-double stranded DNA (anti-ds-DNA) antibodies in patients treated with infliximab 
and etanercept. Anti-ds-DNA antibodies are specific for systemic lupus erythematosus 
(SLE), and generally are not found in drug-induced lupus syndromes. In the study by 
Maini et al (51) study, 16% of patients developed anti-ds-DNA antibodies at titers >10 
U/mL by the Farr assay, and 4% of patients had titers >25 U/mL. Samples positive 
by the Farr assay were confirmed by the more specific Crithidia assay. However only 
one patient developed a drug-induced lupus syndrome characterized by rash and that 
patient had no detectable antibodies to ds-DNA (51). In the earlier dose-finding study, 
8% of patients treated with infliximab developed anti-ds-DNA antibodies with one 
patient developing a drug-induced clinical syndrome, which resolved after stopping 
the drug. In trials with etanecept, 4% of patients developed anti-ds-DNA antibodies 
by radioimmunoassay, but none of the samples were confirmed positive by serial 
assays with Crithidia. No patient in the etanercept trial developed a lupus syndrome or 
other connective-tissue disease. Although issues of immunogenicity and autoantibody 
formation remain, continued efficacy and tolerability of both etanercept and infliximab 
in long-term trials provides increasingly stronger evidence to alleviate these concerns.

CURRENT RECOMMENDATIONS

Infliximab (Remicade™) is currently FDA-approved, in combination with methotrex-
ate, for the reduction in signs and symptoms and inhibition of the progression of 
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structural damage, in patients with moderate to severely active RA who have had an 
inadequate response to methotrexate. Remicade is also approved for the reduction in 
signs and symptoms of moderately to severely active Crohn’s disease who have had 
an inadequate response to conventional therapy, and for the reduction of draining 
enterocutaneous fistulae in patients with fistulizing Crohn’s disease. The safety and 
efficacy of infliximab beyond a single dose for active Crohn’s disease, and beyond 
three doses for enterocutaneous fistulae owing to Crohn’s disease, have not been 
adequately established. 

Etanercept (Enbrel™ ) is currently FDA-approved for reduction in signs and symptoms 
and inhibition of progress of structural damage in patients with moderately to severely 
active RA. Etanercept can be used alone or in combination with methotrexate in patients 
who do not respond to methotrexate alone. Etanercept is also indicated for reduction in signs 
and symptoms of moderately to severely active polyarticular-course juvenile RA in patients 
who have had an inadequate response to one or more disease-modifying drugs. 

For both infliximab and etanercept, caution is advised in the use of these agents in 
patients with a chronic infection or a history of recurrent infection. Neither agent should 
be given in a patient with a clinically important, active infection. Patients who develop a 
new infection while undergoing treatment with either agent should be monitored closely. 
If a patient develops a serious infection or sepsis while on remicade or etanercept, the 
TNF inhibitor should be discontinued. TNF inhibitors should not be used in patients 
with multiple sclerosis.

CONCLUSIONS
In vitro studies suggested that TNF is a critical and proximal mediator of the 

inflammatory pathway in the rheumatoid joint. Proof-of-concept for this hypothesis has 
now been provided by animal studies and clinical trials. Not only does TNF inhibition 
dramatically reduce markers of inflammation, but it also slows or halts structural 
damage, and these effects appear to be as potent in early disease as they are in late 
disease. In human terms, these efficacies should translate to less functional disability 
and higher quality of life. 

The robust responses to treatment with TNF inhibitors in RA and inflammatory 
bowel disease are likely to be the tip of the iceberg. Any chronic (noninfectious) 
inflammatory disease that is primarily macrophage-driven could be a potential target 
for anti-TNF therapy. For example, pilot trials are now underway to evaluate the efficacy 
of TNF inhibitors in Wegener’s granulomatosis, psoriatic arthritis, congestive heart 
failure  (CHF), and other illnesses.

The potential contribution of IL-1, independent of TNF- , in chronic inflammatory 
states remains to be clarified, but it is likely that a combined approach to inhibit both 
monokines will be even more potent than either solitary approach. Finally, the rebound 
in disease activity that occurs after cessation of anti-TNF therapy is a sobering reminder 
that the inflammatory cascade has been interrupted by neutralizing TNF, but that the 
underlying cause(s) of the disease itself has not been addressed. 
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1. INTRODUCTION

The pathogenesis of rheumatoid arthritis (RA) is complex. It includes the production 
of many proinflammatory and destructive mediators by inflamed synovial tissue 
(1). A widely accepted paradigm suggests that tumor necrosis factor (TNF- ) and 
interleukin-1 (IL-1) are critical pathogenetic cytokines (2). The rationale supporting 
anti-TNF  therapy and the clinical efficacy and safety of two therapeutic compounds, 
used either in monotherapeutic strategies (3,4) or in combination with methotrexate 
(MTX) (5,6), have been described. This chapter will highlight the role of IL-1 in 
the pathogenesis of both synovial inflammation and cartilage matrix degradation in 
RA. In addition, the effects of inhibiting IL-1 -mediated pathogenetic pathways by 
targeted therapeutic intervention in experimental arthritis models and in RA will 
be examined.

The IL-1 gene family includes IL-1 , IL-1 and IL-1 receptor antagonist (IL-1Ra) 
(7). IL-1  and IL-1 share 26% amino acid homology. Both forms are produced as 31 
kDa precursor peptides (pro-IL-1 and pro-IL-1 ), which are cleaved to generate either 
a 17.5 kDa protein for mature IL-1  or a 17.3 kDa protein for mature IL-1 . IL-1 (both 
the pro- and mature forms) and IL-1 (only the mature form) are agonist molecules that 
can influence the functions of most cell types. Stimulation of IL-1 gene expression may 
result from almost any cell perturbation including cell-cell contact, cell contact with 
extra-cellular matrix elements, soluble factors, some immune complexes, complement 
fragments, crystals, bacteria, and viruses. TNF- may also stimulate IL-1 production 
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(8,9). Moreover, IL-1 production may increase following IL-1 secretion in an autocrine 
or paracrine regulatory system (10). Activated monocytes and macrophages are the 
principal source of IL-1 and IL-1 , although almost all cells can produce IL-1 to some 
extent (2,7). IL-1 is secreted after the cleavage of its proform by IL-1 converting 
enzyme (ICE). IL-1 is not secreted and may have important functions either as an 
intracellular cytokine or as a membrane bound protein. The agonist functions of IL-1 
result from the interaction between IL-1 or IL-1 and an IL-1 receptor (IL-1R) located 
on the target cell surface. There are two distinct receptors designated type I (IL-1RI) 
and type II (IL-1RII). IL-1 binding to IL-1RI results in signal transduction and cell 
activation. IL-1RII is believed to be a “decoy” receptor that may have a function in 
scavenging IL-1  and IL-1 , but does not have a role in cell signaling (11). Binding of 
IL-1 , in particular, to IL-1RI produces many effects that are central to the pathogenesis 
of RA (2,7). IL-1 may bind to IL-1RI on vascular endothelial cells and result in 
the upregulation of endothelial adhesion-molecule expression. Similarly, IL-1 may 
upregulate adhesion molecule expression on circulating lymphocytes and monocytes to 
initiate or augment infiltration into inflamed tissues. IL-1 also increases chemotaxis 
of polymorphonuclear leukocytes, lymphocytes, and monocytes. Other IL-1 -mediated 
agonistic effects include activation of T cells and the stimulation of proteolytic enzyme 
release by fibroblast-like synoviocytes and tissue macrophages in the synovial lining 
layer and at the cartilage-pannus junction.

IL-1Ra is the third member of the IL-1 gene family that binds the IL-1 receptors 
(2,7,12,13). Four different peptides are derived from the same gene. One isoform is 
produced as a 177 amino acid protein, including a 25 amino acid hydrophobic leader 
sequence that is cleaved, resulting in a 152 amino acid protein. This 17 kDa protein, 
sIL-1Ra, is then glycosylated and secreted with a molecular weight of 22–25 kDa. The 
three other IL-1Ra isoforms do not possess a leader sequence and therefore remain 
intracellular (icIL-1Ra). Like IL-1 and IL-1 , sIL-1Ra is produced primarily by 
activated monocytes and tissue macrophages. icIL-1Ra is constitutively expressed by 
skin epithelial cells and the gastrointestinal (GI) tract. The agonistic effects of IL-1 are 
partially blocked by the interaction between IL-1Ra and IL-1RI. When IL-1Ra binds to 
IL-1RI, it blocks the binding of IL-1 and IL-1 and inhibits signal transduction. The 
agonistic effects of IL-1 are also partially regulated by IL-1RII (11).

INTERLEUKIN-1 AND ARTHRITIS

Experimental Arthritis 
The importance of IL-1 in the pathogenesis of RA is widely accepted (2). Elevated 

IL-1 levels were observed in the early phase of experimental arthritis (14,15). Intra-
articular injection of IL-1 in rabbits induced an initial transient infiltration of neutrophils 
into the joint space followed by influx of mononuclear cells (16). Proteoglycan loss 
from articular cartilage was also observed. Repeated intra-articular injection of IL-1 
in rats induced synovial-membrane mononuclear cell infiltration but without bone or 
cartilage destruction (17). However, in the rats whose joints were previously injected 
with streptococcal cell wall peptidoglycan-polysaccharide complex, intra-articular 
IL-1 markedly accentuated the inflammatory appearances with pannus formation and 
cartilage destruction.
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Similarly, in a study of antigen-induced arthritis in mice, it was observed that intra-
articular methylated bovine serum albumin (mBSA) resulted in mild and transient 
synovitis without cartilage or bone loss (18). However, when IL-1 was administered 
it resulted in severe arthritis in the antigen injected knee with pannus formation and 
extensive cartilage and bone erosion. This predominant role of IL-1 in cartilage and bone 
destruction has been repeatedly emphasized (19). Moreover, it has been demonstrated 
that both IL-1 and IL-1 have the potential to cause bone and cartilage damage in 
antigen-induced arthritis (20,21). The dominance of IL-1 over IL-1 in the development 
of collagen-induced arthritis has been demonstrated in studies of IL-1 knock-out mice 
(22). In contrast to the many studies that demonstrated the effects of IL-1 on joint 
damage, a study of antigen-induced arthritis in rats demonstrated that IL-1 injected into 
knee joints led to amelioration of arthritis with a reduction in inflammation and joint 
damage (23). This observation has not been explained but may be owing in part to the 
induction of IL-1 inhibitors including IL-1Ra.

Rheumatoid Arthritis

The association between IL-1, joint inflammation, and joint damage highlighted 
in animal studies has also been observed in studies of RA (2). Peripheral blood 
monocytes from patients with RA produced more IL-1 in vitro than cells from normal 
subjects or patients with osteoarthritis (OA) (24,25). Synovial fluid levels of IL-1
have been related to some measures of disease activity (26,27). Therapeutic benefit 
following methotrexate treatment has been associated with reduced in vitro production 
of IL-1 by circulating mononuclear cells (28), and a decrease in synovial fluid IL-1
concentration (29).

Up to 10% of isolated synovial-tissue cells expressed IL-1 mRNA (30). In immuno-
histologic studies of synovial tissue, IL-1 and IL-1 production has been demonstrated 
in macrophages accumulating at the cartilage-pannus junction and in lining-layer and 
sublining-layer macrophage populations (31,32). In a study of IL-1 production by 
synovial tissue explants, it was observed that the highest levels were produced by 
samples demonstrating lymphoid follicle formation compared to samples that did not 
demonstrate lymphoid aggregation (33). This suggested that lymphoid-follicle formation, 
associated with increased IL-1 production, represented a more immunologically active 
phase of synovitis. 

IL-1Ra is also produced in abundance by synovial-tissue macrophages (34–36).
In a study udertaken to quantify IL-1Ra and IL-1 gene expression and production by 
RA synovial membrane, it was observed that IL-1Ra, IL-1 , and IL-1 were present 
in fresh and cultured synovial cells obtained from patients with RA and OA (37).
The IL-1Ra:IL-1 ratios were significantly below the 10–100-fold excess of IL-1Ra 
required to inhibit IL-1 bioactivity. Moreover, isolated synovial tissue macrophages 
were demonstrated to produce IL-1Ra, but in amounts that were much less than 
alveolar- or in vitro-derived macrophages. It was concluded that IL-1Ra production by 
synovial tis sue cells in RA is deficient relative to the total production of IL-1. Similar 
observations were reported following a study of IL-1Ra and IL-1 production by cultured 
synovial-tissue samples (38). The IL-1Ra:IL-1 imbalance was reversed to favor an 
anti-inflammatory effect by the addition of IL-4 and, to a lesser extent, IL-10. 
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IL-1 RECEPTOR ANTAGONIST TREATMENT
IN ANIMAL MODELS OF ARTHRITIS

IL-1Ra as Monotherapy
 IL-1Ra has been administered therapeutically in several in vitro and in vivo 

experimental models of arthritis with dramatic effects (19). In in vitro studies, IL-1Ra 
resulted in inhibition of prostaglandin production by chondrocytes and synovial cells, 
and collagenase production by IL-1-activated synovial cells. The effects of IL-1 and 
IL-1  in cartilage organ cultures were suppressed in a dose-dependent manner by IL-1Ra 
(39). IL-1Ra suppressed IL-1-activated matrix metalloproteinase and prostaglandin 
production by articular chondrocytes. These observations were extended in a further 
study that demonstrated that intravenous administration of IL-1Ra to rabbits could 
inhibit leukocyte accumulation and cartilage proteoglycan loss caused by intra-articular 
injection of IL-1 (40).

In in vivo models, IL-1Ra caused inhibition of joint swelling in rat streptococcal 
cell wall-induced arthritis reactivated by challenge with peptidoglycan-polysaccharide 
polymers (41). In another study, IL-1Ra administered intraperitoneally profoundly 
suppressed the incidence and delayed the onset of immune collagen-induced arthritis 
(42). In contrast, in the same study IL-1Ra did not affect the pathogenesis of antigen-
induced arthritis (AIA) provoked by mBSA. Similarly, in a study of rabbit AIA provoked 
by ovalbumin, the administration of IL-1Ra had no detectable effect (43). In these 
studies, IL-1Ra was administered intravenously at 6-h intervals. However, administration 
of IL-1Ra by continuous intraperitoneal infusion totally prevented the suppression 
of proteoglycan synthesis (21). Of interest, the effect on proteoglycan synthesis was 
independent of any effect on joint inflammation. Similar profound effects of continuous 
intraperitoneal IL-1Ra infusion were observed in murine immune complex-induced 
arthritis (44). The inhibition of proteoglycan synthesis and cellular influx into the 
synovium were fully blocked. Intraperitoneal infusion of IL-1Ra also resulted in marked 
suppression of murine collagen-induced arthritis (CIA): histologic analysis demonstrated 
markedly reduced cartilage destruction and autoradiography demonstrated full recovery 
of chondrocyte proteoglycan synthesis (45). In conclusion, IL-Ra is a potent inhibitor 
of cartilage degradation in several experimental models of arthritis. This effect is 
maximal following continuous infusion of IL-1Ra and can occur in the absence of a 
major effect on synovial inflammation. The uncoupling of anti-inflammatory effects 
and effects on tissue degradation in experimental arthritis may have implications for 
the treatment of human disease. 

Combination Treatment
Combination of IL-1Ra with methotrexate (MTX) in an adjuvant arthritis rat model 

demonstrated synergistic or additive effects (46). Treatment with IL-1Ra alone resulted 
in a 6% inhibition of paw swelling, compared to 47% inhibition following MTX alone. 
The combination of IL-1Ra and MTX resulted in an 84% decrease in swelling. IL-1Ra 
alone produced 53% decrease in bone resorbtion, compared to 58% inhibition following 
MTX alone. The combination of IL-1Ra and MTX resulted in a 97% decrease in bone 
resorbtion. These findings provided experimental support for proceeding to randomized 
clinical trial protocols combining IL-1Ra and MTX in RA patients.
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Gene Therapy
Specific cytokine effects in disease have been successfully modulated by advances 

in gene therapy, the transfer of genes to patients for therapeutic purposes (47). Using 
a retroviral vector, the human IL-1Ra protein gene was transferred to the knee joints 
of rabbits with AIA (48). Gene expression was fivefold higher in the inflamed joints 
than noninflamed joints. Increased gene expression produced a marked reduction in the 
degree of cartilage damage and a less marked effect on joint inflammation. Moreover, 
increased IL-1Ra gene expression resulted in reduced concentrations of rabbit IL-1 ,
suggesting inhibition of an autocrine regulatory loop. In a similar study, the human 
IL-1Ra gene was transferred to the synoviocytes of rats with recurrent streptococcal cell 
wall-induced arthritis (49). Gene transfer in this model significantly reduced the severity 
of arthritis and partially attenuated erosion of cartilage and bone. In a third exper imental 
model, the effects of human IL-1Ra gene transfer on collagen induced arthritis in mice 
was studied (50). The onset of CIA was almost completely prevented in the knee joints 
containing human IL-1Ra-producing cells. Moreover, the onset of CIA in the ipsilateral 
paws of the human IL-1Ra-producing knee joints was also prevented. In contrast, 
joints containing nontransfected cells demonstrated severe synovial inflammation and 
cartilage degradation. These experiments demonstrate the feasibility of gene transfer 
as a therapeutic approach to arthritis. They also highlight the potential benefits of 
treatment with IL-1Ra on synovial inflammation and, in particular, on progressive 
joint degradation. 

IL-1 RECEPTOR ANTAGONIST THERAPY IN HUMAN DISEASE

Septic Shock
IL-1  is an important mediator in the pathogenesis of sepsis syndrome and septic 

shock (51–53). A total of 893 patients with sepsis syndrome were recruited to the first 
randomized, double-blind, placebo-controlled, multicenter clinical trial of recombinant 
human IL-Ra in humans (54). The treatment doses used were a 100 mg intravenous 
loading dose followed by continuous intravenous infusion of 1.0 or 2.0 mg/kg/h for
72 h. The results failed to demonstrate a statistically significant effect of IL-1Ra 
treatment on survival time compared to placebo. Secondary and retrospective analyses 
of efficacy did suggest that treatment with IL-1Ra resulted in a dose-related increase 
in survival time among patients with sepsis and organ dysfunction and/or a predicted 
risk of mortality of 24% or greater.

Modulation of IL-1 Effects in RA
The first therapeutic attempt to modulate IL-1 -mediated pathogenetic effects in 

RA employed a recombinant human IL-1 receptor. Twenty-three patients with active 
RA were enrolled into a randomized, double-blind, placebo-controlled study (55).
Treatment or placebo was administered subcutaneously for 28 consecutive days. The 
rationale for the study was that competitive binding of circulating IL-1 to soluble receptor 
would inhibit IL-1-mediated inflammatory activity. Soluble IL-1RI had suppressed 
inflammation in a number of experimental models including arthritis (56). Patients 
received daily doses of 125, 250, 500, or 1000 mg/m2. Only one patient in the entire 
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cohort (who had received 1000 mg/m2/d) demonstrated clinically relevant improvement. 
Treatment was discontinued prematurely because of dose-limiting rashes in a further 
two patients who were receiving 1000 mg/m2/d. No other adverse events prevented 
continuation to the end of the study. Treatment did result in a reduction of monocyte 
cell surface IL-1 , which indicated that the dosages administered were functional. In 
theory, a study employing recombinant human IL-1RII might inhibit IL-1 -mediated 
clinical effects more efficaciously (11).

Treatment of RA with IL-1Ra 
DOSE-RANGE STUDY

One hundred and seventy-five patients with active RA were enrolled in a randomized, 
double-blind study of recombinant human IL-1Ra administered by subcutaneous injection 
(57). The rationale for this study was that the administration of IL-1Ra would restore the 
normal IL-1/IL-1Ra balance and result in suppression of IL-1-mediated patho genetic 
events in patients with active RA. Preliminary studies had demonstrated that IL-1Ra 
was 95% bioavailable with a half-life of 6 h. The dosing schedule in the study was 
complicated with nine different treatment groups. During the initial 3-wk treatment 
phase, patients received IL-1Ra 20, 70 or 200 mg once, three times or seven times 
each week. This was followed by a 4-wk maintenance phase, during which all patients 
received the initiation phase dose once weekly. Treatment was well-tolerated. Owing 
to the multiple small treatment groups and the lack of a placebo control group, it was 
not possible to draw firm conclusions regarding efficacy from this study. However, 
the results did suggest that daily dosing was more effective than weekly dosing with 
respect to the number of swollen joints, the investigator and patient assessments of 
disease activity, pain score, and C-reactive protein (CRP) levels. The findings were 
considered encouraging and a randomized, placebo-controlled, Phase II clinical trial 
was designed.

RANDOMIZED CLINICAL TRIAL

In this study 472 patients with active and severe RA were recruited into a 24-wk, 
double-blind, randomized, placebo-controlled, multicenter study (58,59). Patients were 
randomized into one of four groups: placebo or IL-1ra 30, 75, or 150 mg/d given by a 
self-administered subcutaneous injection. Disease duration was >6 mo and <8 yr. Doses 
of nonsteroidal anti-inflammatory drugs and corticosteroids (<prednisolone 10 mg/d) 
remained stable throughout the study. Any disease-modifying anti-rheumatic drugs 
previously administered (maximum 3) had been discontinued at least 6 wk prior to 
enrolment. Pretreatment disease severity was similar in the four groups. 

The primary therapeutic endpoint was an American College of Rheumatology (ACR) 
20% response (60), achieved by 27% of the placebo group compared to 43% of the 
IL-1Ra 150 mg/d group. The clinical responses in the 150 mg/d group were superior 
to those observed in the other treatment groups and were statistically better than the 
placebo group with respect to number of swollen joints, tender joints, Health Assessment 
Questionnaire (HAQ), erythrocyte sedimentation rate (ESR), and CRP. The clinical 
responses were observed after 2 wk of therapy and the maximal fall in the acute phase 
response occurred during the first week of treatment.

Radiologic evaluation of the hands demonstrated a statistically significant slowing 
in the rate of progressive joint damage following treatment when compared to placebo. 
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Serial measurements of the Larsen scores (61) demonstrated a 41% reduction in the 
rate of radiologic progression and a 46% reduction in the erosive joint count. A further 
analysis of radiologic change was performed using a scoring system that distinguishes 
two aspects of joint damage, articular erosion and joint space narrowing (62). This 
analysis demonstrated a 58% slowing in the rate of progressive joint space narrowing 
compared to a 38% slowing in the rate of joint erosion. These findings suggested that 
the predominant early manifestation of blocking IL-1 -mediated joint damage is a 
reduction in the rate of cartilage degradation rather than invasion of cartilage and bone 
by synovial cell proliferation. The observation that IL-1Ra can prevent joint damage is 
encouraging with positive implications for minimizing the disability that is frequently 
associated with RA (1).

A small subgroup of patients participating in this trial underwent a synovial biopsy 
before and after treatment to determine the effects of IL-1Ra on inflamed synovial 
tissue (63). Twelve paired biopsy specimens were available, three from the placebo 
group, six from the IL-1Ra 30 mg/d group, none from the IL-1Ra 75 mg/d group, and 
three from the IL-1Ra 150 mg/d group. There was a notable reduction in intimal layer 
macrophages and subintimal layer macrophages and lymphocytes following IL-1Ra 
150 mg/d. Increased cellular infiltration was observed in all patients receiving placebo 
and variable changes were observed following IL-1Ra 30 mg/d. Downregulation of the 
cell adhesion molecules E-selectin, vascular cell adhesion molecule-1, and intercellular 
adhesion molecule-1 were also associated with the IL-1Ra 150 mg/d dose. Expression of 
these molecules is regulated by IL-1 (2,7). In addition, the apparent arrest of progressive 
joint damage seen in four of nine patients studied was significantly associated with the 
cessation or reversal of intimal layer macrophage accumulation. These observations 
represent the inhibition by IL-1Ra of biologically relevant IL-1-mediated pathogenetic 
effects and may help explain some of the critical mechanisms involved.

EXTENSION STUDY

The patients who completed the 24-wk randomized clinical trial had the option of 
continuing into a further 24-wk extension phase (64). Patients who had received placebo 
were randomized to one of the three treatment groups and. Three hundred and forty five 
patients had completed the randomized clinical trial. Of these, 309 (89.9%) entered the 
extension study. Seventy-six had been receiving placebo and were randomized to one 
of the three treatment groups. Patients in each of the three treatment groups continued 
to receive their previous dosages. Seventy-one (93.4%) of the 76 randomized from 
placebo completed the extension phase. On completion of the extension phase, 55% of 
the total who had previously received placebo achieved a 20% ACR response. This was 
maximal at 71% in the group who had been randomized to the highest treatment dose 
(IL-1Ra 150 mg/d). Significant improvements were also observed in this group for each 
of individual ACR components. Two hundred and thirty-three patients continued to 
receive their previous dose of IL-1Ra throughout the extension phase and 223 (95.7%) 
completed the study. Of this total, 49% maintained an ACR 20% response at 48 wk. 
Radiologic evaluation of all patients who had completed the extension study was also 
undertaken (62). The results demonstrated that the reduced rate of progressive joint-space 
narrowing, or cartilage degradation, observed during the first 24 wk was maintained 
during the second phase of treatment. However, the rate of joint erosion, reflecting 
cartilage and bone invasion by proliferating pannus, demonstrated further significant 
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slowing during the extension phase of the study. This suggested that maintaining IL-1Ra 
treatment resulted in augmentation of the protective effect on joint damage.

IL-1RA COMBINED WITH METHOTREXATE IN RA
MTX is the most widely used disease-modifying therapeutic compound in the 

treatment of RA. The efficacy of combining IL-1Ra treatment with MTX was evaluated 
in a randomized, double-blind, placebo-controlled study over 24 wk (65). Four hundred 
and nineteen patients receiving maintenance doses of 12.5–25 mg MTX weekly for at 
least 6 mo were recruited. Patients entering the study were required to have manifestations 
of active disease despite maintenance MTX. The inclusion criteria included six or 
more swollen joints and at least two of the following: nine or more painful or tender 
joints, morning stiffness greater than 45 min, and CRP greater than 1.5 mg/d. At entry, 
the mean MTX dose was 17 mg/wk and mean disease duration was 7 yr. The mean 
number of swollen joint was 18. There were six treatment groups: placebo, IL-1Ra 0.04, 
0.1, 0.4, 1.0, and 2.0 mg/kg/d, administered as a daily subcutaneous injection. IL-1Ra 
1.0 mg/kg/d was the optimal dose with 42% demonstrating an ACR 20% response (41)
at 24 wk compared to 23% of the placebo/MTX group. An ACR 50% response was 
observed in 24% of this treatment group compared to 4% of the control group, and an 
ACR 70% response was seen in 10% of the treated patients. These findings indicate 
that IL-1Ra provides significant additional clinical improvements to patients who are 
only partially responding to MTX alone.

IL-1RA GENE THERAPY IN RA
Phase I clinical trials of experimental IL-1Ra gene therapy in RA have commenced 

(47). Human IL-1Ra gene was transferred to synovium using a retroviral vector. The 
preliminary results indicated that the treated synovial tissues successfully expressed 
IL-1Ra protein (66). The clinical benefits of IL-1Ra gene therapy have not yet been 
evaluated.

Prospects for Future Drug Development
It has been demonstrated in several experimental models that continuous intraperi-

toneal infusion of IL-1Ra provided considerably better therapeutic results than bolus 
administration (21,44,45). The maximal efficacy of sustained blood levels of IL-1Ra on 
inflammation and bone resorbtion was confirmed in rats developing adjuvant arthritis 
or with established collagen-induced arthritis (67). It was suggested that optimal 
blood levels of IL-1Ra may not have been achieved by daily subcutaneous injection in 
human studies to allow continuous saturation of IL-1 receptors. Thus, improvements 
in human drug delivery systems may result in further increased therapeutic efficacy 
in patients with RA.

SIDE EFFECTS 

IL-1Ra is generally well tolerated. An injection-site reaction was the most frequent 
adverse event, reported in 25% of patients receiving placebo and 81% of patients 
receiving maximum dose IL-1Ra in the randomized clinical trial (58). These reactions 
were usually mild and transient and resulted in premature withdrawal from the study in 
only 5%. Other adverse events, including infections, were uncommon and encountered 
as frequently in the placebo group as in the treatment groups. No serious adverse events 
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were observed during the extension study. The adverse events observed during the 
combination study with methotrexate (65) were similar in frequency and severity to 
those seen in the randomized clinical trial.

CONCLUSIONS

Anticytokine therapy offers new hope to those suffering from RA. The prospect of 
specifically targeting and modulating the effects of key proinflammatory cytokines 
or destructive mediators in a complex pathogenetic network may represent a new 
therapeutic era (68). Anti-TNF- therapy is already available to many. The symptomatic 
benefits described, both in monotherapeutic regimes and in combination with MTX, 
have been impressive (3–6). Anti-TNF- therapy delayed radiographic progression 
over 1 yr when administered in combination with MTX (69,70). However, approx 
30% of patients failed to respond symptomatically to TNF- inhibition (3–6). IL-1
is also pivotal in the pathogenesis of synovial inflammation and articular destruction. 
The inhibition of IL-1 -mediated effects by IL-1Ra, administered as monotherapy to 
patients with severe RA, resulted in clinical improvements and measureable slowing 
of progressive joint damage after only 24 wk (58,59,62). Clinical improvements were 
also observed in patients who were responding suboptimally to stable therapeutic 
doses of MTX (65). These observations strongly suggest a potential role for IL-1Ra 
as a novel therapeutic modality in the future management of RA. Further Phase III 
studies are in progress. 
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INTRODUCTION

Leflunomide is a new disease-modifying anti-rheumatic drug (DMARD) that is 
classified as an isoxazol, and is rapidly converted from its prodrug form to its active 
metabolite, A77 1726, by first-pass metabolism in the gut and liver. At therapeutic doses 
(20 mg/d) in rheumatoid arthritis (RA) patients, A77 1726 blocks the de novo synthesis 
of pyrimidines by inhibiting dihydroorotate dehydrogenase (DHODH), the rate-limiting 
enzyme in pyrimidine production (1–4) necessary for the clonal expansion of activated 
T and B lymphocytes. The following overview will address the mode of action and the 
preclinical and clinical experience with leflunomide in the treatment of RA.

PATHOGENESIS OF RA AND LEFLUNOMIDE MODE OF ACTION

The specific pathogenic events leading to RA remain unknown. It is generally 
believed, however, that an undefined antigen causes the activation of T cells in a 
genetically susceptible set of the population, leading to the development of RA (5–6).
Proliferation of activated T cells, in turn, stimulate monocytes, dendritic cells, B cells, 
and fibroblast-like synoviocytes via cytokine release or direct cell-cell contact (7). The 
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monocytes and synoviocytes, in response to this stimulation, produce pro-inflammatory 
cytokines, including IL-1 and TNF- , as well as growth factors that perpetuate the 
process of inflammation. In addition, they produce matrix metalloproteinases (MMPs) 
and collagenases involved in the process of degradation (8–10), leading to the permanent 
structural damage of articular cartilage and bone associated with RA.

In vitro studies indicate that proliferation of mitogen-stimulated CD4+ T cells 
require an 8- to 16-fold increase of pyrimidine pools in order to support ribonucleic 
acid (RNA) and deoxyribonucleic acid (DNA) synthesis (11). The blockade of DHODH 
activity by A77 1726, and the resultant inhibition of pyrimidine biosynthesis, halt T-cell 
proliferation by arresting the activated cell during the G1/S phase of the cell cycle (12).
Other cells that utilize the salvage pathways to collect pyrimidine precursors are less 
affected by A77 1726 (13). Thus leflunomide specifically inhibits cells such as activated 
T cells that predominantly use the de novo pathway of pyrimidine synthesis and are 
thought to mediate the development of RA (14).

THE EFFECTIVENESS OF LEFLUNOMIDE
IN ANIMAL MODELS OF ARTHRITIS

Preclinical animal studies have demonstrated the effectiveness of leflunomide in 
both spontaneous and induced arthritis, as well as in other autoimmune disease models 
(15–25). In a 12-wk study of proteoglycan-induced arthritis in mice (22), leflunomide 
(35 mg/kg/d) showed improvement in the signs of arthritis by 2 wk of treatment. 
There was also a reduction in the circulating antibodies to both mouse and human 
proteoglycan that correlate with the improvement of arthritic signs following treatment 
with leflunomide. Similar effectiveness has been shown in a rat model of adjuvant-
induced arthritis. Oral leflunomide dosed at 5–10 mg/kg/d for 26 d resulted in a 
significant reduction in both the arthritis score and joint swelling compared to untreated 
controls (26).

The bone-protective properties of leflunomide have been demonstrated with an in vitro 
assay modeling osteoclast resorption of bone, where treatment with leflunomide reduced 
the number of osteoclast resorption pits formed on the surface of ivory plates. The same 
study showed a reduction of bone resorption in vivo in collagen-induced arthritis in mice 
(27). Leflunomide treatment was also found to preserve the mechanical properties and 
matrix integrity of rat bone in an adjuvant-induced model of arthritis (28).

REVIEW OF CLINICAL TRIALS

The efficacy and safety of leflunomide for the treatment of RA has been assessed 
in one phase II dose-ranging study, two placebo-controlled phase III studies, and a 
large phase III comparative investigation (Table 1). With study extensions, the phase 
III clinical trials evaluated the effectiveness of leflunomide for the treatment of RA 
over 2 yr. The cumulative patient database represents one of the largest groups of RA 
patients to be studied in a controlled clinical setting. This review will focus on results 
from the primary trials, but not the extensions.

Phase II Clinical Trial of Leflunomide
The clinical efficacy of leflunomide for the treatment of RA was initially shown in a 

randomized, double-blind, placebo-controlled phase II clinical trial (29). Four hundred 
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Table 1
Phase II and III Studies with Leflunomide in Patients with Active RA

    US 301
Study  YU 203  MN 301   MN 302  US/Canada

Design Randomized, Randomized, Randomized, Randomized,
double-blind   double-blind   double-blind   double-blind

Duration (mo)     6     6    12    12
Treatment groups Leflunomide Leflunomide Leflunomide Leflunomide

Placebo Sulfasalazine Methotrexate Methotrexate
  Placebo  Placebo
Patients   402   358   999   485

randomized (n)
Location Former Europe Europe United States
   Yugoslavia Australia South Africa Canada
  New Zealand
  South Africa
Extension (mo)   24    6, 12    12    12

and two patients diagnosed with active RA as defined by the American College of 
Rheumatology (ACR) (30), were randomly selected to receive either placebo or 1 of 
3 leflunomide dosing regimens (50 mg on d 1, followed by 5 mg/d, or 100 mg on d 1, 
followed by either 10 or 25 mg/d) for 24 wk. 

The primary measures of clinical effectiveness included tender and swollen joint 
counts and scores (based on 66–68 joints) and global assessments of disease activity 
by both the patient and physician. Treatment with leflunomide at 25 mg/d significantly 
improved all primary and secondary efficacy parameters when compared to placebo. 
Patients treated with 10 mg/d also showed significant improvement in the primary 
variables, but there was no statistical difference in tender joint counts compared to 
placebo.

The data derived from the dose-ranging study were used in a population pharmaco-
kinetics model to determine an optimal clinical dose for phase III trials (31).

Clinical success was directly related to the plasma concentration of A77 1726. Eighty 
percent of the maximum response was achieved by steady-state plasma concentrations 
of between 10 and 15 mg/L. Based on this analysis the dosing regime for phase III 
clinical trials, discussed below, was 100 mg/d for 3 d, followed by a maintenance 
dose of 20 mg/d.

Phase III Clinical Trials of Leflunomide
US301 was a double-blind, placebo-controlled clinical trial conducted in 42 centers in 

the United States and Canada that randomly assigned 482 patients to either leflunomide, 
methotrexate, or placebo groups in a ratio of 3:3:2 (32). Methotrexate was initially dosed 
at 7.5 mg/wk for wk 1–6, with dose titrations to 15 mg/wk after wk 7, in increments of 
2.5 mg/wk. The study protocol mandated that all patients receive folate supplementation 
(1 mg qd or bid).

MN301 was a multicenter trial conducted in Europe, Australia, New Zealand, and 
South Africa. Thirty-six centers participated in the 6-mo, randomized, double-blind, 
placebo-controlled trial comparing leflunomide to sulfasalazine. One hundred and 



124 Part I / Rheumatoid Arthritis

thirty patients were assigned to the leflunomide group; an equal number of patients was 
assigned to the sulfasalazine treatment group and received an initial dose of 0.5 g/d that 
was titrated at weekly intervals to 2 g/d by wk 4 (33).

A third study, a comparative investigation of the efficacy of leflunomide and 
methotrexate (MN302), was designed as a multinational, multicenter, double-blind 
investigation, in which 999 patients were randomly assigned to receive either leflunomide 
or methotrexate for a 1-yr period of treatment. Methotrexate was provided at an initial 
dose of 7.5 mg/wk for wk 1–4, increased to 10 mg/wk during wk 5–12, and maintained 
at 10 or 15 mg/wk for the duration of the study (34). Folate supplementation was not 
mandated in this comparative investigation.

Leflunomide: Clinical Improvement in Signs and Symptoms of RA
The ACR response criteria (35) were used for a summary evaluation of the efficacy 

measurements (36) in the clinical trials evaluating the effect of leflunomide in the 
treatment of RA. The ACR 20% response rate is defined as a 20% improvement in 
tender and swollen joint counts in addition to comparable improvement in 3 of 5 clinical 
parameters, including: patient global assessment of disease activity, physician global 
assessment of disease activity, functional ability (Health Assessment Questionnaire 
[HAQ] or the Modified HAQ [MHAQ]), pain intensity, and erythrocyte sedimentation 
rate (ESR) or C-reactive protein (CRP) levels. The 50 and 70% response rates signify 
50 and 70% improvement of the same variables (35).

The ACR 20% response rate in US301 establishes that a significantly higher percentage 
of patients treated with leflunomide (52%) met the criteria than those receiving placebo 
(26%); the rate was comparable to that for the methotrexate group (46%) at the study 
endpoint (30). The ACR 20, 50, and 70% response rates are shown in Fig. 1A. Four to 
five times more leflunomide patients met the more stringent ACR 50 and 70% criteria 
than in the placebo-treated group. 

In MN301, 55% of the leflunomide patients achieved ACR 20% response rates 
(Fig. 1B). That percentage proved significantly greater than placebo (29%) and was 
comparable to sulfasalazine (56%) (33). Twice as many leflunomide and sulfasalazine 
as placebo patients fulfilled the criteria for ACR 50% response. 

Leflunomide showed significantly early onset of action with respect to the efficacy 
parameters evaluated in this study. At 4 wk, in 8 of 10 outcome measures (tender and 
swollen joint counts, patient and physician assessments, pain intensity, HAQ, CRP, and 
rheumatoid factor [RF]), leflunomide showed significant improvement compared to 
placebo and sulfasalazine (33). The early onset of action may be attributed in part to 
the initial 100 mg/d loading dose (33).

The large comparative study of leflunomide and methotrexate (MN302) at 1 yr 
establishes that 51% of the leflunomide-treated patients met the ACR 20% criteria, and 
significantly more methotrexate patients (65%) met the same level of response (34,37)
(Fig. 1C). A comparison of the two methotrexate groups showed a disparate ACR 20% 
response rate to methotrexate treatment (46 vs 65%). An important difference between 
MN302 and US301 was that concomitant folate administration was not mandated 
in MN302. Methotrexate treatment without folate supplementation in MN302 was 
associated with higher clinical efficacy but a higher incidence of hepatotoxicity. With 
respect to this observation leflunomide is equal in effectiveness to methotrexate when 
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Fig. 1. Comparison of ACR response rates in US301 (A), MN301 (B), and MN302 (C).
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administered simultaneously with folate (38). A comparison of the ACR 20% response 
for leflunomide across the phase III trials indicates a consistent effectiveness at study 
endpoint (52, 55, and 50.5% in US301, MN301, and MN302, respectively).

An area under the curve (AUC) analysis accounts for the cumulative effects of therapy, 
by summing the clinical response over the duration of the investigation (39). The AUC 
analysis of the ACR 20% response adds a temporal component that may offer a better 
evaluation of clinical effect than can be obtained at a single time-point (32). In US301, 
the number of weeks leflunomide patients reported ACR 20% response (23.7 wk) was 
significantly greater than in the placebo group (12.6 wk) and similar to the number 
in the methotrexate group (22.7 wk) (32). AUC analysis of ACR response in MN302 
found equal efficacy for leflunomide and methotrexate in the treatment of RA. The 
mean duration of clinical effect was 23.0 wk for leflunomide treatment and 25.4 wk for 
methotrexate therapy, and both treatments were statistically equivalent (34).

Leflunomide: Clinical Improvement of Patient Function
and Health-Related Quality of Life

Impairment of physical function resulting from RA disease progression significantly 
interferes with activities of daily living and adversely affects patient quality of life (40).
The three phase III clinical trials evaluated the impact of leflunomide therapy on patient 
function and health-related quality of life via health assessment instruments, including: 
HAQ (41), MHAQ (42), the Problem Elicitation Technique (PET) (43), and the Medical 
Outcomes Study Short Form 36 (SF-36) (44).

Analysis of the correlation between clinical improvement, defined by the ACR 
response criteria, and patient function and health-related quality of life instruments 
(HAQ, MHAQ, PET, and SF-36) indicates that the functional assessments were 
sensitive to the identification of clinical benefits that are of significant importance 
to patients (45).

The HAQ score comprises patient responses to questions in eight categories related 
to patient function, including: dressing and grooming, rising, eating, walking, hygiene, 
reach, grip, and activities of daily living. The average or mean HAQ score is calculated 
by dividing the sum of the individual sub-scores by the number of questions. A decrease 
in any of the scores indicates an improvement (41). In US301 leflunomide treatment 
resulted in significant improvement (Fig. 2) in all categories of the HAQ score compared 
to placebo. Significant improvement compared to methotrexate was seen in the categories 
of rising, eating, walking, hygiene, activities of daily living, and the disability index 
(46). In terms of the MHAQ (representing a shortened form of the HAQ), leflunomide-
treated patients showed significant improvement compared to both the placebo and 
methotrexate groups (46).

Functional assessment via the HAQ score was also significantly improved in 
leflunomide-treated patients compared to both placebo and sulfasalazine in MN301 
(Fig. 3), with statistically significant improvement observed after as little as 1 mo of 
therapy in the leflunomide group (33).

In both placebo-controlled trials, leflunomide treatment resulted in substantially 
reduced HAQ scores at study endpoint, –0.45, and –0.50 in US301 and MN302, 
respectively. The clinical impact of these reductions in HAQ scores are enhanced by the 
observation that a minimally significant change in HAQ score equals –0.22 (47).
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Fig. 2. HAQ scores in US301 comparing leflunomide (LEF) to methotrexate (MTX) and placebo 
(PL). Reprinted with permission from ref. 46.

Fig. 3. The change in HAQ score from baseline in MN301. Leflunomide (LEF) shows significant 
improvement in HAQ scores compared to placebo (PL) and sulfasalazine (SSZ) at 4, 12, and 24 wk 
of treatment. Reprinted with permission.

Significant improvement in health-related quality of life in US301 was also shown by 
the SF-36 following leflunomide treatment in comparison with the placebo group. The 
SF-36 score responses to questions are summarized in eight domains, including: physical 
functioning, role physical, bodily pain, general health, vitality, social functioning, role 
emotional, and mental health. Leflunomide treatment resulted in significant improvement 
in the domains of bodily pain and vitality compared to methotrexate (46).
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Fig. 4. Change in total Sharp score in phase II clinical trials of leflunomide. Dark bars show the 
change in Sharp score for each of the treatment groups (foreground). The predicted progression of RA 
is estimated from the baseline radiographic score divided by the disease duration for each patient, and 
is shown by the open bars in the background. Reprinted with permission from ref. 48.

Leflunomide-treated patients in US301 showed significant improvement in the 
weighted top five scores of the PET compared to both the methotrexate- and placebo- 
treatment groups (46). The PET assessment allows patients to prioritize the functional 
assessments, identifying those functional aspects that are of greatest importance to 
them. They can also indicate where they would like to see the greatest improvement 
in function and quality of life (43).

Leflunomide: Slowing of Radiographic Disease Progression
After 1 yr of therapy with leflunomide, significantly fewer patients showed radiographi-

cally assessed progression of RA in US301 (32) compared to placebo, as indicated 
by changes in total Sharp scores and erosion and joint-space narrowing scores. It 
was also observed that leflunomide-treated patients had less disease progression 
than methotrexate-treated patients, but the result was not statistically equivalent 
(p 0.05) (32).

Employing the Larsen method of scoring radiographic progression, leflunomide- and 
sulfasalazine-treated patients exhibited significantly less disease progression than those 
receiving placebo in MN301, and both active treatment groups were comparable (33).

Sharp et al. recently presented a comparative analysis of radiographic disease 
progression across the three phase III clinical trials (48). The objective of the analysis 
was to determine if treatment with either leflunomide, methotrexate or sulfasalazine 
retards disease progression. In all cases, active treatment resulted in significantly 
less disease progression than placebo at 6 and 12 mo of therapy (Fig. 4). In general, 
leflunomide treatment was equivalent to both methotrexate and sulfasalazine in retarding 
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the advancement of structural damage in RA. These studies represent the first 6- and 
12- mo, randomized, placebo- and active-controlled clinical trials to demonstrate slowing 
of radiographic progression of disease following therapy with a new DMARD (48).

Leflunomide: Combination Therapy with Methotrexate
The clinical safety and pharmacokinetics of leflunomide in combination with 

methotrexate has been assessed in an open-label, clinical trial of 52 wk duration. Thirty 
RA patients with active disease despite methotrexate therapy (17  ±  4 mg/wk for 6 mo 
or greater) were treated with leflunomide (100 mg/d loading dose for 2 d, 10–20 mg/d 
thereafter) in addition to methotrexate (49). The study found no significant variation in 
the pharmacokinetic parameters of either drug when the two were administered together, 
indicating no pharmacokinetic interactions between the drugs (49).

At study endpoint, 53% of the patients fulfilled the ACR 20% cri teria for clinical 
improvement and two patients met the criteria for remission. In gen eral, the combination 
was well tolerated, with the exception of elevations of liver enzymes. Of the seven patients 
withdrawn from the study, three were owing to persistent elevation of plasma transaminase 
levels (49). Because of the potential risk of serious liver damage when methotrexate and 
leflunomide are used in combination, careful dose titration and patient monitoring are 
essential (49).

CURRENT RECOMMENDATIONS

Based on the prescribing information (50) leflunomide is indicated for adults with 
active RA to improve the signs and symptoms of the disease and retard structural 
damage. The recommended dosing includes a 100 mg/d loading dose for 3 d, followed 
by a maintenance dose of 20 mg/d. Leflunomide may be taken without regard to meals, 
and in combination with aspirin, nonsteroidal anti-inflammatory drugs (NSAIDs), 
and corticosteroids. With regard to age, there is no indicated dosage adjustment for 
patients older than 65 yr, but leflunomide is not recommended for patients under 
18 yr of age (50).

Special precautions regarding leflunomide are advised for patients with renal 
insufficiency, and the drug is not recommended for patients with significantly impaired 
hepatic function (50). Because preclinical animal studies of leflunomide have shown 
teratogenic properties, the drug must not be given to women of childbearing potential 
before testing for pregnancy and obtaining assurances that they are using reliable 
contraception (50).

Cholestyramine and charcoal are recommended for the accelerated elimination of 
leflunomide (50). Cholestyramine given orally at a dose of 8 g 3 times daily for 1 d 
has been shown to reduce levels of A77 1726 by 40% in a 24-h period and by 49–65% 
in a 48-h period (50). Oral administration of a suspension of activated charcoal (50 g 
every 6 h for 24 h) has been shown to reduce plasma concentration of A77 1726 by 
37% in 24 h and 48% in 48 h (50).

SIDE EFFECTS

The most common adverse events (Table 2) observed during Phase II and Phase III 
clinical trials of leflunomide were gastrointestinal (G.I.; e.g., diarrhea and nausea), 
elevated liver enzymes (ALT and AST), reversible alopecia, and skin rash (29).
Most of these events were mild to moderate in severity and resolved without further 
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Table 2
Adverse Eventsa with an Incidence Rate of >5%

Placebo-controlled Active-controlled All trials

Leflunomide PL SSZ MTX Leflunomide MTX Leflunomide
Adverse event (n = 315) (n = 210) (n = 133) (n = 182) (n = 501) (n = 486) (n = 1339)

Gastrointestinal
  Diarrhea 26.7 11.9 9.8 19.2 22.2 10.0 17.0
  Nausea 13.0 11.0 18.8 18.1 12.8 18.1 9.3
  Dyspepsia 10.2 10.0 9.0 13.2 5.8 7.0 4.9
  Abdominal pain 5.7 4.3 8.2 6.8 8.0 7.6 4.6
  Vomiting  5.1 4.3 2.7 3.8 3.2 3.4 2.8
Hepatic
  Elevated LFT  10.2  2.4  3.8  10.4  5.8  16.9  4.9
CNS
  Headache 13.3 11.4 12.0 20.9 9.6 7.8 6.8

Dizziness 5.1 3.3 6.0 4.9 7.0 6.2 4.2 
Cardiovascular
  Hypertension 8.9  4.3  3.8  2.7  9.8  4.0  10.3
Respiratory
  Respiratory
    infection 21.0 20.5 20.3 31.9 26.5 24.5 15.1
  Bronchitis 5.1 1.9 3.8 6.6 8.0 6.8 6.5
Skin
  Rash 12.4 6.7 10.5 8.8 10.8 9.6 9.9
  Alopecia 8.9 1.4 6.0 6.0 16.2 9.8 9.7

aIncludes all phase II and phase III trials with leflunomide; analyses of phase III trials pertains to 1-yr 
treatment period. PL, Placebo; SSZ, Sulfasalazine; MTX, Methotrexate; LFT, Liver-function test.

complication. Treatment withdrawals for leflunomide-treated patients were higher than 
those observed for placebo controls, but were comparable to both sulfasalazine- and 
methotrexate-treatment groups.

Leflunomide was associated with clinically significant elevations of liver enzymes 
(ALT and AST), at a rate of 10% in US301 and MN301 and 6% in MN302 (32,33,50).
Most of these elevations were mild and 2 times the upper limit of normal (ULN). They 
usually resolved without discontinuation of therapy. Serious elevations of <3 ULN were 
infrequent and reversed with either dose reduction or withdrawal from therapy.

Rare and potentially serious adverse events in the methotrexate-treated group 
included five potentially fatal interstitial pneumonitis cases and three cases of reversible 
renal failure (32). There were no instances of these events in the leflunomide-treated 
population. Two cases of agranulocytosis requiring hospitalization were reported for 
sulfasalazine-treated patients; this condition was also not observed in the leflunomide 
groups (33).

CONCLUSIONS

Preclinical investigations of leflunomide have identified a unique immunomodulatory 
mode of action. Leflunomide primarily targets activated T cells that use de novo synthetic 
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pathways to generate pyrimidines necessary for proliferation, and thus potentially 
suppress the T-cell-centered pathogenesis of RA. Because of this specific mode of action, 
leflunomide is believed to function as an immunomodulatory agent. 

The results from clinical trials indicate that leflunomide is safe and well tolerated, 
capable of producing significant improvement in the signs and symptoms of RA  
placebo, and comparable to both sulfasalazine and methotrexate in effectiveness. 
Of greater significance to the patient, leflunomide offers substantially significant 
improvement in patient function and health-related quality of life when compared to 
placebo, sulfasalazine, and methotrexate in placebo-controlled trials. The active and 
placebo-controlled trials show that leflunomide can provide significant slowing of 
radiographically measured disease progression compared to placebo and is at least as 
effective in slowing RA progression as sulfasalazine and methotrexate. 
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INTRODUCTION

The matrix metalloproteinases (MMPs) are a family of enzymes, that have the 
capacity to degrade all components of the connective tissue matrix (1). MMPs are 
felt to play an important role in the irreversible damage of the extracellular matrix in 
rheumatoid arthritis (RA) (2). Antibiotics, including tetracycline, have been used for 
many years for RA based on the hypothesis that RA is caused by an infectious agent, 
particularly a persistent Mycoplasma infection (3,4). In fact, gold and sulfasalazine were 
initially used in RA based on their antimicrobial properties. This causal association, 
however, has not been substantiated despite extensive research efforts to do so and 
tetracycline-derivatives without any antimicrobial activity have proven to be efficacious 
in rats with adjuvant arthritis (5,6). A small double-blind study comparing tetracycline 
250 mg/d with placebo for 1 yr was unable to demonstrate any significant benefit (7).

Tetracycline and its derivatives have recently become more intriguing based on new 
data that shows multiple immunomodulating and anti-inflammatory effects, as well as 
the capacity to inhibit MMPs from neutrophils, macrophages, osteoblasts, chondrocytes, 
epithelial cells, and rheumatoid synoviocytes (8). Minocycline and doxycycline are 
even more effective than tetracycline in inhibiting MMPs. Oral minocycline at a dose 
of 100 mg twice daily has been shown to reduce collagenase activity in the synovial 
tissue of patients with RA (9).
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Table 1
Matrix Metalloproteinases

MMP   Protein       Substrate

MMP-1 Collagenase Fibrillar collagens
MMP-2 Gelatinase A (72 kd) Type IV and V collagens, fibronectin
MMP-3 Stromelysin Laminin, fibronectin, nonfibrillar collagen
MMP-7 Matrilysin Laminin, fibronectin, nonfibrillar collagen
MMP-8 Neutrophil collagenase Fibrillar collagens
MMP-9 Gelatinase B (92 kd) Fibrillar collagens
MMP-10 Stromelysin-2 Laminin, fibronectin, nonfibrillar collagen
MMP-11 Stromelysin-3 Serpin
MMP-12 Metalloelastase Elastin
MMP-13 Collagenase-3 Fibrillar collagens
MMP-14 MT1-MMP Pro-MMP-2 (gelatinase A)
MMP-15 MT2-MMP Pro-MMP-2 (gelatinase A)
MMP-16 MT3-MMP Pro-MMP-2 (gelatinase A)
MMP-17 MT4-MMP Pro-MMP-2 (gelatinase A)
MMP-18 Collagenase-4 Fibrillar collagens
MMP-19 (no common name) Gelatin
MMP-20 Enamelysin Amelogenin
MMP-21 72kd type IV collagenase Type IV collagen
MMP-23 (no common name) (unknown)
MMP-24 MT5-MMP Pro-MMP-2 (gelatinase A)
MMP-25 MT6-MMP Pro-MMP-2 (gelatinase A)
MMP-26 Macrophase metalloelastase Gelatin, beta-casein

There are four main groups of MMPs (Table 1): the collagenases, stromelysins, 
gelatinases, and membrane metalloproteinases (10). The MMPs all contain zinc at 
the active center of each enzyme; are synthesized as a proenzyme which requires 
proteolytic cleavage of a propeptide domain for activation; and require calcium to 
maintain activity (11). The MMPs are carefully regulated at several different points, 
including synthesis and secretion, activation of the proenzyme, and inhibition of the 
active enzymes.

There are four collagenases: collagenase-1 (MMP-1), collagenase-3 (MMP-13), 
neutrophil collagenase (MMP-8), and collagenase-4 (MMP-18). The collagenases cleave 
fibrillar collagens at a single site and differ in their specificities for different collagens. 
MMP-1 and MMP-13 are synthesized by fibroblasts and macrophages when these cells 
are stimulated with inflammatory mediators. Neutrophil collagenase is predominantly 
synthesized by neutrophils and released upon stimulation of the cell (12). The natural 
substrates of the stromelysins are probably the proteoglycans, fibronectin, and laminin 
(13). Stromelysin-1 is not expressed significantly in normal tissues but can be induced 
by growth factors and cytokines, such as interleukin-1 (IL-1). Stromelysin is also able 
to activate latent collagenase, which provides a positive feedback signal for matrix 
destruction. There are two gelatinases, MMP-2 and MMP-9, which cleave denatured 
collagen, type IV and V collagen, and elastin (14). MMP-9, like MMP-8, is found within 
the specific granules of the neutrophil, whereas the others are produced by a variety of 
connective-tissue cells after stimulation by cytokines.
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All active MMPS are inhibited by tissue inhibitors of metalloproteinases (TIMPs), 
which are produced by chondrocytes and synovial fibroblasts. There are at least 
three members of the TIMP family: TIMP-1, TIMP-2, and TIMP-3. The TIMPs bind 
specifically with the active matrix metalloproteinases to form 1:1, noncovalent, but 
tight-binding complexes that inactivate the enzymes (15,16). Interleukin-6 (IL-6) 
increases TIMP-1 production. These TIMPs are essential in controlling connective 
tissue damage by blocking the action of the activated MMPs (17).

PATHOGENIC MECHANISMS

Collagenase-1 (MMP-1) and stromelysin-1 (MMP-3) play a critical role in RA (2).
Normal fibroblasts produce very low levels of both of these enzymes (2,18). In RA, as 
well as in osteoarthritis (OA), levels increase markedly in response to cytokines such as 
interleukin-1 (IL-1 ), interleukin-1 (IL-1 ), epidermal growth factor, platelet-derived 
growth factor, and tumor necrosis factor  (TNF ). The levels of collagenase-1 and 
stromelysin 1 activity in OA and RA cartilage correlate with lesion severity (19,20).
Initial studies on the role of stromelysin in arthritis were performed on the streptococcal 
cell wall model in Lewis rats, which is a destructive form of arthritis marked by 
significant matrix degradation. Large amounts of stromelysin mRNA was present in the 
synovial tissues from these rats with chronic arthritis (21). It has also been shown that 
there is significantly more stromelysin protein in synovial tissue in patients with RA than 
with OA (22). Rheumatoid synoviocytes also secrete large amounts of collagenase-1 and 
in situ hybridization studies have demonstrated significantly more collagenase mRNA 
in RA synovium than from OA synovial tissue (23,24). Although it has been shown that 
significantly greater amounts of stromelysin-1 and collagenase-1 are present in patients 
with chronic RA, there is less known about their presence in early disease. A recent 
synovial biopsy study of patients with early RA (1–3 mo in duration) demonstrated 
significant collagenase mRNA expression (24).

TIMP gene expression is similar in RA and OA and thus the ratio of TIMP to 
collagenase is greater in noninflammatory arthritis than it is in RA. This difference has 
important implications for the pathogenesis of joint damage in RA and suggests that 
the TIMP system is overwhelmed by the marked increase in MMPs in RA (23). There 
are important inhibitors other than the TIMPs. Most of the collagenase inhibitory 
activity in serum is owing to 2-macroglobulin ( 2M), which also has the capacity 
to bind and inactivate MMPs. 2M is inactivated when neutrophils when present in 
high numbers in synovial fluid owing to the release of elastase and serine proteases, 
which inactivate the inhibitor (25,26).

REVIEW OF ANIMAL DATA

Breedveld et al. studied the effect of tetracyclines in rats with arthritis (27). They 
studied 63 rats that were immunized with chick type II collagen and 94 rats that were 
injected with Freund’s adjuvant and gave each group minocycline 125 mg/kg/d or 
placebo. Minocycline decreased the incidence of arthritis in both groups (collagen: 
p =  0.01; adjuvant: p =  0.0005) and decreased the severity, graded by an arthritic index, 
in both but only only reached significance in the adjuvant model (p <  0.02).

Conway et al. identified GI168 as a potent MMP inhibitor with sufficient stability and 
solubility to allow evaluation in an experimental model of chronic destructive arthritis in 
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rats (28). This model of arthritis is induced by injecting the rats with Freund’s adjuvant, 
which induces acute and chronic synovial inflammation and severe bone and cartilage 
destruction within 3 wk of the adjuvant injection. GI168 was administered systemically 
by subcutaneous infusion beginning on d 8 after adjuvant injection and con tinued thru d 21 
at doses of 6, 12, and 25 mg/kg/d. Ankle swelling was reduced in a dose-related fashion 
and radiological and histological evaluation on d 22 revealed a profound decrease in bone 
and cartilage destruction in the rats treated with the MMP inhibitor compared to rats 
treated with placebo. The investigators concluded that the benefit from GI168 supports 
the role of MMPs in the destructive process in inflammatory arthritis.

Cartilage oligomeric matrix protein (COMP) is a glycoprotein found in articular, 
tracheal, and nasal cartilage (29–31). COMP turnover is increased in RA and OA, 
and studies have shown elevated levels of COMP in the serum and synovial fluid of 
these patients (32). Goldberg et al. showed that the IL-1 stimulation of bovine nasal 
cartilage resulted in the loss of COMP and that this was partially inhibited by the 
metalloproteinase inhibitor CGS 27023A, suggesting that the loss of COMP induced 
by IL-1 involves metalloproteinases (33). Ganu et al. demonstrated in vitro that 
IL-1 -stimulated articular cartilage generates COMP fragments and that COMP is a 
substrate for stromelysin-1, collagenase-1, 92-kd gelatinase, and collagenase-3. Ganu 
et al. showed that the production of these COMP fragments was inhibited by MMP 
inhibitors CGS 27023A and BB-94 (34).

REVIEW OF CLINICAL TRIALS
Breedveld et al. studied 10 patients with active RA and treated them with oral 

minocycline for 16 wk in an open study. They reported that half of the outcome measures 
had improved significantly after 4 wk (morning stiffness, Ritchie Index, erythrocyte 
sedimentation rate [ESR], and platelet count) and that after 16 wk all variables were 
improved significantly, including swollen joint count and bilateral grip strength (35).
Panayi et al. reported an open study in reactive arthritis that showed some effectiveness 
of minocycline (36). They reported that morning stiffness improved from baseline of
416 min to 40 min after 3 mo of minocycline, that the number of active joints decreased 
from baseline of 5 to 2.6 after 3 mo, and that a visual analog scale for pain decreased 
from a baseline of 56 mm to 44 mm. Lauhio et al. performed a double-blind, placebo 
controlled trial that showed beneficial results of lymecycline in patients with Chlamydia-
induced reactive arthritis, but not reactive arthritis with non-Chlamydial infectious 
etiologies (37). Of the group with Chlamydia-induced arthritis, the lymecycline treated 
group had arthralgia for 17.9 wk compared to 32.8 wk in the placebo group (p  =  0.022). 
The investigators also showed statistically significant changes in acute phase reactants 
(duration of elevated ESR was 10.4 wk in lymecycline group vs 23.0 wk in the placebo 
group; duration of elevated C-reactive protein [CRP] was 4.6 wk in lymecycline group 
and 23.0 in the placebo group). However, these studies of reactive arthritis were clearly 
targeting a population of inflammatory arthritis with a well-described infectious link. 
Langevitz et al. reported the results of a 48-wk open study in which 18 patients with 
active RA resistant to disease-modifying anti-rheumatic drugs (DMARDs) were given 
minocycline 100 mg twice daily. Statistically significant changes were demonstrated 
in patient and physicians’ global assessments, tender joint count, swollen joint count, 
duration of morning stiffness, grip strength, and ESR (38).
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In 1994, Kloppenburg et al. were the first to publish results of a double-blind, 
placebo-controlled trial of minocycline for RA (39). This study randomized 80 patients 
with mean disease duration of 13 yr, all of whom were required to be taking or to have 
been previously treated with at least one DMARD. The subjects were characterized as 
responders if there was 25% or more improvement; subjects were considered failures if 
there was 25% or greater worsening in two of the following three: Ritchie articular 
index, number of swollen joints, and CRP level. There were 15 responders in the 
minocycline group and 7 responders in the placebo group (p <  0.05). There were no 
treatment failures in the minocycline group and 9 in the placebo group (p  <  0.005). 
Secondary efficacy measures that revealed statistically significant improvements in the 
minocycline group included the Ritchie articular index (change from baseline of –0.8 in 
minocycline group vs 0.6 in placebo), number of swollen joints (change from baseline 
of –0.8 in minocycline group vs 0.6 in placebo), ESR (change from baseline of –14 in 
minocycline group vs –4 in placebo), CRP (change from baseline of –1.6 in minocycline 
vs –0.6 in placebo), hemoglobin (change from baseline of 0.4 in minocycline group vs 
–0.1 in placebo), and platelet count (change from baseline of –73 in minocycline group 
vs 12 in placebo). Blinded assessment of hand, wrist, and feet radiographs obtained at 
baseline and at 6 mo revealed no difference in erosions, joint space narrowing, or number 
of affected joints between the minocycline and placebo groups.

In 1995, Tilley et al. completed a 48-wk double-blind, placebo-controlled study, known 
as the Minocycline in Rheumatoid Arthritis (MIRA) Trial (40). Minocycline 100 mg 
twice daily was added to background nonsteroidal anti-inflammatory drugs (NSAIDs) 
or low-dose prednisone therapy in patients not receiving concomitant DMARDs. There 
were 219 patients enrolled with an average disease duration of 8.5 yr. Approximately 
50% of the patients enrolled had been treated previously with a DMARD and less than 
one-third were actively treated with low-dose corticosteroids ( 10 mg of prednisone). 
There were two prespecified primary outcome measures: improvement in joint swelling 
and improvement in joint tenderness (assessed at the end of the 48-wk trial). A patient 
was considered improved if 50% of the affected joints capable of response improved. In 
the minocycline group, 54% of patients had improvement in joint swelling compared to 
39% in the placebo group (p =  0.023). Fifty-six percent of patients in the minocycline 
group and 41% in the placebo group showed improvement in joint tenderness (p =  0.021). 
Secondary outcome measures that demonstrated a statistically significant difference 
include ESR (change from baseline of –10.8 in minocycline group vs –0.7 in placebo), 
hematocrit (change from baseline of 0.6 in minocycline group vs –1.1 in placebo), 
and platelet count (change from baseline of –89.6 in minocycline group vs –10.2 in 
placebo).

The radiographic data from the MIRA trial demonstrated that patients given placebo 
tended to develop more radiographic changes than patients given minocycline, but 
failed to show a statistically significant difference (41). Bluhm et al. calculated the 
probability of detecting a difference between the two groups in this trial and concluded 
that there was a low power to detect a 50% difference based on the number of patients 
in this trial.

In 1997, O’Dell et al. published a double-blind, placebo-controlled study of minocycline 
in 46 patients with early RA (42). All patients were required to have active disease with 
disease duration of less than 1 yr. The primary endpoint was successful completion 
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of the 6 mo study while meeting 50% improvement on the modified Paulus criteria at 
months 3 and 6. Fifteen of the 23 patients (65%) in the minocycline group met the 50% 
improvement at 3 mo and maintained it through the 6 mo of the trial compared with 3 
of the 23 (13%) in the placebo group (p <  0.001). Secondary efficacy parameters, which 
revealed a statistically significant improvement in the minocycline group compared 
to placebo, include change in morning stiffness and patient and physician global 
assessments.

In 1999, O’Dell et al. reported on the 4-yr follow-up results of the patients from their 
prior trial (44). Twenty of the 23 patients in the minocycline group and 18 of the 23 
patients in the placebo group were available for follow-up. After the blinded portion of 
the prior study, the physician was informed of the randomization and was then free to 
prescribe any combination of prednisone, minocycline, or DMARDs that was deemed 
appropriate. Of the 15 patients that had a good response to minocycline during the 
blinded period, all had a subsequent flare and most were put back on minocycline. 
Ten of the 20 patients originally treated with minocycline never required treatment 
with DMARDs (other then minocycline) or steroids. Eight of the 20 patients in the 
minocycline follow-up group and only 1 of 18 in the placebo group were in remission 
without DMARDs (except minocycline) or steroids. (p =  0.02). Thirteen of the 20 
patients in the minocyline group and 4 of 18 in the placebo group met ACR 75% response 
criteria at this long-term follow-up (p =  0.01).

In 1998 Nordstrom et al. reported on the clinical response and collagenase activity 
in 12 RA patients treated with doxycycline for 3 mo (43). The patients were given 
150 mg/d of doxycycline and at 3 mo significant reductions were seen in a joint score 
index (p <  0.01) and a pain visual analog scale (VAS) (p <  0.05). Also, collagenase 
activity as measured from saliva by quantitative sodium dodecye sulfate-polyaerylamide 
gel electrophoresis (SDS-PAGE) electrophoresis was significantly reduced after the 
3 mo of treatment (p <  0.01).

In 1999, Keyszer et al. showed that MMP-3 plasma levels were markedly elevated in 
RA compared to healthy controls and OA, but were also markedly elevated in systemic 
lupus erythematosus (SLE) (45). MMP-1 plasma levels were significantly elevated in 
RA, OA, psoriatic arthritis, SLE, and mixed connective tissue disease. In contrast, 
MT complex (MMP-1/TIMP-1 complex) plasma level was elevated in RA only. Plasma 
TIMP-1 level was no different from controls.

CURRENT RECOMMENDATIONS

Currently the only MMP inhibitors available for clinical use are the tetracyclines and 
their role in the treatment of RA is not well delineated. The three major clinical trials 
by Kloppenburg et al., Tilley et al., and O’Dell et al. have proven that minocycline has 
utility in the treatment of RA (39,40,42). Clearly, the trial by O’Dell et al. demonstrated 
the most striking results with 15 of 23 patients (65%) in the minocycline group vs 3 
of 23 patients (13%) in the placebo group achieving 50% improvement at 3 mo and 
maintaining it through 6 mo. The 4-yr follow-up of this trial demonstrated that there 
were a significant number of patients who responded to early treatment with minocycline 
and continued to do well without needing any other DMARDs or corticosteroids (44).
The trial by O’Dell et al. evaluated a markedly different disease population than either 
the trial by Kloppenburg et al. or the MIRA Trial, which both recruited populations 
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with much longer disease duration. Also, the trial by O’Dell et al. required patients to 
be DMARD and corticosteroid naïve, whereas the trial by Kloppenburg et al. required 
patients to have active disease despite concurrent DMARD or past DMARD therapy and 
the MIRA Trial allowed patients to be on low-dose corticosteroid (prednisone    10 mg) 
and only required that any DMARDs have been stopped for at least 4 wk prior to 
study entry. These two major differences likely account for the disparate degree of 
improvement seen in the trial by O’Dell et al. compared to the others.

There have not been any studies yet that have sufficiently addressed whether the 
tetracyclines alter radiographic progression. The study by Kloppenburg et al. did not 
reveal any radiographic difference between study groups but the number of patients was 
small (total of 63) and there was only 26 wk between radiographs, making it unlikely 
that any difference could even be detected (39). The MIRA Trial also was unable to 
detect a difference in the radiographic progression between groups and Bluhm et al. 
concluded that the number of patients was insufficient to answer the question (40,41).
The trial by O’Dell et al. did not assess radiographic progression (42,44). Despite 
all theoretical suggestions that MMPs are important in joint destruction and that the 
inhibition of MMPs may alleviate this damage, studies need to be undertaken in order 
to conclusively decide whether minocycline or doxycycline are effective in slowing 
disease progression.

At the current time, minocycline 100 mg twice daily or doxycyline 150–200 mg/d 
is likely useful for patients with mild to moderate, nonerosive RA. These drugs have 
a very good adverse effect profile, substantially better than most other DMARDs, and 
this probably justifies their use in this subset of patients. The benefits of minocycline 
are certainly better-documented, though doxycycline may be equally effective and 
associated with less hyperpigmentation than minocycline (44). If a patient responds 
to a tetracycline, it likely needs to be continued indefinitely. However, if after a 
reasonable trial it has not produced a good response, then it is probably prudent to either 
replace or add another DMARD to the therapeutic regimen. The maximum benefit 
of minocycline may not occur until after 1-yr of therapy (44), but it is probably not 
justified to wait this length of time in a patient who continues to have active disease, 
unless it is very mild.

SIDE EFFECTS AND PRECAUTIONS

During the study by Kloppenburg et al., the frequency of reported adverse effects 
was significantly higher in the minocycline group as compared with placebo group (39).
The most common adverse effects were gastrointestinal (GI) (23 in the minocycline 
group vs 6 in the placebo group), including nausea, vomiting, increased appetite (10 
in the minocycline group vs 0 in the placebo group), and change of taste (seven in the 
minocycline group vs 0 in the placebo group). The only other common adverse effect 
in this study was dizziness (16 in the minocycline group vs 6 in the placebo group) with 
two of these patients in the minocycline group sustaining falls that resulted in upper 
extremity fractures. Four patients in the minocycline group and none in the placebo 
group withdrew from the study secondary to these GI adverse effects and four patients 
from the minocycline group and one from the placebo group withdrew from the study 
secondary to dizziness. There were no clinically relevant alterations in serum tests, 



142 Part I / Rheumatoid Arthritis

including white blood cell (WBC) count, creatinine, albumin, and hepatic enzymes and 
there were no serious adverse events reported.

O’Dell et al. noted significantly less adverse effects in their trial, especially with 
regard to dizziness (42,44). The reason for the difference is unclear, but it may be that 
the study by O’Dell et al. had a younger patient population (mean age at onset: 45 yr) than 
did the Netherlands trial by Kloppenburg, et al. and the MIRA trial (mean age at onset: 
56 and 54 yr, respectively). Subsequent to the blinded phase of the study, three of the 
minocycline treated patients discontinued the drug secondary to hyperpigmentation and 
one reported hyperpigmentation but elected to continue therapy. The hyperpigmentation 
in these four patients occurred at 1, 2.5, 3, and 3.5 yr of therapy. No patients in the 4-yr 
follow-up reported dizziness that required the drug to be discontinued.

Minocycline is frequently prescribed for acne vulgaris, as well as a few infectious 
diseases and several side effects have been reported in these patients. Sitbon et al. reported 
on eight patients that had developed pulmonary infiltrates and eosinophilia that was felt 
to be secondary to minocyline (46). Several cases of pseudotumor cerebri have been 
reported that were attributed to minocycline (47–49). One adverse effect that occurs 
commonly with minocycline but not with other tetracyclines is vestibular dysfunction, 
which is manifested as dizziness, vertigo, or ataxia (50–54). The incidence of vertigo 
is reported to be higher in women than men (70% and 28%, respectively). Poliak et al. 
reported that 4 of 72 adult patients on chronic minocycline developed discoloration of 
their teeth (55). There have been reports of minocycline-induced hepatic failure, though it 
is rarer than with tetracycline (56). More than 20 cases of autoimmune hepatitis 
attributed to minocycline have been reported (57). The signs and symptoms of hepatitis 
typicallly resolved after discontinuation of the drug. Photosensitivity reactions may be 
caused by tetracyline and its derivatives, including minocycline. Morrow et al. reported 
bilateral blue-gray discoloration of the sclera in a patient on chronic minocycline who 
also had pigmentation of the teeth, hard palate, ears, nail beds, and skin (58). After 
discontinuation of minocycline, the hyperpigmentation faded except for the sclera and teeth. 
Hyperpigmentation of the skin generally occurs after chronic exposure to minocycline, 
usually involves scar tissue or sun exposed skin, and typically fades after discontinuing 
the drug (59,60). Gough et al. reported 11 patients that had developed drug-induced lupus 
secondary to minocycline in the United Kingdom through 1994 (57). Drug-induced lupus 
is considered a late-type of reaction, occurring on average 2 yr after drug onset. It has only 
been noted with minocycline and not with other tetracyclines.

CONCLUSIONS

There is currently tremendous interest in the role of MMPs in joint destruction in the 
inflammatory arthritides as well as OA, and speculation about the role of MMP-inhib-
itors in therapy. The tetracycline-derivatives, minocycline and doxycycline, are probably 
most useful in patients with mild to moderate, nonerosive RA or in combination with 
other agents in patients with early disease. Their role as adjunctive agents in combination 
with other DMARDs along with their ability to decrease radiographic progression 
needs to be defined. The future holds hope for better-designed MMP-inhibitors that are 
more specific and potent in their ability to inhibit the most important MMPs. There has 
been some concern raised that current clinical and laboratory outcome measures are 
focused on inflammation and that therapies, such as MMP-inhibitors, that are not anti-
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inflammatory agents may be inappropriately analyzed particularly in short-term trials 
and may require plasma and/or synovial fluid measures of extracellular matrix turnover. 
This issue will need to be further addressed when these drugs near clinical trials and it is 
hoped that by then the appropriate surrogate markers will be better-defined.
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INTRODUCTION

Over the last decade, there has been a major shift in the way that rheumatologists 
think about and treat patients with rheumatoid arthritis (RA). Methotrexate remains the 
gold standard and is most often considered the drug of choice in the treatment of this 
disease that has the potential to result in progressive disability in the majority of patients. 
Methotrexate continues to demonstrate superior long-term efficacy compared with 
other conventional disease-modifying anti-rheumatic drugs (DMARD) (1,2). However, 
therapy combining methotrexate with other DMARDs is now used for treatment of 
the growing number of patients with RA who fail to achieve disease control with 
methotrexate monotherapy (3). A recent survey of US rheumatologists revealed that 
99% used combination DMARDs to treat an estimated 24% of all patients. Another 
recent survey (4) has shown that almost half of rheumatologists in the United States 
are currently using combinations of DMARDs to treat over 30% of their patients; this 
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number has gone up dramatically from less than 15% just 4 yr ago. Other approaches 
utilizing combination therapy include methotrexate plus biological agents that decrease 
tumor necrosis factor (TNF) activity. Clinical studies of such agents (infliximab, 
etanercept) in patients who had less than optimal responses to methotrexate have shown 
each of them to be more effective than placebo when added to the baseline meth otrexate 
(5,6). With very few exceptions, all of the clinical trials that have demonstrated the success 
of combination therapy for RA have included methotrexate as part of the combination. 
Thus, methotexate is currently the cornerstone of combination therapy (7).

The combination of methotrexate with DMARDs or with biological agents with 
different mechanisms of action offers the potential for four possible outcomes. One 
possible outcome is that the efficacy and/or toxicity of the combination therapy will 
be less favorable than with single-drug therapy. This is of particular concern with 
regard to toxicity, such as the potential for additive liver blood test abnormalities with 
methotrexate and leflunomide combination (8). Another possible outcome is that the 
efficacy and/or toxicity will be no different than with single-drug therapy. Alternatively, 
efficacy and/or toxicity could be additive; this outcome of additive efficacy could 
represent either a true additive effect on each individual patient or the sum of two 
subpopulations of patients, each of which is responsive to one of the two individual 
drugs. Finally, the outcome of combination therapy may be synergistic for efficacy 
and/or toxicity.

DESIGN AND INTERPRETATION OF COMBINATION STUDIES

There are several issues central to the design and interpretation of studies of 
combination therapy in the treatment of RA. First, a sufficiently long duration of therapy 
( 1 yr) is essential. This allows sufficient time for dose escalation and for assessment 
of longer-term efficacy and safety, thereby allowing differences to manifest themselves 
between/among treatments. Second, dosage is critical to study design; in particular, 
automatic dose escalation upon failure to achieve a predetermined level of clinical 
success and, therefore, assuring comparability of dose escalation between treatment 
arms. Third, patient population characteristics will influence results. Responsiveness 
to therapy is believed to be affected by previous history of treatment failure with 
specific DMARDs and by the duration of disease, with late disease being less responsive 
than early disease. Last, combinations can be evaluated in one of three methods: the 
step-down approach, the step-up approach, or the parallel approach. The step-down 
approach is one in which two or more DMARDs are administered initially, then individual 
agents are removed after symptoms are controlled. The step-up approach has one 
DMARD admin istered initially and another added if the first agent is insufficient. The 
parallel approach evaluates two treatment approaches head-to-head.

WHEN IS COMBINATION THERAPY INDICATED?

The decision of when in the course of RA to use combination therapy is much-debated. 
Recent studies (9,10) suggest that combination therapy may be best utilized as initial 
therapy for RA. Additional studies clearly demonstrate the benefit of combination 
DMARD therapy in patients who have not had an optimal response to methotrexate 
(5,6,8,11). Therefore, studies in both of these two distinct categories of patients will 
be reviewed. First, patients with early disease who have not previously been treated 
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Table 1
The Cobra Trial (9)

• 155 patients with early RA (<2 yr)
• Double-blind, randomized to receive sulfasalzine (SSA) or a combination of SSA, 

    methotrexate (7.5 mg/wk), and prednisolone
• MTX stop at wk 40 and prednisolone decreased rapidly from 60 mg/d to 7.5 mg/d and 

    stopped by 28 wk
• Significantly fewer withdrawals in combination group (39% vs 8%)
• ACR 20 and 50 better in combination group at 28 wk
• Less erosions in combination group at 54 and 80 wk

with DMARDs, and second, those patients who have been treated with methotrexate 
and have failed to respond optimally. 

TREATMENT OF EARLY DISEASE OR INITIAL THERAPY OF RA

Increasingly, rheumatologists have recognized the benefit of treating patients as 
early in their disease process as possible. Studies have clearly shown that delays in 
disease modifying therapy for as little as 8–9 mo may result in less optimal outcomes 
for patients (12,13). Therefore, it makes sense to consider the most potent therapy right 
from the beginning. Over a decade ago, Wilske and Healey proposed a step-down 
bridge approach for the treatment of early RA (14). The central tenet of this approach 
was to completely control disease as early as possible; to achieve this lofty goal, the 
authors proposed that multiple therapies be started simultaneously in the beginning 
of the treatment of RA to assure the quickest possible control of disease and later to 
taper the patient off a number of these drugs, leaving them on the simplest possible 
long-term maintenance regimen. This is clearly an attractive hypothesis, but until 1997 
there were little or no data to support it. 

Researchers in the Netherlands recently reported on such an approach: the COBRA 
(Combinatietherapie Bij Reumatoide Artritis) Trial (9). In this trial, 155 patients with 
early disease (less than 2 yr) were randomly assigned to two groups (Table 1). The first 
group was treated with a combination of prednisolone, methotrexate and sulfasalazine; 
the second group was treated with sulfasalazine alone. Prednisolone was started at 
60 mg/d and was rapidly tapered to 7.5 mg/d over the course of several weeks; it was 
discontinued completely by wk 28. The dose of methotrexate was 7.5 mg and remained 
at that level until wk 40, when the patients were tapered off of this medication. The dose 
of sulfasalazine was the same in both groups and was rapidly accelerated to 2 gm/d. 
At 28 wk, the combination group was significantly better than the sulfasalazine alone 
group, with the American College of Rheumatology (ACR) 20s (to review this index 
see ref. 15) of 72% vs 49% (p = 0.006) and ACR 50s of 49% vs 27% (p = 0.007). As the 
prednisolone and methotrexate were tapered, the response rates became more similar 
in the two groups. However, it is important to note, in terms of a number of important 
parameters, that significant benefits existed in patients in the combination-treated group 
at 54 wk, and again at 80 wk. The progression of total sharp score and erosion scores 
were less in the combination group (p < 0.01) than in the sulfasalazine alone group, and 
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Table 2
FIN-RA Trial (10)

• 199 patients, early RA (<2 yr)
• Open, 2-yr, randomized
• SSA ± prednisolone or MTX-SSA-HCQ + prednisolone
• Major endpoint remission, combination 28% remission vs SSA 11% (odds ratio 2.7)

patients in the combination group were more likely to be employed and were working 
more hours. Importantly, the withdrawal rate was much higher in the sulfasalazine 
alone group (39 vs 8%), demonstrating that combination therapy was not more toxic, as 
define by the number of patients who were withdrawn from the protocol by their treating 
physician for possible toxicity, than mono-DMARD therapy.

Some have discounted the results of the COBRA trial because of the high dose of 
prednisolone that was used up front. I believe this is a mistake as this study convincingly 
demonstrates that if an effective induction regimen is used, patients with RA can gain 
long-term benefits. One way to interpret the results of this study would be to consider 
this a successful approach for induction therapy in RA patients and to recognize that 
better ways to maintain control need to be elucidated.

The Fin-RA (Finland Rheumatoid Arthritis) trial group has recently completed 
another important study in patients with early RA (10). In this study, 199 patients were 
randomized to receive combination DMARD therapy vs mono-therapy with sulfasalazine 
(Table 2). The patients had less than 2 yr of disease and had not received previous 
DMARD therapy. The combination used in this study was methotrexate, sulfasalazine, 
hydroxychloroquine, and low-dose prednisolone. Patients in the sulfasalazine alone 
group had the option of receiving prednisolone as well, and also of switching to 
methotrexate if they had suboptimal responses to sulfasalazine alone. Importantly, the 
major end-point of this study was remission. Unlike the COBRA trial mentioned earlier, 
this prospective randomized study was an open trial. At 2 yr, it was determined that the 
only factor that predicted remission in this group of patients was whether or not they 
had received combination therapy in the beginning (odds ratio 2.7). Rheumatoid factor 
status, number of swollen joints, number of tender joints, disease duration and gender 
had no ability to predict whether patients would be in remission at 2 yr. 

Another important observation made in the FIN-RA trial was that if only those 
patients who were HLA-DR4 shared epitope positive were analyzed, the odds ratio for 
the ability of combination therapy to predict remission at 2 yr was increased. HLA-DR4 
is associated with an increased risk and severity of RA. Again, in this trial, patients on 
combination therapy tolerated this therapy very well. It is also important to note that 
secondary endpoints in this trial, including ACR 20 and 50 responses, were numerically 
better, but not statistically different from those patients who received mono-therapy 
with sulfasalazine. 

With the data provided from the COBRA and Fin-RA trial, a convincing case can be 
made to treat most patients initially with combination therapy. However, trials to define 
whether a step-down approach is better than a rapid step-up program have not been 
done and are clearly needed. Additionally, every clinician knows many patients who 
have done very well with mono-DMARD therapy. The question remains, do all patients 
need combinations up front or can we somehow select patients that would benefit the 
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Table 3
Studies Needed

Early/initial disease Later established RA

• Step-down vs rapid step-up approach • MTX + TNF blockade vs MTX + HCQ-
• MTX + TNF blockade vs MTX      SSA

    + prednisone • Infliximab + MTX vs etanercept + MTX
• Randomization by epitope status • Identification of predictors of response
• Attempts to identify predictors of response

Table 4
Current Recommendations

Early/initial disease Suboptimal MTX responders

• Rapid acceleration of MTX dose + / – low-dose • Aggressive step-up to combinations
     prednisone • Switch to TNF blockers + / – MTX
• Aggressive step-up to combinations (add HCQ 
     and / or SSA)
• Switch to TNF blockers + / – MTX

most? Until the studies outlined in Table 3 are done, the recommendations for treating 
this group of patients are as outlined in Table 4.

PATIENTS WITH A SUBOPTIMAL RESPONSE TO METHOTREXATE

Methotrexate has gained almost universal acceptance in the United States as the 
initial DMARD of choice to treat patients with RA (3). Unfortunately, many patients 
fail to have a complete response and are characterized as incomplete or suboptimal 
responders. Usually these patients are defined by the dose of methotrexate that they 
have received and, currently, patients who have received somewhere between 15 mg and 
25 mg of methotrexate have been described as suboptimal responders. The response to 
parenteral methotrexate is superior to oral methotrexate in some patients because oral 
absorption is highly variable (16); therefore, it would seem prudent to give most patients 
a trial of subcutaneous methotrexate before giving up on this form of therapy. Because 
partial responses to methotrexate are a very common clinical problem, a number of 
studies have been designed to look at this group of patients (5,6,8,11). Other studies 
have been designed to compare combination therapy head-to-head with methotrexate 
therapy (17). These studies have validated the usefulness of all three combination 
DMARD trial designs: step-up, step-down, and parallel. However, patient characteristics 
recommending one therapeutic regimen over another remain to be fully clarified and 
will be the key to optimal treatment in the future. 

METHOTREXATE CYCLOSPORINE COMBINATION

The first study to show combination therapy with methotrexate and another disease-
modifying drug, compared with continued therapy with methotrexate alone in this 
group of patients was advantageous was the cyclosporine/methotrexate trial (11). In this 
trial, 148 patients with active disease despite methotrexate in doses up to 15 mg (mean 
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Table 5
Triple Therapy: MTX-SSA-HCQ (17)

• 102 patients, disease duration mean >6 yr
• Double-blind, randomized, 2-yr trial
• 3 groups: MTX, SSA-HCQ, all 3 drugs
• Triple well-tolerated, fewer withdrawals
• Paulus 50% at 2 yr: MTX 33%, SSA-HCQ 40%, Triple 77% (p < 0.003)

dose of methotrexate 10.2 mg) were randomized to receive either cyclosporine in low to
moderate doses or placebo in addition to their baseline methotrexate. Forty-eight percent 
of the patients in the cyclosporine treatment group had achieved an ACR 20 response 
by 6 mo compared with 16% of the patients in the placebo group (p  =  0.001). Creatinine 
elevations did occur in some patients in the cyclosporine group and dosage adjustments 
were necessary, with creatinines being greater in the cyclosporine-treated group than 
those treated with placebos at the end of the study (p  =  0.02). More importantly, long-
term use of cyclosporine is associated with a high rate of withdrawal, most commonly 
because of elevated creatinine levels, hypertension, and/or lack of efficacy. Of the 355 
patients enrolled in an open-label extension study, only 22% continued cyclosporine 
for 3 yr (18).

METHOTREXATE-SULFASALAZINE-HYDROXYCHLOROQUINE 
(TRIPLE THERAPY)

Long-term methotrexate combination therapy is well-tolerated and superior in efficacy 
to methotrexate monotherapy in patients with late disease. In a 2-yr, randomized, double-
blind, parallel combination strategy study of 102 patients (mean disease duration >6 yr), 
triple-drug therapy with methotrexate/sulfasalazine/hydroxychloroquine (Table 5) 
was superior to the combination therapy of hydroxychloroquine/sulfasalazine and 
monotherapy with methotrexate (17). Seventy-seven percent of patients receiving the 
triple-drug therapy achieved a 50% Paulus composite response (see ref. 19) compared 
to 40% of the sulfasalazine-hydroxychloroquine patients and 33% of the methotrexate 
alone patients (p  =  0.003). This combination was well tolerated with numerically fewer 
withdrawals in the combination group compared to the other two groups. This therapy 
has also been shown to be durable; follow-up of the patients who continued on triple-
drug therapy over a 5-yr period revealed that 62% (36/58) tolerated therapy well and 
continued to maintain a 50% efficacy response (20). A similar long-term response rate 
(67%) occurred in 15 patients who switched to triple-drug therapy after suboptimal 
response to monotherapy with methotrexate (17.5 mg/wk) (21). Remissions, as defined 
by ACR criteria (22), were uncommon in this study (12%) and patients tended to 
deteriorate when any of the components of the triple therapy were discontinued. 
This same research group has recently completed enrollment of a new long-term 
study comparing triple-drug therapy to treatment with methotrexate/sulfasalazine 
or methotrexate/hydroxychloroquine and preliminary data presented in abstract 
reveals that the triple combination is more efficacious than either of the two double 
combinations (23).
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OTHER COMBINATIONS WITH METHOTREXATE

The newest DMARD, leflunomide, is comparable in efficacy to other conventional 
therapies, such as methotrexate (24) and sulfasalazine (25). The absence of major 
hematological, renal and liver toxicity with leflunomide monotherapy suggests that 
it may assume the position of second-line therapy after or along-side methotrexate. 
However, only a single, open-label, pilot study has examined the use of leflunomide 
in combination with methotrexate. Leflunomide (10 mg/d) was added to the treatment 
regimen of 30 patients with late disease (mean disease duration 13.6 yr) who had 
suboptimal responses to methotrexate at a dosage of >15 mg/wk (8). The ACR 20% 
criteria for clinical response were met by 54% of the combination therapy patients 
after 6 mo of treatment. The combination was generally well-tolerated, but transiently 
elevated alanine aminotransferase levels occurred in 18 patients and resulted in treatment 
withdrawal of two patients. Whether these liver blood test abnormalities will prove to be 
problematic for the clinical use of this combination remains to be seen.

COMBINATIONS INVOLVING BIOLOGICALS

Clearly, one of the most exciting developments in the treatment of RA in the last 
decade has been the agents that block the action of TNF- (etanercept and infliximab). 
Both of these agents have shown substantial efficacy in advanced RA as mono-therapy 
when compared to placebo (26,27). Additionally, both etanercept and infliximab 
have been shown to work well when used with methotrexate (5,6) in patients who 
have suboptimal responses to methotrexate (again in comparison to methotrexate plus 
placebo-treated patients). In the case of infliximab, the combination with methotrexate 
may be particularly important as a possible way to decrease antibodies, to the mouse 
component, that may develop to this compound. In this regard, this agent is currently 
recommended by the FDA as combination (with methotrexate) therapy only. Table 6 
shows the percent of ACR 20 and 50 responders in the different trials that have used 
methotrexate in combination with etanercept or infliximab.

NONCONVENTIONAL “DMARDS”

Steroids are not traditionally considered as DMARDs. However, they clearly fulfill 
all the criteria for DMARDs, including retarding radiographic erosions (28–30). Few 
clinicians that care for patients with RA dispute their efficacy. Indeed, they have been 
used as baseline therapy for approx half of patients included in most of the combination 
trials discussed above (5,6,8,11,17). This fact, more than any study, attests to their current 
usefulness, or at least perceived usefulness, in the clinical treatment of RA. Prednisolone 
was undoubtably a critical component of the success seen in the COBRA protocol (9)
and may have played a role in the success of the combination group in the FIN-RA 
trial (10). Steroids clearly deserve further investigation as a component of combination 
therapy. The COBRA trial has raised the interesting question of whether short courses of 
high dose steroids could/should be used as a form of induction therapy.

Doxycycline has demonstrated impressive efficacy in animal models of inflammatory 
and osteoarthritis (OA) (31,32). This efficacy appears to result because of their ability 
to inhibit metalloproteinases and, presumably in this way, prevent or inhibit joint 
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Table 6
TNF Inhibition in MTX Failures

Treatment % ACR 20 % ACR 50
Study group response response

Weinblatt (5) Mtx + placebo 27%  3%
Weinblatt (5) Mtx + etanercept 71% 39%
Lipsky (6) Mtx + placebo 20%  8%
Lipsky (6) Mtx + infliximaba 42–59% 21–39%

aFour different doses regimens of infliximab.

destruction. Studies in patients with RA with the closely related compound minocycline 
have also demonstrated efficacy (33–35). In two studies in patients with advanced 
disease (duration 9 and 13 yr), a similar degree of modest but statistically significant 
benefit was seen (33,34). A much more significant effect was seen in the one double-
blind study that has been done in patients with early disease (35). In this study, 65% of 
minocycline-treated patients achieved an 50% improvement, compared to only 13% of 
those in the placebo group. This response to minocycline when used in early disease 
was shown to be durable in a 4-yr follow-up study (36).

THE WAY FORWARD: SELECTING THE RIGHT PATIENTS
FOR DIFFERENT THERAPIES

The key to unlocking a brighter future for our patients with RA lies in selecting 
the correct patients for different therapies. Factors that predict a poor prognosis for 
patients with RA are well accepted and include rheumatoid factor, elevated erythrocyte 
sedimentation rate (ESR), the number of joints involved, erosions, the presence of 
certain genetic markers, and so on. Therefore, some have advocated that patients with 
certain combinations of these factors should be treated more aggressively. However, 
unless these factors can be shown to predict response to certain therapies in a differential 
fashion, their use should not be advocated. For example; it is conceivable that patients 
in an intermediate or even low-risk group may benefit the most from the early use of 
certain “aggressive therapies,” whereas patients with the worst prognostic marks will 
do poorly regardless of therapy. Although patient characteristics recommending one 
therapeutic regimen over another remain to be fully elucidated, genetic differences 
have been suggested to influence outcomes in a differential fashion. In an attempt to 
predict response to specific RA treatment regimens, patients with late disease, described 
previously (17), were tested for the presence of shared HLA-DRB1 epitope alleles (37).
Patients who were shared-epitope positive were much more likely to achieve a 50% 
response if treated with triple therapy (methotrexate-sulfasalazine-hydroxychloroquine) 
compared with methotrexate alone (94 vs 32% responders, p  <  0.0001). In contrast, 
shared-epitope-negative patients did equally well regardless of the treatment provided 
(88% responders for triple-drug therapy vs 83% for methotrexate monotherapy). This 
observation has been supported by the FIN-RA trial data that suggests that those patients 
who were HLA-DR4 positive benefitted the most from combination therapy.
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FUTURE RESEARCH

Currently, treatment of RA using methotrexate combinations may be the new gold 
standard to which future therapies are compared. Many questions remain to be answered 
(Table 3) regarding the appropriateness of combination therapy and the optimal 
combinations for specific patients (e.g., differentiated according to clinical and/or genetic 
features) and for specific clinical situations (e.g., induction, maintenance and/or acute 
interventional therapy). Other unanswered questions regarding combination therapy 
involve appropriate monitoring and long-term safety, particularly as they relate to infec tion, 
lymphoma, and hepatotoxicity. Furthermore, the cost-benefit implications of long-term 
combination therapy and any additional monitoring have yet to be addressed. Future 
research is needed to clarify the role of biological response modifiers, specifically 
anti-TNF therapies (infliximab, etanercept) and matrix metalloproteinase inhibitors 
(minocycline, doxycycline), both as components of and alternatives to methotrexate 
combination regimens.

REFERENCES
1. Pincus, T., S.B. Marcum, and L.F. Callahan. 1992. Long-term drug therapy for rheumatoid 

arthritis in seven rheumatology private practices: II. Second line drugs and prednisone. J. Rheumatol.
19:1885–1894.

2. Wolfe, F. 1995. The epidemiology of drug treatment failure in rheumatoid arthritis. Baillieres-
Clin.-Rheumatol. 9:619–632.

3. O’Dell, J. 1997. Rheumatoid Arthritis Investigational Network (RAIN). Combination DMARD 
therapy for rheumatoid arthritis: apparent universal acceptance. Arthritis Rheum. 40(Suppl.):S50 
(Abstract).

4. Mikuls, T. and J. O’Dell. 1999. The treatment of rheumatoid arthritis: current trends in therapy. 
Arthritis Rheum. 42:S79. 

5. Maini, R.N., F.C. Breedveld, J.R. Kalden, et al. 1998. Therapeutic efficacy of multiple intravenous 
infusions of anti-tumor necrosis factor alpha monoclonal antibody combined with low-dose weekly 
methotrexate in rheumatoid arthritis. Arthritis Rheum. 41:1552–1563.

6. Weinblatt, M.E., J.M. Kremer, A.D. Bankhurst, et al. 1999. A trial of etanercept, a recombinant tumor 
necrosis factor receptor:Fc fusion protein, in patients with rheumatoid arthritis receiving methotrexate. 
N. Engl. J. Med. 340:253–259.

7. Kremer, J.M. 1998. Combination therapy with biologic agents in rheumatoid arthritis: perils and 
promise. Arthritis Rheum. 41:1548–1551.

8. Weinblatt, M.E., J.M. Kremer, J.S. Coblyn, et al. 1999. Pharmacokinetics, safety, and efficacy of 
combination treatment with methotrexate and leflunomide in patients with active rheumatoid arthritis. 
Arthritis Rheum. 48(7):1322–1328. 

9. Boers, M., A.C. Verhoeven, H.M. Markusse, et al. 1997. Randomized comparison of combined 
step-down prednisolone, methotrexate and sulphasalazine with sulphasalazine alone in early rheumatoid 
arthritis. Lancet 350:309–318.

10. Mottonen, T., P. Hannonsen, M. Leirasalo-Repo, et al. Comparison of combination therapy with 
single-drug therapy in early rheumatoid arthritis: a randomised trial. Lancet 1999; 353:1568–1573.

11. Tugwell, P., T. Pincus, D. Yocum, et al. 1995. Combination therapy with cyclosporine and 
methotrexate in severe rheumatoid arthritis. N. Engl. J. Med. 333:137–141.

12. Egsmose, C., B. Lung, G. Borg, et al. 1995. Patients with rheumatoid arthritis benefit from 
early second-line therapy: 5-year follow-up of a prospective double-blind placebo-controlled study. 
J. Rheumatol. 22:2208–2213.

13. Tsakonas, E., A.A. Fitzgerald, M.A. Fitazcharles, et al. 2000. Consequences of delayed therapy 
with second-line agents in rheumatoid arthritis: a 3 year followup on the hydroxychloroquine in early 
rheumatoid arthritis (HERA) study. J. Rheumatol. 27(3):623–629.



156 Part I / Rheumatoid Arthritis

14. Wilske, K.R. and L.A. Healey. 1989. Remodeling the pyramid–a concept whose time has come. 
J. Rheumatol. 16:565–567.

15. Felson, D.T., J.J. Anderson, M. Boers, et al. 1995. American College of Rheumatology preliminary 
definition of improvement in rheumatoid arthritis. Arthritis Rheum. 38:727–735.

16. Herman, R.A., P. Veng-Pedersen, J. Hoffman, et al. 1989. Pharmacokinetics of low-dose 
methotrexate in rheumatoid arthritis patients. J. Pharm. Sci. 78:165.

17. O’Dell, J.R., C.E. Haire, N. Erikson, et al. 1996. Treatment of rheumatoid arthritis with methotrex-
ate alone, sulfasalazine, and hydroxychloroquine, or a combination of all three medications. N. Engl. 
J. Med. 334:1287–1291.

18. Yocum, D.E., M. Stein, and T. Pincus. 1998. Long-term safety of cyclosporin/Sandimmune™
(CsA/SIM) alone and in combination with methotrexate (MTX) in the treatment of active rheumatoid 
arthritis (RA): analysis of open-label extension studies. Arthritis Rheum. 41(Suppl.):S364 (Abstract).

19. Paulus, H.E., M.J. Egger, J.R. Ward, and J.H. William. 1990. Analysis of improvement in individual 
rheumatoid arthritis patients treated with disease-modifying antirheumatic drugs, based on the findings 
in patients treated with placebo. Arthritis Rheum. 33:477–484. 

20. O’Dell, J., G. Paulsen, C. Haire, W. Palmer, S. Wees, J. Eckhoff, L. Klassen, and G. Moore. 
1998. Combination DMARD therapy with methotrexate (M) - Sulfasalazine (S) - Hydroxychloroquine 
(H) in rheumatoid arthritis (RA): continued efficacy with minimal toxicity at 5 years. Arthritis Rheum.
41(9; Suppl.):S132.

21. O’Dell, J.R., C. Haire, N. Erikson, W. Drymalski, W. Palmer, P. Maloley, et al. 1996. Efficacy 
of triple DMARD therapy in patients with RA with suboptimal response to methotrexate. J. Rheumatol. 
23(Suppl 44):72–74.

22. Pinals, R.S, A.T. Masi, and R.A. Larsen. 1981. Subcommittee for Criteria of Remission in 
Rheumatoid Arthritis of the American Rheumatism Association Diagnostic and Therapeutic Criteria 
Committee. Preliminary criteria for clinical remission in rheumatoid arthritis. Arthritis Rheum. 
24:1308–1315.

23. O’Dell, J., R. Leff, G. Paulsen, C. Haire, J. Mallek, P.J. Eckhoff, et al. 1999. Methotrexate (M)-
Hydroxychloroquine(H)-Sulfasalazine(S) versus M-H or M-S for rheumatoid arthritis (RA): Results of 
a double-blind study. Arthritis Rheum. 42:S117. 

24. Weaver, A., J. Caldwell, N. Olsen, S. Cohen, et al. 1998. Treatment of active rheumatoid arthritis 
with leflunomide compared to placebo or methotrexate. Arthritis Rheum. 41(Suppl.):S131 (Abstract).

25. Smolen, J.S., J.R. Kalden, B. Rozman, et al. 1998. A double-blind, randomized, phase III trial 
of leflunomide vs placebo vs sulfasalazine in rheumatoid arthritis. Arthritis Rheum. 41(Suppl.):S131 
(Abstract).

26. Elliott, M.J., R.N. Maini, M. Reldmann, et al. 1994. Randomised double-blind comparison of 
chimeric monoclonal antibody to tumor necrosis factor (eA2) versus placebo in rheumatoid arthritis. 
Lancet  344:1105–1110.

27. Moreland, L.W., S.W. Baumgartner, M.H. Schiff, et al. 1997. Treatment of rheumatoid arthritis 
with a recombinant human tumor necrosis factor receptor (p75)-Fc fusion protein. N. Engl. J. Med. 
337:141–147.

28. Kirwan, J.R. and the Arthritis and Rheumatism Council Low-Dose Glucocorticoid Study Group. 
1995. The effect of glucocorticoids on joint destruction in rheumatoid arthritis. N. Engl. J. Med. 
333:142–146.

29. The Joint Committee of the Medical Research Council and Nuffield Foundation on Clinical 
Trials of Cortisone, ACTH, and Other Therapeutic Measures in Chronic Rheumatic Diseases. 1959. A 
comparison of prednisolone with aspirin or other analgesics in the treatment of rheumatoid arthritis. 
Ann. Rheum. Dis. 18:173–187.

30. Idem. 1960. A comparison of prednisolone with aspirin or other analgesics in the treatment of 
rheumatoid arthritis. Ann. Rheum. Dis. 19:331–337.

31. Greenwald, R.A., S.A. Moak, N.S. Ramamurthy, and L.M. Golub. 1992. Tetracyclines suppress 
matrix metalloproteinase activity in adjuvant arthritis and in combination with flurbiprofen ameliorate 
bone damage. J. Rheumatol. 19:927–938.

32. Yu, L.P., G.N. Smith, K. Brandt, et al. 1993. Reduction of the severity of canine osteoarthritis by 
prophylactic treatment with oral doxycycline. Arthritis Rheum. 35:1150–1159.

33. Kloppenburg, M., F.C. Breedveld, J. Terwiel, C. Mallee, B.A.C. Dijkmans. 1994. Minocycline in 
active rheumatoid arthritis. Arthritis Rheum. 37:629–636.



Chapter 10 / DMARD Therapy 157

34. Tilley, B.C., G.S. Alarcon, S.P. Heyse, D.E. Trentham, R. Neuner, D.A. Kaplan, et al. 1995. 
Minocycline in rheumatoid arthritis. Ann. Int. Med. 122:81–89.

35. O’Dell, J.R., C.E. Haire, W. Palmer, W. Drymalski, S. Wees, K. Blakely, et al. 1997. Treatment of 
early rheumatoid arthritis with minocycline or placebo. Arthritis Rheum. 40:842–848. 

36. O’Dell, J.R., G. Paulsen, C.E. Haire, K. Blakely, W. Palmer, S. Wees, et al. 1999. Treatment 
of early seropositive rheumatoid arthritis with minocycline: Four-year followup of a double-blind, 
placebo-controlled trial. Arthritis Rheum. 42:1691–1695. 

37. O’Dell, J.R., B.S. Nepom, C. Haire, V.H. Gersuk, L. Gaur, G.F. Moore, et al. 1998. HLA-DRB1 typing 
in rheumatoid arthritis: predicting response to specific treatments. Ann. Rheum. Dis. 57:209–213. 



158 Part I / Rheumatoid Arthritis



Chapter 11 / Experimental Therapeutics for RA 159

11 Experimental Therapeutics
for Rheumatoid Arthritis

Mark C. Genovese 
and William H. Robinson

CONTENTS

INTRODUCTION

RATIONALE FOR THERAPEUTICS TARGETING T CELLS IN RA
CYTOKINE-BASED THERAPEUTIC STRATEGIES

    IL-12
    IFN-
    IL-6
INHIBITION OF T-CELL ACTIVATION BY COSTIMULATORY MOLECULE

BLOCKADE

    CD40L
    CD40
    B7
    CTLA-4
T-CELL RECEPTOR-BASED VACCINE STRATEGIES

GENE THERAPY FOR RA
THERAPEUTIC MODULATION OF MEDIATORS OF INFLAMMATORY

ARTHRITIS

COMPLEMENT INHIBITION

NEED FOR RIGOROUS TESTING OF NOVEL THERAPEUTIC AGENTS

IN HUMAN CLINICAL TRIALS

SUMMARY: TREMENDOUS PROGESS, TREMENDOUS POTENTIAL

REFERENCES

From: Modern Therapeutics in Rheumatic Diseases
Edited by: G. C. Tsokos, et al. © Humana Press, Inc., Totowa, NJ

159

INTRODUCTION

Rheumatoid arthritis (RA) is a disease of complex pathogenesis characterized by 
chronic inflammatory synovitis. The inflammatory synovitis in RA results in synovial 
proliferation and the formation of pannus that leads to erosive joint destruction. 
RA is mediated by T cells, B cells, and macrophages, although the target of the 
inflammatory response remains elusive. It is likely that an autoimmune T-cell response 
induces production of TNF- that drives the inflammatory synovitis and erosive joint 
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destruction. As discussed in detail in Chapter 6, systemic administration of soluble 
TNF- receptor-immunoglobulin fusion proteins and anti-TNF-  antibodies result in 
clinical improvement in patients with RA and in murine models of RA.  However, 
anti-TNF- therapy, like methotrexate and other DMARDs, is not curative and active 
synovitis rapidly returns following discontinuation of therapy. There is tremendous 
clinical need for other more fundamental therapeutic approaches.

In this chapter we discuss a variety of novel therapeutic approaches for RA 
directed at terminating the underlying autoimmune process and blocking mediators 
of joint destruction. We review the evidence for RA being an autoimmune disease 
and the rationale for the discussed novel therapeutic approaches. We discuss the 
current status of therapeutic approaches based on inhibition of T-cell activation via 
costimulatory molecule-blockade, including therapies targeting CD40-CD40L and 
B7-CD28. Cytokine-based strategies for inducing immune-deviation, including blockade 
of interleukin-6 (IL-6) and IL-12 as well as counter regulation of proinflammatory 
cytokines via use of interferon (IFN- ), are reviewed. Peptide and T-cell receptor 
(TOR)-based strategies for inactivating or eliminating autoreactive T cells are presented. 
Additional novel therapeutic strategies involving gene therapy and blockade of mediators 
of synovitis and joint destruction through the use of molecules such as IL-1-converting 
enzyme inhibitors, P38 inhibitors, and complement inhibitors are discussed. We will 
not cover every potential therapy, but instead will concentrate on those that are under 
current investigation and offer the greatest potential. Although many of these novel 
therapeutic approaches have tremendous promise based on both theory and animal 
models, well-designed and rigorous clinical trials are paramount to establish which of 
these approaches are safe and effective for use in patients with RA. Figure 1 offers a 
schematic for T-cell-driven erosive arthritis and potential therapeutic targets.

RATIONALE FOR THERAPEUTICS TARGETING T CELLS IN RA

Pathogenic T cells that have evaded mechanisms promoting self-tolerance are felt to 
play a primary role in initiating and perpetuating the inflammatory response in RA.  
Evidence that T cells play a critical role in RA includes the: (1) predominance of CD4+ 
T cells infiltrating the synovium, (2) clinical improvement associated with suppression 
of T cell function with drugs such as cyclosporine, and (3) the association of RA 
with certain HLA-DR alleles (1). The HLA-DR (class II MHC) allele polymorphisms 
associated with RA include a similar sequence of amino acids, termed the “shared 
epitope” at positions 67–74 in the third hypervariable region of the chain that are 
involved in binding and presentation of peptides to T cells (1). The only known function 
of amino acid residues at this location within the MHC molecule is to bind and present 
antigenic peptides to T cells, and this is in itself indirect but strong evidence that T cells 
play an important role in RA.

Adjuvant-induced and collagen-induced (CIA) arthritis are murine models of T-cell-
mediated autoimmunity that share many features with RA. The resulting arthritis is 
characterized by synovitis and erosions that histologically resemble RA (2). Depletion of 
CD4+ T cell attenuates the incidence and delays onset of both adjuvant-induced arthritis 
and CIA (3), although such therapy has demonstrated only modest effects in human 
RA. The failure of this strategy in human RA is likely owing to the entrenched nature 
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Fig. 1. Pathophysiology of RA: T-cell-driven erosive arthritis and potential targets for therapeutic 
intervention. The putative autoantigen is taken up by antigen presenting cells (APC), proteolytically 
processed, and antigen-peptide:MHC complexes formed. These antigen-peptide:MHC complexes 
are expressed on the surface of the APC, and present the antigenic peptide to potentially autoreactive 
T cells. The DRB1 shared epitope, a polymorphism in the peptide binding groove of the DRB1 MHC 
molecule containing the amino acid sequence QKRAA, is associated with increased likelihood of 
developing RA. MHC molecules containing the shared epitope are believed to more efficiently bind 
antigenic peptides that activate autoreactive T cells in RA. T-cell activation requires a costimulatory 
signal (see Fig. 2). In RA, T cell activation results in production of cytokines such as TNF- by 
macrophages. TNF- drives a cascade of inflammatory cytokines, including IL-1 and GM-CSF, 
that cause an inflammatory synovitis and erosive arthritis. Memory T cells are formed and the 
inflammatory synovitis may be perpetuated by other antigens (e.g., collagen fragments, chondrocyte 
membranes) and stimuli (e.g., infections and nonspecific joint irritation). As described in the text, 
potential targets for therapeutic intervention include blocking activation of autoreactive T cells and 
blocking the mediators of the inflammatory synovitis. Adapted with permission from ref. 1.
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of human autoimmune responses, with a significant burden of autoreactive memory 
T cells not easily eliminated by anti-CD4 antibody therapies.

 CYTOKINE-BASED THERAPEUTIC STRATEGIES

Cytokines play several important roles in the pathophysiology of RA. First, cytokines 
influence the type of CD4+ helper T cells response generated, e.g., Th1 vs Th2, which can 
have a large influence on the development of and tissue-damage induced by autoimmune 
responses. Second, evidence from animal models suggests that proinflammatory 
cytokines, such as TNF- , can drive synovitis and erosive joint destruction independent 
of an ongoing autoimmune response (4).

The CD4+ helper T-cell response plays an important role in regulating autoimmunity 
in murine models of RA and preliminary evidence suggests that this may also be 
the case in human RA. Th1 immune responses, characterized by CD4+ T cells that 
produce IL-2, IL-12, and IFN- , are capable of tissue destruction and are associated 
with autoimmune disease. In contrast, Th2 CD4+ T cells produce IL-4 and IL-5 that 
mediate phagocyte-independent host defenses involving allergic (IgE) responses and 
parasite immunity. Th2-mediated immune responses are associated with protection 
against autoimmunity. The Th1 cytokines IL-12 and IFN- promote Th1 responses, 
while the Th2 cytokine IL-4 promotes Th2 responses.

In murine models of RA, Th1-type CD4+ T-cell responses result in active disease, 
whereas Th2-type T-cell responses ameliorate disease (5). In human RA patients, there 
is growing evidence for Th1-like immune responses that may in part drive disease. 
Thus, a strategy for treatment of human RA would be to induce immune deviation 
of the autoimmune response towards the nonpathogenic Th2-type response. This can 
potentially be accomplished by inhibition or blockade of Th1-driving cytokines, or 
administration of Th2-driving cytokines.

IL-12

Studies in the murine models have demonstrated that the Th1 cytokine IL-12 plays a 
central role in mediating CIA (6). Mice deficient for expression of IL-12 and wild-type 
mice treated with anti-IL-12 antibody have reduced severity of arthritis (6–8). Use 
of a combination of anti-IL-12 plus anti-TNF- antibodies synergistically suppressed 
CIA to a significantly greater extent than either antibody alone (9). Furthermore, the 
combination of anti-IL-12 plus anti-TNF- antibodies was able to successfully treat 
CIA following the onset of clinical disease (9).

Increased levels of IL-12 have been detected in the serum and synovial fluid of 
patients with RA relative to controls with osteoarthritis (OA) (10). There is a case report 
of a patient with RA who had a severe exacerbation of disease following receiving 
recombinant IL-12 as an experimental therapy for cervical cancer (11). Thus, there
is evidence that the Th1 cytokine IL-12 may contribute to the autoimmune patho-
genesis of RA. 

In humans, studies are underway looking at mechanisms to interfere with IL-12. It 
is too early to speculate on their potential utility, however a targeted approach may 
yield a potentially exciting therapy.
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IFN-

Recombinant human IFN- has efficacy in and is Food and Drug Administration 
(FDA)-approved for the treatment of relapsing remitting multiple sclerosis (MS) (12).
Although its mechanism of action is poorly understood, IFN-  is thought to antagonize 
the effects of IFN- and other proinflammatory cytokines and to downregulate T-cell 
activity. IFN- suppresses mitogen-stimulated production of TNF- in peripheral blood 
mononuclear cells, and this effect could be especially beneficial in the treatment of RA. 
Treatment of CIA by intraperitoneal implantation of syngeneic fibroblasts expressing 
IFN-  resulted in significant amelioration of arthritis (13).

There is optimism that IFN- might also be an efficacious therapy for human RA. 
Eleven patients with active RA were treated with INF-  subcutaneously 3 times/wk for 
12 wk with varying dosages, 6 million IU, 12 million IU, and 18 million IU (14). After 
3 mo, 4 patients had achieved an ACR 20 response. In addition, all patients underwent 
synovial biopsies at three time-points: before therapy, 1 mo after initiation of therapy, 
and 3 mo after initiation of therapy. Based on immunohistologic analysis of the biopsies, 
there was a significant reduction in CD3+ T cells as well as a reduction in expression 
of MMP-1 and TIMP-1 at 1 mo, IL-1 at 1 and 3 mo, and CD38+ plasma cells and IL-6 
at 3 mo. TNF- expression also decreased at all time points. The use of regulatory 
cytokines such as IFN- that oppose the production and effects of pro-inflammatory 
cytokines such as TNF- , IL-1 , and INF- , may prove a useful strategy in the future 
treatment of RA. Phase II clinical trials in RA are now underway.

IL-6

IL-6 has been shown to play an important role in both murine models of RA and in 
human RA. IL-6 has pleiotrophic effects on a variety of cells, and is involved in the 
generation of inflammatory responses. TNF- induces synovial cell proliferation and 
production of IL-6. IL-6-deficient mice have a dramatic reduction in the severity of 
adjuvant-induced arthritis, relative to wild type controls (15).

Elevated levels of both IL-6 and soluble IL-6 receptor are observed in the serum and 
synovial fluid of patients with RA (16–18). An open-label pilot study was conducted 
to examine use of a mouse anti-IL-6 antibody in five patients with RA (19). These 
patients were treated with iv injections of anti-IL-6 antibody daily for 10 d. A trend 
towards clinical improvement was observed for several months following treatment and 
no adverse events were reported.

Anti-IL-6 receptor antibody is also being studied in human RA patients (20).
Treatment with this antibody was associated with a decrease in rheumatoid factor titers 
and an overall anti-inflammatory effect. 

INHIBITION OF T-CELL ACTIVATION
BY COSTIMULATORY MOLECULE BLOCKADE

T-cell activation requires two signals (Fig. 2). The first signal is delivered by engage-
ment of the TCR with an antigenic peptide complexed with the major histocompatibility 
complex (MHC) on the surface of an antigen-presenting cell (APC). Therapies that 
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Fig. 2. T-cell activation requires two signals. The first signal, T-cell receptor (TCR) engagement with 
MHC:antigen-peptide, provides antigen-specificity to the T-cell response. The second signal, CD28 
engagement by B7 (CD80 and/or CD86), is an essential costimulatory signal for T-cell activiation. 
The first signal in the absence of the second signal induces T-cell tolerance (anergy or deletion). 
Candidate therapeutic agents, including anti-CD40/CD40L, CTLA4-Ig, and anti-CD80/CD86, all 
block T-cell activation by antagonizing the second signal.

target this first signal include cyclosporin, soluble MHC class II peptides, and altered 
peptide ligands. A second signal, also known as the costimulatory signal, is required for 
T cell activation. The costimulatory molecules that interact to mediate the sec ond 
signal include CD40L-CD40 and CD28-B7(including B7-1 and B7-2, also known as 
CD80 and CD86). The first signal in the absence of the second signal results in T-cell 
anergy or deletion (immune tolerance). Antagonizing one or more of the molecules 
that mediate the second signal results in unopposed signaling through the TCR and 
T cell tolerance. Thus, therapies that block signaling through the CD40-CD40L and 
CD28-B7 pathways have the potential to induce immune tolerance and thereby turn 
off unwanted autoimmune responses.

CD40L

Interference with CD40-CD40L interactions has been shown to reduce the manifesta-
tions of autoimmune disease in animal models of systemic lupus erythematosus (SLE), 
MS, RA, and inflammatory bowel disease. The CD40L-CD40 interaction may be 
important in the pathogenesis of RA. In the CIA model, treatment with anti-CD40L 
antibodies at the time of immunization prevents the development of CIA (21). Anti-
CD40L antibodies block the development of serum antibodies to collagen, synovial 
inflammation, and joint erosions. However, treatment with anti-CD40L antibodies did 
not ameliorate established disease in the CIA model. Administration of anti-CD40L 
and anti-intracellular adhesion molecule-1 (ICAM-1) antibodies together completely 
inhibited established CIA, suggesting that other agents combined with anti-CD40L 
antibodies may be the preferred therapeutic approach for human RA (22).

Anti-CD40L antibodies may prevent engagement of CD40 on macrophages and 
synoviocytes and inhibit the production of proinflammatory cytokines and other media-
tors inside the joint, such as nitric oxide (NO) and matrix metalloproteinases (MMPs). 
The CD40-CD40L interaction appears to be a critical component of CD4+T-cell 
contact-dependent activation of monocyte IL-1 synthesis (23). Ligation of CD40 also 
appears to augment proliferation of synovial-membrane fibroblasts and their production 
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of IL-6, (ICAM-1), and vascular adhesion molecule-1 (VCAM-1) (24). Blocking this 
interaction should decrease IL-6 levels and synovial proliferation. Disruption of the 
CD40-CD40L interaction may also reduce IL-12 expression, which in turn may reduce 
the Th1 cellular response in RA (25). CD4+ T-cell depletion and anti-CD40L antibodies 
reduce IL-12 production by synovial cells.  However, IL-12 production by these cells 
is relatively unaffected by treatment with anti-TNF- antibodies. On the other hand, 
anti-TNF- antibodies but not CD4+ T cell depletion or anti-CD40L antibodies inhibit 
LPS-stimulated IL-12 production. IL-12 production in RA appears to be controlled 
through two different pathways, a T cell-dependent CD40-CD40L mechanism and a 
T-cell-independent process mediated by TNF- (26). Additional work has shown that 
ligation of CD40 on synovial tissue from RA patients significantly increases production 
of TNF-  in a dose-dependent fashion. Moreover, CD40L-induced TNF- production 
is enhanced by IFN- , IL-4, and IL-13, and decreased by IL-10 (27). These findings 
suggest that activated T cells drive synovial inflammation in RA via CD40L stimulated 
production of TNF- .

Although the CD40-CD40L interactions are important in priming of antigen-specific 
T cells, the synovial microenvironment in established RA contains a large proportion 
of memory T cells in which antigen priming has already occurred. Treatment with 
anti-CD40L antibodies may still have an effect at this point in the disease process in 
these cell populations. CD40L expression on the surface of T cells is downregulated 
after CD40 receptor interaction. As well, it appears that in previously activated, but 
downmodulated T cells, CD40L can be rapidly reexpressed upon subsequent activation 
or stimulus (28). It is possible that memory T cells or already primed T cells may 
harbor intracellular stores of preformed CD40L that are available for reexpression. 
Patients exhibiting CD40L on >10% of CD4+ T cells (CD40L high+) have been 
shown to have greater disease activity when compared to CD40L low+ groups (29).
It may be this group that benefits more substantially from treatment with anti-CD40L 
antibody therapy.

Anti-CD40L antibody therapy has been utilized in humans for the treatment of other 
autoimmune diseases including SLE. There have been two antibody preparations used in 
human clinical trials of this disease, Biogen-9588 and IDEC-131. In the autumn of 1999, 
the Biogen molecule (BG-9588) was implicated as a potential cause of thrombo-embolic 
complications after a number of thrombotic adverse events developed in clinical 
trials. Additional human studies with BG9588 were stopped pending further evaluation 
of these events and additional preclinical evaluation. The etiology or pathogenesis 
of these thrombotic complications is not known. However, it is known that CD40L 
can be expressed by human vascular endothelial cells as well as platelets. CD40L is 
expressed on activated platelets in thrombus in vivo, and CD40L has also been reported 
to be responsible for the platelet-mediated activation of endothelial cells in vitro (30).
However, different anti-CD40L antibodies recognize distinct epitopes in the CD40L 
molecule and both side effects and efficacy may depend on these differences. Given this, 
there is a second molecule, IDEC-131, which is a humanized anti-CD40L monoclonal 
antibody (MAb) that binds specifically and with high affinity to CD40L. This molecule 
has been studied extensively in animal models and has completed evaluation in humans 
in both phase I and II clinical trials for SLE. 

It does not appear that therapy with anti-CD40L antibodies results in untoward 
immunosuppression or an increased risk for infection in animal models or in human 
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trials. There is, however, a theoretical reason for concern. Humoral immunity is 
impaired in humans with X-linked hyper immunoglobulin M syndrome (HIM), a 
syndrome associated with severe reduction of thymus-dependent responses and Ig 
isotype switching that results from point mutations in the gene for CD40L (31). Cell 
mediated immunity however remains intact. Patients suffering from this disease as 
well as CD40L knockout animals appear at increased risk for certain opportunistic 
infections (Pneumocystis carinii, Cryptosporidia, and Leishmania) and conceivably 
some viral infections (31–33).

It is anticipated that anti-CD40L antibody could be used in the future for the treatment 
of RA, and has the potential to result in potent anti-inflammatory and disease modifying 
effects. The long-term safety of this approach is unclear. 

CD40

CD40 is a member of the TNF receptor supergene family and is a potent receptor 
molecule enabling T cells to regulate a host of immune and inflammatory functions. 
It is expressed on the surface of APCs, including B cells, activated macrophages, 
dendritic cells, fibroblasts, synoviocytes, and endothelial cells. Engagement of CD40 
by CD40L leads to a host of downstream changes including T-cell costimulation, 
cytotoxic T-lymphocyte priming, up-regulation of B-cell costimulatory molecules 
(B7-1 and B7-2), promotion of B-cell differentiation, germinal center formation, B-cell 
responsiveness to T-cell cytokines, and immunoglobulin class switching. Interference 
with the CD40L-CD40 interaction as outlined above can prevent the development of a 
number of autoimmune diseases including CIA, experimental allergic encephalomyelitis, 
and can prolong allograft survival in transplantation. Overall, less is known regarding 
the targeting of the CD40 receptor than CD40 ligand.

CD40 is expressed on rheumatoid synovial pannus and fibroblasts. IFN- and 
TNF-  have been found to upregulate CD40 expression on fibroblasts. Additionally, 
the engagement of fibroblast CD40 with CD40L increases IL-1-induced production 
of granulocyte macrophage-colony stimulating factor and macrophage inflammatory 
protein-1 , suggesting that CD40 may contribute to proliferation of rheumatoid 
synovium (34). It appears that CD40 is involved in chronic activation of RA synovial 
monocytes. Interference with ligation of the CD40 receptor through utilization of 
anti-CD40 antibodies can inhibit secretion of TNF-  from RA synovial monocytes 
(35). As well, CD40 signaling appears to be important in the production of human RF 
production. Blockade of the CD40L-CD40 interaction results in deletion of rheumatoid 
factor producing B cells, while activating antibodies to CD40 can promote the survival 
of RF precursor cells and stimulate RF synthesis (36).

Interestingly, there is a report of an individual developing seronegative RA in the 
face of a non-X-linked HIM syndrome (37). The patient was found to express CD40L 
normally on activated T cells, but CD40-mediated signal transduction in B cells was 
defective, failing to allow heavy-chain switching. This brings into question whether 
simple interference with the CD40L-CD40 pathway through targeting of CD40 will 
be sufficient to result in alteration or prevention of RA, as this patient developed RA 
despite dysfunction of the CD40 pathway. 

Nevertheless, clinical trials in humans utilizing a humanized MAb against CD40 are 
currently underway. The safety and potential efficacy of this approach remains to be 
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established. Given the constitutive nature of expression of this molecule on the surface of 
many cell types as opposed to the inducible nature of CD40L, B7, and CTLA-4, this may 
not be the ideal candidate target. However, in theory this could lead to the induction of 
tolerance and significant reduction in autoimmune and inflammatory disease.

B7

As outlined earlier, B7-1 and B7-2 (CD80 and CD86, collectively referred to as B7) 
represent inducible costimulatory molecules expressed on the surface of APC. B7-1 and 
B7-2 are expressed on activated B cells and bind to CD28 on the surface of T cells. 
Engagement of B7 with CD28 (second signal), in conjunction with simultaneous signaling 
through the TCR (first signal), results in T cell activation (Fig. 2). Data from animal models 
demonstrate that B7-mediated signals through CD28 are essential for the induction of 
arthritis. Mice deficient for CD28 are highly resistant to induction of CIA (38).

CTLA-4-Ig blocks B7 engagement of CD28, and treatment of mice or rats with 
CTLA-4-Ig significantly ameliorates development of arthritis (39,40). Use of anti-B7-1 
and anti-B7-2 antibodies revealed that simultaneous blockade of both molecules was 
needed to suppress induction of CIA in mice as well as to decrease disease activity in 
mice with established CIA (39).  Blockade of either B7-1 or B7-2 alone was insufficient 
(39). Thus, B7 engagement of CD28 plays a critical role in the induction of autoimmune 
arthritis in rodents and represents an important therapeutic target for human RA.

In humans, the cellular interactions between synovium and infiltrating T cells 
mediated through the B7/CD28 pathways are associated with the development of 
exacerbations/inflammation in the synovial cells (41). Both B7-1 and B7-2 can be 
found expressed within rheumatoid synovium and synovial fluid mononuclear cells 
(42,43). However, rheumatoid synovium expresses much higher levels of B7-2 than 
B7-1. B7-2 can be readily detected in rheumatoid synovium, whereas B7-1 positive cells 
are infrequently found in synovium from both patients with early disease and those with 
more established disease (44). This data might suggest that interference with B7-CD28 
signaling may downmodulate inflammation in patients with RA. As well, it may suggest 
that B7-2 may be the preferred target over B7-1, although inhibition of both has been 
necessary for efficacy in animal models of RA (39).

Clinical trials have been designed to utilize anti-B7-1 and anti-B7-2 antibodies both 
individually and collectively for the treatment of RA in humans. These studies are 
currently under evaluation for both funding and implementation. It remains to be seen 
whether one or both molecules will need to be targeted to result in amelioration of 
disease. In addition, the safety of either single or combination blockade has yet to be 
established in humans. 

CTLA-4

CTLA-4 represents another opportunity to interfere with the costimulatory pathway 
by which T cells become activated and initiate immune responses. CTLA-4 is a 
regulatory molecule expressed on the surface of helper T cells following activation. 
Expression of CTLA-4 blocks excitatory costimulatory signals and delivers inhibitory 
signals to T cells (44). It is thought that expression of CTLA-4 acts to attenuate T-cell 
responses following activation, so that overactive T-cell responses do not develop (45).
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In mice lacking expression of CTLA-4, activated T cells continue unchecked and a fatal 
lymphoproliferative disorder develops (46). CTLA-4 has a 100-fold higher affinity, and 
500–2500-fold greater avidity, than CD28 for binding to B7 (47–50). When expressed, 
CTLA-4 preferentially binds B7 thereby preventing B7 from delivering costimulatory 
signals through CD28. Thus, in addition to delivering inhibitory signals to T cells, 
CTLA-4 is a natural competitive inhibitor of CD28. Based on these properties, CTLA-4 
serves as an inhibitory regulatory check-point during T-cell activation. 

One approach to blockade of costimulation has utilized CTLA-4 as a fusion protein, 
called CTLA-4Ig. This fusion protein consists of the extracellular portion of CTLA-4 
joined to the Fc portion of an IgG molecule. In rat models CTLA-4-Ig prevents induction 
of CIA (40). In studies in mice, not only was CTLA-4-Ig able to block induction of CIA 
it significantly reduced paw thickness, numbers of joints affected, and joint destruction 
in established CIA (39). In lupus models use of CTLA-4-Ig in NZB/NZW mice blocked 
antibody production, and resulted in prolonged life (51). In the MS model, mice treated 
with CTLA-4-Ig failed to develop EAE (52). In humans, use of CTLA-4-Ig has been 
reported to significantly improve psoriasis. In a small Phase I study in psoriasis CTLA-
4-Ig led to a 50% clinical improvement in disease activity (53). A Phase II study has 
been completed in humans looking at the safety and efficacy of CTLA-4-Ig in the 
treatment of RA and results are expected soon. CTLA-4-Ig has the potential to be a 
very efficacious means of treating autoimmune disease. 

T-CELL RECEPTOR-BASED VACCINE STRATEGIES

In susceptible rodent strains, adjuvant-induced arthritis and CIA are mediated by 
T cells expressing a limited set of TCR V gene segments. In CIA in DBA/1 (H-2q)
mice pathogenic T cells specific for type II collagen utilize a limited number of V
(V 8, V 11, and V 22) and V (V 8, V 1, and V 6) chains, with almost 60% utilizing 
V 8.2 (53,54). Injection of MAb specific for V 8.2 in DBA/1 mice prevents induction 
of CIA, demonstrating the importance of T cells expressing V 8 in induction of CIA 
(56,57). Although such antibody therapy is effective, anti-TCR antibody works by 
depleting potentially pathogenic T cells and these populations of T cells reemerge after 
degradation of the antibody.

Human RA patients expressing DR4 also utilize a limited number of T-cell receptor 
V gene segments, including V 3, V 14, and V 17. A randomized, placebo-controlled, 
multicenter, phase II human trial examined use of a TCR peptide vaccine in 99 RA 
patients (58). This vaccine contained a combination of 3 peptides derived from V 3, 
V 14 and V 17, and demonstrated a trend towards improvement in the groups receiving 
the TCR-derived peptides.

A second phase II study was reported in which two different TCR peptide vaccines 
derived from V 3, V 14, and V 17 were compared in a double-blind randomized placebo 
controlled study of 6-mo duration. There was a trend toward improvement in those patients 
receiving vaccination, particularly in those patients with less than 3 yr of disease duration 
and in those on less than 7.5 mg of prednisone/d. In virtually all the treatment groups 
improvement was seen following three injections, but waned by wk 20 (59).

Given the heterogeneity of human autoimmune responses in RA, with different 
patients utilizing different combinations of TCR V gene segments, TCR peptide-based 
therapeutics are likely to only possess efficacy for a subset of RA patients. Such 



Chapter 11 / Experimental Therapeutics for RA 169

constraints, combined with their modest efficacy, dampen enthusiasm for wide-scale 
use of such a strategy.

GENE THERAPY FOR RA

While still in its infancy, gene therapy for the treatment or possibly the prevention 
of arthritis is a promising field (60). Gene therapy-based strategies offer the potential 
to deliver proteins, which are not orally active, to selected anatomic sites in a clinical 
useful manner. Several gene therapy-based therapeutics have demonstrated efficacy 
in rodent models of RA. Systemic genetic delivery of IL-4, IL-10, IL-13 or TGF-
inhibits arthritis in animal models (60,61). Systemic adenoviral-mediated delivery 
of a TNF p55 receptor-IgGFc chimeric molecule and IL-1ra suppress CIA (60,62).
In CIA and RA synovial cell proliferation and production of degradative enzymes 
results in pannus formation and joint destruction. These synovial cells, as well as 
activated T cells, express high levels of Fas. Engagement of Fas causes apoptosis, and 
intra-articular genetic delivery of Fas-ligand (CD95) results in apoptosis of synovial 
cells and attenuation of CIA (63).

In the first human clinical trial of gene therapy for arthritis, IL-1ra cDNA was 
transferred to the metacarpal phalangeal joints (MCP) of patients with RA to express that 
DNA intra-articularly (64,65). Autologous synovial fibroblasts were stably transduced 
with a retrovirus carrying IL-1ra cDNA. Nine postmenopausal women received 
transduced cells or controlled cells in a double-blind dose escalation fashion. One week 
after gene transfer, the MCP joints were surgically removed and the retrieved tissues 
were analyzed for evidence of successful gene transfer and gene expression. All joints 
receiving the transgene showed evidence of gene expression, and curiously a number 
of joints receiving control cells also showed evidence of gene expression. This finding 
remains unexplained. No adverse events were reported in any of the patients in this 
study with follow-up extending beyond 3 yr in several patients. However, the detection 
of transgene expression in the control joints highlights lack of understanding regarding 
migration of cells and viruses between joints and just one of the many potential 
impediments to development and adoption of this field of therapy.

Gene therapy offers tremendous potential for the development of novel effective 
therapies for RA. Given the recent human deaths associated with adenovirus-based 
gene therapies (66), careful evaluation of potential therapeutics first in animal models 
and subsequently in human RA patients is essential.

THERAPEUTIC MODULATION OF MEDIATORS
OF INFLAMMATORY ARTHRITIS

P38
Another of the promising pathways being explored for possible therapeutic intervention 

in RA is that of the stress-activated protein kinases (SAPK) and the mitogen-activated 
protein kinases (MAPK). Cellular gene expression is modified in response to physical 
stresses and inflammatory triggers such as cytokines, fever, shock, ischemia, or toxins. 
These stimuli trigger a cascade starting with cell-membrane receptors that activate 
kinases leading to expression of cytokines and growth factors. Phosphorylation and 
activation of these kinases can lead to translocation to the nucleus, activation of 
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transcription factors, and alteration of gene expression (67). The transduction of signals 
through the kinase pathways allows for mitosis, differentiation, or promotion of growth. 
Ultimately the response to stress as modulated through one or more of these pathways can 
result in adaptation through apoptosis, immune activation, and inflammation (67). P38 
is one such protein kinase. Activation of P38 is believed to inducibly upregulate TNF- ,
IL-1, IL-6, IL-8, NO production, and cyclooxygenase-2 (COX-2) expression. Inhibition 
of P38 is believe to potentially downregulate these proinflammatory products, but may 
not result in immune suppression because only inducible production would be affected 
while constitutive expression of these products would continue unaffected.

The p38 MAPK inhibitors are efficacious in several disease models, including inflam-
mation, septic shock, and animal models of arthritis. SB 203580, a pyridinylimidazole 
compound, inhibits the catalytic activity of p38 MAPK (68,69). It has been studied 
in several animal models of cytokine inhibition and inflammatory disease. It was 
demonstrated to inhibit cytokine production in vivo in both mice and rats, and appears to 
be effective in preventing the development of CIA as well as adjuvant-induced arthritis. 
It was also found to reduce mortality in a murine model of endotoxin-induced shock, 
and block induction of TNF and IL-1 -stimulated IL-6 and IL-8 production in vitro 
(70,71). Nitric oxide (NO) is an inflammatory mediator and has been implicated in 
animal models of RA and in vitro models of cartilage degradation. In studies, SB 203850 
inhibited IL-1-stimulated p38 MAP kinase activity and NO production (72).

Another molecule, SB 220025, a selective p38 inhibitor, has been shown to reduce 
angiogenesis and reduce TNF- production. In murine CIA it was found to prevent the 
progression of established arthritis (73). A newer and more selective p38 inhibitor, SB 
242235, was evaluated in a Lewis rat model of adjuvant-induced arthritis. It inhibited 
the development of paw edema if given prophylactically during the induction phase of 
the disease, and effectively treated the disease if given for the treatment of established 
disease. It was found to inhibit LPS-stimulated TNF- expression and reduce serum 
IL-6 levels. It appeared to have disease modifying activity by demonstrating protection 
of bone, cartilage, and soft tissue histologically (74).

Yet another p38 MAP kinase inhibitor RWJ 67657 appears to inhibit the release of 
TNF- in LPS treated human peripheral blood mononuclear cells (PBMCs), as well 
as the release of TNF- from PBMCs treated with the superantigen staphylococcal 
enterotoxin B, suggesting that monocyte and T-cell production and release can be 
inhibited.  This molecule also appears to have very selective effects on p38 without 
effects on other protein kinases (75).

P38 MAPK appears to be a rationale target for therapeutic intervention in autoimmune 
and inflammatory disease. There are currently multiple p38 kinase inhibitors under 
investigation for the treatment of autoimmune-based disease. These agents offer the 
potential to modulate inducible expression of proinflammatory cytokines as orally 
bioavailable agents. As such they may be potent disease-modifying agents, and offer 
an alternative to the currently available biologic-response modifiers directed against 
TNF-  and IL-1. Human trials with p38 inhibitors are underway.

ICE Inhibition
The inhibition of IL-1  converting enzyme (ICE or caspase-1) offers a potential means 

to treat autoimmune diseases. Pro-IL-1 is synthesized by activated monocytes and 
macrophages as a 31 kDa, biologically inactive precursor. ICE is a cysteine protease that 
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catalyzes the conversion of the inactive precursor form of IL-1  to a biologically active 
mature form that is 17 kDa. IL-1 is involved in mediating inflammatory responses, 
regulating Fas-mediated apoptosis of lymphoid cells, and believed to be involved in 
the progression of RA. 

In animal models, ICE inhibition has been shown to slow progression of disease, 
and mouse knockout models for ICE do not develop CIA. VE-13,045 was studied in 
murine CIA (76) Prophylactic treatment with VE-13,045 significantly delayed the onset 
of inflammation and demonstrated a 60% overall reduction in disease severity. It was 
also more effective than either indomethacin or methyl prednisolone. When given to 
mice with established disease, VE-13,045 was also effective in reducing inflammation 
and progression of arthritis (76).

The ICE inhibitor, SDZ 224-015, was examined in the rat carrageenin paw model of 
inflammation, and it significantly reduced paw edema (77). In a model of pyrexia induced 
by lipopolysaccharide (LPS), pyrexia was similarly reduced (77). Another molecule 
L-709,049, a tetrapeptide inhibitor of ICE, effectively suppressed the production of 
mature IL-1 in a murine model of endotoxic shock (78). In this LPS model L-709,049 
reduced elevations of IL-1 , but had no effect on LPS induced elevations in IL-1 and 
IL-6, suggesting ICE inhibitors have relative selectivity for this single proinflammatory 
cytokine (78). Similarly, WIN 67694, a selective inhibitor of human ICE has been 
shown to inhibit the release of mature IL-1 without any effect on the release of IL-1 

, IL-6, or TNF-  (79).
The inhibition of ICE poses a potent therapeutic avenue for the treatment of autoimmune 

diseases. Currently, agents are under investigation in humans for the treatment of arthritis. 
However, many questions remain as the regulation and mechanisms of activation of ICE 
are poorly understood, and the degree inhibition of IL-1  that is required to effectively 
reduce inflammation and slow disease is not clear. Despite this, there may be a future role 
for synthetic inhibitors of the IL-1  converting enzyme (ICE).

COMPLEMENT INHIBITION

Upon activation of the complement system, C5 is cleaved into its proinflammatory 
components C5a and C5b-9. These activated terminal complement components have 
been implicated as pro-inflammatory mediators leading to leukocyte activation, cytokine 
release, production of matrix metallo-proteases, and upregulation of adhesion molecules. 
With the use of anti-C5 antibodies it is possible to selectively prevent the cleavage of 
C5 into its byproducts, yet still preserve the body’s normal abilities to generate C3b and 
maintain normal opsonization and immune complex functions. In murine models of 
CIA, antibodies to C5 demonstrated the ability to prevent the development of arthritis 
when given prior to the development of disease, as well as the ability to substantially 
reduce arthritis in animals with established disease (80).

Antibodies to C5 are under development for the treatment of SLE and RA in humans. 
The results of a phase I study looking at a humanized antibody against C5 (h5G1.1) in 
RA showed that with single dose administration the agent was generally well-tolerated 
without safety or laboratory value abnormalities (81). In the 8 mg/kg cohort there was 
also a suggestion of improvement in the number of tender and swollen joints as well as 
a significant reduction in the mean CRP levels. Currently a phase II multi-dose safety 
and efficacy study of h5G1.1 in RA patients is underway. 
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NEED FOR RIGOROUS TESTING OF NOVEL THERAPEUTIC 
AGENTS IN HUMAN CLINICAL TRIALS

Of critical importance is clear demonstration of the safety and efficacy of novel 
therapeutic agents in human patients with RA. There is frequent discordance between 
the safety and efficacy of various therapeutic agents in animal models as compared with 
human patients. In SLE, CD40-CD40L blockade resulted in unexpected thrombotic 
events in human patients that were not previously observed in animal models. Oral 
feeding of collagen attenuated arthritis in animal models but failed to show efficacy 
in human RA (82,83). IL-10 and anti-ICAM-1 therapy ameliorated arthritis in animal 
models but did not show significant benefit in RA (84,85). IL-1ra cures arthritis in 
animal models but has only modest efficacy in human RA (86). Clinical experience in 
another T cell-mediated autoimmune disease, MS further highlights the need to carefully 
evaluate novel therapeutic agents. IFN- and anti-TNF- each cured experimental 
autoimmune encephalomyelitis in mice but worsened disease in human MS patients 
(87). An air of skepticism will be crucial in the interpretation of animal data and its 
applicability to humans with what are believed to be similar diseases.

SUMMARY: TREMENDOUS PROGRESS, TREMENDOUS POTENTIAL

Over the past decade, tremendous progress has been made towards better understand-
ing the underlying pathophysiology of RA. Based on this knowledge, novel therapeutic 
agents, such as TNF-  antagonists, have been developed, demonstrated to have efficacy 
in clinical trials, and implemented in clinical practice. Although such agents have great 
clinical value, they are in no manner curative. Tremendous potential exists for the 
development of more fundamental therapies that terminate the autoimmune response 
and inflammatory synovitis in RA. With the start of the new millennium the next 
generation of novel biological agents, designed to induce immune tolerance at a 
fundamental level, are undergoing rigorous evaluation in human clinical trials. These 
next generation agents include CD40-CD40L and B7-CD28 antagonists, which block 
costimulatory signals necessary to activate T cells, and offer the potential to terminate the 
autoimmune response believed to drive the inflammatory synovitis in RA.  Beyond global 
costimulatory blockade, additional novel agents designed to tolerize the autoimmune 
response and terminate the inflammatory synovitis are currently being evaluated in 
animal models of RA. Rigorous evaluation in well-designed human clinical trials is 
essential to demonstrate the safety and efficacy of each novel therapeutic agent in RA as 
we continue to take molecules and proteins from the bench to the bedside.
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INTRODUCTION

Potential treatment options in therapy of osteoarthritis (OA) are symptom- or structure 
(disease)-modifying (1,2). Symptomatic therapies for OA can have a rapid onset of effect, 
such as nonsteroidal anti-inflammatory drugs (NSAIDs). This effect is appreciated in 
hours, or in days at the most. Alternatively, some of the present-day therapies may have 
a slow onset of benefit and symptomatic improvement may not be achieved for weeks 
after the onset of therapy. There is no therapy of OA that is universally accepted as 
structure-modifying. However, new data suggests that several agents, including those 
with a slow onset of symptomatic benefit, may have structure-modifying properties. In 
this chapter, we review regulatory issues and the information available on a few of the 
available slow-acting drugs for OA.

REGULATORY ISSUES

Several sets of guidelines, recommendations, or points to consider have been issued 
by regulatory authorities (2,3) or scientific groups (4) regarding regulatory requirements 
for registration of drugs to be used in the treatment of OA.

One of the major issues to be faced by pharmaceutical industries wishing to develop 
a new chemical entity in this particular area is the inconsistency between Europe 
and the United States, in the classification of drugs for the treatment of OA and the 
indication for their use (4).

The European Agency for the Evaluation of Medicinal Products (EMEA) (2) in 
accordance with the European Experts from the scientific community (4) recognizes 
a classification dividing anti-OA drugs into two categories, i.e., symptom-modifying 
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drugs and structure-modifying drugs. Requirements for registration will be depending 
on the requested indication.

Symptom-modifying drugs act on symptoms with no detectable effect on the structural 
changes of the disease. Registration of such drugs would require demonstration of 
a favorable effect on symptoms with no clinically significant adverse effects on the 
structural changes of the disease.

Structure-modifying drugs, based on their mechanism of action, are expected to have 
an effect on the progression of the pathological changes in OA. They may or may not 
have an independent effect on symptoms.

The claims discussed in the most recent Food and Drug Administration (FDA) draft 
guidelines (3) for the drugs intended for the treatment of OA cover a broader scope of 
potential indications. Although the claims “treatment of symptoms pain and function” 
and “delay in structural progression” can be considered rather close, if not similar, to 
their European counterparts, the FDA has introduced a new concept by proposing a 
“prevention of OA” claim. However, the FDA acknowledges that demonstration of the 
prevention at the occurrence of OA in patients with prevalent OA or at risk to develop 
it, will be challenging. Actually, a prerequisite to the set up of trials with such an 
objective would be the definition of “new OA” taking into account the highly variable 
kinetics of apparition of the clinical and radiographic features of OA, respectively (2).
Eventually, the FDA recognized that other claims, such as “delay in time to surgery”
are also possible, in principle.

For symptom-modifying drugs, US and European agencies request demonstration of 
a beneficial effect on both pain and function. Measurement of pain requires validated 
methods using visual analog or Likert scales. Whereas the EMEA wants to see a separate 
assessment of use-related and rest pain, the FDA request the evaluation of the effect 
of the tested compound on nonsignal joint (e.g., contralateral knee/hip or hand OA) 
and a standardization of the effects of confounders (osteophytes, rescue medications, 
etc.) in the protocol and in the analysis. Studies should be powered to demonstrate an 
effect on pain and function in separate analysis. For European registration, a compound 
showing a statistically significant benefit only for pain would be accepted providing 
no deterioration is shown in functional ability. In the United States, a product that 
affects much more pain than function (or vice versa) could be approved if the pain 
relief is large enough to yield overall success. In both continents, a limited effect 
on one of the two requested endpoints (pain and function) will be reflected in the 
indication granted.

Self administered instruments (Western Ontario MacMasters Universities Osteoar-
thritis index [WOMAC] or Lequesne index) are recommended to assess disability 
arising from OA of the knee or the hip. A patient global assessment is considered an 
essential endpoint by the US regulators, but the wording and exact objective of the 
global assessment is not clear.

The requested duration of the pivotal studies evaluating symptom modifying drugs 
in OA is shorter in the United States (3 mo) compared to the European requirements 
(6 mo). However, the FDA draft guidelines do state that product- or device-specific 
considerations may lenghten the duration of the studies. On the other hand, if enough 
experience already exists for other products in the same class (e.g., NSAIDs), trials could 
be shortened to 6 wk. In practice, longer trials are recommended.
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Both agencies are willing to consider the global risk/benefit assessment of such 
compounds, including their absence of toxicity on joint structure, even if no structure 
claim is sought. For EMEA, this absence of deleterious effect on the joint structure 
should be monitored for at least 1 yr. In agreement with the FDA, X-rays are to be 
performed when the trial lasts 1 yr or more. Although the FDA does not specifically 
address the issue of the appropriate comparator for evaluation of symptom-modifying 
anti-OA drugs, EMEA suggests such studies be performed with the most favorable 
comparator. A three-arm study, including study drug, placebo, and an active control, 
are strongly recommended.

For structure-modifying drugs, the situation is slightly more confusing. The major 
unsolved question remains whether the regulatory agencies are prepared to grant 
registration to a new chemical entity having shown some benefits on structural endpoints 
(usually radiological feature of OA hip or knee) without or with only limited evidence 
of short-term clinical benefit. In other words, the validity of short-term radiologic 
changes as surrogate for long-term hard clinical endpoint is still not unequivocally 
accepted. EMEA guidelines acknowledge that epidemiological data support a relation 
between structural changes and long-term clinical outcomes. However, because the 
nature and the magnitude of the structural changes that are likely to be clinically 
relevant in the long-term remains uncertain, clinical endpoints such as the necessity 
of joint replacement, time to the need for surgery, and long-term clinical evolution 
(pain and disability) are considered preferable in the assessment of the efficacy of such 
drugs. Therefore, in any case, clinical signs and symptoms should be monitored in trials 
assessing the structural effect of anti-OA drugs.

Both agencies recognize the value of standard plain X-rays as presently the best 
and most standardized method to assess the progression of OA. Joint-space narrowing 
appears to be the best-characterized measurement for the evaluation of joint preservation. 
Notwithstanding, measurements of osteophytes or extra-cartilage structure might also 
be of interest. Magnetic resonance imaging (MRI) may be soon able to replace standard 
X-rays but remaining technical problems make this technology a tool for tomorrow 
rather than a currently validated endpoint.

Although the level of clinical benefit requested in Europe for a drug seeking a 
structure-modifying indication remains rather vague, the US authorities have gone a 
step further by defining a hierarchy of claims for structural outcomes and clarifying the 
level of clinical evidence that should be associated to each of them. If the normalization 
of joint-space narrowing is demonstrated on a plain X-ray, the drug would be granted a 
“normalization of X-ray” claim that would be considered the most convincing outcome 
of a positive effect on structural integrity. A level below this, another convincing 
outcome that would not require parallel demonstration of a symptomatic effect would 
be the apparition, during the trial, of a reversal in joint-space narrowing reflecting new 
or regrown cartilage. More ambiguous is the possibility to claim for slowing joint-space 
narrowing without reducing symptoms. From the FDA point of view, a preliminary 
contact between the sponsor and the agency would be necessary. In principle, the slowing 
of joint-space narrowing should be no smaller than 50% than the control population 
cohort. Both agencies agree that demonstration of structural improvement connotes an 
element of durability and therefore, that studies evaluating these outcomes should be 
longer than those performed for symptom modification. United States draft guidelines 
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specify that trials should last at least 1 yr but that imprecision of the joint-space 
narrowing measurement often results in trials lasting even longer. European guidelines 
recommend double-blind, placebo-controlled, parallel group design for at least 2 yr 
for this indication.

Although the position of the United States and European agencies regarding registra-
tion of anti-OA drugs has been significantly harmonized during the last years, there are 
still a certain number of discrepancies that may generate troubles for pharmaceutical 
companies wishing to develop new chemical entities in this indication or for scientists, 
aiming at prescription of these drugs to their patients. The common grounds include 
the recognition of two categories of anti-OA drugs, acting on either symptoms and/or 
structure. Demonstration of nontoxicity on the joint is also considered a prerequisite, 
even for compounds that do not seek a structure-modifying claim.

The ideal outcomes currently include pain and function assessment for symptom-
modifying drugs and joint-space narrowing assessed by plain X-ray for structure-
modifying compounds. Points that remain to be harmonized are application for a 
structure-modifying drug related to the duration of studies and to the level of evidence 
of clinical benefit.

MATRIX PRECURSORS

Chondroitin Sulfate
Chondroitin sulfate (CS) is a major component of the extracellular matrix from 

many connective tissues, such as cartilage, bone, skin, ligaments, and tendons. CS is 
a sulfated glycosaminoglycan, composed of a long unbranched polysaccharide chain 
with a repeating disaccharide structure of N-acetylgalactosamine and glucuronic acid 
(5,6). Most of the N-acetylgalactosamine residues are sulfated, particularly in the 4- or 
6-position, making CS a strongly charged polyanion with a high water-draining power. 
In the articular cartilage, the high content of CS in the aggrecan plays a major role in 
creating a large osmotic swelling pressure, which expands the matrix and places the 
collagen network under tension (5).

In OA, changes in the structure of CS were reported in different models, with 
the apparition of a longer chains length and the chains containing more epitopes 
recognized by specific antibodies (5,7). In a model of human articular chondrocytes, 
cultivated in clusters, CS (100–1000 µg/mL) increased the production of proteoglycans, 
with no detectible effects on collagen II synthesis. In the presence of interleukin-1
(IL1 , CS counteracted the effects of the cytokines on proteoglycans, collagen II, 
and prostaglandins E2 (synthesis) suggesting that, in this particular model, CS can 
reduce collagenolytic activity and increase matrix-components production (8). In 
articular chondrocytes isolated from rabbits, CS (100 µg/mL) decreased (average 28%) 
the number of apopoptic cells, after exposure to nitric oxide (NO) donors (sodium 
nitroprussite) (9).

In a rabbit model of OA, chymopapain is injected into the knee joint. After 84 d, there 
was less reduction in proteoglycan content than in those where CS was started 10 d prior 
to the chymopapain injection (10). This was more effective with the oral administration 
than the intramuscular administration of CS. This suggests that CS may have a protective 
effect on the damaged cartilage, assisting resynthesize of proteoglycans.
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Several clinical trials have investigated the effects of CS to patients with OA. In 
127 patients suffering from uni- or bilateral knee OA (Kellgren-Lawrence radiographic 
scores grade I to III), CS 400 mg tid or 1200 mg once daily for 3 mo reduced spontaneous 
joint pain 50% by visual analog scale (VAS), and reduced Lequesne algofunctional 
index 40–45% (11). This compared favorably to placebo where improvement was 
10–15%.

In a similar population (n = 146), CS 400 mg three times daily was compared to 
diclofenac 50 mg three times daily (12). Improvement with diclofenac in Lequesne’s
index, spontaneous pain, and pain on weight bearing was 30–59% by d 30 and 40–50% 
at d 90. However, these improvements were lost after the 3-mo treatment when diclofenac 
was discontinued. With CS, the therapeutic improvement was not realized until d 60, 
was present in 80–85% of patients by d 90 and lasted in 50–80% for up to 90 d after 
CS was discontinued.

In a 3-mo dose-ranging study of 140 patients with OA of the knee, CS 200, 800, and 
1200 mg daily were compared to placebo (13). CS 200 mg/d was not more effective 
than placebo. The two higher doses were significantly superior than CS 200 mg/d and 
placebo in relation to pain (VAS) and Lequesne algofunctional index.

CS 800 mg/d was further tested in two knee OA double-blind, placebo-controlled 
trials of 85 and 140 patients with similar results (14,15). One of the trials (14) also 
showed significant improvement in the CS group (10%) vs the none in the placebo group 
in the the time to walk 20 m. In the other study, the CS group demonstrated no change in 
the width of the medial tibiofemoral joint in 12 mo, with a decrease in the placebo group 
(15). The surface area minimum width and mean thickness of the medial femorotibial 
joint were measured by a digitized automatic image analyser.

The structure-modifying properties of CS were also assessed in a double-blind, 
placebo-controlled trial including 119 patients with interphalangeal OA (16). After
3 yr, the group taking CS 1200 mg daily had a significant decrease in the number of 
patients with new “erosive” OA finger joints (8.8%) compared to the placebo group 
(29.4%).

Glucosamine Sulfate
Glucosamine (GS) is an aminosaccharide, acting as a preferred substrate for the 

biosynthesis of glycosaminoglycan chains. These glycosaminoglycan chains are 
incorporated into the production of aggrecan and other proteoglycans in cartilage 
(17). Owing to the essential role of aggrecans in cartilage, compounds enhancing their 
synthesis might be beneficial in OA.

In human OA chondrocytes, GS sulfate was tested for its ability to regulate the 
expression of genes, encoding constitutive extracellular matrix macromolecules, GS 
(50 µM) induced a twofold increase in the steady levels of both perlecan and aggrecan 
mRNA and caused a modest although consistent decrease in the levels of stromelysin 
mRNA (18). The same authors later reported that GS not only increased the expression 
of the aggrecan core protein but also downregulated, in a dose-dependent manner, both 
matrix metalloproteinases (MMPs) I and Ill expression (19). These studies suggested that 
GS may exert beneficial effects in OA owing to its effect on the balance between synthesis 
and degradation of extracellular cartilage and on articular cartilage function.
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These transcriptional effects were supported by reports that when using a model of 
human chondrocytes from OA femoral heads, cultivated in a three-dimensional system 
for 12 d, GS (10–100 µg/mL) increased proteoglycan synthesis with no effect on their 
physico-chemical form neither on type II collagen production or on cell proliferation, 
assessed by quantifying DNA synthesis (20).

GS also inhibited, in a rat chondrosarcoma cell line and bovine cartilage explants, 
the aggrecan degradation, which was mediated by aggrecanase, a proteinase induced by 
IL-1 or retinoic acid (21). The inhibition of aggrecanase response was reported to be a 
consequence of metabolic changes that followed a marked increase in the intracellular 
GS concentration, the exact mechanisms thereof being not yet fully elucidated. More 
recently, N-acetylglucosamine was shown to suppress IL1- and tumor necrosis factor 

 (TNF- ) induced NO production in human articular chondrocytes, together with an 
inhibition of inducible nitric oxide synthase (NOS) mRNA and protein expression. In 
the same experiment, N-acetylglucosamine also suppressed the production of IL-1-
induced cyclooxygenase II (COX II) and IL-6 with no effect on the constitutively 
expressed COX I (22).

Although identifying novel mechanisms, these results support the anti-inflammatory 
properties of GS, which were previously described in various classical models, including 
the carrageenin-induced pleuritis or inflamed paw in the rat (17). On the other hand, 
OA cartilage is also characterized by a potential defective repair process related to the 
inability of proliferated cells to migrate in damaged areas. OA fibrilated cartilage was 
associated with a highly significant decrease in chondrocyte adhesion to extracellular 
matrix proteins and more specifically to fibronectin (23). In chondrocytes isolated from 
flbrilated areas of cartilage from OA femoral heads, GS (50–500 µM) restored their 
decreased adhesion to fibronectin (24). The authors suggested that activation of protein 
kinase C (PKC), considered to be involved in the physiological phosphorylation of the 

-6 A integrin subunit, could be one of the possible mechanisms, through which GS 
restores fibrilated cartilage chondrocytes adhesion to fibronectin; hence, improving the 
ability of repair process in osteoarthritic cartilage (24).

Pharmacokinetics studies in man have shown that 90% of GS is absorbed after oral 
administration. Oral, intravenous, or intramuscular 14C labeled GS is incorporated in 
the plasma proteins in similar pharmacokinetic patterns (25). However, the area under 
the curve obtained after oral administration is 26% of that obtained with intravenous 
or intramuscular administration.

In rabbits with transection of the anterior cruciate ligament, after 8 wk, GS (120 mg/kg/d) 
significantly reduced the level of chondropathy measured by both an S-grade macro-
scopic score and an overall assessment using a 100-mm visual analogic scale (26).

Efficacy and safety of GS were tested in several randomized, controlled, clinical 
trials of patients with OA, predominantly the knee or spine (27). In OA of the knee, 
GS 400 mg intramuscularly twice a week for 6 wk was compared to placebo in a 155 
patient study. There was a significant decrease in the Lequesne algofunctional index 
observed in the CS group when compared to placebo. This was both at the end of the 
treatment and 2 wk after drug discontinuation. A responder was considered someone 
with at least a three points reduction in the Lequesne index. GS was superior to placebo 
for evaluable patients (55% GS vs 33% placebo) or by intention-to-treat analysis (51% 
GS vs 30% placebo).
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In 252 patients with Kellgren-Lawrence stage I to III OA of the knee, those treated 
with 1500 mg/d GS for 4 wk had a significantly greater reduction in the Lequesne 
index than those receiving a placebo (28). The response rates (same criteria as in ref. 10)
approximated the improvement observed with the intramuscular formulation: i.e., 55% 
GC vs 38% placebo for evaluable patients and 52% GS vs 37% placebo patients in 
an intention-to-treat analysis.

In a 3-yr, 319 patient, randomized, placebo-controled trial comparing GS 1500 mg/d 
to placebo, there was significant improvement in those on GS when compared to the 
placebo group for the Lequesne algo-functional index (29).

Interestingly, in an 8-wk double-blind, placebo-controlled study with an 8-wk 
posttreatment observation, GS hydrochloride was not as effective as GS sulfate (30).
GS hydrochloride was beneficial with respect to knee examination and on a daily diary 
pain questionnaire. In contrast with GS sulfate, GS hydrochloride was not effective in 
the primary endpoint (WOMAC questionnaire). More study is needed to determine 
if there is a clinical difference between these compounds, as GS hydrochloride is 
commonly available in countries where GS is a neutraceutical (e.g., the United States 
and United Kingdom).

GS 1500 mg/d was compared to placebo in 160 out-patients with spinal OA: 68 
cervical, 57 lumbar, 37 cervical and lumbar (31). There was a significant improvement 
in pain and function by VAS at both spinal sites. The improvement with GS persisted 
for up to 4 wk after drug discontinuation.

GS 1500 mg/d was compared to ibuprofen 1200 mg/d in a 4-wk study of 200 
hospitalized patients with OA of the knee (32). At 1 wk, ibuprofen was superior to GS 
in reduction of pain (GS 28% vs ibuprofen 48%). However, the agents provided equal 
improvement in pain at 4 wk (GS 48%; ibuprofen 52%). There were fewer adverse 
reactions in the GS group (GS 6% vs ibuprofen 35%), particularly gastrointestinal (GI) 
adverse reactions. Discontinuations also favored the GS group (GS 1% vs ibuprofen 
7%). A similar study on 68 Chinese patients numerically favored GS vs ibuprofen for 
symptoms of OA with better tolerance of GS (adverse events GS 6% vs ibuprofen 16%), 
but without any discontinuations (33).

GS 1500 mg/d, piroxicam 20 mg/d, both GS and piroxicam, and placebo were 
compared in a 19 patient, 12-wk study with an 8-wk follow-up without treatment 
(34). Both GS groups had a reduction of Lequesne algofunctional index of 4.8 points, 
compared to piroxicam alone 2.9 points (p < 0.001) and placebo 0.7 points (p < 0.001). 
Adverse events favored the GS and placebo groups (GS 15%; placebo 24%; piroxicam 
41%; GS and piroxicam 35%). The improvement in GS group persisted during the 8-wk 
follow-up period, whereas the improvement with piroxicam did not.

The potential of GS as a structure-modifying agent was studied in 212 patients with 
OA of the knee (American College of Rheumatology criteria) in a double-blind 3-yr 
program comparing GS 1500 mg/d to placebo (35). The primary efficacy variable 
was change in medial tibio-femoral compartment joint-space width by weight bearing, 
anteroposterior radiographs obtained at baseline, 1 yr, and 3 yr. The width was measured 
by digital-image analysis using a validated computerized algorithm for the signal joint. 
The WOMAC was measured at 4-mo intervals. Although the overall data revealed 
no joint-space narrowing in the glucosamine sulfate group, there was an average 
joint-space narrowing of 0.08–0.10 mm narrowing each year in the placebo group. 
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In the placebo group, there was a slight worsening of symptoms by the end of the 
treatment period.

The safety profile of GS was evaluated in a systematic review of 12 randomized, 
controlled trials (36). The conclusion was that safety was excellent. There were only 
7 of 2486 patients withdrawn from clinical trials for GS-related adverse events. There 
were only 48 patients reporting any GS-related adverse events. Safety was further 
evaluated in an open study carried out by 252 Portugese physicians of 1208 patients on 
GS 500 mg three times daily for a mean of 50 d (range 13–99 d) (37). Adverse reactions 
were reported in 12%, were mostly mild in severity and mostly gastroenterologic (e.g., 
epigastric pain, heart-burn, and diarrhea). All complaints remissed upon discontinuation 
of GS. There has been some concern about the role of glucosamine in glucose metabolism 
and the potential of increased insulin resistance (38). Detailed review of existing 
scientific literature on GS find no evidence of glucose intolerance for both short- and 
long-term use of GS (39).

OTHER AGENTS

Diacerein
The mechanism of action of diacerein differs from those of NSAIDs or corticosteroids. 

Studies in vitro and with animal models of OA suggest that diacerein as well as its 
active metabolite, rhein (1,8-dihydroxy-3-carboxyanthraquinone) inhibit the synthesis 
of cytokines (such as IL-1, IL-6, TNF, LIF) and metalloproteinases (such as collagenase 
and stromelysin). They also inhibit phagocytosis and migration of neutrophils and 
macrophages. All these effects are relevant to the anti-inflammatory effect on cartilage. 
In addition, diacerein also possesses moderate antipyretic and analgesic properties. 
Neither diacerein nor rhein inhibit prostaglandin biosynthesis (40) and diacerein has 
no inhibitory effects on the phospholipase, cyclooxygenase, or lipooxygenase pathways. 
The aforementioned actions support the clinical evidence of the beneficial effects of 
diacerein on the symptoms of OA (41–47). After oral administration, diacerein is 
de-acetylated into rhein, which is the active metabolite, before entering the circulation. 
Oral bioavailability of diacerein is estimated at 35 and 56%.

In animal models of OA diacerein shows potential structure-modifying effects 
(40–43). No reference molecules with pharmacological and clinical profiles comparable 
to those of diacerein are known at present.

Clinical experience (48–52) has confirmed diacerein as an agent for symptomatic 
treatment of OA. The delayed onset of action of diacerein (40) suggests that the 
molecule belongs to a class of Symptomatic Slow-Acting Drugs for the treatment of OA 
(SYSADOA) (1). In comparative trials, the efficacy of diacerein was similar to that of 
NSAIDs, but with a slower onset of action. The use of diacerein seems to minimize (or 
even avoid) the major GI peptic ulcer concerns of NSAIDs.

In several studies, the efficacy of diacerein in patients with OA of the hip or the knee 
was determined by using a VAS for pain on movement, algofunctional index (Lequesne 
index), WOMAC index, global assessments by the patient and the investigator, and 
consumption of escape medications.

A multicenter randomized, placebo-controlled, dose-finding trial in 484 patients 
with OA of the hip was conducted in Canada and Israel. Patients received placebo or 
diacerein (50, 100, or 150 mg) in a divided dose daily for 4 mo (48). The diacerein
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100 mg/d group had marked decrease in pain (VAS for pain on movement) and improved 
function (WOMAC index), as compared to placebo. The onset of reduction in pain 
was generally not until the fourth week of treatment. Withdrawals for lack of efficacy 
were more common in the placebo group (18%) and diacerein 50 mg/d group (17%). 
Withdrawals were more frequent from adverse events (mostly changes in bowel habits 
or abdominal pain) in the diacerein 150 mg/d group (19%). The most common adverse 
event was related to transient changes in bowel habits in the diacerein groups (30%) 
over the placebo group (14%).

There were 288 patients with OA of the hip treated in an 8-wk randomized, double-
blind, 2 × 2 factorial design trial comparing placebo, diacerein 100 mg/d, tenoxicam 
20 mg, and diacerein 100 mg/d plus tenoxicam 20 mg/d (49). The VAS of pain and 
Lequesne index were improved in all treatment groups over placebo without significant 
differences between groups. Moderate, transient changes in bowel habits were the 
most frequent adverse events observed in the diacerein group (37%) as compared with 
the placebo (4%).

Diacerein was compared to naproxen in a study of 95 patients with OA of hip or knee, 
with a 2-mo placebo follow-up (50). The two agents were equal in reduction of pain 
(spontaneous, night, passive motion, active motion, tenderness). Epigastric distress was 
present in six patient on naproxen and diarrhea was present in six patients on diacerein. 
The onset of pain relief with diacerein was slower than naproxen, but the pain relief 
persisted in the placebo period, whereas it did not with naproxen.

The consumption of NSAIDs was assessed in a placebo-controlled, parallel-group 
study (51). In an 8-mo study, during the first phase, patients (n = 183) with OA of 
hip or knee received: (1) diacerein 100 mg/d with diclofenac 100 mg/d or (2) placebo 
with diclofenac 100 mg/d. At 2 mo, and during the second phase, the diclofenac was 
discontinued and the groups received: (1) diacerein or (2) placebo. Escape diclofenac 
was permitted. The third and final phase was 2 mo without treatment for either group. 
The VAS and Lequesne index response was similar in the first phase. In the second 
phase, when diclofenac was discontinued, the improvement persisted in the diacerein 
group. There was less consumption of escape NSAIDs in the diacerein group. The 
improvement also persisted in the third phase when the diacerein was discontinued for 
2 mo. This study suggests that an NSAID may be of value in helping reduce pain for 
the first 4 wk of diacerein until the beneficial effects of the diacerein can be realized. It 
also supports the concomitant use of NSAIDs with diacerein, but any potential additive 
effect was not measured.

The influence of diacerein on quality of life and pharmaco-economics was assessed in 
an open, randomized, parallel-group, 207 patient, 6-mo clinical trial, comparing diacerein 
plus the standard treatment of OA to the standard treatment alone (52). Diacerein 
with standard treatment was superior to standard treatment alone in components of the 
Arthritis Impact Measurement Scale (AIMS2) and Nottingham Health Profile (NHP).

In all trials, the majority of the reported adverse events related to mild abdominal 
pain and a change in bowel habits involving mostly soft stools, loose stools, and diarrhea. 
These occurred in 20–40% of the patients on diacerein, vs 3% on placebo. In general, 
the changes in bowel habits occurred during the first 2 wk of treatment, were of mild-
moderate intensity (loose stools, 2–3/d), and were well-tolerated. For the most part, 
patients regarded the event as a discomfort that did not influence their activities of daily 
living and often remitted, even with continued treatment with diacerein.
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Initial reports on a 3-yr clinical trial involving 507 patients with OA of the hip 
suggests that diacerein may retard the progression of OA (53).

Pentosan
Pentosan polysulfate is a hemicellulose isolated from the wood of the beech tree 

(Fagus sylvatica) (54). It consists of repeating units of (1–4) linked -D-xylanopyranoses 
in which -D-4-methylglucopyranosyluronic acid residues are linked via oxygen to the 
2-position of every tenth xylanopyranose unit. The high-charge density and rod-like 
conformation of pentosan polysulfate allows it to compete effectively with endogenous-
sulfated glycosaminoglycans for protein and cellular-binding sites. Pentosan is prepared 
as a sodium salt for parenteral use or as a calcium salt that can be administered 
parenterally or orally. Pentosan had been shown to support chondrocyte anabolic 
activities and attenuate catabolic events responsible for loss of componenets of the 
cartilage extracellular matrix in OA joints. Some of these actions are through direct 
enzyme inhibition. They also enter chondrocytes and bind to promoter proteins and alter 
gene expression of MMPs. In rat models of arthritis, pentosan reduced joint swelling 
and inflammatory-mediator levels in pouch fluids. Synoviocyte biosynthesis of high 
molecular-weight hyaluronan was normalized when incubated with pentosan. In animal 
models of OA, pentosan improved blood flow to the subchondral bone. For dogs, the 
ideal dose of pentosan appeared to be 3 mg/kg weekly for 4 wk, based on a study of 40 
dogs with OA of the stifle (55). The beneficial effects of pentosan on articular cartilage 
seemed to be potentiated by the addition of insulin-like growth factor-1 (IGF-1) in a 
canine model of OA (56).

Edelman et al. (57) studied 114 patients with OA in a double-blind, placebo-controlled 
trial of sodium pentosan 3 mg/kg intramuscularly once weekly for 4 wk and followed 
for a total of 6 mo. Pentosan was superior to placebo in 5 of the 7 measured parameters. 
Thirty-two percent of the placebo patients completed the trial in contrast to 61% of the 
pentosan group. There were no adverse effects reported in the trial.

Verbruggen et al. performed an open study of calcium pentosan 2 mg/kg intramus-
cularly once weekly for 5 wk in a 16-wk study in 23 patients with mild to moderate 
OA of the hand, hip, or knee (58). Peak pentosan blood levels were achieved in
4 h post-injection with significant decrease by 8 h and no detectable blood levels by
24 h. When compared to baseline, there were significant reductions in global pain
by 2 wk that persisted through the follow-up. Digital and knee pain was improved by 
8 wk. Hip pain did not improve.

Verbruggen also studied calcium pentosan 20 mg/kg orally twice weekly for 6 wk in 
a double-blind, placebo-controlled, 50-patient study (59). After a 6-wk hiatus, the agent 
was repeated for 6 wk, followed by 6 wk without drug (i.e., 24-wk study). There was a 
significant improvement after the second course of pentosan in global pain, morning 
stiffness, pain at night, hand function, and pain on palpation without a change in grip 
strength and analgesic use. Those on placebo did not achieve a 20% improvement, 
most improvement was early in the study. Those on pentosan all showed at least a 20% 
improvement relative to baseline at the end of the study.

Four weekly intraarticular injections of sodium pentosan 50 mg was studied in 31 
patients with OA of the knee in a double-blind, controlled (Ringer’s solution), 26-wk 
study (60). The pentosan group had a greater change from baseline that the control group 
with demonstrated differences in stiffness, pain on walking, and pain for the previous 
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2 or 30 d. There was no change in synovial fluid metalloproteinase-3 or tissue inhibitor 
of metalloproteinase (TIMP). The pentosan group had a reduction in osteocalcin blood 
levels. This was a preliminary report on an 86-patient study.

Unsaponifiable Oils
An extract that is derived from one-third avocado and two-third soybean oils 

have shown some value in OA. They have been shown to stimulate the extracellular 
matrix synthesis by increasing collagen in cell cultures (61), reducing IL-1 induced 
collagenolytic activity (62), altering the cross-linking of collagen fibers in tissues 
(63), and facilitating wound healing (64). The avocado and soya unsaponifiables 
have also been shown to inhibit the stimulating action of IL-1  on stromelysin, IL-6, 
IL-8, and PGE2 production and IL-1 stimulated collagenase synthesis by human 
articular chondrocytes (65). They also enhance TGF-  expression in cultured articular 
chondrocytes, increasing the production of PAI-1, promoting TGF- induced matrix-
repair mechanisms in articular cartilage (66).

Following a pilot study suggesting efficacy (67), Blotman et al. studied 164 patients 
with OA of the hip or knee in a prospective, 3-mo, randomized, double-blind, placebo-
controlled trial (68). The primary efficacy variable was the ability of the patients to 
not restart NSAIDs and the delay in restarting NSAIDs. There were 43% of those on 
avocado/soybean nonsaponifiables restarting NSAIDs vs 70% or those on placebo
(p < 0.001). The time to restart NSAIDs was longer in the avocado/soybean non-
saponifiable than the placebo group. Even though the overall rating was better for 
the avocado/soybean nonsaponifiables, the pain scores were similar between the two 
groups. There were no significant adverse events.

Maheu et al. studied 146 patients with knee or hip OA in a prospective, randomized, 
double-blind, placebo-controlled 8-mo study (69). Following a 15-d washout, patients 
were treated with the avocado-soybean unsaponifiable or placebo for 6 mo with a 2-mo 
follow-up. The Lequesne algofunctional index decreased from a mean of 9.7 to 6.8 in 
the avocado-soybean unsaponifiable group vs 9.4 to 8.9 for the placebo, favoring the 
avocado-soybean unsaponifiable (p < 0.001). The reduction of knee pain by VAS was 
similarly significant. Fewer patients in the avocado-soybean group required NSAIDs 
than those on placebo. Hip OA seemed to respond more readily. Adverse events were 
infrequent and did not appear drug-related as they were no more frequent than in 
the placebo group.
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INTRODUCTION

Osteoarthritis (OA) is a degenerative disease involving mainly the hips, knees, spine, 
and the interphalangeal joints. Its clinical presentation is usually monoarticular or 
oligoarticular with fluctuations in intensity and localization over time. It is therefore 
logical to consider local therapeutic modalities in order to avoid untoward systemic 
effects. Several compounds have been used intra-articularly in open-label and in 
double-blind, randomized clinical trials.

CORTICOSTEROIDS

Intra-articular (IA) corticosteroid (CS) injections have been used for more than four 
decades for the symptomatic treatment of OA. A recent survey of rheumatologists in the 
United States suggested that more than 95% use this therapy sometimes and more than 
50% frequently (1). Intra-articular CS is also recommended in the American College of 
Rheumatology (ACR) guidelines for the medical management of knee OA (2).

Different steroid formulations have been used over the years, with similar general 
efficacy: triamcinolone hexacetonide (THA), methylprednisolone, and prednisolone 
acetate were administered in single or multiple repetitive injection regimens (3–11). In 
one trial, THA had a long-standing effect superior to betamethasone (7); this observation, 
however, was not shared by other investigators who demonstrated a short-lived beneficial 
effect not lasting beyond 1 wk (5,9,12). Despite several observed flaws in the design of 
these trials, valuable information has been gathered, especially regarding the short-term 
safety of this approach. Moreover, the aspiration of the effusion, when present, seems 
to bring additional short term clinical benefit to THA injections (6). Despite their wide 
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use in clinical practice, no predictors of response could be identified in two recent 
randomized, double-blind trials (6,12).

The perceived efficacy and lack of major toxicity have made IA CS injections one of 
the mainstays of the management of OA, in particular knee OA.

HYALURONIC ACID

Hyaluronic acid (HA) (hyaluronan), a polysaccharide consisting of a long chain of 
disaccharides ( -D-glucuronyl- -D-N-acethylglucosamine), is a natural component 
of cartilage and plays an essential role in the articular milieu. It is considered not 
only a joint lubricant, but also a physiological factor in the trophic status of cartilage. 
Balazs proposed HA as an effective agent in the treatment of patients with arthritic 
diseases (13). Its clinical use was considered after determining that HA was reduced in 
concentration and in chain length in the synovial fluid of arthritis patients. Preliminary 
human clinical studies of sodium hyaluronate in human arthritic joints were performed 
by Peyron and Balazs in the early 1970s (14). Several studies with various preparations of 
hyaluronan from different sources and molecular weights have since been conducted.

The efficacy of viscosupplementation—the replacement of pathological synovial fluid 
with a hyaluronan-based elastoviscous solution—depends on the physical properties of 
the solution used and its residence time in the joint. Preparations of hyaluronic acid or 
sodium hyaluronate with molecular weights between 500–700 kD, 600–1200 kD, and 
4000–5000 kD have been used in clinical studies.

Intra-articular injections of hyaluronan or sodium hyaluronate with a molecular 
weight between 500,000 and 750,000 Daltons have been studied using corticosteroid 
injections (15–18) or nonsteroidal anti-inflammatory drugs (NSAIDs) (19) as control 
treatment, and by conducting placebo-controlled clinical trials (20–25). A prospective 
study including 43 patients with knee OA showed good tolerance to HA treatment, 
without adverse side effects. This therapy was effective if OA was less than moderate 
in grade; it was not effective in cases with considerable effusion or in those with gross 
architectural changes (25). A single-blind, parallel trial used two dosage regimens of 
HA (40 mg and 20 mg) to assess its efficacy (20). The active treatments were shown to 
be equally highly effective in reducing pain; both were significantly superior to placebo, 
and beneficial effects lasted for more than a month, demonstrating the long-term action 
of the drug. Several double-blind, placebo-controlled trials suggest that intra-articular 
injection of sodium hyaluronate (Hyalectin) may improve the clinical condition and have 
a long-term beneficial effect in knee OA patients (21–23). However, a double-blind, 
placebo-controlled study involving 91 patients with radiologically confirmed knee OA 
concluded that intra-articular administration of 750 kD hyaluronan offered no significant 
benefit over placebo during a 5-wk treatment period, but incurred a significantly higher 
morbidity (24). The principal side effects were a transient increase in pain and swelling 
in the affected knee observed in 47% of the treatment group compared with 22% of the 
placebo group. Graf et al. conducted a single-blind, randomized clinical trial to compare 
both the efficacy and safety of HA with that of mucopolysaccharide polysulfuric acid 
ester (MPA) in OA patients (26). Both HA and MPA demonstrated efficacy, with 
hyaluronic acid superior in the parameters investigated.

Furthermore, in a study that evaluated the effect of joint lavage with lactated Ringer’s
solution in 23 patients, the secondary goal was to determine if any additional benefit 
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could be obtained by injecting the knee with HA following washout treatment (27).
Improvement was noted at 1- and 2-yr follow-ups, however, there were no statistically 
significant differences in outcome for the hyaluronan and placebo groups.

Others have used methylprednisolone acetate as the drug of comparison. The results 
showed that on a short-term basis, both HA and 6-methylprednisolone acetate were 
efficacious in controlling OA symptoms. In the long-term assessment, the results 
obtained at the end of treatment in the HA group persisted, and in some cases even 
improved (16,18). It was concluded that sodium hyaluronate would appear to offer an 
alternative to steroids in intra-articular treatment of OA (17). Grecomoro et al. evaluated 
the therapeutic synergism between HA and dexamethasone in intra-articular treatment 
by conducting an open randomized study (15). Dexamethasone notably potentiated 
the clinical effectiveness of hyaluronic acid, even if used only during the first weekly 
infiltration of a 5-wk treatment regimen.

A 1-yr double-blind control study involving 52 patients compared the effect of intra-
articular injections of hyaluronan (600–1200 kD) and placebo, both administrated 
weekly for 5 wk (28). Though both groups improved from baseline, there was no 
statistically significant difference in any of the relevant variables at any time-point. 
Another large, randomized, double-blind, placebo-controlled trial also found no 
significant difference at 20 wk between the two groups when compared to their baseline 
evaluation. However, once stratified according to age and disease severity, HA proved 
more efficacious than placebo for patients over 60 yr of age who had the most severe knee 
OA (29). On the other hand, in a recent randomized clinical trial of 495 patients with 
osteoarthritis of the knee, Altman et al. demonstrated that five weekly intra-articular 
injections of hyaluronan (500–730 kD, Hyalgan®) are at least as effective as continuous 
treatment with naproxen for 26 wk, with fewer adverse reactions (30).

A review by Maheu looked at five different clinical trials, comparing different 
regimens of Hyalgan vs corticosteroid injections in the osteoarthritic knee, with 
follow-ups from 2–12 mo (31). One study showed initial superiority of Hyalgan over 
steroid injections and in three studies, equal efficacy over time. The fifth study used a 
combination of Hyalgan and steroid injections initially. The steroid injections seemed 
to increase the long-term efficacy of the hyaluronan suggesting that the combination of 
these two local treatments would be promising.

The long-term, structure-modifying properties of HA (Hyalgan) were investigated 
through a double-blind, randomized, placebo-controlled trial using a standardized 
arthroscopic score after 1 yr of follow-up. HA proved superior to placebo in two out of 
three parameters used to quantify the severity of OA lesions (32).

The efficacy of a weekly therapeutic regimen of either two or three injections of hylan 
G-F20 (a polymerized higher molecular-weight compound) was further demonstrated 
by Scale, Wobig and Dickson in three different randomized double-blind saline or 
arthrocentesis-controlled clinical trials that included a 3–6-mo follow-up (33–35).
Compared to the control groups, the two-injection or three-injection hylan treatment 
groups each showed statistically significantly greater improvement in pain outcome 
measurements, as well as overall evaluation of treatment at the 12-wk point. At 6-mo 
follow-up, results in the hylan treatment groups were superior to those in the control 
group. Adams et al. evaluated the safety and effectiveness of three weekly intra-articular 
injections of hylan G-F20 (Synvisc) in knee OA patients, and compared this treatment 
to continuous oral NSAID therapy in both the presence and absence of hylan G-F20 
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viscosupplementation (19). The results support the hypothesis that treatment of knee OA 
pain with hylan is at least as effective as treatment with NSAIDs. Hylan G-F20 is a safe 
and effective treatment for knee OA, and can be used either as a replacement for or an 
adjunct to NSAID therapy. Dickson also reported that hylan injections were superior to 
diclofenac (100 mg daily) on knee pain and function at 3-mo follow-up (35).

Intra-articular injection with hyaluronan or hylan is a relatively safe approach, however, 
some adverse events have been reported. One patient developed an haemarthrosis after 
sodium hyaluronate injection (21). Other observed events were local reactions such as 
effusion, feeling of warmth, tingling, and pain following HA injections (26). A transient 
adverse event of muscle pain was also mentioned (33).

In conclusion, in the majority of studies, a clinical benefit of treatment was reported 
compared to the injected control group. Compared to treatment with local corticosteroids, 
the benefit of hyaluronan appeared somewhat less dramatic but longer-lasting.

OTHER INTRA-ARTICULAR THERAPIES FOR KNEE OA
Other substances such as orgotein, yttrium-90, silicone, somatostatin, and tenoxicam 

have been investigated as potentially therapeutic in the treatment of arthritic joints.
Orgotein is the pharmaceutical form of the bovine enzyme Cu-Zn superoxide 

dismutase (SOD). The anti-inflammatory properties of orgotein were discovered in 
1965. Intra-articular injection of orgotein presents a potentially therapeutic alternative 
in the treatment of OA (36). This study showed that four weekly injections of 4 mg 
orgotein were superior to four weekly injections of saline, and orgotein was safe and 
well-tolerated. Furthermore, three orgotein dose/regimens were compared with a 
placebo in terms of efficacy, safety, and duration of effect in 139 patients with knee OA. 
Orgotein was effective in reducing symptoms for up to 3 mo after treatment; 16 mg given 
twice was the most effective and best-tolerated regimen (37).

A randomized, double-blind study comparing orgotein injections with intra-articular 
methylprednisolone acetate injections found that orgotein could be used safely and 
effectively without serious adverse reactions (38). The efficacy of orgotein was compared 
to that of betamethasone over a 1-yr period in 419 patients with knee OA (39). Though 
betamethasone acted more quickly, orgotein at low doses (4 or 8 mg) was comparable to 
the corticosteroid from wk four, and up to a year of follow-up.

The main adverse reactions to orgotein were pain, swelling, stiffness, prickling, or 
burning sensations, or a feeling of heaviness at the injection site (38,39). Skin rashes 
and/or pruritus, and pain/swelling were also mentioned (37).

An observational prospective study evaluating the effects of both radiation synovec-
tomy and triamcinolone acetonide was conducted in 40 patients with knee OA over 
a 1-yr period (40). A marked improvement in pain and evaluation scores occurred at 
three months, but had disappeared by 6 mo posttreatment. The safety and efficacy of 
dysprosium-165 hydroxide macroaggregate (165Dy) was compared to yttrium-90 silicate 
for radiation synovectomy of the knee in a multicenter, double-blind clinical trial, with 
no significant difference in clinical response between the two treatment groups. No 
clinically significant side effects were observed (41).

Wright et al. conducted a pilot study in five patients, with a control of 25 outpatients, 
to evaluate intra-articular silicone as an artificial lubricant for OA joints (42). Sequen-
tial analyses showed a significant benefit from saline compared to silicone at 1-wk
follow-up, and no significant difference at 1 mo.
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A randomized, placebo-controlled study with 20 patients was carried out to assess saline 
lavage of knee OA vs intra-articular saline injection without lavage (43). Though both groups 
showed improvement, knee washout conferred no further benefit. However, in a recent 
randomized, single-blind study, tidal-knee irrigation with saline in 77 patients with knee OA 
showed a greater reduction in pain that did conservative medical management (44).

In a 24-wk placebo-controlled study in 98 patients, Ravaud et al. compared joint 
lavage to a single corticosteroid injection and the combination of both interventions 
(45). Intra-articular CS had a beneficial effect on pain as early as the first week, but 
which was lost by wk 12. On the other hand, joint lavage had a delayed onset of action 
(wk 4) but lasted up to the final 24-wk evaluation. Neither treatment had any long-term 
beneficial effect as assessed by Lequesne’s index. No additional benefit was observed 
in the combination group.

Since pain is the main symptom in knee OA, IA analgesic agents were tested in 
two studies. In a single-blind trial, 20 patients were randomized to receive either IA 
bupivicaine or placebo (46); the local anaesthetic agent had a short-lived significant 
effect (less than 24 h). In a crossover placebo-controlled design, IA morphine (100 mg) 
was shown to be superior to placebo and had a long-lasting effect, up to 9 d, which was 
the last evaluation period for this study (47).

Several other compounds have been tested in single trials (48–50). Glucosamine 
was shown to be safe and provided a greater benefit than placebo; a single tenoxicam 
IA injection was also superior to placebo with no local side effects. Somatostatin led to 
pain reduction and increased joint mobility with no reported adverse reactions. Finally, 
sodium pentosan polysulfate (NaPP) isolated from beechwood hemicellulose has anti-
catabolic effects in OA by direct enzyme inhibition and gene-expression alteration of 
metalloproteinases. Four weekly injections of NaPP were administered intra-articularly 
in 15 patients with knee OA and showed better improvement of pain and mobility, as
well as synovial-fluid viscosity at 2 mo vs a control group of 16 patients injected with 
saline (51). However, data on long-term efficacy and safety is not available.

Despite the lack of strong, convincing, and reproducible evidence that any of these 
IA therapies significantly alters the short-term outcome and even less so the progression 
of OA, corticosteroids, and hyaluronic acid are widely used in patients who have failed 
other therapeutic modalities for lack of efficacy or toxicity. The virtual absence of serious 
side effects, coupled with the perceived benefits, make these approaches attractive. 
It remains to be proven if any agent has the potential for structural modification or 
to lengthen time to surgery.

ACKNOWLEDGMENTS

The authors thank Mariana Maier-Moldovan for her assistance in the research for 
this chapter.

REFERENCES
1. Hochberg, M.C., D.L. Perlmutter, J.I. Hudson, and R.D. Altman. 1996. Preferences in the manage-

ment of osteoarthritis of the hip and knee: results of a survey of community-based rheumatologists in
the United States. Arthritis Care Res. 9:170–176.

2. Hochberg, M.C., R.D. Altman, K.D. Brandt, B.M. Clark, P.A. Dieppe, M.R. Griffin, et al. 1995. 
Guidelines for the medical management of osteoarthritis. Part II. Osteoarthritis of the knee. American 
College of Rheumatology. Arthritis Rheum. 38:1541–1546.



198 Part II / Osteoarthritis

3. Balch, H.W., J.M. Gibson, A.F. El-Ghobarey, L.S. Bain, and M.P. Lynch. 1977. Repeated corticosteroid 
injections into knee joints. Rheumatol. Rehabil. 16:137–140.

4. Dieppe, P.A., B. Sathapatayavongs, H.E. Jones, P.A. Bacon, and E.F. Ring. 1980. Intra-articular 
steroids in osteoarthritis. Rheumatol. Rehabil. 19:212–217.

5. Friedman, D.M. and M.E. Moore. 1980. The efficacy of intraarticular steroids in osteoarthritis: a 
double-blind study. J. Rheumatol. 7:850–856.

6. Gaffney, K., J. Ledingham, and J.D. Perry. 1995. Intra-articular triamcinolone hexacetonide in knee 
osteoarthritis: factors influencing the clinical response. Ann. Rheum. Dis. 54:379–381.

7. Valtonen, E.J. 1981. Clinical comparison of triamcinolonehexacetonide and betamethasone in the 
treatment of osteoarthrosis of the knee-joint. Scand. J. Rheumatol. (Suppl.) 41:1–7.

8. Sambrook, P.N., G.D. Champion, C.D. Browne, D, Cairns, M.L. Cohen, R.O. Day, et al. 1989. 
Corticosteroid injection for osteoarthritis of the knee: peripatellar compared to intra-articular route. 
Clin. Exp. Rheumatol. 7:609–613.

9. Cederlof, S. and G. Jonson. 1966. Intraarticular prednisolone injection for osteoarthritis of the 
knee. A double blind test with placebo. Acta Chir. Scand. 132:532–537.

10. Wada, J., T. Koshino, T. Morii, and K. Sugimoto. 1993. Natural course of osteoarthritis of the knee 
treated with or without intraarticular corticosteroid injections. Bull. Hosp. Jt. Dis. 53:45–48.

11. Towheed, T.E. and M.C. Hochberg. 1997. A systematic review of randomized controlled trials of 
pharmacological therapy in osteoarthritis of the knee, with an emphasis on trial methodology. Semin. 
Arthritis Rheum. 26:755–770.

12. Jones, A. and M. Doherty. 1996. Intra-articular corticosteroids are effective in osteoarthritis but 
there are no clinical predictors of response. Ann. Rheum. Dis. 55:829–832.

13. Balazs, E.A. and J.L. Denlinger. 1993. Viscosupplementation: a new concept in the treatment of 
osteoarthritis. J. Rheum. 39(Suppl.):3–9.

14. Peyron, J.G. and E.A. Balazs. 1974. Preliminary clinical assessment of Na-hyaluronate injection 
into human arthritis joints. Pathol. Biol. 22:731–736.

15. Grecomoro, G., F. Piccione, and G. Letizia. 1992. Therapeutic synergism between hyaluronic 
acid and dexamethasone in the intra-articular treatment of osteoarthritis of the knee: a preliminary open 
study. Curr. Med. Res. Opin. 13:49–55.

16. Leardini, G., L. Mattara, M. Franceschini, and A. Perbellini. 1991. Intra-articular treatment of 
knee osteoarthritis. A comparative study between hyaluronic acid and 6-methyl prednisolone acetate. 
Clin. Exp. Rheumatol. 9:375–381.

17. Leardini, G., M. Franceschini, L. Mattara, R. Bruno, and A. Perbellini. 1987. Intra-articular 
sodium hyaluronate in gonarthrosis. A controlled study comparing methylprednisolone acetate. Clin. 
Trials J. 24:341–350.

18. Pietrogrande, V., P.L. Melanotte, B. D’Agnolo, M. Ulivi, G.A. Benigni, L. Turchetto, et al. 1991. 
Hyaluronic acid versus methylprednisolone intra-articularly injected for the treatment of osteoarthritis 
of the knee. Curr. Therap. Res. 50:691–701.

19. Adams, M.E., M.H. Atkinson, A.J. Lussier, J.I. Schulz, K.A. Siminovitch, J.P. Wade, and
M. Zummer. 1995. The role of viscosupplementation with Hylan G-F 20 (Synvisc) in the treatment of 
osteoarthritis of the knee: a Canadian multicenter trial comparing hylan G-F 20 alone, hylan G-F 20 
with non-steroidal anti-inflammatory drugs (NSAIDs) and NSAIDs alone. Osteoarthritis Cartilage
3:213–225.

20. Bragantini, A. and M. Cassini 1987. Controlled single-blind trial of intra-articulary injected 
hyaluronic acid in osteoarthritis of the knee. Clin. Trials J. 24:333–340.

21. Dixon, A.S., R.K. Jacoby, H. Berry, and E.B. Hamilton. 1988. Clinical trial of intra-articular 
injection of sodium hyaluronate in patients with osteoarthritis of the knee. Curr. Med. Res. Opin.
11:205–213.

22. Dougados, M., M. Nguyen, V. Listrat, and B. Amor. 1993. High molecular weight sodium 
hyaluronate (hyalectin) in osteoarthritis of the knee: a 1 year placebo-controlled trial. Osteoarthritis 
Cartilage 1:97–103.

23. Grecomoro, G., U. Martorana, and C. Di Marco. 1987. Intra-articular treatment with sodium 
hyaluronate in gonarthrosis: a controlled clinical trial versus placebo. Pharmatherapeutica 5:137–141.

24. Henderson, E.B., E.C. Smith, F. Pegley, and D.R. Blake. 1994. Intra-articular injections of 750 kD 
hyaluronan in the treatment of osteoarthritis: a randomised single centre double-blind placebo- controlled 
trial of 91 patients demonstrating lack of efficacy. Ann. Rheum. Dis. 53:529–534.



Chapter 13 / Intra-Articular Therapy in OA 199

25. Namiki, O., H. Toyoshima, and N. Morisaki. 1982. Therapeutic effect of intra-articular injection 
of high molecular weight hyaluronic acid on osteoarthritis of the knee. Int. J. Clin. Pharm. Ther. 
Toxicol. 20:501–507.

26. Graf, J., E. Neusel, E. Schneider, and F.U. Niethard. 1993. Intra-articular treatment with hyaluronic 
acid in osteoarthritis of the knee joint: a controlled clinical trial versus mucopolysaccharide polysulfuric 
acid ester. Clin. Exp. Rheumatol. 11:367–372.

27. Edelson, R., R.T. Burks, and R.D. Bloebaum. 1995. Short-term effects of knee washout for 
osteoarthritis. Am. J. Sports Med. 23:345–349.

28. Dahlberg, L., L.S. Lohmander, and L. Ryd. 1994. Intraarticular injections of hyaluronan in 
patients with cartilage abnormalities and knee pain: a one-year double-blind, placebo-controlled study. 
Arthritis Rheum. 37:521–528.

29. Lohmander, L.S., N. Dalen, G. Englund, M. Hamalainen, E.M. Jensen, K. Karlsson, et al. 1996. 
Intra-articular hyaluronan injections in the treatment of osteoarthritis of the knee: a randomised, double 
blind, placebo controlled multicentre trial. Hyaluronan Multicentre Trial Group. Ann. Rheum. Dis.
55:424–431.

30. Altman, R.D. and R. Moskowitz 1998. Intraarticular sodium hyaluronate (Hyalgan) in the 
treatment of patients with osteoarthritis of the knee: a randomized clinical trial. Hyalgan Study Group. 
J. Rheumatol. 25:2203–2212.

31. Maheu, E. 1995. Hyaluronan in knee osteoarthritis. A review of the clinical trials with Hyalgan®.
Eur. J. Rheumatol. Inflamm. 15:17–24.

32. Listrat, V., X. Ayral, F. Patarnello, J.P. Bonvarlet, J. Simonnet, B. Amor, and M. Dougados. 1997. 
Arthroscopic evaluation of potential structure modifying activity of hyaluronan (Hyalgan) in osteoarthritis 
of the knee. Osteoarthritis Cartilage 5:153–160.

33. Scale, D., M. Wobig, and W. Wolpert. 1994. Viscosupplementation of osteoarthritic knees with 
hylan: a treatment schedule study. Curr. Therap. Res. 55:220–232.

34. Wobig, M., A. Dickhut, R. Maier, and G. Vetter. 1998. Viscosupplementation with hylan G-F 20:
a 26-week controlled trial of efficacy and safety in the osteoarthritic knee. Clin. Ther. 20:410–423.

35. Dickson, J., G. Hosie, and Primary Care Rheumatism Society OA Knee Study Group. 1998. Double 
blind, double control comparison of viscosupplementation with hylan G-F20 (Synvisc®) against diclofenac 
and control in knee osteoarthritis. Arthritis Rheum. 41 (Suppl. 9):S197 (Abstract).

36. Huskisson, E.C. and J. Scott. 1981. Orgotein in osteoarthritis of the knee joint. Eur. J. Rheumatol. 
Inflamm. 4:212–218.

37. McIlwain, H., J.C. Silverfield, D.E. Cheatum, J. Poiley, J. Taborn, T. Ignaczak, and C.V. Multz. 
1989. Intra-articular orgotein in osteoarthritis of the knee: a placebo-controlled efficacy, safety, and 
dosage comparison. Am. J. Med. 87:295–300.

38. Gammer, W. and L.G. Broback. 1984. Clinical comparison of orgotein and methylprednisolone 
acetate in the treatment of osteoarthrosis of the knee joint. Scand. J. Rheumatol. 13:108–112.

39. Mazieres, B., A.M. Masquelier, and M.H. Capron. 1991. A French controlled multicenter study 
of intraarticular orgotein versus intraarticular corticosteroids in the treatment of knee osteoarthritis:
a one-year followup. J. Rheumatol. Suppl. 27:134–137.

40. Will, R., B. Laing, J. Edelman, F. Lovegrove, and I. Surveyor. 1992. Comparison of two yttrium-90 
regimens in inflammatory and osteoarthropathies. Ann. Rheum. Dis. 51:262–265.

41. Edmonds, J., R. Smart, R. Laurent, P. Butler, P. Brooks, R. Hoschl, et al. 1994. A comparative 
study of the safety and efficacy of dysprosium-165 hydroxide macro-aggregate and yttrium-90 silicate 
colloid in radiation synovectomy--a multicentre double blind clinical trial. Australian Dysprosium Trial 
Group. Br. J. Rheumatol. 33:947–953.

42. Wright, V., D.I. Haslock, D. Dowson, P.C. Seller, and B. Reeves. 1971. Evaluation of silicone as 
an artificial lubricant in osteoarthrotic joints. BMJ 2:370–373.

43. Dawes, P.T., C. Kirlew, and I. Haslock. 1987. Saline washout for knee osteoarthritis: results of a 
controlled study. Clin. Rheumatol. 6:61–63.

44. Ike, R.W., W.J., Arnold, E.W., Rothschild, and H.L. Shaw. 1992. Tidal irrigation versus conservative 
medical management in patients with osteoarthritis of the knee: a prospective randomized study. Tidal 
Irrigation Cooperating Group. J. Rheumatol. 19:772–779.

45. Ravaud, P., L. Moulinier, B. Giraudeau, X. Ayral, C. Guerin, E. Noel, et al. 1999. Effects of joint 
lavage and steroid injection in patients with osteoarthritis of the knee: results of a multicenter, randomized, 
controlled trial. Arthritis Rheum. 42:475–482.



200 Part II / Osteoarthritis

46. Creamer, P., M. Hunt, and P. Dieppe. 1996. Pain mechanisms in osteoarthritis of the knee: effect 
of intraarticular anesthetic. J. Rheumatol. 23:1031–1036.

47. Likar, R., M. Schafer, F. Paulak, R. Sittl, W. Pipam, H. Schalk, et al. 1997. Intraarticular morphine 
analgesia in chronic pain patients with osteoarthritis. Anesth. Analg. 84:1313–1317.

48. Vajaradul, Y. 1981. Double-blind clinical evaluation of intra-articular glucosamine in outpatients 
with gonarthrosis. Clin. Ther. 3:336–343.

49. Papathanassiou, N.P. 1994. Intra-articular use of tenoxicam in degenerative osteoarthritis of the 
knee joint. J. Int. Med. Res. 22:332–337.

50. Silveri, F., P. Morosini, D. Brecciaroli, and C. Cervini. 1994. Intra-articular injection of somato-
statin in knee osteoarthritis: clinical results and IGF-1 serum levels. Int. J. Pharmacol. Res. 14:79–85.

51. Rasaratnam, I., P. Ryan, L. Bowman, M. Smith, and P. Ghosh. 1996. A double-blind placebo-
controlled study of intra-articular pentosan polysulfate (cartrophen) in patients with gonarthrosis: 
laboratory and clinical findings. 8th APLAR Congress of Rheumatology. Osteoarthritis Cartilage
4:vi–vii (Abstract).



Chapter 14 / Articular Cartilage Repair 201

14 Promoting Articular
Cartilage Repair

Joseph A. Buckwalter and James A. Martin

CONTENTS

INTRODUCTION

ARTICULAR-CARTILAGE LESIONS

PENETRATION OF SUBCHONDRAL BONE

DECREASED ARTICULAR SURFACE-CONTACT STRESS

SOFT-TISSUE GRAFTS

CELL TRANSPLANTATION

GROWTH FACTORS

ARTIFICIAL MATRICES

CONCLUSIONS

REFERENCES

From: Modern Therapeutics in Rheumatic Diseases
Edited by: G. C. Tsokos, et al. © Humana Press, Inc., Totowa, NJ

201

INTRODUCTION

For more than 250 years, physicians and scientists have been seeking ways to repair 
or regenerate synovial-joint articular surfaces following articular-cartilage loss or 
degeneration (1–3). (Repair refers to restoring a damaged articular surface with new 
tissue that resembles but does not duplicate the structure, composition, and function 
of articular cartilage; regeneration refers to forming new tissue indistinguishable from 
normal articular cartilage [4–6].) They made little progress for the majority of these 250 
years, but in the last three decades clinical and basic scientific investigations have shown 
that implantation of artificial matrices, growth factors, perichondrium, periosteum 
and transplanted chondrocytes, and mesenchymal stem cells can stimulate formation 
of cartilaginous tissue in synovial-joint osteochondral defects (6–10). Other work 
has demonstrated that joint loading and motion can influence articular cartilage and 
joint healing (11–13), and that mechanical-loading influences the repair process in 
all of the tissues that form parts of synovial joints (5,14,15). In addition, review of 
several operative procedures used to treat osteoarthrosis (OA), including osteotomies, 
penetration of subchondral bone, and joint distraction and motion, has shown that these 
procedures can stimulate formation of new articular surfaces (9). The apparent potential 
of these multiple methods for stimulating formation of cartilaginous-articular surfaces 
has created great interest on the part of patients, physicians, and scientists, however 
the wide variety of methods and approaches to assessing their results have made it 
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difficult to evaluate their success in restoring joint function and to define their most 
appropriate current clinical applications.

ARTICULAR-CARTILAGE LESIONS

Better understanding of articular-cartilage lesions and degeneration has also 
contributed to the recent interest in cartilage repair and regeneration (1,9,16–18).
Advances in synovial-joint imaging and arthroscopic techniques have increased 
understanding of the frequency and types of chondral defects and made it possible to 
diagnose and evaluate these lesions with greater accuracy (19). Age-related superficial 
cartilage fibrillation and focal lesions of the articular surface must be distinguished 
from cartilage degeneration occurring as part of the clinical syndrome of OA (2,18,20).
Superficial articular-cartilage fibrillation occurs in many joints with increasing age 
and does not appear to cause symptoms or adversely affect joint function. Isolated 
articular-cartilage and osteochondral defects appear to result from trauma that often 
leaves the majority of the articular surface intact (17,19). They commonly occur in 
adolescents and young adults who wish to maintain a high level of activity and in 
some of these individuals cause joint pain, effusions, and mechanical dysfunction. 
Although the natural history of isolated chondral and osteochondral defects has not 
been well-defined (10,21,22). However, clinical experience shows that, in skeletally 
mature individuals, when these lesions are left untreated they fail to heal, and that 
defects that involve a significant portion of the articular surface may progress to 
symptomatic joint degeneration. For this reason treatment of selected isolated chondral 
and osteochondral defects may help delay or prevent the development of OA. Because 
treatment by debridement alone produces variable results (9,19), investigators have 
sought better methods of treating these focal defects.

PENETRATION OF SUBCHONDRAL BONE

Penetration of subchondral bone was the first method developed to stimulate formation 
of a new articular surface and is still the most commonly used (2,9,23). In regions with 
full thickness loss or advanced degeneration of articular cartilage, penetration of the 
exposed subchondral bone disrupts subchondral blood vessels leading to formation of 
a fibrin clot over the bone surface (2,5,9). If the surface is protected from excessive 
loading, undifferentiated mesenchymal cells migrate into the clot, proliferate, and 
differentiate into cells with the morphologic features of chondrocytes (24). In some 
instances they form a fibrocartilagenous articular surface (Fig. 1), but in others they 
fail to restore an articular surface (25,26).

Surgeons first debrided degenerated articular cartilage and drilled into the subchondral 
bone through arthrotomies and found that many patients reported a decrease in symptoms 
following recovery from the procedure (27–30). One group advocated treating patellar 
articular-surface degeneration by excising damaged cartilage along with underlying 
subchondral bone, a procedure they referred to as “spongialization.” They found good 
or excellent results in a high percentage of their patients (31). Surgeons have developed 
a variety of other methods of penetrating subchondral bone to stimulate formation of a 
new cartilaginous surface including arthroscopic abrasion of the articular surface and 
making multiple small-diameter defects or fractures with an awl or similar instrument 
(9,19,23,25,26,32).
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Prospective randomized controlled trials of arthroscopic abrasion treatment of 
osteoarthritic joints have not been reported, but several authors have reviewed series 
of patients and found that these procedures can decrease the symptoms owing to 
isolated articular-cartilage defects and OA of the knee (19,25,26,32–35). One group of 
investigators reported less successful results in their series of 44 patients (49 knees): 
they found early treatment failures in 19 knees (39%), and 23 knees (47%) had failed 
at final follow-up examination (36). In this same series, excellent results decreased 
from 20 knees (41%) at the time of maximum improvement to 12 knees (24%) at the 
time of final follow-up.

Examination of joint surfaces following arthroscopic abrasion has shown that in 
some individuals, it results in formation of fibrocartilagenous articular surface that 
varies in composition from dense fibrous tissue with little or no type II collagen to 
hyaline cartilage-like tissue with predominantly type II collagen (25,26). Johnson also 
found that in many patients with radiographic evidence of cartilage joint-space narrowing, 
or no radiographically demonstrable joint space, the joint space increased following 
abrasion (25,26). Although an increase in radiographic joint space following subchondral 
abrasion presumably indicates formation of a new articular surface, the development 
of this new surface does not necessarily result in symptomatic improvement. Bert and 
Maschka (37,38) found that 30 (51%) of 59 patients treated with abrasion arthroplasty
had evidence of increased radiographic joint space 2 yr after treatment, but 18 (31%) of 
these individuals either had no symptomatic improvement or more severe symptoms.

Some of the variability in the clinical results of attempts to restore an articular surface 
by penetrating subchondral bone may result from differences in the extent and quality 
of the repair tissue. However, no studies have documented a relationship between the 
extent and type of repair tissue and symptomatic or functional results, suggesting that 
formation of a new articular surface following penetration of subchondral bone does 
not necessarily relieve pain (9). The lack of predictable clinical benefit from formation 
of cartilage repair tissue may result from variability among patients in severity of the 
degenerative changes, joint alignment, patterns of joint use, age, perception of pain, 
pre-operative expectations, or other factors. It may also result from the inability of the 
newly formed tissue to replicate the properties of articular cartilage (2,16). Examination 
of the tissue that forms over the articular surface following penetration of subchondral 
bone shows that it lacks the structure, composition, mechanical properties, and in 
most instances the durability of articular cartilage (Fig. 1) (1,5,9,16,39). For these 
reasons, even though it covers the subchondral bone, it may fail to distribute loads 
across the articular surface in a way that avoids pain with joint loading and further 
degeneration of the joint.

Currently, it is not clear which method of penetrating subchondral bone produces the 
best new articular surface, and differences in patient selection and technique among 
surgeons using the same method may be responsible for variations in results making it 
difficult to compare techniques. However, comparison of bone abrasion with subchondral 
drilling for treatment of an experimental chondral defect in rabbits showed that although 
neither treatment predictably restored the articular surface, drilling appeared to pro-
duce better long-term results than abrasion (40). This observation fits well with previous 
experimental work showing that chondral repair tissue that grows up through multiple 
drill holes that pass from the articular surface into vascularized bone will spread 
over exposed subchondral bone between holes and form a fibrocartilagenous articular
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Fig. 1. Light micrographs of normal rabbit articular cartilage and repair cartilage. Reproduced 
from ref. 16 with permission. (A) Normal rabbit articular cartilage. The extracellular matrix 
appears homogenous. (B) Well-formed repair cartilage in a 6-mo-old osteochondral defect. The 
matrix appears fibrillar and has multiple clefts. Most of the cells are smaller than the normal 
chondrocytes in (A). 

surface (39). It also suggests that small diameter holes that leave the bone intact between 
defects lead to formation of more stable repair tissue than abraded bone surfaces (40).

One recent report suggests that the age of the patient may influence the results 
of attempts to stimulate articular cartilage repair by penetrating subchondral bone. 
Kumai and colleagues described the results of arthroscopic drilling of osteochondral 
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lesions of the talus in 18 ankles (17 patients) (41). They found that all patients had 
decreased pain at between 2 and 9.5 yr after treatment. Twelve of the thirteen ankles in 
patients less than 30 yr old had a good result, but only one of five ankles in patients over
50 yr old had a good result. This data supports the concept that with increasing age 
the probability of a good result of an attempt to repair or regenerate articular cartilage 
decreases (2,42).

Despite the evidence that penetration of subchondral bone stimulates formation of 
fibrocartilagenous repair tissue, the clinical value of this approach remains uncertain. In 
contrast with reports of symptomatic improvement in patients with cartilage degeneration 
treated with penetration of subchondral bone (25,26,33–35), one investigator has 
concluded that although joint debridement can improve symptoms in many patients, 
abrasion or drilling of subchondral bone does not benefit patients with OA of the knee, 
and may increase symptoms (38). In addition, the short periods of follow-up; lack of 
well-defined evaluations of outcomes; lack of randomized, controlled trials; and the 
possibility for a significant placebo effect (43) or an improvement in symptoms owing to 
joint irrigation alone (44–47) make it difficult to define the indications for penetration 
of subchondral bone to stimulate formation of a new articular surface.

DECREASED ARTICULAR SURFACE-CONTACT STRESS

Several sets of observations suggest that decreased articular-surface contact stress 
combined with joint movement may stimulate restoration of an articular surface in 
osteoarthrotic joints. Before the development of artificial joints, surgeons found that 
resection of an osteoarthritic joint surface followed by decreased loading and joint 
motion resulted in the formation of fibrocartilagenous tissue over the bony surfaces 
(9,16,48). When the surgeon resected the degenerated articular surfaces along with 

Fig. 1. (continued) (C) Fibrillation and fragmentation of articular-cartilage repair tissue 1 yr after 
experimental osteochondral injury.
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some underlying bone, the space between the bone surfaces filled with a fibrin clot, 
and then granulation tissue. Decreased loading and motion of resected joint facilitated 
formation of opposing fibrocartilagenous surfaces, immobilization and compression 
could lead to bony or fibrous ankylosis. Reports of the effects of releasing the muscles 
that act across degenerated hip joints in an attempt to decrease joint loading suggest 
that this procedure improved symptoms and increased the radiographic cartilage space 
in some patients (49–51); and, as noted in the discussion of osteotomies, examination 
of osteoarthrotic joints following osteotomies shows, in some instances, formation 
of a new articular surface.

Recently these observations concerning the effects of decreasing joint-contact 
pressures combined with motion have been supported by clinical studies of the effects 
of joint distraction and motion using external fixators. Aldegheri and colleagues used 
joint distraction that allowed joint motion to treat 80 patients with a variety of hip 
disorders (52). Twenty-four patients who either had inflammatory joint disease or were 
older than 45 yr had poor results, and only four patients over 45 yr of age had good 
results; however, 42 of 59 patients younger than 45 yr with OA, hip dysplasia, avascular 
necrosis, and chondrolysis had good results. These results suggest that, at least in people 
less than 45 yr of age, decreased contact pressure and motion of damaged hip-joint 
surfaces can decrease symptoms. A retrospective study by van Valburg and colleagues 
showed that joint distraction and motion treatment for patients with post-traumatic ankle 
osteoarthrosis produced favorable results (53). They treated advanced post-traumatic 
osteoarthrosis of the ankle with joint distraction in 11 patients (53). After application 
of an Ilizarov device, the authors distracted the joints 0.5 mm/d for 5 d and then main-
tained the distraction of the articular surfaces throughout the course of treatment. 
Patients were allowed to walk a few days after the operation, active joint motion was 
started between 6 and 12 wk after surgery. After 12–22 wk, the distraction device was 
removed. At an average of 20 mo after treatment, none of the patients had proceeded 
with an arthrodesis: all 11 patients had less pain, and 5 were pain-free; 6 had more 
motion; and, 3 of 6 that had radiographic studies had increased joint space. Subsequently, 
the same group of investigators treated 17 patients with advanced ankle OA with joint 
distraction for 3 mo. Thirteen of these patients had decreased pain and improved function 
more than 2 yr after treatment, four patients did not improve. Although these reports have 
important limitations (54), the symptomatic improvement and delay, if not avoidance, 
of arthrodesis in most patients indicates that distraction or other methods of decreasing 
joint-contact forces combined with motion deserve further evaluation.

SOFT-TISSUE GRAFTS

The potential benefits of soft-tissue grafts include introduction of a new cell population 
along with an organic matrix, a decrease in the probability of anklyosis before a new 
articular surface can form, and some protection of the graft or host cells from excessive 
loading. Treatment of osteoarthrotic joints by soft-tissue grafts involves debriding 
the joint and interposing soft-tissue grafts consisting of fascia, joint capsule, muscle, 
tendon, periosteum, or perichondrium between debrided or resected articular surfaces 
(9,55–60). The success of soft-tissue arthroplasty depends not only on the severity of 
the joint abnormalities and the type of graft, but on postoperative motion to facilitate 
generation of a new articular surface (11,55,56).
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Animal experiments and clinical experience show that perichondrial and periosteal 
grafts placed in articular cartilage defects can produce new cartilage (9,11). O’Driscoll 
has described the use of periosteal grafts for the treatment of isolated chondral and 
osteochondral defects, and in preliminary evaluation of a small series of patients he has 
found good or excellent results in more than three-quarters of the patients (8,11,55,56).
Other investigators have reported encouraging results with perichondrial grafts (61,62).
One study suggests that increasing patient age adversely affects the results of soft-
tissue grafts. Seradge et al. studied the results of rib perichondrial arthroplasties in 
16 metacarpophalangeal joints and 20 proximal interphalangeal joints at a minimum 
of 3 yr following the procedure (63). Despite the small number of patients and 
joints, the results suggested that increasing age adversely affected the results for both 
metacarpalphalangeal and interphalangeal joints. Among the patients who had had an 
arthroplasty of the metacarpalphalageal joint, all three who were less than 20 yr old, 
three of four who were between 20 and 30, and only three of six who were more than 
30 had a good result. Of the patients who had an arthroplasty of the interphalangeal 
joint, four of five who were less than 20, four of six who were between 20 and 30 
and only one of three who was more than 30 yr old had a good result. None of the 
patients older than 40 yr had a good result with either type of arthroplasty. The authors 
concluded that perichondrial arthroplasty could be used for treatment of post-traumatic 
osteoarthrosis of the metacarpophalangeal joint and proximal interphalangeal joints 
of the hand in young patients.

The clinical observation that perichondrial grafts produced the best results in younger 
patients (63) agrees with the concept that age may adversely affect the ability of 
undifferentiated cells or chondrocytes to form an articular surface or that with age the 
population of cells that can form an articular-surface declines (42) and the evidence 
that with increasing age chondrocyte synthetic activity and response to anabolic growth 
factors decline (64). The age-related differences in the ability of cells to form a new 
articular surface may also help explain some of the variability in the results of other 
procedures including osteotomies or procedures that penetrate subchondral bone; that 
is, younger people may have greater potential to produce a more effective articular 
surface when all other factors are equal (64,65).

CELL TRANSPLANTATION

The limited ability of host cells to restore articular surfaces (1,16) has led investigators 
to seek methods of transplanting cells that can form cartilage into chondral and 
osteochondral defects (66). Experimental work has shown that both chondrocytes
and undifferentiated mesenchymal cells placed in articular cartilage defects survive and 
produce a new cartilage matrix (9). Wakitani and associates estimated that hyaline 
cartilage developed in 75% of 40 rabbit osteochondral defects treated with allograft 
articular chondrocytes embedded in collagen gels while only fibrocartilage developed
24 control defects (67). Other investigators have reported similar results with chondrocyte 
transplantation (68–72). Brittberg and colleagues compared the results of treating 
chondral defects in rabbit patellar articular surfaces with periosteal grafts alone, 
carbon-fiber scaffolds and periosteum, autologous chondrocytes and periosteum and 
autologous chondrocytes, carbon-fiber scaffolds and periosteum (73,74). They reported 
that the addition of autologous chondrocytes improved the histologic quality and amount 
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of repair tissue. Other studies have shown that mesenchymal cells aspirated from bone 
can produce cartilagenous tissue in goats (75) and that cultured mesenchymal stem cells 
can repair large osteochondral defects in rabbits (76,77).

In addition to these animal experiments, a group of investigators has reported using 
autologous chondrocyte transplants for treatment of localized cartilage defects in 
patients (78,79). The investigators harvested chondrocytes from the patients, cultured 
the cells for 14–21 d, and then injected them into the area of the defect and covered them 
with a flap of periosteum. At two or more years following chondrocyte transplantation, 
14 of 16 patients with condylar defects and 2 of 7 patients with patellar defects had good 
or excellent clinical results. Biopsies of the defect sites showed hyaline like cartilage 
in 11 of 15 femoral and one of seven patellar defects. More recently this group of 
investigators has reported the results in a larger groups of patients (8,79). They found 
that 92% (23 of 25) patients with an average age of 32.2 yr had improved function at 
2 yr or more after treatment for isolated articular-surface defects of femoral condyle. 
These results suggest that chondrocyte transplantation combined with a periosteal graft 
can promote restoration of an articular surface in humans, but more work is needed 
to assess the function and durability of the new tissue and determine if it improves 
joint function and delays or prevents joint degeneration, and if this approach will be 
beneficial in osteoarthritic joints (66). Futhermore, as with other methods of promoting 
articular cartilage repair, with increasing age the potential for repairing articular 
cartilage may decline (64,65).

GROWTH FACTORS

Growth factors influence a variety of cell activities including proliferation, migration, 
matrix synthesis and differentiation. Many of these factors, including the fibroblast 
growth factors (FGFs), insulin-like growth factors (IGFs) and transforming growth 
factor (TGF- ), have been shown to affect chondrocyte metabolism and chondrogene-
sis (5,9,80). Bone matrix contains a variety of these molecules including TGF- ,
IGFs, bone morphogenic proteins, platelet-derived growth factors, and others (5,81).
In addition, mesenchymal cells, endothelial cells, and platelets produce many of these 
factors. Thus, osteochondral injuries and exposure of bone owing to loss of articular 
cartilage may release these agents that affect the formation of cartilage-repair tissue, 
and they probably have an important role in the formation of new articular surfaces 
after currently used operative procedures including resection arthroplasty, penetration 
of subchondral bone, soft-tissue grafts, and possibly osteotomies.

Local treatment of chondral or osteochondral defects with growth factors has the 
potential to stimulate restoration of an articular-surface superior to that formed after 
penetration of subchondral bone alone, especially in joints with normal alignment and 
range of motion and with limited regions of cartilage damage. A recent experimental 
study of the treatment of partial-thickness cartilage defects with enzymatic digestion of 
proteoglycans that inhibit adhesion of cells to articular cartilage followed by implantation 
of a fibrin matrix and timed release of TGF- showed that this growth factor can 
stimulate cartilage repair (82,83). The cells that filled the chondral defects migrated into 
the defects from the synovium and formed a fibrous matrix. Another study showed that 
treatment of experimental osteochondral defects in rabbit knees with a collagen sponge 
containing recombinant human bone morphogenetic protein improved the composition 
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and appearance of the chondral repair tissue at 1 yr following treatment (80). Despite 
the promise of this approach, the wide variety of growth factors, their multiple effects, 
the interactions among them, the possibility that the responsiveness of cells to growth 
factors may decline with age (42,84,85) and the limited understanding of their effects 
in osteoarthritic joints make it difficult to develop a simple strategy for using these 
agents to treat patients with osteoarthrosis. However, development of growth factor-
based treatments for isolated chondral and osteochondral defects and early cartilage 
degenerative changes in younger people appears promising.

ARTIFICIAL MATRICES

Treatment of chondral defects with growth factors or cell transplants requires a 
method of delivering and in most instances at least temporarily stabilizing the growth 
factors or cells in the defect. For these reasons, the success of these approaches often 
depends on an artificial matrix. In addition, artificial matrices may allow, and in some 
instances stimulate ingrowth of host cells, matrix formation, and binding of new cells 
and matrix to host tissue (86). Investigators have found that implants formed from 
a variety of biologic and nonbiologic materials including treated cartilage and bone 
matrices, collagens, collagens and hyaluronan, fibrin, carbon fiber, hydroxlyapatite, 
porous polylactic acid, polytetrafluoroethylene, polyester, and other synthetic polymers 
facilitate restoration of an articular surface (2,9). Lack of studies that directly compare 
different types of artificial matrices makes it difficult to evaluate their relative merits, 
including the possibility that some implanted materials may cause synovitis (87), but 
the available reports show that at least some types of artificial matrices can contribute 
to restoration of an articular surface. For example, in animal experiments, polyglycolic 
acid, collagen gels, and fibrin have proven to be effective ways of implanting cells and 
fibrin has been used to implant and allow timed release of a growth factor (83,88–90).
Treatment of osteochondral defects in rats and rabbits with carbon-fiber pads resulted 
in restoration of a smooth articular surface consisting of firm fibrous tissue that filled 
the pads (91). Use of the same approach to treat osteochondral defects of the knee in 
humans produced a satisfactory result in 36 (77%) of 47 patients evaluated clinically and 
arthroscopically 3 yr after surgery (91). Brittberg and colleagues also studied the use 
of carbon-fiber pads for treatment of articular-surface defects (92). They found good or 
excellent results in 30 (83%) of 36 patients at an average of 4 yr after treatment.

CONCLUSIONS

A variety of methods have the potential to stimulate formation of a new articular 
surface including penetration of subchondral bone, osteotomies, joint distraction, soft-
tissue grafts, cell transplantation, growth factors, and artificial matrices. The available 
evidence indicates that the results vary considerably among individuals, the potential 
for articular-cartilage repair declines with age and the tissue that forms following these 
treatments does not duplicate the composition, structure, and mechanical properties 
of normal articular cartilage. However, regeneration of normal articular may not be 
necessary for a procedure to be beneficial; in at least some instances stimulating 
formation of articular-cartilage repair tissue may decrease symptoms and improve joint 
function. Reports of the clinical results of procedures intended to restore a damaged 
or degenerated articular surface describe clinical improvement for a majority of the 
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patients. Unfortunately these studies have serious limitations. The ages of patients 
treated and the types of articular-surface defects treated vary considerably. Some series 
included patients with advanced degenerative disease, whereas others only included 
patients with localized chondral defects in otherwise normal joints. None of them were 
controlled prospective studies and the lengths of follow-up and measures of outcome 
vary, thus it is difficult to compare the efficacy of these approaches to articular cartilage 
restoration. Nonetheless, review of the results of these procedures provides considerable 
insight into the potential for restoration of articular surfaces. Thus far none of these 
methods have been shown to predictably restore a durable articular surface in an 
osteoarthrotic joint, and it is unlikely that any one of them will be uniformly successful 
in the restoration of osteoarthrotic articular surfaces. Instead, the available clinical 
and experimental evidence indicates that future methods of restoring articular surfaces 
will begin with a detailed analysis of the structural and functional abnormalities of 
the involved joint, and the patient’s expectations for future joint use. Based on this 
analysis, the surgeon will develop a treatment plan that potentially combines correction 
of mechanical abnormalities (including malalignment, instability, and intra-articular 
causes of mechanical dysfunction), debridement that may nor may not include limited 
penetration of subchondral bone, and applications of growth factors or implants that 
may consist of a synthetic matrix that incorporates cells or growth factors or transplants 
followed by a post-operative course of controlled loading and motion.
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INTRODUCTION

The diagnosis of osteoarthritis (OA) is currently based on clinical presentation and 
radiographic signs. However, because radiographic diagnosis is based on decreased 
joint space, it detects disease only after considerable cartilage damage has occurred. 
Yet, there is only a modest correlation between the extent of structural damage in the 
osteoarthritic joint and the pain and functional impairment that causes the patient to 
seek treatment. Still, there remains a fundamental belief that if further joint damage 
could be prevented, disease progression would be stopped, and if joint damage could 
be reversed, functionality would be restored. All of this means that a method of 
measuring disease activity in OA is critically important for rationalizing treatment of 
OA. A knowledge of disease activity is required for determining the need of treatment, 
the mode of treatment and the effectiveness of treatment. Ideally, this is a role for a 
molecular marker.*

Several recent reviews have discussed potential molecular markers for OA (1–6).
The marker measurement need not be particularly precise in its correlation with disease 

*The terms bio-, biochemical, and molecular have been used as adjectives to describe 
the markers used to monitor OA. Although in the broad sense, all processes are biological, 
our measurements are not biological measurements, but are molecular measurements. These 
endpoints may be biochemical in nature (enzymatically driven, for example) or they may occur 
because of physical processes—tissue failure or inappropriate loading. We favor the term 
molecular marker because the marker is being used to monitor molecular events taking place 
without specifying the process.
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activity. The important criteria is that the marker be elevated when the patient is in need 
of therapy and that effective therapy reduces the marker to a near normal level. Moreover, 
rebound of the disease should be associated with rebound of the marker.

It is necessary to clarify what is meant by disease activity. To do so, we must add 
a complementary term: disease status. Disease status defines the patient’s current 
state, in effect the accumulation of disease changes. For OA, disease status means 
the cartilage, subchondral bone, ligament, meniscal, and soft-tissue status. To this is 
added an assessment of the joint in terms of function and pain. Disease activity is by 
contrast a measure of the rate of pathological change.* It has an element of prognostic 
importance: it suggests what future joint status might be if there is no intervention (5).
Thus high disease activity suggests a rapid deterioration, low disease activity suggests 
slow progression, and stable disease suggest little or no progression.

There is a great ambiguity in definition of both disease status and disease activity. 
Different choices made in forming a global measure of disease status or activity will 
emphasize different aspects of the disease and will give different perspectives. Each 
clinical measure is a disease status indicator and the interpretation of disease status is 
different depending on whether status is assessed by walking ability, X-ray, magnetic 
resonance imaging (MRI), or visual analog scale (VAS). The relationship between 
clinical measures and how best they should be weighted in a global measure of disease 
status is a subject of considerable debate. Disease progression is commonly measured 
by change in disease status over a fixed time period, for example, X-rays over a
1- or 2-yr period, MRI or arthroscopy over 6–12 mo, or VAS measurements over 6–12 mo. 
Thus, the construction of a best measure of disease progression is a matter of considerable 
debate. Nonetheless, we live in a practical world, and practical determinations of 
joint status and disease progression are routinely made. Disease activity is simply 
the rate of disease progression. Ideally, the disease activity, i.e., the daily or hourly 
rates of disease progression, could be multiplied by the appropriate time interval and 
the disease progression determined. Here we use the terms disease status and disease 
activity primarily to denote two distinct classes of information about a patients disease 
recognizing both the practical use of the concepts and the alternative choices available 
in their practical application. In general, the use of molecular markers is limited to 
the estimation of disease activity; molecular markers measure neither disease status 
nor disease progression.

Currently, there are no validated measures of disease activity for OA. Disease 
progression is used instead. X-ray measurements of disease progression are considered 
the gold standard. As X-rays have limited sensitivity, 1–2 yr between radiographs are 
required to define progression in the majority of patients. MRI may provide a more 

*Disease activity may be viewed as closely related to disease progression. It is the rate of 
disease progression. We measure disease progression in OA as the difference between two 
measurements separated by an extended time period, e.g., 6 or 12 or more months. By disease 
activity we mean the rate of disease progression as if it were measured at a single moment in 
time. Thus conceptually, the average disease activity for each day would be summed over the 
number of days to compute disease progression for an interval. Moreover, within a day, there 
can be a circadian rhythm of disease activity.
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timely structural measure of disease progression, but these techniques are at the present 
time highly experimental. Thus, it is critical that a good molecular marker of disease 
activity be found to guide application of therapy prior to severe, irreversible disease and 
to facilitate discovery and validation of therapy.

Classification of Molecular Markers for OA
To facilitate an understanding of the use of molecular markers, we have categorized 

them into groups in which markers play similar roles.

CARTILAGE MARKERS

OA is considered a disease of cartilage failure. The cartilage components that 
include the collagens (types II, VI, IX, and XI), aggrecan (link protein, core protein, 
keratan sulfate, chondroitin sulfate [CS]) and the cartilage-associated molecules 
(matrilin, cartilage oligomeric protein [COMP], fibulin, etc.) are responsible for the 
physical properties of cartilage. Monitoring the breakdown of cartilage components 
and measuring their remnants in body fluids gives the best chance of assessing disease 
activity in OA. When the breakdown product measured is from one of the cartilage 
components primarily responsible for its physical properties, there is a chance that the 
appearance of breakdown products will correlate with disease activity.

DISEASE PROCESS MARKERS

These are not cartilage components, but mediators or indicators of processes 
that can lead to further deterioration of joint status. Thus changes in the skeletal 
components—bone, ligament, tendon, synovial lining—can each contribute to the 
severity of OA, but they are not a direct indication of OA. Likewise, an elevation of 
stromelysin or collagenase in synovial fluid suggests their possible participation in 
cartilage breakdown, but the elevation does not prove they are involved. Elevated levels 
of cytokines or decreased growth factors or increased levels of shed receptors could all be 
taken as a sign of increased disease activity. However, none of these markers are specific 
for OA; they can be elevated in many other diseases. Nonetheless, their elevation in the 
presence of a diagnosis of OA is suggestive of increased disease activity.

GENETIC MARKERS

These markers define genetic haplotypes that could predispose to or determine 
the occurrence of OA because of changed cartilage properties. One example is the 
well-characterized type II collagen Arg519Cys mutant, in which 100% of carriers have 
early onset OA (7,8). At this time, there are no proven genetic markers for common 
OA, although some candidate genes have been identified (9–12). These markers could 
be prognostically useful.

EPIDEMIOLOGICAL MARKERS

Obesity has a well-documented detrimental effect on the joint (13), and thus hormonal 
imbalances that are associated with obesity such as elevated insulin (14,15), are 
associated with OA. Higher levels of estrogens (16) and vitamin D (17) have been 
shown to be associated with less OA progression. Such markers can provide important 
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information related to the occurrence of OA, but are not primary indicators of disease 
activity.

IRRELEVANT MARKERS

Most markers are simply irrelevant to the course of OA. Some of the markers thought 
important today may end up in this category when our knowledge improves, and some of 
our current irrelevant markers may likewise later be found useful. The important point is 
that the classification of markers is based on our best current knowledge.

Technical Criteria for Good Molecular Markers of OA
There are several technical requirements for a sound marker assay that should be met 

before it can be usefully applied to clinical samples. The assay should be reproducible 
and the error between independent measurements low. The standard curve should be 
valid in an appropriate medium, i.e., synovial fluid, serum, or urine. The specimens 
should dilute properly (the same values should be obtained independent of dilution) over 
the useful measurement range. Nonlinear dilution or the presence of inhibitors severely 
compromises the utility of any assay. The assay needs sufficient sensitivity to make 
measurements in both the normal and OA patients. The analyte should be stable during 
long-term storage. If not, samples must be run immediately and this drastically limits 
the utility of the assay. There should be a good recovery of spiked samples, i.e., spiking 
should add an appropriate amount to existing sample. The standard curve should be 
linked to some recognizable standard so that values can be readily interpreted. Finally, 
the analyte should be isolated and structural proof obtained of what is being measured. 
This last point may not always be possible because of the low level of analyte or because 
of the complexity of the analyte.

Clinical Criteria for Good Molecular Markers of OA
Ideally, a molecular marker should be extracellular, specific to the site of disease 

activity and relevant to the disease. Although the measurement of an intracellular 
marker can be useful for some diseases, lactic dehydrogenase (LDH), for example, 
in myocardial infarct, typical intracellular proteins are often not cell-specific, and 
like LDH, they are most likely to measure cell death. Specificity for the disease site 
means the ability to specify the source of the marker. An elevation of decorin in blood 
may not be able to be related back to the joint, because of its common occurrence 
elsewhere in the body.

Diurnal variation in marker levels should be examined and if evident, taken into 
account. Finally, the analyte should be detectable without the need for concentration, 
and levels of this analyte should be stable in the absence of disease modifying therapy. 
It is also extremely important that a marker differentiates the OA population from the 
nonarthritic controls. If it can’t readily distinguish OA patients from controls, then there 
is nothing to measure in cross-sectional studies.*

*The marker might still have used if it is elevated during a specific disease stage and so 
could be used to define that disease stage.



Chapter 15 / Molecular Markers and OA 219

Discernable marker differences in marker levels between controls and OA patients 
gives the window of opportunity for making meaningful measurements. Each population 
has a mean (m) and a standard deviation (SD). With the 24 markers we have so far 
examined in detail (18,19) and unpublished, the distribution of marker values failed 
to conform to a normal probability distribution. The nonstandard distribution of these 
markers can be corrected by using transformed variables, i.e., logarithm of the value 
rather than the value itself.

Y = log(X) = log(Xi)/N (1)

And where
2 = (log(Xi) – log(X))2 /(N – 1) (2)

Equally important, there is a standard statistical formula for defining the number 
of patients that would be required to reject a null hypothesis (i.e., hypothesis of no 
difference) and thus state with a given degree of assurance that the control and that the 
OA populations are different. The formula can be approximated as:

N = C I2  ( / )2 (3)

where  (the standard deviation of the OA population), C = 12.5, and = µ1–µ2 (the 
differences between the mean values of the control and the OA populations). The 
formula can be used to determine the number of patients that would have to be treated 
with drug to detect a return of marker back to control levels (I = 1, p = 0.05). This is 
by far the most optimistic scenario because it assumes that the treatment will restore 
the marker back to control level. If instead, the treatment gave only half (I = 2), a third
(I = 3), or a fourth (I = 4) improvement in the marker, the required number of patients for 
statistical significance would increase tremendously leading to a serious deterioration 
in the utility of the marker.

That brings us to a further problem—the specification of the error between measure-
ments ( ). The important value is the error between marker values determined from 
independent clinical measurements, i.e., between patient visits in stable patients. We 
have found that error measured as the coefficient of variation ( /average) between 4–5
patient visits to be around 25% for the better markers and higher for the poorer ones 
in stable patients. This is much higher than the error between independent replicates 
3–6% run on different days, which is again higher than the error between replicates of 
the sample in the same assay (0.5–2%). Lohmander et al. (20) have also estimated the 
“between visit error” for a large number of markers sampled at eight times over a year. 
Synovial-fluid markers displayed higher levels of within patient variability (18–71%) 
than did serum or urine markers.

Validation of Molecular Markers
Validation of molecular markers requires proven clinical performance as determined 

by correlation with X-ray imaging, MRI, or other measures of clinical outcome. Thus 
if the marker has prognostic power, an elevated value should predict a deterioration 
of the patients outcome. At an elementary level, a simple correlation with outcome does 
not guarantee that the marker is truly prognostic. When there is deterioration in clinical 
status, there can be many correlated variables that also deteriorate. Some are obligatorily 
linked to disease activity and others have only secondary linkage. Thus C-reactive 
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protein (CRP) is elevated during OA, but reduction in CRP alone is of little prognostic 
importance. CRP might be elevated because of unrelated inflammatory conditions and 
a reduction of CRP could be unrelated to any improvement OA. Conversely, type II 
collagen provides the tensile strength of cartilage. Inhibition of its breakdown could 
have significant prognostic importance for OA. Thus simple correlation with outcome in 
epidemiological studies is insufficient to validate a marker. There must be accompanying 
experimental evidence to show linkage to the disease process.

An even more useful validation criteria is the demonstration that a change in a 
molecular marker towards normal is associated with disease improvement. Such a 
demonstration would likely require the application of therapy that would preserve the 
cartilage as determined by some outcome measure such as MRI imaging. Unfortunately, 
effective therapy is still lacking in OA and thus so is the most efficient means of validating 
markers. However, a cartilage marker of OA may also have utility in rheumatoid 
arthritis (RA), in which case, the marker could be responsive to the initiation of disease-
modifying anti-rheumatic drugs (DMARD) therapy (MTX, Enbrel, Remicade, Arava). 
In appropriate situations, marker validation in RA could be meaningful for OA and help 
validate the clinical utility of an OA marker.

Importance of Site for Sampling the Molecular Marker
It makes a substantial difference which body fluid is sampled to measure the 

molecular marker. Synovial fluid is closest to the site of generation of markers from 
articular cartilage and its concentration and molecular form is thus most likely to 
reflect events in the cartilage. As the marker diffuses from the cartilage into the 
synovial fluid, it is unlikely to undergo extensive metabolism. Marker concentration 
in synovial fluid depends not only on the rate of its release from the cartilage, but 
on its rate of clearance.

If the marker is of low molecular weight (<15–20 kD), it will be rapidly cleared through 
the capillaries (t1/2 < 1/2 h) and enter the blood stream. If it is of higher molecular weight, 
it will be cleared more slowly by the lymphatics with a clearance rate of 2 h or longer 
depending on the synovial volume. Hyaluronan is an exception. It has a high reflectance 
from the synovial lymphatics and a much slower than expected clearance.

Once the marker enters the circulation, it will be diluted many-fold (a mL cleared 
from synovial fluid will be diluted into a >10 L blood volume). Moreover, it will be 
mixed with marker coming from other body compartments. The elevation of marker 
attributable to articular cartilage may be diminished or even completely hidden by 
the amounts of the marker coming from other body compartments. Once a molecular 
marker enters the blood stream, it passes through the liver and the kidney. Both are sites 
of metabolism for many markers. For some, metabolism will destroy the marker; for 
others, it will blur the direct relationship between tissue damage and marker level. Thus 
if one samples blood or urine, there is always the potential that what is measured will 
no longer be a direct measure of the OA process because of metabolism or dilution in 
fragments from other body compartments.

All these qualifications suggest that sampling the synovial fluid would be the best way 
to monitor disease. Unfortunately, it is not a routine clinical procedure. Furthermore, as 
disease status improves, synovial fluid becomes increasingly difficult to obtain. Thus 
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it behooves the investigator to understand the metabolism of the molecular marker and 
the contributions from other body compartments to know whether marker changes are 
a valid measure of joint disease in OA.

Immunological Assays for Measurement of Molecular Markers
Most molecular markers are measured by antibody assay in which each antibody 

recognizes a specific molecular epitope. Conceptually, there are four distinct types of 
epitopes recognized by antibodies and we briefly describe them.

CONFORMATIONAL EPITOPES

Most proteins in their native structure are constrained by folding into a specific 
conformation. Thus, collagen imbedded into the triple helix has a very defined rigid 
conformation and epitopes on triple-helical collagen are recognized by antibodies. 
Because collagen is normally in the helical conformation in mature tissues, these 
anti-helical antibodies recognize the native structure. Conversely, antibodies against 
helical epitopes usually fail to recognize the same amino acids when they are in a simple 
polypeptide chain and not constrained to the rigid helical conformation.

SEQUENTIAL EPITOPES

Antibodies against short amino acid sequences rarely react with the native conforma-
tion. Such antibodies recognize epitopes in newly synthesized proteins, in proteins 
cleaved by proteases and in denatured proteins. Such epitopes have been termed 
“denatured epitopes,” “linear epitopes,” or “sequential epitopes.” We favor the latter, e.g., 
sequential epitopes, because they are defined by a sequence of amino acids generally 
too short to fold into a defined conformation.

CLEAVAGE NEO (NEW) EPITOPES

These antibodies are directed to new sequences that arise when a protein has been cut 
by a protease to give new N-terminal and C-terminal sequences. With aggrecan, neo-
epitope specificity has been achieved by focusing on the aggrecanase cleavage site 
-NITEGE and ARGSVIL-. Defining an antibody as a neoepitope antibody means ful-
filling additional specificity criteria: The antibody must be selective for the cleavage 
sequence and fail to recognize the extended epitope (epitope + Xn) or contracted epitope 
(epitope – Xn) where Xn is from 1 to n amino acids of the native sequence. Thus for 
the aggrecan epitope ..NITEGE, the antibody must not recognize the extended epitope 
…NITEGEA or …NITEGEAR, etc., or the truncated epitopes …NITEG or …NITE.

MODIFIED EPITOPES

Sometimes amino acids are chemically modified in ways that make them recognizable. 
The Gla containing peptides from bone, the pentosidine crosslinks of collagen, the 
collagen glu-gal-hydroxylysine fragments in urine and the pyridinoline crosslinks 
are examples. The type I collagen pyridinoline crosslinks have found great utility for 
monitoring bone loss in osteoporosis. Thus far, the most useful modified epitopes for 
OA have been assays for the pyridinoline crosslinks of fibrillar collagen. Because 
pyridinoline crosslinks are found in all three fibrillar collagens, there must be sufficient 
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amino acid sequence attached to the crosslink for a detection antibody to clearly 
distinguish type II from type I and type III crosslinks.

EPITOPE YIELD

Ideally, one mole of a molecule will yield a maximum of one mole of a unique epitope. 
The yield of an epitope may be less than that maximum for two reasons. First, generation 
of the epitope is incomplete, or second, the epitope once generated is further fragmented 
and destroyed by hepatic or renal metabolism. Thus, usually whatever is measured is a 
minimal estimate of epitope generation. Some epitopes do not conform to that statement. 
Some epitopes are repeated multiply on the same molecule (chondroitin sulfate, and 
keratan sulfate on aggrecan and gal-hydroxylysine on type II collagen).

Further, some epitopes (generally in the class of C- or N-terminal neoepitopes) 
may be generated only by cleavage at a unique proteolytic site. Thus, the collagenase 
C-terminal neoepitope arises after collagenase cleavage (21,22), the bone type I crosslink 
fragment NTX after cleavage by cathepsin K (23). Such neoepitopes provide evidence 
for the pathway of generation of the fragment, and measure the amount of molecules 
fragmented by that enzyme. They are not a measure of total molecular fragmentation 
when other pathways are involved.

A SURVEY OF MOLECULAR MARKERS APPLIED TO OA

Type II Collagen (Col2) Assays
Type II collagen is the major structural cartilage component and the major determinant 

of its physical properties. It provides cartilage’s tensile strength and, by providing 
structure to the cartilage, allows the aggrecan to respond to compressive forces as if it 
were under confined compression. Measurement of its degradation should be expected 
to provide a useful measure of disease activity because it is related to the loss of 
cartilage’s physical properties.

COL2 SEQUENTIAL EPITOPE ASSAYS

When col2 is denatured, it loses its helical conformation. Antibodies can be made 
to the nonhelical peptides that react only with sequential epitopes. Such assays can 
be used to demonstrate the presence of nonhelical col2 and thus suggest its physical 
properties have been compromised.

COL2 3/4 m Assay of Dodge et al. (24) and Hollander et al. (25). Dodge et al. (24),
and Hollander et al. (25) have provided an assay of nonhelical col2 that they describe as 
denatured collagen. The assay is useful for examining cartilage pieces from autopsy or 
at joint replacement. Dodge et al. (26) demonstrated the presence of nonhelical col2 in 
RA cartilage using immunogold staining. Using the COL2 3/4m monoclonal inhibition 
enzyme-linked immunosorbent assay (ELISA), Hollander et al. (25) have shown that the 
collagen in OA cartilage is more denatured than that of control cartilage. The data can 
be interpreted to suggest there may be an upper limit on the amount of denaturation in 
cartilage: If too much denaturation occurs, the nonhelical regions are processed by other 
proteases and removed from the cartilage. Thus, this assay substantially underestimates 
the amount of fragmentation that has occurred over time because it only measures the 
remaining sequential epitope.
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E1E5�L25 Assay of Barrach et al. Barrach et al. (27,28) developed two monoclonal 
antibodies (MAbs), E1E5 and L25, against CNBr peptides of type II collagen for use 
in a capture ELISA with a lower limit of sensitivity of about 100 pM of col2 fragment 
(standardized in terms of CNBr generated col2 fragments). In the Hulth-Telhag rabbit 
model of OA (29), levels of col2 fragments in synovial fluids rose from negligible to 9, 
26, and 55 nM at 3, 5, and 8 wk after surgery.

The levels of collagen peptides found in normal rabbit plasma decreased with age 
presumably reflecting the fall in growth-plate activity with age. In 1 kg rabbits, 19 nM 
of fragment was found. That fell to 1.36 nM in 2.9–3.5 kg and to 220 pM in 4 kg rabbits. 
They used 3.5–5.0 kg rabbits for the Hulth-Telhag model and found plasma levels of 
600, 900, and 800 pM at 3, 5, and 8 wk post-surgery. Barrach et al. (30) also measured 
col2 fragments in human synovial fluid.

The E1E5�L25 assay has the ability to measure col2 fragments in SF and blood in 
severe disease. Its utility under those circumstances seems clear, but it has only rarely 
been used for routine OA samples. It needs more extensive evaluation so that its utility 
can be properly defined.

TYPE II COLLAGEN CROSSLINK ASSAYS

Eyre et al. (31) and Osteometer (32) have developed similar assays for type II collagen 
crosslinks. The type I collagen crosslinks have found great utility for monitoring bone 
loss in osteoporosis (33) and it is hoped this success can be repeated with type II in OA. 
In nature, there is about 0.5–0.8 moles of crosslink/mole of chain. With fragmentation of 
col2, the crosslinks are released. They are nearly completely metabolized and appear in 
urine as the isolated crosslink or as the crosslink with a few attached amino acids. In the 
absence of the attached amino acids, the bone collagen crosslinks are indistinguishable 
from those of cartilage. However, with attached amino acids, the col2 crosslinks are 
uniquely detected. Here the antibody specificity becomes exceedingly critical for the 
interpretation. If it is a cleavage-site neoepitope antibody, it may detect only cross 
linking generated by that particular protease; if it recognizes a sequential epitope, it 
may be recognized independent of proteolytic origin.

Col2 CTx Assay of Eyre and Colleagues Using the 2B4 Antibody to Measure 
col2 Crosslinks (CTx). Atley et al. (34) compared col2 CTx the in urine between 
controls and OA patients. Control levels were 30 ± 10.4 ng/mg creatinine (Cr). Those 
values rose to 42.2 ± 15.2 in patients with OA. In patients with only knee OA levels 
were 36.6 ± 8.8 and with generalized OA (knee plus 5–10 digits) were 51.9 ± 20.7 ng/mg 
Cr. To obtain a 50% reduction toward control (p = 0.05), it would take 135 patients 
with knee OA only, but only 35 patients with generalized OA. The fine specificity of 
the antibody has not been published.

Lohmander et al. (35) have examined release of col2 CTx in synovial fluid in patients 
with traumatic joint injury. Crosslink levels rise promptly from less than 2 ng/mL to 
17 ng/mL after injury and fall to a still elevated value of around 8–10 ng/mL where 
they remain for over 2 yr.

These data from the 2B4 assay suggests it will be very easily to identify elevated 
crosslink level in synovial fluid and that it will, in addition, be useful for monitoring 
more severe forms of OA.

Col2 CTx (CTC-II) Crosslink Assay of Osteometer. Garnero et al. (32) measured 
urinary crosslink levels in controls, and patients with both destructive and nondestructive 
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RA. This appears to be a cleavage neoepitope assay, but the protease of origin is not 
yet identified. Values for CTC-II were 6.9 ± 2.2 for controls vs 9.2 ± 5.4 and 16.5 ± 
10 nmol/mmol creatinine for nondestructive and destructive RA, respectively. CTC-II 
levels do not correlate with CRP levels in either OA or RA patients. In spite of the 
localized bone loss in destructive RA, col1 CTx was decreased where as CTC-II was 
significantly elevated in destructive RA. To validate that CTC-II and TI CTx were in 
fact measuring different crosslinks, they also studied two additional populations of 
people: CT-II was 6.2 ± 0.9 in pre- vs 7.5 ± 2.8 in post-menopausal women, essentially 
unchanged, whereas col1 CTx increased over 100%. In Paget’s disease, col1 CTx 
increased 4X whereas CTC-II failed to significantly increase. In OA patients, they 
examined 67 OA patients and 67 healthy controls (36). They found urinary CTC-II 
increased by 25%. Most interesting, of the markers they examined (COMP, col1 CTx, 
YKL-40, HA, CRP), only CTC-II correlated with cartilage loss as assessed by joint 
space area (r = –0.40, p > 0.0002).

COL2: COLLAGENASE NEOEPITOPE ASSAYS

When collagenase cleaves col2 producing a 1/4 and 3/4 piece, a new C-terminal and 
a new N-terminal sequence are formed. The new N-terminal can be degraded further 
by enzymes such as collagenase 3 (37,38) and tryptic enzymes. The new C-terminal 
sequence appears stable to further cleavage and can be detected in cartilage and in 
collagen fragments released from cartilage. Billinghurst et al. (21) and Otterness et al. 
(22) have described C-terminal collagenase-generated neoepitope antibodies that can 
be used for assays of collagenase cleavage of col2 in cartilage (Stoop et al. [39], Hueber 
et al. [40], and Otterness et al. [22]).

COL2 3/4C Assay (Billinghurst et al. [21]). A rabbit polyclonal antibody (PAb) 
against the new cleavage product C-terminal sequence -GPOGPQG (3/4C short) was 
used to establish a competitive inhibition ELISA. Standard curves show detectable 
inhibition by peptide 3/4C at about 600 nM with maximum inhibition at about 100 µM.
Using the methodology of Hollander et al. (25) and Billinghurst et al. (21) extracted 
the 3/4C epitope from cartilage with chymotrypsin and determined its concentration in 
cartilage. The amounts of 3/4C in cartilage were higher in OA cartilage (9 × 10–3 mole 
3/4C epitope/mole of collagen col2 1 chain) vs 4 × 10–3 mole/mole in nonarthritic 
human cartilage. Interestingly, the amounts of 3/4C epitope were about 30% of the 3/4m 
epitope in cartilage. This assay remains to be developed for body fluids.

TIINE Assay (Otterness et al. [22,41]). Two MAbs were developed in order to 
generate a sandwich assay for the collagenase neoepitope. 9A4 is a collagenase cleavage-
site neoepitope antibody directed against the sequence –GPPGPQG (22). The capture 
antibody 5109 is directed against a highly charged sequence EPGDDGP (41,42). The 
capture ELISA format detects peptide–GEPGDDGPSGAEGPPGPQG. A liquid-phase 
assay has been developed that gives equivalent standard curves for the proline and 
hydroxyproline containing sequences (43).

The TIINE assay detects very significant neoepitope concentration differences in 
urine between OA patients and controls (44). Young controls averaged 500 pM, OA 
patients averaged 1900 pM and age-matched controls for the OA patients averaged 
1100 pM. Treatment of RA patients with methotrexate lowers TIINE levels (43). Power 
calculations using log transformed values show that to detect a 50% lowering of TIINE 
levels toward age-matched controls would require 26 patients whereas lowering half-
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way to control levels would requires only 12 patients. Drug effects are detectable in 
individual patients. The TIINE method appears to have characteristics that will make 
it a useful clinical assay.

COLLAGEN BIOSYNTHESIS ASSAYS

The chondrocyte synthesizes the procollagen chains that form triple-helical collagen, 
secretes it, and then clips off the N- and C-terminal propeptides. Studies have shown that 
the rate of C-propeptide release is proportional to the rate of synthesis of new collagen 
molecules in tissue culture (45). Assays have been developed for the propeptide of type 
II collagen by Hinek (46,47) and Shinmei (48). Increased levels of C-propeptide have 
been found in synovial fluid of OA and joint-injury patients (49). Increased release 
of C-propeptide fragments from cartilage of OA patients has also been shown (50).
However, the C-propeptide is decreased in serum from OA patients (19,50) indicating 
that the serum level does not reflect events in the cartilage, but rather must reflect a 
systemic metabolic process.

TYPE IX COLLAGEN IN SYNOVIAL FLUID

An early report suggests that type IX collagen fragments may be released into synovial 
fluid (51). Except for a much lower concentration in cartilage, type IX collagen also has 
much the same selective cartilage distribution as type II collagen. Thus this might offer 
another avenue for attaining specificity for OA changes.

Aggrecan Assays
Aggrecan is made up of a large number of sulfated polysaccharides (keratan sulfate 

[KS] and chondroitin sulfate [CS]) on a protein core linked to high molecular-weight 
hyaluronan. This huge, highly charge complex when confined by type II collagen gives 
cartilage its resiliency under compression.

The release of charged sulfated polysaccharides into synovial fluid as been routinely 
detected in biochemical assays using the dye dimethylmethylene blue. However, to get 
more mechanistic information, MAbs have been used to examine the metabolic fate 
of aggrecan and its fragments.

CS ASSAYS

CS is the predominate charged sulfated polysaccharide in aggrecan, but it exists in 
other body compartments. Using the 3B3 MAb of Ratcliffe et al. (52) showed elevation 
CS after ACLT in the dog. 3B3 was also used by Hazell et al. (53) to show that CS 
is elevated in OA synovial fluid following knee injury. Glant et al. (54) isolated a 
monoclonal antibody 846 which is essentially absent in adult cartilage but appears in OA 
(55). The 846 epitope is increased in synovial fluid following ACL rupture (0.61 U/mL), 
meniscal injury (0.53 U/mL) and in primary OA (0.68 U/mL) compared to controls
(0.28 U/mL) (56). However, the ranges were quite broad. The change in serum levels is 
small and unlikely to be useful except in large OA patient populations (18,57).

KERATAN SULFATE ASSAYS (5D4 AND AN9P1)
Early measurements in synovial fluid of OA patients showed elevation of keratan 

sulfate (KS) using the 5D4 monoclonal antibody of Caterson (58–60), but Hazell et al. 
(53) found a significant decrease with 5D4 in traumatic joint injury. KS is also elevated 
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in experimental canine OA (61). In a large cross-sectional study, Champion et al. (60)
found mean levels of 393 ± 124 ng/mL in OA patients. Most studies with 5D4 show 
a modest increase in levels, but not all (62). By contrast, Poole using the KS MAb 
AN9P1, has found the KS epitope to be elevated in synovial fluid and decreased in 
OA blood (19,57). Because of the small differences between OA patients and controls 
when measurements are made in blood and because of the discrepancy between changes 
in blood and synovial fluid, the KS assays are not useful for routine monitoring of 
the sera of OA patients.

AGGRECAN CORE PROTEIN

Heinegard first developed PAbs against the core protein of aggrecan for use in 
monitoring release of aggrecan fragments into synovial fluid in a canine model of OA 
(63). Saxne et al. (64) were able to show the lowering of aggrecan fragments in human 
synovial fluid after glucocorticoid treatment. The elevation of aggrecan fragments 
after joint injury was shown by Lohmander et al. (65) using PAbs to study joint fluids. 
Controls (athletes) had synovial-fluid levels around 36 µg/mL; which rose more than 
10-fold in the week following joint injury and then fell with time, but remained above 
normal indefinitely. However, the average elevation was only doubled in established knee 
OA and showed a coefficient of variation of approx one (66). The I-F21 monoclonal (67)
detects a core fragment and interestingly, its level is correlated with the 5D4 detection of 
keratan sulfate in synovial fluid. It detects increased aggrecan fragments in both knee 
injury and primary OA, but again only in the synovial fluid (56).

AGGRECAN NEOEPITOPE ASSAYS

Fragments of aggrecan core can be analyzed using neoepitope antibodies that 
recognize cleavage sites of specific proteinases. Aggrecanase cleaves aggrecan leaving 
the fragments …NITEGE373 and A374RGSVIL… matrix metalloproteinases (MMPs) 
cleave leaving the fragments …VDIPEN341 and F342FGVG… Hughes et al. (68) produced 
the aggrecanase neoepitope antibody BC3 to ARGSVILT and the MMP neoepitope 
antibody BC4 to VDIPEN. Fosang developed antibody AF-28 to FFGVG. The VDIPEN 
and NITEGE C-terminal neoepitope antibodies have been primarily useful for staining 
residual aggrecan core left in cartilage and both fragments are detected in OA cartilage 
(69). The N-terminal neoepitope antibodies have been primarily used for monitoring 
products released in synovial fluid or tissue culture. Fosang et al. (70) examined synovial 
fluid using AF-28 and found MMP-generated fragments that were small, but lacked 
the NITEGE site. The neoepitope antibodies have the potential to clarify aggrecan 
catabolic mechanisms and facilitate disease monitoring if they can be adapted to routine 
fluid-phase measurements.

Cartilage Component Markers
CARTILAGE OLIGOMERIC PROTEIN

COMP, a component of the articular cartilage extracellular matrix, is a >500 kD, 
homo-pentameric member of the thrombospodin family of extracellular calcium-binding 
proteins. It is found in high concentrations in articular cartilage (approx 0.1% wet 
weight), but it is also present in other tissues such as tendons. As this protein is made 
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by activated synovial cells, elevated COMP may reflect synovitis. In a study of patients 
with clinical OA, those with progressive disease during the 5-yr follow-up had serum 
COMP levels that increased on the average of 6.4 µg/mL compared to only a 0.7 µg/mL 
increase in nonprogressive patients (71). In a 3-yr study of individuals with chronic 
knee pain suggestive of early OA, those with evidence of radiographic progression at 
the studies end had significantly increased COMP levels over time. In a large study, 
Clark et al. (72), using MAb 17-C10, found COMP levels significantly elevated in OA 
compared to control and in older (>65 yr) compared to younger individuals. Their study 
is of considerable interest in that they used log-transformed values to insure validity of 
the statistical tests and in addition showed data from other laboratories facilitating a 
comparison of COMP assay performance in other laboratories. In human synovial fluid, 
increased COMP is found after knee injury and in early OA (73). Peterson et al. (74)
reported examination of the serum of individuals without OA that progressed to OA had 
higher COMP levels than individuals who did not progress.

YKL-40 (HUMAN CARTILAGE GLYCOPROTEIN-39; HC GP-39)
YKL-40 is a major secretory protein of chondrocytes, synovial cells, macrophages, 

and neutrophils. It has been reported to be elevated in OA synovial fluid (75,76), but 
the meaning of that elevation is unclear. Chondrocytes show elevated staining (77), but 
because YKL-40 is a major constituent of neutrophil granules and is released when the 
granules are released, it may simply be a marker of inflammation.

OTHER CARTILAGE COMPONENTS

There are a variety of other potential cartilage markers that could be examined in 
OA. A partial list would include decorin, biglycan, superficial zone protein (lubricin), 
matrilin, fibulin, fibromodulin, and so on. Some of these molecules have been tested 
for changes in cartilage during OA (78), but as yet cartilage-specific assays have not 
been developed. The use of gene chips should lead to additional candidates. Because 
many of the potential markers are found outside of cartilage as well, e.g., decorin, 
biglycan, and so on, it is likely for some that a usable assay can be prepared only 
for synovial fluid.

Bone Markers
Bone markers that arise from the body’s large bone mass are likely to provide little 

data of direct relevance to OA. It must be kept in mind that there is a huge menopausal 
effect on the levels of bone metabolites. This does not mean that measures of bone 
metabolism are without value. Metabolically active bone determined by scintigraphy is 
associated with OA progression (79). Moreover, markers of bone metabolism may have 
a role in stratifying OA patients particularly when measured in synovial fluid where 
they might reflect bony changes in that joint.

OSTEOCALCIN

Women with radiographically confirmed OA have higher bone mineral density 
(BMD) than do those without knee OA. This is reflected in lower bone turnover in these 
individuals as measured by serum osteocalcin, a marker of bone formation. Average 
serum osteocalcin levels were lower in incident cases of hand OA (>60%, p = 0.02) or 
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knee OA (20%, nonsignificant P) (80). In a population of women over the age of 60 with 
clinically diagnosed OA awaiting total hip replacement, no difference in osteocalcin 
levels over controls were noted (81).

TYPE I COLLAGEN METABOLITES

These are best characterized as markers of bone resorption. Either urinary pyridino-
lines (hydroxylysylpyridinoline (Pyr) or deoxypyridinoline (D-Pyr) or telopeptides that 
contain these crosslinks are used routinely to assess changes in bone turnover. Type I 
crosslinks have been suggested to provide a measurement of disease activity (82–84), but 
Graverand et al. (85) suggest that such changes are only seen in late disease.

BONE SIALOPROTEIN (BSP)
BSP appears to be released from the more superficial layers of bone and has been 

measured in a number of OA clinical trials. Lohmander et al. (86) showed it to be elevated 
in synovial fluid after joint injury. Petersson et al. found it elevated in synovial fluid of 
patients with joint pain (74) and in patients with bone-scan abnormalities (87).

Disease Process Markers
METALLOPROTEINASE MARKERS

Molecules such as stromelysin, collagenase, the gelatinases, members of the 
adamalysin thrombospondin (ADAMTS) family, and so on, could contribute to the 
progression of OA. Thus, stromelysin rises 15–45-fold over control levels in OA synovial 
fluid (66) and in the synovial fluid from patients with join injury (65,88). In joint injury, 
it remains elevated 2–4× for years after injury. In the normal and the athlete groups, 
ratios of stromelysin/tissue inhibitor of metalloproteinase (TIMP) were 0.5, suggesting 
an excess of TIMP, whereas the ratios reversed in the OA and knee groups (1.6–2.0) 
suggesting the potential for uninhibited enzyme. Because the stromelysin is in the 
proform, it is difficult to interpret this data. A determination of the amounts of active 
enzyme could help (89). Also the source of the enzyme could be meniscus, cartilage, 
or synovial lining as all have increased message levels. The levels in blood are not 
elevated.

Collagenase by contrast, seems to be upregulated in blood (90) as well as synovial 
fluid in OA, but its levels are very low, making it a nonroutine maker. It, too, is in 
the proform.

CYTOKINE MARKERS

IL-1, TNF, and IL-6. Immunohistochemical analysis of synovial and cartilage 
biopsy following knee arthroscopy revealed IL-1 and TNF- positive chondrocytes 
from almost all patients (91). However, these markers were expressed at low levels or not 
at all in synovial membranes. In a study by Manicourt et al. (92), synovial fluid TNF-
levels from OA patients were detectable at low levels in 20/31 subjects analyzed with 
undetectable levels in the remaining 11 subjects. In this same study, IL-6 levels positively 
correlated with TNF- levels. Serum IL-6 and sTNF-RII levels were distinguishable in 
specimens from OA and control subjects (18).

Chemokines. An apparently novel OA-specific increase in the chemokine MP-1 has 
been reported (93). This could be of interest, but no further work has appeared.
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INFLAMMATION MARKERS

CRP. Lowering of serum C-reactive protein (CRP) is one the ACR criteria for 
improvement in RA. However, as OA is less inflammatory in nature, CRP levels (~5 vs 
> 50 µg/mL in RA) may not be as useful an indicator. Sharif et al. (94) reported elevated 
CRP levels predicted knee radiographic progression 8 yr later. However, specimens 
obtain 5 yr prior to progression were not predictive raising questions about the meaning. 
In another long-term study (4 yr), Spector et al. (95) demonstrated a predictive value 
of small elevations in CRP levels in progressor vs nonprogressor women with mild to 
moderate knee OA. However, Garnero et al. (36) found that CRP (as well as serum 
type II collagen N-propeptide [PIIINP]) was correlated with the WOMAC, but not 
correlated with cartilage loss.

Hyaluronan. Synovial fluid hyaluronan is present at around 2–3 mg/mL. It rises 
in concentration during inflammation. It is produced by the synovial lining cells in 
sufficient amounts that it is unlikely there is any significant contribution to the elevation 
arising from degradation of aggrecan. HA has been reported elevated in OA and plasma 
HA levels were found to correlate with an objective functional capacity score and with 
an articular index based on the total amount of cartilage in the involved joints (96). HA 
is also elevated in experimental models of OA (97). A comparison has been made of 
various assays for monitoring HA levels (98).

Glc-Gal-PYD. This glycosylated crosslink fragment has been recently reported as a 
marker of synovial inflammation and is measured in the urine (98a). It, like PIIIPN, is 
elevated in OA (36), but far more modestly than in RA (98a).

GROWTH FACTORS

TGF- . It has been reported increased in OA (18), but the meaning remains to 
be determined.

IGF1. The data of Fraenkel et al. (99) suggest that serum IGF1 levels are not related 
to OA. Because of the variety IGF binding factors, it may well be that the binding factors 
have larger role in regulating the amount of available IGF1.

INTERPRETATION OF RESULTS FROM DISEASE MARKERS

Type II collagen seems to have some important characteristics that lend it to use 
as a measure of cartilage breakdown. It seems to be synthesized in early life and the 
extent of remodeling seems to be small. Its half-life in cartilage has been estimated to 
be over a 100 yr in man (99a). While there is clear evidence for new synthesis of type II 
collagen in OA, the bulk of the fragments seem to come from breakdown of pre-existing 
collagen. If this assumption is validated, then type II collagen fragmentation could 
be an actual disease marker with fragment elevation related to actual loss of physical 
properties of cartilage, and the amount of cartilage compromise actually related to the 
total amount of fragment lost.

How rigidly should the interpretation of clinical functional loss being directly 
proportional to the collagen fragment be held? There would seem to be some clues from 
other markers. The oldest disease marker is fever. It is elevated in infectious disease. 
Whether or not the physician considers that there is some rough correlation between 
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bacterial load and fever elevation is immaterial; fever signifies the need of therapy. 
Moreover, in spite of confounding effects of aspirin and other NSAID, which lower fever 
without affecting bacterial load, fever remains an effective and widely used measure of 
disease activity. Such practical considerations ought to guide marker interpretation in OA 
as well. High levels of marker should reflect high progression and the need for therapy; 
low levels, low progression, and the need of therapy more debatable.

Frequently, when examining clinical-marker data, one obtains a statistically significant 
association with disease status. It should be understood that this is a secondary 
correlation. It arises because it is likely that patients with a high marker level have had 
a high marker level for sometime and that those with a low marker level have not. Thus 
it is likely that those with high marker levels have more active disease for a longer time 
and have therefore experienced more joint damage over time.

If new synthesis is a major contributor to the level of collagen fragments in the 
urine, then the type II collagen fragment assays shift from being a disease marker to 
being a disease-process marker and the lowering of fragments in the urine may or may 
not indicate an improvement in outcome. Even so, there could be an exception to that 
category shift. If the bulk of fragments from new synthesis are generated by enzymes 
(cathepsins) different from those used in the pathological process (collagenases), then the 
use of neoepitope antibodies could potentially differentiate between the two pathways 
and make it possible to retain the disease-marker status.

Conversely, the data on aggrecan indicate there is a high level of normal turnover with 
a t1/2 of around 3 yr (100). In this case, aggrecan fragments become disease-process 
markers. There is no direct linkage between pathology and fragment concentrations. 
However, if again there is the involvement of an enzyme, for example one of the 
ADAMTS enzymes, that is pathological in the disease process, then it might be possible 
to tighten the disease linkage and improve the prognostic importance of the markers by 
use of antibodies that would specifically recognize breakdown fragments generated by 
that enzyme. This is work that is still to be done.

For markers based on other cartilage molecules, we simply have insufficient data. 
There is an indication that levels of COMP might be useful for predicting progression 
(101), but the synovial-lining cells can synthesize COMP so the direct relationship to 
cartilage is obscured. At this stage of knowledge, it must be viewed as a disease-process 
marker rather than a disease marker.

For the disease-process markers, we can only say that we believe that their lowering 
toward normal would be beneficial. Some of the disease-process markers in synovial 
fluid can be associated closely with OA and are unlikely to be nonspecific indications 
of other disease, e.g., stromelysin, collagenase, aggrecanase, COMP. However, we don’t
know how to interpret their elevation in OA. If a drug were to lower this elevation, 
would it be an indication that the drug works? It would be suggestive, but one must 
wait for marker validation by application of an effective drug. Where the linkage to the 
disease is less clear, such as with CRP, IL-1, or TNF receptor elevation, then it becomes 
necessary to exclude contributions from secondary conditions that elevate these markers 
in a variety of diseases. Still, the same question must be asked. If the elevation is in fact 
owing to OA, would a lowering of the marker improve the prognosis? Again, we don’t
know the answers. For now, this leaves these markers as most useful for hypothesis 
testing and for mechanistic studies.
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Finally, there is the question of how to use the data from markers. We have examined 
a variety of markers in a side by side comparison. Our results suggest that many of the 
markers give similar, if not comparable information (19). If they do provide redundant 
data, then there is little point in running several markers that give essentially the same 
information. The question then arises, what marker(s) should be used to best estimate 
disease activity in OA in order to guide treatment and therapy. The data we have 
reviewed give no clear answers. Too few side by side comparisons of markers have been 
carried out. We suggest power analysis provides a powerful tool to winnow the field of 
markers, but that too has rarely been done. We think that of the cartilage markers, the 
collagen-fragment assays have the most promise, but that remains to be proven.

THE STATUS OF MOLECULAR MARKERS IN OA

The outlook for the use of markers for monitoring OA is perhaps better than it has ever 
been. There is clear utility of markers for clinical trials where populations of patients 
can be used. There are a few markers that could potentially be useful for monitoring 
of individual patients, but they have only been closely examined in population studies. 
Currently the primary use of markers is to give mechanistic information and to support 
(not prove) clinical utility of a drug. A substantial amount of work remains to be done 
before any marker is deemed useful for the determination of clinical efficacy and can 
be used to monitor therapy in an individual patient.
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INTRODUCTION

As the most common form of joint disease, osteoarthritis (OA) represents a major cause 
of morbidity and disability, particularly in the second half of life, as well as a significant 
burden on health-care resources. Although important advances in understanding the 
pathophysiologic processes of OA have been made, today’s treatment of the disease still 
focuses mainly on improving its symptoms (1). As the relationship between the etiology 
and pathology of OA have become more clearly defined, new concepts and molecular 
targets for the treatment of this arthritic condition have emerged and have permitted the 
development of new therapeutic agents. These agents are likely to provide significant 
progress toward modifying the progression of the structural changes of this disease. The 
pharmacological agents of this class are named disease-modifying anti-osteoarthritis 
drugs, or DMOAD, introducing the concept that some drugs may slow the rate of 
cartilage degeneration, and/or enhance the rate of cartilage repair. The discovery of 
new agents that have the potential to reduce or stop the progression of the structural 
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changes observed in this disease in humans is most promising and likely to change the 
therapeutic approach in the near future.

Many different DMOAD agents are presently into preclinical and/or clinical 
development for the therapy of OA. These can be mainly classified within the following 
categories.

INHIBITORS OF METALLOPROTEASES

In OA cartilage there is now clear evidence that the earliest histopathological lesions, 
which are a depletion of proteoglycans and a breakdown of the collagen network, result 
from increased synthesis and/or activity of proteolytic enzymes. Current knowledge 
indicates a major involvement of the matrix metalloprotease (MMP) family in this 
disease process (2). As MMP appear intimately involved in the degradation of cartilage 
matrix as well as in the structural changes occurring during the course of the disease, 
it is therefore no surprise that considerable attention has been devoted to developing 
strategies to reduce their levels and/or activity in situ in arthritic joints.

MMPs are enzymes implicated in the natural turnover of the extracellular macro-
molecules (3). They are produced by cells of the articular joint tissues, including 
chondrocytes, fibroblasts, osteoclasts, osteoblasts, and inflammatory cells. Collectively, 
they can degrade all the major macromolecules of the extracellular matrix: collagens, 
aggrecans, laminin, fibronectin, and other glycoproteins. These enzymes are synthesized 
as proenzymes, and must be activated by proteolytic cleavage (3). Generally they are 
present as soluble forms, but some are membrane-bound. The activation of the latent 
secreted enzyme results from the proteolytic cleavage of the propeptide domain from 
the N-terminus of the enzyme.

MMP genes are generally expressed in cartilage and synovial-membrane cells in 
low levels, and their gene transcription induced by factors such as proinflammatory 
cytokines (interleukin-1  [IL-1 ], tumor necrosis factor- [TNF- ]) and some growth 
factors (epidermal growth factor [EGF], platelet-derived growth factor [PDGF], basic 
fibroblast growth factor [bFGF], transforming growth factor- [TGF- ]) (2). Their gene 
transcription can be suppressed by various factors, and those of physiological interest 
in articular tissues are the vitamin A analogs (retinoids) and glucocorticoids. Although 
each of these agents has its own pathway for inhibiting MMP gene transcription, the 
presence of an activator protein-1 (AP-1) site in their gene promoter appears to be 
a key element in the inhibitory effect (4,5). Both factors first bind their respective 
hormone receptors and the ligand/receptor complexes translocate to the nucleus. One 
proposed pathway of repression is by the interaction of the ligand/receptor complexes 
with the Jun or Fos proteins, thus interfering with the transcriptional activation of 
AP-1. Another pathway found for the action of retinoids involves the downregulation 
of c-Fos protein expression.

The secreted pro-MMP are activated by a number of physiological activators. In 
turn, a number of agents that bind the active site of the enzyme can inhibit their 
catalytic activity. Among these are natural MMP inhibitors, such as tissue inhibitor of 
metalloproteases (TIMP) and 2-macroglobulin (6). The 2-macroglobulin acts as a 
nonspecific inhibitor of proteases by trapping the enzyme and blocking its access to the 
substrate. Because of its high molecular weight, this inhibitor is unlikely to penetrate 
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the cartilage and its relevance to tissue degradation appears doubtful. Its role appears 
to be restricted to the fluid or inflammatory exudates.

The balance between the level of activated MMP and the available TIMP determines 
the net enzyme activity, and is a key determinant of extracellular-matrix turnover. 
Increasing the local synthesis of TIMP would be an effective way to prevent connective-
tissue turnover and OA progression (7). However, this natural inhibitor has narrow 
application as a therapeutic agent, mainly because of its limitation regarding the 
administration of proteins. Nonetheless, therapy with TIMP using recombinant protein 
and gene therapy has been shown to be effective in antimetastatic treatment (8).

The three dimensional structure of TIMP/stromelysin-1 complex has recently been 
demonstrated (9), and revealed that TIMP slots into the active MMP domain by the 
TIMP N-terminal part and binds in a substrate manner. Based on current knowledge of 
the TIMP/MMP complex structure, researchers have begun to look at engineering the 
TIMP molecule to be selective to a specific MMP; this can be achieved by specific point 
mutation of TIMP at the MMP contact site (10). Based on these findings, there might 
therefore be a regain of interest in the use of TIMP as treatment in the field of OA.

A large variety of synthetic approaches for the control of the level of MMP 
synthesis/activity have been the focus of very intensive research over the last decade. 
Developing protease inhibitors that are therapeutically active is very challenging. In 
addition to ensuring that the molecule has the required potency, it must also be bioavail-
able, orally active, specific for the targeted enzyme family, and have no significant 
toxicity. Encouragingly, many of these conditions have been met with the develop-
ment of inhibitors of another protease family, the zinc-dependent, metalloexopep-
tidase, angiotensin-converting enzyme (ACE). These compounds form a model for 
the design of MMP inhibitors. This approach consists of choosing a zinc-chelating 
ligand and attaching it to a peptide that mimics the cleavage site of the MMP target 
substrates (11).

Although the prospects for the prevention of cartilage macromolecule breakdown 
using synthetic MMP inhibitors look promising, opinions differ as to the best MMP 
to target. One option points to stopping the degradation of the collagen network, as it 
has been shown that its loss leads to irreversible damage, and that proteoglycans and 
other proteins can be readily lost from cartilage but rapidly replaced. Collagenase and 
stromelysin have a premier role in the degradation process in OA (2). However, as to 
which of the MMP should be the main candidate for inhibition, at this time collagenase-3 
seems to be a very attractive candidate, first because it is the most potent peptidolytic 
enzyme of the three collagenases, and second, because this enzyme is present in only 
a few normal human tissue cells, therefore, its inhibition should not be harmful to 
the function of normal tissues (12). Its main role is hypothesized to be related to the 
remodeling process of cartilage in the early stages of OA, in addition to degradation. 
Others suggest that the inhibitors should have a broad spectrum, the advantage being to 
inhibit yet undiscovered MMP that may be involved in the disease process.

The first rational approach to the design of synthetic inhibitors was made toward 
collagenase. Different chelating moieties were tested, and these included thiols, 
carboxyl-alkyls, phosphonic acids, phophonamides, and hydroxamate groups (13). The 
hydroxamate-based compounds are potent inhibitors of MMP. They are believed to 
work by interacting with the active site of the MMP molecule and binding with the zinc 
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molecule, thus inactivating the enzyme. Thiols and carboxyl-alkyls have a similar mode 
of action. Some of these compounds are currently under investigation.

Antibiotics such as tetracycline and its semisynthetic forms (doxycycline and 
minocycline) have very significant inhibitory properties that impact MMP activity 
(14). Their action is mediated by chelating the zinc present in the active site of MMP. 
Tetracycline is a poor inhibitor of MMP, whereas semisynthetic homologs are more 
potent, making them more attractive. A clinical trial is presently underway to explore 
the therapeutic efficacy of doxycycline in knee OA patients.

Based on the results of clinical trials, it would be interesting to see whether the 
blockage of MMP alone is sufficient to halt the progressive and chronic destruction of 
connective tissue seen in the arthritides. If the release of connective tissue fragments 
is responsible for increasing synovial-joint inflammation, leading to a chronic cycle 
of damage with further destruction of connective tissue, then perhaps these inhibitors 
could be effective on their own. However, it is also possible that it may be necessary to 
combine protease inhibitors, either in sequence or with other agents that block specific 
steps in the disease process, before the chronic cycle of joint destruction found in these 
diseases can be broken.

ANTI-PROINFLAMMATORY CYTOKINES

Proinflammatory cytokines are additional factors that favor the enhancement of the 
catabolic process in OA. They appear to be first produced by the synovial membrane 
and diffused into the cartilage through the synovial fluid, where they activate the 
chondrocytes to also produce proinflammatory cytokines through auto- and paracrine 
mechanisms (2). In OA synovium, it is the synovial-lining cells that play a major role 
as producers of inflammatory effectors. Yet it is claimed, and has been substantiated 
by studies in animal models, that IL-1 plays a pivotal role in cartilage destruction 
and be considered the main cytokine responsible for processing of enzyme systems, 
whereas TNF-  seems to be responsible for the induction of the inflammatory process 
(15–17). These cytokines are able to stimulate their own production, to increase the 
synthesis of enzymes and more specifically the MMP, to inhibit the synthesis of the 
major physiological inhibitors of these enzymes, and also to inhibit the synthesis of 
matrix constituents such as collagen and aggrecans, thus making these two cytokines 
prime targets for therapeutic approaches.

Anti-Inflammatory Cytokines
An interesting and normal approach to the control of cytokine production is the use of 

cytokines with anti-inflammatory properties. At least three such cytokines, IL-4, IL-10, 
and IL-13, have been identified as being able to effectively reduce the production of some 
proinflammatory cytokines (18–20). In vitro in OA synovium explants, recombinant 
human (rh) IL-4 suppressed the synthesis of both IL-1 and TNF-  in the same manner 
as low-dose dexamethasone (21). In OA synovial fibroblasts, IL-4, IL-10, and IL-13 
inhibit the TNF- -induced PGE2 (22). In rheumatoid arthritis (RA) tissues, IL-10 has 
also been shown to inhibit the synthesis of the above proinflammatory cytokines (19).
IL-13 significantly inhibits lipopolysaccharide (LPS)-induced TNF- production by 
mononuclear cells from peripheral blood (23). In OA synovial membranes treated with 
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LPS, IL-13 inhibited the synthesis of IL-1 , TNF- , and stromelysin, while increasing 
the IL-1 receptor antagonist (IL1-Ra) production (24). All these data suggest that 
these anti-inflammatory cytokines could potentially be useful for the treatment of OA. 
Clinical trials using one of these anti-inflammatory cytokines, namely IL-10, is now 
underway to test its effects in RA patients.

Inhibiting IL-1  and TNF- Maturation
A better understanding of the regulation of mechanisms responsible for the increased 

synthesis of these proinflammatory cytokines in the OA tissues has led to the develop-
ment of new and promising therapeutic strategies. IL-1 and TNF- are synthesized 
as inactive precursors, and have to be activated by an enzyme before being released 
extracellularly in their active forms. For IL-1 one protease belonging to the cysteine-
dependent protease family and named IL-1  converting enzyme (ICE or caspase-1) 
has been identified and can specifically generate the mature form of IL-1 (25). It was 
recently demonstrated that ICE can be detected in both human synovial membrane 
and in cartilage, with a marked and significant increase of its expression and synthesis 
in OA tissues (26).

The proteolytic cleavage of the membrane-bound pro-TNF-  appears to occur, at 
least in part, via the TNF- converting enzyme (TACE), an enzyme belonging to a 
subfamily of adamalysin (27). An upregulation of the TACE expression has also recently 
been shown in OA human articular cartilage (28,29).

Based on these findings, it becomes obvious that inhibition of these cytokines’ 
activity by inhibiting the convertase enzymes is an attractive therapeutic target. It was 
recently shown in vitro using OA cartilage and synovium explants that a specific ICE 
inhibitor can completely abrogate the formation of active IL-1 (26). Likewise, a recent 
in vivo study has demonstrated that ICE inhibitor effectively reduces the progression of 
murine type II-collagen-induced arthritis (CIA) (30).

Inhibition of IL-1  and TNF- Activity
Cell signaling by proinflammatory cytokines such as IL-1 and TNF- occurs 

through binding to specific membrane receptors. For each cytokine, two types of 
receptors have been identified, type I and type II IL-1R, and TNF-R55 and TNF-R75. 
Type I IL-1R and TNF-R55 are responsible for the signal transduction in articular 
tissue cells (31–34). Modulating IL-1 and TNF-  activity is likely to be a promising 
strategy to reduce the progression of structural changes in OA. Therapeutic strategies of 
antagonizing IL-1 and TNF-  with either receptor blockade or molecular quenching 
appear to be of value in other arthritic diseases or in OA animal models.

The IL-1 system is regulated by a natural antagonist of the receptor, which has 
been named IL-1Ra (35). This molecule interferes specifically with the binding of the 
ligand to its receptor by competing for the same binding site. This inhibitor does not 
bind to IL-1, and therefore is not a binding protein, but rather a competitive inhibitor 
of IL-1/IL-1 receptor. In OA synovium, a relative deficit in the production of IL-1Ra 
vis-à-vis IL-1 has been demonstrated (36). In vitro addition of IL-1Ra demonstrated its 
ability to reduce IL-1-induced cartilage degradation. In vivo, intra-articular injections of 
IL-1Ra were also found to retard the progression of experimental OA (15). These findings 
have elicited much attention concerning the use of this gene in OA therapy. Studies done 
with two experimental animal models of OA and using two different methodologies of 
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gene transfection (viral and nonviral) have proved successful in inducing in vivo gene 
expression and reducing the progression of structural changes (37,38).

The second line of inhibition for proinflammatory cytokines is the binding of the 
cytokine to free receptors. Such molecules are named soluble receptors and are shed 
receptors: types I and II IL-1 soluble receptors (IL-1sR) and TNF-sR55 and TNF-sR75 
(39,40). The shed receptors may function as a receptor antagonist because the ligand-
binding region is preserved, thus being capable of competing with the membrane-
associated receptors of the target cells. It is suggested that type II IL-1R serve as the 
main precursor for shed soluble receptors. Interestingly, the binding affinity of IL-1sR 
to IL-1 and IL-1Ra differs. Type II IL-1sR binds IL-1 more readily than IL-1Ra; in 
contrast, type I IL-1sR binds IL-1Ra with high affinity (41). Hence, the simultaneous 
addition of both IL-1Ra and type II IL-1sR appears extremely beneficial, while the 
individual inhibitory effects of both IL-1Ra and type I IL-1sR are abrogated when 
present concurrently.

In vivo, both forms of TNF-sR, TNF-sR55, and TNF-sR75, are present. In arthritic 
tissues and in OA synovial fibroblasts, increased amounts of TNF-sR75 were found 
(33). It is suggested that TNF-sR functions as an inhibitor of cytokine activity by 
rendering the cells less sensitive to the activity of the ligands or by scavenging free 
ligands. The administration of TNF-sR has been shown to be a very effective treatment 
in RA patients (42).

Another option would be the use of specific antibodies against IL-1 or TNF- to
neutralize their activity. Although this technique has been successfully tested for IL-1 
in a CIA murine model of inflammatory arthritis (43), no data is yet available for 
OA. Anti-TNF- treatment in the murine CIA has also been shown to significantly 
improve the disease (44). Clinical trials using an anti-TNF- chimeric monoclonal 
antibody (MAb) in RA patients have shown that this approach is also a very promising 
one (45,46).

Specific Inhibition of Proinflammatory
Cytokine-Induced Signal Transduction Pathways

Several post-receptor signaling pathways have been implicated in the synthesis of 
cytokines. Better understanding of the pathway specifically involved in IL-1 and 
TNF- intracellular signaling cascades, particularly in OA cells, will provide additional 
molecular targets for pharmacological intervention. Two of these pathways, which 
involve the p38 MAP kinase and the nuclear factor- B (NF- B), appear to be major 
ones involved in mediating the synthesis of inflammatory cytokines, although their 
exact role in OA remains to be determined.

The p38 MAP kinase, a member of the MAP kinase family of serine-threonine 
protein kinases, was first identified as a protein kinase activated in mouse macrophages 
in response to LPS (47). Subsequently, the human ortholog of p38 was identified. The 
inhibition of p38 MAP kinase and subsequently the synthesis of a number of important 
proinflammatory proteins has been identified as the primary mechanism by which 
inhibitors to p38 exert anti-inflammatory activity. The p38 pathway is commonly 
associated with the early stages of host response to injury and infection, and its potential 
role in various pathologic conditions has made it a target for therapeutic intervention. 
The p38 MAP kinase signaling pathway is activated by a variety of stressful stimuli, 
including heat, ultraviolet (UV) light, LPS, inflammatory cytokines, and high osmolarity 
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(47). When activated, p38 phosphorylates a number of downstream substrates, which 
include kinases (MAPKAPK-2 and K-3, MST, MSK, PRAK) and transcription factors 
(CHOP, MEF2, CREB, and ATF-2), which are responsible for subsequently regulating 
the synthesis of several proinflammatory cytokines.

The pyridinyl imidazole compounds that inhibit p38 MAP kinase and block proinflam-
matory cytokine production have been named cytokine suppressive anti-inflammatory 
drugs, or CSAIDs. These compounds inhibit proinflammatory cytokine synthesis at the 
translational rather than the transcriptional level (48). In general, the CSAIDs inhibit 
the two splice forms of p38 (CSBP1 and CSBP2) as well as another isoform of this 
kinase, p38 , but not other closely related isoforms p38 and p38 (49). Of particular 
relevance to the inhibition of p38 MAP kinase is that several cell types from articular 
tissues, including chondrocytes, express this protein. Some CSAIDs which have shown 
their ability to inhibit the synthesis of a number of proinflammatory cytokines in vitro 
translate into pharmacological activity in vivo, as some have proved their therapeutic 
activity in a number of animal models in the absence of generalized immunosuppression 
(50–52). In addition to the inhibition of cytokines such as IL-1 and TNF- , some 
CSAIDs were also shown to inhibit the production of nitric oxide (NO) from IL-1
or IL-17 stimulated cartilage explants and chondrocytes (53,54) or downregulated 
the spontaneous release of NO from human OA cartilage (55). However, one must be 
cautious as there are instances where CSAID inhibition of certain metabolic pathways 
is not consistent across cells, stimuli, or species.

Development of drugs targeted against NF- B activity/activation is also considered 
as a potential novel therapy for arthritis. NF- B is a heterodimeric DNA binding protein 
that appears to be a major element in the regulation of proinflammatory cytokine 
production, by activating a coordinated transactivation of their genes. NF- B consists 
of at least five members (p50, p52, p65, Rel B, c-Rel) which form complexes. NF- B
activation by the cytokines IL-1 and TNF- has been found in many cells including OA 
chondrocytes and synovial fibroblasts. Moreover, it is quite likely that cyclooxygenase 
(COX)-2 and IL-1 are but two of several genes modulated, at least in part, by TNF-

-induced NF- B activation. A recent report showed that specifically blocking the 
activation of this factor suppresses the severity of joint destruction in the rat CIA 
model (56). Indeed, this study showed that transfection into joint synovial cells of 
synthetic decoy oligodeoxynucleotides containing the NF- B cis element that binds 
NF- B induced a marked reduction in the proinflammatory cytokine IL-1 and TNF-
at the gene level in joint synovium, as well as suppressing the degradation of bone and 
cartilage of the arthritic joint.

ANTI-NITRIC OXIDE (NO) AGENT

In addition, the inorganic free radical NO has been suggested as a factor that 
promotes cartilage catabolism in OA. NO is synthesized from L-arginine by the action 
of an enzyme, NO synthase (NOS). At present, the major isoforms of NO include the 
constitutive type (cNO) and an inducible type (iNO). It is the latter that is expressed after 
cell activation by cytokines or inflammatory factors. The constitutive NO production 
was shown to be necessary for the regulation of numerous physiological processes 
including blood pressure, platelet adhesiveness, gastrointestinal (GI) motility, and 
neurotransmission.
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Compared to normal cartilage, OA cartilage produces a larger amount of NO, both 
under spontaneous and proinflammatory cytokine-stimulated conditions resulting in 
enhanced expression and protein synthesis of the inducible NO synthase (iNOS) (57,58).
A high level of nitrite/nitrate has also been found in the synovial fluid and serum of 
arthritic patients (59). NO produced in response to cytokine stimulation exerts a number 
of catabolic effects that promote the degradation of articular cartilage. Indeed, NO has 
been shown to reduce proteoglycan synthesis, enhance MMP activity, and decrease 
synthesis of IL-1Ra, which are likely factors contributing to cartilage damage in OA 
(57,60,61). This factor has also been reported to inhibit chondrocyte proliferation 
and induce apoptosis. The increased production of NO may be an additional factor 
contributing to the excess production of PGE2 by OA tissues. In vitro inhibition of 
iNOS showed that it relieves the inhibition of matrix synthesis that otherwise occurs in 
response to IL-1. NO was also shown to inhibit the production of TGF- by chondrocytes 
treated with IL-1, as well as to decrease matrix production in response to IGF-1. In OA 
cartilage, the involvement of NO in chondrocyte IGF-1 nonresponse was also confirmed 
from data obtained using iNOS–/– mice (62).

Hence, the discovery and characterization of the functions of the iNOS isoenzyme 
has provided the impetus for novel therapeutic approaches toward developing a potential 
new class of drugs. The challenge was to have a selective inhibitor targeting only the 
inducible form of NOS in order not to downregulate the constitutive isoform. Even 
though iNOS inhibitors lag behind in their clinical development, there have been recent 
investigations into the in vivo potential of a selective iNOS inhibitor in a surgically 
induced OA animal model (63,64). These studies examined the in vivo effect of a 
specific and selective iNOS inhibitor, the L-N6-imminoethyl-L-lysine (L-NIL), under 
prophylactic conditions on the progression of experimentally induced OA. Selective 
inhibition of iNOS was demonstrated to reduce the progression of early lesions in an 
experimental OA model, and the inhibition of NO production was associated with 
a reduction in MMP activity in the cartilage. Moreover, it was shown that L-NIL 
decreased in situ the level of chondrocyte apoptosis and, more particularly, reduced 
the level of caspase-3. This data provides additional support for the hypothesis that 
the excess production of NO is related to cell apoptosis. Treatment with the selective 
iNOS inhibitor was also associated with a reduction in the level of proinflammatory 
mediators IL-1 and PGE2 and nitrite/nitrate in the OA synovial fluid, as well as in a 
marked reduction of the volume of joint effusion. Collectively, these data suggest that 
selective iNOS inhibitors may not only be effective agents for treatment of the signs and 
symptoms of OA, but may also possess disease-modifying activity.

ANTI-APOPTOTIC THERAPY

Recent findings suggest that chondrocyte apoptosis may play a role in the pathogenesis 
of OA. Chondrocytes show several morphologic changes in OA cartilage. Cell cloning 
is a well-known phenomenon characterizing OA changes. Moreover, there is often an 
increase in the number of intracytoplasmic organelles that reflect the hypersynthetic 
state of these cells. There is also an increase in the number of cells exhibiting signs of 
degeneration or even death, a phenomenon that has been shown to be related to both cell 
necrosis and apoptosis, also called programmed cell death. This is a complex process 
related to the activation of several intercellular-signaling pathways (65–68), including 
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the caspase cascade. Caspases are a family of proteases that have been demonstrated 
to play a prominent role in inducing DNA damage (69). On the other hand, a number 
of factors have been shown to exert a “protective effect” against apoptosis (68,69).
Such factors include proteins from the Bcl-2 family, which can prevent the efflux of 
cytochrome c from mitochondria and, secondarily, activation of the caspase cascade 
(70,71). It has also been shown to prevent apoptosis through a caspase activation-
independent mechanism that is not yet fully understood (71). Excess production of 
NO has been linked with cartilage chondrocyte apoptosis both in vitro and in vivo 
(64,72,73). Results of studies using cell lines indicate that NO might induce apoptosis 
via mitochondria damage and, more precisely, by cytochrome c release leading to 
activation of the caspase enzymes (74). As mentioned earlier, in chondrocytes the NO 
effect on apoptosis appears related to a decreased level of caspase-3 activity (64). The 
loss of chondrocytes reduces the ability of cartilage to repair itself and may in fact 
accelerate the progression of lesions, particularly in the early stages of OA, when the 
repair process predominates. In articular cartilage, chondrocyte apoptosis is associated 
with a reduction in the amount of the pericellular matrix and accumulation of apoptotic 
bodies in chondrocyte lacunae and in the interterritorial space. These apoptotic bodies 
may share functional properties with matrix vesicles and contain enzymatic activities that 
are involved in the deposition of calcium, thus promoting the calcification of pathologic 
cartilage observed in OA (75). Moreover, the very weak capacity for chondrocytes 
to replicate makes cell loss in cartilage a very significant problem, particularly in 
conditions such as OA where the need for chondrocytes to produce an increased amount 
of macromolecules is dramatically increased.

Our increased knowledge about the mechanisms regulating chondrocyte apoptosis 
now makes it possible to plan strategy for therapeutic approaches that could be targeted 
for future OA treatment.

TARGETING SUBCHONDRAL BONE
AS A STRATEGY FOR OA THERAPY

In an ideal world, drug therapy for OA should target the early pathogenic events of 
the disease process. It is currently suggested that subchondral bone remodeling may 
be more intimately related to the progression and/or onset of OA rather than merely a 
consequence of this disease. Recent work indicates that very early in the OA process, 
biological and morphological disturbances occur at the subchondral bone, and may have 
a role in modulating articular cartilage metabolism. However, the “myth” of harder 
subchondral bone explaining the sclerosis in this tissue must be put aside as emerging 
data indicate a generalized undermineralization of this tissue, as in osteoporosis 
(76,77). This situation of subchondral bone appears to result from abnormal osteoblast 
metabolism. Because there is evidence that subchondral bone is involved early in OA 
(78,79), attempts to interfere with bone metabolism are of special interest.

A potential pharmacological approach may target the reduction of abnormal 
subchondral bone-metabolism activities, particularly in early disease. As this tissue is 
now believed to be undermineralized, two lines of intervention may be taken: prevent 
the removal of mineralized matrix, and/or increase mineralization. The mechanisms 
controlling the mineralization process are currently not well-known, yet abnormal 
collagen production is a recognized factor that could be targeted in this process. 
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It is obviously easier to target the removal of mineralized matrix. However current 
antiresorptive drugs, which could inhibit the formation of cancellous subchondral bone, 
would not be effective on the formation of marginal osteophytes that occur through 
enchondral ossification.

It is also important to note that osteoblasts obtained from OA patients do not behave 
similarly in in vitro culture, and two populations of patients can be discriminated based 
on cytokine and prostaglandin production (80). Hence, medication aimed at curbing 
IL-1  or IL-6 signaling, or reducing TGF- and PGE2 production, could be effective in 
about half the patients with OA. In that respect, using nonsteroidal anti-inflammatory 
drugs (NSAIDs) would be beneficial for those patients that produce high endogenous 
levels of PGE2. On the other hand, corticosteroids may prove effective in subchondral 
bone. Indeed, a retrospective observational study evaluating radiographic changes 
over 4–15 yr following repeated intra-articular injections (81), as well as a study 
with an animal model of OA (82) showed that corticosteroids may be adequate to 
retard cartilage degeneration along with osteophyte formation. Indeed, corticosteroids 
are known to retard bone formation via the inhibition of cell growth and collagen 
deposition, and abnormal collagen production that is undermineralized is observed 
in OA bone tissue.

GENE THERAPY

A major stumbling block in the use of biological molecules as therapeutic agents is the 
limitation in the methods that can be used to deliver these agents and its applicability to 
the clinical scenario. Degradation of the protein after oral administration poses a problem 
and, if injected systematically, the large amount required and the need for frequent 
injections are often deterrents. This last route of administration can induce adverse 
effects including an immunological reaction with the appearance of a neutralizing 
antibody. The necessity of maintaining a sustained level of the agents systemically or 
logically over time is the major concern with this type of therapy.

Over the last few years, much attention has been focused on the use of gene-transfer 
techniques as a method of delivery. Many techniques have been developed using various 
genes, and a great deal of work is currently devoted to these techniques to facilitate the 
transfer of genes into joint cells and tissues both in vitro and in vivo. The advantages 
of gene transfer for the treatment of OA are multiple and include the identification of a 
very specific target, a consistently high local concentration in the joint of the therapeutic 
protein, and the maintenance of sustained delivery over time. Moreover, there is also 
hope that this type of therapy could reduce the incidence of side effects.

Treatment can be effected in various ways: by ex vivo modification, with the gene 
being reintroduced into the body after modification, or by in vivo modification. 
Regardless of the approach being adopted, the treatment will probably involve one of 
the following strategies: gene replacement, in which the substitution of a nonactive or 
defective gene by a new or additional functional copy of the gene will be used to restore 
the production of a required protein, or, the insertion into the cell of a gene to enable the 
production of a protein not normally expressed or expressed in low amounts by the cell: 
a convertase gene that activates a pro-factor (example, some growth factors) or IL-1Ra
gene. A third approach could be the use of a control gene (example, a gene that will be 
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turned on by a specific stimulus) in which protein production will control production of 
another gene to increase or alter the expression of a given gene.

Two main systems, viral and nonviral, are currently used for gene transfer to cells (83).
At this time, the viral system is favored for some proteins because it generally allows 
for a very effective transfer to a large percentage of cells, while maintaining a sustained 
high level of protein expression that can be extended over significant periods of time. For 
the nonviral system, the simplest are plasmids encoding the gene of interest and named 
naked DNA. Usually their expression is low and transient. However, their efficacy can 
be improved by combining them with carriers, such as liposomes.

The potential tissue targets for gene therapy in OA are synovial membrane, cartilage, 
and bone. However, based on previous work in RA and OA in animal models, the 
lining cells of the synovium remain the easier target for gene delivery. Moreover, 
it is well-established that secreted transgene products are able to diffuse from the 
synovium into cartilage and modulate chondrocyte metabolism. Ex vivo transfer of 
marker genes to the articular cartilage has been demonstrated in animals with the use of 
retroviral and adenoviral vectors (37,83). In vivo gene delivery to chondrocytes has been 
proven to be technically difficult, owing in part to the extracellular matrix thickness, 
except in advanced OA. Nevertheless, successful in vivo liposome-mediated delivery 
to chondrocytes in the superficial and mid-zones of the articular cartilage of rat knees 
by a combination of a virus and liposomes or of rabbit knees by a plasmid-liposome 
vector liposomes has been reported (84).

Although the treatment of OA using gene therapy is very promising, this technique 
is still in the very early stages of development, and much work remains to be done, 
particularly on the in vivo development of this technology for humans. Moreover, 
although some gene transfers such as IL-1Ra, IL-10, IL-13 have been studied using 
OA or inflammatory animal models and have shown interesting data, the selection or 
combination of the gene(s) that would offer the best protection against OA remains 
to be determined.

As mentioned earlier, the relevance of subchondral bone to OA pathophysiology has 
become much appreciated in recent years. The increased level of synthesis of cytokines, 
proteases and growth factors such as TGF-  that have been identified in OA subchondral 
bone tissue as well as in cartilage and synovial membrane have the potential for adverse 
effects in each of these joint tissues. Therefore, the modulation of their synthesis by 
gene therapy could prove an interesting target.

CONCLUSION

Despite an extensive armamentarium of treatment options available, OA remains 
incurable. An improved approach in the development of remittive treatment is imperative. 
The current understanding of the factors involved in this disease has evolved greatly 
in recent years. A clearer understanding of the pathophysiology of OA has permitted a 
better comprehension of the modulating factors as well as the major regulators, which 
may have potential therapeutic value in treatment to specifically and effectively retard 
the progression of this disease. The future holds great promise for the development of 
new and successful approaches to the treatment of this disease.
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Appropriate goals for the development of new therapies to treat OA should include 
better-tolerated and more effective drugs to treat the symptoms of OA, and treatment 
to slow, arrest, prevent, or repair the inevitable pathologic changes associated with 
OA, i.e., structure-modifying agents. Recent evidence points to a significant role for 
anti-inflammatory, cytokine-related drugs. They may represent a promising approach 
although clinical studies in humans are awaited. Further data on the therapeutic 
effects of selective MMP and iNOS inhibitors on the progression of lesions in OA 
is emerging.

Basic and clinical studies have shown that there is some continuity between both bone 
and cartilage changes as OA progresses, suggesting cross-talk between these tissues. If 
bone response to injury and the associations with bone proteins could be elucidated, it 
may be possible to identify factors associated with OA progression. Moreover, studies 
have also shown that synovial-membrane inflammation results in the “full-blown”
clinical situation. However, the exact sequence of pathological events in OA remains 
unclear; the temporal relationship between bone damage, chronic inflammation of 
synovial tissue and cartilage erosion is still very much unknown.

Findings from basic science research are progressing at an exponential rate. Discovery 
of new mediators and pathways that may be relevant to OA are continually being 
discovered. Investigation of these parameters and the beneficial effects of new drugs 
and agents may be provided by in vitro testing assessing the processes involved in 
OA and its treatment. However, in vitro studies might not always be relevant to the 
in vivo situation. A number of animal models have been developed and can provide 
some useful in vivo information about OA processes and new experimental treatments. 
However, regardless of the methodology used for eliciting a process that is similar 
to human OA, all such studies must be equivalent to studies in humans in terms of 
predetermined outcome measures.

Drug delivery is a major weakness of existing anti-arthritic therapies. Local delivery 
of anti-arthritic factors or the in vivo induction of their expression using gene transfer 
may provide a novel approach for the treatment of OA. Evidence of efficacy of gene 
therapy in OA remains, for the moment, at the experimental level.

It is clear that considerable progress has been made towards greater understanding 
of the underlying mechanisms involved in OA. The outlook for finding a cure for OA 
is more promising than ever. However, as OA progression is alluded to as being the 
advancement of a series of pathological features resulting from aberrant biochemistry 
in the joint, a question that remains to be answered is what causes the joint to progress 
from dormancy to an active disease, and whether there is any way in which this can 
be accurately evaluated. Based on the discovery of major pathophysiological pathways 
leading to the structural changes observed in OA, one is confident that it will be possible, 
through new ways, to treat this disease.
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INTRODUCTION

The last decade has been the scene of several interesting advances in the treatment of 
osteoarthritis (OA). Improved understanding regarding the pathophysiology of OA has 
contributed to the development of new strategies for treatments aimed at specifically and 
effectively retarding or stopping the progression of this disease.

The drugs in development for the treatment of OA can be classified as being 
either symptomatic or structure (disease)-modifying. Greater comprehension of the 
mechanisms responsible for joint damage and repair has led to the development of 
several new classes of molecules that inhibit one or more OA catabolic processes, 
whereas some of the drugs now used are being evaluated for their potential to alter 
the degenerative process.

Although nonsteroidal antiinflammatory drugs (NSAIDs) are effective for acute and 
chronic pain, their use in the treatment of OA is not completely resolved. Some of the 
hesitation regarding the use of NSAIDs for the treatment of OA is related mainly to their 
side effects. A significant level of gastrointestinal (GI) complications have been well-
documented and are related in part to the local inhibition of prostaglandin synthesis. 
NSAIDs appear to share some degree of similarity, in that they inhibit prostaglandin 
synthesis, which are produced by cyclooxygenase (COX). At least two isoforms of 
this enzyme have been identified: COX-1, which plays a constitutive role, and COX-2, 
which plays a critical role in the inflammatory disease process. The recent discovery of 
these isoforms has allowed the synthesis of a new generation of drugs that specifically 
block COX-2 but spare COX-1. These anti-inflammatory drugs have proven to be much 
safer compared to the classic NSAIDs, which inhibit both COX-1 and COX-2. The new 
specific COX-2 inhibitors have so far fared as well as the old ones in terms of efficacy 
in OA. It is hoped that these new NSAIDs will have a better risk-to-benefit ratio than 
classic NSAIDs, given their lower morbidity toward the GI tract. It is obvious that a large 
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number of patients suffering from OA cannot function with anti-inflammatory therapy. 
Rather than avoiding NSAIDs or resorting to combination prophylactic therapies, the 
COX-2 specific inhibitors may solve the problem that has plagued the easy handling of 
this therapy, especially in older, high-risk patients.

The agents used for the treatment of OA can also be arbitrarily classified into at least 
two categories based on their time of onset of action: fast-acting, such as NSAIDs and 
corticosteroids, and slow-acting, having a few weeks delay of action. There are a number 
of such agents that, through clinical trials, have been shown effective at relieving the 
symptoms of the disease. Several of those agents are now in use for the symptomatic 
treatment of knee and hip OA and include diacerein, glucosamine sulphate, chondroitin 
sulphate (CS), and the avocado/soybean unsaponifiables. Their potential mode of action 
has been the subject of a number of in vitro and in vivo studies. These agents present 
several interesting properties including an extremely low incidence of side effects, a 
carryover effect of several weeks, with some having an additive effect with NSAIDs. 
These agents could provide an alternative for the symptomatic treatment of OA alone 
or in combination with an NSAID.

Among the local agents used for the symptomatic treatment of OA at the present 
time, the most popular are those given by intra-articular injection. Corticosteroids and 
hyaluronic acid (HA) are probably the most frequently used although their effectiveness, 
particularly over the long term, is still the subject of debate. A number of studies 
have been done and have demonstrated their usefulness and safety. Compared to HA, 
corticosteroids have a more rapid onset of action but their effect is much shorter. 
Their potential effect on disease progression is still hypothetical and is the subject 
of clinical evaluation.

The possibility of successfully inducing cartilage repair as a treatment for OA has 
been the dream of many scientists and physicians. It is a well-known fact that the repair 
capacity of cartilage is very limited, even more so during OA. There have been many 
approaches proposed including cell and tissue grafts and the use of synthetic matrices 
and biological agents, including growth factors. Interesting experimental results have 
been obtained. Although application in humans remain very limited at this time, the 
potential for the future is tremendous.

The development of noninvasive methods for observing the progression of OA has 
and would provide a very significant advance in this field of research. The development 
of new methods to measure biological markers to accurately and specifically estimate 
the degradative and/or the anabolic process in OA joints has been the subject of a large 
number of studies. These markers should ideally allow quantification of the metabolism 
of cartilage and other joint tissues such as the synovium and the subchondral bone to 
prognosticate and measure the response to treatment. Studies have already allowed 
identification of some molecules that may have some value as markers of disease 
progression. The usefulness of such markers is obvious and it is hoped that ongoing 
research will introduce more definite developments in this field. The primary use 
of molecular markers today is to facilitate the understanding of the disease process. 
Markers are used in epidemiological and genetic studies to clarify the OA processes 
and are used in clinical trials to strengthen efficacy arguments. Nonetheless, a goal 
for the clinical management of OA is to identify molecular markers that can be used 
for diagnosis and the monitoring of therapy. New tests measuring cartilage breakdown 
and other OA-related disease parameters are promising. A number of these tests, their 
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interpretation and relevance to OA will be reviewed. Importantly, test validation should 
demonstrate good clinical performance as determined by correlation with imaging and 
other measures of patient outcome. Unfortunately, clinical validation is currently lacking. 
However, with current progress in clinical testing, there is a good chance that some of 
these molecular markers will move from the academic into clinical practice.

The main objectives in the management of OA are to reduce symptoms, minimize 
functional disability, and limit progression of the structural changes. The first two 
objectives have so far had much more success than the last. We have a much better 
understanding of the role of proteases in cartilage degradation, the implication of synovial 
inflammation and cytokines in disease progression and also the possible interaction 
between the subchondral bone and cartilage. These findings have made possible more 
precise identification of target pathways that may have potential therapeutic value and 
can be modified to effectively retard the progression of the disease. A number of such 
new agents are now the subject of pre-clinical and clinical trials.

With the aging of the population, OA has become a medical, social, and economic 
burden, which is progressively becoming heavier. Owing to very intensive research, 
there has recently been a significant improvement in the number of new diagnostic and 
therapeutic tools available to more precisely evaluate the disease progression and also 
provide better treatment for patients. All of these developments in the field of OA makes 
us realize the importance of medical research to therapeutic progress.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic multi-system, autoimmune disorder 
of unknown etiology that is occasionally life threatening. Persons with SLE suffer from 
a wide array of symptoms and have a variable prognosis, depending upon the severity 
and type of organ involvement. Owing to its uncertain course, effective treatment 
requires ongoing patient-doctor communication to correctly interpret symptoms and 
signs of disease activity and ancillary tests, to limit or treat relapses, and to minimize 
side effects related to drug therapy (1,2).

In this chapter, we will review current management and discuss issues related to 
the treatment of subjects with SLE. When applicable, we will also briefly summarize 
clinical trials of new therapies for SLE.

DETERMINATION OF ACTIVITY AND SEVERITY OF SLE

An effective therapeutic regimen first requires the accurate determination of both 
disease activity and severity (3–6). Disease activity refers to the degree of inflammation, 
whereas severity denotes impairment of organ structure and/or function. The degree of 
organ dysfunction has been referred to as the “damage index” (7).

A number of research/academic protocols (SLEDAI, SLAM, BILAG, etc.) have 
been designed in an attempt to accurately monitor disease activity (3–5,8). These 
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protocols synthesize information from the history, physical examination, and laboratory 
data. Although these protocols may have general applicability once they are further 
refined and simplified, they are currently being used to monitor responses to therapy 
in clinical trials.

For many patients monitoring their CBC (complete blood count), urinalysis, anti-
dsDNA Abs, and complement levels may be useful. Erythrocyte sedimentation rate 
(ESR) and C-reactive protein (CRP) are rarely useful in assessing activity.

GENERAL TREATMENT CONSIDERATIONS

Although organ involvement requires specific drug therapy, a number of general 
issues are applicable to every patient with SLE.

Diet and Nutrition
Limited data exist concerning the effect of dietary modification on SLE disease 

activity. One study reported that frequent intake of meat was associated with more 
active and progressive disease (9). In contrast, dietary fish oil may be efficacious. 
One double-blind, randomized study found that 14 of 17 patients who ingested
20 g/d of eicosapentaenoic acid achieved either a useful or ideal status; in contrast, 
13 of 17 receiving placebo were worse or had not changed (10). These findings await 
confirmation; at present, we do not recommend fish-oil supplements in the treatment 
of SLE. A conservative approach is to recommend a balanced diet consisting of 
carbohydrates, proteins, and fats. However, the diet should be modified based upon 
disease activity and the response to therapy. Patients with active inflammatory disease 
and fever may require an increase in caloric intake.

Corticosteroids enhance appetite, resulting in potentially significant weight gain. 
Hunger can be somewhat lessened by the ingestion of water, antacids, and/or H2
blockers. If, however, weight gain is significant, patients should receive instruction 
on low-calorie diets.

Significant hyperlipidemia may be induced by the nephrotic syndrome or the 
administration of corticosteroids (11). Increasing the dose of prednisone by 10 mg/d 
is associated with a 7.5 mg/dL (0.2 mmol/L) elevation in serum cholesterol (12). It 
is currently recommended that hyperlipidemia be actively managed by a low-fat diet 
(13) and a lipid-lowering agent (usually a statin) if cholesterol levels remain high 
despite a change in diet.

Vitamins are rarely needed when patients eat a balanced diet. However, persons 
who cannot eat an adequate diet or who are dieting to lose weight should take a daily 
multivitamin. Persons with lupus who are advised to avoid the sun should also take 
a diet adequate in Vitamin D.

Use of long-term steroids and postmenopausal women should also ingest 400–800 U 
of Vitamin D plus 1000 mg of calcium/d to help prevent development of osteoporosis.

Exercise
Inactivity produced by illness causes a rapid loss of muscle mass and stamina. 

Fatigue may therefore ensue once the illness subsides. This can usually be treated with 
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graded exercise (14). In selected refractory cases, relief of fatigue can be obtained with 
prednisone (15), antimalarials, or dehydroepiandrosterone (DHEA) (16).

Immunizations
It was previously thought that immunizations might exacerbate SLE. However, 

influenza vaccine has now been shown to be safe and effective (17); pneumococcal 
vaccine is also safe, but resultant antibody (Ab) titers are lower in subjects with SLE than 
in controls (18). In contrast, it is inadvisable to immunize potentially immunosuppressed 
patients with live vaccines. The efficacy and safety of hepatitis B vaccination has not 
been determined (19).

AVOIDANCE OF MEDICATIONS

Anecdotal data suggest that sulfonamides and penicillin (but not the synthetic 
penicillins) may cause exacerbations of SLE and should therefore be avoided (20).
In contrast, medications that cause drug-induced lupus, such as procainamide and 
hydralazine, do not cause exacerbations of idiopathic SLE. This observation is a 
presumed reflection of the pathogenetic differences between the two disorders.

PREGNANCY AND CONTRACEPTION

Pregnancy should be avoided during active disease (especially with significant organ 
impairment) owing to the high risk of miscarriage. Women with SLE should be counseled 
not to become pregnant until the disease has been quiescent for at least 6 mo.

Oral contraceptives containing high-dose estrogens can cause exacerbations of SLE. 
However, this complication rarely occurs with the current use of low-dose estrogen- 
or progesterone-containing compounds. Lupus subjects with a history of migraine 
headaches, Raynaud’s syndrome, thrombophlebitis, or antiphospholipid Abs probably 
should not be treated with oral contraceptives. We also recommend avoidance of 
intrauterine devices owing to the increased risk of infection.

Pregnant women with active lupus are generally managed with corticosteroids. Other 
drugs used during pregnancy include nonsteroid anti-inflammatory drugs (NSAIDs) 
and hydroxychloroquine (probably safe). Cyclophosphamide and methotrexate are 
contraindicated; however, azathioprine can be cautiously used.

MEDICATIONS

A number of medications are commonly used in the treatment of SLE, including 
nonsteroidal anti-inflammatory drugs (NSAIDs), antimalarials (primarily hydroxychlo-
roquine), corticosteroids, and immunosuppressive agents (primarily cyclophosphamide 
and azathioprine). What follows is a general overview of which drugs are preferred 
in selected clinical settings.

NSAIDs are generally effective for musculoskeletal complaints and mild serositis.
Antimalarials are most useful for skin manifestations (e.g., rashes) and for musculo-

skeletal disorders that do not adequately respond to NSAIDs alone.
Systemic corticosteroids used alone or in combination with immunosuppressive 

(e.g., cyclophosphamide, azathioprine, methotrexate) agents are reserved for subjects 
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with significant organ involvement, particularly renal and central nervous system (also 
termed neuropsychiatric SLE [NPSLE]) disease. Treatment with prednisone as soon as 
a significant rise in anti-dsDNA Abs levels occurred prevented relapses in most cases 
in a study of 156 subjects (21). Notwithstanding, we recommend that such individuals, 
with rising or high titers of anti-dsDNA Abs in the absence of clinical evidence of 
active disease, be closely monitored.

A number of other therapeutic approaches have been used or are under investigation 
in SLE. These include intravenous immune globulin (IVIG), DHEA, thalidomide, bro-
mocriptine, zileuton, cyclosporine, anti-CD40 MAb, LJP 394, anti-C5 complement MAb, 
anti-IL-10 MAb, mycophenolate mofetil, and stem cell transplantation (16,22–26).

TREATMENT OF SPECIFIC ORGAN INVOLVEMENT

Cutaneous Manifestations of SLE
The skin and mucous membranes are symptomatically involved at some point in over 

80% of subjects with SLE (27). Such lesions include the classical butterfly rash, atrophic 
hyperkeratotic discoid lesions, bullae, cicatrizing and noncicatrizing alopecia, and 
arteriolar and/or venular vasculitis (Table 1). In the chronic, progressive form of discoid 
lupus, the rash can be disfiguring and require aggressive therapy to prevent scarring 
and hypopigmentation and/or hyperpigmentation. Many of the cutaneous lesions are 
worsened by exposure to ultraviolet (UV) light.

The goal of treatment in the different forms of cutaneous lupus is to prevent long-
term skin sequelae, such as telangiectasia, hyperpigmentation or hypopigmentation, 

Table 1
Mucocutaneous Manifestations of SLE

• Photosensitivity
• Acute, erythematosus, edematous rash 

Butterfly rash
• Discoid lupus
• Neonatal lupus
• Subacute cutaneous lupus 

Annular or polycyclic 
Psoriaform

• Lupus profundus/panniculitis
• Alopecia
• Bullous lesions
• Mucous membranes
• Vascular lesions

Periungal erythema
Livedo reticularis
Telangiectasia
Raynaud’s phenomenon

• Urticarial or purpuric vasculitis
• Atrophic blanche
• Chilblain lupus

From UpToDate® © 2001.
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alopecia, and scarring. Preventive measures will prevent skin lesions in most patients. 
The following measures are currently recommended:

Avoid high sun exposure, and if feasible, medications that are associated with 
photosensitivity (Table 2) (28).

Sunscreens of at least SPF15 should be used; higher SPFs are available if required. 
A current list of commercially available sunscreens can be found in the May, 1998 
volume of Consumer Reports.

A lupus rash should initially be treated with topical corticosteroids. Hydrocortisone 
will often suffice, but more potent steroids (particularly the fluorinated preparations) are 
available for thicker lesions. There are several points that deserve emphasis:

Fluorinated steroids may be used for facial lesions, but should be used very cautiously 
and probably for no more than 2 wk.

Ointments are more effective than creams.
Lotions should be used on scalp lesions.
Chronic use of topical steroids may lead to skin atrophy, thinning, telangiectasia, 

hypertrichosis, striae, and depigmentation.
Subjects with persistent rashes should be treated with an antimalarial agent, such as 

hydroxychloroquine or quinacrine. One of these drugs should be used only when the 
diagnosis is secure with the following precautions:

Antimalarial agents may be associated with flares of psoriasis.
Antimalarial drugs should not be given to the rare individual with G6PD deficiency.
Antimalarial agents may potentially cause serious ocular changes, including macular 

degeneration; as a result, all subjects should have ophthalmologic examinations at 
6-mo intervals (29).

Currently, the most commonly prescribed antimalarial agent for SLE is hydroxychlo-
roquine. The recommended dosage is <6.5 mg/kg/d. Overall improvement of erythema, 
infiltration, scaling, and hyperkeratosis occurs in 50% of subjects (30). Chloroquine 
(250–500 mg/d) is somewhat more potent, but has a higher risk of eye damage (31).
Quinacrine (100 mg/d) is even more effective and has a much lower risk of eye damage 
(32); however, the skin of many individuals turns somewhat yellow and bone marrow 
depression is a rare complication. Subacute cutaneous lupus erythematosus (SCLE) 
and lupus panniculitis respond best to antimalarial drugs, but higher doses may be 
needed. Combination therapy with chloroquine or hydroxychloroquine and quinacrine 
was found to be effective among most patients with chronic cutaneous lupus and/or 
SCLE resistant to antimalarial monotherapy (33). Improvement with antimalarials may 
not be seen until 6–12 wk of use.

Systemic steroids or immunosuppressive agents are rarely needed to clear skin 
lesions, except for bullous lesions. Systemic drugs that have been used when local 
therapy fails include oral steroids, dapsone, azathioprine, thalidomide, gold, retinoids, 
methotrexate, cyclophosphamide, chlorambucil, IVIG, diphenylhydantoin, anti-CD4 
Abs, and clofazimine (30,32,34–37).

Alopecia in active SLE usually responds well to treatment of the disease, especially 
with antimalarials (see above), whereas hair loss owing to steroids recovers as the steroid 
dose is lowered. In comparison, the hair loss is usually permanent when associated with 
scarring owing to discoid lesions of the scalp (38). Topical minoxidil may be beneficial 
in a limited number of persons (38).
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Table 2
Some Agents That May Cause Photosensitivity Reactions

Anticancer drugs Antipsychotic drugs Sunscreens
Dacarbazine *Chlorpromazine *Aminobenzoic acids
Fluorouracil Fluphenazine Avobenzone
Flutamine Haloperidol *Benzophenonones
Methotrexate Perphenazine Cinnamates
Vinblastine *Prochlorperazine Homosalate

Thioridazine Menthyl anthranilate
Antidepressants Thiothixene *PABA esters
Amitriptyline Trifluoperazine
Amoxapine Triflupromazine Antihistamine
Clomipramine  Cyproheptadine
Desipramine Diuretics Diphenhydramine
Doxepin Acetazolamide
Imipramine Amiloride Antihypertensives
Maprotiline Bendroflumethiazide Captopril
Nortriptyline Benzthiazide Diltiazem
Phenelzine *Chlorthiazide Methyldopa
Protriptyline *Furosemide Minoxidil
Trazodone *Hydrochlorothiazide Nifedipine
Trimipramine Hydroflumethiazide

Methyclothiazide Others
Antimicrobials Metolazone Alpazolam
Ciprofloxacin Polythiazide Amantadine
Clofazimine Trimterene *Amiodarone
Dapsone Trichlormethiazide Benzocaine
*Demeclocycline  Benzyl peroxide
*Doxycycline Hypoglycemics *Bergamol oil, oils of citron,
Enoxacin Acetohexamide     lavender, lime, sandalwood,
Flucytosine Chlorpropamide     cedar
Griseofulvin Glipizide Carbamazepine
*Lomefloxacin Glyburide Chlordiazepoxide
Minocycline Tolazamide Clofibrate
*Nalidixic acid *Tolbutamide Desoximetasone
Norfloxacin  Disopyramide
Ofloxacin NSAIDs Etretinate
Oxytetracycline Difluisal Fluoroscein
Pyrazinamide Ibuprofen Gold salts
Sulfonamides Indomethacin Hexachlorophene
Tetracycline Ketoprofen Isotretinoin
Trimethopterin Nabumetone *6-methylcoumRIN

Naproxen *Musk ambrette
Antiparasitic drugs Phenylbutazone Oral contraceptives
Chloroquine *Piroxicam *Promethazine
Quinine Sulindac Quinidine sulfate

Tretinoin
Trimeprazine

*Reactions which occur more frequently.
From UpToDate® © 2001.
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Mucous membrane lesions respond well to topical steroids and systemic antimalarial 
drugs. The response to topical steroids (usually Orabase with either hydrocortisone or 
triamcinolone) takes a few days to weeks, whereas the response to hydroxychloroquine 
takes weeks to months.

Raynaud’s phenomenon can often be prevented by educating individuals about trigger 
factors, such as avoidance of smoking, caffeine, vasopressors, vasoconstrictors, and, for 
cold-induced Raynaud’s, wearing warm clothing. More severe or resistant disease can be 
treated with vasodilators, such as nifedipine, nicardipine, and/or prazosin, and topical 
nitroglycerine. Intravascular treatment with prostacyclin may be effective (39).

Treatment of urticarial or purpuric vasculitis with indomethacin or hydroxychloroquine 
yields complete or partial remissions in some subjects with mild lesions; prednisone at 
doses of 25–60 mg/d is recommended for more severe disease (40).

Musculoskeletal Manifestations of SLE
Involvement of the musculoskeletal system is extremely common in persons with 

SLE. This disorder can involve joint spaces (e.g., arthralgia and arthritis), osteonecrosis, 
and myopathy. Osteoporosis is also a common manifestation that is usually due to 
corticosteroid therapy.

Multiple drugs are available to treat arthralgias and the pain syndromes of SLE. 
NSAIDs and/or acetaminophen are the staples typically used initially. If these are 
ineffective, acetaminophen/propoxyphene HCl, tramadol HCl, and/or amitriptyline 
may be added and/or substituted.

If arthritis, i.e., inflammation (swelling, redness, and warmth), is the most prominent 
feature, we recommend NSAIDs rather than full-dose aspirin (which requires too many 
pills). Typical doses are ibuprofen (800 mg QID pc), naproxen (500 mg BID pc), and 
nabumetone (1 g/d or BID pc). In those at risk for NSAID-induced gastrointestinal 
(GI) toxicity, a selective COX-2 inhibitor may be more appropriate; three are currently 
available.

Antimalarial drugs (e.g., hydroxychloroquine 200–400 mg/d) are very effective 
for the amelioration of joint symptoms and prevention of clinical relapse (41–43).
Hydroxychloroquine is typically given to persons with articular manifestations, rashes, 
and fatigue, often in combination with a NSAID.

Dehydroepiandrosterone (DHEA, 200 mg/d) has shown promising results in pre-
liminary studies, and may be of benefit in mild to moderate SLE (44). However, further 
clinical trials will be required to establish the efficacy of DHEA.

Corticosteroids are needed infrequently, and should be avoided for the treatment of 
pain not associated with inflammation. In subjects who have already been treated with 
steroids with a positive response, we recommend a NSAID and hydroxychloroquine 
and gradually tapering the steroid.

For resistant inflammatory arthritis, methotrexate 7.5–15 mg/wk has been shown to 
be useful (45,46). In a prospective, double-blind trial, 41 individuals were randomized 
to methotrexate plus prednisone or prednisone alone (46). Compared to those given 
prednisone, methotrexate plus prednisone was more effective in controlling articular 
activity, while permitting a lower prednisone dosage.

Low-dose tricyclic antidepressants (e.g., amitriptyline 5–75 mg QHS) are often useful 
in combination with other therapy when pain is only partially responsive or completely 
unresponsive to the above measures.



266 Part III / Systemic Autoimmune Diseases

OSTEONECROSIS

The management of osteonecrosis is problematic. The best initial approach is 
prevention by avoiding high-dose chronic steroid therapy. Once the condition develops, 
however, it may only be recognized after bony collapse has occurred, and joint 
replacement may be necessary.

The treatment of early osteonecrosis, demonstrable by magnetic resonance imaging 
(MRI) but not conventional X-ray, remains controversial. Some studies have reported 
good results (e.g., prevention of femoral head collapse) by core decompression of the 
femoral-head in such persons (47) whereas others have not achieved this benefit (48).

OSTEOPOROSIS

Certain general principles should be followed in all patients, particularly those 
receiving prolonged steroid therapy, to minimize bone loss. These include:

1. Modification of lifestyle factors: elimination of cigarette smoking, limitation of alcohol 
consumption, and maintenance of an exercise regimen.

2. Administration of 1 g of elemental calcium and 400–800 IU of vitamin D/d.
3. Limitation of steroid therapy to the lowest possible dose and duration.
4. Measurement of bone mineral density (BMD) of the spine and hip. 

Baseline values of BMD more than one SD below the mean (e.g. osteopenia) may be at 
increased risk for the development of osteoporosis. The test may be repeated yearly for as 
long as the patient is receiving steroids. More aggressive therapy (e.g., bisphosphonates) 
should be undertaken if bone loss exceeds 5%/yr or with fractures in osteopenic sites. 
In the postmenopausal woman, hormonal replacement with estrogen is also effective, 
but must be balanced against the risk for breast malignancy.

MUSCLE DISEASE

Lupus myositis responds to treatment with steroids (using a regimen similar to that 
in polymyositis), whereas steroid-induced myopathy responds to a reduction in or 
withdrawal of steroid therapy. Antimalarial myopathy responds to stopping the drug, 
but it may take months for the myopathy to improve, partly owing to the long half-life 
of hydroxychloroquine (months).

Hematologic Manifestations of SLE
Abnormalities of the formed elements of the blood, and of the clotting, fibrinolytic, 

and related systems, are very common in SLE. The major clinical manifestations 
are anemia, leukopenia, thrombocytopenia, and the antiphospholipid Ab syndrome 
(APLS).

ANEMIA

The anemia of chronic inflammation in SLE usually responds to high dose cortico-
steroids (1 mg/kg/d of prednisone or its equivalent in divided dose). Immunosuppressive 
agents also may be efficacious, although there is a risk of further bone marrow 
suppression.

Red cell aplasia has rarely been observed. This form of anemia generally responds to 
steroids, although cyclophosphamide and cyclosporine have also been used. Even rarer 
are isolated case reports of aplastic anemia that is presumably mediated by autoabs 
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against bone marrow precursors; immunosuppressive therapy also may be effective 
in this setting (49,50).

The anemia owing to chronic renal disease generally responds to erythropoietin.
Hemolytic anemia responds to steroids (1 mg/kg/d of prednisone or its equivalent in 

divided doses) in approx 75% of patients (51). Once the hematocrit begins to rise and 
the reticulocyte count falls, steroids can be rapidly tapered. If there is no response, one 
can consider pulse steroids (51), azathioprine (up to 2 mg/kg/d) (52), cyclophosphamide 
(up to 2 mg/kg) (53), or splenectomy. Success rates for splenectomy as high as 60% have 
been reported (54), although others have found no benefit (55).

Persons with thrombotic microangiopathic hemolytic anemia should probably be 
treated with plasma exchange as in other cases of thrombotic thrombocytopenic purpura 
or the hemolytic-uremic syndrome. In a review of 28 SLE subjects, those treated with 
plasma infusions or plasmapheresis, corticosteroids alone, or no therapy had mortality 
rates of 25, 50, and 100%, respectively (56).

LEUKOPENIA

Leukopenia in SLE rarely needs treatment, with the exception of persons having recur-
rent pyogenic infections. One problem is the toxicity of the usual therapies. Prednisone 
(10–60 mg/d) and immunosuppressive agents (azathioprine or cyclophosphamide) can 
raise the white blood cell count, but can also result in an increased risk of infections and 
worsening of leukopenia via bone marrow suppression, respectively (57).

Newer potential therapies for leukopenia may also result in significant adverse results. 
One study of nine SLE subjects with neutropenia and refractory infections found that 
treatment with recombinant granulocyte colony-stimulating factor (GC-SF) increased 
the polymorphonuclear cell count, but caused a disease flare in three patients.

THROMBOCYTOPENIA

Platelet counts of less than 50,000/µL rarely cause more than a prolonged bleeding 
time, whereas counts of less than 20,000/µL can be associated with (and account 
for) petechiae, purpura, ecchymoses, epistaxis, gingival, and other clinical bleeding. 
Treatment of thrombocytopenia is recommended for counts <50,000/µL associated with 
bleeding phenomena and for all subjects with counts of <20,000/µL.

The treatment of ITP in SLE is the same as that in subjects without lupus. The 
mainstay of treatment is prednisone 1 mg/kg/d in divided doses (58,59). Most patients 
respond within 1–8 wk (60). If there is no significant increase in the platelet count within 
1–3 wk or side effects are intolerable, the following options may be considered. The 
order in which they are used depends in part on the severity of the thrombocytopenia 
and the presence or absence of other manifestations of SLE.

Azathioprine (0.5–2 mg/kg/d) (60).
Cyclophosphamide, given as daily oral or IV pulse therapy. Pulse cyclophosphamide 

is preferred when there is severe active lupus nephritis. In one report of six such 
individuals, all had normal platelet counts within 2–18 wk, after the onset of pulse 
cyclophosphamide (61).

IVIG is very effective and may be preferred to azathioprine or cyclophosphamide 
when a rapid rise in platelet count is necessary (as in the patient who is actively bleeding 
or requires emergent surgery) (62).
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Splenectomy. Surgery should be preceded by immunization with pneumococcal 
vaccine. Although splenectomy can raise the platelet count (54,63), it does not cure the 
disease, because relapse is common and occurs 1–54 mo after surgery (64). Splenectomy 
in ITP was originally thought to predispose to the development of SLE; however, this 
hypothesis was refuted in subsequent studies.

Danazol (400–800 mg/d) (65,66). In one analysis, all subjects who were refractory to 
other therapies responded to danazol (200 mg QID) within 6 wk; this benefit occurred 
without a change in platelet-bound IgG Abs (65). The dose could be tapered without 
relapse in five of the six persons.

Vincristine (67).

LYMPHADENOPATHY AND SPLENOMEGALY

Even though lymphadenopathy and splenomegaly are common in SLE, their presence 
should make one consider the possibility of a lymphoproliferative malignancy. One 
study found an increased risk of cancer in subjects with SLE; the relative risk at 11 yr 
was 2.6 for all tumors and 44 for non-Hodgkin’s lymphoma (68). However, an overall 
increase in risk of malignancy was not confirmed in two later reports (69,70). The 
largest, 724 subjects followed prospectively for an average of 10 yr, did find a fourfold 
increase in risk of non-Hodgkin’s lymphoma compared to the general population (70).
Thus, a lymph-node biopsy may be warranted when the degree of lymphadenopathy is 
out of proportion to the activity of the lupus.

Cardiac Manifestations of SLE
Cardiac disease is common among individuals with SLE; valvular, pericardial, 

myocardial, and coronary-artery involvement are the commonest cardiovascular 
manifestations.

Valvular disease requires no specific therapy, unless hemodynamically significant. 
Serial echocardiograms are a convenient way of monitoring the process. In addition, 
one can consider antibiotic prophylaxis when SLE subjects with valvular disease 
undergo procedures associated with a risk of developing bacteremia (such as dental 
care) (71).

Verrucous endocarditis may produce systemic emboli, and infective endocarditis can 
complicate preexisting vegetations on damaged valves (72,73). Affected persons should 
be tested for antiphospholipid Abs, which are often associated. Treatment for infection is 
as for any SBE; without infection, treatment is usually with IV heparin.

PERICARDIAL DISEASE

Pericardial involvement is the second most common echocardiographic lesion in SLE, 
and is the most frequent cause of symptomatic cardiac disease (74).

In the majority of affected persons, the course of lupus pericardial disease is benign. 
Symptomatic pericarditis often responds to a NSAID, especially indomethacin (72).
When there is intolerance or lack of response to a NSAID, prednisone (0.5–1 mg/kg/d in 
divided doses) can be substituted. The most serious consequence is the development of 
purulent pericarditis in the immunosuppressed, debilitated patient (75). Large effusions, 
tamponade, and constrictive pericarditis are rare in SLE (76).
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MYOCARDITIS

Myocarditis is an uncommon manifestation of SLE with a prevalence of 8–25% in 
different studies (72). It may be asymptomatic, but should be suspected in persons with 
tachycardia, EKG abnormalities (such as ST- and T-wave abnormalities), cardiomegaly, 
and signs of congestive failure. There may be diffuse abnormalities demonstrated by 
echocardiogram.

Myocarditis should be treated with prednisone (1 mg/kg/d in divided doses) in addition 
to contemporary therapy for congestive heart failure, if present. Cyclophosphamide or 
azathioprine have been used when necessary with good, albeit slower responses (77,78).
Cardiomyopathy with fibrosis is usually resistant to steroids and/or immunosuppressive 
drugs.

CORONARY ARTERY DISEASE

Coronary-artery disease (CAD) has been recognized in 2–16% of individuals with 
SLE (79,80), and can lead to acute myocardial infarction in young women (80,81).
In some cases, however, thrombi rather than coronary disease is responsible for the 
ischemia (82). Coronary-artery vasculitis is rare.

People with lupus should be advised to stop smoking, exercise, consider the use of 
hormone-replacement therapy, and follow measures designed to improve lipid profiles. 
Hydroxychloroquine should be used in preference to prednisone whenever possible and 
aspirin should be prescribed for its antiplatelet properties. The utility of newer agents, 
such as clopidogrel (Plavix) and cilostazol (Pletal), remain to be established.

Hypertension is an important risk factor in SLE (83). We recommend aggressive 
therapy, aiming for a diastolic pressure below 85 mm Hg, especially in younger persons. 
The choice of antihypertensive agent depends in part on coexisting disorders. One 
consideration is nifedipine in subjects with Raynaud’s phenomenon and an angiotensin-
converting enzyme (ACE) inhibitor in persons with renal disease. Steroids may contribute 
to hypertension and diabetes, so the steroid dosage should be reduced, if possible.

Symptomatic coronary artery disease should be evaluated and managed as one would 
in the absence of lupus.

Pulmonary Manifestations of SLE
SLE is commonly associated with involvement of the lung, its vasculature, the pleura, 

and/or the diaphragm (84). Pleurisy, coughing, and/or dyspnea are often the first clues 
to either lung involvement or SLE itself (85). Pulmonary abnormalities do not appear 
to correlate with the extent of immune dysfunction (86).

MUSCULOSKELETAL CHEST WALL PAIN

In general experience, the most common cause of chest pain in SLE is from muscles, 
other supporting tissues, and/or the costochondral joints (costochondritis or Tietze’s
syndrome)(87). The chest pain is characterized by painful deep breaths, is aggravated 
by motion or change of position (especially during sleep), and is elicited by palpation of 
the painful areas. The person can be reassured that this specific pain does not represent 
lung and/or heart involvement.
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Chest-wall pain generally responds to local heat, NSAIDs, topical analgesics, and 
acetaminophen. Local trigger-point injections may be helpful in refractory cases; 
steroids are rarely necessary.

PLEURITIS

Inflammation of the pleura may cause chest pain in the absence of a friction rub or 
radiographic pleural effusion. In this setting, it is often difficult to determine whether 
or not the chest pain represents pleuritis. However, the presence of a rub, often very 
transient, and/or a pleural effusion facilitates the diagnosis. The effusion is usually 
small or moderate, although large effusions have been noted. They tend to be evanescent 
and recurrent, and are often bilateral.

Pleural disease in SLE often responds to therapy with NSAIDs. If there is no 
response within a few days, moderate- to high-dose steroids will generally be effective. 
Immunosuppressive agents are rarely indicated.

ACUTE PNEUMONITIS

Acute lupus pneumonitis is an uncommon (1–12%) manifestation of SLE (88).
It is characterized by fever, cough (sometimes with hemoptysis), pleurisy, dyspnea, 
pulmonary infiltrates on X-ray, hypoxia, basilar rales, pleural effusion, serum anti-
dsDNA Abs, and no apparent infection (that is, a pathogen cannot be cultured or 
isolated). Chest X-ray often reveals diffuse acinar infiltrates, especially in the lower 
lung fields. Pleural effusion is relatively common, occurring in about one-half of cases. 
The prognosis is poor in this disorder. Lupus pneumonitis developing in the postpartum 
period has a particularly poor outcome.

Acute lupus pneumonitis needs prompt intervention if the outcome is to be improved. 
Broad-spectrum antibiotic coverage should be given pending culture results. The 
mainstay of therapy is systemic prednisone (1–1.5 mg/kg/d in divided doses). If no 
response is seen within 72 h, the administration of intravenous pulse steroids (which act 
quickly) and slower acting immunosuppressive drugs should be considered (87,88).

Survivors often have persistent pulmonary function abnormalities, including severe 
restrictive ventilatory defects.

CHRONIC PNEUMONITIS

Chronic (fibrotic) lupus pneumonitis has been noted in up to 9% of patients with SLE 
in some series (89,90). Patients with longstanding SLE (87), and possibly those with 
anti-Ro Abs, are more likely to develop chronic pneumonitis (91). An episode of acute 
lupus pneumonitis frequently precedes the development of this disorder.

In treating chronic pneumonitis, it is important to determine if the primary process 
is inflammation or scarring, a distinction that can often be made by high-resolution CT 
(HRCT) scan, 67 gallium scintigraphy, and BAL (92). Treatment is begun with oral 
prednisone in a dose of 1 mg/kg/d if inflammation is predominant. Patients treated with 
steroids tend to improve slowly or to stabilize with time. Immunosuppressive agents 
should be considered if no response is seen within a few weeks.

PULMONARY HYPERTENSION

Severe, symptomatic pulmonary hypertension is thought to be a rare complication 
of SLE (87), being more frequently associated with scleroderma or overlap syndromes. 
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However, a recent study found that mild to moderate pulmonary hypertension developed 
in 12 of 28 subjects followed for 5 yr (93).

The management of patients with secondary pulmonary hypertension and SLE is 
similar to that in primary pulmonary hypertension (94). Therapies that have been used 
include the administration of oxygen, anticoagulants, and vasodilators (calcium-channel 
blockers). Recently, efficacy of continuous IV infusions of prostacyclin has been reported 
in primary systemic sclerosis (95), although a practical note of caution was raised (96).
However, current evidence suggests that pulmonary hypertension associated with SLE is 
generally resistant to treatment and is associated with a poor prognosis.

SHRINKING LUNG SYNDROME

The shrinking or vanishing lung syndrome has been noted in some patients with SLE. 
This syndrome is characterized by dyspnea, persistent episodes of pleuritic chest pain, a 
progressive decrease in lung volume, and no evidence of interstitial fibrosis or significant 
pleural disease on chest CT (97). Corticosteroid therapy can improve both symptoms 
and pulmonary function, although its efficacy is often debated (98).

PULMONARY HEMORRHAGE

Pulmonary hemorrhage, not necessarily with hemoptysis, is a rare complication in SLE 
(99). Previous treatment regimens (primarily high-dose corticosteroids) were associated 
with a very high mortality. A combination of corticosteroids, cyclophosphamide, 
mechanical ventilation, and/or antibiotics appears to reduce mortality.

Pregnancy in Women with SLE
SLE occurs frequently in women of childbearing age. Although patients with SLE 

are as fertile as women in the general population, their pregnancies may be complicated. 
The prognosis for both mother and child is best when the disorder has been quiescent 
for at least 6 mo prior to the pregnancy, and the patient’s underlying renal function is 
adequate. Thus, contraception and family planning are important so that pregnancy and 
delivery can occur in a scheduled manner; in addition, these should be followed by an 
obstetrician knowledgeable in high-risk pregnancies (100).

There are two issues related to therapy of women with lupus who become pregnant: (1) 
monitoring of disease activity in both asymptomatic and symptomatic patients, and (2) 
treatment of active disease. Mothers should be assessed for disease activity at least once 
each trimester, and more often if active. The schedule for monitoring includes:

1. Physical examination, including blood pressure.
2. Renal function, urinalysis, plasma creatinine concentration, and 24-h urine collection 

for protein.
3. Complete blood count, anti-dsDNA titer, and C4/C3 complement levels.
4. Pelvic ultrasonography to monitor fetal growth.
5. Anti-Ro/SSA, anti-La/SSB, and antiphospholipid Abs (at onset of pregnancy).

Treatment of SLE during pregnancy is associated with some unique problems. 
Consideration must be given to the following issues:

Medications used to treat SLE may cross the placenta and cause fetal disorders. Thus, 
the risks and benefits of treatment during pregnancy must be repeatedly weighed against 
the risk of lupus activity on the mother and fetus (101,102).
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Nephritis in pregnancy requires special consideration because of its potential 
morbidity and possible confusion with preeclampsia.

Treatment of the mother with antiphospholipid Abs is important because of the risk 
of both fetal demise and low birth weight.

Drugs that are typically used to treat persons with SLE may be divided into three 
categories: (1) those that should be avoided in pregnancy; (2) those that are probably 
safe to use; and, (3) those that are safe.

Certainly, drugs that can potentially cause birth defects should be avoided, such as 
cyclophosphamide and methotrexate. However, azathioprine may be used cautiously. 
Antimalarials theoretically may cause problems to the fetus, although none have been 
documented (103). Thus, hydroxychloroquine is probably safe to use. NSAIDs are safe, 
but should be discontinued in the last few weeks of pregnancy (to facilitate closure of 
the ductus arteriosus). Likewise, prednisone is “safe” in that no fetal defects develop 
other than rare temporary neonatal adrenal suppression. Steroid side effects in the 
mother may be reduced by recommending a low-salt diet (to prevent weight increase and 
hypertension), an exercise program (to prevent bone loss and depression), and calcium 
supplementation (to prevent osteoporosis).

Serological markers (complement, anti-dsDNA Abs) should be monitored closely. 
Increasing abnormality of these markers is not necessarily a rationale for a change in 
therapy, but is an indication that closer observation is necessary for possible exacerbation 
of lupus. If treatment of a flare is deemed necessary, high-dose prednisone is the 
therapy of choice.

Persons with a significant flare of lupus nephritis should be treated with high-dose 
prednisone and an antihypertensive agent(s) (e.g., hydralazine, methyldopa, and 
calcium-channel blockers, but not diuretics, angiotensin converting enzyme inhibitors, 
or some beta blockers). In addition, the fetus should be delivered as soon as possible 
(102,104). Signs of a renal flare include renewed activity of the urine sediment and an 
increase in the plasma creatinine concentration. In comparison, an isolated elevation 
in protein excretion is a common, probably hemodynamically mediated finding in all 
glomerulopathies during pregnancy and should not necessarily be considered a finding 
of increased lupus activity.

There is little if any experience with pulse methylprednisolone in pregnancy, and its 
effects on the fetus are unknown. Azathioprine can be used with relative safety as long 
as the white blood cell count is normal.

Thrombocytopenia during lupus pregnancies may have multiple causes, including 
antiplatelet Abs, toxemia, and antiphospholipid Abs (101,102). Treatment includes 
high-dose prednisone and intravenous immune globulin (102).

As previously mentioned, individuals with antiphospholipid Abs may be at high 
risk for recurrent fetal loss, especially after 10 wk. Therefore, patients with these Abs 
without a history of such fetal loss are usually treated with aspirin 81 mg/d. Those 
women with a previous history of a fetal loss after 10 wk should be managed with 
subcutaneous heparin (10,000–12,000 U BID, especially for wk 12 through 32) plus low-
dose aspirin (81 mg/d) (105,106). A frequent complication of this regimen is heparin-
induced osteoporosis. Recovery of bone density occurs postpartum after the heparin is 
discontinued; it is unclear, however, if the recovery is complete.

If heparin and aspirin therapy do not prevent fetal loss, intravenous gamma globulin 
should be tried during the next pregnancy (0.4 g/kg/d for five consecutive days of each 
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month) (107,108). If IVIG fails, prednisone (20–40 mg/d) and low-dose aspirin can 
be tried in the next pregnancy (105,109). However, use of steroids during pregnancy 
may be associated with increased morbidity (110–112). Importantly, pregnant women 
with the antiphospholipid antibody syndrome (APLS) should be monitored carefully 
by sonography early in pregnancy, and at about 20 wk for fetal heart rate. Women 
with a history of intravascular clotting events unassociated with APLS should probably 
be anticoagulated for a few months postpartum (102). By contrast, current evidence 
suggests that women who have documented hypercoagulability associated with the 
APLS should probably be on warfarin for life.

Menstrual Function, Menopause, and Oral Contraceptives
Menstrual irregularities are common in women with SLE. Their treatment is dependent 

on finding an underlying cause, and is basically similar to that in women without SLE. 
Factors to be considered include (1) thrombocytopenia, (2) antiphospholipid Abs, and 
(3) the use of corticosteroids and/or NSAIDs.

Temporary or even permanent amenorrhea has been noted in 17–24% of women with 
SLE. Two major mechanisms have been identified: (1) SLE disease activity, leading to 
autoimmune ovarian injury and (2) the administration of immunosuppressive agents 
(especially cyclophosphamide) (113,114). A gynecologist should evaluate amenorrhea. 
If owing to active SLE, its treatment often restores normal menses. By contrast, 
amenorrhea secondary to treatment is rarely reversible. It is more likely to happen 
in women over age 25. Thus, in the woman over 25 (and especially over 30) who 
is still considering having children, using an immunosuppressive agent other than 
cyclophosphamide may be preferable.

Menopause is often associated with a diminution in the symptoms and signs and 
signs of SLE. However, it brings on several new concerns. Both normal women and 
those with SLE who are postmenopausal have a greater risk of CAD. Corticosteroid 
therapy increases this risk (115). In addition, both normal women and those with SLE 
who are postmenopausal have a greater risk of osteoporosis. Corticosteroid therapy 
increases this risk.

Hormone-replacement therapy with estrogen and a progestin can decrease the risk 
of both CAD and osteoporosis, improve mood and a sense of well-being, and enhance 
libido. However, these benefits must be weighed against the potential risk of exacerbation 
of SLE (116). Via mechanisms that may be mediated via estrogen receptors (117,118),
estrogen increases the susceptibility to SLE, which probably explains the marked 
female preponderance in this disorder. However, the risk of estrogen-replacement 
therapy appears to be small. Two reports compared women on hormone replacement 
to untreated women (119,120). There was no difference in lupus activity between 
the two groups.

Similar concerns about exacerbation of SLE have been raised with the use of oral 
contraceptives. In the past, the use of estrogen-containing oral contraceptives was 
associated with an increased risk of activation of lupus (121). However, most currently 
available oral contraceptives are primarily comprised of progesterone and/or low-dose 
estrogens; these preparations are not generally associated with adverse affects in women 
with SLE (122).

Thus, current oral contraceptives are probably safe in most women with SLE, but 
should probably be avoided in women already at an increased risk of clotting. This 
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includes subjects with antiphospholipid Abs, the nephrotic syndrome, and/or a history of 
thrombophlebitis (123,124). Persons with active nephritis also may be at increased risk 
of renal exacerbation (123). In these individuals, barrier methods are the contraceptive 
method of choice, because intrauterine devices can be complicated by hemorrhage 
or infection.

A separate issue is whether oral contraceptives promote the development of SLE 
as may occur with estrogen-replacement therapy. A prospective analysis found that 
the relative risk (RR) of developing SLE was not significantly different in past users 
and never users of oral contraceptives when ACR criteria alone were used for the 
diagnosis of lupus (125). However, a small but significant increase in RR (1.9) was 
noted when more stringent criteria were used for the diagnosis (125). It was concluded 
that concerns about the development of SLE should not be a limiting factor in the 
use of oral contraceptives.

Treatment of Lupus Nephritis

FOCAL PROLIFERATIVE GN
In focal proliferative glomerulonephritis (GN), fewer than 50% of glomeruli are 

affected on light microscopy (126). The prognosis and optimal therapy in focal 
proliferative disease is less clear (127). Death directly attributable to renal disease or 
progression to advanced renal failure within 5 yr appears to occur in less than 5% of 
patients with relatively mild focal involvement (fewer than 25% of glomeruli affected, 
primarily with segmental areas of proliferation) (126). Specific immunosuppressive 
therapy may not be indicated in this setting, although many persons are treated with 
corticosteroids for extrarenal symptoms. The net effect is that the plasma creatinine 
concentration is relatively stable for at least 5 yr (126).

In contrast, more widespread or severe focal disease (40–50% of glomeruli affected 
with areas of necrosis or crescent formation, significant subendothelial immune deposits, 
nephrotic range proteinuria, and/or hypertension) has a worse long-term outcome that 
is probably similar to that of diffuse proliferative lupus GN (127). The incidence of 
renal death or advanced renal failure at 5 yr in the latter disorder is as high as 15–25% 
(126,127). Thus, these patients should probably treated in a manner similar to those 
with diffuse proliferative GN (see below).

MEMBRANOUS GN
Like focal proliferative GN, the renal prognosis is variable with membranous lupus 

GN (128). The natural history of this disorder is uncertain, because most reported 
subjects have been treated with corticosteroids (often for extrarenal disease). Partial or 
complete remissions in proteinuria can occur, and the plasma creatinine concentration 
often remains normal or near normal for 5 or more yr.

Worsening renal function or severe nephrotic syndrome and its associated complica-
tions (marked edema, hyperlipidemia, and possible thromboembolic disease) are 
indications for employing the regimens described below. These subjects often respond 
well to immunosuppressive therapy with the 10-yr kidney-survival rate approaching 
93% (128). However, worsening renal function can occur (128,129). Clinical features 
associated with a poor outcome included black race, hypertension, elevated plasma 
creatinine concentration at presentation, and heavy proteinuria; no initial histologic 
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feature was clearly predictive, although progression was more likely in those who also 
had proliferative lesions (130).

Optimal therapy of membranous lupus is uncertain. Asymptomatic patients are 
often not treated, those with moderate disease may be treated with prednisone, and 
those with a rising plasma creatinine concentration or marked nephrotic syndrome 
are often treated with the same regimen as diffuse proliferative GN. An NIH study 
randomized 22 patients with membranous nephropathy but no proliferative disease to
1 yr of prednisone alone, pulse cyclophosphamide (as described below), or cyclosporine
(5 mg/kg/d) (130). Although each therapy appeared to be effective, cyclophosphamide 
was perhaps most beneficial. There was a trend favoring intravenous cyclophosphamide; 
however, more patients must be evaluated to fully define the role of such therapy in 
this condition.

DIFFUSE FOCAL PROLIFERATIVE GN
Aggressive therapy is primarily indicated in persons at high risk for progressive renal 

failure: those with diffuse or severe focal proliferative GN and those with severe or 
progressive membranous GN. It had been proposed that subjects with diffuse proliferative 
GN and a moderate degree of irreversible chronic changes (such as glomerular scarring, 
interstitial fibrosis, and tubular atrophy) are at particular risk and may derive the greatest 
benefit from cytotoxic agents such as cyclophosphamide (131). However, other studies 
have not confirmed the predictive value of the severity of either chronic or acute (cellular 
proliferation, necrosis, or crescent formation) histologic changes; both the activity and 
chronicity indices are often similar in subjects who progress to renal failure and in 
those who maintain stable renal function (127,132). The limited utility of these indices 
is in part owing to the subjective nature of their determination, leading to variable 
and irreproducible results (132).

Thus, the presence of diffuse proliferative GN alone seems to be a sufficient indication 
for aggressive therapy (127,132). Despite optimal therapy, however, some patients 
will progress to renal insufficiency (see below). Clinical risk factors for progression 
include a plasma creatinine concentration above 2.4 mg/dL (212 µmol/L) at the time 
of renal biopsy, anemia with a hematocrit below 26%, and black race (see Importance 
of Race section) (133). The severity of tubulointerstitial disease and crescent formation 
also correlate with long-term prognosis in lupus nephritis, as they do in other chronic 
progressive glomerular diseases (133).

Although some individuals with diffuse proliferative lupus GN respond to cortico-
steroids alone, most studies suggest that renal survival is significantly enhanced by the 
addition of a cytotoxic agent, such as cyclophosphamide (134,135). A meta-analysis of 
multiple controlled trials found that the addition of cyclophosphamide or azathioprine 
lowered the incidence of progression to end-stage renal disease by 40% when compared 
to therapy with corticosteroids alone (136). High-risk individuals may derive even 
greater benefit; the probability of avoiding renal failure at 10–12 yr in high-risk patients 
was 90% with cyclophosphamide, 60% with azathioprine (this was not significantly 
different from cyclophosphamide), and only 20% with prednisone (131). Although 
patients may do better with azathioprine than prednisone alone during the first 10 yr 
of follow-up (131), there is no significant difference in the incidence of renal failure in 
the longer term and the results are clearly inferior to those in patients initially treated 
with cyclophosphamide (137).
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These trials also suggested that, rather than being given orally on a daily basis
(2–2.5 mg/kg/d), cyclophosphamide may be less toxic when given as monthly intravenous 
boluses (131): beginning with 0.75 g/m2 of body-surface area and, assuming the white 
blood cell count remains above 3000/mm3, increasing to a maximum of 1 g/m2 given 
in a saline solution over 30–60 min. Even obese patients have generally been treated 
according to body surface area; a lower initial dose of 0.5 g/m2 minimizes the risk 
of overdosing in this setting. An oral pulse cyclophosphamide regimen may also be 
effective, but this regimen is still experimental.

Effective immunosuppressive therapy is associated with a diminution in the inflam-
matory manifestations of lupus, resulting in control of extrarenal symptoms and a 
tendency to normalization of the plasma complement level and the anti-dsDNA Ab titer 
(138). Within the kidney, cessation of inflammation reduces the activity of the urine 
sediment (fewer red and white cells and casts) and decreases or at least stabilizes the 
plasma creatinine concentration (135). However, a stable plasma creatinine concentration 
over a period of time does not necessarily imply inactive disease, because progressive 
glomerulosclerosis can occur in the absence of inflammation.

MONITORING DISEASE ACTIVITY

Monitoring proteinuria is another important marker of the response to therapy. 
Successful therapy should lead to an often-marked reduction to protein excretion. 
However, there may be some degree of irreversible proteinuria, because healing of the 
inflammatory process can lead to permanent glomerular scarring. On the other hand, 
increasing protein excretion usually reflects continued active disease.

SELECTION OF THERAPY

The likelihood of a successful outcome is greater if therapy is initiated relatively 
early in the course of the disease. Delaying therapy is often associated with increased 
glomerular injury and fibrosis and, therefore, a lesser response to immunosuppressive 
drugs (139).

The optimal duration of pulse cyclophosphamide therapy (which is usually accom-
panied by low-dose prednisone) is not known. However, results of a National Institutes 
of Health (NIH) clinical trial revealed the following:

The incidence of a doubling of the plasma creatinine concentration at 3 yr was 
much higher in the methylprednisolone group than in the cyclophosphamide groups: 
48% vs 25%.

The likelihood of relapse was significantly higher in the short-course as opposed to 
the long-course cyclophosphamide regimen (135).

One potential criticism of this study is that the pulse methylprednisolone course 
was too short. A follow-up report from the NIH compared 1 yr of monthly pulse 
methylprednisolone to monthly pulse cyclophosphamide (for 6 mo and then quarterly) 
to combination therapy (140). Renal remission occurred in 17 of 20 patients treated with 
combination therapy, 13 of 21 treated with cyclophosphamide alone, and only 7 of 24 
treated with methylprednisolone alone (p = 0.03). Combination therapy was associated 
with a higher incidence of adverse events than either form of monotherapy. Avascular 
necrosis occurred almost as frequently as with methylprednisolone alone and infections 
and amenorrhea were most frequent in this group.
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Although these observations suggest that prolonged maintenance cyclophosphamide 
is associated with the best outcome, the Lupus Nephritis Collaborative Study attempted 
to control disease activity with a much shorter and therefore less toxic course of therapy 
(141). Patients in this trial were treated with 60–80 mg of prednisone/d for 4 wk, fol-
lowed by tapering to 20–25 mg every other day over a period of 32 wk. Oral cyclophospha-
mide (1–2 mg/d) was given for only 8 wk. Exacerbations were treated with increasing doses 
of prednisone. Almost 40% of 55 patients with an initial plasma creatinine concentration 
above 1.2 mg/dL (106 µmol/L) had at least a 3 mg/dL (254 µmol/L) elevation in the 
plasma creatinine concentration at 3–4 yr; these persons might well have benefited from 
the more aggressive pulse cyclophosphamide regimen described earlier. In comparison, 
the great majority of persons with an initial plasma creatinine concentration of
1.2 mg/dL (106 µmol/L) were either in remission (55%) or had stable disease; only 16% 
(5 of 31) had a rise in the plasma creatinine concentration at 3–4 yr.

In summary, once an individual has attained a complete remission, the optimal choice 
of immunosuppressive agent and the duration of treatment are unclear. Those with 
initially mild disease may be maintained on oral azathioprine (see next section). By 
comparison, investigators at the NIH continue quarterly cyclophosphamide in persons 
with initially severe disease until the patient has been in complete remission for one 
year (142). However, a paucity of data exists suggesting that such therapy is superior to 
maintenance therapy with oral azathioprine.

Despite its efficacy, concerns about toxicity often limit the use of cytotoxic agents. 
There are three major complications that can occur: infection (particularly with 
neutropenia), malignancy, and infertility. The risk of the last two side effects is 
dose-dependent, increasing with prolonged therapy. A possibly safer alternative than 
cyclophosphamide for maintenance therapy in lupus nephritis is oral azathioprine 
(2 mg/kg/d), which has a much lower risk of late neoplasia and no risk of ovarian 
dysfunction. Azathioprine can also be used as initial therapy in persons who refuse 
(because of the potential complications) or cannot tolerate cyclophosphamide (131).

RELAPSING DISEASE

Relapse is primarily defined as renewed clinical activity, as manifested in the kidney 
by either an active urine sediment, increasing proteinuria, and/or a rise in the plasma 
creatinine concentration. The new finding of red cell and/or white cell casts is a 
particularly strong predictor of relapse. In one report, these findings were noted before 
or at the onset of 35 of 43 relapses; the sensitivity was even greater (24 of 25) when 
seen in individuals excreting more than 1 g of protein/d (143). It remains unknown 
whether early therapy would be beneficial when new cellular casts are seen in persons 
who had been in remission.

The role of serologic abnormalities in predicting relapse is less clear. An elevation/rise 
in the titer of anti-dsDNA Abs and, to a lesser degree, a fall in circulating complement 
levels are associated with a high likelihood (over 75%) of subsequent clinical relapse, 
which typically occurs within the ensuing 8–10 wk (144).

It is unclear, however, how to translate these findings into the clinical setting. Many 
relapses do not involve the kidney, and most physicians do not routinely monitor anti-
dsDNA Ab and complement titers at monthly intervals as was performed in the above 
study (144). Furthermore, although plasma C3 and C4 levels tend to vary inversely 
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with disease activity, there may be a prolonged reduction in C4 levels long after clinical 
remission has been induced (145). It has been suggested that a fall in complement 
levels is a more valuable predictor of subsequent relapse than is the absolute plasma 
level (145).

A recent study monitored the course of 106 patients with clinically quiescent 
but serologically active lupus (146). Over a 1-yr period, 60 remained in clinical 
remission. There were no predictive factors that identified subjects who subsequently 
relapsed. We currently recommend that an increase in anti-dsDNA Ab levels or new 
hypocomplementemia should be monitored carefully, but should not be treated solely 
for changes in serologic activity.

In subjects with an acute flare, the initial regimen may be altered when disease is (1) 
severe, (2) complicated by acute renal failure, and (3) associated with very high levels 
of circulating immune complexes and high anti-dsDNA Ab levels. In this setting, IV 
pulse methylprednisolone (500–1000 mg given over 30 min for 3 d) is administered
to induce a rapid immunosuppressive effect; conventional doses of oral prednisone
may be ineffective in these patients and a response to IV cyclophosphamide is not seen for 
10–14 d (147). Although pulse steroids appear to be effective as adjunctive therapy for acute, 
severe lupus nephritis, this modality is not as effective when given as monotherapy when 
compared to cyclophosphamide plus conventional dose prednisone (135,140).

How pulse corticosteroids downregulate the inflammatory response remains specula-
tive. In the kidney, acute lupus glomerular inflammation is mediated in part by the release 
of cytokines (such as interferon-gamma) from activated T cells and by the upregulation 
of class II MHC molecules on the surface of the glomerular endothelial cells. Recent 
studies suggest that a principal immunosuppressive effect of corticosteroids is to 
inhibit the synthesis of almost all known cytokines. Steroids appear to act by inducing 
the synthesis of IkB , a protein that traps and thereby inactivates the transcription 
factor, nuclear factor kappa B (NF- B) (148,149). As a transcription factor, NF- B
translocates to the nucleus where it initiates transcriptional activation of particular 
cytokine genes, including the proinflammatory cytokine, tumor necrosis factor (TNF). 
Pulse corticosteroids may more effectively impair cytokine generation (150).

Importantly, persons with hypertension should be vigorously treated with anti-
hypertensives. ACE inhibitors appear to delay the onset of renal failure as well as 
diminish proteinuria.

PROGNOSIS

Therapy with cyclophosphamide and steroids leads, in most subjects, to improve-
ment in the clinical and serologic signs of SLE, decreased activity of the urine 
sediment, and a reduction in or stabilization of the plasma creatinine concentration 
(131,134,135,140,151).

IMPORTANCE OF RACE

Recent reports have found that, among individuals with diffuse proliferative lupus 
GN, blacks are much more likely than whites to have aggressive, cyclophosphamide-
resistant disease (152,153). The renal survival rate was 95% at 5 yr in whites, whereas 
it progressively declined from 79% at 1 yr to 58% at 5 yr in blacks. This difference was 
independent of other risk factors such as age, hypertension, and activity or chronicity 
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indices (153). From these studies, it is unclear whether the adverse outcome in black 
patients is due to socioeconomic or biologic-genetic factors or both.

NEWER THERAPIES

Cyclosporine. There is only a limited reported experience with cyclosporine in 
the treatment of different types of lupus nephritis. An uncontrolled prospective study 
of 17 patients with type IV diffuse proliferative lupus GN evaluated the efficacy of 
prednisolone plus cyclosporine at an initial dose of 5 mg/kg/d, which was lowered to 2.5 
mg/kg/d after 6 mo (154). Benefits of this regimen included stabilization of the plasma 
creatinine concentration, a significant reduction in proteinuria (except for three patients 
who had relapsing nephrotic syndrome), and corticosteroid-sparing.

A second study analyzed treatment of nephrotic syndrome and membranous GN 
with cyclosporine, usually in combination with low-dose prednisone, for 3–4 yr (155).
All patients had decreased lupus activity and a substantial reduction in proteinuria; 
six went into complete remission. Three patients had a lupus flare during therapy that 
responded to standard treatment. Repeat renal biopsy in five patients showed decreased 
active disease but more advanced interstitial fibrosis, presumably owing to scarring 
of previous inflammatory injury.

At present, cyclosporine is a reasonable consideration in subjects with refractory 
disease or those who cannot tolerate more conventional therapies. Cost is always an 
important issue with this agent. Studies in adult renal transplant recipients suggest 
that the concurrent administration of the antifungal agent ketoconazole markedly 
diminishes the cyclosporine dose by slowing hepatic metabolism and reduces the total 
cost (cyclosporine plus ketoconazole vs cyclosporine alone) by over 70%. A similar 
but less pronounced effect can be attained with the calcium-channel blockers diltiazem 
and verapamil. The applicability of these findings to the treatment of lupus nephritis 
remains to be determined.

Mycophenolate Mofetil (MMF). The effectiveness of MMF as immunosuppressive 
therapy in renal transplant patients has prompted its evaluation in the treatment of 
primary renal disorders, including lupus nephritis (156,157). After 1 yr of treatment of 
resistant lupus GN, combined MMF (dose range of 0.5–2 g/d) and prednisone resulted 
in significant decreases in proteinuria (–2.53 change in the urine protein/creatinine 
ratio) and in the serum creatinine concentration (–0.3 mg/dL [27 µmol/L]). MMF was 
discontinued in only one subject because of recurrent pancreatitis.

Preliminary evidence suggests that MMF may also have a role in maintenance 
therapy following remission after induction therapy using cyclophosphamide. In one 
study of proliferative lupus GN, subjects were randomized to 1–3 yr of one of the 
following therapies: mycophenolate (500–3000 mg/d), azathioprine (0.5–4 mg/kg/d), or 
IV cyclophosphamide (given once every 3 mo) (158). The three regimens were similarly 
effective based on changes in the serum creatinine concentration and proteinuria.

Plasmapheresis. Plasmapheresis appears to be of no added benefit to immunosup-
pressive therapy in most persons (159). A randomized controlled trial of 86 individuals 
with severe lupus nephritis showed that treatment with plasmapheresis, prednisone, and 
short-term oral cyclophosphamide led to a more rapid decline in circulating autoAb 
levels (such as anti-dsDNA Abs) but no difference in outcome when compared to 
treatment with prednisone and cyclophosphamide alone (160). The percentage of 
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subjects progressing to renal failure (25 vs 17%) and going into clinical remission (30 
vs 28%) was the same in both groups.

These findings, however, do not mean that selected subjects might not benefit from 
plasmapheresis. It has also been suggested that the regimen used was not optimized 
to prevent rebound autoab production, thereby minimizing its possible efficacy. An 
uncontrolled study of severe lupus (and active but not severe lupus GN) refractory to 
conventional immunosuppressive therapy utilized an aggressive regimen consisting 
of plasmapheresis synchronized with pulse IV cyclophosphamide followed by oral 
cyclophosphamide and prednisone (161). All subjects responded and eight remained 
off therapy for 5–6 yr. The main side effects were five episodes of herpes zoster 
and irreversible amenorrhea. However, a second analysis found a high number of 
significant adverse effects, including serious infection and death, in association with 
plasmapheresis and pulse cyclophosphamide therapy (162). Thus, there is no proven role 
for plasmapheresis in subjects with lupus GN given the limited evidence of efficacy and 
possible increased toxicity when given with cyclophosphamide.

IVIG. The administration of IVIG can diminish immunologic activity in certain 
autoimmune diseases, perhaps by interacting with Fc receptors on effector cells or 
by the presence of anti-idiotypic Abs directed against idiotypes on the patient’s own 
autoAbs. A small uncontrolled study found that IVIG led to histologic, immunologic, 
and clinical improvement (163). However, other observations in lupus GN suggest 
that disease activity may be increased, perhaps owing to enhanced immune-complex 
formation mediated by the infused IgG. Thus, the efficacy of this regimen must be 
evaluated in controlled studies.

Cladribine. Cladribine (2-deoxyadenosine, 2-CdA), an agent with an excellent safety 
profile, which is currently utilized in the management of B-cell neoplasms, is being 
evaluated for the treatment of autoimmune diseases, including lupus GN. A pilot study 
evaluating the efficacy of cladribine in proliferative lupus GN revealed reductions in 
proteinuria and urinary evidence of glomerular inflammation with continuous infusions 
of 0.05 mg/kg/d (164). This encouraging preliminary result warrants further study.

Cytokine-Directed Therapies. Recent data suggest that multiple cytokines have 
significant roles in the pathogenesis and manifestations of SLE. Treatment aimed at 
manipulating these cytokines may therefore prove fruitful. As examples:

Because elevated levels of interleukin-10 (IL-10) have been observed in many subjects 
with SLE, one study of a murine model of lupus GN evaluated the effectiveness of 
AS101, an immunomodulator shown to significantly decrease IL-10 levels in mice and 
humans (165). The administration of AS101 for 6 mo to NZB/NZW F1 mice markedly 
diminished the incidence of proteinuria (30 vs 100% for untreated mice).

The recruitment of monocytes into the glomerulus in SLE is due in part to the 
production of chemoattractant molecules, particularly monocyte chemoattractant 
protein-1 (MCP-1) (166). In a murine model of lupus GN, the administration of bindarit, 
an agent that completely prevents the upregulation of MCP-1, significantly limited 
glomerular inflammation and improved survival (167).

Gastrointestinal Manifestations of SLE
Gastrointestinal (GI) manifestations occur in approx 25–40% of patients with SLE 

(168). Many of these symptoms are nonspecific, and often reflect either lupus of the 
GI tract or the effects of medications.
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DYSPHAGIA

The esophagus is involved in 1.5–25% of persons with SLE (168,169). Dysphagia is 
the most frequent complaint and is usually due to esophageal hypomotility.

ABDOMINAL PAIN

Abdominal pain, accompanied by nausea and vomiting, occurs in up to 30% of 
patients with SLE (168,170). The differential diagnosis does not differ significantly 
from that in subjects without SLE. However, special consideration should be given 
to disorders that may be associated with lupus, including peritonitis, peptic ulcer 
disease, mesenteric vasculitis with intestinal infarction, pancreatitis, and inflammatory 
bowel disease. The specific cause of abdominal pain is usually established through 
the use of computed tomography (CT) scan, endoscopy, barium studies, ultrasound, 
angiography, and paracentesis. The role of Helicobacter pylori infection in peptic 
ulcers in individuals with lupus is not well-defined. However, Helicobacter infection 
should be excluded.

Prophylactic therapy also may be beneficial in certain settings, such as dyspepsia, 
a history of peptic ulcer disease, or combined therapy with an NSAID and high-dose 
corticosteroids. Such persons can be given prophylactic therapy with either misoprostol 
or H2 blockers.

MESENTERIC VASCULITIS AND INFARCTION

Lower abdominal pain secondary to mesenteric vasculitis is generally an insidious 
symptom that may be intermittent for months prior to the development of an acute abdomen 
with nausea, vomiting, diarrhea, GI bleeding, and fever (168,170). Risk factors for the 
development of mesenteric vasculitis include peripheral vasculitis and central nervous 
system (CNS) lupus (170). An acute presentation may also be associated with mesenteric 
thrombosis and infarction, often in association with antiphospholipid Abs (171).

In addition to broad-spectrum antibiotics, some authors have advocated treatment 
with 1–2 mg prednisone/kg/d (168). The following regimen in mesenteric vasculitis 
without perforation is currently recommended (172):

One to three courses of IV pulse steroids (1000–1500 mg methylprednisolone over 
2 h/d) PLUS a bolus of pulse cyclophosphamide (1000 mg IV) are administrated 
immediately to suppress the inflammatory response. After 7–10 d, if feasible, a second 
bolus of IV cyclophosphamide (750 mg/m2 body-surface area) should be administered.

Surgery to remove ischemic bowel is performed if the patient with acute disease has 
evidence of perforation or fails to respond promptly to medical therapy (168).

PANCREATITIS

Pancreatitis occurs in as many as 2–8% in persons with active SLE (168,173).
Pancreatitis generally responds to usual medical treatment. In persons who do not 
respond, systemic prednisone (1 mg/kg/d in divided doses) may be given, particularly 
if there is clear evidence for active SLE elsewhere. Steroids can be continued without 
any apparent delay in resolution of pancreatitis (174).

PROTEIN-LOSING ENTEROPATHY

Protein-losing enteropathy is an uncommon complication of SLE. The entity typically 
occurs in young women, and is characterized by the onset of profound edema and 
hypoalbuminemia. It may represent the first manifestation of SLE. Diarrhea is present in 
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50% of subjects. The disorder typically responds well to treatment with corticosteroids, 
although immunosuppressive drugs have also been used (175).

Neuropsychiatric Manifestations of SLE (NPSLE)
Neurologic and psychiatric symptoms occur in 10–80% of persons either prior 

to or during the course of SLE (176,177). The American College of Rheumatology 
(ACR) has formulated case definitions, reporting standards, and diagnostic testing 
recommendations for the 19 neuropsychiatric SLE syndromes (178).

The most common neurologic manifestations of SLE are stroke, seizures, headaches, 
and peripheral neuropathies. Treatment varies with the manifestation.

STROKE SYNDROMES

Cerebrovascular accidents (CVAs) have been reported in up to 15% of persons 
with SLE (179). Chronic warfarin therapy is indicated in most patients with stroke 
syndromes owing to antiphospholipid Abs once they are stable and if there is no 
evidence of hemorrhage. The INR is generally maintained between 3 and 4 (180).
The administration of corticosteroids and perhaps cyclophosphamide (see below) may 
be warranted if there is an associated lupus flare (including vasculitis). By contrast, 
steroids are not used in subjects with a stroke and antiphospholipid Abs, but no evidence 
of active SLE.

SEIZURES

Seizures develop in approx 15–20% of individuals with SLE (179). Both generalized 
and partial seizures can occur. The latter may be complex (temporal lobe epilepsy) or 
simple (focal epilepsy). Seizures may be the first manifestation of lupus or develop 
during the course of the illness.

Seizures can be treated with a variety of medications:
Generalized seizures are usually managed with phenytoin and barbiturates.
Partial complex seizures and psychosis related to seizures are best treated with 

carbamazepine, klonopin, valproic acid, and gabapentin.
If new onset seizures are thought to reflect an acute inflammatory event or if a 

concomitant flare exists, a short course of steroids (prednisone, 1 mg/kg in divided 
doses) may be given in an attempt to prevent the development of a permanent epileptic 
focus.

HEADACHES

Tension and migraine headaches are frequent complaints in SLE. These headaches 
may result from numerous etiologies.

The treatment of headaches in SLE does not differ from that in persons without this 
disease, unless there are other manifestations of CNS lupus. Most patients respond 
to nonsteroidal anti-inflammatory drugs and/or acetaminophen. Corticosteroids and 
narcotics are rarely warranted, although they may be beneficial in persons with severe 
migraine. Tricyclic antidepressants (e.g., amitriptyline at 5–100 mg/d) are often helpful 
for frequently recurring headaches.

PERIPHERAL NEUROPATHY

Approximately 10–15% of subjects with SLE develop a peripheral neuropathy 
that is probably due to vasculopathy of small arteries supplying the affected nerves 
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(181). Autonomic neuropathy also occurs, resulting in multiple GI, bladder, cardiac, 
pupillary, and sweating disorders (182). Neuropathies generally respond to therapy with 
corticosteroids in relatively high doses (30–60 mg/d). A complete response, however, 
may take weeks to months.

CHOREA AND OTHER MOVEMENT DISORDERS

The frequency of movement disorders is <5% in SLE. Symptoms may include chorea, 
ataxia, choreoathetosis, dystonia, and hemiballismus; there are usually other associated 
signs of active organic brain involvement. Movement abnormalities are thought to reflect 
lesions in the cerebellum and/or basal ganglia. Some association with antiphospholipid 
Abs has been made, raising the question of whether these persons should be treated with 
anticoagulants (183). In our experience, however, this is a self-limited and reversible 
disorder, and therefore may not require therapy.

EYE INVOLVEMENT

Ocular involvement in SLE includes a lupus rash of the eyelids, conjunctivitis (usually 
infectious), and keratoconjunctivitis (usually mild). The most characteristic finding is 
the presence of cotton wool exudates (i.e., cytoid bodies) that are usually near the disc, 
and reflect microangiopathy of the retinal capillaries and localized microinfarction of the 
superficial nerve fiber layers of the retina. Microaneurysms may also be demonstrated 
by fluorescein dye angiography.

Altered visual acuity may occasionally result from a vasculitis of the retinal vessels. 
Ophthalmoscopy or angiography can detect retinal vasculitis, but the latter procedure 
is the superior technique.

A number of therapeutic agents have been used to treat retinal vasculitis. In one 
retrospective study, various combinations of corticosteroids, hydroxychloroquine, and 
cytotoxic agents were found to be effective (184). The long-term use of cytotoxic agents 
was associated with a corticosteroid-sparing effect.

TRANSVERSE MYELITIS

Transverse myelitis may present with the sudden onset of lower extremity weakness 
and/or sensory loss, plus loss of rectal and urinary bladder sphincter control. The onset 
usually coincides with other signs of active SLE. Transverse myelitis must be treated 
very aggressively and quickly if there is to be significant recovery. Treatment has 
been successful when combined therapy of prednisone 1.5 mg/kg, plasmapheresis, and 
cyclophosphamide has been used (185,186). The mortality rate is high, and for those who 
survive, full recovery is rare. One report found that use of IV pulse methylprednisolone 
and pulse cyclophosphamide resulted in recovery of walking and partial or complete 
sphincter control (186).

USE OF MORE AGGRESSIVE THERAPY IN NEUROPSYCHIATRIC SLE
The preceding discussion has primarily emphasized the use of specific therapy for 

different forms of neurologic manifestations of SLE. This may or may not include the 
use of corticosteroids. To date, the role of more aggressive therapy, especially with 
cyclophosphamide, has only been evaluated in a limited number of studies (186).

Two studies assessed the outcome of severe neuropsychiatric lupus unresponsive to 
previous therapy with corticosteroids and/or oral cytotoxic drugs (187,188). Substantial 
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improvement was seen in 61–95%. Although promising, additional, prospective analyses 
should be undertaken.

RECOMMENDATIONS

The role of cyclophosphamide and/or plasmapheresis in the management of NPSLE 
is not well-defined. We consider these modalities in people with the following 
characteristics:

• Acute or recent onset of neurologic symptoms, such as seizures or organic brain 
syndromes, in the absence of another cause.

• Evidence of active inflammation in the brain, such as increased cells and protein in 
the cerebrospinal fluid, brain swelling on MRI or CT scan, and vascular injury on 
MR angiography.

• Failure to respond to a one to two week course of high dose oral corticosteroids (e.g., 
prednisone in a dose of 1–2 mg/kg/d) or to pulse methylprednisolone (1000 mg/d 
for 3 d).

PSYCHIATRIC DISTURBANCES OWING TO NPSLE
Psychiatric manifestations occur frequently in subjects with NPSLE. These clinical 

features are characterized by some investigators as either diffuse (e.g., organic brain 
syndrome, coma, depression, and psychosis) or complex (e.g., organic brain syndrome 
with stroke or seizure, and psychiatric presentation with stroke or seizure) (189).
Disturbances of mental function are the most common symptom.

A psychiatric disturbance owing to NPSLE is a diagnosis of exclusion; all other 
possible causes of the observed symptoms must, therefore, be considered, including 
infection, electrolyte abnormalities, renal failure, drug effects, mass lesions, arterial 
emboli, and primary psychiatric disorders (such as bipolar disorder or severe stress 
disorder resulting from a chronic and life-threatening disease) (190). One clue to the 
diagnosis is that most acute psychiatric episodes occur during the first 2 yr after the 
onset of SLE (191).

Primary Psychiatric Disturbances. Psychosis, cognitive defects, and dementia are 
the primary psychiatric disturbances in CNS lupus.

Psychosis owing to (active) organic involvement by SLE usually responds to steroids. 
Treatment should be initiated as soon as possible to prevent permanent damage. 
Prednisone (1–2 mg/kg/d) given for a few weeks in divided doses is usually sufficient. 
If no improvement is seen within two to three weeks, a trial of cytotoxic therapy 
(e.g., pulse cyclophosphamide) is warranted (192). While waiting for steroids or 
immunosuppressive drugs to take effect, psychologic manifestations are best treated 
with antipsychotic drugs (such as haloperidol), as well as with active support by health 
caretakers and family.

Cognitive Defects. Cognitive dysfunction is an organic mental syndrome character-
ized by any combination of the following symptoms: difficulty in short- or long-term 
memory; impaired judgment and abstract thinking; aphasia; apraxia; agnosia; and 
personality changes (193).

Treatment of cognitive defects is based on the presumed etiology of the cognitive 
abnormalities. If owing to medications, such as steroids, consider reducing the dose 
or stopping therapy. If associated with antiphospholipid Abs, begin anticoagulation. 
If associated with anti-neuronal Abs, a short course of steroids (0.5 mg/kg for a few 
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weeks) may be beneficial (194). Cognitive retraining may be effective if symptoms 
persist.

Dementia. Dementia is characterized by severe cognitive dysfunction, resulting 
in impaired memory, abstract thinking, and a decreased ability to perform simple 
manual tasks. There may also be difficulty making decisions or controlling impulses. 
In NPSLE, this syndrome can reflect multiple small ischemic strokes associated with 
antiphospholipid Abs (195).

The exact therapeutic regimen is unclear. Although symptoms occasionally abate 
without treatment, the following general recommendations can be made:

Consideration should be given to discontinuing or lowering the dose of medications 
that may aggravate symptoms, including NSAIDs, antimalarial drugs, anti-anxiety 
drugs, and corticosteroids (196).

Coexisting depression should be treated by conventional means.
Low-dose prednisone (0.5 mg/kg/d) may be efficacious (194). We recommend a trial 

using this regimen if the aforementioned modalities are ineffective.
Support by family and health professionals, plus reminder prompts, will usually help 

patients deal with this problem.
Secondary Psychiatric Manifestations. Although depression, anxiety, and manic 

behavior may occasionally reflect organic involvement, these symptoms are more 
typically functional. The distinction between organic and functional disease is based on 
a psychiatric interview and psychological testing. Further testing may be appropriate, 
including CT scan, MRI, SPECT scans, evoked potentials, electroencephalograms, 
and/or cerebrospinal fluid analysis (197). Treatment usually includes counselling, 
anxiolytic and/or anti-depressant therapy. In particular, consultation with and concurrent 
therapy by a psychiatrist is recommended.

SLE IN THE ELDERLY

Historically, SLE has been regarded as a disease of women in the childbearing years. 
Although this characterization is epidemiologically accurate, we now appreciate that 
SLE can occur during childhood as well as in older people (198,199). Defined as disease 
onset over the age of 55, the female� male ratio is still a striking 7�1. Also notable 
is the long duration between onset of symptoms/signs of SLE and diagnosis, ranging 
from 18–48 mo. Of particular interest is the shift of racial predominance away from 
African-American to Caucasian in the United States in older SLE subjects.

Although the clinical features of late-onset SLE are similar to those observed in 
younger-onset disease, the frequency of certain manifestations vary considerably. In 
older-onset SLE, there is an increased prevalence of interstitial pulmonary disease, 
serositis, myositis, Sjögren’s syndrome and thrombocytopenia. Like younger-onset SLE, 
however, arthralgia/arthritis (60.2%) and rashes (46.8%) remain the most frequent 
symptoms.

In general, disease activity tends to be milder in late-onset SLE (198,199). Therefore, 
selection of treatment agents that are better-tolerated and tend to cause fewer adverse 
effects in this age group can be given higher priority. Arthritis and serositis can often 
be effectively treated by use of nonacetylated aspirin or lower dosages of NSAIDs. A 
history of congestive heart failure, peptic ulcer disease, renal or hepatic insufficiency, or 
warfarin therapy is a relative contraindication to the use of NSAIDs. The antimalarial 
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agents, hydroxychloroquine and quinacrine, are very effective for treatment of both 
rashes and arthritis. As long as these agents are monitored appropriately, there is 
no contraindication to their use in older subjects. By contrast, lupus pneumonitis, 
thrombocytopenia, and hemolytic anemia require corticosteroid therapy. Corticosteroid 
dosages similar to that prescribed in younger adults may be necessary. As expected, 
there is a higher incidence of debilitating steroid complications in this population, 
particularly osteoporosis, cataracts, and skin atrophy. Under some conditions, the dosage 
of steroids can be lowered more quickly in order to obviate side effects. And other 
anti-inflammatory or immunosuppressive agents, such as dapsone or azathioprine, 
can be prescribed concomitantly in order to reduce steroid dosage. Notwithstanding, 
when this population is managed with steroids, a pretreatment BMD scan should be 
obtained and aggressive preventive treatment for steroid-induced osteoporosis must 
be initiated.

SUMMARY

The prognosis of SLE is unpredictable owing to the widely divergent disease patterns. 
The disease can run a varied clinical course, ranging from a relatively benign illness 
to a rapidly progressive disease with fulminant organ failure and death. Most persons 
with SLE have a relapsing and remitting course, which may necessitate use of high-dose 
steroids and/or immunosuppressive agents during the treatment of severe flares.

The survival rate in SLE has dramatically increased over the last several decades 
from approx 40% at 5 yr in the 1950s to approx 90% at 10 yr at the present time (200).
The improvement in survival is probably owing to multiple factors. These include: (1) 
increased disease recognition with more sensitive diagnostic tests (201); (2) earlier 
diagnosis or treatment; (3) the inclusion of milder cases; and (4) increasingly judicious 
therapy and prompt treatment of complications (202).

Serious infection is most often owing to immunosuppressive therapy. Individuals 
at particular risk are those treated with both corticosteroids and cyclophosphamide, 
especially if the white blood cell count is <3000/dL and/or high-dose steroids are 
given (203).

Premature CAD is being increasingly recognized as a cause of late mortality; this has 
been primarily attributed to accelerated atherosclerosis associated with corticosteroid 
use (204).

The causes of death in SLE include active lupus (29–34%), infection (22–29%), 
cardiovascular disease (including thromboses, 16–27%), and cancer (6%)(202,205,206).
Deaths, which resulted directly from SLE and infection, were common among younger 
patients; the risk of death directly owing to SLE was highest in the first 3 yr after 
diagnosis.

Poor prognosis for survival in SLE include (207,208):

• Renal disease (especially diffuse proliferative GN).
• Hypertension.
• Male sex.
• Young age.
• Older age at presentation.
• Black race, which may primarily reflect low socioeconomic status (205).
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• Poor socioeconomic status.
• Presence of antiphospholipid Abs.
• High overall disease activity.

Despite the reduction in long-term mortality, patients with SLE are still at risk for 
significant morbidity owing both to active disease and the untoward effects of drugs such 
as corticosteroids and cytotoxic agents. Steroid-induced avascular necrosis of the hips 
and knees, osteoporosis, fatigue, and cognitive dysfunction have become particularly 
important problems as persons live longer with their illness. To enhance control of 
disease activity, prolong remissions, and obviate adverse effects, new therapies must 
be developed. With the imminent completion of the Human Genome Project and the 
identification of lupus disease-susceptibility genes, gene therapy may be possible within 
the decade. Discovery of new classes of pharmacologic agents that can modify the 
expression of multiple genes that predispose to and promote disease activity is the most 
practical current approach to new innovative therapy.
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WHOM TO TREAT AND WHEN?

The antiphospholipid syndrome is a blood-clotting disorder characterized by a range 
of autoantibodies, which bind to phospholipids and coagulation proteins (1–3). This 
disease, which can lead to life-threatening thrombotic events, is strongly associated with 
systemic lupus, but may also occur in the absence of other known illness, or associated 
with infections or neoplasms (4–19).

Benign, nonthrombotic antiphospholipid antibodies may be common in some 
infectious states (20,21). Similar nonthrombotic antiphospholipid antibodies have 
been described circulating as masked, natural autoantibodies, in healthy individuals 
(22). It is possible, therefore, that the antiphospholipid syndrome may not represent an 
aberrant repertoire of antibodies, totally unique to autoimmune patients, but more subtle 
gradations in the specificity of natural antibodies that arise in chronic inflammatory 
states. In this disease model, persistent antibody spreading, coupled to the background 
of impaired tolerance found in autoimmune disorders, might lead to increasing avidity 
of antibodies targeted at critical coagulation structures (22,23).

Because of the heterogeneity of autoantibodies found in patients with this syndrome, 
the detection of antiphospholipid antibodies by currently available tests does not predict 
the likelihood of thrombosis or when such an event may occur (24–26). Nevertheless, 
a direct pathogenic role for the antibodies is supported by the observation that high 
titer and IgG isotype confer an increased risk of thrombosis (27). Additionally, isolated 
patient antibodies can interfere with various elements of the coagulation cascade 
(28–48). Antibodies that bind specifically to 2-glycoprotein 1 or prothrombin, as 
well as antibodies that display the confusing in vitro phenomena known as the lupus 
anticoagulant effect, appear to correlate better with morbidity in the antiphospholipid 
syndrome than the general range of antiphospholipid antibodies do (49–53). It is 
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hypothesized (but not yet proven) that pathologic, epitope-specific antibodies may 
eventually be identified that selectively interfere with important coagulation structures 
on these proteins. This could make a profound difference in the diagnosis and treatment 
of the antiphospholipid syndrome.

Meanwhile, given mounting evidence that many of the more pathologic antiphos-
pholipid antibodies might be directed against specific epitopes on 2-glycoprotein I 
and/or prothrombin, and that pure antiphospholipid antibodies, which are frequently 
associated with infections, may not confer the same thrombotic risk, can the battery 
of tests now available to detect antiphospholipid antibodies be narrowed down? More 
importantly, are there any currently available assays that can at least improve the 
prediction of pathogenicity and allow treatments to be initiated for some patients prior 
to a life-threatening thrombotic event?

The answer is no. The sensitivity, specificity, and consistency of currently available 
diagnostic tests remain inadequate for this purpose. Even if they were, epidemiologic 
study of this syndrome is woefully lacking. Definitive prospective studies to define 
antibody-associated risk markers remain to be performed. It must particularly be stressed 
that, despite subsets of phospholipid-binding antibodies, such as those associated with 
syphilis and HIV infections, that do not appear to confer thrombotic risk (20,21,54), it 
has not been demonstrated that all pure antiphospholipid antibodies are nonpathogenic. 
Furthermore, no epidemiologic study of appropriate design or power to address this 
problem has yet been undertaken.

In fact, despite cross-sectional evidence suggesting that the subset of antiphospholipid 
antibodies that are associated with some infections are not prothrombotic, the phospho-
lipids themselves are not irrelevant to currently accepted theories of pathogenicity. 
Dynamic changes in phospholipid environments that occur in inflammation or in cellular 
apoptosis provide critical modulation of the combined, interactive protein-lipid structures 
upon which anticoagulant functions and/or antibody binding depend (55–60). Some 
evidence suggests that antibodies that bind to either 2-glycoprotein I or prothrombin 
are low-affinity antibodies (61,62). Such antibodies may require their targets to be either 
densely packed or conformationally modulated in order to achieve optimal binding and 
detection (61). This depends on the presence of negatively charged phospholipids, but 
can be mimicked in commercial assays using specially prepared -irradiated polystyrene 
plates, which function very much like plastic phospholipids (62).

In vivo, coagulation-regulating proteins are in close association with phospholipids 
and arrays of these proteins may be tightly complexed along a phospholipid surface 
during hemostatic events. By targeting either phospholipid or proximate cofactor 
proteins, antibodies may interfere with the roles of both in coagulation. It would 
follow that changes in the different phospholipid-membrane environments, created by 
various disease states or various degrees of immune activation, might have profound 
effects on the pathogenicity of antiphospholipid antibodies, which might circulate 
harmlessly in the bloodstream at other times. This illustrates the complexity of the 
search for specific pathologic antiphospholipid antibodies, and why current diagnostic 
tests cannot differentiate in advance those patients at risk for thrombosis from those 
who are not.

Because of this, a clinician is left in doubt as to when and for whom anticoagulant 
therapy is useful. Given such widespread uncertainty combined with the potential 
complications of anticoagulant medications, patients are generally not treated until 
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after some significant morbidity has occurred. Then, because of an apparent high 
rate of reoccurrence (30) most patients remain on aggressive anticoagulant therapy 
indefinitely.

A better understanding of pathologic antiphospholipid antibodies and the epitopes 
they bind may someday lead to safer and more specific therapies for this disorder. 
However, given the limited therapeutic options at this time, and the limited scope of 
predictive testing, therapeutic issues primarily revolve around when and for whom to 
initiate global anticoagulant treatment and how aggressive the treatment should be. 
Critical to these decisions is the ability to utilize the available tests wisely.

USE OF CURRENTLY AVAILABLE CLINICAL PREDICTORS
OF OUTCOME

Available Antiphospholipid Antibody Assays:
What to Order and How to Interpret It

Despite laudable international efforts to introduce conformity into both enzyme-
linked immunosorbent assay (ELISA) and lupus anticoagulant tests, current assays are 
not well-standardized (63,64). Nevertheless these inconsistent measures are the only 
means of distinguishing patients with this syndrome, and current understanding of the 
epidemiologic features of the disorder rests upon them.

The association of thrombotic risk with high titer IgG anticardiolipin or antiphos-
pholipid antibodies, especially if combined with a positive assay for lupus anticoagulant, 
has been confirmed in several different studies (27,65–68). In one 4-yr follow-up of 
321 women with antiphospholipid antibodies, patients with IgM or lower-level IgG 
anticardiolipin antibodies were not at risk for antiphospholipid-related disorders (67).
However, 12 of 129 patients who had either IgM or low IgG at the start of this study 
developed higher levels of IgG or lupus anticoagulants during the 4-yr period. Of these, 
half experienced at least one thrombotic complication (67). This indicates that lupus 
patients or other patients at risk should be retested for antiphospholipid antibodies over 
time if negative or borderline, particularly if they develop new or recurrent clinical 
symptoms suggestive of the antiphospholipid syndrome.

This brings up the question of whether it makes sense to test each patient by multiple 
techniques to increase the sensitivity of these assays, as has been suggested repeatedly 
in the literature (62,69–73). In one study of 1513 sera from 399 patients (71), 60% of 
the samples containing antiphospholipid antibodies reacted to phospholipids other than 
cardiolipin, the most commonly used phospholipid in commercial assays. Considering 
only the more (probably) pathologic IgG subtypes, reactivity to phosphatidylserine was 
more prevalent than reactivity to cardiolipin. Reactivity to phosphatidylethoanolamine 
was also relatively common (71). In another report of 141 sera tested using both anionic 
and zwitterionic phospholipids 79 phospholipid-reactive sera were found. Of these 11 
reacted with noncardiolipin phospholipid, of which seven patients had a history of ether 
recurrent fetal loss or thrombotic events (70). This confirms the need to use more 
than just the anticardiolipin assay in obtaining a diagnosis for patients for whom there 
is strong suspicion. In one intriguing study, IgG from women with clinical features 
suggestive of the antiphospholipid syndrome but negative at one point in time in both 
antiphospholipid antibodies and lupus anticoagulant assays, were tested in a murine 
passive-immunization model, causing significantly more fetal loss in the mice than 
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control IgG (72). Either low-titer anticardiolipin or antiphosphatidylserine antibodies 
were subsequently found in some, but not all of these women.

It seems likely that the laboratory analysis of antiphospholipid antibodies will 
continue to evolve over the coming years. Bilayer phospholipids of varying composition 
may be used increasingly to provide a more physiologic substrate in the detection of 
these antibodies in combination with various lipid-binding proteins (74). Given the 
multiple protein antigens now associated with the antiphospholipid syndrome, assays 
to detect antibodies specific for prothrombin or other lipid-binding proteins using 
negatively charged plates may also become available in the near future, although their 
ultimate usefulness in juxtaposition to current (and less expensive) assays remains 
to be determined.

Positivity in a specific anti- 2-glycoprotein I immunoassay has been more closely 
associated with the clinical manifestations of the antiphospholipid syndrome than 
positivity in conventional anticardiolipin ELISA (54,75). Unlike the anticardiolipin 
assay, there appears to be less chance of false-positive results for syphilis patients using 
the assay specific for 2-glycoprotein I (36,54,76). This assay has recently become 
commercially available. Some commercial antiphospholipid assays incorporate mixed 
phospholipids and 2-glycoprotein into one ELISA. Because it is now thought that 
different phospholipid environments may differentially affect detection of anti- 2-
glycoprotein antibodies, it is not clear that the net effect of this mixture would increase 
the range or sensitivity of this assay.

In patients for whom there is reasonable suspicion for the antiphospholipid syndrome, 
it seems logical to use up to three different assays from the more easily available 
common testing methods first, such as an anticardiolipin and/or antiphosphatidylserine 
test plus lupus anticoagulant assays (here, too, sensitivity may be increased employing 
different LA tests, including both the Kaolin Clotting Time assay (KCT) and dilute 
Russel Viper Venom Time assay (dRVVT), and/or an lupus anticagulants (LA) test 
employing hexagonal-phase phospholipids). Where available, an anti- 2-glycoprotein 
immunoassay should be employed, which, by eliminating many of the nonthrombotic, 
phospholipid-specific antibodies associated with infections, may be at least marginally 
more selective for the autoimmune syndrome. To analyze further the sera of patients 
for whom there is a high suspicion of this syndrome but the aforementioned tests are 
negative, it might be worth obtaining a more comprehensive testing battery, particularly 
if a laboratory can be found capable of testing for antibodies to 2-glycoprotein and/or 
prothrombin against different phospholipid backgrounds.

In summary, the lack of standardization in the tests currently available to clinicians, 
coupled with evidence that patient results may change over time using these assays, 
indicates that patients in whom there is a high suspicion for the antiphospholipid 
syndrome but who test negative in a preliminary assay for antiphospholipid antibodies, 
should be tested using more than one technique. They should also be retested over 
time if still negative, particularly if they develop new or recurrent clinical symptoms 
suggestive of active antiphospholipid syndrome. It seems obvious, however, that to avoid 
excessive false-positive diagnoses, the use of more than one assay in the detection of
the antiphospholipid syndrome should only be used for patients at apparent high 
clinical risk, and in the absence of other explanations for thrombosis. Multiple assays 
may not only increase the sensitivity of detection. In certain situations, positive 
results on multiple assays might be prognostic. For example, three assays positive for 
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antiphospholipid antibodies at conception has been associated with a major risk for 
obstetric complications (73). Once a patient tests positive in any standardized assay for 
antiphospholipid antibodies and has had a major thrombotic complication, the standard 
of care is permanent anticoagulation and there is no need for further testing. When 
detectable antiphospholipid antibodies disappear, it is not known whether risk for 
thrombosis lessens. This too is a subject pressing for study.

Other Considerations to Help Establish Thrombotic Risk
Immunologic tests such as the assays discussed earlier do not establish thrombotic 

risk for patients until some morbidity, usually a life-threatening thrombotic event, 
has occurred. There are a few additional tests that might indicate the likelihood of 
thrombotic risk prior to clinically obvious disease, but it has not as yet been determined 
in prospective studies whether these should be used either routinely in lupus patients 
with high-titer antiphospholipid antibodies or to initiate anticoagulation earlier than 
might occur under the current standard of care. In certain clinical situations, these tests 
might also be helpful in establishing a diagnosis when the testing and/or history suggests 
the antiphospholipid syndrome but evidence remains equivocal.

PREGNANCY LOSS

Spontaneous abortion in the antiphospholipid syndrome is strongly associated with 
fetal loss, as opposed to earlier first-trimester loss, but first-trimester loss is also 
well-described in this syndrome. In one study of patients with recurrent pregnancy loss 
(77), the specificity of fetal death for patients with antiphospholipid antibodies was 
76%. Conversely, the specificity of two or more early first-trimester abortions for the 
ability to select patients with antiphospholipid antibodies was 6%. Nevertheless, in the 
same study, although more than 80% of women with antiphospholipid antibodies had at 
least one fetal death by history, only 50% of overall antiphospholipid antibody-related 
abortion involved fetal death. This leaves some doubt about what to do in a second 
pregnancy when a lupus patient with high-titer IgG anticardiolipin antibodies suffers 
a first-trimester pregnancy loss. It is not considered warranted to initiate heparin in 
a subsequent pregnancy on the basis of this insufficient evidence (78). However, this 
is often a highly charged issue for patients, who request to know if anything more 
can be done diagnostically.

One strategy, if the initial loss is late enough and tissue available, is to have the 
placenta examined. Given the fact that villous infarction is rare in first-trimester 
abortion, finding this clear-cut clue in the placenta from a patient with antiphospholipid 
antibodies might alter the strategy for the next pregnancy (79). One study also 
indicates that IgG anticardiolipin antibodies can be eluted from placentae of patients 
with the antiphospholipid syndrome but not from controls (80). Not surprisingly, 

2-glycoprotein I is also found bound to both normal and control placentae, located 
in the syncytiotrophoblast (80).

There is evidence that placental pathology in the antiphospholipid syndrome is 
repeated in subsequent pregnancies (81). Therefore, when antiphospholipid-positive 
lupus patients with past early first-trimester loss reach term or near-term in a subsequent 
pregnancy, placental pathology should not be overlooked owing to the happy outcome, 
especially with low birth-weight infants. Similarly, when a subsequent pregnancy 
reaches the second trimester in a patient for whom there is some but not definitive 
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suspicion of the antiphospholipid syndrome, fetal size should be closely monitored. One 
study also suggests that abnormal resistance of uterine arteries at 18–24 wk gestation 
(measured by velocimetry) may predict pregnancies at increased risk for obstetric 
complications (73).

CEREBROVASCULAR MONITORING

Optimally, patients with high-titer IgG antiphospholipid antibodies and established 
transient ischemic attacks should be anticoagulated before serious cerebrovascular 
accidents occurred. However, in practice, TIAs may or may not be clearcut from a 
patients description, if they are described at all. A thorough history is obviously of 
primary importance, but even so, there is a large grey zone between the description 
of fearful, but equivocal symptoms, and making a commitment to lifelong, or at least 
indefinitely long anticoagulation. Computed tomography (CT) or magnetic resonance 
imaging (MRI) neuroimaging findings in patients with possible TIAs may also be 
difficult to interpret. Results range from cerebral atrophy to focal infarcts, which 
appear to be fairly common and are of uncertain significance (82). On the other hand 
angiography of these patients may demonstrate more dramatic abnormalities, including 
clearcut stenosis and subclinical occlusions (82). There is one report suggesting 
that single photon-emission computerized tomography (SPECT) may be useful in 
demonstrating decreased cerebral blood flow in patients with the antiphospholipid 
syndrome (83), and in an addtional report SPECT revealed hypoperfusion lesions 
in 16 of 22 patients with primary antiphospholipid syndrome, mild neuropsychiatric 
manifestations, and normal brain MRI findings (84). Again, the usefulness of this 
interesting approach in predictive testing remains to be evaluated. Lockshin’s group has 
found strong evidence for a cardioembolic etiology in antiphospholipid-related stroke 
(85), so the importance of obtaining an echocardiogram for patients with known or 
suspected TIA cannot be over stressed. In an additional study either anticardiolipin 
antibody or lupus anticoagulant were found in 35 of 41 patients with Sneddon’s syndrome 
(defined as cerebrovascular disease and livedo reticularis). Thirty-four percent of these 
patients had evidence of ischemic heart disease and 13/32 of these patients were found 
to have mitral valve thickening, again suggesting a link between the heart and the brain. 
Although arterial occlusion accounts for most reports of cerebrovascular accidents 
in the antiphospholipid syndrome, hemorrhagic venous infarction (in the context of 
dural sinus thrombosis) has also been described (86), stressing the importance of 
confirming a pure thrombotic event prior to initiating anticoagulation, even in patients 
with this syndrome.

MONITORING THE KIDNEY

There is evidence to suggest that the kidney may be a more frequent target organ in 
the antiphospholipid syndrome than may have been previously appreciated (87). Clinical 
manifestations may easily be confused with lupus nephritis, including proteinuria, 
hypertension, and/or acute renal failure. The pathology is clearly thrombotic, however, 
indicating the importance of renal biopsy in patients with systemic lupus erythromatosis 
(SLE) and apparent renal disease, because the first line of therapy for thrombotic kidney 
disease is probably anticoagulation rather than immune suppression. Furthermore, under 
conditions of stress, there may be enhanced risk for kidney vasculature. Patients with 
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antiphospholipid antibodies appear to be at high risk of post-transplant renal thrombosis 
and anticoagulation therapy appears to prevent this (88).

DRUG-INDUCED ANTIPHOSPHOLIPID ANTIBODIES

Antiphospholipid antibodies have now been found in association with medications 
known to induce lupus-like syndromes (89,90) Our laboratory found a high incidence 
of antiphospholipid antibodies in patients taking procainamide, whether or not there 
was clinically evident drug-related lupus (89). These antibodies have characteristics 
similar to autoimmune antiphospholipid antibodies, as opposed to the infectious type 
(89,90), including specificity for 2-glycoprotein I (90). It remains to be determined 
whether these antibodies increase risk for thrombosis in a population that may already 
be at high risk for heart and vascular disease.

THE EPIDEMIOLOGY OF RECURRENCE: IS RISK PREDICTABLE?
It was recently widely accepted that recurrent thrombosis in the antiphospholipid 

syndrome has a tendency to mimic the original thrombotic event, with arterial thrombosis 
following arterial occlusion and venous following venous (91). However, the study 
cited involved only 20 patients, and none were followed during subsequent pregnancies. 
Several studies performed in an attempt to predict risk factors for pregnancy, confirm the 
intuitive impression that there are multifactorial outcomes in this multifactorial disease, 
citing, along with the known risks of high IgG antiphospholipid antibodies and history of 
previous miscarriage, the additional factors of thrombocytopenia and/or other previous 
thrombotic events as predictors of adverse pregnancy outcome (92–94).

The antiphospholipid syndrome was identified as a poor prognostic factor for survival 
in one cohort of 667 patients, and a stepwise cox multivariate analysis suggested 
that this was primarily attributable to either thrombocytopenia or arterial occlusions 
(95). A different group of 360 patients with lupus anticoagulants with or without 
antiphospholipid antibodies were followed in a 4-yr prospective study. Thirty-four 
developed thrombotic complications, suggesting an overall incidence of 2.5%/patient 
yr. Two independent risk factors identified were history of previous thrombosis or 
presence of an IgG anticardiolipin antibody with a binding strength of greater than 40 
international units (IU) (93). Of some concern, 4 patients in the original group of 360 
developed non-Hodgkins lymphoma.

In one study with a historic cohort design, obstetric and medical histories were taken 
from 130 women with lupus anticoagulant and/or IgG anticardiolipin antibodies at 
a mean of 3.7 yr after the initial positive assay. In the interim period, 63 (48%) had 
developed at least one new disorder consistent with the antiphospholipid syndrome or 
risk thereof, including CVAs, amaurosis fugax, TIAs, SLE, and thrombocytopenia. 
There were 34 thrombotic events in all, eight of which were pregnancy related (96). Eight 
of the 34 thrombotic events were also reported while patients were on anticoagulant 
therapy (96).

ANTICOAGULATION: THE FIRST LINE OF DEFENSE

It is now generally accepted that patients with the antiphospholipid syndrome 
are at higher risk for recurrent thrombosis than other patients with thrombotic 
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disease (97), and require long-term and possibly lifelong treatment (98). Because the 
pathologic vasculopathy of the antiphospholipid syndrome is predominantly thrombotic, 
anticoagulation remains the treatment of choice (99). Current possible options include 
antiplatelet therapy and anticoagulation with warfarin, heparin, or low molecular-weight 
heparins (100). The best available evidence suggests that long-term therapy with oral 
anticoagulation does prevent recurrent thrombosis, but prospective studies are still 
lacking (101). Given the retrospective nature of most of the literature and the potential 
morbidity of high-dose warfarin therapy, there is still no widespread consensus of 
treatment strategies (102).

Warfarin for Non-Gravid Patients
The most widely accepted recommendation for treatment of thrombosis and ongoing 

prophylaxis against recurrent thrombosis is higher dose warfarin anticoagulation, 
aiming to keep an international normalized ratio (INR) greater than 3.0 with or without 
aspirin (103,104). However the appropriateness of INR for warfarin monitoring has been 
questioned in the presence of lupus anticoagulant activity (97). Furthermore there may 
be assay-dependency of INR values in LA patients on oral anticoagulation. For these 
patients, accurate INR values may be obtained using combined thromboplastin reagents 
that permit testing at high plasma dilution (105). In one small study, it was observed 
that patients with deep venous thrombosis had higher incidence of complications during 
anticoagulant therapy than those with cerebrovascular symptoms (106). Prospective 
studies on a scale that enables appropriate subgroup analysis have not been done.

Other risks arise when the patients medical condition becomes more complicated. 
For example, there may be significant problems with recurrent thromboses when 
warfarin is withdrawn for surgery, despite attempts to cover patients with heparin (106).
Thrombocytopenia is a complication of the antiphospholipid syndrome itself, occurring 
in 20–40% of patients (107). The actual drop in platelet count is usually mild and it has 
been suggested that this should not modify the policy for treatment of thrombosis (107).
However, platelet-function abnormalities have been described even with normal platelet 
counts, associated with a detectably prolonged bleeding time (108). It therefore seems 
advisable, where thrombocytopenia exists, to at least obtain a bleeding time prior to 
making the ultimate decision regarding an anticoagulant regimen.

Where specific treatment is required for thrombocytopenia in the antiphospholipid 
syndrome, it is usually handled similarly to idiopathic thrombocytopenic purpura (ITP) 
(107). There is one anecdotal description of thrombocytopenia in a patient with SLE 
and antiphospholipid syndrome that actually responded to warfarin after only a partial 
response to immunosuppressive therapy (109). However, it would be premature to draw 
any general conclusions from this report.

Comparative Anticoagulation Treatments: Lack of Data
Other than the short-term use of heparin during the initial thrombotic incidence, 

there is little published data to allow a systematic evaluation of treatment alternatives 
in nonpregnant patients with the antiphospholipid syndrome. It is now apparent that for 
the acute treatment of established venous thrombosis in general, not associated with this 
syndrome, low molecular-weight heparin is at least as safe and effective as unfractionated 
heparin (110,111), and might be considered preferable by virtue of the potential for 
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substantial cost savings and fewer side effects (110–117). One case series suggests that 
long-term dalteparin may be safe and effective (118) in the antiphospholipid syndrome, 
although there is no direct comparison to alternative treatments.

One anecdotal report observed response to fibrinolytic treatment of an extensive 
common femoral/iliac thrombosis after failure to improve during high-dose heparin 
therapy (119). In another report, acute myocardial infarction was successfully treated 
with tissue plasminogen activator in a patient with the antiphospholipid syndrome (120).
Other than these sporadic reports, it is quite clear that testing of new anticoagulant drugs 
is lacking in this syndrome, as is any formal testing of the hypothesis that anticoagulation 
strategy might be selected for the different types of thrombosis observed.

A particular deficit in our knowledge is the lack of epidemiologic rationale for 
the use of aspirin. It is common to suggest low-dose aspirin therapy for patients 
with antiphospholipid syndrome who do not meet criteria for the syndrome. Clinical 
experience suggests that aspirin alone may not be sufficient after many years of follow-up 
in preventing a first episode of thrombosis. However, this has not been formally tested, 
or considered with regards to arterial vs venous disease. The usefulness of low doses of 
aspirin as an addition to other forms of anticoagulation is now well-demonstrated in the 
prevention of obstetric complications (121) in which pathology of uteroplacental arteries 
may play some role. Aspirin may also be useful in stroke-recurrence prevention in 
patients with antiphospholipid antibodies (121), although this remains to be established 
in prospective studies.

Special Case of Pregnancy
The standard of care in pregnancy is better delineated than treatment of other 

complications of the antiphospholipid syndrome (122), and the benefits of treating 
patients known to be at risk are generally accepted (122,123). However, even with 
anticoagulant or immunosuppressive therapies, there appears to be high incidence of 
pregnancy complications in affected women, including intrauterine growth retardation, 
preeclampsia, fetal distress, and premature birth (73,94,123). Optimal treatment in 
pregnancy involves the use of aspirin plus heparin, which is usually adjusted to a 
higher dose than the 5000 IU bid used in nonpregnant thrombotic prophylaxis. This 
can be monitored by use of a nadir aPTT or a factor Xa inhibition assay at 2 h post-
injection (114,122). Both heparin and pregnancy may contribute to decreased bone 
density (110,114,124–126), although the extent of long-term clinical significance 
remains unclear. Other heparin side effects include thrombocytopenia, eosinophilia, 
skin reactions, alopecia, transaminasemia, hyperkalemia, and hypoaldosteronism 
(110–114,117,126,127). Warfarin, unlike heparin, crosses the placenta. It is a known 
teratogen when used in early pregnancy and can also be associated with bleeding 
problems in the fetus, particularly at the time of delivery. Thus, warfarin has a limited 
use in the antenatal period (126). However, in some countries, where options are limited, 
it is still used successfully later in pregnancy, and can be considered in patients with 
heparin-induced thrombocytopenia. Prednisone is no longer favored in pregnancy owing 
to increased potential for morbidity (114), but its use is still considered when other 
options are ruled out or insufficient, given a good efficacy record.

Initial reports of the use of low molecular-weight heparin in antiphospholipid 
pregnancy suggests that it is both safe and effective (94,110,115,122,128). Low 
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molecular-weight heparin may have significant advantages over unfractionated heparin, 
including better bioavailability, longer half-life, and a more predictable anticoagulant 
response that eliminates the need for frequent laboratory monitoring (111). The common 
side effects of unfractionated heparin, including bleeding, thrombocytopenia, and 
osteoporosis, may be less common with low molecular-weight heparin (110–117),
although one meta-analysis did not support the hypothesis that there are actually fewer 
bleeding complications (116).

As mentioned previously, aspirin is an established conjunctive treatment for antiphos-
pholipid pregnancy (114,121). An additional theoretical rationale for the use of aspirin 
is provided by evidence that prostaglandin metabolites have been implicated in the 
pregnancy disorder (42,129,130). Low-dose aspirin inhibits cyclooxygenase (COX) and 
shifts metabolism of arachidonic acid towards leukotrienes, which in turn stimulate 
interleukin-3 (IL-3) production. IL-3, an important cytokine in support of placental 
growth and development, has been found to be low in SLE patients in general and in 
pregnant patients with the antiphospholipid syndrome (130).

Immune Modulation: Steroids, Cytotoxic Therapy, Plasmapheresis, IVIG
In lupus patients, vasculitis may coexist with the antiphospholipid syndrome and 

contribute to a generalized prethrombotic state (99). Also, underlying endothelial damage 
may contribute to a favorable environment for aPL to induce thrombotic complications 
(100). Although autoimmunity and inflammation may be important to the pathogenesis 
of the syndrome, immunosuppressive therapy in and of itself is not the initial standard 
of care (100), and is generally reserved for refractory situations.

Whether or not immunosuppressive therapy has any role in lowering or eliminating 
thrombotic risk remains unknown, but immunosuppression has been used empirically by 
many physicians, either alone or in conjunction with anticoagulant measures, particularly 
when aggressive anticoagulation has failed. Sporadic reports indicate the possibility that 
plasmapheresis or plasma exchange might also be a more or less successful treatment 
(131,132) but these interventions are usually reserved for catastrophic cases.

Another argument for immunosuppressive therapy is based on evidence that autoan-
tibodies may arise from imbalance or excess of immune factors. This is supported 
by the observation that the induction of antiphospholipid antibodies can accompany 
immune-enhancing therapy. In one study of 30 patients under treatment for disseminated 
melanoma, antiphospholipid antibodies were detected in 0/10 who received no therapy, 
0/18 who received IL-2 alone, 2/4 who received interferon (IFN- ) alone, and 3/8 
who were treated with a combination of IL-2 and IFN- . Of the five patients who 
developed antiphospholipid antibodies in this study, all five had prolonged PTT, and 
four developed deep-vein thrombosis (133).

The pregnancy literature further supports the possibility that immunosuppression 
is an effective treatment for the thrombotic complications of the antiphospholipid 
syndrome. Equivalent live birth rates have been seen in patients receiving combinations 
of aspirin with either heparin or prednisone, but prednisone is associated with increased 
maternal and obstetric risks, and is therefore considered a second line of treatment 
in pregnancy (122). It is not known whether antithrombotic treatment is superior to 
immune modulation in prevention of recurrent neurologic complications (134), although 
there is some suggestion that combined anticoagulation and immunosuppression may 
prevent further cerebral ischemic events (135).
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Further support for the concept of treatment strategies that interfere with the antibodies 
themselves has been provided by initial therapeutic successes using intravenous immune 
globulin (IVIG). IVIG, which is thought to contain anti-idiotypic antibodies that bind to 
patient antiphospholipid antibodies, was first shown to ameliorate an antiphospholipid 
syndrome-like state in a mouse model (136). It has subsequently been found to be well-
tolerated in pregnancy, although definitive comparitive studies have not been performed 
(137–142). In one larger pilot study, 38 women with three or more consecutive first-
trimester abortions and antiphospholipid antibodies received 300 mg/kg q 3 wk from the 
time pregnancy was confirmed to the 16th or 17th wk. Pregnancy proceeded beyond the 
first trimester in 89.4% and healthy infants were born in 81.4% (141).

Untested Treatments
Novel, but as yet unproven, strategic therapies for the antiphospholipid syndrome have 

recently been explored using murine models. These include IL-3 (143), a thromboxane 
receptor antagonist (144), anti-idiotype or anti-CD4 antibodies (66), bone marrow 
transplantation (145) ciprofloxacin, and bromocryptine (146). Because association 
with phospholipids seems to enhance the interaction between 2-glycoprotein I and 
autoantibodies, one recently suggested strategy (as yet untested) for development of 
therapeutic agents is based on the use of small cyclic, organic oligoanions such as inositol 
derivatives, which might act as ligands for lysine residues at the phospholipid-binding 
site of 2-glycoprotein I (147). It remains unclear what the coagulation effects of this 
sort of therapy would be, if any.

An additional new concept in immune-modulating therapeutics, which may have 
wide applicability to autoimmune disease is the use of toleragens, tetravalent conjugates 
of antigenic material linked to a common platform. LJP 394, a toleragen aimed at 
antibodies to dsDNA, was created by La Jolla Pharmaceuticals by attaching four 
oligonucleotides to a triethylene glycol-based platform (148). This was shown to 
reduce anti-dsDNA specific plaque-forming cells in an immunized mouse model (148),
possibly by crosslinking B-cell surface immunoglobulins. LJP 394 was subsequently 
found to inactivate anti-dsDNA-specific B cells in vivo in both murine-immunized 
and spontaneous disease models of nephritis, enhancing survival and lessening renal 
pathology in BXSB mice (149). Clinical trials are currently underway to study the 
potential of this therapy in human lupus nephritis.

An appropriate definition of the epitopes of pathologic antiphospholipid antibodies 
might create a similar opportunity for toleragen therapy in the near future. Presumably, 
such an agent would have the potential to recognize and remove coagulation-enhancing 
antibodies from the circulation, along with the B cells that give rise to them. In toleragen 
development, one problem is that the construct developed needs to lack T-cell epitopes, 
so that it does not trigger its own immune response (149). Another problem that would 
need to be addressed is that there is some risk that an antiphospholipid toleragen might 
resemble an important coagulation functional site, and, by competition, interfere with 
intravascular hemostasis in a dose-responsive manner.

Summary
Treatment of the antiphospholipid syndrome is currently hampered by lack of 

clear prognostic indicators and the potentially serious side effects of either global 
anticoagulation or global immune suppression. As immune-modulating therapeutics 
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become more sophisticated and as the pathophysiology of this syndrome becomes 
better-clarified, it can be hoped that safer and more specific medications will be 
developed to replace the current standard of care, which in most cases involves lifelong 
warfarin therapy.
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INTRODUCTION

The era of biologic therapies for chronic inflammatory and autoimmune rheumatic 
diseases has begun. Biologic agents have already had a dramatic impact on the treatment 
of rheumatoid arthritis (RA), where inhibitors of tumor necrosis factor  (TNF- ) are 
now widely used. In addition, numerous other biologically based therapies are in the 
late stages of development for RA.

The success of new therapies for RA has paved the way for the introduction of biologic 
therapies for other rheumatic diseases, such as systemic lupus erythematosus (SLE). At 
present, the therapeutic strategies that seem most promising in SLE are based on the 
two-signal model for T-cell activation (Fig. 1). According to this model, the nature of 
the T-cell response to antigen (Ag) is determined by how the T cell integrates two kinds 
of signals (1,2). The first signal is antigen-specific. It is generated when T-cell receptors 
(TCR) recognize antigenic fragments on the surface of antigen-presenting cells (APC), 
such as macrophages. This signal is critical for T-cell responses, but it does not by 
itself determine whether the T cell will be activated to mount an immune response, as 
it should if the Ag originates from an infectious agent, or whether the T cell will be 
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rendered hyporesponsive (or anergic), as it should if the antigen originates from self. 
Rather, T cells make this distinction based on other receptor-ligand interactions at the
T cell/APC interface. These interactions constitute the second signal, which is also called 
costimulation. In general, the simultaneous occurrence of both signals (stimulation 
plus costimulation) activates T cells to mount an immune response. In contrast, the 
occurrence of the first signal in the absence of the second signal may cause antigen-
specific hyporesponsiveness. This principle forms the foundation for new therapeutic 
strategies for SLE that are designed to render autoreactive T cells unresponsive by 
blocking T-cell costimulation.

T-CELL COSTIMULATION VIA CD28

Several T-cell surface molecules can transmit signals that promote T-cell costimula-
tion. Among them, a molecule designated CD28 plays a particularly important role. CD28 
is a 44-kDa homodimeric glycoprotein that is constitutively expressed on the majority 
of T cells (3). Signaling via CD28 is crucial not only for the activation of normal T-cell 
responses, but apparently also for the activation of autoreactive T cells (3,4).

The ligands for CD28 are designated B7-1 and B7-2 (3). These ligands are expressed in 
low density, if at all, on resting APC. However, upon interaction with Ag, APC upregulate 
the expression of the B7 molecules, which then can mediate T-cell costimulation by 
binding to CD28. Thus, in people with autoimmune diseases, blockade of B7-CD28 
interactions might preferentially inhibit autoreactive T cells without adversely affecting 
resting T cells.

The development of new therapies designed to block signaling via CD28 have 
taken advantage of the homology between CD28 and another T-cell surface molecule, 
designated CTLA4 (Fig. 2). Unlike CD28, CTLA4 appears to be a negative regulator 
of T-cell function (5,6). Moreover, it binds to B7-1 and B7-2 with considerably higher 
avidity than does CD28 (7). Therefore, a fusion protein consisting of the extracellular 

Fig. 1. The T-cell response to antigen is determined by two signals. The first signal is generated 
when the T-cell receptor (TCR) recognizes an antigenic peptide (Ag) in the context of major 
histocompatibility complex (MHC) molecules on antigen-presenting cells (APC). The second 
signal is generated by other receptor-ligand pairs on the surface of T cells and APC. One pair 
that can provide the second signal consists of CD28 on T cells and members of the B7 family 
of molecules on APC.
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domain of CTLA-4 bound to an immunoglobulin C 1 chain (CTLA4Ig) blocks the 
interaction between the B7 molecules and CD28 and thereby inhibits T-cell activation 
(8,9). This fusion protein has been used successfully in vivo to prolong acceptance 
of allografts and xenografts, to inhibit B-cell differentiation into immunoglobulin-
secreting cells, to suppress antibody responses to T-dependent antigens, and even to 
induce long-term unresponsiveness to autoantigens (10,11).

Based on the profound immunologic effects of CTLA4Ig in numerous experimental 
systems, we treated lupus-prone NZB/NZW F1 (B/W) mice with CTLA4Ig for 4 mo 
beginning at the onset of disease (12). Treatment prevented autoantibody production, 
retarded lupus nephritis, and significantly prolonged life (Fig. 3). Subsequently, we 
showed that, even when treatment was delayed until severe disease had been established, 
CTLA4Ig had substantial beneficial effects (12). However, the benefits of treatment 
with CTLA4Ig were not permanent. When treatment with CTLA4Ig was discontinued, 
murine lupus remained quiescent for several months but then relapsed (13). Thus, 
although CTLA4Ig is effective against murine lupus, it is not curative. Autoreactive 
T-cell responses are blunted for a while, but then they recur.

T-CELL COSTIMULATION VIA CD40-LIGAND

Just as B7-1 and B7-2 are upregulated on activated but not on resting APC, other 
molecules are expressed on activated but not on resting T cells. One such molecule, 
designated CD154 or gp39, plays an important role in T-cell costimulation and in B-cell 
differentiation. CD154 is more commonly called CD40-ligand (CD40L), because it 
binds to CD40 on all B cells (14). The interaction between CD40 and CD40L contributes 
to T-cell costimulation in part by facilitating antigen-induced upregulation of B7-1 
and B7-2 (14). In addition, the CD40-CD40L interaction provides a critical stimulus 
for B-cell proliferation, immunoglobulin production, and ultimately isotype switching 
(14). Like the B7-CD28 costimulation pathway, the CD40-CD40L pathway also plays 
a role in cytokine regulation (15,16).

Fig. 2. One new therapeutic strategy is based on the homology between CD28 and CTLA4. CTLA4 
binds tightly to the B7 ligands for CD28. Therefore, a fusion protein composed of the extracellular 
domain of CTLA4 linked to the constant region of an immunoglobulin molecule (CTLA4Ig) can bind 
to B7-1 and B7-2 and, by so doing, prevent them from costimulating T cells via CD28.
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Recent studies indicate that, like agents that selectively block B7-CD28 interactions, 
agents that selectively block CD40-CD40L interactions can suppress autoimmunity 
in murine models for several autoimmune diseases (17–19). For example, Monoclonal 
Antibody (MAb) to CD40L can prevent collagen-induced arthritis (CIA) in mice (18).
To determine whether selective inhibition of CD40-CD40L interactions could also 
inhibit murine lupus, Mohan et al. (19) treated lupus-prone SWR/NZB (SNF1) mice with 
three injections of MAb to CD40L at age 3 mo, prior to the onset of autoimmune disease. 
Although treatment was brief, anti-CD40L delayed the development of lupus by several 
months without any further immunosuppressive therapy. However, the beneficial effect 
was not permanent, and the mice eventually went on to develop lupus nephritis. Early 
et al. (20) subsequently showed that chronic administration of anti-CD40L could retard 
murine lupus in B/W mice but, in this study, some of the mice eventually developed 
lupus nephritis despite ongoing therapy, at least in part because they developed an 
immune response to the hamster anti-CD40L MAb.

SIMULTANEOUS BLOCKADE OF T-CELL COSTIMULATION
VIA CD28 AND CD40L

Treatment of SNF1 mice with anti-CD40L suppresses lupus nephritis without 
eliminating pathogenic T-cell clones, apparently by preventing autoantibody production 
by B cells (19). This observation is consistent with findings in an experimentally induced 
model for autoimmune oophoritis, in which MAb to CD40L prevented autoantibody 
production and autoimmune disease without preventing proliferation of autoantigen-
specific T cells (17). CTLA4Ig also prevented autoimmune disease in this model 
without reducing Ag-specific T cells. However, when anti-CD40L and CTLA4Ig 
were administered together, there was a marked synergistic effect that blocked clonal 
expansion of effector T cells (17).

To determine whether antiCD40L and CTLA4Ig might produce similar synergistic 
benefit in murine lupus, we treated 5-mo-old B/W females for 2 wk only with either 
CTLA4Ig alone, anti-CD40L alone, or both CTLA4Ig and anti-CD40L (13). The 
beneficial effects of the short course of CTLA4Ig alone or anti-CD40L alone were 

Fig. 3. Female B/W mice were treated with CTLA4Ig (●) or a control MAb (❍) from age 5 mo to 
age 9 mo (50 µg ip three times/wk). (A) Geometric mean titer of antibodies to double-stranded DNA. 
(B) Percent survival. Adapted with permission from ref. 12. Copyright 1994, American Association 
for the Advancement of Science.
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relatively brief. However, when CTLA4Ig and anti-CD40L were combined, there was 
sustained suppression of murine lupus that lasted for many months without the need for 
chronic, generalized immune suppression (Fig. 4). Specifically, 10 mo after cessation 
of therapy, 70% of the mice that received CTLA4Ig plus anti-CD40L were still alive, 
compared to only 18% survival among mice that received anti-CD40L, and 0% survival 
among mice that received CTLA4Ig. These findings provide support for the hope that 
brief blockade of T-cell costimulation, if sufficiently thorough, may provide long-lasting 
benefit in SLE.

COMBINATION THERAPY WITH CTLA4IG
PLUS PULSE CYCLOPHOSPHAMIDE

The combination of anti-CD40L and CTLA4Ig is not the only combination that has 
shown promise in murine models for SLE. Recent studies have shown that CTLA4Ig 
and pulse cyclophosphamide (CTX) also act synergistically in the treatment of lupus 
nephritis in mice (21,22). In these studies, 6-mo-old B/W females with advanced renal 
disease received either pulse CTX, CTLA4Ig, both pulse CTX and CTLA4Ig, or saline. 
After 12 wk of treatment, none of the saline-treated mice survived, compared to 36% 
survival among mice treated with either CTX or CTLA4Ig alone (21). In contrast, 93% 
of mice treated with both agents were alive. Although mice treated with either CTX 
or CTLA4Ig alone had prolonged survival relative to saline-treated control mice, there 
was no reduction in their severe proteinuria. However, there was a striking reduction 
in proteinuria in mice treated with both agents together. Careful examination of renal 
pathology in a separate cohort of mice confirmed that treatment with both agents 
reduced renal injury from baseline, whereas treatment with either agent alone merely 

Fig. 4. Female B/W mice were treated for 2 wk at age 5 mo with either CTLA4Ig alone (◆), MAb 
to CD40L alone (●), a combination of both CTLA4Ig and MAb to CD40L (▲), or control Ig (❏). 
Asterisks (*) denote points at which there is a statistically significant difference from control mice 
(p < 0.05). Daggers (=) denote points at which there is a statistically significant difference from mice 
that received MAb to CD40L alone (p < 0.05). Reprinted with permission from ref. 13. Copyright 
1997, The American Association of Immunologists.
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slowed the rate of progression (22). The demonstration that renal damage can be 
reversed in murine lupus is unprecedented, but it remains to be determined whether 
the addition of CTLA4Ig to pulse CTX in humans with lupus nephritis will have 
similarly profound effects.

BLOCKADE OF T-CELL COSTIMULATION IN HUMANS

Anti-CD40L Trials in Humans
Based on the encouraging results in murine models, several groups have begun to 

explore the possibility of treating autoimmune diseases in humans by blocking T-cell 
costimulation. In the past two years, two companies have sponsored trials of anti-CD40L 
in people with SLE, using different MAb directed against different epitopes on CD40L. 
The first phase I trial of a MAb to CD40L in patients with active SLE demonstrated 
that treatment was well-tolerated, without any significant short-term toxicity (23). This 
single-dose, dose-escalating trial was not designed to assess efficacy. Subsequently, there 
have been two phase II trials of anti-CD40L in SLE, both of which have raised concerns 
about this approach. One trial examined several doses of anti-CD40L administered 
over a 4-mo period to a total of 88 subjects with diverse manifestations of SLE (24).
Treatment was again well-tolerated, as it had been in the phase I trial, but the primary 
clinical goal (reduction in the systemic lupus erythematosus disease activity index 
(SLEDAI) score) was not achieved. The other trial was suspended before completion 
owing to the occurrence of unexplained thrombotic complications. The mechanism 
responsible for the thrombotic complications has not yet been determined, nor is it clear 
whether this problem will be limited to the particular MAb used in this study or whether 
it will apply generally to all anti-CD40 MAb independent of the target epitope.

CTLA4Ig Trials in Humans
Unlike anti-CD40L, CTLA4Ig has not yet been studied in humans with SLE. However, 

it is currently the subject of clinical investigation in two other autoimmune diseases of 
humans: psoriasis and RA. In a phase I trial of patients with psoriasis, CTLA4Ig was 
not only well-tolerated, but it also appeared to be clinically effective (25). Although this 
was not a blinded or controlled trial, the dose-escalating design was used successfully 
to demonstrate that CTLA4Ig can suppress immune function in humans. This study 
also strongly suggested that CTLA4Ig can reduce disease severity in patients with 
psoriasis. Based on the encouraging results in this T-cell-mediated autoimmune disease, 
controlled phase II trials have been initiated in people with RA. The results of these 
studies are expected soon, and they will undoubtedly play a major role in determining 
whether studies of CTLA4Ig are initiated in people with SLE.

SUMMARY

Recent studies in murine models for SLE have raised the hope that blockade of T-cell 
costimulation may provide an effective new form of therapy for people with SLE. Based 
on these animal studies, trials have been initiated in humans to assess the safety and 
efficacy of new treatments that block T-cell costimulation via CD28 and/or CD40L. 
Early results have demonstrated promise, but they have also raised important concerns. 
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Further studies will be needed before we know whether the promising findings in murine 
models can be safely translated into effective treatments for people.
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INTRODUCTION

Systemic sclerosis (SSc) is a multi-system disease characterized by increased synthesis 
and deposition of extracellular matrix that results in fibrosis of the skin (scleroderma) 
and visceral organs. Although often used interchangeably, the terms “scleroderma” 
and “systemic sclerosis” are not synonymous. Scleroderma, literally meaning “hard 
skin,” can occur in discrete areas without visceral or systemic involvement and in 
such cases is classified as “localized” scleroderma (morphea, linear, en coup de sabre, 
guttate). Nearly always, the digits are spared, i.e., there is no sclerodactyly, and Raynaud 
phenomenon (RP) is absent. In contrast, scleroderma may occur in concert with visceral 
organ involvement, in which case it is called “systemic sclerosis.”

In SSc, skin involvement usually begins acrally with sclerodactyly and progresses 
proximally. Systemic sclerosis is classified into two types, which are principally 
distinguished by the extent of skin involvement. In one form, skin disease is usually 
“limited” to the distal extremities and face and is called “limited” cutaneous systemic 
sclerosis (lcSSc), previously known as the CREST syndrome (calcinosis, Raynaud 
phenomenon, esophageal dysmotility, sclerodactyly, telangiectasis). In contrast, more 
widespread skin involvement (proximal to the elbows or knees and inferior to the 
clavicles) is classified as “diffuse” cutaneous systemic sclerosis (dcSSc) and is character-
ized by more extensive visceral involvement and a higher mortality rate. Because 
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localized scleroderma (e.g., morphea) is immunologically and clinically distinct, this 
chapter will address systemic sclerosis only.

Owing in part to the fact that the pathogenesis of SSc is complex and incompletely 
understood, no therapies exist that modify the underlying disease process. Fibrosis is 
most certainly a late manifestation that results from the response of the mesenchymal 
cell to aberrations of the immune and vascular systems, possibly with a contribution from 
environmental triggers. No current therapies are both safe and effective at degrading 
mature collagen without damage to surrounding tissues. Therefore, any antifibrotic 
therapy would need to be instituted early in the course of disease to be effective.

Much of the unwarranted pessimism that surrounds treatment of the patient with 
SSc results, it seems, from the failure of therapies to halt the dermal fibrosis, the most 
outwardly visible feature. However, great strides have been made in the management 
of organ-specific visceral involvement in this disease; witness the dramatic reduction 
in scleroderma renal crisis after the introduction of drugs that inhibit angiotensin 
converting enzyme.

The extensive list of failed therapies might serve to heighten one’s pessimism regarding 
our ability to treat this disease (Table 1). Instead, the physician should appreciate the 
difficulties of gauging improvement in SSc, especially the improvement of fibrotic 
manifestations such as the skin. In addition to the difficulty of reversing established 
fibrosis, distinguishing therapeutic effects from the natural history of scleroderma 
can be difficult. Skin disease often progresses rapidly early in the disease course, 
particularly in dcSSc, only to stabilize and then gradually atrophy and soften over 
time. Such improvement may lead to the appearance of success for any particular 
intervention, when the change is actually owing to the thinning of the skin that may 
occur naturally. In addition, the clinical course varies widely between individual patients 
and measurements of outcome are difficult. Thus, the results of uncontrolled trials 
should be viewed with extreme caution. The literature on SSc is replete with reports 
of successful therapies in uncontrolled trials, only to see these same therapies fail 
when studied more rigorously. The recent experience with D-penicillamine (DPA) 
serves as but one example.

DPA has long been utilized to treat SSc because of its ability to inhibit crosslinking of 
collagen, as well as its possible immunomodulating effects. Uncontrolled studies of DPA 
appeared promising, resulting in a decrease in skin scores and even an improvement 
in survival and a decreased incidence of scleroderma renal crisis (1,2). However, a large, 
randomized, controlled, blinded trial comparing therapeutic doses of DPA (750–1000 
mg/d) to low-dose DPA (125 mg every other day) failed to meet the primary endpoint, 
a difference in skin involvement between the two groups as measured by the modified 
Rodnan Skin Score (3). Similarly, secondary endpoints including mortality and renal 
crisis were not different. Another anti-fibrotic therapy, interferon- (IFN- ) was 
recently reported not to improve outcome when studied in a randomized, double-blind, 
placebo-controlled trial in 35 patients with early dcSSc (4). Some experts believe that 
DPA remains effective and, based on the trial results, they employ low doses, as opposed 
to the prior practice of escalating to higher doses. Caution must prevail, as discussed 
earlier, until controlled trials prove the efficacy of these or other therapies.

Thus, treatment of skin involvement in this disease remains experimental and 
symptomatic. The authors stress the use of emollients and aggressive physical and 
occupational therapy in an attempt to reduce or prevent flexion contractures, which 
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result in loss of function, especially in the hands. Reassurance to the patient that the 
skin disease often softens with time provides hope and reinforces the fact that although 
the skin disease itself can result in disfigurement and dysfunction, it is not a direct 
cause of mortality.

A number of therapies for skin fibrosis have been reported to be effective, or are 
currently under study. Methotrexate was reported effective in a small controlled trial, 
but only 5 patients had dcSSc and the blinded phase of the trial continued only for 
6 mo (5). Minocycline received much publicity in the lay press based on a small 
uncontrolled study in which only 6 patients completed the study (6). Hematopoietic 
stem cell transplantation (HSCT) is another experimental therapy undergoing clinical 
testing. Generally felt to be safer than classical bone marrow transplantation, HSCT 
allows rescue of marrow function after immunoablative chemotherapy with or without 
radiotherapy and is being attempted in different autoimmune diseases. Depending on 
the center, differences exist in patient selection, conditioning regimens, and techniques 
of stem cell mobilization. At present, only anecdotal reports are available (7) and 
the aforementioned differences make comparison across centers difficult. However, 
it is hoped that databases of treated patients will provide some conclusions on which 
therapeutic decisions may be based (8).

Currently underway are two trials of note. Relaxin is a hormone that seems to have 
several physiologic roles related to uterine growth and parturition. Relaxin loosens pelvic 
ligaments and stimulates uterine growth (9). Recombinant human relaxin decreases 
collagen synthesis by cultured scleroderma fibroblasts (10). A recently published 
randomized, double-blind, pilot study compared placebo to two different doses of 
relaxin (25 µg/kg/d or 100 µg/kg/d) given as a continuous subcutaneous infusion over 
24 wk in 64 patients with dcSSc with a disease duration of 5 yr or less (11). Results were 
encouraging, with the patients receiving the 25 µg/kg dose demonstrating a significant 

Table 1
Promising Treatments of Skin Disease That Have Failed

in Controlled Clinical Trials

Treatment Proposed Action

Plasmapheresis Immunosuppression
Photopheresis Immunosuppression
Aminobenzoate potassium Antifibrotic
Anti-thymocyte globulin Immunosuppression
Factor XIII Antifibrotic
Colchicine Anti-inflammatory
Chlorambucil Immunosuppression
Dimethyl sulfoxide Antifibrotic
Dipyridamole Antiplatelet
Ketotifen Mast-cell inhibition
Ketansarin Antiplatelet
Methotrexate Immunosuppression
Interferon Anti-inflammatory
D-Penicillamine Immunosuppressive and antifibrotic

Adapted with permission from ref. 38.
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reduction in skin score compared to those receiving placebo. However, patients treated 
with the higher dose of relaxin did not differ from the placebo patients. A larger, phase 
III trial was halted when relaxin failed to reach the primary endpoint, i.e., reduction in 
skin score. Evidence suggests a role for an autoimmune response to type I collagen in 
patients with systemic sclerosis. (12–14) In another trial recently funded, the hypothesis 
that tolerance to type I collagen by oral feeding of type I collagen will result in clinical 
improvement is to be tested in patients with dcSSc.

RAYNAUD PHENOMENON

RP is the most frequent initial symptom and occurs in virtually all patients with 
systemic sclerosis. Its near universal presence reflects the primary role for an altered 
vascular response in this disease. In response to cooling, but sometimes after stress 
or other factors, the digits change color with a clear line of demarcation between the 
affected part of the digit and the palm. Characteristically, the digits turn pale, reflecting 
ischemia secondary to arterial vasospasm. Alternatively, cyanosis may be present. 
Again, the clearly demarcated distinction in color between the digit and the palm helps 
to distinguish to RP from acrocyanosis. RP may be unassociated with any underlying 
disease, so-called primary RP. A minority of patients may have an associated disease 
and are classified as having secondary RP. A number of features may assist the clinician 
in distinguishing primary RP from RP secondary to SSc. These features may include 
clinical manifestations of SSc itself (sclerodactyly or tendon friction rubs), positive 
serological tests (anti-nuclear antibodies, anti-centromere antibodies, anti-topoisomerase 
antibodies), the presence of organ involvement (bibasilar fibrosis, esophageal disease), or 
abnormalities of the nailfold capillary bed (dilated or drop-out). Overt digital ischemia 
manifested as ulceration, pitting, or gangrene is associated with secondary causes of 
RP and is not seen in primary RP.

RP may range in severity from mild to severe. Mild cases often cause little morbidity 
and may not require any specific pharmacological therapy. Severe RP may result in 
gangrene and auto-amputation of digits. Behavioral and environmental modifications 
should be prescribed for all patients to prevent the vasoconstrictive response to body 
cooling. Behavioral measures should be directed at the prevention of cooling of the 
body’s core temperature so as preclude the resultant peripheral vasoconstriction. 
Additionally, gloves should be worn in cool indoor places such as grocery stores or 
movie theaters. Although symptoms are generally more severe in the winter, dramatic 
shifts in temperature from outdoor summer heat to a cool indoor environment may 
precipitate severe attacks even in warm weather. Obviously, the home and workplace 
need to be maintained at warm temperatures. Secondly, pharmacologic agents that 
may exacerbate vasoconstriction should be discontinued, such as beta-blockers or 
ergot alkaloids. Nicotine is a potent vasoconstrictor and will contribute to severe 
complications of RP including gangrene of the digits. When this occurs, the authors’
experience suggests that other therapies will prove ineffective as long as the patient 
continues the use of nicotine.

Pharmacologic therapy most commonly utilizes calcium-channel blockers which 
have been studied in RP. A recent controlled study of 313 patients with primary RP 
compared sustained-release nifedipine to temperature biofeedback and demonstrated a 
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66% reduction in verified attacks of RP in the nifedipine treated group (15). Patients 
treated with temperature biofeedback fared no better than their control group. Like 
many protocols, this study examined patients with primary RP, i.e., those patients 
without evidence for an underlying connective tissue disease, and supporting evidence 
for efficacy in secondary RP is less convincing.

Additional pharmacologic therapy may be required if tissue loss such as fingertip 
ulceration or gangrene occurs. Anti-platelet therapy has not been well-studied, although 
there is evidence of platelet activation in SSc (16). The newer glycoprotein IIb/IIIa 
inhibitors may be instituted but have not been studied for this manifestation of SSc. 
Vasodilation with drugs such as alpha-adrenergic blockers may be tried. Often, 
nitroglycerin paste is applied topically to the base of the most severely affected digits, 
but there is no reason to believe that its systemic vasodilating effect would be less if 
applied elsewhere. Narcotic analgesics alleviate the severe pain of ischemia and have 
the added benefit of vasodilation as well, but such therapy must be used with caution 
because it may exacerbate intestinal hypomotility. Lastly, the use of the prostacyclin 
analog iloprost has generally been favorable when given intravenously, but results have 
not been consistently positive (17,18).

Another approach involves disruption of the vasoconstricting input of the sympathetic 
nervous system. Options include digital sympathectomy, in which the sympathetic 
nerves specifically to the affected digits are interrupted. Stellate ganglion block is less 
invasive and may be effective in reducing acute pain, although theoretical concern exists 
over inducing a “steel phenomenon” and shunting blood away from the most severely 
affected digits. A similar result can be performed via a cervical epidural catheter 
through which a narcotic analgesic and a low-dose of local anesthetic are infused, 
usually for three continuous days. Benefits of surgical cervical sympathectomy are felt 
to be transient and this procedure is no longer recommended. None of these measures 
has been studied prospectively in a controlled manner, in part owing to the inherent 
difficulties of measuring responses.

Local treatment of any open wound should occur, as well as utilization of antibiotics 
for infection. We generally attempt to avoid surgical resection, in the hope that less 
tissue will ultimately be lost; however, intractable pain, extensive gangrene, or infection 
may be treated best by removing the diseased tissue.

RENAL INVOLVEMENT

Advances in the prevention and management of scleroderma renal crisis (SRC) 
exemplify the tremendous progress that has occurred and is occurring in the treatment 
of SSc, despite our lack of success at treating the outwardly visible skin disease. 
Formerly the principal cause of death in patients with scleroderma, renal failure is now 
much less common since the advent of therapy with angiotensin-converting enzyme 
(ACE) inhibitors.

Pathologically, SRC develops as a result of intimal proliferation and thickening in 
the renal vasculature. The resultant decrease in cortical blood flow induces a state of 
increased renin release, malignant hypertension, and renal insufficiency. Vasculopathy 
manifests as schistocytes on peripheral blood smear, sometimes with thrombocytopenia. 
Any of these clinical features (increasing blood pressure, worsening renal function, 
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hemolysis, or declining platelet count) should prompt immediate intervention as 
discussed below. Other manifestations of this syndrome may include headaches, 
proteinuria, or active urine sediment.

Early sustained therapy with ACE inhibitors may prevent renal failure and allow 
recovery of renal function. SRC occurs almost exclusively in the diffuse variant of 
systemic sclerosis, and patients with dcSSc should comply with rigorous home monitoring 
of blood pressure (at least several times weekly). Any elevation from baseline, even if 
the pressure remains within the “normal” range, should prompt immediate institution of 
ACE inhibitor therapy. Owing to the catastrophic nature of SRC and its high mortality, 
any patient with manifestations of SRC should be hospitalized and treated immediately 
with short-acting ACE inhibitors, with rapid upward titration of the dose to regain control 
of blood pressure. Owing to the tremendous hyperreninemic state, ACE inhibitors 
must be continued despite worsening renal failure, a practice counter to the more 
common perception in which ACE inhibitors contribute to renal failure, e.g., in patients 
with bilateral renal-artery stenosis. Once blood pressure is controlled, therapy can be 
switched to ACE inhibitors with a longer half-life.

Several factors may indicate a risk of SRC. Patients early in the course of diffuse 
disease with rapidly advancing skin disease are most at risk of developing SRC and 
this population should have regular monitoring of blood pressure and early institution 
of ACE inhibitors. Secondly, any insult to renal perfusion such as hypotension may 
precipitate SRC. Among pharmaceutical agents, the use of glucocorticoids, in particular, 
has been associated with the development of SRC. Glucocorticoids have little proven 
therapeutic efficacy in SSc, and the use of glucocorticoids in patients at risk for SRC 
should be minimized. Musculoskeletal complications such as myositis or arthritis in 
patients with dcSSc should be treated early with second-line agents (e.g., methotrexate) in 
order to minimize the use of glucocorticoids. Rarely, SRC may occur without significant 
increase in blood pressure, so called “normotensive” SRC. In our experience and that of 
others (19), this rare disease subset has a particularly poor prognosis.

Dialysis, either hematological or peritoneal, may be utilized in patients with SSc, 
just as for patients with other causes of renal failure. Gradual recovery of renal function 
after SRC is well-described and, therefore, ACE inhibition therapy should be continued 
even in the face of end-stage renal disease. Renal transplantation should be considered 
if renal failure persists beyond 1 yr. Recurrence of SRC in a transplanted kidney has 
been reported in one case only (20).

PULMONARY INVOLVEMENT

Reflecting the success of preventing and treating renal crisis, pulmonary disease 
now ranks as the leading cause of mortality in SSc. Two distinct types of scleroderma 
pulmonary disease predominate. In keeping with the systemic fibrosis occurring in 
scleroderma is the development of interstitial pulmonary fibrosis, primarily occurring 
in patients with the diffuse variant of the disease. Fibrosis is felt to develop as a result of 
inflammation present in the alveoli, called alveolitis. The presence of increased numbers 
of activated alveolar macrophages, neutrophils, and eosinophils in bronchoalveolar 
lavage (BAL) fluid is a marker of alveolitis, which is associated with greater pulmonary 
dysfunction and a higher propensity for decline in pulmonary function than in SSc 
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patients whose BAL fluid is of normal cellularity (21). Additionally, high-resolution 
computed tomography (HRCT) scans of the lungs may demonstrate ground glass 
attenuation, which correlates with alveolitis.

Pulmonary fibrosis may present with symptoms of dyspnea on exertion, a nonproduc-
tive cough, or with physical exam findings of bibasilar rales. However, because a 
significant degree of pulmonary reserve exists, symptoms may not occur until late in the 
disease course. Thus, screening for pulmonary involvement by means of baseline chest 
radiograph (CXR) and pulmonary function testing (PFT) for spirometry, lung volumes, 
and diffusion capacity of carbon monoxide should be performed on all newly diagnosed 
patients. The authors recommend repeat annual CXR and PFT testing in patients with 
newly diagnosed or rapidly progressive disease. Either symptoms or abnormalities on 
testing (radiographs or PFTs) should prompt further evaluation with BAL or HRCT. 
Although BAL is more invasive and requires expertise at cellular analysis, it is generally 
felt to be more sensitive and predictive of alveolitis than HRCT. Smoking increases the 
number of alveolar macrophages and neutrophils recovered in BAL fluid and renders 
this test of little benefit in patients who smoke; either smoking or lack of expertise in the 
analysis of BAL fluid would favor performance of HRCT instead.

No therapy has been shown by prospective controlled trial to be effective in altering 
the course of interstitial fibrosis in scleroderma, but immunosuppressive therapy is 
often employed in patients with evidence of alveolitis on either BAL or HRCT in an 
attempt to suppress inflammation and thereby retard fibrosis. Uncontrolled studies 
suggest the efficacy of cyclophosphamide treatment in improving forced vital capacity 
(FVC) (22–24) and in regression of interstitial lesions as documented by HRCT scan. 
A multi-center, prospective placebo-controlled trial of daily oral cyclophosphamide has 
been initiated. High-dose glucocorticoid therapy is to be avoided owing to concern over 
adverse effects, e.g., the induction of SRC. Usually, cyclophosphamide is prescribed 
orally in the range of 1–2 mg/kg/d to a slight lowering of the white blood cell count 
(approx 3000 cells/mm3) and is continued for up to 2 yr if symptoms, pulmonary 
function, and radiographic changes stabilize or improve. Other supportive and preventive 
measures also should be instituted as indicated, such as supplemental oxygen therapy and 
vaccination against pneumococcus and influenza. Lung transplantation is an effective 
option for those patients without severe esophageal or renal disease.

Pulmonary hypertension (PHT) is the other major form of pulmonary disease seen 
in SSc. Isolated pulmonary hypertension almost exclusively occurs in limited systemic 
sclerosis. However, it may occur secondary to pulmonary fibrosis in either the diffuse 
(more common) or limited (less common) variants. Ten percent of patients with lcSSc 
(CREST) syndrome develop isolated PHT, usually many years after the onset of RP. 
Symptoms may include dyspnea, chest pain, or syncope. Reduced diffusion capacity for 
carbon monoxide (DLCO) should alert the clinician to the presence of this condition, 
and either unexplained symptoms or a reduced DLCO should prompt further study by 
echocardiography with Doppler estimation of pulmonary-artery pressure.

Patients with lcSSc and pulmonary hypertension have a significantly reduced survival 
rate of 40% over 2 yr, compared with a survival rate of 88% of patients with lcSSc in the 
absence of PHT(25). Therapy has been largely unsuccessful in the management of this 
condition. The main goal of treatment has been to attempt vasodilation of the pulmonary 
vascular bed, thus reducing pulmonary pressures and increasing cardiac output, all while 
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maintaining peripheral vascular tone and pressure. Therapy with nifedipine and other 
calcium-channel blockers results in a reduction in pulmonary artery resistance, but the 
fact that some patients will have an adverse effect (decreased cardiac output or decline 
in systemic blood pressure) requires that this therapy be instituted with appropriate 
monitoring. A meta-analysis (26) demonstrated a decline in pulmonary-artery pressure 
in response to nifedipine therapy that was statistically significant when given over a 
period of at least several weeks. However, the studies were not blinded, nor randomized, 
and attrition rates were high. Other studies reflect that only a minority of patients respond 
to vasodilators but, at least in the case of nifedipine, survival might be improved among 
those patients who do experience a hemodynamic response (27).

The availability of the potent vasodilator, prostacyclin, has generated much enthusiasm 
regarding the treatment of pulmonary hypertension. In addition to its vasodilating 
properties, prostacyclin also functions as an inhibitor of platelet aggregation and 
smooth-muscle proliferation. Prostacyclin (epoprostenol, Flolan®) has a short half-life of 
3–5 min and, therefore, must be given via continuous intravenous infusion. Its potency is 
exemplified by the dramatic improvements in pulmonary hemodynamics, even among 
patients with primary pulmonary hypertension who failed trials of adenosine (28).

Moreover, it is now recognized that the effects of prostacyclin extend beyond its 
ability to vasodilate the pulmonary vasculature. Even patients who fail to respond to 
vasodilators with an acute decline in pulmonary vascular resistance may improve in 
symptoms and in other hemodynamic measures following prostacyclin infusion. The 
reason for this is unclear but is hypothesized to involve vascular remodeling. Trials in 
primary pulmonary hypertension suggest an improvement in symptoms such as exercise 
tolerance, measures of quality of life, and survival (29).

Although most of these studies have been performed in primary pulmonary hyperten-
sion, most experts have extrapolated the results to pulmonary hypertension associated 
with connective tissue diseases owing to the similarity of the clinical and histopathologic 
pictures. Fortunately, studies that include patients with collagen vascular disease are now 
being published. Most notable among these is a randomized controlled trial comparing 
epoprostenol plus conventional therapy to conventional therapy alone in 111 patients 
with scleroderma-spectrum disease (30). The primary outcome variable in this study 
was exercise capacity as determined by distance walked in 6 min. The epoprostenol 
plus conventional therapy group improved steadily and continuously throughout the
12 wk of the study, whereas the patients receiving conventional therapy alone suffered a 
steady decline in exercise capacity (Fig. 1). Secondary measures, which also improved 
significantly, included hemodynamic data and pulmonary symptoms. In contrast with 
previous studies in primary pulmonary hypertension (29), the study involving patients 
with scleroderma-spectrum disease failed to demonstrate a difference in survival 
between the two groups, although the study was not powered to detect his difference 
and was only 12 wk in duration (30).

Adverse effects of epoprostenol include jaw pain, nausea, and gastrointestinal (GI) 
upset, headache, and rash. Additionally, complications of the continuous infusion can 
include infection, sepsis, pneumothorax, and mechanical-pump failure. To circumvent 
these problems, as well as to provide selective pulmonary effects, other trials have 
utilized inhaled iloprost, a more stable prostacyclin analog. One small uncontrolled 
trial of 19 patients with pulmonary hypertension treated with inhaled iloprost, including 
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three with collagen vascular disease, demonstrated improved exercise tolerance and 
hemodynamic data over 3 mo (31).

GI MANIFESTATIONS

The GI tract is involved in nearly all patients with SSc, the esophagus being the 
most commonly affected segment. Most patients are clinically symptomatic, and the 
vast majority can be shown to have abnormalities of esophageal function. A moderate 
amount of evidence supports the hypothesis that the early manifestations of scleroderma 
GI involvement are due to autonomic dysfunction. From the standpoint of motility, 
peristalsis is uncoordinated and, because the smooth muscle remains normal, patients 
are more likely to respond to therapy during this stage. Motility is further impaired as 
smooth muscle becomes atrophic and is replaced by fibrous tissue; obviously treatment 
is much more difficult at this stage.

Esophageal symptoms present as gastroesophageal reflux disease (GERD) or 
substernal dysphagia. Several factors contribute to GERD and are targets for therapy. 
Although many otherwise healthy people have reflux, the motility disorder in patients 
with scleroderma results in an inability to clear the refluxed acid from the esophagus. 
Thus, acid remains in contact with the esophageal mucosa for prolonged periods, as 
compared with reflux in patients without SSc. In addition, loss of tone of the lower 
esophageal sphincter and delayed gastric emptying also contribute to this common 
symptom complex.

Therapy for GERD includes physical anti-reflux measures such as consumption of 
small frequent meals, avoidance of recumbency after eating, and elevation of the head 
of the bed. Acid-lowering drugs such as histamine-2 blockers are prescribed in nearly 
all patients initially. If symptoms persist, proton-pump inhibitors are significantly more 
effective (32). Promotility agents such as metoclopramide appear to have little effect 
on esophageal motility directly, but ameliorate reflux symptoms by increasing the tone 
of the lower esophageal sphincter and by increasing gastric motility and emptying (33).

Fig. 1. Median change from baseline in results of the 6-min walk test at wk 1, 6, and 12. Nonparametric  
analysis of covariance with adjustment for 6-min walk values and use of vasodilators at baseline 
showed that the median distance walked in 6 min increased in patients who received epoprostenol 
(striped bars) compared with patients who received conventional therapy (white bars) at wk 6
(p = 0.003) and 12 (p < 0.001). Reprinted with permission from ref. 30.
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The use of cisapride has been restricted lately, but it is an alternative in the refractory 
patient without contraindications to its use.

Often overlooked is the contribution of drugs with adverse effects on GI motility, 
such as calcium-channel blockers. Endoscopy or other studies are indicated in the 
patient with persistent or progressive symptoms or so-called “alarm symptoms” such as 
weight loss. Esophageal strictures are common and respond to dilation. Symptoms of 
GERD may improve in the presence of a stricture, only to worsen after the stricture is 
dilated. Candidiasis may occur in patients on longstanding therapy which raises gastric 
pH. The development of Barrett’s esophagus, a potentially premalignant condition, 
requires regular screening.

Gastric involvement resulting in delayed gastric emptying is common in patients with 
SSc and is often not recognized. Capillary dilation (telangiectasis) can occur throughout 
the GI tract, and may cause overt or occult blood loss. In the stomach, gastric antral 
vascular ectasia (GAVE), also called “watermelon stomach,” is a characteristic finding 
that is most commonly treated by endoscopic ablation.

Bowel dysmotility may result in intestinal symptoms of bloating, distension, and 
abdominal pain. Abnormal peristalsis results in an inability to clear gut flora, resulting 
in bacterial overgrowth and the aforementioned symptoms. Malabsorption may develop, 
resulting in symptoms of diarrhea and weight loss. We often treat empirically for 
bacterial overgrowth with a course of oral antibiotics such as tetracycline. In the case 
of symptom recurrence or a failure to respond, a rotating course of antibiotics such 
as metronidazole, ampicillin, or trimethoprin-sulfamethoxazole may be given, one 
antibiotic for 1 wk each month in a rotating fashion. Bacterial overgrowth can be 
detected formally by hydrogen breath testing or culture of duodenal aspirates, the latter 
of which may allow a more targeted choice of antibiotics based on results of sensitivity 
testing, but this is rarely required.

Pseudo-obstruction of the small bowel or colon (megacolon) presents very difficult 
management situations for the rheumatologist and surgeon. Intraluminal decompression, 
antibiotics, and supportive measures such as bowel rest and oxygen are the recommended 
therapies. Surgery should be undertaken only as a last resort as it often fails to disclose 
a mechanical obstruction and will result in a prolonged postoperative ileus. One must be 
aware of the complication of pneumatosis cystoides intestinalis, in which air infiltrates 
the bowel wall, which is also treated conservatively. Octreotide has been used in both 
idiopathic and scleroderma-associated pseudo-obstruction (34–37). Wide-mouthed 
diverticula are characteristic to SSc and are usually asymptomatic, though they may be 
foci for bacterial overgrowth or perforation. Of course, true obstruction or perforation 
necessitates appropriate surgical intervention.

As is the case for gastric involvement, disease of the rectum is often unappreciated, 
both by physicians who fail to ask and patients who are embarrassed to comment. 
The most common complication is anal sphincter incompetence, which is difficult to 
manage either medically or surgically.

Importantly, nutritional support may be required in the patient with malabsorption 
or progressive unexplained weight loss. A guideline of therapy is that it is often better 
to feed in a way that avoids the affected segment than to attempt a difficult surgical 
repair. Commonly, refractory upper-GI involvement will necessitate the use of a jejunal 
feeding tube to bypass the dysfunctional esophagus and poorly emptying stomach. A 
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number of patients have done well for long periods with total parenteral nutrition, often 
provided as nighttime feedings.

CONCLUSION

Much progress has been made in recent years in the control of visceral involvement 
of systemic sclerosis. Although skin disease remains difficult to treat, new therapies 
are currently under active investigation. Other therapies have dramatically reduced 
morbidity and mortality for complications such as renal crisis. Novel therapies such 
as prostacyclin, relaxin, cytokine inhibitors, and other biological agents are being 
studied and hold great promise for the future. As the pathophysiology of SSc is better 
understood (Fig. 2), rational therapies will be developed to halt the activation of dermal 
and visceral fibroblasts, thus blocking the process of fibrosis, which ultimately will 
improve morbidity and mortality. We have great reason to be optimistic that improved 
therapies for our patients are on the horizon.
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INTRODUCTION

The disease entity now widely recognized by the name Sjogren’s syndrome (SS) 
was first fully characterized by Henrik Sjögren, who in 1933 described 13 women with 
xerostomia, keratoconjunctivitis, and rheumatoid arthritis (RA) (1). Although SS is 
now widely recognized, the differences between classification criteria for the disease 
that was proposed by investigators from the United States, Europe, and Japan have yet 
to be resolved (2–6). The disease is characterized by signs and symptoms attributable 
to infiltration and destruction of lacrimal and salivary glands by inflammatory cells, 
resulting in ocular and oral dryness. Systemic symptoms including fatigue are now also 
recognized to be significant features of SS. Extraglandular features of SS that may occur 
include: arthralgia, arthritis, Raynaud’s phenomenon, myalgia, pulmonary disease, 
gastrointestinal (GI) disease, leukopenia, anemia, lymphadenopathy, neuropathy, 
vasculitis, renal tubular acidosis, and lymphoma (7,8). SS can occur as a primary disease 
entity or be secondary to another disease, most commonly a rheumatic disease. SS 
appears to be a common disease having prevalence similar to that of RA. Prevalence 
rates of 0.05–3.00% have been published using different criteria for disease classification 
among different study populations (9–12). Features indistinguishable from classically 
defined primary SS have been recently reported associated with viral infections with 
hepatitis C virus (HCV) (13,14), the human immunodeficiency virus (HIV) (15), and 
the human T-cell lymphotrophic virus (HTLV) (16). Currently, however, neither these 
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viruses or other known viruses are implicated as the cause of SS in the majority of 
patients classified as primary SS.

PATHOGENIC MECHANISMS THAT RATIONALIZE
THE USE OF NEW TREATMENTS

There are at least five processes that may contribute to the pathogenesis of SS: 
glandular inflammation and immune destruction of tissues, hormonal abnormalities, 
autonomic dysfunction, viral infection, and abnormalities of programmed cell death 
(apopotosis).

Based on a large body of histopathologic studies in human disease and animal models, 
immune destruction of salivary and lacrimal glands is thought to be central to the 
pathogenesis of SS (8). There is infiltration of these glands with CD4 positive T cells and 
there is oligoclonal expansion of T cells possessing select T-cell receptor (TCR) -chain 
variable region genotypes (17). There is also evidence of clonal proliferation of B cells, 
which appears to be antigen-driven (18), and costimulatory molecules such as B7 are 
upregulated on salivary-gland epitaliel cells (19). Controlled clinical trials of immune 
modulation using immunosuppressive or immunomodulatory drugs have been based on 
the premise of stopping glandular inflammation and destruction.

Some features of SS suggest that sex hormones and pituitary hormones could be 
important factors in disease pathogenesis. SS is increased in prevalence among women 
(with approximately a 9�1 female to male ratio), it has an increased frequency of onset 
after menopause and there are abnormalities in the serum levels of estrogens, androgens, 
and their metabolites in SS (20). Also, the lactotrophic hormone prolactin has been 
shown to be abnormally elevated in some patients with SS (21). Studies of hormonal 
replacement or hormonal suppression are based on the concept that hormones have 
a contributory role in the pathogenesis of SS. Estrogen and prolactin can have direct 
effects on the immune system, so their impact on SS could be mediated through the 
autoimmune mechanisms described earlier.

Another area of investigation in SS concerns functional abnormalities of glandular 
secretion, including effects of the autonomic nervous system on secretion. Normal 
salivary and lacrimal output has been shown to be maintained in animals and in 
humans until the gland is over 90% destroyed. However, this degree of destruction is 
not present in most patients with symptomatic SS. Inflammatory destruction of salivary 
and lacrimal glands may therefore not fully account for the symptoms of SS. Evidence 
has been presented of functional denervation of salivary glands in addition to varying 
degree of glandular destruction (22). Such autonomic dysfunction could in part explain 
why the glands do not function normally, despite only moderate tissue destruction. 
Functional abnormalities of the sympathetic and parasympathetic nervous system could 
contribute to gland dysfunction and could also contribute to fatigue and other systemic 
symptoms (23,24). One possible mechanism of autonomic nerve dysfunction is through 
antibody-mediated disruption of muscarinic receptors. Recently, investigators have 
reported that M3 muscarinic acetylcholine receptor-reactive antibodies can be detected 
in SS and suggest this may be their mechanism of action (25,26). Studies on the role 
of the autonomic dysfunction in the pathogenesis of SS provide a conceptual basis for 
clinical trials of agents directed at restoring normal autonomic function in SS.
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There has been long-standing interest in the hypothesis that SS has a viral etiology. 
In fact, studies have demonstrated that patients infected with HCV, HIV, and HTLV can 
have features of SS (13–16). In addition, a viral infection triggering event resulting in 
unregulated or perpetuated immune recognition of self or altered-self antigen has been 
proposed as another related mechanism of disease (27). Apoptosis or abnormalities 
of apopotosis could also be directly involved in the pathogenesis of SS; for example, 
by generating altered self-antigen or by failing to downregulate an antiviral immune 
response (see below) (28,29). These concepts in part form the rationale for the empiric 
use of agents with antiviral activity in treating SS.

Finally, the process of programmed cell death called apoptosis has become the focus 
of much current research on the pathogenesis of autoimmunity (30). For example, Fleck 
et al. have reported that murine cytomegalovirus (CMV) can induce a SS-like disease 
in C57Bl/-lpr/lpr mice (28). Using congenic mice possessing the defective apoptosis-
related gene Fas (lpr) on the C57 background, they found that a defect in Fas-mediated 
apopotosis (which is necessary for downregulation of the immune response) can result in 
a chronic inflammatory destruction of the salivary glands that resembles SS.

ANIMAL DATA

There are a large number of spontaneous and induced animal models of SS that 
have been reported (31). Jonsson and Skarstein have recently published an excellent 
review of this topic (32). Animal data have provided important new insights into such 
applications as the use of hormonal manipulation and immunosuppressive agents to 
treat SS. Topical androgen-therapy treatment in a rabbit model has suggested that 
these compounds may be beneficial to treat SS (33). Administration of androgenic 
compounds to murine models of SS has also shown beneficial effects on salivary- and 
lacrimal-gland inflammation (34,35). Topical administration of cyclosporin A to the 
eye in murine models of SS has been shown to reduce inflammation in the lacrimal 
and submandibular glands (36,37). Recently, the use of CLT4Ig has been reported to be 
highly effective in treating the New Zealand black/New Zealand white (NZB/NZW) 
model of SS (38). Preliminary gene-therapy studies have demonstrated that recombinant 
adenovirus vectors can be used for gene delivery into animal models of SS (39). Future 
studies propose to use this approach to deliver and locally express cDNA encoding 
functionally important genes that might restore salivary secretion in SS models, such 
as aquaporin 1.

REVIEW OF CLINICAL TRIALS

Although many questions remain in the overall management of SS, results from 
recently published clinical trials have provided direction for an evidenced-based approach 
to therapy in SS. The present summary is the result of a comprehensive MEDLINE 
search for all articles relating to SS and therapy as of July 2001, with a focus on recent 
studies. The evidence-based record presented here for the management of SS consists of 
controlled trials, open-label trials and highly selected case reports.

A randomized, placebo-controlled, fixed-dose, multicenter trial of pilocarpine tablets 
for the treatment of dry-mouth and dry-eye symptoms in SS has demonstrated that 5 mg 
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of pilocarpine taken four times a day results in subjective and objective improvement 
of SS (40). Subjective features of patient and physician global assessment of dry eyes 
and dry mouth were improved, as were objective measures of salivary-flow rates in 
this study involving 373 patients. Open-label trials have demonstrated that parentally 
administered interferon- (IFN- ) resulted in improvement in salivary production (41).
Furthermore, a single-blinded, placebo-controlled, fixed dose trial of low-dose oral 
IFN- involving 60 patients demonstrated significant increase in salivary-flow rates, 
decreased salivary-gland lymphocytic infiltration, as well as improvement of subjective 
symptoms of SS (42). The lozenge formulation of oral IFN- is currently available 
only through clinical trials. An open-label trial of methotrexate taken orally at a dose 
of 0.2 mg/kg body weight weekly, involving 18 patients with primary SS, reported 
improvement of subjective symptoms, such as dry eyes and mouth, but did not result in 
improvement of any of the objective parameters measured (43).

An open-label trial of the antiviral agent zidovudine (AZT) performed on seven 
patients was reported to result in improvement in patient global assessment and physician 
global assessment, the subjective symptoms of, dry eyes, dry mouth, fatigue, and the 
objective measures of Schirmer’s test, tear break-up time (TBUT), and Rose Bengal 
score (44). Topical treatment of the parotid gland using corticosteroid irrigation has 
been reported to increase salivary-gland flow rates in a study that included 24 patients 
with primary SS and seven patients with secondary SS (45). For connective-tissue 
disease patients (including one with primary SS) with interstitial lung disease, treatment 
with intravenous-pulse cyclophosphamide combined with prednisone has been reported 
to beneficial in a study of six patients (46). A case report has also described successful 
treatment of steroid-resistant interstitial lung disease in primary SS using low-dose 
cyclosporin (47). A case report has also claimed successful treatment of the peripheral 
neuropathy associated with primary SS using high-dose, intravenous immunoglobulin 
(48) in several patients. A double-blinded, placebo-controlled trial of azathioprine (49)
and a 2-yr, double-blind, crossover trial of hydroxychloroquine failed to demonstrate 
clinical benefit in SS (50).

CURRENT RECOMMENDATION

Treatment of SS should be individualized on a case-by-case basis, concentrating on 
stopping debilitating and life-threatening disease expression whenever possible. Most 
patients have mild disease that requires minimal intervention. For this group, the use of 
with potentially toxic therapy is not justified. A challenge for the clinician is to identify 
the minority of patients who may develop life-threatening manifestations that require 
aggressive treatment. This section is a summary drawn from insights learned from the 
Animal Data section, the Review of Clinical Trials section, extrapolations from other 
conditions, personal communications, and the longitudinal experience of practitioners 
who have followed cohorts of SS patients.

Oral Cavity and Nose
The goal of preventative oral care is to stop both tooth decay and the development of 

periodontal disease. Preventative care consists of good oral hygiene; regular professional 
dental preventative care, including fluoride application; supplemental oral fluoride; 
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and a diet low in sugar content. Symptomatic palliative care consists of oral hydration, 
nighttime humidification of the air and salivary stimulants, including: sugar-free gum, 
sugarless hard candies, systemic secreatogogues (e.g., pilocarpine), or low-voltage 
electrical stimulation (i.e., Salitron™ device). Detection and therapy of oral microbial 
pathogens, especially Candida species, is believed to be important is slowing or 
stopping tooth decay and periodontal disease. The identification and use of a disease-
modifying drug that reduces many or all of the clinical features of SS is of course 
ultimately desired.

Eye
The systemic secretogogue pilocarpine has been demonstrated beneficial in controlled 

trials to relieve ocular symptoms. Clinical experience suggests that topical tear-
conservation methods, such as tear-duct occlusion, and the use of topical tear substitutes 
may provide symptomatic relief in some patients. Similarly, topical application of 
mucolytic agents, steroids, cyclosporin A, or androgens are felt to be of benefit in 
select patients.

Joints and Muscle
Arthralgia and arthritis may respond to nonsteroidal, anti-inflammatory drugs 

(NSAID). The newer cyclooxygenase-2 (COX-2) specific NSAID appear to have 
potential advantage of a lower risk of serious gastrointestinal complications (51,52).
Disease-modifying, anti-rheumatic drugs (DMARDs), including hydroxychloroquine 
and methotrexate, may be effective for arthritis. Patients with primary and secondary 
fibromyalgia have been demonstrated to respond to the antidepressant imipramine, 
as well as cyclobenzaprine, aerobic exercise, and biofeedback in controlled trials. In 
SS imipramine may be intolerable owing to its drying effects, however. Although the 
newer serotonin-release inhibitors have less drying effect and are effective in treating 
depression, they have been variably reported to have efficacy for fibromyalgia in 
controlled trials (53,54).

Skin
Itching: Aggressive use of skin moisturizers is often helpful. Itching can be manifesta-

tion of autoimmune liver disease, which can be associated with SS.

Reproductive
Pregnancy: Patients possessing anti-Ro/SS-A antibodies are now known to be at 

increased risk for fetal loss, complete congenital heart block in the fetus, and neonatal 
lupus syndrome in the newborn. This topic has recently been reviewed (55) and 
information on National Institues of Health (NIH)-sponsored registries and clinical 
trials for this and other rheumatic diseases can be found at: www. nih.gov/niams. Vaginal 
dryness and dyspareunia can be treated with water-soluble gels, such as KY™ gel.

Lungs
Fibrosing alveolitis: Document in suspicious cases with high-resolution computed 

tomography (HRCT). At centers with expertise in bronchoalveolar lavage (BAL), this 
may provide useful information to guide diagnosis and treatment. In advanced or 
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progressive cases consider aggressive immunosuppression with high-dose corticosteroids 
plus cyclophosphamide or cyclosporin A.

Infection prophylaxis: Patients should receive influenza and pneumococcal vaccines. 
It is uncertain if currently available hemophilus vaccines benefit adults with rheumatic 
diseases.

Nervous System
Depression is common and has been proven to be increased in some rheumatic 

diseases, such as RA. Depression, when sought for and diagnosed, is highly treatable. 
Serious central nervous system (CNS) involvement can uncommonly occur in SS 
and may require aggressive therapy with moderate-high dose corticosteroid and 
immunosuppressive agents, such as cyclophosphamide (56).

Systemic
Fatigue/fever: Fatigue is a common symptom among SS patients. It remains a 

challenging feature of disease to treat in many patients. Evidence of depression and 
fibromyalgia should be sought and treated, as these may contribute to the symptoms of 
fatigue. Exercise deconditioning may contribute to fatigue and a program of supervised 
regular exercise can provide health benefits to all patients including those with fatigue. 
Fever and fatigue may respond to NSAID or hydroxychloroquine. Careful evaluation 
for unrecognized pulmonary disease, thyroid disease, or cardiac disease should also 
be performed in such patients.

Vasculitis: Evidence for infection with HCV should be sought and treated if detected 
and liver disease of appropriate stage is documented by biopsy. Infection with HIV 
should also be considered. Small-vessel vasculitis may not require therapy. Various 
unproven treatments have been proposed including corticosteroids, immunosuppressive, 
antimalarial and pulse immunoglobulin.

Cryoglobulinemia: Evidence for infection with HCV should be sought. Treatment with 
IFN- can be effective. Association of HCV and SS is currently controversial with associa-
tions described in Italy and France but not in a number of other countries. Plasmapheresis 
or plasma exchange may be beneficial in severe cases of cryoglobulinemia.

Psychosocial: Patient support organizations can help patients cope with their illness, 
and organizations such as the Sjögren’s Syndrome Foundation and the Arthritis 
Foundation can be found in many larger cities or accessed through their publications 
and web sites (www.sjogrens.com, www.arthritisfoundation.org).

SIDE EFFECTS AND PRECAUTIONS

Many of the drugs used to treat SS are the same as those used to treat the other 
rheumatic diseases. All of the hazards these drugs present in other contexts should 
be anticipated in SS. There are concerns that estrogen-containing compounds, and 
perhaps other hormones, should not be used in patients with the lupus anticoagulant 
or anti-phospholipid antibodies.

Pilocarpine is contraindicated in patients with uncontrolled asthma, unstable 
cardiovascular disease, closed-angle glaucoma, uveitis, gastric or duodenal ulcers, 
and during pregnancy.
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CONCLUSIONS

The synopsis of the state-of-the-art SS treatment is drawn from insights learned 
from basis studies of animal models, clinical trials data, personal communications, and 
the longitudinal experience of practitioners who have followed cohorts of SS patients. 
Most patients will have mild disease that requires a balanced approach in therapy, 
concentrating potentially toxic therapies on mitigating debilitating and life-threatening 
disease expression. Fortunately, a minority of patients may develop life-threatening 
manifestations that require aggressive treatment. The establishment of widely accepted 
classification would assist investigators in future clinical trials in SS. Ultimately, 
additional clinical trials specifically targeting the management of SS are needed to 
bring the management of this very common disorder into the era of evidenced-based 
medicine.
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INTRODUCTION

In the early 1970s, Sharp and colleagues described a series of patients in whom 
features of Systemic lupus erythematosis (SLE), scleroderma, and inflammatory 
myositis were found in association with autoantibodies to the U1-ribonucleoprotein 
(RNP) antigen (1). This syndrome complex was called mixed connective tissue disease 
(MCTD). Although several classification criteria for MCTD have been published, there 
remains no universally accepted definition of the condition (2–5). The existence of 
MCTD as a clinically, immunogenetically, and serologically distinct entity remains a 
subject of controversy. An excellent review of MCTD and the controversy surrounding its 
classification has recently been published (6). In support of the concept of MCTD, recent 
published data demonstrate the distinctive serologic associations of anti-U1-70kD-
specific, anti-U1-RNA-specific, and anti-heteronuclear ribonucleoprotein (hnRNP) 
A2/RA33-specific antibodies with MCTD (7–9). Furthermore, the association of 
anti-RNP and/or MCTD with the genetic marker HLA-DR4 has been reported from 
studies done in a number of different countries (6,7,10,11). Finally, it would appear 
that the concept of MCTD is useful to the clinician regardless of the controversy 
over nomenclature, because MCTD identifies a group of patients in whom increased 
surveillance for specific end-organ manifestations may improve patient care (12).

The most common systems affected in MCTD that lead to significant mortality or 
morbidity are the lungs, the joints, the peripheral vasculature, and the gastrointestinal 
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(GI) tract (12). Skin disease and mild myositis are also common in MCTD patients, 
whereas central nervous system (CNS) or renal disease is uncommon (12). Regrettably, 
few methodologically strong studies have investigated treatment interventions for these 
or other target organs in MCTD. Advances in the management of MCTD have developed 
anecdotally from treatments used in SLE, scleroderma, polymyositis, rheumatoid 
arthritis (RA), and related disorders. Insights into the immune pathophysiology expressed 
in MCTD patients does suggest investigational treatments for the underlying auto-
immune process that may be helpful in the future.

PATHOGENIC MECHANISMS THAT RATIONALIZE
THE USE OF NEW TREATMENTS

Several lines of evidence implicate autoimmunity in the pathogenesis of MCTD. 
MCTD shares clinical manifestations with other autoimmune conditions (8). Also, 
MCTD patients and family members of MCTD patients may have an increased incidence 
of other autoimmune diseases (13). Most importantly, antibodies to RNP are an essential 
element of MCTD (8). Moreover, the anti-RNP immune response in MCTD shows 
features of being antigen driven: anti-RNP antibodies undergo isotype switching, B-cell 
and T-cell responses develop to the same antigens, and the immune response spreads 
over time to additional epitopes on the same antigen (14,15) as well as to other physically 
associated RNP antigens (16,17). Anti-RNP responses often first develop against the 
U1-70kD RNP antigen (12,18). U1-70kD has been shown to be uniquely susceptible to 
post-translational modifications by apoptotic cell death, by metal-catalyzed oxidation, 
and by granzyme B-induced cleavage (19,20). Antigen modification by apoptotic cell 
death has been associated with self-immunity in lupus (21), antigen modification by 
metal-catalyzed oxidation has been associated with self-immunity in scleroderma (20),
and antigen modification by granzyme B-induced cleavage has been may be linked to 
self-immunity in inflammatory myositis (22). The ability to bridge multiple modalities 
of self-immunity may explain why subjects with anti-U1-70kD immunity show features 
of lupus, scleroderma, and myositis. The clinical expression of disease in patients 
with U1-70kD antibodies follows with the form(s) of modified U1-70kD to which 
they mount an autoimmune response. A higher proportion of patients who strongly 
recognize the apoptotic form of U1-70kD have lupus-like skin disease, whereas a 
higher proportion of patients who strongly recognize the oxidatively modified form 
of U1-70kD have scleroderma-like Raynaud’s phenomenon (23). A molecular link 
through RNP autoimmunity has been similarly drawn between MCTD and RA via 
the hnRNP-A2/RA33 molecule, an antigen recognized at different epitopes by MCTD 
and RA sera (6). Thus, a feature of autoimmunity in MCTD may be overlap with the 
autoimmune responses seen in other rheumatic conditions, manifesting in the unique 
immunogenetic context observed for MCTD (7,24,25). Emerging approaches to the 
control of the autoimmune process have one of three goals: reducing the amount of 
immunologically active antigen that is produced, modulating the proimmune context 
in which antigen is encountered, and limiting the damage produced by inflammatory 
pathways.

Treatments to reduce the amount of immunologically active antigen are in an early 
phase of development, because the antigens that drive the immune response in MCTD 
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are still incompletely understood. There are at least two ways of reducing the amount 
of immunologically active antigen: decreasing production of antigen or increasing 
clearance. One (anecdotally) effective therapy for photosensitive skin disease in MCTD 
already acts to decrease antigen production: sun avoidance and sunscreen use reduces 
the production of apoptotic antigens from keratinocytes. Preliminary studies are 
investigating pharmacologic inhibitors of the production of modified forms of RNP 
antigens (unpublished data). Recent observations that early complement components 
facilitate the clearance of apoptotic material (26), and that impaired clearance of 
apoptotic material is seen in autoimmune disease patients (27) has led to study of 
whether supplementation of antigen-clearance pathways may also have a role in MCTD 
therapy.

A dramatic increase in the number of immunomodulators being studied for rheumatic-
disease therapy has followed the recent boom in understanding of immune pathophysiol-
ogy. Some of the approaches that may hold promise in MCTD include anergizing 
antigen exposure, T-cell second-signal blockade, and alteration of the balance of 
proinflammatory vs anti-inflammatory cytokines. Clinical trials of agents with these 
actions are at a more advanced stage in other rheumatic diseases than in MCTD, and 
are discussed elsewhere in this book.

Approaches to limiting inflammatory damage in MCTD are also expanding as 
inflammatory pathways become further elucidated. Inhibitors of proinflammatory 
cytokines such as tumor necrosis factor (TNF) and interleukin-1 (IL-1) are available 
for clinical study. Inhibitors of complement-mediated inflammation are also becom-
ing available. Cyclooxygenase COX-2 inhibitors may be only the first step toward 
the development of more specific and effective inhibitors of eicosanoid-associated 
inflammatory responses (28,29).

Emerging treatments specific for MCTD may place particular emphasis on the control 
of pulmonary hypertension. Pulmonary hypertension is a frequent finding in MCTD 
patients, and is an important cause of disability and death (12). The vasculopathy of 
MCTD that has been linked to pulmonary hypertension is characterized by intimal 
thickening and medial muscular hypertrophy of the arteries and arterioles without a 
cellular inflammatory infiltrate (12,30–32). Thus, the vascular lesion in MCTD is often 
reminiscent of the lesion described in primary pulmonary hypertension. Although an 
autoimmune basis for this lesion may exist in MCTD, treatments that have relevance 
in primary pulmonary hypertension may merit special attention in the management 
of MCTD.

ANIMAL DATA

There is currently no animal model that fully encompasses the clinical manifesta-
tions of MCTD. Models in which RNP immunity develops that have been used to 
study other autoimmune conditions may have relevance to MCTD, however. Animal 
models with RNP immunity including MRL/lpr mice, NZB/W mice, Palmerston North 
mice, pristane-treated BALB/C mice, xeno-RNP immunized mice, and RNP-peptide 
immunized rabbits are characterized by a high prevalence of glomerulonephritis (33,34),
unlike human MCTD. A number of treatment interventions have been reported in these 
models to attenuate nephritis and to improve survival. The relevance of these treatment 
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trials to human MCTD absent renal disease is uncertain. Graft-vs-host disease (GVHD) 
has been proposed as a model of some features of scleroderma, and anti-RNP immunity 
has been reported in graft-vs-host models (34), but the Raynaud’s phenomenon-like 
peripheral vasculopathy typical of MCTD has not been observed in these models. The 
hepatic and cutaneous lesions of GVHD also differ from those commonly reported in 
MCTD, so the relevance to MCTD of treatments that may benefit these manifestations 
of GVHD are also uncertain. On the other hand, various animal models do demonstrate 
features consistent with MCTD. In some, inflammatory pulmonary disease, erosive 
arthritis, and/or myositis are observed (35). Improvements in extra-renal manifestations 
of autoimmunity have been reported with protocols, such as cytotoxic drug therapy (36)
and antibody-mediated T-cell depletion (37). Combined blockade of the B7.1 and B7.2 
molecules that provide T-cell costimulatory signals in MRL/lpr mice led to decreased 
levels of RNP antibodies (38).

CLINICAL TRIALS

To our knowledge, no randomized, controlled clinical trials of therapeutics in the 
management of MCTD have been published. This reflects personal communications, 
plus the results of comprehensive MEDLINE searches for all articles relating to MCTD, 
mixed connective-tissue disease, or the topic “RNP and autoimmunity” as of July
2001. The evidence-based record for the management of MCTD consists of case reports, 
extrapolations from other conditions, and the longitudinal experience of practitioners 
who have followed cohorts of MCTD patients. Specific barriers to performing systematic 
trials in MCTD have hindered progress compared to other rheumatic diseases. First, 
longitudinal follow-up of MCTD cohorts has only recently pointed out the hazards of 
MCTD and the inadequacies of traditional corticosteroid-based management schemes 
(12). Second, multicenter collaborative efforts at patient recruitment for MCTD studies 
have been infrequent. Finally, validated clinical indices of disease activity and damage 
have not yet emerged in MCTD as they have in lupus and SS (39,40). Previous studies 
investigating the relationship of autoantibodies to activity have relied on SLE-activity 
indices, which may underreport MCTD manifestations including pulmonary and 
gastrointestinal (GI) involvement. Case reports of treatment specifically for MCTD 
have generally reported organ-specific responses to therapy, rather than improvements 
in global disease scores.

Two general approaches to disease management are discussed in the bulk of case 
reports of MCTD treatment: immunosuppression and treatment of vasculopathy. Because 
publication bias in favor of successful outcomes is expected, it is uncertain how to 
interpret positive outcomes in these reports. The natural history of MCTD includes a 
waxing and waning component in some patients, and some in some individuals MCTD 
may enter apparent remission irrespective of therapy (12).

The most frequent immunosuppressant drugs reported for treatment of MCTD are 
steroids and cytotoxic agents (8–12). In a cohort studied at the University of Missouri, 
roughly two-thirds of patients who received these drugs were felt by their rheumatologists 
to have responded to corticosteroids and/or cytotoxic agents (12). Failure of such 
regimens has been reported in MCTD, however (41). Clinical manifestations of MCTD 
that overlap with lupus and inflammatory myositis have been reported to respond to 
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similar treatment protocols (8–12). Cytotoxic agents, typically cyclophosphamide, 
have been used in conjunction with higher doses of corticosteroids for major organ-
threatening disease. Relatively mild manifestations including skin disease, serositis, 
nonerosive synovitis, and myositis have been reported to be responsive to nonsteroidal, 
anti-inflammatory drugs (NSAIDs), antimalarials, and/or steroids (7–12). Some MCTD 
manifestations that are less typical for lupus or myositis have also been reported to 
improve with steroid and cytotoxic therapy. These include pulmonary hypertension, 
protein-losing enteropathy, and esophageal disease (42–44). Methotrexate use, derived 
from the management of RA and inflammatory myositis, has been reported to be 
helpful for erosive arthritis and severe myositis in MCTD (8–12). Published reports 
have not yet evaluated the potential utility of biologic response modifying agents such 
as anti-TNF therapies. Other potentially immunomodulatory treatments for MCTD 
have been reported. The lack of demonstrated efficacy for these treatments in other 
rheumatic diseases with which MCTD overlaps makes their role in MCTD therapy more 
questionable. Such therapies include plasmapheresis, intravenous gamma-globulin, 
photopheresis, and hyperbaric oxygen. The role of a vast range of other potential immu-
nomodulators—ranging from nutritional supplements to immunoablation/hematopoietic 
stem cell transplantation—have not been examined in MCTD.

Treatment of vasculopathy in MCTD has concentrated on the use of vasodilators. 
Although vasculopathy leading to ischemia-reperfusion injury has been postulated as 
a mechanism inducing autoimmunity in scleroderma-spectrum diseases, the impact of 
vasoactive agents on the immune manifestations of MCTD have not been described. 
At least three distinct microvascular environments exist that show different patterns 
of response to vasodilators: the peripheral vasculature, the kidneys, and the lungs. 
Peripheral vasculopathy manifesting as Raynaud’s phenomenon in MCTD responds 
to calcium-channel blockers and to prostaglandin-infusion therapy (8–12,45). As in 
scleroderma, hypertensive renal crisis can occur in MCTD, and responds to therapy 
including angiotensin-converting enzyme (ACE) inhibitors (46). Pulmonary hyperten-
sion in MCTD, like primary pulmonary hypertension, has responded in some cases 
to therapies including prostacyclin infusion, calcium-channel blockers, and ACE 
inhibitors (47–50).

Published data exists for some additional therapies that are not presumed to be 
immunosuppressive or primarily vasoactive. Cisapride has been reported to be ineffective 
for lower esophageal dysfunction in MCTD (51). Octreotide but not the promotility 
agents domperidone or cisapride have been beneficial for chronic intestinal pseudo-
obstruction in two patients with MCTD (52). Improved healing of digital ulcers owing 
to Raynaud’s phenomenon in MCTD has been described with the use of a sargramostim 
graulocyte-monocyte colony stimulating factor (GM-CSF) topical cream (53).

CURRENT RECOMMENDATIONS

Treatment for MCTD should be individualized on a case-by-case basis, concentrating 
on mitigating organ-specific disease expression. Some patients may have mild disease 
that requires minimal intervention, whereas others may develop life-threatening 
manifestations that require aggressive care. History and physical examination are felt to 
be adequate screening tools for clinically significant manifestations of MCTD with two 
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exceptions: pulmonary hypertension and erosive arthritis. By the time that pulmonary 
hypertension or erosive arthritis become clinically evident, the ideal window to initiate 
therapy has already passed. Thus, additional studies, such as radiographs to assess for 
early joint erosions and diagnostic testing to assess for early evidence of pulmonary 
hypertension should be considered. A fall in carbon monoxide-diffusing capacity 
has been associated with the onset of pulmonary hypertension and findings on two-
dimensional echocardiography have also been associated with pulmonary hypertension 
and therefore serial testing with these may identify patients at an early stage of disease. 
In our experience, the use of these tests alone or in combination are neither sensitive 
nor specific. However, they remain the best methods currently available. Recently, it 
has been reported that the presence of anti-cardiolipin antibodies identifies a subset of 
patients at risk of developing pulmonary hypertension (12).

Lung
PULMONARY HYPERTENSION

Document and follow mild cases with serial pulmonary function testing and 
echocardiography. In severe or progressive cases, consider referral to a pulmonary 
hypertension specialist for right heart catheterization and vasodilator trial. Consider 
immunosuppression for vasodilator-unresponsive cases.

FIBROSING ALVEOLITIS

In suspicious cases, document with high-resolution computed tomography (HRCT) 
and/or bronchoalveolar lavage. Consider aggressive immunosuppression, as in sclero-
derma fibrosing alveolitis.

INFECTION PROPHYLAXIS

Patients should receive influenza and pneumococcal vaccines. It is uncertain if 
currently available hemophilus vaccines benefit adults with rheumatic diseases. Consider 
the potential for esophageal dysfunction to cause aspiration pneumonia.

Joints
EROSIVE ARTHRITIS

Early aggressive disease-modifying therapy patterned after the management of 
RA is appropriate. Bracing and surgery may be helpful in select cases to maintain 
function.

SYNOVITIS

NSAIDs and hydroxychloroquine are first-line options. In refractory cases, treat 
as with erosive disease.

Skin
PHOTOSENSITIVITY/LUPUS SKIN DISEASE

Sun avoidance and smoking cessation can help to control lesions. Antimalarials are 
often effective. Corticosteroids topically or systemically are helpful for self-limited 
flares. Anecdotally, azathioprine seems particularly effective if immunosuppressive 
therapy is required.
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RAYNAUD’S PHENOMENON

Maintaining total body warmth and extremity warmth are essential. Calcium-channel 
blockers are effective at reducing the frequency and severity of episodes. For more 
severe cases, options taken from scleroderma management, including prostaglandin 
infusion, may have a role.

FIBROSIS/THICKENING

Relaxin, a promising agent for control of fibrosis in scleroderma, may have a role 
in MCTD. Localized regions may respond to Psoralin Ultra Violet A (PUVA) therapy. 
Physical therapy can help to maintain and restore mobility.

ITCHING

Aggressive use of skin moisturizers is often helpful. In some cases, itching is a 
manifestation of ongoing inflammation in the skin.

SUBCUTANEOUS NODULES

MCTD patients can develop rheumatoid nodules or calcinosis lesions. Surgery is 
effective for management of bothersome lesions.

Gut
ESOPHAGEAL REFLUX

Proton-pump inhibitors are effective. In some patients, high doses of proton-pump 
inhibitors or chronic therapy may be necessary to control symptoms. Referral for upper 
endoscopy to screen for Barrett’s esophagus may be appropriate. Dilatation can be 
helpful for dysphagia.

CONSTIPATION

This common difficulty often is not mentioned by patients unless they are specifi-
cally asked. Fiber, fluids, and exercise should be emphasized. More severe lower GI 
manifestations of MCTD including pseudo-obstruction and pneumatosis intestinalis 
may require hospitalization and bowel rest. Octreotide may also be useful.

SICCA SYNDROME

As in other rheumatic diseases, secondary Sjögren’s Syndrome can occur with 
MCTD.

Muscle
MYOSITIS

Steroids and, if needed, methotrexate are the standard of care. Some patients will 
have mild myositis with mild chronic elevation in creatine phosphokinase but without 
progression to clinically significant weakness, and can have their treatment titrated 
down.

FIBROMYALGIA

As in other inflammatory rheumatic diseases, the incidence of noninflammatory 
musculoskeletal aches may be increased in MCTD. This dimension of a patient’s
complaints should be addressed with multimodal chronic-pain management, rather than 
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increasing aggressiveness of anti-rheumatic therapy. Assessment for depression, which 
also has increased incidence in rheumatic diseases, is also appropriate.

Systemic
FEVER/FATIGUE/SEROSITIS

Steroids or NSAIDs can control a disease flare. Before increasing long-term, anti-
rheumatic therapy, the possibility of occult infection or neoplasm should be excluded.

HEMATOLOGIC

The spectrum of autoimmune cytopenias that can present in lupus are managed as 
in SLE when they occasionally occur in MCTD. Leukopenia is frequent and often 
requires no therapy. Mild to moderate thrombocytopenia may respond to treatment 
with low-dose corticosteroids.

NEPHRITIS/VASCULITIS

Aggressive immunosuppression is the standard of care for these unusual MCTD 
manifestations. Hypertension and renal insufficiency should be treated with ACE 
inhibitor for possible scleroderma renal crisis until proven otherwise if tolerated.

Reproductive Issues
ALTERED SEXUAL RESPONSE AND ERECTILE DYSFUNCTION

Common in scleroderma patients, the prevalence in MCTD may also be high. 
Sildenafil may be beneficial.

PREGNANCY

The effect of pregnancy on MCTD activity has not been studied. Avoidance of 
drugs that may be toxic to the fetus, close clinical follow-up, and referral to high-risk 
obstetrician are appropriate. Neonatal lupus can occur with RNP antibodies in the 
absence of Ro or La, but has been reported to cause only self-limited skin disease, 
not cardiac disease.

SIDE EFFECTS AND PRECAUTIONS

The drugs used to treat MCTD are the same as those used to treat the other rheumatic 
diseases with which it overlaps. All of the hazards these drugs present in other contexts 
should be anticipated in MCTD.

The use of some therapeutic agents for other conditions may lead to exacerbations in 
the context of MCTD. Some nonsteroidals, notably ibuprofen, may pose an increased 
risk of inducing aseptic meningitis in MCTD. A variety of other agents have been 
reported to be possibly associated with SLE flares, and are thus suspect in MCTD. These 
include photosensitizing drugs, external beam radiation, sulfa-containing antibiotics, 
estrogens, alfalfa, and echinacea.

CONCLUSIONS

The state of the art in the management of MCTD is taken from approaches to treating 
the other rheumatic diseases with which MCTD overlaps. In addition to applying 
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treatment approaches taken from lupus, scleroderma, RA, and inflammatory myositis, 
MCTD is managed most effectively by remembering the target organs that are most 
at risk in this disease spectrum to guide surveillance and treatment. Improvements 
in therapy for MCTD in particular may emerge in the future from antigen-specific 
immunomodulation, or from improved understanding and therapy for the unique aspects 
of MCTD-associated pulmonary hypertension. Clinical trials specifically targeting 
the management of MCTD are needed to bring the management of MCTD into the 
era of evidence-based medicine.
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INTRODUCTION

Among the various rheumatic diseases, vasculitides are notably associated with 
multi-organ involvement leading frequently to severe organ dysfunction and death. 
Vasculitis is defined as inflammation of the vessel wall that causes narrowing/occlusion 
of the lumen or occasionally aneurysm formation, resulting in ischemia of the supplied 
tissue(s). The size, number, and location of the involved vessels are the main factors 
determining the degree of individual organ damage. Taking into account the propensity 
of certain vasculitides to affect vessels of various sizes in different organs, one can 
easily explain the often devastating effects that these inflammatory processes have 
on multiple organs and systems.

Although the term “vasculitis” collectively refers to the histologic appearance of 
vascular-wall inflammation, there are clearly distinct patterns of vascular-wall injury 
that are observed in the various vasculitides. These distinct features most likely reflect 
different immune-mediated mechanisms that are involved in the pathogenesis of each 
syndrome. On the other hand, there is considerable overlap in the histologic findings 
between certain vasculitides with clearly discrete clinical presentations, making 
the distinction between them a difficult task even for experienced clinicians. These 
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problems are exemplified by the inability to establish a widely accepted scheme for 
the classification of vasculitides.

The treatment of vasculitides has been problematic for many reasons. Lack of 
diagnostic homogeneity, marked individual variation in disease severity, lack of uniformly 
acceptable diagnostic criteria, difficulty in agreeing on disease activity markers, 
small numbers of patients, and lack of large randomized trials have all contributed. 
Progress, however, has been evident in recent years as a result of advancement in 
many of these areas and beginning of multicenter randomized controlled clinical 
trials in the field.

Furthermore, recent advances in our understanding of the pathogenetic mechanisms 
of these complex processes have provided the rational for the design and application 
of new therapeutic schemes aimed at specific steps of the inflammatory cascade that 
lead to vessel wall inflammation. Theoretically, the development of such treatments 
could result in reduction of the serious and common side effects of the currently used 
immunosuppressive medications.

In this chapter, we will review the available data on the pathogenetic mechanisms that 
rationalize the use of the new treatments, summarize the available animal and human 
clinical data and provide recommendations regarding the treatment of vasculitides. For 
the shake of discussion a modified classification scheme based on the classification 
criteria of the American College of Rheumatology (ACR) (1990) (1) and the clinical 
definitions of the Chapel Hill Consensus Conference (1992) (2), is utilized (see Table 1).
Vasculitides associated with various diseases (see Table 1) are beyond the scope of this 
chapter and will not be discussed here.

GIANT-CELL VASCULITIS

Pathogenesis
Giant-cell (temporal) arteritis (GCA) involves predominantly large and medium-

size vessels with a well-defined internal and external elastic lamina (3). A specific 
predilection for the extracranial vessels of the head and the aorta and its branches in the 
upper extremities, in individuals older than 50 yr has been noted in numerous clinical 
studies, although convincing scientific data explaining this pattern of involvement 
are missing.

Histologically, inflammatory cells comprised exclusively from monocytes/macro-
phages and T lymphocytes infiltrate all layers of the arterial wall, resulting in 
characteristic granuloma formation in 50% of the cases, fragmentation of the internal 
and external elastic lamina, thinning of the arterial media, neoangiogenesis in the media 
and intima (4) as well as intimal hyperplasia (3). In-depth work by Weyand and her 
group over the last decade has indicated the oligoclonal nature of the artery infiltrating 
T lymphocytes, suggesting an antigen-driven immune response (5,6). According to 
this model, unknown (auto)-antigen(s) presented by macrophages to CD4 (+) T cells 
in the adventitial layer of the arteries is the critical initial event in the inflammatory 
process that leads to arterial-wall injury (3). T cells activated through this pathway in the 
adventitia produce cytokines like interferon- (IFN- ) and interleukin-2 (IL-2), whereas 
activated macrophages from the same area secrete interleukin-1 (IL-1 ), interleukin-6 
(IL-6), and transforming growth factor (TGF- ) (3,7). IFN-  is considered crucial 
in the pathogenesis of the arterial-wall pathology because it has been implicated in the 
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formation of multinucleated giant cells, stenosis of the arterial lumen, and amplification 
of the localized inflammatory response (3). Other locally released substances such as 
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), 
matrix metalloproteinases (MMPs), reactive oxygen species, toxic aldehydes, and 
nitric oxide synthase-2 (NOS-2) have been also implicated as important mediators in 
the complex inflammatory cascade that results in the typical arterial-wall lesion (3).
Recently, tumor necrosis factor (TNF- ), a cytokine with known proinflammatory 
activity, has been localized by immunohistochemical methods in the intima and media 
of inflamed arteries, suggesting a potential role in GCA (8).

Animal Data
So far there have been no good animal models for GCA. In an attempt to circumvent 

this problem, Weyand and her colleagues established a xenotransplant model by 
engrafting inflamed temporal arteries from patients with GCA into severe combined 
immunodeficiency diseased (SCID) mice (9). Using this novel approach, they were able 
to show persistent inflammation of the engrafted arteries in these immunodeficient mice. 
Moreover, they studied the effects of corticosteroid (CS) treatment on the inflammatory 
infiltrates and pattern of cytokine expression in the involved arteries. Long-term CS 
treatment did not significantly alter the inflammatory lesions of the temporal arteries, 
despite significant reduction in the levels of proinflammatory cytokines such as IFN- ,
IL-2, IL-6, and IL-1 . These effects were mediated through inhibition of the transcription 
factor NF B, a known target of CS action. On the contrary, CS had no effect on the 

Table 1
Classifi cation of Vasculitides

Large-vessel vasculitis
    Giant-cell arteritis
    Takayasu’s arteritis
Systemic necrotizing vasculitis
    Polyarteritis nodosa
    Churg-Strauss syndrome

Wegener’s granulomatosis
    Microscopic polyangiitis
Hypersensitivity vasculitis
    Cutaneous leucocytoclastic vasculitis
    Henoch-Schönlein purpura
    Cryoglobulinemic vasculitis

Hypocomplementemic urticarial vasculitis
Kawasaki disease
Isolated central nervous system vasculitis
Vasculitis associated with various diseases
    Vasculitis associated with rheumatic/autoimmune diseases (e.g., SLE. RA,
    Behcet’s syndrome, etc.)
    Vasculitis associated with malignancies
    Vasculitis associated with infections
    Radiation vasculitis
    Transplant vasculitis
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levels of TGF- 1, a cytokine derived mainly by tissue-infiltrating macrophages. The 
authors postulated that this probably explains the inability of CS to efficiently control 
arterial-wall inflammation (9).

Clinical Data
CS remain the mainstay of treatment of patients with GCA. Several studies have 

shown that treatment with prednisone or its equivalent with initial doses ranging 
between 40–60 mg/d and gradual tapering, is usually sufficient to control the systemic 
inflammatory response and prevent serious complications such as visual loss (10).
Despite this favorable effect, 5–10% of patients do not adequately respond to the initial 
CS treatment, active inflammatory arterial lesions persist in certain patients with 
apparent clinical remission and more importantly long-term treatment (>2 yr) with CS is 
necessary for the majority of patients with GCA (11). Prolonged treatment with CS has 
been associated with increased morbidity and mortality in this group of patients.

These observations in combination with the recent findings regarding the pathogenesis 
of the disease, emphasize the need for medications that could suppress arterial-wall 
inflammation in a more specific fashion and function as steroid-sparing agents. So 
far there have not been any well-designed controlled trials evaluating the efficacy of 
other immunosuppressive agents alone or in combination with CS for the treatment of 
GCA. Small studies have suggested a favorable effect of methotrexate (MTX) (12,13)
and azathioprine (AZA) (14). A multi-center trial comparing CS to CS and MTX is 
currently under way and its results are anticipated in the near future. Cyclosporine A 
(CsA), an agent with known suppressive effect on activated T cells, had no additional 
effects compared to CS alone in a small study (15).

Potential agents that could be proven useful in this group of patients include agents 
that inhibit TNF-  or IL-1 action and possibly neoangiogenesis.

TAKAYASU’S ARTERITIS

Pathogenesis
Takayasu’s arteritis (TA) is a chronic inflammatory arteritis involving predominantly 

the aorta, aortic arch vessels, and pulmonary arteries (16). In contrast to GCA, it 
primarily affects younger patients (<40 yr) with a strong female predominance (16).
Clinically, two phases of the disease have been observed including an early-systemic 
phase characterized by a systemic inflammatory response and a late-chronic occlusive 
phase with evidence of vascular occlusions.

A prominent granulomatous panarteritis with inflammatory infiltrates involving 
large arteries in a continuous or patchy fashion is observed histologically during the 
active stages of the disease (11,17). The infiltrating cells include variable numbers of 
giant cells, lymphocytes, and plasma cells. Following the active phase, fibrosis of the 
adventitial and intima layers of the arterial wall ensues.

Immunological studies looking into the pathogenesis of TA are limited. During 
the systemic inflammatory phase of the disease, certain markers of inflammation 
and angiogenesis are upregulated systemically, including IL-6 (18), Regulated upon 
Activation Normal T-cell Expressed and Secreted (RANTES) factor (18), vascular cell 
adhesion molecule-1 (VCAM-1) (19), VEGF (20), and thrombomodulin (21). These 
findings have not been reproduced by other investigators (22) and most likely reflect 
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active arterial inflammation without providing specific information regarding the 
pathogenesis of the arterial lesions.

Recent studies have suggested a prominent role of T cells in the pathogenesis of this 
arteritis. Seko and colleagues, demonstrated increased numbers of cytotoxic (CTLs) 
and T lymphocytes secreting perforin in the arterial wall of patients with TA (23).
The same group also found that these infiltrating T cells demonstrated a restricted 
usage of T-cell receptors (TCR), indicating a T-cell-mediated, antigen-driven immune 
response in the arterial wall (24). Expansions of certain subsets of CD4 and CD8 T cells 
have been noted also in the circulation of patients with TA (25) as well as enhanced 
proliferative activity of peripheral blood mononuclear cells (PBMC) to aortic extracts 
(26), further supporting the role of T-cell immunity in this process. Although a strong 
expression of the heat-shock protein-65 (HSP-65) has been observed in the media of 
the inflammed arteries (27,28), the nature of the arterial antigen(s) to whom the T cells 
react have not been identified yet.

Anti-endothelial cell antibodies (AECA) frequently found in the serum of patients 
with TA (27,28) demonstrate specific reactivity against aortic and not microvascular 
endothelial cells in vitro (29). Moreover, these antibodies had a direct stimulatory 
effect on aortic endothelial cells in vitro (29), implying a direct role of AECA in 
the pathogenesis of TA. On the other hand, the frequent presence of AECA in a 
number of other connective-tissue diseases and the absence of significant endothelial 
injury in the involved large arteries, question their direct contribution to arterial-wall 
inflammation.

Animal Data
The evaluation of different treatment strategies in animals is hampered by the absence 

of a suitable animal model of large-vessel arteritis. Recently, a group of investigators 
were able to show severe aortic-wall inflammation in mice infected with different 
herpesviruses including cytomegalovirus (CMV) (30) and -herpesvirus 68 (31).
Histologically, arteritis in both animal models had the characteristics of a panarteritis 
with prominent mononuclear-cell inflammation in the adventitia and intima layers, 
with few inflammatory cells in the media. Manipulation of the expression of different 
cytokine genes had profound effects on the clinical expression of the vasculitic process. 
Specifically, the absence of IFN- or its receptor, was associated with more severe 
inflammation and increased mortality. Similarly, the absence of T and B cells was 
associated with limited vascular inflammation, emphasizing the importance of T cells 
in the development of the arteritic lesions.

In a different model, Nicklin et al. generated mice that were genetically deficient 
for the IL-1 receptor antagonist, a naturally circulating anti-inflammatory cytokine 
(32). They observed a large-vessel arteritis involving the aorta and its major branches 
with development of characteristic stenotic and aneurysmal lesions. The vessel wall
of the involved arteries showed transmural infiltration by macrophages, CD4+
T lymphocytes and neutrophils, especially around areas of turbulent flow. The observed 
lesions emphasize the potential crucial role of a predominantly macrophage-derived 
cytokine like IL-1 in the development of large-vessel vasculitis.

Obviously these findings are highly provocative and open new roads in the studying 
of pathogenesis and treatment of large-vessel vasculitides. However, the absence of 
granuloma formation, the clear association with a known chronic persistent viral 
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infection, or the genetic deficiency of an anti-inflammatory cytokine in these animal 
models, question their relevance to large-vessel human vasculitides at the moment.

Clinical Data
Treatment of patients with TA includes medical treatment with immunosuppressive 

medications in combination with surgical treatment or interventional techniques such 
as angioplasty (33,34). Large studies from North America and Japan, have indicated 
that treatment with CS at a dose of approx 1 mg/kg/d induces remission in about 60% 
of patients with active disease (16). Despite this initial response rate, approx half of 
the patients are not adequately controlled or require high doses of CS for maintenance 
of remission.

For this sizeable group of patients, different immunosuppressive agents have been 
employed in an uncontrolled manner with variable success. In the National Institutes 
of Health (NIH) series, MTX, AZA, and cyclophosphamide (CYC) were used with 
limited success, i.e., only 30% of patients achieving remission (16). In an open-label 
trial from the same center, CS in combination with weekly MTX at a mean dose of 
17 mg, was utilized in a small group of patients. The combination was effective in 
half of the patients, but approx 20% of the patients progressed despite treatment (35).
Overall, these studies show that approx 20–25% of patients treated with CS alone 
or in combination with various immunosuppressive agents, never achieve a complete 
long-lasting remission.

Mycophenolate mofetil (MMF), a new immunosuppressive agent with specific action 
on activated T and B lymphocytes, has been recently used successfully in three patients 
with TA (36). MMF is a compound that inhibits the proliferation of T and B lymphocytes 
through specific inhibition of the de novo pathway of purine biosynthesis. This pathway 
is considered critical for the proliferation of T and B lymphocytes (37). Additionally, 
an inhibitory activity on monocytes/macrophages has been demonstrated in vitro and 
in animal models (37,38). These properties of MMF make it an attractive candidate for 
the treatment of large-vessel vasculitides, which are characterized by infiltration of the 
vessel wall, by activated T cells, and by monocytes/macrophages. Controlled studies are 
obviously needed in order to elucidate its efficacy in these diseases.

POLYARTERITIS NODOSA

Pathogenesis
Definitions regarding polyarteritis nodosa (PAN) have been met with significant 

controversy. The Chapel Hill Consensus Conference defined PAN as a “necrotizing 
inflammation of medium-sized or small arteries without glomerulonephritis or vasculitis 
in arterioles, capillaries or venules” (2). Using this definition, capillaries, venules, or 
arterioles are not affected and patients who demonstrate such involvement are considered 
as having microscopic polyangiitis (MPA).

Small- and medium-size arteries show a characteristic focal, segmental involvement 
with frequent coexistence of active inflammatory and healed lesions (39). Active lesions 
show evidence of transmural infiltration by different inflammatory cells including 
granulocytes, macrophages, and T lymphocytes (39). Fibrinoid necrosis is frequently 
present, especially in cases with prominent granulocyte infiltration. Thrombosis of the 
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inflammed vessel often results, whereas formation of microaneurysms of the arterial 
wall represents one of the angiographic hallmarks of the disease.

PAN is considered a paradigm of an immune complex (IC)-mediated vasculitis. The 
initial description of PAN in association with hepatitis B virus (HBV) infection (40), led 
to a number of studies examining the potential role of IC in this process. IC containing 
hepatitis B surface antigen (HBsAg) and antibodies against HBsAg (anti-HBs) are 
found in increased levels in the circulation and they are detected in vessel walls (40,41).
Immunofluorescent (IF) studies of active vascular lesions identified the presence of 
HBsAg, IgM, IgG, and complement (C3), whereas healed lesions did not demonstrate 
similar findings. Furthermore, levels of the complement components –3 and –4 (C3/C4) 
are frequently decreased in patients with PAN, further emphasizing the pathogenetic 
role of IC (40,41).

Cases of PAN have been reported in patients with other viral infections such as human 
immunodeficiency virus (HIV) infection (42), hepatitis C virus (HCV) infection (43),
and in patients with neoplasms like hairy-cell leukemia (44), underscoring the variable 
nature of antigens that can induce the formation of pathogenic IC.

The prevailing theory of IC mediated vascular injury, suggests that IC deposition 
in the vessel wall induces localized activation of the complement cascade, through 
the classical or alternative pathway, leading to formation of the membrane attack 
complex (MAC) and release of chemotactic factors like C3a and C5a. These locally 
released substances induce further vessel damage and recruit inflammatory cells such 
as polymorphonuclear leucocytes (PMN) in these areas. IC can also bind directly 
to endothelial and inflammatory cells (monocytes/granulocytes) through their Fc 
receptors, leading to the release of proinflammatory cytokines such as IL-1 , IL-6, and 
TNF- , which further amplify arterial-wall inflammation by increasing endothelial-cell 
permeability and recruiting more inflammatory cells at these sites.

Although these findings support a role of IC in PAN, do not explain the absence of 
an underlying triggering factor (i.e., infection, neoplasia, etc.) in the majority of patients 
with PAN (45) as well as the frequent presence of circulating IC, without development 
of PAN, in patients with HBV or HCV infection. Moreover, they don’t account for the 
ability of IC with similar antigenic properties to induce different vasculitic syndromes 
as is the case with IC containing HBsAg/anti-HBs in HBV infection that can either 
induce PAN or small vessel (hypersensitivity) vasculitis (46).

Cell-mediated immune mechanisms are also participating in the pathogenesis of 
PAN lesions, as evidenced by immunohistochemical studies showing equal amounts 
of infiltrating macrophages and CD4+ T lymphocytes with variable numbers of PMN 
in the vessel walls (47). As expected, most of the infiltrating cells display an activated 
phenotype with high expression of IL-2 receptor (IL-2R) and MHC class II molecules. 
Neo-angiogenesis with formation of microvessels in advanced inflammatory lesions 
with upregulated expression of adhesion molecules has also been demonstrated in 
these lesions (48).

Animal Data
The most widely used animal model of IC-mediated arteritis is that of acute serum 

sickness described initially by Germuth in 1953 (49). According to this model, a single 
intravenous (iv) injection of an antigen-like bovine serum albumin (BSA) leads to the 
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formation of IC after a period of 12–18 d, and subsequent deposition of these IC in 
medium-size arteries of different organs. Vascular lesions resemble those of PAN, 
with frequent fibrinoid necrosis of the media, fragmentation of the elastic lamina, and 
infiltration of the vessel wall by PMN. Immunohistochemical studies reveal transient 
deposits of antigen, Ig, and complement in the subintima of the vessel wall. IC deposition 
has been also demonstrated in other sites like the glomerular basement membrane 
(GBM), synovial membranes, and the endocardium with variable local inflammatory 
responses.

Similar findings of IC-mediated arteritis have been also observed during the course 
of various chronic viral infections from lymphocytic choriomeningitis virus (50) and 
Aleutian disease virus (51) and spontaneously in susceptible strains of MRL/lpr (52) and 
SL/Ni mice (53). In all these animal models, a strong and sustained antibody response 
is mounted against certain viral or auto-antigens, leading to IC formation/deposition 
in the arterial wall with subsequent activation of complement and development of 
vasculitis. Although the location, type, and severity of the vascular lesions vary widely 
between these animals, hypergammaglobulinemia and decreased complement levels 
accompanied by IF showing characteristic Ig and complement deposition in the wall of 
medium-size arteries, are universal findings.

The specific characteristics of the antigens and antibodies that lead to the formation 
of pathogenic IC have been delineated under various experimental conditions. Different 
antigen and antibody properties have been identified as important including the size, 
concentration, charge, and vascular tropism of the antigen(s) as well as the class, size, 
charge, affinity/avidity, and specificity of the antibody (54). Furthermore, the ratio 
of antigen-antibody in IC and the ability of the host to efficiently clear circulating IC 
appear critical in IC-mediated vascular injury (54).

Therapeutic interventions have been also attempted in some of these models. 
Specifically, in mink infected by the Aleutian disease virus, administration of CYC 
led to decreased Ig levels and absence of the characteristic arterial lesions, despite 
the persistence of viremia (55). Similar results have been obtained in MRL/lpr mice 
treated with different immunosuppressive agents including CS, CYC, CsA, FK-506 (56),
and recently MMF (57). These immunosuppressive regimens ameliorate the vasculitic 
process mainly through suppression of the pathogenic (auto)-antibody production but 
also via inhibition of the influx of inflammatory cells in the vessel wall, regardless of 
the nature of the inciting antigenic stimulus.

Clinical Data
The prognosis of severe PAN in untreated patients is dismal with a 5-yr survival rate 

of 15% in older series (58). The introduction of immunosuppressive regimens such as 
CS and CYC has significantly improved the outcome of these patients with 5-yr survival 
rates reaching 80 % in recent series (59).

Although the percentage of PAN cases that are currently associated with certain 
viral infections (HBV, HIV, HCV) is small (<10%) (45), a distinction should be made 
regarding the management of patients with “virus associated PAN” compared to patients 
with “nonvirus associated PAN.”

Patients with PAN not associated to known viral infections are traditionally treated 
with CS either in the form of oral prednisone at a starting dose of 1 mg/kg/d or iv pulse 
methylprednisolone of short duration (1–3 d) followed by oral prednisone, with gradual 
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tapering (59). In patients that relapse after initial treatment (~20%) or present with 
severe target organ involvement (i.e., cardiac, gastrointestinal [GI], central nervous 
system [CNS], or renal), the addition of CYC seems necessary (59,60). CYC has been 
administered orally or with monthly iv pulses with comparable results in patients 
with PAN (61). Similarly to other forms of systemic vasculitis such as Wegener’s
granulomatosis (WG), the selection of the most appropriate route of its administration 
remains a controversial issue.

Using this combination approach, most patients achieve complete remission and 
withdraw from therapy after 12–18 mo. Relapses after initial remission are uncommon 
(~18%) with 10-yr survival rates reaching 80% (62).

In the setting of virus-associated PAN, therapy should be aimed at both the underlying 
viral infection that leads to the development and persistence of the vasculitic process 
as well as towards the harmful host-immune response (63). Use of immunosuppressive 
agents in patients with chronic viral infections are associated with increased levels of 
viremia (HBV and HCV infection), deterioration of underlying major-organ function 
(liver in chronic HBV infection), and development of life-threatening opportunistic 
infections (HIV infection). Assessing the severity of the vasculitic involvement and 
the status of the underlying viral infection appears critical in the therapeutic decision-
making (63).

In patients with HBV-associated PAN, combination therapies including antiviral 
agents such as interferon- (IFN- ) or vidarabine and plasma exchanges (PE) with or 
without the addition of CS, led to a 10-yr survival rate of 83%, similar to that achieved 
in patients with nonvirus associated PAN (45). The relapse rate was much lower in these 
patients (~6%) most likely reflecting the monophasic pattern of this vasculitic process 
(45). Successful use of new antiviral agents like lamivudine (64) or famciclovir (65) in 
the treatment of HBV-associated PAN have been recently reported.

In the few cases of HIV-associated PAN that have been reported in the literature, 
different therapeutic agents have been tried in an uncontrolled manner including CS, PE, 
and antiretrovirals, with favorable results (42,66,67). Given the rarity and complexity 
of HIV-associated vasculitis, thorough assessment of these patients by experienced 
physicians is the preferred approach.

CHURG-STRAUSS SYNDROME

Pathogenesis
Originally described by Churg and Strauss in 1951, Churg-Strauss Syndrome (CSS) 

is a necrotizing vasculitis involving small- and medium-size vessels (arteries and veins) 
accompanied by asthma and eosinophilia (68,69). Typical histological findings include, 
except the vasculitic lesions, granulomas, and tissue infiltration by eosinophils, although 
the constellation of all three lesions is uncommon (15–25%) (69). Compared to PAN, a 
wider range of vessels are involved ranging from small venules to medium-size muscular 
arteries displaying a characteristic eosinophilic infiltration (39).

Clinically, patients with CSS present with a prodromal phase manifested by peripheral 
and/or tissue eosinophilia and development of allergic rhinitis and/or asthma. This phase 
can last for several years and is followed by the appearance of constitutional symptoms 
and the various organ manifestations of systemic vasculitis (vasculitic phase). Churg has 
described elegantly the stages of the vascular injury in patients with CSS (70). Initially, 
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there is prominent edema of the vascular wall followed by eosinophilic infiltration of 
the outer layers (adventitia/media) with subsequent development of fibrinoid necrosis 
and, in some cases, granulomas in the affected vessels (70). In patients with progressive 
disease, the intima layer may become thickened and fibrotic giving the characteristic 
histologic appearance of “healing” arteritis (70). Whether or not this sequence of 
pathologic changes occurs in every patient with CSS is unknown.

Until now there have not been any suitable animal models of CSS, so information 
regarding the pathogenesis of this syndrome is derived mainly from scarce human studies 
including small number of patients. The presence of peripheral and/or tissue eosinophilia 
in patients with CSS suggests a critical role for eosinophils in the pathogenesis of 
this systemic vasculitis.

Eosinophils are bone marrow-derived cells that participate in the complex system 
of mucosal immunity and also in the host immune response against parasites (71).
Their role in certain allergic diseases and immediate hypersensitivity reactions is also 
well established (71). Eosinophils possess a number of surface receptors for various 
cytokines (e.g., IL-2, IL-4, IL-16), immunoglobulins (Ig), complement components 
(C1q, complement receptor –1 and –3), chemoattractants (C5a, eotaxin), and IFN- .
Their effector action is exerted through the release of a number of preformed mediators 
such as the eosinophilic cationic protein (ECP), the eosinophil-derived neurotoxin and so 
on, various cytokines (IL-1, IL-2, IL-3, IL-5), growth factors such as granulocyte-monocyte 
colony stimulating factor (GM-CSF), and chemokines (RANTES, MIP-1a, eotaxin).

Immunological studies in patients with CSS show clear evidence of eosinophil 
activation with increased serum levels of ECP (72) whereas analysis of bronchoalveolar 
lavage (BAL) fluid revealed elevated levels of ECP and myeloperoxidase (MPO) 
indicating concomitant neutrophil activation (73). Clonal analysis of eosinophils from 
patients with CSS showed a polyclonal pattern of expansion in contrast to patients with 
the idiopathic hypereosinophilic syndrome (HES) (74). In patients with HES, a critical 
role of T cells in the development of eosinophilia through secretion of soluble factors has 
been identified. These T-cell clones display a predominant Th-2 phenotype secreting 
IL-4 and IL-5. Similarly, Muschen et al. found an oligoclonal expansion of T cells in 
the periphery of patients with CSS (75). Furthermore, in these patients increased levels 
of soluble Fas (CD95), which could lead to the rescue of eosinophils from Fas-induced 
apoptosis, were detected (75).

Collectively, these limited findings suggest that oligoclonal T-cell expansion 
(predominantly Th2) in response to unidentified antigen(s), locally or systemically, 
may lead to an initial polyclonal eosinophilic activation and expansion followed by 
eosinophilic-tissue infiltration and vasculitis. A direct role of T lymphocytes in vascular 
injury is also suggested by the presence of activated T cells (CD4 and CD8) in the 
arterial wall of patients with CSS-associated nerve involvement (76). Whether these 
T lymphocytes were the cells that initially led to the recruitment of eosinophils in the 
vessel wall or vice versa is currently unknown.

Anti-neutrophil cytoplasmic antibodies (ANCA) are frequently detected in patients 
with CSS (~40%) with a predominant perinuclear pattern (p-ANCA) (77). A direct 
role though of these antibodies in the pathogenesis of this vasculitic syndrome has 
not been specified.
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Clinical Data
The response of CSS to treatment with high-dose oral CS (prednisone 1 mg/kg/d) 

is dramatic (68,69,78). Ninety to 100% of patients achieve clinical remission with 
significant decrease in the eosinophil count (68,69,78). This effect is mediated through 
the pronounced CS-induced decrease in the absolute eosinophil count and inhibition of 
eosinophil-mediated injury and chemotaxis. Despite this initial response, relapses are 
not rare, occurring in 25–40% of patients, especially when cardiac or GI involvement 
is present (68,78).

For patients that display resistance to CS or present with serious target-organ 
involvement, other immunosuppressive agents have been tried in small numbers of 
patients. These included traditional immunosuppressive agents like CYC, MTX, and 
AZA with variable success (68,78). CsA inhibits in vitro production of T-cell-released 
soluble factors that cause eosinophilia. McDermott et al. have reported the case of a 
patient with severe CSS resistant to CS and iv pulses of CYC, who responded promptly 
to CsA (79). Studies with larger number of patients are needed in order to support 
this initial observation.

Recently, Tatsis et al. reported that IFN- in high doses had a favorable effect in patients 
with CSS (80). IFN- is a known agent with a wide spectrum of immunomodulatory 
and antiviral activities. IFN-  acting through its specific receptor on eosinophils, leads 
to a significant reduction in the release of inflammatory mediators from these cells 
(81). Furthermore, treatment with IFN-  leads to a decrease in eosinophil count either 
through inhibition of eosinophil release from the bone marrow (82) or by induction of 
apoptosis (83). An indirect mode of action, via inhibition of secretion of T-cell-derived 
cytokines such as IL-5 and GM-CSF (84,85), may also contribute to this profound 
effect of IFN- on eosinophils.

WEGENER’S GRANULOMATOSIS

Pathogenesis
WG is a multisystemic inflammatory disorder with a specific predilection for the 

upper/lower respiratory tract and kidneys (86). Characteristic pathologic findings 
include tissue necrosis, vasculitis, and granulomatous inflammation. This classical triad 
of pathologic features is found more often in patients with lung involvement (90%) but 
uncommonly in upper respiratory-tract lesions (~15%) (86,87).

Several authors propose that the earlier lesions in WG are small foci of collagen 
necrosis, especially in the lung (88). In these necrotic areas, a prominent neutrophilic 
and histiocytic infiltration is typically seen, defined as a “microabscess” (87). In some 
cases, around these areas of necrosis, histiocytes and T lymphocytes accumulate, 
giving the distinctive appearance of “palisading granulomas.” This granulomatous 
inflammation surrounding necrotic areas, indicates the presence of a strong Th1 
response with localized release of cytokines such as TNF- and IFN- , that play a 
critical role in granuloma formation. However, it remains to be ascertained which are the 
factor(s) that initiate this localized and often generalized necro-inflammatory response. 
Environmental and infectious triggers may be directly or indirectly involved in this 
process but these have not yet been identified.
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Vasculitis of small- and medium-size vessels (arteries and veins) is a common 
feature of tissue biopsies from patients with WG (87,89). It can be present in three 
different forms, including:

1. Granulomatous vasculitis, involving small- and medium-size arteries and veins, 
characterized by the presence of histiocytes or giant cells in the vessel wall with 
or without associated necrosis. Typically, it is observed in areas with surrounding 
parenchymal granulomatous inflammation (lung).

2. Neutrophilic capillaritis, characterized by neutrophilic infiltration of capillaries, 
arterioles or venules, with or without associated fibrinoid necrosis. Inflammation of 
these small vessels in different organs is responsible for the clinical manifestations 
of necrotizing glomerulonephritis (kidneys), leucocytoclastic vasculitis (skin), or 
diffuse alveolar hemorrhage (lung) that are frequently encountered during the clinical 
course of WG.

3. Necrotizing vasculitis, involving small- and medium-size arteries and veins, in the 
absence of giant cells or surrounding granulomatous inflammation.

Some authors hypothesize that vasculitis represents a secondary event in the 
pathophysiological sequence of events in WG rather than the primary cause of the 
syndrome (88). This hypothesis is mainly based on the variable frequency of typical 
vasculitic lesions in tissue specimens from patients with typical clinical manifestations 
of WG. Whether this is true or just reflects the limitations of tissue biopsy in regards to 
timing and sampling errors is unclear.

Existing theories regarding the pathogenesis of WG are primarily focusing on the 
pathogenetic role of ANCA and/or T-cell-mediated mechanisms. ANCA are antibodies 
directed against different cytoplasmic components of neutrophils and monocytes 
(90). A strong association between ANCA and WG has been established in several 
studies. Specifically, serum from most patients with WG produces a characteristic 
cytoplasmic staining of ethanol-fixed neutrophils (c-ANCA) as detected by indirect 
immunofluorescence (IIF) (90). The predominant target antigen of these c-ANCA is 
proteinase-3 (PR3), a serine cytoplasmic neutrophilic protease. In vitro studies have 
demonstrated that priming of resting neutrophils by cytokines like TNF- or induction 
of apoptosis, leads to the translocation of PR3 to the cell surface, where it is accessible to 
specific anti-PR3 antibodies (90). The mechanism(s) by which tolerance to a self-protein 
like PR3 is lost and generation of anti-PR3 antibodies occurs, is unknown.

Anti-PR3 binding to PR3 with co-engagement of Fc-receptors (IIa and IIIb) on 
the surface of neutrophils leads to neutrophil activation. Neutrophil activation is 
prominent in WG lesions, especially in the kidney (91). These activated neutrophils may 
subsequently bind to primed endothelium, through their surface PR3 causing endothelial 
detachment and lysis. Anti-PR3 can also bind directly to PR3 expressed on primed 
endothelial cells leading to further endothelial injury and release of various cytokines 
(IL-1 ) or chemoattractants (IL-8) (90). Similar interaction of circulating ANCA 
with monocytes promotes the release of various proinflammatory and chemoattractant 
substances, leading to the recruitment of additional inflammatory cells at the sites 
of the initial vascular injury. Furthermore, epidemiological data have demonstrated 
that in two-thirds of patients with WG, there is a correlation between ANCA titers 
and disease activity (90).
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Although these in vitro findings and clinical observations strongly support a 
contributing role of ANCA in the pathogenesis of WG, do not prove a causal relationship. 
Apart from the controversy regarding the primary or secondary role of vasculitis in the 
pathogenesis of WG, immunofluorescent studies have failed to detect Ig or complement 
deposition in the vascular wall, whereas endothelial damage does not appear to be 
a prominent early histologic feature of WG. Moreover, a number of patients with 
limited biopsy-proven WG do not have circulating ANCA, whereas certain patients 
with quiescent disease display persistently elevated ANCA titers (90). The absence 
of a suitable animal model of “ANCA-associated vasculitis” (see below) limits the 
delineation of the exact role of ANCA in the pathogenesis of WG (92).

On the other hand, the critical role of cell-mediated immunity has emerged from 
a number of studies. The absence of detectable IC and the predominance of T cells 
and macrophages at inflammatory sites (especially granulomatous) (93,94) firmly 
supports this concept. Furthermore, isolated peripheral T cells react to purified PR3 
(95,96), whereas markers of T-cell activation like sIL2R (97–99) or circulating activated
T cells (CD25 or HLA-DR+) are elevated in patients with WG (100–102). In addi-
tion, two recent studies have shown a predominant IFN- secretion (Th1 response) 
in the peripheral blood (103,104) and local inflammatory lesions (103) from patients 
with WG.

Animal Models
Although a number of animal models have been generated, none of these reproduces 

the characteristic histologic and clinical features of WG (92). The majority of these 
models are focusing on the pathogenetic role of ANCA under various experimental 
conditions including manipulation of the different components of the animal immune 
system. Nevertheless, these animal models represent valuable tools in the study of 
diseases like WG and MPA. Because most of these models are studying the effects 
of antibodies against myeloperoxidase (MPO), they will be discussed separately in 
the MPA section.

Regarding WG, the only animal model that has been developed so far is based on 
the theory of dysregulation of the idiotypic network that leads to the development of 
autoimmune diseases like systemic lupus erythematosus (SLE), scleroderma, and WG 
(105). According to the work performed by Shoenfeld and his colleagues, immunization 
of BALB/c mice with purified human IgG anti-PR3 (antibody-1 or Ab-1) from patients 
with WG, led to the development of anti-human anti-PR3 (Ab-2) and later of anti-anti-
human anti-PR3 (Ab-3) antibodies (106). The mouse antibodies (Ab-3) presumably 
share the same characteristic binding for PR3 with the initial human Ab-1. Nevertheless, 
studies so far have not detected any reactivity of the mouse anti-PR3 against the 
murine homolog of PR3 (107). In addition, the pathologic lesions that were observed 
in these animals, were either mild perivascular mononuclear infiltrates in the lungs 
and mild proteinuria or sterile microabscesses in the lung, without the characteristic 
granulomatous lesions or the pauci-immune necrotizing glomerulonephritis of human 
WG. Similarly, infusion of active PR3 in Brown-Norway rats caused no demonstrable 
binding to GBM or induction of proteinuria (108). In the absence of a suitable animal 
model of WG, there have not been any experiments examining the effect of different 
therapeutic interventions.
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Clinical Data
Untreated WG carries the worst prognosis among vasculitides, with a mean survival 

of 5 mo and a 2-yr survival rate of just 10% (109). The addition of CS increased 
the mean survival time to only 12 mo. The pioneer work by Wolf and Fauci at NIH 
in the early 1970s established that addition of daily oral CYC to CS, significantly 
improves survival (110). In a recent update of a large cohort of patients treated with 
this regimen at the same center by Hoffman et al., the mortality rate was 13% after 
a mean follow-up of 8 yr (86).

According to the NIH protocol, CYC is started at a dose of 2 mg/kg/d and is 
continued for 1 yr after remission (109). The dose can be gradually increased (by
25 mg/wk) for persistently active disease while avoiding leukopenia (white blood cell
count  3000/mm3). CS are used in combination, starting with 1 mg/kg/d of prednisone 
for 1 mo with gradual tapering. Using this approach a 90% initial remission rate was 
achieved but the number of relapses was almost 50% (86).

In a recent randomized trial from France, steroids plus iv pulses of CYC were compared 
to CS plus oral CYC (111). There were no statistically significant differences in terms 
of remission or 5-yr survival rates between the two groups. The group of patients that 
received iv pulses of CYC had fewer side effects but a higher number of relapses. Both 
groups of patients had a high rate of infectious complications, most likely related to the 
intensity of the CYC treatment. Similar results showing equal efficacy with decreased side 
effects of iv pulse vs oral CYC were reported in a smaller study by Haubitz et al. (112).
These two studies suggest that for patients with nonimmediately life-threatening disease or 
contraindications to oral CYC, pulse iv CYC could offer an alternative vital option.

In patients treated with the combination of CYC (oral or iv) and CS, most authors 
suggest the concomitant use of trimethoprim/sulfomethoxazole (T/S) as prophylaxis for 
Pneumocystis carinii pneumonia (109). Whether or not the use of T/S offers an additional 
benefit in these patients by preventing disease relapses is unclear (113).

Prolonged use of CYC in patients with WG has been associated with a number 
of serious side effects including infections and malignancies like carcinoma of the 
bladder (86). In an effort to reduce these hazardous side effects a number of alternative 
regimens have been tried. MTX in combination with steroids has been used either as 
induction therapy for patients with nonlife-threatening WG or as maintenance therapy 
after induction with CS and CYC.

In two studies including patients with nonlife-threatening WG, the combination of CS 
and MTX induced remission in ~70% of patients but the relapse rate was high, ranging 
from 36–50% (114,115). In contrast, the use of MTX as maintenance therapy for WG 
appears more promising. Langford et al. used MTX at doses ranging from 15–25 mg/wk 
in patients that have achieved complete remission after induction therapy with CS and 
CYC, with gradual tapering of CS (116). After a median follow-up of 13 mo, only 16% 
of patients have experienced relapse with few side effects.

Experience with other agents like CsA, AZA and intravenous immunoglobulins 
(IVIG) remains limited and anecdotal (117). Recently, MMF in combination with 
CS has been used as maintenance therapy in 9 patients with predominantly renal 
involvement with promising results (118). Similarly, good results have been achieved in 
a preliminary study of 20 patients with generalized WG with leflunomide (20–40 mg/d), 
an immunosuppressive agent currently in use for patients with RA (119).
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Based on the potential role of TNF-  in WG pathogenesis through its effects on 
granuloma formation, neutrophil and/or endothelial-cell priming, and cell-mediated 
immune responses, therapeutic strategies aiming at antagonizing its actions are currently 
underway. Specifically, in an open-label trial, Etanercept, a recombinant fusion protein 
consisting of soluble TNF- receptors and the Fc portion of human IgG1, was used in 
conjunction with standard-of-care regimens (120). Preliminary results revealed that 
the agent was well-tolerated and efficacious. The final results of this ongoing trial are 
eagerly anticipated in the near future.

Collectively, the results from these small studies emphasize the importance of “step 
down” regimens, including induction therapy with CS and CYC followed by a “less 
toxic” maintenance regimen (MTX, MMF, leflunomide, etc.) for the long-term treatment 
of patients with WG. A similar approach may be of value in other systemic vasculitides 
such as MPA, CSS, and PAN.

MICROSCOPIC POLYANGIITIS

Pathogenesis Definition
According to the Chapel Hill Consensus Conference, MPA is defined as a necrotizing 

vasculitis affecting capillaries, venules, and arterioles (small vessels) and occasionally 
small- or medium-size arteries, with few or no immune deposits (2). This mode of 
vascular involvement differentiates MPA from PAN, which by definition does not involve 
capillaries, venules, or arterioles (2). Furthermore, kidney and lung are characteristically 
involved in the form of necrotizing crescentic rapidly progressive glomerulonephritis 
and capillaritis, respectively.

Small vessels are involved in a focal segmental fashion with areas of necrosis and 
inflammation by a mixture of inflammatory cells (2,62). In contrast to WG and CSS, 
granulomas are absent (2,62). Similarly, aneurysm formation in medium-size arteries 
is rare, although aneurysms have been observed in small arteries of the kidneys (121).
D’Agati et al., examining kidney biopsies from patients with MPA, proposed that 
the earlier pathological finding of vessel-wall injury was the presence of endothelial-
cell edema and focal degeneration followed by subendothelial-fibrin deposition and 
infiltration by a variety of inflammatory cells including PMN and mononuclear cells 
(MNCs) (122). As mentioned earlier, several studies confirmed the relative absence of 
IC deposition in vessel walls (62,122,123).

Studies examining the pathogenesis of MPA in humans are limited. Pathogenetic 
theories that have been proposed are identical to those of WG, emphasizing the role 
of ANCA and cell-mediated processes. ANCA are detected in 50–75% of patients 
with MPA (77). Most of patient’s sera display a characteristic perinuclear IIF pattern 
(p-ANCA) reacting specifically to MPO. In vitro purified IgG (p-ANCA) or anti-MPO 
antibodies induce endothelial activation (124), activation of primed neutrophils (125)
with release of proinflammatory cytokines like IL-1 (126,127), and release of monocyte 
chemoattractant protein-1 (MCP-1) from monocytes (128).

Certain markers of cell-mediated immunity like serum levels of sIL-2R (97) and 
TNF- (129), as well as transcripts of TNF- and IL-1 in localized kidney lesions (129),
are upregulated in patients with MPA. Likewise, Simpson et al. observed an increased 
expression of the TCR V  2.1 gene in patients with MPA (130), whereas Griffith
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et al. showed T-cell reactivity to MPO (131), indicating a major role of T-cell-mediated 
responses in MPA pathogenesis.

Animal Models
Several animal models have been developed based on the presence of anti-MPO 

antibodies and their clinical and histological features that resemble human MPA (92).
These models include necrotizing vasculitis developing in Brown Norway rats after 
exposure to mercuric chloride (HgCl2), spontaneous necrotizing vasculitis in MRL/lpr 
and SCG/Ki mice and necrotizing vasculitis, crescentic glomerulonephritis, or lung 
disease developing in Brown-Norway rats after immunization with human MPO (92).
In the spontaneous and after exposure to HgCl2 models, anti-MPO antibodies are 
generated among numerous antibodies reacting against dsDNA, ssDNA, smooth muscle, 
and GBM antigens (92). Thus, it is unclear whether anti-MPO are the only antibodies 
involved in tissue injury in these models. Recently, Harper et al. showed that infusion 
of anti-MPO antibodies in MRL mice induced a neutrophilic vasculitis in 1/3 of the 
animals, only if preceded by neutrophil activation (by TNF- priming) and endothelial 
injury (132).

Similar results have been obtained in Brown Norway rats immunized with human 
MPO (132). These animals develop, a few weeks later, anti-human MPO antibodies 
crossreacting with rat MPO. Anti-MPO antibodies alone are not pathogenic in the 
immunized animals; in order to provoke tissue injury, neutrophil and monocyte activation 
accompanied by endothelial activation locally or systemically, are obligatory (92). Even 
under these optimal conditions, combined lung and kidney lesions resembling human 
MPA have not been observed in these animals.

Collectively, these data indicate a clear ability of anti-MPO antibodies to enhance and 
perpetuate tissue injury initially triggered by activated neutrophils in sites of endothelial 
injury, but do not prove a direct pathogenic role for these antibodies.

Therapeutic interventions were limited in these models. In rats exposed to HgCl2
administration of CsA during the early phases delayed the rise in anti-MPO antibodies 
and had an ameliorating effect on the development of necrotizing vasculitis. On the 
contrary, when given later, vasculitic lesions were exacerbated despite the absence of 
anti-MPO antibodies (133).

Clinical Data
Patients with MPA generally are treated similarly to patients with WG, although 

large controlled trials comparing different treatment immunosuppressive regimens have 
not been performed (59). In older studies, patients with MPA were grouped together 
with patients with PAN or patients with crescentic glomerulonephritis who were ANCA 
(+), so clear conclusions can not be easily drawn.

Combination treatment with CS and CYC is clearly superior to treatment with CS 
alone as initial treatment for patients with MPA (59,134). CS are used at similar doses 
with WG, except in cases with severe lung and/or kidney involvement where iv pulses of 
methylprednisolone are administered for a few days. iv pulses and oral CYC have been 
used with similar success in patients with MPA (59,134). Addition of plasma exchanges 
may be indicated in patients presenting with fulminant pulmonary-renal syndrome, 
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although adequate clinical data to support their use are lacking. IVIG has also been tried 
in patients with resistant disease with conflicting results (59).

Relapses after initial remission are observed in 30–46% of patients with MPA 
(59,134,135), emphasizing the need for maintenance immunosuppressive therapy in 
certain patients. Different agents including oral CYC (134), AZA (62), CsA (136), and 
MMF (118), have been used with variable success in small numbers of patients. As 
mentioned in the section regarding WG treatment, the use of new agents like leflunomide 
or anti-TNF-based therapies may be proven useful in these patients.

HYPERSENSITIVITY VASCULITIS

Definition-Pathogenesis
The term “hypersensitivity vasculitis” encompasses a heterogeneous group of 

vasculitides with characteristic predominant involvement of the small vessels of the 
skin (capillaries, venules, and occasionally arterioles). Skin may be the only site 
(termed “cutaneous leucocytoclastic vasculitis” according to the Chapel Hill Consensus 
Conference definition) (2) or one of multiple sites of vasculitic involvement (e.g., 
Henoch-Schönlein purpura-HSP or cryoglobulinemic vasculitis-CV). In 50–60% of 
the cases an initiating factor or associated disease can be identified (137,138). Certain 
features of hypersensitivity vasculitis like the localized IC and/or complement deposition 
and the presence of leukocytoclasis, are distinctive and may help differentiate it from 
other forms of systemic vasculitides with occasional skin involvement such as WG, 
CSS, and MPA.

A variety of exogenous or endogenous antigens can elicit the generation and deposition 
of pathogenic IC, leading to the characteristic vasculitic skin lesions. Igs, DNA, and 
tumor antigens are common examples of endogenous antigens causing hypersensitivity 
vasculitis, whereas among the exogenous antigens, drugs, food products, and viral or 
bacterial proteins have been also identified as frequent causes (137).

Histologically, a predominant neutrophilic vasculitis involving mainly the post-
capillary venules is present in skin biopsies (139). Biopsies of uninvolved skin sites from 
patients with hypersensitivity vasculitis show initially IC deposition in the vessel wall 
(139–141). The factors that lead to this vascular precipitation of IC are diverse, including 
the different physicochemical properties of the inciting IC, localized permeability 
of the endothelium and regional blood-flow characteristics (54,142). The majority 
of deposited Igs are of the IgM or IgG class, except in the case of HSP, where IgA 
is found. IC deposition is followed by activation of the complement cascade with 
release of chemotactic substances like C5a and generation of MAC (139–141). MAC 
deposition has been demonstrated in endothelial cells of clinically uninvolved skin 
(143), indicating that complement activation is an early event in the development of 
the vasculitic lesions. In vitro MAC has a deleterious effect on endothelium, causing 
endothelial-cell detachment (144).

Sequential skin biopsies from affected individuals have demonstrated an influx of 
PMN, following IC and complement deposition, in the vessel wall (139,145). Activated 
neutrophils release locally proteolytic enzymes and free-oxygen radicals, leading to 
vessel injury and fibrin deposition (146). The specific signals that recruit PMN in the 
post-capillary venule walls are unknown, but the recently identified chemokines like 
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IL-8 and cytokines like IL-1 may be of paramount importance. Elevated serum levels of 
IL-8 in patients with hypersensitivity vasculitis support this hypothesis (147).

Zax et al. in sequential biopsies from skin lesions from a patient with cutaneous 
vasculitis showed that after the neutrophilic-phase, MNCs appear in the vessel wall 
(145). Their ability to clear apoptotic material such as apoptotic neutrophils and cellular 
debris, may assist in the gradual spontaneous clearance of the vasculitic lesions that is 
observed in the majority of patients with hypersensitivity vasculitis (148). Persistence of 
the pathogenic IC as it commonly occurs in chronic viral infections like hepatitis B (149)
or C (150), may be responsible for persistent skin or other organ lesions.

Animal Models
The best-studied model of IC-mediated vascular injury resembling hypersensitivity 

vasculitis is that of Arthus reaction (151). In this model, sensitized animals to a specific 
antigen-like BSA receive a localized skin injection of BSA, with local formation of 
BSA/anti-BSA IC. Immunohistochemical studies reveal early deposition of IC in the 
vessels walls, where they bind to Fc receptors present on various cells and also activate 
complement. Release of C5a and other factors lead to the increased vascular permeability 
and influx of PMN in the vascular wall as well as local accumulation of platelets that 
release additional vasoactive amines. Activated neutrophils bind and phagocytose IC 
with subsequent release of proteinases (proteases, collagenases, and elastases) and 
free-oxygen radicals. These locally liberated substances amplify the vascular injury, 
giving the characteristic appearance of small-vessel vasculitis.

Depletion experiments have clearly shown that the Arthus reaction requires the 
combined presence of antigen, precipitating antibody, neutrophils, intact complement 
system, and presence of Fc-receptors on cell surfaces (152). The role of lymphocytes and 
macrophages is less clear regarding skin injury, but they may be involved in IC-mediated 
injury in other organs like kidneys, lung, joints, and so on. Inhibition of macrophage-
released cytokines has given contrasting results. Inhibition of TNF- had limited effect 
on skin vasculitis (153–155), whereas antagonism of IL-1 had an ameliorating effect 
on dermal vascular injury (153).

Manipulation of neutrophil, complement, and Fc-receptor function is associated with 
decreased Arthus reaction. Older studies have clearly shown that depletion of neutrophils 
leads to dimished neutrophil influx in the vascular wall (156). Recently, Hazenbos
et al. showed that mice deficient for the Fc receptor III (CD16) had a diminished Arthus 
reaction (157). Similar but less striking results were obtained in mice deficient for 
the C5a receptor (158).

Clinical Data
CUTANEOUS LEUCOCYTOCLASTIC ANGIITIS

A thorough clinical and laboratory evaluation is mandatory in patients with hyper-
sensitivity vasculitis in order to identify precipitating factors or associated conditions 
and also to evaluate the extent of organ involvement (60). Removal of the responsible 
factor (e.g., drug) or treatment of the associated condition (e.g., infection) may suffice 
as initial treatment for patients with disease confined exclusively to the skin (60). The 
prognosis of cutaneous leucocytoclastic angiitis is overall very good with most patients 
requiring no additional treatment (159). In some cases, symptomatic treatment with 
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nonsteroidal anti-inflammatory drugs (NSAIDs) and anti-histamines may be indicated. 
Whether or not short courses of oral CS ( 1 mo) shortens the duration or prevents 
chronicity of the skin vasculitic lesions is unknown. Their use should be probably 
reserved for severe symptomatic skin lesions and given for a short period of time
( 1 mo). Anecdotally colchicine has been suggested as an efficacious agent, but a recent 
prospective randomized controlled trial failed to show any benefit (160).

In patients with recurrent or chronic cutaneous vasculitis, immunosuppressive agents 
may be required. A number of agents have been tried in an uncontrolled manner 
including CS, CYC, MTX, NSAIDs, and AZA with variable success (60). The selection 
of the most efficacious and less toxic agent seems appropriate.

Systemic involvement in cases of hypersensitivity vasculitis has been demonstrated 
mainly in patients with HSP and CV, so their management is discussed separately 
below.

HENOCH-SCHÖNLEIN PURPURA

HSP predominantly affects children and carries a favorable prognosis, although 
relapses are observed in 30–40% of the cases (161). The role of immunosuppressive 
agents in the treatment of HSP is a highly controversial issue. CS are extensively used 
in patients with severe GI or renal involvement, although their ability to shorten the 
duration of symptoms and prevent abdominal complications or severe renal involvement 
has not been established (162,163).

For patients with severe renal involvement defined by the presence of >50% crescents 
in kidney biopsy, nephrotic syndrome, or renal insufficiency (164), high-dose CS or 
combination immunosuppressive therapy is indicated. Controlled trials are lacking, 
but results from uncontrolled or retrospective studies suggest a favorable effect of 
these therapies. Niaudet et al. recently showed that iv pulses of methylprednisolone 
followed by oral CS for ~3 mo resulted in clinical response in 70% of HSP cases 
with severe nephritis, with only 10% of the patients progressing to end-stage renal 
disease (165). Combination of CS with CYC has also given favorable results in two 
small studies (166,167). A less aggressive approach by combining CS with AZA 
appears as a promising combination for these predominantly young patients with severe 
renal involvement (168,169). Other modes of treatment include PEs (170) and IVIG 
administration (171), but given the small number of patients enrolled, additional studies 
are needed for evaluation of their efficacy.

In conclusion, for patients with severe renal involvement iv methylprednisolone 
followed by oral CS combined with AZA or CYC is recommended. For resistant cases,
PE or IVIG may be tried.

CRYOGLOBULINEMIC VASCULITIS

CV is an immune-complex-mediated, small-vessel vasculitis caused by circulating 
cryoglobulins (150). Cryoglobulins are classified according to their Ig composition 
as type I (monoclonal Ig), II (mixed, monoclonal, and polyclonal Ig), and III (mixed 
polyclonal Ig). Cryoglobulinemia is detected in different infections, neoplastic and 
connective-tissue disorders, whereas in certain cases the etiology is unknown (essential 
mixed cryoglobulinemia) (150). Despite the frequent presence of serum cryoglobulins, 
CV is rather uncommon. Over the last decade, it has been shown that most cases of CV 
are owing to an underlying chronic HCV infection (172).
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In cases of CV related to a known condition, therapy is aimed at treating the underlying 
disorder (e.g. infection, neoplasia, etc.) (60). A similar approach is followed in patients 
with an underlying HCV infection, who represent the majority of patients with CV. 
An initial assessment of the target-organ involvement by the vasculitic process is an 
essential first step in the treatment of these patients. For patients, with mild disease 
involving mainly skin or joints, a trial of antiviral therapy is indicated (173). In most 
trials, so far, IFN- in standard doses (3 million units three times a week for 6–12 mo) 
has been used with favorable results (173). Typically, patients who clear the virus 
show good clinical response, although relapses are frequent after the end of therapy 
(173). Recently, the combination of IFN- with ribavirin (1000–1200 mg/d) has been 
found to be superior to IFN-  monotherapy for the treatment of HCV infection, so this 
combination should be the current treatment of choice. Nevertheless, clinical experience 
in patients with CV is limited (174). In resistant cases, short courses of oral CS may 
be beneficial (60,150).

For patients with severe organ dysfunction, i.e., renal, nerve, GI, and so on, a 
combination of antiviral and immunosuppressive agents is appropriate. CS in combina-
tion with oral CYC have been used successfully in these patients (60). In cases with life-
threatening or progressive disease, the addition of plasmapheresis offers an additional 
benefit (60,150). Close monitoring of the renal and liver function is mandatory in these 
patients, while physicians should be aware of the potential of IFN- treatment to worsen 
underlying vasculitic lesions (175).

KAWASAKI DISEASE

Pathogenesis-Definition
Kawasaki disease (KD) is an acute vasculitic syndrome that affects primarily children 

under the age of 5, with involvement of small, medium, and large arteries (176). A specific 
predilection for the coronary arteries is characteristic with formation of aneurysms. The 
pattern of involvement resembles PAN, while the absence of involvement of arterioles, 
capillaries, and venules differentiates KD from MPA.

Clinically, four phases of the disease have been described (176,177). Phase 1 is 
characterized by the acute onset of fever; conjunctivitis; cervical lymphadenopathy; 
and edema of the hands, feet, and tongue (1–10 d). During that phase vasculitis of the 
small vessels is observed followed by vascular inflammation of medium- and large-size 
arteries. In phase 2, the inflammation in small vessels decreases but the characteristic 
aneurysms of medium-size vessels (i.e., coronary, iliac arteries) and thrombus formation 
occurs (10–25 d). In phase 3, further decrease of the inflammatory process ensues 
while fibrosis of the affected vessels develops (25–40 d). During phase 4, stenosis of 
involved blood vessels in areas of previous scar formation develops with prominent 
intimal thickening (40 d–4 yr).

During the acute phase of KD, a marked immune activation of lymphocytes (T and
B cells), macrophages, and vascular endothelial cells is evident (176,177). The infiltrating 
cells of the vessel walls are composed primarily of T lymphocytes (CD4 and CD8) and 
monocytes/macrophages, indicating a strong cellular immune response. Furthermore, 
circulating levels of cytokines like TNF- , IL-1, IL-6, and IFN- , cytokine receptors like 
IL-2R (177), chemokines like MCP-1 (178) and VEGF (179) are elevated, indicating a 
dominant endothelial and cell-mediated activation. Successful treatment of KD patients 
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with IVIG leads to a decrease of the elevated pro-inflammatory cytokine levels and 
endothelial activation, further supporting their role in disease pathogenesis (177,178).
AECA emerge during the acute phase of KD with cytotoxic activity against endothelial 
cells, which can further contribute to the vascular injury (177).

It is still unknown what triggers this profound cellular and endothelial-cell activation 
of young patients with KD. An infectious cause has long been suspected based on 
epidemiological observations of large-scale epidemics of KD in Japan, its self-limited 
course, the almost exclusive involvement of young children and the obvious therapeutic 
effect of IVIG (177). The selected expansion of TCR-bV2 (+) T cells in the peripheral 
blood and/or involved tissues, led to the hypothesis that a number of toxins with 
superantigen activity may be the initial trigger for immune activation (177). A number 
of candidate toxins released during staphylococcal and streptococcal infections 
have been identified providing strong evidence for their pathogenetic role (177). On 
the other hand, the occasional association of KD with a number of other bacterial 
(Propionobacterium acnes, Streptococcus sanguis) or viral (Epstein-Barr virus [EBV], 
parvovirus, adenovirus, varicella-zoster virus) infections, implies that other agents 
may be involved (176).

Animal Models
Lehman et al. have developed an animal model that closely resembles human 

KD (180). In this model, mice are injected intraperitoneally with a single dose of 
Lactobacillus casei (L. casei) cell wall fragments. Three to four weeks later, all mice 
develop an asymmetric coronary vasculitis characterized by endothelial and smooth-
muscle proliferation as well as by prominent MNC infiltration. Typical lumen narrowing 
or stenotic lesions are frequent findings (180).

Recently, Brahn et al. reported that early treatment of mice, injected with L. casei
cell-wall fragments, with an angiogenesis inhibitor (AGM-1470), resulted in 70% 
reduction of the coronary vasculitic lesions (181). The preliminary results of this study 
are encouraging and indicate a role of agents that interfere with endothelial activation 
at least during the early acute phase of the disease.

Clinical Data
Current recommendations regarding the treatment of KD include the combination 

of aspirin (ASA) and IVIG (177). ASA is given at a daily dose of 80–100 mg/kg (in
4 divided doses) during the acute phase of the disease, until the patient becomes afebrile. 
At that point, ASA dose is reduced to 3–5 mg/kg/d and is continued for 6–8 wk. In 
patients that develop coronary aneurysms, therapy is continued indefinitely (177). IVIG 
is given as single infusion at a dose of 2 g/kg over 10–12 h. For patients with recurrent 
fever, retreatment with IVIG at the same dose has been proposed (177).

Recently, the role of CS in the treatment of KD has been reevaluated (182). In 
a small study of four patients, Wright et al. observed a favorable effect of iv pulse 
methylprednisolone (30 mg/kg/d × 1–3 d) in patients with IVIG-resistant disease (183).
Similarly, in a retrospective study, Shinohara et al. found that addition of prednisolone 
to ASA or ASA + IVIG, led to a statistical decrease in the development of coronary 
aneurysms (184). An ongoing study of patients with acute KD comparing the standard 
regimen of IVIG + ASA to IVIV + ASA + iv pulse methylprednisolone, will help clarify 
the role of CS in the treatment of KD (185).
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The use of new agents aiming at the action of proinflammatory cytokines like 
TNF- or IL-1 may also be useful in these patients. Similarly, based on the animal 
model of L. casei, inhibitors of neoangiogenesis offer another potential target of 
future therapies.

CONCLUSIONS

The treatment of vasculitides is still based on traditional regimens containing CS in 
combination with different immunosuppressive agents. Despite their crucial impact on 
patient survival and preservation of major organ function as is the case in patients with 
WG, their long-term use is associated with significant morbidity and mortality. New 
immunosuppressive agents targeting different elements of the harmful host-immune 
response are gradually entering clinical trials, as is the case with anti-TNF-based 
strategies. Better delineation of the pathogenetic steps that culminate in vascular-wall 
inflammation will certainly identify new targets of therapy. Agents that act as inhibitors 
of neutrophil or lymphocyte recruitment in the vessel wall, inhibitors of neoangiogenesis, 
suppressors of endothelial-cell activation, or modulators of complement activation, are 
promising therapeutic candidates.

Furthermore, the discovery of infectious agents that are responsible for a number of 
different vasculitic syndromes (e.g., HCV for cryoglobulinemic vasculitis) provide the 
rational for the design of specific treatments aiming at complete eradication of these 
causative agents. Additional research in this fascinating area may lead to the discovery 
of new microorganisms or identify old agents that are causally related to until now 
considered “idiopathic” vasculitic syndromes. The enormous advances in the molecular 
techniques that are used for the identification and discovery of infectious agents over 
the last decade, provide a powerful tool in this direction.
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INTRODUCTION: PATHOGENESIS OF DISEASE
AND GOALS OF THERAPY

Juvenile rheumatoid arthritis (JRA) is a term that encompasses a number of chronic 
inflammatory conditions of childhood that, in many ways, are distinct entities in and 
of themselves. Age, gender, ethnicity, genetic factors, and geographic regions may all 
influence disease expression. Recent nomenclature, such as juvenile chronic arthritis and 
juvenile inflammatory (or idiopathic) arthritis, reflect attempts to recognize the variety 
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of diseases that now fall under this name. Traditionally, JRA subtypes were named 
based on the type of onset and/or the number of affected joints at the time of disease. 
Thus, the terms systemic onset, pauciarticular (oligoarticular), and polyarticular JRA 
became familiar in the lexicon of pediatric rheumatology. Recently, a new classification 
is being considered by the International League of Associations of Rheumatologists 
(ILAR) to more closely reflect clinically homogenous groups rather than onset type 
or clinical characteristics (1). The American College of Rheumatology (ACR) still 
holds as its classification criteria age of onset less than 16 yr; arthritis in one or more 
joints, duration of disease equal to or greater than 6 wk; oligoarticular, polyarticular, 
or systemic onset; and exclusion of other forms of juvenile arthritis. Of these subtypes, 
approx 10–20% present as systemic onset (prominent systemic symptoms such as fever 
and rash precede arthritis), about 40–60% as polyarthritis (>5 joints affects at time of 
onset), and about 40–50% as pauciarticular (<5 joints affected at time of onset). Of those 
who present with pauciarticular arthritis, there appear to be two predominant groups. 
The first group consists of girls less than 7 yr old, many of whom are antiniclear antibody 
(ANA) positive and have a higher risk of inflammatory uveitis. The second group, 
previously considered type-II pauciarticular onset, are male, often HLA-B27 positive, 
and go on to develop one of the diseases which belong to the spondlyloarthropathy 
group. Of note, patients with juvenile psoriatic arthritis and a positive ANA, have a 
clinical course that closely mimics pauci- or polyarticular JRA with arthritis (that can 
precede the development of a psoriatic rash) accompanied by uveitis.

It is important to note that systemic-onset JRA (SOJRA) is a diagnosis of exclusion, 
with a long differential diagnosis including viral syndromes, fever of unknown origin, 
and malignancy. Fever spikes in SOJRA typically return to normal at least once per day. 
There is a widely varied outcome for this subset of patients, who may recover fully, go on 
to have mild pauciarticular disease, or an especially aggressive systemic and polyarticular 
course. Of all the subtypes of JRA, systemic onset remains the most resistant to all 
forms of therapy and the most difficult therapeutic challenge. In its aggressive form, the 
extreme difficulty in controlling its extensive systemic and articular manifestations have 
prompted the use of most intensive and experimental therapies. This is also the form in 
which significant drug reactions are most commonly experienced.

Treatment of pediatric disease has long been hampered by the lack of drug trials 
of new medications in the pediatric population. The Food and Drug Administration 
(FDA) Modernization Act, “Pediatric Final Rule,” published in 1994, initiated specific 
requirements to provide information in product labeling for dosages and therapies in 
pediatric patients. More recently, pediatric provisions of the FDA Modernization Act 
require sponsors to include pediatric studies of drugs that are likely to be of therapeutic 
benefit to children (2). Any drug utilized in the pediatric population has to be studied 
with regard to its safety profile, pharmacokinetics, and efficacy. Many of the drugs 
used in pediatric rheumatology have been studied by the Pediatric Rheumatology 
Collaborative Study Group.

In fact, patients rarely adhere to the definitions of the subtypes as closely as the 
terminology would suggest. Although some patients tend to follow a much more clearly 
defined course, such as those with systemic-onset and polyarticular rhematoid factor 
(RF)-positive JRA, the progression of disease, response to treatment, and overall 
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prognosis of the vast majority of other patients is highly variable. Several subtypes can 
be identified as having a poorer outcome. These include adolescent girls who have an 
adult-like RA, with erosive, polyarticular disease with involvement of large and small 
joints, systemic onset patients with severe polyarticular disease, and oligoarticular 
patients who continue to add on involved joints over time. Overall, the pauciarticular-
onset patients who are ANA-negative and who do not progress to polyarticular disease 
(about 30%) have the most favorable outcome. Any patient, regardless of type of onset of 
JRA, can progress to polyarticular disease resulting in a more guarded prognosis. Like 
adult RA, the goals of treatment are aimed at preservation of joints, overall mobility, 
and quality of life. In addition, unique to pediatric patients, the promotion of growth 
and development is of paramount importance.

A number of features of patients with malignancy overlap with rheumatic disease 
including fever, fatigue, weight loss, hepatomegaly, and arthritis (3). The presence of 
leukopenia, thrombocytopenia, or elevated lactase dehydrogenase should immediately 
suggest the need for bone marrow examination. The presence of significant nonarticular 
pain, especially back pain that is out of proportion with the physical findings, should 
also raise the suspicion of a diagnosis of malignancy. It is of importance to note 
that the articular pain of some patients with malignancy may respond favorably to 
anti-inflammatory therapy, thereby delaying the diagnosis.

EPIDEMIOLOGY AND GENETICS OF DISEASE

The occurrence of JRA has ethnic and geographic variations. Although reporting 
bias and patterns of referral can influence prevalence rates, there is a general consensus 
in the rheumatology community that there are true ethnic differences in diagnostic 
types of disease. In the United States, pauciarticular JRA is most common in young 
Caucasian females, whereas African-American children are more likely to present at 
an older age and have polyarticular disease. In addition, African-American children are 
more likely to be ANA-negative than Caucasian children (4).

The genetic predisposition to JRA is likely complex and multifactorial. Although JRA 
has been described in sibpairs (5), familial disease is quite rare. Several chromosomal 
syndromes have associations with JRA, including 22q11 deletion (6), 22q11.2 deletion, 
and Trisomy 21 and 18q- syndromes (7). Genetic differences may influence not 
only disease expression, but therapeutic responses as well. Of the different groups, 
pauciarticular disease appears most easily identifiable as an immunogenetically dis-
tinct entity and has been closely associated with a number of HLA antigens such as
DR5, DR6, DR8, and DPw2.1 (8). As summarized by Glass and Giannini (9), DR1
and DR4 have been reported to be associated with polyarticular disease, and interestingly, 
DR1 is associated with pauciarticular patients who later extend to polyarticular disease. 
Combinations of major histocompatibility genes are also associated with different 
subgroups of JRA. In older males with pauciarticular disease, HLA-B27 is associated 
with later development of spondlyloarthropathy. The proposal that JRA is a complex 
genetic trait is based on the idea that in diseases that show genetic predisposition, 
although not significant familial tendency, interactions of multiple genes are necessary 
for disease to occur (9).
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POTENTIAL IMMUNOPATHOLOGICAL MECHANISMS OF DISEASE

Recent research has provided preliminary evidence regarding the relationships 
between immunogenetic factors and the pro- and anti-inflammatory effects of cytokines 
in JRA. Study of the immunopathogenesis of JRA has revealed a possible mixed 
T-helper 1 and TH2 cell response pattern in children with JRA. T cells produce a 
variety of factors that promote cell-mediated immunity and humoral antibody-mediated 
responses. TH1 cells stimulate the production of proinflammatory cytokines such 
as interleukin-2 (IL-2), interferon- (IFN- ), tumor necrosis factor- (TNF- ) and 
tumor necrosis factor- (TNF- ). TH2 cells promote production of anti-inflammatory 
cytokines including IL-4, IL-10, and transforming growth factor- (TGF- ). Raziuddin 
et al. (10) studied 10 children with active systemic-onset disease and found enhanced 
IL-4 and IL-10 production. In another study, Murray et al. (11) noted differences in 
synovial-fluid levels of IL-4 and IL-10 in patients of different subtypes and in patients 
with and without erosive disease. They also noted that, on the whole, type 1 cytokines, 
such as IL-2 and INF- were more uniformly associated with all forms of JRA than 
type 2 cytokines. Elevated IL-6 levels have been found to be associated with SOJRA 
and to correlate with disease activity (12). A mixed pattern of production of TH1 and 
TH2 cells in JRA has implications for therapeutic strategies that seek to restore the 
persistent imbalances of proinflammatory and anti-inflammatory cytokines. How this 
loss of normal homeostasis is triggered, whether by an acute infectious event and/or by 
a genetic predisposition or other mechanism, is still unclear.

Recent research has also highlighted the differences between the subgroups of JRA 
by demonstrating differences in cellular activation for different types. For example, 
Gattorno et al. (13) found a relationship between IL-12 concentrations in JRA patients and 
activity of disease, positively correlating with disease activity, erythrocyte sedimentation 
rate (ESR), and C-reative protein (CRP). IL-8 and MCP-1 (monocyte chemoattractant 
protein-1) were found to be elevated in patients with active SOJRA (14). IL-6 has also 
been implicated as having a role in disease activity in SOJRA, after being shown by 
Keul et al. to be present in higher concentrations in patients with systemic-onset disease 
and to correlate with the presence of fever in these patients (15). Differences in cytokine 
profiles between systemic-onset and polyarticular JRA were also seen by Rooney et al. 
(12), who found that IL-6 levels were higher in the systemic onset group and correlated 
with febrile phases of disease in five patients. Grom and colleagues detected TNF- and 
TNF-  in synovial tissues of patients with JRA, and the presence of TNF-  was unique 
to JRA as compared to adult RA. In addition, they noted that expression of TNF- was 
more intense in polyarticular JRA than persistent pauciarticular-course JRA (16). Woo 
has observed significantly higher TNF-  levels in the synovial fluid of patients with 
polyarticular vs pauciarticular or spondlyloarthropathy disease (17). Mangge et al. (18)
has found elevated serum levels of sTNFR in patients with all subtypes of JRA, with 
the highest values demonstrated in patients with SOJRA. In 1995, Horneff et al (19)
attempted to interrupt T-cell activation by treating two children with refractory SOJRA 
with monoclonal CD4 antibodies. They found that the anti-CD4 treatment resulted in 
decreases in the number of CD4 T cells in the peripheral blood and significant but 
transient improvements of clinical disease-activity markers. De Benedetti et al. (14),
also studying patients with systemic JRA had higher serum levels of IL-8 and MCP-1 as 
compared to controls or patients with polyarticular or pauciarticular disease.
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CORRELATES OF DISEASE ACTIVITY

In general, unlike in RA, traditional markers of disease activity such as ESR and 
CRP have not measured well against clinical evidence of arthritis in JRA. Thus, there 
is a continuing search for objective and reliable markers of disease activity specific to 
JRA. Bakkaloglu et al. (20) observed alterations in lipoprotein patterns that correlated 
with disease activity. In their study, HDL, ApoA, and ApoA1/ApoB ratios inversely 
correlated with laboratory indices of inflammation such as ESR and CRP. This finding 
was most strongly noted in patients with polyarticular disease. A correlation between 
increased serum hyaluronic acid (HA) levels and severity of joint symptoms was seen 
in polyarticular and systemic JRA patients by Takei et al. (21). This finding was not 
seen in patients with pauciarticular disease, presumably because these patients have a 
smaller synovitis mass and produce lower levels of HA in response to inflammatory 
cytokines such as IL-1 and TNF- . This same group, in a separate study (22), noted 
significantly higher levels of vascular endothelial growth factor (VEGF) in systemic 
and polyarticular JRA. In addition, they reported that serum VEGF levels correlated 
with disease activity, ESR, and serum HA levels in patients with polyarticular disease. 
Increased levels of serum IL-1Ra, noted in patients with systemic-onset disease, have 
been correlated with disease activity (23). A relationship between serum concentrations 
of prolactin and antinuclear antibody seropositivity in prepubertal girls with JRA was 
seen by McMurray et al. (24), but levels did not correlate with disease duration, subtype, 
severity, ANA titer, or uveitis.

Comparisons of clinical data with indices of clinical disease have identified potential 
synovial-fluid correlates of disease activity. In patients with systemic JRA, increased 
levels of synovial-fluid level of IL-6 and significant increases in synovial IL-1 in 
patients with pauciarticular JRA have been reported (25). Differing synovial-fluid 
cytokine profiles in different forms of JRA were seen by Murray et al. (11) who found 
IL-4 more closely associated with pauciarticular vs polyarticular or systemic-onset 
disease. In addition, they noted that the combination of IL-4 and IL-10 was more 
commonly found in patients with nonerosive vs erosive disease. Reduced levels of 
testosterone and dehydroepiandrosterone sulphate (DHEA-S) has been noted in the 
synovial fluid (and serum) of pubertal JRA patients (26). Falcini et al. (27) documented 
increased concentrations of nerve growth factor (NGF) in 80 children in the active 
and inactive phases of systemic, polyarticular, and pauciarticular disease, and found a 
correlation of increased levels with clinical and laboratory indices of clinical activity.

THERAPEUTIC CHOICES

Current approaches to therapy recognize that a number of broad categories of JRA 
exist and that, in a very general way, strategies for therapy can be guided by what 
group best fits the patients’ clinical presentation and course. These categories include 
SOJRA with polyarticular joint disease, pauciarticular disease in younger patients
(<9 yr), extended pauciarticular disease (pauciarticular at time of onset with subsequent 
progression to polyarticular disease), polyarticular rheumatoid factor-negative disease 
(a very diverse group), and polyarticular, RF-positive disease (primarily seen in teenage 
girls). Other identified subgroups such as arthritis associated with psoriasis and arthritis 
associated with enthesitis or a spondyloarthropathy will not be discussed here. With the 
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exception of the children with mild pauciarticular disease who respond to nonsteroidal, 
anti-inflammatory drugs (NSAID) therapy and/or intra-articular steroids, other patients 
frequently require combination therapy that incorporates NSAID; second-line agents 
such as methotrexate and glucocorticoids; immunosuppressants such as cyclosporin; 
and possibly biologics such as etanercept, or newer experimental interventions such as 
hematopoeitic stem cell transplantation. Hydroxychloroquine and sulfasalazine are still 
used as part of combination therapy, but methotrexate now holds the position as the drug 
of choice of the second-line agents for patients with moderate to severe disease who fail 
NSAID therapy, and etanercept is prescribed increasingly. Second-line agents such as 
penicillamine and intramuscular gold no longer serve as therapy after NSAIDs.

NONSTEROIDAL ANTI-INFLAMMATORY DRUGS

NSAIDs inhibit prostaglandin synthesis, specifically by inhibiting the enzyme 
cyclooxygenase (COX). Two COX isoforms exist: COX-1 is thought to function in 
gastric mucosa, kidneys, and platelets, and COX-2 is thought to be produced in areas 
of inflammation. Selective inhibition of COX-2 preserves the normal gastric mucosal 
protection by prostaglandins while mediating anti-inflammatory actions (28).

NSAIDs remain first-line therapy for patients with all types of JRA. Aspirin is 
now infrequently used owing to its association with Reye’s Syndrome. Of the classic 
NSAIDs, several have been approved for pediatric use (see Table 1). Of those that 
are not approved, an appropriate dose based on body weight is calculated from the 
adult recommendations. There is considerable clinical experience in the use of the 
other well-known NSAIDs such as naproxyn, tolmentin, ibuprofen, indocin, diclofenac, 
and sulindac. Occasionally, and especially in the adolescent age group, oxaprozin, 
nabumetone, and diclofenac are useful. As in any group of patients, compliance is 
lower with medications requiring frequent dosing schedules. This is particularly true 
for children of school age who must have separate medications dispensed to them by 
identified individuals at school. Naproxyn, in particular, is useful as it comes in liquid 
and tablet preparations and has a BID-dosing schedule that encourages compliance in 
younger school-aged children and adolescents. NSAIDs have been noted to cause an 
unusual rash that may appear initially as small vesicles or blisters and evolve into small 
linear scars, particularly on the face. Facial scarring is more common in light-skinned 
children with blue or green eyes and may not be apparent to the patient or parent (29).
The appearance of scarring should prompt discontinuation of the medication, as it 
may not resolve over time. Originally described as a “pseudo-porphyria” type of rash, 
the etiology is still unclear. Various reports in the literature indicate naproxyn as the 
most common cause. Indomethacin appears to be very efficacious in older children 
and adolescents, but its significant central nervous system side effects can limit its 
use. A pediatric patient may respond better to one of the classic NSAIDs than another. 
NSAID-associated gastrointestinal (GI) toxicity in children appears to be less common 
than in adults, but it is our experience that it increases as children approach adolescent 
age. Vigilance in instructing parents and patients of the signs and symptoms of GI 
toxicity is critical and we recommend that our patients always take these medications 
with meals. In addition, we use many of the medications used for GI protection such as 
H2-blockers and proton-pump inhibitors for our patients.
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COX-2 inhibitors, now used widely in the adult population, are being used for selected 
pediatric patients, but no clinical trials of their efficacy for treatment of JRA have been 
reported as yet. Their value, as with adults, is the limited gastric complications such 
as erosions, ulcerations, and bleeding that occur with COX-1 NSAIDs. They may not, 
however, be completely free of gastric toxicity, particularly in patients with a prior 
history of GI mucosal problems or Helicobacter pylori infection (30). It is reasonable 
to consider their use for individual pediatric patients who clinically respond to a classic 
NSAIDs but are unable to tolerate their GI side effects, or for patients who have the 
more adult-like form of RF-positive polyarticular JRA.

SECOND-LINE AGENTS: METHOTREXATE, LEFLUNOMIDE, 
HYDROXYCHLOROQUINE, SULFASALAZINE,

GOLD, AND PENICILLAMINE

Second-line agents typically have slower anti-inflammatory effects than NSAIDs, 
but over time they can delay the destructive nature of erosive articular disease. In the 
literature they have been classified as disease-modifying drugs (DMARDs), slow-acting 
antirheumatic drugs (SAARDs), or second-line agents. Their optimal therapeutic effects 
are often not seen for 3–6 mo, but if after that period of time, the patient has not 
responded at all, the drug should be discontinued and an alternate therapy instituted. If 
the response was partial, an additional drug should be added to the regimen. At this time, 
methotrexate (MTX) is the most widely used for children with any form of moderate or 
severe JRA. In randomized, placebo-controlled trials of the comparative efficacy of four 
therapeutic agents used to treat JRA—D-penicillamine, hydroxychloroquine, auranofin, 
and MTX—only MTX resulted in a significantly greater improvement than placebo (31).
In a rare individual patient, hydroxychloroquine is still used as a form of therapy. Patients 
with systemic-onset disease may be more predisposed to adverse drug reactions from 
SAARDs (32), including macrophage-activation syndrome (MAS) (33).

The efficacy of MTX as a disease-modifying, second-line drug in JRA has been 
established by several studies, and it is currently the most widely used second-line 
therapy for JRA. It is still not entirely clear what the action of MTX is as a DMARD. 
Cronstein et al. (34) have suggested that the anti-inflammatory mechanism of MTX is 
increased adenosine release at inflamed sites rather than its more well-known effect of 
binding to dihydrofolate reductase and depleting folic acid. It has also been proposed 
that MTX promotes apoptosis of activated peripheral T cells (35).

Depletion of folate may be one factor responsible for MTX action, and in a randomized 
double-blind placebo crossover (DBPC) study of 18 patients with active JRA over a 
12-wk period, standard folic-acid supplementation did not alter the clinical efficacy of 
weekly oral MTX (36). Folic acid is used often as a supplement to MTX therapy with 
the presumption that it will decrease the toxicity of the drug without compromising 
its efficacy.

In an unexpected finding, Falcini et al. (37) reported a single case of accelerated 
nodulosis in a young girl with RF-, ANA-, systemic-onset JRA as a side effect of MTX 
therapy. Reports in the adult literature, as noted by Wallace (38), suggest that rheumatoid 
nodules that develop during MTX therapy may stabilize or regress with or without 
discontinuation of MTX. The MTX that accelerated rheumatoid nodulosis is possibly 
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Table 1
Drugs Used in the Treatment of Juvenile Rheumatoid Arthritis

Dose and   Contraindications Adverse 
route of Initial Follow-up and drug

Drug Dosage form administration labs labs precautions reactions

Prednisone 1, 2.5, 5, 10, 20, 50 Variable Varies Varies Systemic infection, Adrenal insufficiency
mg tabs    CHF, HTN, steroid psychosis,
5 mg/5 mL Low dose:   diabetes, immunosuppression,
solution <0.5 mg/kg/d   seizure disorder, GI upset, peptic ulcer

High dose:   osteoporosis, osteoporosis,
2 mg/kg/d   abnormal LFTs pseudotumor cerebri,
divided    pancreatitis,
TID-QID    anaphylaxis, edema,

appetite changes,
mood changes,
insomnia, anxiety,
headache, dizziness,
HTN, acne, skin
atrophy, cushingoid
features, menstrual
changes, electrolyte
abnls.

Prednisolone 15 mg/5 mL syrup Variable Varies Varies              ‘‘  ‘‘
Naproxen 200 mg (OTC) 10-20 mg/kg/d AST AST Viral syndrome, Elevated AST/ALT,

250, 375, 500 PO, div. BID, ALT ALT influenza, gastritis, ulcers,
mg tabs, 1000 mg/d  UA UA varicella, hematuria,
125/5cc suspension max. dose BUN Q 3–4 ASA sensitivity elevated BUN,

Creat mo  hypertension, rash,
facial scarring

Ibuprofen 200 mg (OTC) 30–40 mg/kg/d    ‘‘   ‘‘  ‘‘  ‘‘
400, 600, 800 PO, div. QID
mg tabs, 2400 mg/d
100 mg/5cc max. dose
suspension

Tolmentin 200 mg tab 20–30 mg/kg/d    ‘‘   ‘‘  ‘‘  ‘‘
400 mg cap PO, div. TID,

1600 mg/d 
max. dose

Indomethacin 25 mg cap 1–3 mg/kg/d    ‘‘   ‘‘  ‘‘  ‘‘
75 mg SR cap PO, div.
25/5cc suspension TID (BID–SR)

150 mg/d 
max. dose 

Sulindac 150, 200 mg tab 4–6 mg/kg/d    ‘‘   ‘‘  ‘‘  ‘‘
PO, div. BID
400 mg/d 
max. dose

Celecoxib 100, 200 mg 100–200 mg  AST   ‘‘ Sulfonamide Renal toxicity,
capsules PO BID ALT  allergy,     GI irritation,

400 mg/d BUN  NSAID allergy     elevation AST, 
max. dose Creat  including ASA     ALT, bone marrow

triad, edema     toxicity
Refecoxib 12.5, 25 mg tablets, 12.5–25 mg    ‘‘   ‘‘  ‘‘  ‘‘

12.5 mg/5cc and  PO Q day
25 mg/5cc 25 mg/d
suspension max. dose
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Table 1 (continued)

Dose and   Contraindications Adverse 
route of Initial Follow-up and drug

Drug Dosage form administration labs labs precautions reactions

Hydroxy- 200 mg tab 5–7 mg/kg  Eye Eye Retinal or visual Retinopathy
chloroquine  PO Q day exam exam field changes, including blurred

400 mg/d max.  q 4 inability to be tested vision, photophobia,
dose  mo for color vision visual field defects

GI irritation,
bone marrow
suppression,
dermatitis

Sulfasalazine 500 mg tab 40-60 mg/kg/d G6PD CBC q G6Pdeficiency GI irritation, rash,
PO, div. test, 4 wk sulfonamide allergy mucosal ulcers,
TID-QID, CBC × 2  LFT abnormalities,
3 g/d AST mo,  BM suppression,
max. dose ALT then  poor folate
Optimal dose BUN q 3  absorption,
should be Creat mo  reversible
achieved over    oligospermia,
6–8 wk    CNS effects (HA,

nausea, dizziness,
depression, anorexia)

Methotrexate 2.5 mg tab 0.3–1.0 mg/kg/wk CBC CBC, Alcohol use Headache, nausea,
25 mg/1 mL PO or SC, AST AST, pregnancy, or at dizziness,
suspension 40 mg/wk ALT ALT q risk for pregnancy mood changes, rash,

max. dose  month  weight loss,
oligospermia,
interstitial
pneumonitis, hepatic

      fibrosis, bone
marrow suppression

Etanercept 25 mg in 0.4 mg/kg Update   ‘‘ Serious infection or Immunosuppression,
single use vial, (max. 25 mg  immuni-  sepsis, do not infection,
reconstituted with per dose), zations  give concurrently  gastroenteritis,
diluent given twice prior  with live vaccines. depression,
given SC weekly to use  Liver enzyme personality disorder,

given SC CBC  elevation, cutaneous ulcer,
72–96 h AST  autoimmune esophagitis,
apart ALT  syndromes, gastritis, emesis,

thrombotic events headache, nausea,
abdominal pain,
injection site reaction

Infliximab 100 mg in 3 mg/kg PPD   ‘‘ Positive Infusion reactions,
20-mL vial (approx 200 mg)   PPD test headache,

IV per infusion    rash,
Given at 0, 2,    URI,
and 6 wk,    anti-dsDNA
and q 4 wk    antibodies with drug-
thereafter    induced lupus-like

illness
Gold 50 mg/mL 1 mg/kg/wk CBC, CBC, Renal disease, Dermatitis, stomatitis,
(water or oil  IM UA UA, leukopenia, proteinuria,
soluble)    with Q thrombocytopenia hematuria,

dose  bone marrow
depression
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mediated by the engagement of adenosine receptors. A similar cellular mechanism is 
thought to be responsible for CNS toxicity such as headaches, lightheadedness, and 
cognitive dysfunction (39).

Critical decisions in MTX use continue to focus on timing of initiation of therapy, 
length of therapy, timing of discontinuation of treatment, its use in combination with 
other drugs, and identifying the relationship between the onset type of JRA and 
response to therapy.

In a double-blind, placebo-controlled study in 1992, Giannini et al. (40) established 
MTX as a disease-modifying agent for use in JRA. In this study, children treated once 
weekly with MTX in oral doses of 10 mg/m2 showed significantly reduced indexes of 
articular severity as compared to patients treated with placebo. These findings were 
strengthened by the work of Ravelli et al. (41) who evaluated 26 patients treated for 
2 yr with an average of 9.5 mg/m2/wk of MTX. Patients who were responders to the 
therapy not only showed clinical improvement but improved radiologic outcomes as 
well, as measured by the degree of deterioration of carpal length. Harel et al. (42) had
previously concluded that MTX could be viewed as a disease-modifying drug by noting 
an improvement in carpal length (no progression of erosions or joint-space narrowing) 
in pediatric patients responsive to MTX after 2.5 yr of treatment.

In addition to improving clinical and laboratory indicators of inflammation (joint 
mobility, swelling, pain, and tenderness, morning stiffness, elevation of acute-phase 
reactants), MTX has been demonstrated to simultaneously improve direct measures 
of functional improvement, a major goal in the treatment of children (43). MTX 
is now the most commonly used second-line agent for patients who have failed to 
respond to NSAID therapy. In patients with very aggressive polyarticular JRA, MTX 
is started early after the establishment of the diagnosis. In some patients, MTX is used 
in combination with other second-line therapies in cases where patients have failed to 
respond adequately to a single agent.

Overall, MTX has an excellent safety profile in the pediatric population. This is 
likely owing, in part, to the lower prevalence of risk factors such as diabetes, obesity, 
alcohol consumption, and preexisting liver disease. Early experience in treating pediatric 
patients did reveal, as expected from reports in the adult literature, that pediatric patients 
on MTX therapy had elevations in serum liver aminotransferases, which resolved 
after stopping the medication. As in adults, once weekly (vs every 2nd or 3rd d) doses
decreases the length of exposure to high plasma levels, and reduces toxicity (44).
Although the complication of MTX-induced hypersensitivity pneumonitis is well-
documented in the adult literature, it is exceptionally rare in the pediatric population. 
A report by Cron et al. in 1998 (45) described one patient with polyarticular JRA 
who developed pulmonary complications that resolved with corticosteroid therapy and 
discontinuation of MTX. In 1996, Kugathasan et al. (46) evaluated nine children by 
liver biopsy to address the concern about subclinical liver toxicity. After receiving MTX 
10 mg/m2/wk for at least 3 yr, biopsy findings showed no evidence of liver fibrosis, 
hepatocyte necrosis, or inflammation. Hashkes et al. (47) reviewed 33 biopsy specimens 
from 25 patients with JRA for MTX-induced liver toxicity. Although a significant 
association was noted between abnormalities in liver transaminases and fibrosis, only 
two patients showed mild fibrosis (Roenigk Classification IIIA), and no patient showed 
severe fibrosis (Grade IIIB or IV). Additionally, 27 specimens (82%) had normal 
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histology or mild changes (Grade I) and 4 specimens (6%) demonstrated hepatocellular, 
inflammatory, fatty, or necrotic changes (Grade II). Because identifying risk factors for 
hepatotoxicity in pediatric patients are still elusive, serial aminotransferase determina-
tions, considered acceptable indicators of hepatocellular damage, remain an integral 
part of care. However, concerns regarding potential long-term complications such as 
hepatotoxicity, risk of infection, pulmonary fibrosis, and malignancy owing to prolonged 
MTX therapy have led investigators to discontinue the treatment after patients had been 
well-controlled for variable periods of time. Although efforts to define the optimal 
time to discontinue therapy have thus far eluded investigators, a number of studies have 
revealed important considerations of therapy. In a retrospective review of 101 children, 
Gottleib et al. (48) demonstrated that a significant proportion (40–58%) of their patients 
in all onset groups, who had achieved apparent remission with MTX therapy, relapsed 
when MTX was discontinued. Follow-up data suggested that these same patients were 
unable to achieve remission at their previous MTX doses. Ravelli et al. (49) reviewed 
the outcome of children responsive to MTX therapy whose MTX was discontinued after 
remission was achieved. Their retrospective review revealed that discontinuation of MTX 
therapy was least successful in the subgroup of patients with extended pauciarticular 
JRA (oligoarticular JRA that has progressed to a polyarticular form). In summary, the 
aforementioned studies have helped to establish MTX as a disease-modifying agent, 
and shed light on the possibility of relapse after discontinuation of MTX therapy. In 
fact, the variability of the disease in individual patients makes it difficult to apply 
an interpretation of outcomes of therapy to a broader group of patients. As it stands, 
the optimal method, timing, and patient selection for discontinuation of MTX therapy 
is still uncertain.

MTX has the additional advantage of being beneficial in the treatment of resistant 
uveitis in children with JRA. Despite diligent surveillance with slit-lamp exam and 
early detection of the asymptomatic uveitis strongly associated with JRA, chronic 
inflammatory anterior uveitis is still a potentially severe complication of JRA in a few 
patients. MTX offers an addition and/or alternative to chronic systemic steroid use that 
has previously been the mainstay of treatment for uveitis. As Kotaniemi (50) has noted, 
a significant proportion of patients, up to 25%, respond poorly to topical corticosteroids, 
and may develop complications of cataracts, glaucoma, macular edema, and severe 
visual loss. Weiss et al. (51) found that six of seven patients with severe chronic uveitis 
(all pauciarticular onset) who failed both topical and subsequent systemic or periocular 
(injection) corticosteroid therapy responded to MTX (0.5–1.0 mg/kg/wk administered 
subcutaneously), showing significant reduction in the severity of uveitis. MTX has also 
been used as part of a combination therapy with oral corticosteroids and cyclosporin A to 
control uveitis that occurred in patients with long-standing arthritis (50).

MTX dosing in pediatric patients is based, most conveniently, on a mg per kg weight 
calculation. MTX is most commonly administered in the 2.5 mg tablet form. However, in 
pediatric patients who require small doses, cannot swallow tablets, or cannot tolerate the 
tablets, the injectable form of MTX (25 mg/mL) may be taken by mouth (administered 
by a syringe). Taken orally, MTX is given once weekly at 0.3–1.0 mg/kg/dose. In 
prepubertal children, the typical starting dose is 0.4–0.5 mg/kg/wk with a maximum 
dose of 40 mg/wk. The optimal dose for an individual patient is usually reached within a 
few months from the start of therapy. MTX may be better absorbed if taken without food, 
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particularly at the higher doses. In each individual, oral MTX may reach a saturation 
point, so that absorption is limited despite an increase in the dose. Peak serum levels 
are reached approx 1–2 h after ingestion and are highly variable. If a patient does 
not respond adequately to oral doses (especially above 0.6 mg/kg/wk), or cannot 
tolerate the GI effects (primarily nausea and emesis), a subcutaneous dose can be 
substituted. Absorption by the subcutaneous route differs from oral absorption of 
MTX at about 10 mg/m2 (52). In our experience, there are a few patients who develop 
such an exceptional aversion to MTX that they are unable to tolerate even the look 
or smell of the medication.

Leflunomide, a new second-line agent, inhibits de novo pyrimidine synthesis, thus 
inhibiting reversible cell-cycle arrest in cells particularly sensitive to this effect, such as 
activated lymphocytes involved with joint inflammation. In the adult population, it has 
been found to be well-tolerated (53) and an equally effective single agent as MTX and 
sulfasalazine for the signs and symptoms of RA, and phase III trials showed slowing 
of the radiologic parameters of disease progression (54). Because leflunomide inhibits 
T-cell proliferation, which MTX does not, the combination of both drugs have been 
evaluated in a small open study. Although found to be well-tolerated by patients, it 
was associated with elevation of serum transaminase levels (55). Its use as a single or 
combination drug in the pediatric population has not been studied in controlled trials, 
and it is not currently being recommended for this population. It may, in the future, be 
considered for treatment of individual patients with RF-positive, adult-like JRA who 
are not responding to other therapies.

Hydroxychloroquine, an antimalarial drug, has a good safety profile in the pediatric 
population. Its taste and availability as a 200-mg tablet, however, can limit its usefulness 
in smaller children, and it is not considered highly efficacious as a single agent. The 
pediatric dose is 5–7 mg/kg/d (maximum 400 mg/d). Among its side effects is a 
retinopathy that affects color vision, thus it should not be used in children who cannot 
cooperate with color-vision testing, which needs to be done routinely every 4–6 mo 
(56). As noted earlier, it is no longer common practice to use this medication as single 
therapy, but it can be useful in certain individual patients or as part of a combination 
therapy with MTX and/or sulfasalazine.

Sulfasalazine has been widely used as a second-line agent for adult and pediatric 
arthritis since the 1970s. A combination sulfonamide and salicylate preparation, the 
mechanism of its effectiveness in treating JRA is not well-understood, but may be 
related to effects on folate transport, like MTX, or inactivation of prostaglandins. Its 
recommended dosage is 40–60 mg/kg/d. The drug is available as a 500-mg enteric-
coated and nonenteric-coated tablet. The dose is gradually built up over 6–8 wk starting 
as one tablet/d or one tablet BID, with gradual increases every 2 wk up to the desired 
dose or maximum of 3 g/d. Side effects are predominantly GI and are less common with 
the enteric-coated preparation. Rashes occur in up to 5% of patients and a reversible 
oligospermia has been reported (57). It is contraindicated in patients with sulfa allergy 
or G6PD deficiency. When used as combination therapy with MTX or azathioprine, 
folic-acid supplementation is recommended to reduce bone marrow suppression and GI 
side effects (58). Recently, its use has been studied in 32 seronegative patients with 
JRA as a second-line medication along with NSAID therapy in an open prospective 
study (59). Of the patients studied (21 with pauciarticular, 10 with polyarticular, and 1 
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with systemic-onset disease), a significant response, as measured by a disease activity 
index improvement of greater than 50%, was observed in 24 of 31 patients at the 
end of a 6-mo period. The small numbers of patients were inadequate to evaluate the 
relationship between efficacy and type of disease. It is our experience that patients 
with spondlyloarthropathy and/or moderate to severe polyarticular or oligoarticular 
JRA may respond well to sulfasalazine as a single drug when it is used in combination 
with MTX and/or hydroxychloroquine. Penicillamine is now a very rarely, if ever, 
used medication for JRA.

Gold compounds are available in water and oil-based preparations, and can be given 
intramuscularly. Prior to the recent practice of MTX use as second-line treatment, 
gold was considered an excellent choice as second-line treatment for the patient with 
polyarticular disease that failed NSAID or other SAARD therapy. As noted by Cassidy 
(56), the average response rate to intramuscular gold is about 50%, but there are also 
adverse effects that can lead to discontinuation of therapy. An initial test dose of
2.5 or 5 mg is given as the first dose, followed by a weekly increasing dosage schedule 
up to 1 mg/kg/wk to a maximum of 50 mg/dose. Over time, and with improvement, the 
dosage schedule can be gradually expanded to an every 2–4 wk regimen. Surveillance 
requires a complete blood count (CBC) and urinalysis prior to each dose to monitor 
for hematologic and renal adverse effects. Microscopic hematuria, and more often, 
proteinuria, occurs not infrequently and is usually resolved by reducing the dose to the 
previous level. However, severe leukopenia, thrombocytopenia, eosinophilia, hematuria, 
proteinuria, or dermatitis may warrant discontinuation of therapy (56). Intramuscular 
gold therapy was safe and well-tolerated by many children, however, the inconvenience 
of weekly laboratory investigation and supervised injection schedule made its use 
undesirable in children of our modern society.

CORTICOSTEROID THERAPY

Oral glucocorticoid therapy is frequently used as a potent anti-inflammatory 
medication in children with systemic manifestations, those with severe articular disease 
and patients with uveitis. It is often used to provide an initial burst of anti-inflammatory 
activity for patients with a new diagnosis or a flare of articular disease, and is tapered 
as quickly as disease activity and other therapy allows. Typical adverse side effects 
of high-dose or prolonged steroid use are of particular concern in the pediatric 
population as they include growth failure, aseptic necrosis of the hip, osteoporosis, 
cataracts, hyperlipidemia, atherosclerosis, hypertension, and diabetes. Initial doses 
may begin at 0.5–2.0 mg/kg/d of oral prednisone, with a typical maximum dosage of
40–60 mg/d. If the dose is administered once daily, AM administration has to be 
stressed to parents. Improved efficacy can be achieved by dividing the daily dose. 
For patients with relatively well-controlled disease an every-other-day regimen can be 
utilized before discontinuation of steroids. Similarly, low-dose steroids can be used for 
occasional flares in patients with otherwise well-controlled disease.

Intra-articular corticosteroid (IAS) therapy is used with increasing frequency in 
patients with monoarticular or pauciarticular disease who have not responded adequately 
to NSAIDs. Several recent studies support the safety of IAS in the pediatric population. 
In a study of 21 patients treated with intra-articular steroids, Huppertz et al. (60)
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followed patients, primarily with chronic knee arthritis, by examining with magnetic 
resonance imaging (MRI) (enhanced with gadolinium diethylenetriaminetetraacetic 
acid, [Gd-DTPA]) prior to the therapy, after the therapy (mean 49 d) and again at approx 
1–2 yr after treatment. In addition, standing height was measured before injection and 
about 1 yr later. Patients were treated with triamcinolone hexacetonide, approx 1 mg/kg, 
with a minimum dose of 20 mg and a maximum dose of 60 mg. Treatment resulted in 
suppression of synovial inflammation and reduction of pannus formation, often up to 
a year later. In some patients, concomitant therapy with NSAIDs or chloroquine was 
used, and no deviations in standardized height scores were seen. Similar findings were 
reported by Padeh and Passwell (61) who, in a study of 71 patients with juvenile arthritis, 
found IAS to be a highly successful form of therapy as evidenced by findings of rapid 
resolution of swelling and effusions, remissions of joint inflammation for greater than 
6 mo, decreased pain, increased joint mobility, discontinuation of oral medications 
(this was limited by inflammation in other joints), and correction of joint contractures. 
None of the potential adverse reactions such as infection, thrombophlebitis, weakness, 
calcification, cartilage damage, joint destruction, avascular necrosis, or permanent 
subcutaneous lipolysis occurred in this group of patients. Although the majority of 
children with pauciarticular JRA have a good prognosis, excepting the complications of 
uveitis in this group, leg-length discrepancy (LLD) is one of the few long-term sequelae 
of this disease. It is not uncommon to see accelerated growth of an affected extremity, 
usually owing to knee arthritis, in children with JRA. Sherry et al. (62) found that 
IAS therapy resulted in less LLD in 30 Caucasian children with pauciarticular JRA. 
In general, common practice is to limit IAS injections to two per year, because of 
concerns of potential toxicity of IAS for articular cartilage, but this possibility must 
always be weighed against the potential for long-term destruction of cartilage in joints 
with persistent inflammation.

Intravenous (IV) pulse corticosteroid therapy is generally reserved for the treatment 
of systemic onset JRA, particularly for the nonarticular manifestations, such as 
myocarditis, or macrophage-activation syndrome that often respond poorly to NSAID 
and DMARD or oral-steroid therapy. In an open study, evaluating 18 children with 
systemic flare of disease, Adebajo and Hall (63) evaluated systemic features (fever, 
rash, hepatosplenomegaly, lymphadenopathy, serositis, and myocarditis) and articular 
findings (duration of morning stiffness, number of active joints, and functional status) 
before and after 1–3 doses of IV pulsed methylprednisolone (30 mg/kg, maximum dose 
1 g). Using a standard of response defined as >50% improvement in measured variables 
at 1 mo posttreatment, they found a 72% rate of response (13 patients) and no adverse 
effects of therapy. Picco et al. (64) had previously studied the use of “Mini-pulses”
of IV methylprednisolone (5 mg/kg/d for 3 d, then 2.5 mg/kg/d for 3 d followed by 
1 mg/kg/d of oral prednisone thereafter) vs oral prednisone (1 mg/kg/d) in systemic 
onset JRA. Patients admitted to the study had significant symptoms of disease such as 
hepatosplenomegaly, pericarditis, myocarditis, pleurisy, long-standing fever, anemia, 
CNS manifestations, and severe articular disease. Both groups of patients showed 
marked decrease in disease activity, fever score, improvement in Hb concentration, 
as well as improvement of articular symptoms within 1 mo of treatment. Patients 
undergoing IV therapy had a more rapid resolution of fever and reduction in CRP (after 
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1 wk) and had significantly lower cumulative daily steroid requirements at the end of
6 mo. However, at the end of 12 mo, no differences in disease activity or cumulative 
daily dosage of steroids were noted between the two groups.

BIOLOGIC AGENTS: TUMOR NECROSIS FACTOR INHIBITORS
AND INTRAVENOUS IMMUNOGLOBULIN THERAPY

TNF is one of the naturally synthesized protein mediators of the innate immune 
system. It is a principal player in normal immune function and in autoimmune disorders. 
Along with other cytokines, its contributes to the overall function of the cellular immune 
system. TNF is one of a number of cytokines that work in concert with receptors that 
influence cell proliferation and apoptosis, or programmed cell death. It is secreted 
by T lymphocytes, synovial cells, and mononuclear phagocytes (65,66). Of particular 
importance in arthritis, where the effects of cytokine abnormalities are prominent, 
TNF increases synoviocyte proliferation, influences migration of inflammatory cells, 
and directly effects the process of joint destruction. It is found in significantly higher 
levels in synovial fluid than plasma in patients with RA (67). Many different therapeutic 
modalities have been developed or are under development, which interfere with the 
TNF- function. Recently approved by the FDA and the most widely used for the treat-
ment of arthritis is Etanercept, which uses two identical chains of a recombinant soluble 
TNF receptor bound to the Fc receptor of immunoglobulin (sTNFR�Fc). Etanercept 
binds TNF thus inactivating it by preventing its ability to connect with cell-membrane 
receptors. The IgG component increases of the half-life of the molecule from minutes 
to days. It is dosed as 0.4/kg/dose (maximum 25 mg/dose), given subcutaneously twice 
weekly at home. In clinical trials etanercept was found to be an effective inhibitor of 
TNF activity. In addition, it proved to be safe and efficacious in decreasing disease 
activity, increasing functional ability, and improving quality of life in patients with 
RA (68). The most common side effects noted have been mild reactions at the site of 
injection. Patients can be at risk for severe infections owing to immunosuppression and 
it should not be given concurrently with live vaccines such as oral polio, varicella, and 
measles, mumps, and rubella (MMR). As with all new therapies, the full array of side 
effects is probably not known at the current time.

TNF receptor inhibitors, such as etanercept, are categorized as biologic response 
modifiers, and represent the recent focus on treatment aimed at inhibiting the specific 
biologic processes that effect cellular immune mechanisms (cytokine-mediated 
immunity). This is in contrast to previous efforts that focused primarily on understand-
ing and mediating humoral immunity. Of interest, many of the drugs long used in 
rheumatic disease, such as glucocorticoids, gold compounds, MTX, cyclosporin-A, and 
D-penicillamine, heavily influence cytokine activity in general (69). Etanercept is now 
being approved for use in the pediatric population. In a two-part study starting with 
open-label TNRF�Fc treatment followed by randomized, blinded TNRF�Fc or placebo, 
Lovell et al. (70) found the drug to be well-tolerated with a good clinical response (74%) 
after 3 mo of treatment during the open-label phase. In the second, double-blind phase 
of the study, those patients who had responded to treatment were randomly assigned 
to receive etanercept or placebo for an additional 4 mo, or until a flare of previously 
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controlled disease occurred. A significantly greater number of patients treated with 
placebo withdrew early from the study owing to disease flare (81 vs 28% treated with 
etanercept). In addition, the mean time to disease flare was significantly shorter in the 
placebo group (28 d) as compared with the etanercept treatment group (116 d) (71).
Patients participating in this study had severe polyarticular disease and responded well 
to therapy regardless of the onset type (systemic, pauciarticular, or polyarticular) of their 
arthritis. Several further studies of use of Etanercept in children are ongoing.

Infliximab, a chimeric IgG1 monoclonal antibody (MAb) TNF inhibitor initially 
indicated for the treatment of inflammatory bowel disease, is also approved for use in 
adult RA. It is given as an intravenous infusion at predetermined intervals. Currently, 
there are no reports of studies of its efficacy in the pediatric population.

Intravenous immunoglobulin (IVIG) therapy is costly, but considered a safe therapy 
used successfully in some patients with JRA, as well as several other pediatric diseases 
such as Kawasaki disease and idiopathic thrombocytopenic purpura. The mechanism 
of action of the high doses of immunoglobulin provided by IVIG is not well-understood 
in any individual setting, and is likely multifactorial.

The value of IVIG therapy has been studied in patients with refractory systemic-onset 
disease. Uziel et al. (72) used major outcome measures of fever, prednisone dose, and 
number of active joints to evaluate 27 patients at time of entry to study, and subsequently 
at 6 mo (n = 25), 12 mo (n = 24), 24 mo (n = 20), and >24 mo (n = 17). Two patients 
had worsening of systemic disease during IVIG therapy and dropped out of the study 
after <5 mo of treatment. Patients received 1–1.5 g/kg/d either 2 d monthly, or 1 d every 
2 wk for the first 5 doses followed by once monthly for at least 6 mo. They found that 
the majority of patients had, by 1 yr after therapy, resolution of fever and significant 
decrease in steroid dose, suggesting a steroid-sparing effect. Fewer patients showed 
response in articular disease. Owing to lack of controls, the particular effects of the 
IVIG therapy were difficult to differentiate from the effects of other medications or the 
natural history of the disease, which does tend to improve over the long term, whatever 
the treatment. This same difficulty was experienced by Prieur, who has recommended 
caution in recommending therapy that, after a number of years, has still not been shown 
to have a long-term effect on the outcome of systemic JRA (73).

The safety and efficacy of IVIG in 25 patients with refractory polyarticular JRA 
was tested in a multicenter, randomized, blinded-withdrawal study by Giannini et al. in 
1996 (74). Outcome measures were total number of joints with active arthritis, overall 
articular severity score, and global assessment of overall disease activity. Patients were 
permitted to continue stable doses of up to two NSAIDs, two slow-acting antirheumatic 
drugs and/or low dose prednisone at the time of therapy with IVIG. Nineteen of
25 patients responded favorably to the open phase of the study and proceeded to the 
double-blind phase. Of the 10 patients who went on to receive IVIG, 8 completed and 
2 became eligible to “escape” to higher doses of IVIG. Of the 9 patients who received 
placebo, 4 completed, 4 “escaped” to IVIG, and 1 dropped out. Benefits produced by 
IVIG in the open phase of the study did not appear to be maintained in patients treated 
with placebo in the double-blind phase. Although the short-term safety of the therapy 
was promising, in that no patient developed clinically significant adverse reactions to 
therapy, long-term efficacy was not demonstrated.
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IMMUNOSUPPRESSIVE DRUGS: AZATHIOPRINE, 
CYCLOPHOSPHAMIDE, CYCLOSPORIN,

AND MYCOPHENOLATE MOFETIL

Immunosuppressive drugs are rarely used for the treatment of JRA, but are occasion-
ally needed in selected patients with severe disease that is refractory to other therapy. 
Azathioprine is an immunosuppressive antimetabolite that primarily inhibits T-cell 
growth. Its effect on autoimmune diseases is not well-understood. In the adult population, 
it is indicated for patients with erosive RA refractory to other therapy and is recognized 
to spare glucocorticoid use. In the pediatric literature, the bulk of information regarding 
azathioprine precedes the recent surge in the use of MTX. In an uncontrolled, prospective 
study of 129 patients with JRA refractory to therapy starting in 1980, Savolainen et 
al. (75) found a strong glucocorticoid-sparing effect with the use of azathioprine, and 
speculated that its use had a positive influence on disease remissions. Side effects 
included GI symptoms, elevated liver enzymes, and potentially increased risk for severe 
infections and malignancies. At this time, it is unlikely that azathioprine would be used 
except for a patient with the most severe, refractory disease.

In a trial of IV pulse cyclophosphamide and methyprednisolone, Wallace and Sherry 
(76) reported the therapy to be useful in controlling severe uncontrolled disease in four 
patients with systemic JRA. Prior to treatment all patients had severe erosive disease, 
were corticosteroid-dependent, and had severe growth retardation. They had undergone 
maximum therapy including combinations of MTX, sulfasalazine, hydroxychloroquine, 
weekly IV pulse methylprednisolone, NSAIDs, gold, azathioprine and IVIG. All 
four patients demonstrated improvement by the third to fifth treatment. After 6–10 
monthly treatments and an additional 6–10 every 3 wk treatments of IV pulsed 
cyclophosphamide (500–1000 mg/m2) and methylprednisolone (30 mg/kg, max. 1 g), 
all patients showed clinical improvement, improved linear growth, and were eventually 
able to discontinue corticosteroids. Three patients were able to achieve apparent 
remission with the continuation of other medications including MTX, sulfasalazine, 
and hydroxychloroquine.

In an effort to treat refractory JRA, cyclosporin A has been used alone and in 
combination with MTX. The dose of Cyclosporin is 3–5 mg/kg/d orally. Side effects 
include renal toxicity, hypertrichosis and gingival hyperplasia. In a study by Reiff et al. 
(77), Cyclosporin A, an inhibitor of T cell-derived cytokines and possible inhibitor of 
synovial T-cell proliferation, was used to treat 22 patients, 17 of whom had refractory 
systemic JRA. Ninety-one percent (11 of 17 patients) with SOJRA had resolution of 
fever, 70% (12 patients) had a significant decrease in number of swollen joints, and 
50% (6 patients) a significant decrease or resolution of morning stiffness. Concomitant 
therapy of prednisone was reduced in 11 patients and discontinued in 5 patients. 
Concomitant methotrexate therapy was discontinued in 2 patients, and was well tolerated 
in combination with Cyclosporin A. Additional improvements in hematologic cell lines 
and ESR were seen in some patients.

Mycophenolate mofetil (CellCept) is the ester prodrug of mycophenolic acid. Taken 
orally, it is quickly absorbed and converted to mycophenolic acid. Mycophenolate mofetil 
was approved in 1995 for the prevention of acute renal allograft rejection, and is used 
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in combination with cyclosporine and steroids. It selectively prevents the proliferation 
of rapidly dividing cells, particularly lymphocytes, by inhibiting guanosine nucleotide 
biosynthesis (78). Mycophenolate mofetil is currently being used for the treatment of 
adult lupus nephritis refractory to other therapy (79) and adult RA (80), but its use 
in JRA has not yet been studied.

ANTIMICROBIAL THERAPY: MINOCYCLINE

The ongoing debate regarding the efficacy of minocycline for the treatment of RA 
in the adult literature has raised questions for pediatric rheumatologists. Long used as 
a standard therapy for the treatment of acne, minocycline is a tetracycline drug that 
has antimicrobial, anti-inflammatory, and immunomodulatory effects. It is able to 
inhibit metalloproteinases (81) and collagenase activity (82) associated with joint-space 
narrowing and joint destruction. In addition to well-known mild side effects such as sun 
sensitivity and GI upset, it has been reported to cause drug-induced lupus in adolescents 
(83) and acute polyarthritis in adults (84). There are neither controlled studies of 
pediatric patients comparing minocycline to other established therapies, nor studies 
defining its use in combination therapy. In the adult literature, where radiographic 
assessment of disease progression in RA is reported as an important outcome measure, 
there is insufficient data to evaluate minocycline (85). In a double-blind, placebo-
controlled study of 46 adults with early RA (<1 yr), O’Dell et al. (86) found minocycline to 
be superior to placebo. In this study, patients were treated with 100 mg minocycline BID 
or placebo for 3 mo, then 3 mo extension if they fulfilled criteria for 50% improvement 
in improving signs and symptoms of arthritis.

AUTOLOGOUS STEM CELL TRANSPLANTATION

A report of the first four children who underwent autologous hemopoietic stem cell 
transplantation (AHSCT) for severe JRA refractory to conventional and combination 
therapy showed interesting short-term results (87). The patients included three children 
with systemic JRA and one with polyarticular JRA. The patients chosen had disease 
histories of 3.5–6.5 yr, severe systemic symptoms, erosive polyarticular disease, and 
growth failure, despite multiple medication trials with NSAIDS, DMARDs such as 
methotrexate and gold, immunosuppressive therapy with cyclosporin, and oral and 
pulsed IV corticosteroids. In preparation for AHSCT, patients were continued on NSAID 
therapy, but MTX and cyclosporin were discontinued. Prednisone was stopped 2 mo 
after AHSCT. Intense immunosuppression preceded AHSCT including antithymocyte 
globulin, high-dose cyclophosphamide, and low-dose total body irradiation. All patients 
had marked improvement in morning stiffness, joint swelling, and pain within 2 wk 
of stem-cell transplant. By 4 wk after AHSCT, hematologic abnormalities of ESR, 
CRP, and hemoglobin normalized. During the follow-up period of 6–18 mo, remarkable 
improvement in growth following AHSCT was reported for two patients: 10 cm/18 mo 
(previous growth 2 cm/36 mo) and 6 cm/11 mo (previous growth 1 cm/12 mo). Noted 
complications included transient thrombocytopenia treated with platelet transfusion for 
28 d in one patient and uncomplicated Varicella infection 3 and 6 mo after treatment 
in two patients. Two patients had mild flares of disease (transient synovitis) treated 
only with NSAIDs. How much of the improvements can be attributed to the intense 
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immunosuppression prior to the therapy will remain unclear until randomized trials are 
performed. Quartier et al., in a letter of response to the findings noted earlier, reported 
a patient with very severe SOJRA and erosive polyarticular arthritis who underwent 
AHSCT and died of complications of disseminated toxoplasmosis (88).

APPROACHES TO THERAPY

The care of a child with JRA requires an understanding of the multiple personalities 
of this disease and the unique responses children with different types of JRA have to 
the variety of medications, both in terms of efficacy and toxicity. JRA is almost always 
a nonlethal disease, and can be self-limiting, but in a large number of cases it leads to 
severe disability from joint or eye disease if not managed appropriately. A generally 
aggressive approach to therapy that recognizes the significant risks to normal growth 
and development is appropriate in the pediatric population. Of paramount importance 
is the recognition that, in this group of patients, articular disease is often minimally 
symptomatic and eye disease (uveitis) is silent. The clinician who does not aggressively 
seek clinical evidence of disease may miss its most damaging manifestations and 
late consequences.

In general, a step-wise approach to therapy is influenced by the subtype of JRA 
and the severity of disease. For the purposes of determining therapy, the groups can 
be described in the following way: systemic-onset disease, oligoarticular disease in 
children less than 9 yr old, extended oligoarticular disease, polyarticular RF-negative 
disease, and polyarticular RF-positive disease. As noted earlier, any patient can progress 
to polyarticular disease. Unfortunately, the severity of the course of illness, the response 
to therapy, the potential for joint destruction and the remitting and relapsing nature 
of the chronic arthritis are very difficult to predict. In a recent survey of US and 
Canadian pediatric rheumatologists (89), NSAIDs remained the mainstay of therapy, 
and MTX (DMARD) and sulfasalazine (SAARD) were the most commonly used 
second-line drugs. Gold was found to be used less frequently after 1991 when MTX 
supplanted its use.

With the exception of patients with mild pauciarticular disease, patients usually 
require combination therapy. With MTX now considered first choice of second-line 
therapy, combination therapy will inevitably consist of this drug and NSAIDs. In 
patients who respond only partially, a third agent might be added. Another option may 
be to discontinue MTX and start another agent. A new option is available now because 
etanercept has been approved for pediatric use. It is prudent practice in pediatrics that 
drugs with an established long-term safety record are tried first. There is considerable 
information in the adult literature supporting the use of combination therapy such as 
MTX and sulfasalazine and/or hydroxychloroquine, and MTX with azathioprine or 
cyclophosphamide. There are few or no pediatric studies evaluating the use of these 
combination therapies. However, combination therapy is frequently used by physicians 
caring for patients with JRA.

The initial therapy for patients with systemic-onset disease is NSAIDs singly, 
or in combination with corticosteroids. Based on the practice of some pediatric 
rheumatologists, hydroxychloroquine is a reasonable strategy early in therapy. Patients 
with SOJRA who have systemic and articular features generally do not respond very 
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well to second-line agents. Additionally, patients with very active disease are at highest 
risk for developing drug reactions and macrophage-activation syndrome. MTX use has 
mixed results in SOJRA. Although it may be very beneficial for articular disease, it 
may not resolve the systemic manifestations. Sulfasalazine may have some beneficial 
effects in these patients. In patients with aggressive SOJRA, disease can be extremely 
difficult to control and combinations of NSAIDs, corticosteroids and second-line drugs, 
immunosuppressants, and biologics might be used. As noted earlier, it is in this group 
of patients that AHSCT has been attempted. There is growing experience with the use 
of etanercept in pediatric patients, and patients with systemic-onset disease are being 
studied. The severity of disease and long-term corticosteroid therapy can lead to severe 
growth retardation in patients with SOJRA. Administration of growth hormone has 
been tried in this population with limited success.

Patients with mild pauciarticular disease generally respond well to some type of 
NSAID therapy. This tends to be a large joint asymmetrical disease, generally sparing 
the small joints and hips. Oligoarticular disease of the knee is a common finding. In 
this group, initial episodes or periodic flares can be treated with intra-articular steroids. 
Intraarticular steroids should not be the initial approach because Lyme disease always 
needs to be ruled out. DMARDs such as MTX and gold and oral corticosteroids are 
not indicated for therapy. Most importantly, patients with mild pauciarticular disease, 
especially those who are ANA-positive, are still at risk for severe visual impairment, 
even blindness, from unrecognized uveitis. Regular surveillance for uveitis is a critical 
part of their medical therapy.

Pauciarticular disease can progress to extended pauciarticular JRA. This is quite 
a diverse group of patients, encompassing mild to extensive articular problems, and 
second-line, or commonly a combination therapy is usually indicated. These patients 
may progress to require a trial of etanercept or other immunosuppressive therapy. In 
this group, drug cessation is usually unsuccessful.

Polyarticular, RF-negative, JRA is also a very diverse group of patients. There 
may be features of this group that overlap with SOJRA including a long, insidious 
evolution of findings and systemic signs of disease such as occasional low-grade 
fevers, hepatosplenomegaly, and lymphadenopathy. In contrast to SOJRA, there is no 
characteristic rash. This is usually a large-joint, symmetrical arthritis, but small-joint 
disease can also occur. Therapy for these patients needs to be aggressive and follows 
the same rationale as those with extended pauciarticular disease. Etanercept has been 
found to be very effective in this group (70,71) and is tolerated alone or in combination 
with other medications including MTX (90).

In the polyarticular, RF-positive group, teenage girls tend to predominate, and the 
arthritis takes an adult RA-like course with multiple-joint involvement and erosive 
articular changes. This form of JRA may show significant involvement of small joints 
such as the hands, feet, and cervical spine as well as large joints, including the hips. 
Although some of these patients are also ANA-positive, they do not have a predilection 
for the development of uveitis. As with other forms of polyarticular disease, therapy 
starts with the use of NSAIDs. It is unlikely that NSAIDs alone will control this disease, 
and many of these patients require combination therapy. Medications that have been 
found to be effective in adult RA such as the COX-2 inhibitors and leflunomide might be 
appropriate considerations in this group of patients with RA-like disease.
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COMPLICATIONS OF JUVENILE RHEUMATOID ARTHRITIS: 
UVEITIS AND MACROPHAGE-ACTIVATION SYNDROME

The optimal therapy for the silent, chronic, anterior uveitis of JRA is prevention. 
Specific guidelines for ophthalmologic examination in children with JRA have been 
published by the sections on rheumatology and ophthalmology of the American 
Academy of Pediatrics (91). In these recommendations, the risk criteria for the chronic 
asymptomatic iridocyclitis typical of JRA are based on JRA subtype at onset and age 
of onset. The recommended frequency of slitlamp exams, looking for the presence 
of inflammatory cells in the anterior chamber, is based on whether the patient is at 
high, medium, or low risk for uveitis. Patients who present at <7 yr of age and are 
ANA-positive are at high risk regardless of polyarticular or pauciarticular disease. These 
patients should have a slit-lamp exam every 3–4 mo. Patients who are ANA positive 
and present at >7 yr of age are at medium risk and require slit-lamp exam every 6 mo. 
Patients who are ANA-negative, with either polyarticular or pauciarticular arthritis, and 
regardless of age of onset are considered at medium risk and should be examined every 
6 mo. Patients with systemic-onset disease, regardless of age of onset, are considered at 
low risk and require slit-lamp exam every 12 mo. Over time, risk for uveitis changes. For 
patients with age of onset <7 yr, they are at low risk 7 yr after the onset of arthritis 
and should have slit-lamp exams every 12 mo indefinitely. Similarly, patients who 
had onset of disease at >7 yr are considered at low risk 4 yr after onset of arthritis 
and should have slit-lamp exams every 12 mo indefinitely. All high-risk patients are 
considered at medium risk 4 yr after onset of arthritis. With the best possible care 
and follow-up, there are still patients who initially present with uveitis of differing 
degree. The treatment of these patients, as previously noted, includes topical, oral and 
periocular glucocorticoids and MTX.

Macrophage activation syndrome (MAS), is now recognized as a known, and 
potentially lethal, complication of childhood rheumatic diseases, particularly SOJRA. 
MAS is a clinical syndrome caused by production and activation of well-differentiated 
macrophages that actively phagocytize hematopoeitic elements (92). Clinical presentation 
includes persistent and unremitting fever, mental-status changes, hepatosplenomegaly, 
elevation of liver enzymes, profound pancytopenia, low ESR, prolonged bleeding times, 
and hypofibrinogenemia. Problems induced by activation of macrophages include 
phagocytosis of cellular elements, and vasculitis with intravascular coagulation. Sporadic 
forms may be triggered by common intercurrent viral infections, such as Parvovirus B19 
(93). In JRA, a viral syndrome or specific drugs including gold, MTX, and NSAIDs may 
precipitate MAS. The diagnosis is made by bone marrow examination demonstrating 
hematophagocytic histiocytes, and traditional first-line therapy for MAS is high-dose 
corticosteroids (94). Ravelli et al. (95) and Mouy et al. (96) have reported the successful 
use of cyclosporin as a therapeutic intervention for MAS in patients with SOJRA who 
failed standard high-dose intravenous corticosteroid therapy.

MEDICATION CONSIDERATIONS UNIQUE
TO PEDIATRIC PATIENTS

As with all populations of patients, pediatric age groups pose unique problems 
with respect to medication compliance. In all stages of childhood, from toddlers to 
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adolescents, developmental milestones, both motor and psychosocial, have a significant 
impact on successful medical management of chronic disease. For example, most 
children under the age of five are unable to swallow tablets. Similarly, busy schedules 
for school children and adolescents prompt weekend MTX dosing that better conforms 
to school and social activities. Of interest, most of our patients on MTX take their 
medication on one weekend night (Friday or Saturday). Medications that are available 
in liquid preparations, require infrequent dosing schedules, do not interfere with 
school performance or after school activities, and do not require frequent laboratory 
evaluation or administration by a health professional have the best chance of being 
used consistently and successfully.

Counseling for chronic drug use must include a specific schedule of laboratory 
and ophthalmologic surveillance and a discussion of known mechanism of action and 
long-term side effects of the medications. Parents may have questions and concerns 
regarding effects on growth and development and future fertility. Adolescents must 
be privately counseled regarding the specific hazards of concurrent drug use, either 
illicit or over-the-counter, sexual activity, contraceptive use, and risks associated with 
pregnancy. Pediatric patients on chronic medications must be followed not only for 
the progression and activity of their disease, but for the overall status of their growth, 
development, school performance, and psychosocial well-being.
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INTRODUCTION

Idiopathic inflammatory myopathies (IIM) are chronic, acquired inflammatory 
diseases of muscle. Clinically, patients present with symmetric proximal muscle 
weakness. However, the weakness may also be more generalized and involve the 
neck, back, diaphragm, and pharyngeal musculature. In addition, other nonspecific 
symptoms including muscle pain, low-grade fevers, arthritis, Raynaud’s phenomenon, 
and fatigue may be present. When the muscle weakness is accompanied by specific 
skin findings (Gottron’s papules, Gottron’s rash, and heliotrope), it is referred to as 
dermatomyositis.

Classification of the various subtypes of IIM is based on clinical, histologic, and 
serologic data. The most useful criteria for diagnosing polymyositis/dermatomyositis are 
a recent modification of Bohan and Peter’s criteria (Table 1) (1,2).

It should be emphasized that many diseases can mimic the inflammatory myopathies. 
The differential diagnosis of disorders that cause generalized muscle weakness 
is extensive and includes a number of metabolic, viral, bacterial, parasitic, toxic, 
neuromuscular, endocrine, and systemic disorders. When these other causes of muscle 
weakness and pain are ruled out and the patient has the appropriate clinical, laboratory, 
and histologic findings, only then can an idiopathic inflammatory myopathy be 
diagnosed.
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One of the first attempts to try to categorize this group of disorders based on clinical 
and pathological features was by Bohan and Peter (1). In this landmark article, they not 
only suggested diagnostic criteria, but also categorized patients with myositis into various 
subsets: polymyositis, dermatomyositis, polymyositis and dermatomyositis with neoplasia, 
childhood dermatomyositis and polymyositis with vasculitis, and the overlap syndromes 
(1). In 1971, inclusion body myositis was first described (3). Plotz later coined the term 
“idiopathic inflammatory myopathies” to include those patients who after a thorough 
investigation did not have another recognizable cause for their myositis (4).

According to his terminology, the idiopathic inflammatory myopathies include 
polymyositis, dermatomyositis, cancer-associated myositis, connective tissue-associated 
myositis, juvenile dermatomyositis, and inclusion body myositis.

More recently, the recognition of newer myositis-specific antibodies (MSAs) have 
provided clinicians with additional information about classifying and predicting clinical 
features and therapeutic response of myositis patients. The three most commonly 
recognized MSAs are various antisynthetases (i.e., Jo-1), anti-Mi-2, and anti-signal 
recognition particle (SRP). Love and colleagues description of the clinical features 
and prognosis associated with these serologic tests have helped clinicians design 
individualized treatment plans (5).

Table 1
Criteria for the Diagnosis of Idiopathic Infl ammatory Myopathy (IIM)

1. Symmetric weakness, usually progressive, of the limb-girdle muscles.
2. Muscle biopsy evidence of myositis

• Necrosis of type I and type II muscle fibers
• Phagocytosis
• Degeneration and regeneration of myofibers with variation in myofiber size
• Endomysial, perimysial, perivascular, or interstitial mononuclear cells

3. Elevation of serum levels of muscle-associated enzymes
• Creatine kinase
• Aldolase
• Lactate dehydrogenase
• Transaminases (ALT/SGPT and AST/SGOT)

4. Electromyographic triad of myopathy
• Short, small, low-amplitude polyphasic motor unit potentials
• Fibrillation potentials, even at rest
• Bizarre high-frequency repetitive discharges

5. Characteristic rashes of dermatomyositis
• Heliotrope rash
• Gottron’s papules
• Gottron’s sign

Definite IIM = 4 of the above criteria 1–4; or 4 of the above (including the rash) for 
    dermatomyositis
Probable IIM = 3 of the above criteria 1–4; or 3 of the above (including the rash) for 
    dermatomyositis
Possible IIM = 2 of the above criteria I–4; or 2 of the above (including the rash) for 
    dermatomyositis
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Polymyositis/dermatomyositis are not common disorders. Although they are being 
recognized more frequently, the estimated incidence in the United States is 5–10 cases 
per million (6). Unfortunately, they can cause significant morbidity and disability if not 
properly recognized and treated aggressively.

Proper management of this heterogeneous group of disorders can be difficult and 
requires an individualized plan that takes into account the clinical presentation, other 
extramuscular features, and consideration of more aggressive therapy in patients with 
poor prognostic features (Table 2) (7). Although this chapter will primarily focus on the 
historical as well as current pharmacologic treatment of these diseases, it will initially 
discuss the role of physical therapy and later address treatment options for special 
categories of patients and extra-muscular muscle features.

ASSESSING DISEASE ACTIVITY

Before discussing the various options for treating this heterogeneous group of 
disorders, it is important to review the ways to assess disease activity. Evaluation of the 
effect of therapy can be difficult. Many of the instruments used are not readily available 
to clinicians, so most physicians rely on muscle-associated enzyme tests and manual 
muscle testing. In general, traditional evaluation methods fall into four categories: serum 
tests of muscle-associated enzymes, muscle-strength testing, functional assessments, 
and pulmonary-function testing.

The first group, serum biochemical testing, is used most commonly to follow 
patients with IIM. According to diagnostic criteria, these tests include the following 
skeletal muscle-associated enzymes: creatine kinase (CK), aldolase, serum glutamate 

Table 2
Poor Prognostic Factors in IIM

Based on Demographics:
    Black race (vs white)
    Old (vs young)
    Female gender (vs male)
Based on Sign-Symptom Complex:
    Fever
    Severe myositis
    Dysphagia
    Pulmonary involvement
    Cardiac involvement
    Delay to diagnosis and therapy
    Failure to induce a complete remission
Based on Clinicopathologic Group:
    Polymyositis vs dermatomyositis
    Cancer-associated myositis
    Inclusion body myositis
Based on Serologic Group:
    Antisynthetase autoantibodies
    Anti-SRP autoantibodies
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oxaloacetate (SGOT) and pyruvate (SGPT) transaminases, and lactate dehydrogenase 
(1). These serum markers of muscle damage correlate with inflammation seen on biopsy 
(8). In another study of 105 patients with polymyositis or dermatomyositis, Tymm and 
colleagues found that serum concentration of CK, aspartate aminotransferase (AST), 
and alanine transferase (ALT) correlated well with muscle weakness, electromyography 
(EMG) abnormalities, and muscle biopsies (9). Serum myoglobin (10), interleukin-2 
(IL-2) receptors (11), and serum von Willebrand factor (vWF) (12) may also helpful 
in assessing disease activity, but may not offer any additional information than that 
provided by other more readily available tests.

Although muscle-associated enzymes should be used to monitor treatment response, 
the degree of muscle-associated enzyme elevation may not always reflect disease activity. 
It is also important to recognize that muscle-associated enzymes may improve or even 
normalize before the patient or physician notes clinical improvement. The improvement 
in muscle strength may lag behind improvement in muscle-associated enzymes by
3–8 wk (13). In addition, some studies suggest that individuals may have discordant 
elevations in only certain muscle-associated enzymes (i.e., the CK may be normal and 
the myoglobin elevated, or vice versa) (10).

Muscle strength testing is also used frequently to assess clinical response to therapy. 
Typically clinicians use an arbitrary scale ranging from 0 (absent: no muscle contraction) 
to 5 (normal: movement against gravity with full resistance). Unless the same examiner 
does serial testing, there is much subjectivity. Other more sophisticated methods are 
not widely available, but include hand-held instruments such as dynamometers. These 
techniques are also dependent on a standardized approach and vary from examiner 
to examiner (14).

Functional testing generally falls into two categories. The first includes ability to 
do normal daily activities such as the ability to arise from a chair without the use of 
their arms, get up from a squatting position, climb stairs, or comb their hair. Time tests 
measure the time it takes to do a certain task (i.e., time it takes to walk 30 ft).

In patients with suspected progressive diaphragmatic weakness or other pulmonary 
manifestations, it often is helpful to perform pulmonary function testing such as forced 
vital capacities, maximum inspiratory pressures, and maximum expiratory pressures.

More recently, multicenter studies have found the use of instruments such as the 
Childhood Health Assessment Questionnaire (CHAQ) (15,16) and the Childhood 
Myositis Assessment Scale (CMAS) (17) to be valid and reliable tools. Owing to the 
invasive nature of biopsies and EMGs, they are not generally used to assess short-term 
changes in clinical activity.

INITIAL THERAPY

General Considerations
After the proper diagnosis is established, patient education plays an important role 

in the treatment of patient with IIM. The patient should be provided with information 
concerning the diagnosis, symptoms, course, and treatment of these myopathies. Useful 
patient information about myositis and various medications used to treat them can be 
obtained from the Arthritis Foundation at www.arthritis.org.
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Physical Therapy and Rehabilitation
The primary goals in the management of IIM are to prevent muscle atrophy, prevent 

contractures, and most importantly maintain muscle strength and function. Physical 
and occupational therapy are important adjuvants to the pharmacotherapy. However, 
the optimal use of these modalities is not well-known.

Rehabilitation programs should be tailored to the individual based on issues such as 
the stage of the disease, type of myositis, degree of weakness, patient’s age, and patient’s
functional status. The plan is devised to gradually improve the patient’s strength and 
functional status. The graduated approach starts with patient education, stretching, 
massage, and passive range of motion exercises during the acute phase. In the recovery 
stage (when the patient has movement against gravity), active range of motion and 
isometric exercises may be added. Finally in the late recovery phase, isotonic exercises 
in a pool or on land are added (18).

Corticosteroids
Despite the fact that no randomized controlled study demonstrates efficacy, the 

cornerstone of therapy remains corticosteroids. A retrospective analysis of 289 patients 
that presented to the Mayo Clinic demonstrated that those patients treated with high-dose 
(greater than 50 mg/d) prednisone had less morbidity than those treated with no or low-
dose (less than 50 mg/d) prednisone (19). In another study investigating the efficacy of 
corticosteroids in children, those treated with prednisone had both a shorter hospitalization 
time and period of acute illness (20). Because of their potent anti-inflammatory and 
immunosuppressive effects, corticosteroids should be administered early in the course of 
disease. However, the proper dose and duration of corticosteroid therapy is not known.

Initial therapy in adult dermatomyositis/polymyositis range from 40–60 mg/d of 
prednisone (21) to 1 mg/kg/d of prednisone (22). Both of these articles suggest that the 
dosage be divided and eventually consolidated. According to these authors, the initial 
high doses of prednisone should be continued until the CK normalizes (21) or clinical 
improvement (22). There is no clear consensus about the endpoint or tapering schedule 
of corticosteroids (23). After the acute phase of illness, everyone advocates a reduction 
in the corticosteroid dose. However, no studies have addressed the proper way to taper 
the steroid dose or when to stop therapy with corticosteroids. One scheme recommends 
tapering to a maintenance dose of 5–10 mg/d of prednisone in 6–8 mo after initiation 
of therapy and does not consider stopping it until the disease has been in remission 
for at least a year (24).

The treatment of patients with IIM should be individualized (2). Although the
initial dose should be greater or equal to 1 mg/kg/d, the reduction in dose should be 
based on the presence of individual poor prognostic factors (Table 2; 7) and the risk 
factors for corticosteroid use (2). In order to minimize a flare of the myositis, one should 
average “about 10 mg/mo or 25% of the existing dose per month, whichever is less, 
from the reduction until such a time that the maintenance dose is achieved” (2). The 
implication is that in those individuals with poor prognostic factors, the corticosteroid 
dose may need to be tapered more slowly.

Only a few studies have addressed the use of intravenous (IV) corticosteroids for 
the treatment of idiopathic inflammatory myopathies. A small case series of seven 
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children with dermatomyositis reported that three of the children achieved a complete 
remission and required no further oral corticosteroid therapy after being treated with 
pulse methylprednisolone (25). Conversely, a retrospective study of seven children 
treated solely with pulse methylprednisolone administered weekly for three doses 
concluded that there was no benefit and a potential for deterioration of muscle strength 
(26). Although little is written about the use of pulse IV corticosteroids in adults, in 
practice I have used it in individuals with profound peripheral muscle, dysphagia, or 
respiratory weakness. The theoretic benefits of pulse corticosteroids are twofold: more 
rapid control of muscle inflammation and the potential for less need for corticosteroids 
in the future.

Even less is known about the efficacy of alternate-day corticosteroids. It has 
been recommended therapy be started with 100 mg/d (or 1 mg/kg/d) and tapered to
80–100 mg every other day over a 10-wk period. The “off day” dose can be reduced 
by 10 mg/wk (27). The obvious advantage to this regimen is that it may lessen the 
long-term effects of daily corticosteroids.

In certain subsets of patients, the required dose of prednisone may be lower than 
1 mg/kg. Patients with polymyositis associated with other connective-tissue disorders 
may require lower doses of corticosteroids for a shorter period of time. Patients with 
dermatomyositis sine myositis may not need corticosteroid therapy at all (28).

The use of corticosteroids is fraught with many side effects. Most notable are 
complications related to osteoporosis: vertebral fractures, hip fractures, and other 
long-bone fractures. Physicians should consider the use of medications to prevent 
osteoporosis such as calcium, vitamin D, and estrogen-replacement therapy. In addition, 
in patients who have multiple poor prognostic signs and who are anticipated to be 
on corticosteroids of greater than 6 mo, one should strongly consider the use of a 
bisphosphonate such as alendronate. Bisphosphonates increase the bone density in 
patients receiving corticosteroids (29).

In addition, other side effects include weight gain, skin atrophy, hypertension, 
premature atherosclerosis, virilization, avascular necrosis, hyperglycemia, steroid 
myopathy, and an increased susceptibility to infections. In children, corticosteroids 
may also cause growth retardation.

THERAPY FOR STEROID-RESISTANT DISEASE

Although some patients will have a complete response to corticosteroid therapy, 
many will not. Bohan and Peter defined those patients receiving 60 mg of prednisone 
daily for 3–4 mo with no response as being “steroid resistant” (1). They did not provide 
information about how frequently steroid resistance occurred. Others have suggested 
that it is approx 20% (30,31). However, a retrospective study from the National Institutes 
of Health (NIH) found only 25% of patient to have a complete remission and 61% to 
have a partial response (32). The higher percentages obviously may represent a referral 
bias of more severe disease at the NIH.

When there is not an adequate response to corticosteroid therapy, it is important 
to review the clinical material and assure that the diagnosis is correct. Also consider 
the possibility of underlying malignancy or noncompliance with medical regimen. 
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Another common problem after the patient has been on corticosteroids for several 
months is differentiating the symptoms from a steroid myopathy. Although there may 
be some clinical clues that help distinguish the two diseases, it ultimately may require 
a repeat biopsy.

Many medications have been tried as second-line agents. The choice of medication 
is largely empiric and frequently based on physician and institutional preference. 
Little comparative data with these agents exist. At NIH, aggressive therapy with these 
second-line agents may be started as soon as the diagnosis is made (33). This is 
in part to improve the patient’s functional outcomes but also to use these agents as 
“steroid-sparing” agents. Miller also advocates using these agents once the diagnosis 
is established in those patients with poor prognostic markers (2). Although this is not 
discussed much in the literature, many rheumatologists in the community are adopting 
similar aggressive therapy.

Methotrexate
Methotrexate (MTX) is probably the most widely used second-line agent, even though 

there are no controlled clinical studies of its use. It is an inhibitor of dihydrofolate 
reductase and has been used in the treatment of rheumatoid arthritis (RA) and psoriatic 
arthritis since at least 1951 (34). Because of the familiarity of rheumatologists using this 
agent and the its ease in administration, it is often the first choice of many physicians.

In early studies, it was administered intravenously. Several case reports suggested the 
use of MTX in the treatment of resistant myositis (35,36). In a larger case series of 25 
patients with steroid-resistant or intolerant disease, 88% had improved strength and 43% 
were able to reduce the corticosteroid dose. The initial dose used in this study was 10–15 
mg IV that was increased weekly by 0.5–0.8 mg/kg and administered every 5–7 d (37).
Intravenous MTX has also been used successfully in children with dermatomyositis 
(38). MTX is not only helpful in controlling the muscle inflammation, but also has been 
shown to improve the dermatologic features as well (39).

Because many rheumatologists are familiar with using oral MTX in the management 
of RA, most initiate therapy using oral doses ranging from 7.5–15 mg weekly. The 
dose can then be increased at doses of 2.5 mg increments to a maximum dose of
30–40 mg/wk (40) at 6–8-wk intervals. However because of questions concerning 
adequate absorption and because of gastrointestinal (GI) intolerance, many choose to 
administer MTX by subcutaneous injections when using higher doses. Although some 
patients with RA are treated with intramuscular MTX, intramuscular injections should 
not be used in patients with inflammatory muscle disease because of their potential to 
increase muscle-associated enzymes (41).

Common side effects include skin rash, oral ulcerations, stomatitis, fever, GI symptoms 
(diarrhea, cramping, or vomiting), hair loss, headaches, and cognitive dysfunction (42),
which occur more frequently in patients with inflammatory myositis than in RA (43).
Hepatotoxicity is generally associated with chronic use of MTX. The recommended 
schedule for blood testing and other monitoring is frequently adapted from guidelines 
offered for MTX use in RA (44). MTX pneumonitis may also be seen in patients with 
polymyositis. It may be difficult to differentiate this from pulmonary manifestations 
of polymyositis, especially in individuals who are anti-Jo1 positive. Although initially 
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thought to have little oncogenic potential, low-dose MTX has been associated with 
Epstein-Barr virus (EBV)-associated non-Hodgkin’s lymphoma in RA (45) and non-
Hodgkin’s lymphoma in dermatomyositis (46,47).

Azathioprine
Along with MTX, azathioprine is the other commonly used “first-line” agent 

for steroid-resistant patients. It is a purine analog that is converted in the liver to 
mercaptopurine, the active metabolite. Although the precise mechanism is not known, 
azathioprine inhibits DNA and RNA synthesis in lymphocytes. It has both cytotoxic 
and immunosuppressive properties.

In one of the few controlled, randomized trials of any therapeutic agents in poly-
myositis, 16 patients were treated with 60 mg of prednisone plus either azathioprine
(2 mg/kg) or placebo for 3 mo with no improvement in terms of muscle-enzyme levels, 
muscle strength, or histiopathologic features (48). The failure of this study may be 
owing to the fact that azathioprine may not be seen at 3 mo. Yet, when prednisone 
and azathioprine are used in combination for longer periods of time, some benefits 
may be seen (49).

Azathioprine is administered orally in the dose of 2 mg/kg/d (49) or approx
100–200 mg/d (21). Although it is usually well-tolerated, a small number of patients may 
exhibit an idiosyncratic reaction manifested by fevers, vomiting, rash, and abdominal 
pain. More worrisome long-term side effects include a drug-induced hepatotoxicity, 
leukopenia, macrocytosis, thrombocytopenia, and an increased risk of lymphoma. Liver 
associated enzymes and complete blood counts should be monitored every 1–2 mo.

Cyclophosphamide
Cyclophosphamide is an alkylating agent used to treat other systemic inflammatory 

diseases such as systemic lupus erythematosus (SLE), RA, and Wegener’s granulomatosus 
(WG), and other vasculitides. Its cytotoxicity is secondary to its ability to alkylate 
various cellular constituents especially affecting lymphoid cells and subsequently 
leading to immunosuppression (50). In clinical practice, it is used less frequently than 
MTX and azathioprine in part because the clinical data that exists about its use is not 
as favorable and the fear of long-term risk for lymphoid malignancies, susceptibility to 
infection, and other serious side effects.

Cyclophosphamide alone may not be useful in controlling the inflammatory aspects 
of myositis, but may be useful when used with corticosteroids (51). Several studies 
have reported some beneficial effects when patients were treated with prednisone and 
monthly intravenous cyclophosphamide (doses ranging from 750–1357 mg/m2) (52–54).
Cyclophosphamide has been effective in the treatment of lung disease secondary to 
polymyositis (55,56). Another case report demonstrated the successful treatment of 
interstitial pneumonia secondary to dermatomyositis with intravenous cyclophosphamide 
in combination with cyclosporine and prednisone (57).

Cyclophosphamide can also be administered orally in daily doses (2–2.5 mg/kg) 
or intravenously on weekly to monthly doses. Close monitoring of the complete blood 
count is necessary to avoid complications related to leukopenia, thrombocytopenia, 
and anemia. As mentioned previously, although they may be effective in treating 
rheumatic disorders, the use of alkylating agents is limited by their potential side effects. 
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Short-term adverse effects of alkylating agents include hematologic, GI, infectious, 
urologic, pulmonary, and dermatologic complications (51). Other potential long-term 
concerns include the increased risk of bladder and hematologic malignancies, male 
infertility, and ovarian failure.

Chlorambucil
Chlorambucil, another alkylating agent, has also been used to treat various rheumatic 

disorders in addition to hematologic and malignant diseases. However, it has not been 
used as frequently as cyclophosphamide and little is written about its use in treating 
inflammatory myopathies. In a recent case series of five patients with dermatomyositis 
that had failed prior treatment with immunosuppressive agents (azathioprine and/or 
methotrexate), beneficial results were noted within 4–6 mo in all patients. All were 
treated with oral chlorambucil (4 mg/d) and other immunosuppressive agents (except 
prednisone) were discontinued. In four patients, treatment was continued for 13–30 mo 
at which time remission was attained. One patient remained on chlorambucil with 
persistent disease (58).

As with cyclophosphamide, careful monitoring of blood cell counts is mandatory. 
Potential adverse effects are similar to cyclophosphamide. It should be noted that the 
Food and Drug Administration (FDA) has not approved any alkylating agent for the 
treatment of rheumatic diseases, so all patients should give informed consent prior 
to their use.

Cyclosporine
Cyclosporine inhibits the activation and proliferation of T cells, lymphokine (IL-2, 

IL-3, IL-4, IL-5, and -interferon [IFN- ]) release, and antigen presentation. Clinically, 
it is used most frequently in organ transplantation, but has also been used to treat 
autoimmune disorders such as graft vs host disease (GVHD), Behcet’s disease, uveitis, 
and Crohn’s disease (59).

As with many of the other drugs discussed previously, there have been no large 
studies using cyclosporine to treat idiopathic inflammatory myopathies. Interestingly, 
much of the experience using cyclosporine to treat polymyositis is in children. An early 
case report described a 15-yr-old girl with dermatomyositis who had failed treatment 
with azathioprine and methylprednisolone and then noted improvement in function 
and muscle enzymes after starting on cyclosporine (3 mg/kg/d) (60). Several more 
recent case series also suggest cyclosporine may play a role in the treatment of juvenile 
dermatomyositis. In a case series of 14 children who had ongoing active disease with only 
partial responses to prior therapy with corticosteroids and other immunosuppressive 
agents, cyclosporine (2.5–7.5 mg/kg/d) was found to be effective and safe (61). In 
another small retrospective case series of 6 children with refractory dermatomyositis, 
treatment with cyclosporine (5–6 mg/kg/d) led to clinical improvement and a reduction 
or discontinuation of corticosteroids in all patients. (It should also be noted that three 
relapsed after discontinuation of cyclosporine, but recovered after it was reinitiated 
[62]) Less information exists about the treatment of adults with cyclosporine, but it has 
been shown to be effective with the usual dose being 5–10 mg/kg/d and adjusted based 
on clinical effects, side effects, and cyclosporine levels (63–65).
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A recent randomized study compared patients receiving methotrexate plus prednisone 
and cyclosporine plus prednisone. In this study of 36 patients with active polymyositis 
or dermatomyositis, significant improvement was noted in both groups in terms of 
functional muscle testing, clinical assessment, global patient’s assessment, and muscle 
magnetic resonance imaging (MRI). Interestingly in the MTX-treated group, the CK 
tended to improve sooner than in the cyclosporine group (66).

Although cyclosporine may be considered as an alternative therapy, especially when 
other treatments have failed, its side-effect profile limits its use. Minor side effects 
include hirsutism, nausea, headache, thrombocytopenia, anemia, and gum hypertrophy. 
More serious side effects include hypertension, renal failure, and an increased risk for 
lymphoproliferative malignancy.

Intravenous Immune Gamma Globulin
Although intravenous immunoglobulin (IVIG) was initially used for treatment of 

primary and secondary immunodeficiencies, it is now being used to treat neurologic (i.e., 
myasthenia gravis and Guillain-Barre), hematologic (i.e., idiopathic thrombocytopenic 
purpura), infectious (i.e., sepsis), dermatologic (i.e., pemphigus), and systemic inflam-
matory diseases (i.e., Kawasaki’s). Given the suspected role of immune-mediated 
mechanisms in the pathogenesis of these diseases and in inflammatory myopathies, 
IVIG has also been used to treat IIM as well.

Roifman initially described the successful use of IVIG to treat a 15-yr-old girl who 
had previously failed traditional therapies: corticosteroids, MTX, and cyclophosphamide 
(67). Several years later in an uncontrolled study, 14 patients with “chronic, refractory”
polymyositis and 6 patients with dermatomyositis with IVIG after failing “traditional 
therapy” were treated with IVIG and average of 4 mo (1–12 mo) with all patients 
receiving 1 g/kg for 2 d or 0.4 g/kg for 5 d each month. Muscle strength and muscle 
enzymes improved in significantly in 75% of these patients, but long-term follow-up 
was not provided (68).

More recently, Dalakas and colleagues conducted the only double-blind, placebo-
controlled study using IVIG in IIM. He enrolled 15 patients ranging from 18–55 yr 
of age with “treatment-resistant” dermatomyositis. The patients were randomized to 
receive either a monthly infusion of IVIG (2 g/kg) or placebo for 3 mo. (They also 
continued to receive corticosteroids.) In addition, an option to cross-over to the other 
therapy was also offered the patients. Clinical outcomes included strength assessment, 
rash, and neuromuscular symptoms. In addition, biopsies were repeated in all patients. In 
total 12 patients received IVIG (8 patients from the initial randomization and 4 crossover 
patients), 9 of these patients showed major improvement in functional disability as well 
as in muscle strength and neuromuscular scores. Of the 11 patients in the placebo group, 
8 had either a worsening or no change in their condition and 3 had a mild improvement in 
their condition. Histologic improvement was also noted on biopsies (69).

In regards to the use of IVIG, many questions have yet to be answered, including the 
optimal time to use this therapy and the optimal duration. In clinical practice, IVIG is 
generally used in patients who have failed other agents. This may be partially owing 
to the expense of the drug and concern about adverse effects (headaches, chills, fevers, 
aseptic meningitis, thromboembolic events, transmission of infectious diseases, and 
anaphylactic reactions). Guidelines for administration of IVIG vary, but in adults the 
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total IVIG dosage is 2 g/kg that can be divided and given over 1–5 d (70). Total duration 
of therapy also varies and is largely dependent on patient improvement.

Plasmapheresis
Excitement about the possibility of plasmapheresis being used to treat inflammatory 

myopathies stems from an early uncontrolled study of 33 patients. All patients were 
treated with plasmapheresis and prednisone in addition to continuing cytotoxic therapy 
with either cyclophosphamide or chlorambucil. Improvement was noted in 32 patients 
in regards to muscle testing, forced vital capacity, EMG findings, CPKs, and muscle 
biopsy (71). Skeptics suggested that the improvement could be due to the effects of other 
cytotoxic therapy. However a more recent retrospective study of 21 patients treated with 
plasma exchange also demonstrated a 71% response rate (72).

In one of the few double-blinded, controlled studies of therapy in polymyositis, Miller 
and colleagues (73) randomly assigned 39 patients with polymyositis or dermatomyositis 
into three groups. The first group was treated with plasma exchange (replacement of 
one volume of plasma with 5% albumin in saline), the second group with leukopheresis 
(removal of 5–10 × 109 lymphocytes), and the third group with sham apheresis. Twelve 
treatments were given over a 1-mo period while the patients’ prednisone dose remained 
constant. No other immunosuppressive agents were allowed. Outcome measurements 
included muscle strength, functional capacity, and serum muscle-associated enzymes. 
While 3 patients in each group of 13 patients had improvement in strength and functional 
capacity, no significant differences were noted in any of the three treatment arms in 
terms of final muscle strength or functional capacity (73).

Theoretically, such therapies could remove cytokines, immunoglobulins, and 
lymphocytes from the peripheral circulation, thereby affecting the systemic inflam-
matory response in inflammatory myopathies. Immunologic studies of patients with 
polymyositis treated with apheresis demonstrated a decrease in serum IgG, natural 
killer (NK) lymphocytes, B cells, and T cells. In addition, maturation of CD4+ T cells 
also increased, leading the authors to speculate that the maturation of these cells may 
downregulate the inflammatory process (71). The most severe adverse effects in Miller’s
study were the requirement of a central venous catheter (23%), major vasovagal episodes 
(8%), and clinically important citrate reactions (5%) (73).

Irradiation
The use of ionizing radiation to treat patients with severe life-threatening disease 

was first reported by Engel (74). Some clinicians have used whole-body, low-dose 
irradiation administered over a 5-wk period (75,76), whereas others have used total 
lymphoid irradiation with higher-dose irradiation also delivered over a 5–6 wk period 
(77). The use of irradiation is limited by multiple, serious side effects including 
pancytopenia, increased risk of malignancy, and death. Therefore, it should only be 
considered in patients who have severe incapacitating disease who have failed to respond 
to conventional therapy.

Combined Therapy
In a sense when corticosteroids are used in combination with other immunosuppressive 

or cytotoxic agents, it may be considered to be “combined therapy.” However most 
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clinicians reserve the term “combined therapy” to mean combining two or more 
immunosuppressive and/or cytotoxic agents. Clinical data using these combinations 
of two or more immunosuppressive and/or cytotoxic agents is scant. Most of the 
information is from case reports or small case series. The combination of MTX and 
cyclosporine A has successfully been used to treat a woman with myositis unresponsive 
to pulse corticosteroid therapy and the combination of azathioprine and MTX (78). As 
mentioned previously, pulse cyclophosphamide and cyclosporine were used successfully 
to treat an interstitial pneumonia associated with dermatomyositis (57). In one of the few 
randomized, controlled studies of therapies in myositis, the combination of oral MTX 
and daily azathioprine was compared with intravenous MTX in a crossover design. Of 
the 30 patients with “refractory disease,” 12 patients improved while on the combination 
of MTX and azathioprine (79).

TREATMENT OF MISCELLANEOUS MANIFESTATIONS

Skin Manifestations
The cutaneous manifestations of dermatomyositis may or may not improve with 

therapy aimed at treating the muscle inflammation. Sunscreen, avoidance of sun, and 
topical corticosteroids may be helpful in treating these manifestations, although there 
is little clinical information about their use.

In addition, antimalarial agents such as chloroquine, hydroxychlorquine, and 
quinacrine may also be useful in treating the cutaneous manifestations. Patients may 
respond to hydroxychloroquine with resolution of the skin manifestations. In addition, 
although hydroxychloroquine did not seem to be beneficial in treating the muscle 
disease, it may help decrease the prednisone dose (80).

Joint Manifestations
In addition to muscle weakness and/or pain, patients with IIM may also develop an 

inflammatory arthritis. The arthritis associated with IIM is usually a nonerosive and 
affects the small joints of the hands and wrists. In the Jo-1 associated myopathies, it may 
be especially troubling and even deforming. Nonsteroidal anti-inflammatory agents and 
low-dose prednisone are often helpful in treating these symptoms; although occasionally 
disease-modifying agents may be required like those used to treat RA.

Calcinosis
Subcutaneous calcifications are a late manifestation of chronic disease, especially 

in juvenile dermatomyositis. Calcinosis often occurs in areas of repeated trauma 
(elbows, fingers, buttocks, and so on). Secondary infections and persistent drainage 
may complicate these lesions. Some may require surgical removal. Unfortunately, there 
is no good therapy to treat these lesions. Clinicians have used agents such as probenecid, 
colchicine, and warfarin with little success.

Raynaud’s Phenomenon
Raynaud’s phenomenon can be seen in any patient with IIM, however, it is more 

common in patients with Jo-1 antibodies. Much like Raynaud’s in association with 
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systemic lupus erythematosus (SLE) or scleroderma, it generally will respond to the 
avoidance of cold or by using calcium-channel blockers.

Lungs and Heart
Pulmonary and cardiac problems associated with IIM are serious problems. Shortness 

of breath may be owing to alveolitis, respiratory muscle weakness, chronic aspiration 
secondary to pharyngeal muscle involvement, pulmonary fibrosis, or congestive heart 
failure. Cardiac conduction abnormalities may also be present. Pulmonary involvement 
may respond to corticosteroids, MTX, azathioprine, or cyclophosphamide. Involvement 
of the cardiac muscle should be treated aggressively with agents designed to treat the 
underlying myositis. Adjuvant therapy may require the use of diuretics, antiarrythmics, 
and inotropic agents such as digoxin.

GI Tract
Involvement of the pharyngeal muscles may cause dyspepsia, dysphagia, dysphonia, 

and/or aspiration. Dyspepsia generally will respond to antacids, H2 blockers, or proton-
pump inhibitors. It is also important in patients with severe dysphagia or dysphonia 
to educate the patient in how to prevent aspiration by having them always eat in an 
upright position until their food has been digested and to elevate the head of the bed 
when they are sleeping.

SELECTED PATIENT SUBSETS: TREATMENT ISSUES

Pregnancy
Little clinical information exists about polymyositis and pregnancy. Fetal demise 

has been reported to be as high as 33% in all pregnancies and up to 50% of women 
with active disease (81,82). In another study that investigated the risk of exacerbation 
of the polymyositis/dermatomyositis in 18 pregnant women, Gutierrez and colleagues 
reported that several women had an exacerbation of their disease during pregnancy 
(83). A case report described the successful treatment of one pregnant woman with 
prednisolone (0.3 mg/kg/d) (84). It should be noted that of the medications discussed 
in the previous sections, only corticosteroids are assigned an FDA risk to the fetus 
of category B (no evidence of risk in humans). Cyclosporine has an FDA risk of C 
(risk cannot be ruled out). Azathioprine, chlorambucil, and cyclophosphamide are 
assigned an FDA risk of D (positive evidence of risk, potential benefits may outweigh 
the potential risk). MTX has an FDA risk of X (contraindicated in pregnancy) (85).
Therefore if the disease requires therapy during pregnancy, no medications other than 
corticosteroids should be used to control the disease if possible. Other medications are 
considered to have some risk to the fetus.

Malignancy
Although myositis has been associated with many malignancies, the most common 

sites in men tend to be the lung and GI tract and in women tend to be the breast and ovary 
(86). This association is stronger in patients older that the age of 50. A two level search 
for a malignancy has been recommended. The first level includes a chest radiograph, 
stool for occult blood, liver-function profile, prostate specific antigen (PSA) in men 
and mammography, CA-125 testing, and a complete pelvic examination in women. The 
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second level of testing is dependent on the history and physical examination as well 
as the first level of testing and includes complete barium studies of the GI tracts (or 
endoscopy and colonoscopy), abdominal and chest CT scans, and pelvic culdoscopy 
(87). In terms of treatment of the myositis associated with malignancy, it is important to 
treat the underlying malignancy in addition to the myositis. Although the myositis may 
respond to therapy aimed at treating the underlying malignancy, it may also require 
therapy aimed specifically at the muscle inflammation.

Inclusion Body Myositis
Inclusion body myositis (IBM) represents a form of myositis that may lead to slowly 

progressive, disabling myositis. It commonly affects distal musculature and more 
commonly affects males. The characteristic histologic feature is cytoplasmic vacuoles 
on biopsy of skeletal muscle.

Unfortunately, another common feature of IBM is that it is generally thought to be 
refractory to traditional therapies. However, a retrospective study at the NIH challenges 
that idea and suggests that corticosteroids and other “traditional” immunosuppressive 
agents may stabilize or slow down the progressions of the disease (88). Regardless of 
the lack of evidence, many physicians will try to treat these patients with prednisone 
and other agents.

Intravenous immunoglobulin (IVIG) may play a role in the treatment of IBM. 
Two double-blinded, placebo-controlled, crossover studies demonstrate mild or no 
improvement depending on the outcome measured. Nineteen patients were randomized 
in the first study and received either monthly infusions of 2 g/kg IVIG or placebo. 
Patients were then crossed over to the alternate arm after a brief washout phase. Although 
28% of the patients demonstrated “functionally important improvement” on IVIG, the 
improvement was not statistically significant (89). The second study had a similar 
design and enrolled 22 patients. The authors noted an 11% improvement in clinical 
symptoms and reported a trend toward improvement on other parameters as well (90).
No long-term studies have been performed using IVIG in IBM. Given the cost of IVIG, 
it is hard to justify its use in all patients with IBM.

As in other patients with IIM, physical therapy can improve muscle strength in 
patients with IBM. A recent study at the NIH suggests that patients with IBM can 
tolerate a progressive resistance strength-training program with no evidence of muscle 
injury (91).

Juvenile Dermatomyositis
As in adult disease, corticosteroids are also used as the initial therapy in juvenile 

dermatomyositis. Typically, corticosteroids in higher doses than used in adults are 
used for the initial therapy. Sullivan recommends starting prednisone at the dose of 
2 mg/kg/d in four divided doses for at least 1 mo. If there is a good clinical response 
or decrease in muscle-associated enzymes, then the corticosteroids are decreased to 
1 mg/kg/d in divided doses (22). Thereafter, the taper is based on symptoms, clinical 
examination, and muscle enzymes. As in adults, improvement in strength may lag 
behind improvement in muscle-enzyme testing. High-dose corticosteroids in children 
are fraught with the same complications as in adults. However, growth retardation is 
an additional concern.
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In children who are not controlled with corticosteroids, similar therapeutic options 
are used. Immunosuppressive agents such as MTX, cyclosporine, cyclophosphamide, 
and azathioprine have all been used with success. Dosages of these agents for children 
are listed in Table 3 (92). Although IVIG therapy is also controversial in children, 
Lang reported a case series of five steroid-dependent or steroid-resistant children who 
responded to IVIG (2 mg/kg over 2 d) (93). Cassidy and Petty suggest that it may be 
particularly useful in children with early, presumably severe disease (92).

CONCLUSION

Successful treatment of the idiopathic inflammatory myopathies remains challenging 
even to the most experienced clinicians. Although most patients with IIM respond to 
initial therapy with corticosteroids, many will require other agents. Of the immunosup-
pressive and cytotoxic agents used, MTX and azathioprine are the most commonly used 
“second-line” agents. The role of IVIG in the treatment of IIM remains unclear.
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INTRODUCTION

An inflammatory arthritis involving both the axial and the peripheral skeleton 
develops in some 5–25% of patients with psoriasis. The disease is heterogeneous with 
features of the spondyloarthropathies predominating in some patients while resembling 
rheumatoid arthritis (RA) in other patients (1). Psoriatic arthritis provides an ideal 
disease model to investigate the bioactivities of potentially therapeutic biologic agents 
at multiple sites of tissue inflammation that are easily accessible for clinical and 
pathological assessment.

PATHOGENESIS

The etiology of both psoriasis and psoriatic arthritis are not known. Genetic, 
environmental, and immunologic factors appear to influence the susceptibility to disease 
and its expression (1). The pattern of inheritance is suggestive of a polygenic influence 
with ubiquitous genetic and environmental factors contributing to phenotype diversity. 
Formal twins studies have not been undertaken in patients with psoriatic arthritis, and 
thus the relative importance of genetic and environmental factors is not known. Family 
studies suggest an approx 50-fold increased risk of psoriatic arthritis in first-degree 
relatives of patients with the disease. An important role for class I human leukocyte 
antigens (HLA) in the pathogenesis of psoriatic arthritis is supported by data derived 
from the HLA-B27 transgenic rat model where psoriasiform skin and nail lesions have 
been observed (2). Of interest, these lesions develop in animals grown in germ-free 
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environments in whom gut or joint involvement does not occur. Psoriasis and psoriatic 
arthritis are associated with certain HLA alleles, mainly with class I antigens. Thus, 
HLA class I antigens B13, B16 (B38/B39), B17 and Cw6 have been related to psoriasis 
with or without arthritis (1). Trauma, infection, drugs, and certain biologic agents 
may result in psoriasis—probably through different mechanisms—suggesting that this 
phenotype may be the final pathway of a number of triggers.

The histopathologic changes in the skin and the synovium are remarkably similar with 
activation and expansion of tissue-specific cell subsets (keratinocytes and synoviocytes), 
accumulation of inflammatory cells (T cells, B cells, macrophages, and neutrophils), and 
angiogenesis. Recent studies using magnetic resonance imaging (MRI) have highlighted 
the importance of enthesitis as a key feature of the disease (3). T cells play an important 
pathogenic role in the skin and joint manifestations of psoriatic arthritis as evidenced by 
findings of T-cell activation with skewing of T-cell receptors (TCR) receptor repertoire 
and commensurate with an ongoing T-helper 1 (Th1) phenotype; induction of psoriatic 
skin lesions in uninvolved skin transferred onto severe combined immunodeficiency 
(SCID) mice after injection of autologous blood-derived immunocytes from patients 
with psoriasis; development of psoriasiform skin lesions in SCID mice reconstituted with 
minor HLA mismatched naïve CD4+ T cells; and improvement of psoriasis following 
T-cell directed therapies such as cyclosporine, interleukin-2 (IL-2) fusion toxins, and 
the inhibitor of T-cell costimulation CTLA4Ig (4–8). In addition to CD4 T-cells, an 
important role for CD8 T cells is favored by the association of the disease with class I 
MHC antigens and the observed association of HIV-1 infection with an explosive onset 
of psoriasis and psoriatic arthritis (9).

The cytokine network in the psoriatic skin and synovium is dominated by the 
monocyte-derived cytokines tumor necrosis factor- TNF- ), IL-1 , IL-1 , IL-6, IL-15, 
and IL-10. Compared to rheumatoid synovium, the TNF- : IL-10 ratio in psoriatic 
arthritis patients is elevated suggesting that a relative deficiency IL-10 may play a 
significant role in psoriatic arthritis (10). Cytokines such as IL-15 may play an important 
role in the pathogenesis of psoriatic skin lesions by inhibiting keratinocyte apoptosis 
and promoting keratinocyte accumulation (11). Evidence for endothelial-cell activa-
tion and enhanced adhesion-molecule expression coupled with increased metal-
loproteinase and pro-angiogenic activity (the latter mediated through vascular endothelial 
growth factor [VEGF], basic fibroblast growth factor [bFGF], and V 3 integrin 
expression) has also been reported in both cutaneous and synovial lesions (12–14).

TREATMENT

Therapy for psoriatic arthritis has largely been based in clinical experience in RA 
and psoriasis, without corroborating evidence from studies in patients with psoriatic 
arthritis.

Skin Disease
The initial treatment for stable plaque psoriasis is topical. However, topical therapy 

may be impractical for patients with extensive psoriasis (more than 20% involvement) 
and systemic therapy may be indicated at the onset (15). Topical treatment includes 
emollients and keratolytic agents alone or in combination with anthralin, corticosteroids, 
vitamin D derivatives such as calcipotriene, and topical retinoids. Patients with extensive 
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skin disease may benefit from photochemotherapy (PUVA therapy) (psoralen followed 
2 h later with ultraviolet A [UVA] radiation) (15).

Joint Disease
The general principles of managing patients with RA and the spondyloarthropathies 

also apply to patients with psoriatic arthritis (1). For patients whose response to 
nonsteroidal anti-inflammatory drugs (NSAIDs) is inadequate and patients with 
progressive, erosive, polyarticular disease or patients with oligoarticular disease 
involving large joints that does not respond to local corticosteroid injections, disease-
modifying drugs (DMARDs) should be initiated as early as possible. Methotrexate 
(MTX) is effective for both the skin disease and peripheral arthritis in patients with 
oligo- or polyarticular disease (16). In general, dosage and monitoring are the same as for 
patients with RA. Sulfasalazine (2–3 g/d) is helpful for peripheral arthritis (17,18) but not 
for axial disease (19). PUVA therapy is effective for both skin and joint disease, but only 
in nonspondylitic disease (20), and may be especially helpful for patients with extensive 
skin involvement. Antimalarials, gold, azathioprine, cyclosporine, mycophenolate 
mofetil, leflunomide, etretinate, and calcitriol may also be effective based on small, 
open-label, uncontrolled trials (1). Azathioprine, cyclosporine, mycophenolate mofetil, 
leflunomide, etretinate, and calcitriol are likely to improve both skin and joint disease 
(1,21). Etretinate should probably be avoided in patients with axial disease because 
spinal ligamentous calcification is associated with long-term use. Corticosteroids can 
be used safely in low doses, either in combination with DMARDs or as bridge therapy 
while waiting for onset of action of DMARDs. Reports of generalized pustular psoriasis 
upon tapering of corticosteroids used in high doses for the treatment of psoriasis—albeit 
rare—dictate caution, especially in patients with extensive skin disease.

In patients with aggressive, destructive disease who have an inadequate response 
to single-agent combination therapy (i.e., MTX with sulfasalasine, cyclosporine, or 
leflunomide) may be considered (22). However, these modalities are not uniformly 
effective and toxicity is a limiting factor. Studies evaluating the role of biologic therapies 
are in progress and will be reviewed next.

CYTOKINE-TARGETED THERAPIES

Neutralization of TNF-
TNF-  induces inflammatory effects by acting directly on multiple target tissues 

and indirectly by inducing other proinflammatory cytokines such as IL-1, IL-6, and 
IL-8. TNF- potentiates lymphocyte activation and facilitates their recruitment to 
sites of inflammation by inducing expression of adhesion molecules, chemokines, and 
angiogenesis. TNF-  neutralization has been achieved in humans using monoclonal 
antibodies (MAbs) or genetically engineered sTNFR. Etanercept, a genetically 
engineered TNFR, has demonstrated efficacy in the treatment of RA (23). Because 
TNF-  is elevated in joints and the skin of psoriatic arthritis patients (10), etanercept 
was evaluated in a randomized double-blind, placebo-controlled, 12-wk study (24).
In this study, etanercept (25 mg twice-weekly subcutaneous injections) or placebo were 
administrated in 60 patients with psoriatic arthritis (median baseline tender joint count 
19; median swollen joint count 14; psoriasis activity and severity index [PASI] 6.0). 
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Eighty-seven (87%) of etanercept-treated patients met response criteria for psoriatic 
arthritis compared to 23% of placebo-treated patients (p < 0.001). The ACR20 and 
ACR50 response criteria for RA were achieved by 73% and 50% of the etanercept-
treated patients compared to 13% and 3%, respectively, in the placebo-treated patients 
(p < 0.001). Of the 38 patients who where evaluable for psoriasis (involvement of 
equal or more than 3% of body surface), 26% of etanercept-treated patients achieved 
a 75% improvement in the PASI, compared to 0% in the placebo treated patients
(p = 0.015). Etanercept was well-tolerated with no patient developing infections requiring 
hospitalization of intravenous antibodies.

ANTI-INFLAMMATORY CYTOKINES

Interleukin 10
Studies in animals with genetic deletion of the IL-10 gene have demonstrated the 

essential role of IL-10 in preventing exaggerated Th1 inflammatory responses to a 
variety of stimuli (25). IL-10 suppresses Th1 cytokines such as TNF- and IL-12 
modulates monocyte and endothelial-cell activation, and inhibits metalloproteinase 
and angiogenic activity (25–31). Clinical phase I/II studies in normal volunteers 
and patients with Crohn’s disease suggest that recombinant IL-10 may downregulate 
inflammatory responses ex vivo and decrease disease activity (32–34). A phase I/II 
placebo-controlled study in 29 patients with polyarticular psoriatic arthritis receiving 
daily IL-10 subcutaneously for 28 d showed improvement in the skin disease (>30% 
improvement in PASI score) in 75% of patients receiving 10 µg/kg/d of IL-10 vs 10% in 
the placebo group (35). No clinically significant changes were observed in joint-disease 
activity; however, the study was not adequately powered to address efficacy. “Type 1”
but not “type 2” T-cell cytokine production in vitro was suppressed in IL-10 compared 
with placebo recipients. Monokine production was reduced after treatment, whereas 
serum sTNFR levels were elevated, indicating suppression of monocyte function. 
T-cell and macrophage infiltration and P-selectin expression in synovial tissues were 
decreased. Of interest, angiogenesis was modulated as indicated by suppressed synovial 
enhancement on MRI and reduced v 3 integrin expression on vWF+ vessels. IL-10 
was well-tolerated with only minor adverse effects. Longer duration of treatment or 
combination therapy with other agents such as MTX may enhance its therapeutic 
effects.

Interleukin 11
In addition to its thrombocytopoietic effects, IL-11, a multifunctional cytokine, has 

been shown to have also inflammatory and musculoskeletal protective effects. IL-11 
reduces proinflammatory cytokine production by upregulating the expression of the 
inhibitor of NF- B, I B and inhibits type 1 T-cell responses (36,37). Treatment with 
rhIL-11 reduces disease activity in animal models of inflammatory diseases (38,39).
Phase I/II studies are in progress in patients with active Crohn’s disease, psoriasis, and 
RA with early results suggesting a potential benefit for patients with Crohn’s disease and 
psoriasis (40,41). In a phase I, open-label, dose-escalation clinical trial in 12 patients 
with psoriasis, 7 of 12 patients responded to rhIL-11 treatment. Amelioration of disease 
was associated with decreased expression of products of disease-related genes such as 
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K16, iNOS (nitric oxide synthase), interferon- (IFN- ), IL-12, TNF- , IL-1 , and CD8, 
and with increased expression of endogenous IL-11.

INHIBITION OF T-CELL COSTIMULATION

CTLA4Ig
The soluble chimeric protein CTLA4Ig inhibits costimulatory signals essential for 

T-cell activation and has been shown to ameliorate disease activity in a variety of 
animal models of autoimmunity (42–43). Forty-three patients with psoriasis vulgaris 
received four infusions of CTLA4Ig. Almost 50% (46%) of the patients achieved a 50% 
or greater sustained improvement (especially those in the highest doses). Improvement 
was associated with reduction in skin-infiltrating T cells, altered antibody responses 
to T-cell-dependent neoantigens but no evidence of induction of T-cell tolerance to 
these antigens (8).

CURRENT RECOMMENDATIONS

Modern therapy for psoriatic arthritis is at a state of evolution. The marked 
heterogeneity of the disease and the low prevalence of the disease (approx 10-fold 
lower than in RA) have hampered thus far efforts to conduct large, controlled clinical 
trials and most available modalities are derived from clinical experience in RA. Results 
from anti-TNF therapy are certainly exciting and represent a major breakthrough in the 
treatment of moderate to severe psoriatic arthritis. In addition to its significant effects 
in RA, early experience from anti-TNF therapy suggests that may also be of benefit 
in spondyloarthropathies such as the ankylosing spondylitis (44), a feature especially 
attractive for a disease in which axial involvement is common and notoriously difficult 
to treat. Early data from other biologic therapies (IL-10, IL-11, CTLA4Ig) suggest that 
these agents are probably not likely to be of substantial clinical value when used alone, 
but they hold promise in combination protocols with conventional agents such as MTX. 
Agents targeting other pathways such as NF- B, IL-15, and angiogenesis inhibitors 
such as anti- v 3 (45) are in the early stages of clinical evaluation. For the time being 
and until questions about the long-term efficacy and toxicity of biologic therapies have 
been resolved, these agents should probably be reserved for patients with severe disease, 
refractory to combination treatment with conventional DMARDS.
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INTRODUCTION

The complement system is composed of over 30 serum and cellular proteins in 
three distinct pathways and is important in the proinflammatory response to injury and 
pathogens. The complement pathways converge in the membrane attack complex (MAC), 
the terminal effector of the system. Because this cascade of proteins results in cell lysis 
and tissue destruction, the complement system includes multiple regulatory proteins 
that prevent nonspecific complement activation. Some of these regulatory proteins are 
cellular receptors for the breakdown products of the components of the system. The 
understanding of natural regulatory proteins and receptors and their involvement in 
rheumatic diseases has allowed the design and development of therapeutic interventions 
that inhibit complement activation and prevent inflammatory tissue damage.

In this chapter we will discuss the role of complement inhibitors, both natural and 
recombinant-engineered molecules, in rheumatic diseases. We will briefly review 
the complement system including the regulatory molecules that control complement 
activation, and the available information of complement-activation inhibitors used 
in animal models of tissue injury. Finally, we will discuss human trials, in which 
complement-activation inhibitors have been used, along with future directions.

COMPLEMENT ACTIVATION

Classical Pathway
The classical complement pathway and the subsequent MAC formation constitute 

the basis of the complement system (reviewed in ref. 1, see Fig. 1). This pathway begins 
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with C1q binding to an antigen-IgG or IgM complex through the Fc region, activation of
2 molecules, C1r and C1s, and the formation of the C1qC1r2C1s2 complex. This activated 
complex splits both C2 and C4 to form the C3 convertase, C2aC4b. The C3 convertase 
cleaves C3 generating C3b that binds C2aC4b and becomes C2aC4bC3b, the C5 con-
vertase. This complex severs C5 generating C5b, the initiator of the MAC complex. In 
addition to generating convertases, the classical pathway produces byproducts, C4b, C5a, 
and C3a. These byproducts are also immunologically active as anaphylotoxins.

The MAC is the lytic component of the complement system. Unlike the other 
complement pathways that depend on enzymatic cleavage for activation, the MAC is 
an assembled complex of C5b, C6, C7, C8, and C9. These proteins can attach to cell 
membranes or form a soluble complex. When C5 convertase divides C5, C5b remains 
attached to the convertase on the cell surface. C6 and C7 then bind the complex inducing 
a conformational change such that the C5b-6-7 complex is released to the fluid phase. 
If this complex of proteins is not immediately degraded, it will quickly bind tightly to 
the cell surface without inserting into the membrane. C8 then binds and the complex is 

Fig. 1. Overview of the complement system and its inhibitors. The three initiation pathways, 
classical, lectin, and alternative, converge with C3 cleavage and then again with the cleavage of 
C5. The formation of C5b is the initiating molecule of the MAC complex. Inhibitors of specific 
complement components are in brackets ([]). The breakdown products, C4a, C3a, and C5a are potent 
anaphylotoxins. Adapted with permission from ref. 39.
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inserted into the membrane, causing the cell to leak. After insertion into the membrane, 
C9 is recruited and multiple C9 proteins polymerized, forming a large pore. This causes 
cellular lysis and tissue destruction.

Alternative Pathway
The complex polysaccharide moieties on bacterial and other surfaces activate the 

alternative complement pathway (reviewed in ref. 1). In this pathway, C3 is activated and 
C3b is produced by low-level hydrolysis of an internal thioester bond. This spontaneous 
cleavage is termed “tickover.” C3b is fixed on the pathogenic surface and is quickly 
complexed with Factor B. Factor D cleaves Factor B, forming the alternative pathway 
C3 convertase, C3bBb. The C3 convertase is stabilized by the addition of Properdin, 
forming C3bBbP. When this stable C3 convertase enzymatically cleaves additional
C3 molecules, another C3b protein is added to the complex forming C3bC3bBbP, a
C5 convertase that cleaves C5, producing C5b and initiating MAC formation.

Lectin Pathway
Although called the lectin pathway, only 1 lectin, mannose-binding protein (MBP), is 

involved (reviewed in ref. 2). MBP binds to mannose, N-acetylglucosamine, fucose, and 
glucose but not to galactose residues of carbohydrates on bacteria. The lectin pathway 
may play a role in rheumatoid arthritis (RA) owing to the ability of MBP to recognize 
the increased levels of exposed agalactosyl-IgG in these patients (3). Complement is 
activated when MBP is complexed with MBP-associated serine proteases (MASP). 
Recently, 2 MASPs, MASP1, and MASP2, and a related protein, Map19 have been 
identified (4). These proteins are enzymatically activated similar to the C1r and C1s 
proteins. Specifically, MASP2 is similar to C1s and MASP1 is similar to C1r whereas 
Map19 has unknown properties at this time (4). The MBP/MASP activated complex 
can then cleave C4 and C2 creating the C3 convertase, C4b2a, and merging with the 
classical complement pathway.

NATURAL/BIOLOGICAL INHIBITORS
OF COMPLEMENT ACTIVATION

Complement is controlled by 10 or more inhibitory proteins found either in the 
serum or on cell membranes (reviewed in ref. 5). A deficiency in some of these 
inhibitory molecules causes increased susceptibility to immune complexes that are 
found frequently in patients with rheumatic diseases. Without complement inhibitors to 
prevent continued growth, the lattice of antibody/antigen complexes becomes extremely 
large and precipitate in organs. In addition, complement coating of the complexes aids 
phagocytosis of the complexes by binding to surface erythrocyte-complement receptors 
and trafficking to the liver and spleen.

Because of the similarities of the three pathways, many of the regulatory molecules 
can inhibit multiple pathways. In addition, because all pathways converge at the forma-
tion of the MAC, inhibitors downstream of C5, regulate all forms of complement activa-
tion. The primary function of these natural regulatory proteins is to control the C3 and 
C5 convertases by degrading C3b and C4b. The specific regulatory functions of some 
of the natural inhibitors are detailed below.
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Complement Receptor 1
Complement receptor 1 (CR1; CD35) inhibits the both the C3 and C5 convertases 

of both classical and alternative pathways. C3 cleavage results in C3b and C3f with 
C3b undergoing a conformational change that allows it to attach to the surface. With 
CR1 as a cofactor, factor I cleaves C3b, forming iC3b. The same two proteins can split 
iC3b, forming C3dg and C3c, all of which remain on the cell surface. To inactivate 
the classical pathway, CR1 binds to C3b, iC3b, and C4b on the surface of other cells 
only. In addition, CR1 also dissociates B and Bb from C3b in the alternative pathway 
convertases. In mice, complement receptor related protein y (Crry) has activities similar 
to CR1 in humans, inhibiting both C3 and C5 convertases.

Membrane Cofactor Protein
Membrane cofactor protein (MCP; CD46) serves as a cofactor for factor I cleavage of 

C3b and C4b, inhibiting C3 and C5 convertase. However, it has no activity in dissociating 
the convertase complexes. MCP is expressed on all cells except red blood cells and is 
active only on the same cell on which it is expressed. MCP is an alternatively spliced 
membrane protein with at least four different variants that cleave C4b to various degrees. 
Most cells express some of each splice variant although there are some differences 
in kidney. This differential expression within the kidney and the fact that diseased 
kidneys express high levels of MCP may be useful in designing therapeutic agents 
for glomerulonephritis.

C1 Inhibitor
C1 inhibitor (C1inh) is found in serum and inhibits both the classical and lectin 

pathways by covalently binding to soluble C1r and C1s. It does not prevent surface 
complement activation. However, because there is seven times as much C1inh in the 
serum as C1, it quickly deactivates the classical pathway. C1inh is also a serine protease 
inhibitor that prevents MASP activity in the lectin pathway (4).

Decay Accelerating Factor
Decay accelerating factor (DAF; CD55) is a glycosyl-phosphotyidylinositol (GPI)-

linked, recyclable protein that can inactivate C3 and C5 convertases of both classical 
and alternative pathways. Similar to MCP, DAF can only inactivate the complexes 
that are assembled on the same cell surface that it exists on reviewed in (6); (7,8).
DAF has no cofactor activity for factor I. When removed from the cell surface by 
phosphotidylinositol-specific phosphatases, DAF can also be a soluble complement 
inhibitor (9).

CD59
CD59 (protectin) is a GPI-linked membrane protein that incorporates into the 

MAC complex after C5b-8 inserts in the cell membrane and inhibits insertion and 
polymerization of C9. CD59 can be shed from the cell surface such that the soluble 
form retains its GPI anchor. This allows the protein to be recycled and inserted into 
the membrane of other cells.

Clusterin blocks MAC formation by preventing C5b-6-7 from binding to the 
membrane. After C5b-6-7 binds the membrane, clusterin can not inhibit the complex. 
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Clusterin is found in high concentration in most body fluids and is frequently found in 
immune complexes of nephritic kidney disease.

ANIMAL STUDIES

Rheumatic diseases are chronic and therefore, therapeutic agents must have different 
characteristics from those used in the treatment of acute disease. To be useful as 
drugs, complement regulatory molecules must have a long half-life and not provoke an 
immune response (10). The most common approaches involve (1) the humanization of 
monoclonal antibodies (MAbs), (2) the fusion of a natural inhibitor with the Fc portion 
of IgG to prolong the half-life in the serum, and (3) the designing of chimeric molecules 
from natural inhibitors. These inhibitors can be planned to include molecules that 
inhibit complement activation at various points. For example, a chimeric DAF-CD59 
inhibitor has been designed that can inhibit in vitro both the C3 convertase and the 
formation of MAC (11). Also, multimeric membrane inhibitors have been designed, such 
as multimeric sCR1 (12). However, the multimeric- and chimeric-inhibitor molecules 
have yet to be studied in animal models before proceeding on to human trials. Finally, 
a futuristic approach has been considered to design complement-activation inhibitors 
conjugated to molecules that will direct the inhibitor to an organ site where complement 
inhibition is desirable and avoid general inhibition of complement activation. For 
example, conjugation of a complement inhibitor to a cationic IgG will direct it to 
the kidneys and can be used more effectively in the treatment of glomerulonephritis. 
Below we discuss animal models of lupus, glomerulonephritis, and RA in which 
complement-inhibitory molecules have been studied.

Systemic Lupus Erythematosus (SLE)
Female NZB/NZW F1 mice and MLR/lpr mice spontaneously develop lupus-like 

disease with autoantibody production (anti-DNA) and immune complex-mediated 
glomerulonephritis. The NZB/NZW F1 mice primarily produce IgG antibody, develop 
vasculitis and glomerulonephritis, and die by the age of 12 mo. Wang et al. (13)
showed that when 18-wk-old NZB/NZW F1 mice were given 1 mg of anti-C5 MAb, 
2–3 times/wk for up to 22 wk, the onset of disease was delayed. In addition, the MAb 
markedly decreased the severity of glomerulonephritis and prolonged survival of the 
NZB/NZW F1 mice.

Recently, the MRL/lpr mouse was crossed to Factor B deficient mice (14). The 
MRL/lpr B-/- mice did not develop vasculitic skin lesions, had less proteinuria, and 
had minimal renal pathology. Interestingly, although these mice had similar levels of 
anti-DNA Ab in their serum, compared to the MRL/lpr B+/+ or B+/– mice, they had 
less serum IgG3 and higher levels of serum C3. These findings suggest that factor B is 
important in the development of vasculitis and renal disease caused by C3 consumption. 
Therefore the alternative pathway, and specifically factor B, plays a significant role in 
the development of lupus-related pathology.

Another approach to prevent lupus-related symptoms is to increase the levels of 
natural complement inhibitors. In both mice and humans, CR1 has been considered to 
have a role in preventing immune complex deposition (15,16). Takahashi et al. found
that B cells from MRL/lpr mice have decreased CR1 expression by 7 wk of age, 
whereas the onset of lupus symptoms (high levels of autoantibodies and nephritis) 
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did not occur until 12–15 wk of age (16). Taken together, these data demonstrate that 
complement factors of both alternative and classical pathways modulate autoimmune 
inflammatory tissue damage and suggest that inhibition of both pathways may have 
therapeutic benefit. The aforementioned data suggest that therapeutic strategies in the 
treatment of lupus may include the decrease of either factor B or MAC formation or 
the increase of CR1.

Autoimmune Glomerulonephritis (GN)
It has been known for many years that complement activation plays a role in the 

development of GN (17). The availability of genetically manipulated mice has provided 
the tools to study the role of individual complement components in the process. Study 
of C1q-deficient mice (18) revealed that C1q is important in preventing complement 
induced damage to the kidney and increased polymorphonuclear (PMN) infiltration, 
whereas the study of C5 deficient mice has underscored the role of C5 in the development 
glomerular lesions or inflammatory infiltrates (19). Depletion of clusterin, a natural 
inhibitor of C5b-9, leads to significantly more glomerular injury in the Heymann 
nephritis rat model (20). Therefore, in various animal models, inhibition of early 
complement components or of MAC formation prevents renal damage.

Soluble Crry is the rodent analog of sCR1 and inhibits both classical and alternative 
pathways. Quigg et al. (21) showed that sCrry protects against glomerular injury induced 
by a nephrotoxic antibody. The protection was seen as a decrease in albuminuria 
and PMN infiltration without inhibiting the binding of the IgG to the glomeruli. In 
a rat model of glomerulonephritis, Quigg’s group also found that Crry is the critical 
component in the renal tubular preparation, which is injected to induce nephritis (22).
The rat produces antibody to Crry leading to inactivation of the C3 and C5 convertase 
regulator. This prompts uncontrolled complement activation and C3 deposition in the 
glomeruli. Thus in rodents, Crry plays a key role in preventing complement-induced 
injury and suggests that CR1 and/or CR2 may play an equivalent role in humans.

Rheumatoid Arthritis
Complement has been found to play a role in various RA rodent models. Injection of 

cobra venom factor (CVF; stabilizes the C3 convertase and depletes the animal of C3 
for 2–3 d), delays arthritis in a collagen-induced rat arthritis model until the complement 
system was functional again, that is, 3 d later (23). However, in a different arthritis 
model (injection of anti-CD59) others found that systemic complement depletion did 
not improve arthritis and that local depletion was important (24). Specifically, they 
found that rats receiving sCR1 or C5a receptor antagonist 30 min prior to intra-articular 
injection of anti-CD59 had as much joint swelling as control animals. In contrast, if 
sCR1 was intra-articularly injected simultaneously with anti-CD59, the joint-swelling 
index and inflammation were significantly lower. Both groups have shown that sCR1 
given prior to disease onset delayed or prevented the onset of the disease. Intra-articular 
injection of CD59 (inhibition of MAC complex) in inflamed joints failed to reverse 
the process (25).

An anti-C5 MAb has been developed that inhibits the cleavage of C5 (10). This 
prevents the formation of C5b-9 and the generation of the anaphylotoxin C5a. Using a 
mouse collagen-induced arthritis (CIA) model, Wang et al. (26) showed that anti-C5 
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MAb could not only prevent disease but prevented established disease from spreading to 
additional joints (26). In addition, anti-C5 MAb treatment decreased the inflammatory 
response, as indicated by decreased swelling and PMN infiltration (26). In the same 
model, this group recently found that only 3 of 30 C5-deficient mice developed joint 
inflammation as compared with 100% of littermate controls (27). In addition, these mice 
had normal cellular and humoral immune responses. Thus manipulation of complement 
activation may prove useful in the treatment of arthritis and these studies suggest that 
arthritis therapeutics should focus on inhibition of MAC formation.

HUMAN STUDIES

Complement is involved in the development of tissue pathology in most of human 
rheumatic diseases. For example, patients with RA and ankylosing spondylitis have 
increased soluble MAC complexes in the synovial joints compared with patients with 
other forms of joint disease (28,29). These studies also showed that both the classical 
and alternative complement paths are activated. In addition, patients with RA have IgG 
immune complexes that have terminal N-acetyl glucosamine residues that can bind 
MBP, indicating that the lectin pathway may also be activated (4).

Patients with C1q, C4, and C2 deficiencies develop lupus frequently, suggesting a role 
of the early complement factors in the establishment and maintenance of tolerance, in 
which the clearance of immune complexes may play an important role (30,31). On the 
other hand, immune-complex formation is abundant in lupus patients and the activation 
of complement pervasive. Immune complexes deposit and cause disease in multiple 
tissues including the kidneys and the central nervous system (CNS) (32). Activation 
of complement leads to depletion of complement factors such as C3 and C4 and their 
low levels represent a measure of active lupus nephritis (33). It is intuitive to develop 
complement inhibitors that prevent complement-mediated damage without affecting the 
immune complex clearing function of complement.

As yet, there are very few human studies using complement inhibitors and those 
that are being performed are in phase I or II trials. Nevertheless, the few phase I trials 
will be reviewed. Jain et al. (34) used a humanized anti-C5 MAb in a phase I study of 
RA patients and found that the antibody was safe, active for 7–10 d, improved clinical 
symptoms, and caused significant decrease in C-reactive protein (CRP) levels. This 
study used the whole antibody, which was engineered to have the mouse binding sites 
on the framework of a human antibody. A similar antibody, anti-C5-scFv has also 
been used successfully in phase I trials to prevent complement activation in patients 
undergoing cardiopulmonary bypass (35). The anti-C5 scFv is a single chain (heavy and 
light chain) of the humanized Ab used above (10). Recently, Compstatin, a synthethic 
peptide, has been described that binds to C3 and inhibits both C3a release and MAC 
formation (36,37). In vitro and ex vivo animal models have shown that Compstatin 
maybe a useful complement inhibitor for transplantation and cardiopulmonary bypass-
related pathology (36,38). The use of peptides in complement inhibition has a number of 
distinct advantages: they are very specific, small, defined by complement components, 
and therefore an antibody response is not expected, and may be delivered orally. 
Ongoing trials in patients with lupus nephritis may reveal their usefulness in complement 
inhibition in the treatment of lupus nephritis, arthritis, and, it is hoped, other rheumatic 
diseases.
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FUTURE DIRECTIONS

That complement activation is part of the pathogenic process in rheumatic diseases 
has been known for a long time. The complement-activation processes involves three 
initiation channels and a common terminal pathway that is responsible for the infliction 
of cell and organ injury. Complement activation occurs in a precise cascade manner and 
involves a number naturally occurring inhibitors that safeguard the outright consumption 
of the complement system. Animal models of arthritis, lupus, and glomerulonephritis 
have clearly shown, as discussed earlier, that inhibition of complement activation can 
delay, improve, or reverse the disease pathology. There are a number of important 
questions that need to be addressed in each human disease in order to choose the most 
the logical complement inhibitor for therapeutic use. First, to what extent is complement 
central in disease pathology? Second, which pathway is primarily involved? Third, is 
general complement inhibition associated with side effects such as suppression of the 
innate immunity and the appearance of overwhelming infections?

There has been a logical design of complement inhibitors for therapeutic use in human 
disease. First, MAbs that eliminate or block the activation of complement factors can be 
humanized by molecular engineering and used in the treatment of disease. As discussed 
earlier, an anti-C5 antibody is in human trials. Second, natural complement-activation 
inhibitors such as DAF, CD59, and CR1 can be genetically fused to Fc portion of IgG 
to prolong half-life. Third, complement inhibitors that act at different stages of the 
activation cascade can be genetically, recombinately engineered or chemically fused. 
Such compounds have the potential to act at different phases and bring about more 
specific and more effective complement inhibition. Fourth, recently, the design of 
peptide inhibitors that block the interaction of two complement factors or the cleavage 
of a factor by a protease/activator, such as convertase, at a precise point has emerged 
as a new promising approach. Compstatin, which was developed by the Lambris lab 
(36–38), represents such an example because it inhibits complement activation by 
blocking C3 convertase-mediated cleavage of C3. Fifth, and last, in response to the 
consideration that the use of complement inhibitors may cause systematic inhibition and 
unwanted side effects—from the complete lack of complement, such as overwhelming 
infection—investigators have considered the fusion of complement inhibitors to 
molecules that will direct it to the site of inflammation. Besides the example of cationic 
IgG that was discussed earlier, complement inhibitors can be conjugated to selectin 
ligands that will direct them to sites of increased selectin expression, i.e., inflammation 
or delivered via targeted liposomes to a specific location where the inhibitor is released 
in a concentrated region.
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INTRODUCTION

An autoimmune etiology is proven if adoptive transfer of lymphocytes or antibody that 
recognizes a self-epitope(s) causes disease (1). However, adoptive transfer of disease has 
been infrequently demonstrated for suspected autoimmune disorders. An exception is 
Idiopathic Thrombocytopenic Purpura (ITP). In 1951, an American physician (William 
Harrington) injected plasma containing antibodies to platelets from a patient with ITP 
into himself, resulting in transient thrombocytopenia (2). Again, in the 1950s, an Italian 
physician (Marmont) injected 300–500cc of plasma from patients with lupus nephritis 
into normal volunteers (3). These patients developed circulating Lupus Erythematosus 
(LE) cells, but no other manifestations of lupus, although repeated injections were 
not administered. Rarely, a patient undergoing transplant for a malignant disease has 
developed an autoimmune disease from the infused donor cells. Type I diabetes mellitus 
was transferred from a donor to a human leukocyte antigen (HLA)-matched sibling 
recipient by bone marrow transplantation (4). Other evidence for an autoimmune 
pathogenesis is detection of auto-reactive antibodies and/or lymphocytes. However, the 
self-epitope towards which the autoimmune response is directed is usually unknown, 
and whether antibodies such as rheumatoid arthritis (RA)-associated rheumatoid 
factor (RF) or scleroderma-associated SCL-70 are disease causing or epiphenomena 
remains unclear.
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Indirect evidence for an autoimmune pathogenesis is response to immune suppressive 
medications. For a severe autoimmune disease that fails standard treatment, dose 
intensification of immune suppression has been suggested as a new therapy. Depending 
on the immune-suppressive regimen, hematopoietic stem cells may have to be infused 
to prevent prolonged or permanent marrow aplasia. Three clinical options are available: 
(1) intense immune suppression without hematopoietic stem cell support, (2) intense 
immune suppression with autologous hematopoietic stem cell support, or (3) allogeneic 
hematopoietic stem cell transplantation. Intense immune-suppressive regimens with or 
without stem cell reinfusion may, even if not curative, help clarify the pathogenesis of 
a disease assumed to be autoimmune.

PATHOGENIC MECHANISMS THAT RATIONALIZE
THE USE OF THE NEW TREATMENT

To rationalize or justify this approach, one must first understand how an autoimmune 
disease arises. This question is best investigated via animal models of autoimmunity. 
There are two basic manners by which animals develop an autoimmune-like disease: 
(1) environmental exposure, i.e., immunization or infection, and (2) spontaneous onset 
without specific environmental triggers.

Experimental autoimmune encephalomyelitis (EAE) is an animal model of multiple 
sclerosis (MS) (5). EAE is an inflammatory demyelinating disease confined to the 
central nervous system (CNS). EAE does not occur spontaneously but may be induced 
in virtually any mammal (mice, rats, guinea pigs, monkeys, humans) by immunization 
with myelin protein. Therefore, lymphocytes with myelin-reactive repertoires circulate 
in the periphery but are anergic or tolerant to self. Two of the most common proteins in 
myelin are proteolipid protein (PLP) and myelin basic protein (MBP). Injection of either 
of these proteins (or immunogenic peptide fragments from these proteins) does not cause 
disease unless accompanied by an adjuvant. An adjuvant is an immune stimulant (e.g., 
Freund’s adjuvant) that causes upregulation of costimulatory and adhesion molecules 
on antigen-presenting cells (APCs). Presentation of myelin peptides simultaneous 
with costimulatory molecules is required to break peripheral tolerance, resulting in 
immune-mediated myelin injury. Therefore, self peptides or epitopes when presented in 
a proinflammatory environment may trigger an autoimmune disease.

Theiler’s murine encephalomyelitis virus (TMEV)-induced demyelinating disease is 
a viral-induced disease that is clinically and histologically similar to MS (6). TMEV 
is a picornavirus (small RNA virus) whose natural route of infection is oral ingestion. The 
immune system determines susceptibility to disease (7,8). Resistant strains of mice clear 
virus within 2 wk of infection and do not develop a demyelinating sequela. In susceptible 
strains, infection is never cleared and the initial gray-matter infection progresses to 
a chronic demyelinating white-matter disease (9). With transition from a neuronal 
gray-matter to a demyelinating white-matter disease (approx 40 d after infection), 
lymphocytes begin to proliferate to myelin epitopes. This immune responsiveness to 
myelin epitopes occurs in the same ordered temporal manner as seen in EAE (10).
How does a viral infection initiate a chronic autoimmune demyelinating disease? Two 
hypothesis are: (1) epitope mimicry and (2) viral adjuvant. Similarity or mimicry 
between viral and self (myelin) proteins could result in immune-mediated attack 
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initiated against TMEV subsequently being directed against myelin. Alternatively, 
attempts to clear virus may result in activation of macrophages causing phagocytosis and 
representation of myelin peptides with costimulatory molecules leading to breakdown 
in self-tolerance. In this scenario, the virus acts as a local immune adjuvant similar 
to Freund’s adjuvant in EAE.

In both EAE- and TMEV-induced immune-mediated demyelination, peripheral 
tolerance is broken by a defined environmental exposure. In contrast, some autoimmune 
diseases occur spontaneous of any environmental event and appear to be preordained by 
inherited genetic loci. Mouse models of spontaneous lupus-like diseases are examples 
of preordained stem cell defects. The Murthy Roth laboratory lymphoproliferative 
(MRL/lpr) mouse develops a spontaneous lymphoproliferative disorder accompanied 
by lupus-like manifestations, including nephritis and anti-double DNA stranded (anti-ds 
DNA) antibody (11). MRL/lpr mice have a genetic defect in apoptosis owing to deficient 
Fas-protein expression, allowing outgrowth of autoreactive clones (12). New Zealand 
Black/New Zealand White (NZB/NZW) mice are another spontaneous-onset mouse 
model of lupus. In NZB/NZW mice, lupus like phenomena appear to be inherited through 
multiple genetic loci, which result in hyper-reactivity to environmental stimuli (13).

Unlike highly inbred strains of mice, the genetic and/or environmental dependence of 
human autoimmune diseases is poorly understood. If a disease is due to environmentally 
induced loss of self-tolerance, then attempted immune ablative high-dose chemotherapy 
with autologous stem cell support may induce long-term remissions. If the disease is 
genetically predetermined, then an allogeneic transplant using stem cells from a normal 
person may be required to cure disease.

REVIEW OF ANIMAL DATA

The outcome of hematopoietic stem cell transplantation in animal models of MS 
(EAE and TMEV) and lupus (MRL/lpr, NZB/NZW) are informative for anticipating 
outcome and design of human trials.

Experimental Autoimmune Encephalomyelitis (EAE)
The natural course of EAE in Swiss Jackson Lab/Jackson (SJL/J) mice is relapsing and 

remitting. Events initiating remission and relapse are incompletely understood. However, 
immune ablation with total-body irradiation followed by syngeneic hematopoietic stem 
cell transplantation (to prevent lethal marrow failure) induces durable remission of 
disease (14,15).

One of the most potent disease-causing myelin peptides is segment 139-151 of 
proteolipid protein (PLP 139-151). Lymphocytes from a normal or nonimmunized 
SJL/J mouse do not react (i.e., proliferate) to myelin peptides such as PLP 139-151. 
Lymphocytes from mice with EAE have a strong proliferative response when exposed 
to PLP 139-151. Because attempts at immune ablation and hematopoietic stem cell 
transplantation from syngeneic normal donors induces disease remission, it was assumed 
that the post-transplant immune system would be similar to the donor, i.e., unresponsive 
to PLP 139-151. However, despite clinical remission, the post-transplant immune system 
remained responsive to PLP 139-151, similar to mice with EAE (15).
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Transplant failed to induce anergy (i.e., unresponsiveness) to myelin epitopes despite 
clinical remission. Therefore, clinical disease activity does not necessarily correlate 
with reactivity (i.e., proliferation) to myelin epitopes. This may be explained by three 
possibilites: (1) post-transplant lymphocytes may proliferate to myelin but have impaired 
effector function, (2) post-transplant lymphocytes may proliferate to myelin but instead 
of causing disease may have a regulatory function that inhibits disease, or (3) post-
transplant disease causing lymphocytes may be unable to traffic into the CNS.

Little data exists concerning dissociation of proliferative from effector function, 
although alterations in adhesion or homing molecules (such as integrins or selectins) 
could prevent reactive lymphocytes from infiltrating into their target organ (CNS) (16).
In EAE, data exists for cells with a suppressor phenotype. The clinical course suggests 
auto-regulation. In SJL/J mice, EAE has a cyclic nature and undergoes spontaneous 
remission. In some animals such as the Lewis rat, the disease is monophasic. Following 
remission, Lewis rats are resistant to reinduction of disease (17).

T-helper cells (Th) that transfer disease are obtained by ex vivo culture of draining 
lymph nodes from actively immunized animals with myelin peptide(s). In the Lewis rat, 
suppressor cells (Ts) may be selected (instead of disease causing Th cells) by addition 
of cyclosporine A to the ex vivo culture conditions (18). If myelin specific Th cells are 
admixed with myelin specific Ts cells, adoptive transfer of disease is prevented. These 
suppressor cells are autoantigen (i.e., myelin)-specific (18).

Besides regulator cells directed against the autoantigen, disease inhibiting cells may 
develop against disease causing Th cells (19). Culturing T cells from spleens of post-
EAE Lewis rats with an irradiated EAE disease causing Th cell line in the absence of 
myelin antigens will generate Ts cells (19). These Ts cells are cytotoxic to T-cell receptor 
(TCR) idiotype repertoires unique to EAE causing Th cells.

Knockout and transgenic mice also provide evidence for suppressor cells that regulate 
EAE in vivo (20). Transgenic mice expressing a rearranged TCR for MBP may develop 
spontaneous EAE, but in a germ-free environment the occurrence is low (21). In contrast, 
100% of MBP TCR transgenic mice with coexistent recombinase-activating gene (RAG)
disruption develop EAE (22). Immunoglobulins as well as TCRs are generated by 
recombination of variable (V), diversity (D), and joining (J) DNA genes. RAG genes are 
required for V(D)J recombination and are essential for lymphocyte development. MBP 
TCR transgenic mice generally do not develop EAE unless the immune system is unable 
to develop new repertoires (RAG knockout). This implies that the immune system is 
capable of generating suppressor or regulator lymphocytes that inhibit MBP-specific, 
disease-causing T cells (23).

Several clinical lessons may be learned from hematopoietic stem cell transplantation 
of EAE. An environmentally induced but noninfectious autoimmune disease may enter 
durable remission after intense immunosuppression and syngeneic hematopoietic stem 
cell support. However, the post-transplant immune system is fundamentally altered 
compared to a normal animal. Mechanisms of post-transplant remission are unknown. 
Further work is needed in EAE to determine if regulatory cells contribute to post-
transplant remission. If regulatory cells are involved, every disease causing cell may not 
have to be eliminated, and the toxicity of intense conditioning regimens could be avoided. 
In clinical trials most investigators have focused on maximal lymphocyte depletion of 
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the autologous hematopoietic stem cell graft. Intensive purging of lymphocytes from the 
autologous stem cell graft could alter post-transplant regulatory cell frequency (24).

TMEV-Induced Demyelinating Disease
TMEV is a small RNA virus causing a demyelinating disease confined to the CNS 

that clinically and histologically mimics primary progressive MS (6,25,26). TMEV 
is cidal to neurons in culture. In vivo, the response to infection varies by murine 
strain. In some strains, infection is cleared within 2 wk without permanent sequela. 
In immune-compromised mice, infection results in high mortality from uncontrolled 
viral replication (27). In immune-competent but susceptible strains, the initial gray-
matter infection is substituted by an immune-mediated chronic demyelination of white-
matter (6).

SJL/J mice are susceptible to TMEV-induced demyelination. Syngeneic transplanta-
tion of SJL/J mice with marrow from a normal donor results in early mortality from viral 
hyperinfection of the CNS (28). In contrast, allogeneic transplantation from a resistant 
strain that was previously immunized with TMEV is capable of curing TMEV-induced 
disease in SJL/J mice (28). The TMEV-induced demyelination model would predict 
that if an infectious agent initiates an autoimmune disease, hematopoietic stem cell 
transplantation may be lethal unless accompanied by adoptive immunotherapy directed 
towards the infectious agent. This would apply only if the infectious agent is still present 
at the time of transplant.

MRL/lpr and NZB/NZW Mice
MRL/lpr and NZB/NZW mice develop a lupus-like autoimmune disease without 

a known specific environmental trigger. As mentioned earlier, for MRL/lpr mice, a 
defective Fas gene prevents appropriate apoptosis of autoreactive lymphocytes (12).
For NZB/NZW mice, multiple alleles increase the probability of disease but none is 
absolutely essential for disease onset (29–34). Multiple systemic lupus erythematosis 
(SLE) prone alleles have been discovered such as Sle1 on chromosome 1 (32), Sle2 on 
chromosome 4 (33), Sle3 on chromosome 7 (30), and the MHC complex. The Sle loci 
appear to be involved in T- and/or B-cell antigen hyper-reactivity (29–34).

Lupus-prone mice have been cured by an allogeneic transplant from a nondisease 
susceptible strain (35,36). In contrast, MRL/lpr mice had initial improvement, but 
then relapsed after an autologous transplant (37). The clinical implication of these 
lupus-like diseases is that some autoimmune diseases may be genetically preordained. 
An autologous transplant would be anticipated to only cause transient improvement and 
an allogeneic transplant would be required for cure.

REVIEW OF CLINICAL TRIALS

Compared to autologous transplantation, allogeneic stem cell transplants are associ-
ated with an increased morbidity and mortality owing predominately to graft-vs-host 
disease (GVHD). Consequently, clinical trials of hematopoietic stem cell transplantation 
for autoimmune diseases have focused on reinfusion of autologous stem cells. Early 
published data suggests that different autoimmune diseases appear to behave differently 
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to hematopoietic stem cell transplantation. As a rule, those autoimmune diseases that 
generally respond best to standard immune-suppressive therapy also seem to have the 
best response to dose-intense immune suppression and autologous HSCT.

To comprehend the following discussion, one must understand the stages or phases 
of clinical trials. A phase I trial is a small pilot study designed to monitor toxicity, 
although data is collected on efficacy to determine if a phase II trial is appropriate. A 
phase II trial is designed with larger number of patients to evaluate efficacy, although 
a well-designed phase II trial will also attempt to determine mechanism(s) of action. A 
phase III trial is a prospective randomized and often blinded study to determine if the 
treatment is better than currently accepted standard care. New treatment concepts such 
as hematopoietic transplantation of autoimmune diseases begin as phase I trials.

Systemic Lupus Erythematosus (SLE)
The clinical presentation of lupus is heterogeneous (38,49). A patient need only meet

4 of 11 criteria (either simultaneously or sequentially) to have a diagnosis of SLE (40). The 
criteria for SLE are malar rash, discoid rash, oral ulcers, arthritis, serositis, renal disease 
(proteinuria or cellular casts), neurologic disease (seizures or psychosis), hematologic 
disease (autoimmune hemolytic anemia, leukopenia, lymphopenia, thrombocytopenia), 
positive anti-nuclear antibodies (ANA), or immunologic disorder (LE cells, anti-double-
stranded DNA, anti-Sm, false-positive syphilis VDRL test). The protean clinical 
presentation and disease course associated with SLE are manifestations of systemic
T- and B-cell immune hyper-reactivity.

As a rule of thumb, the mortality from SLE is 1%/yr (41–51). The worst prognostic 
indicator is persistently active disease, especially involvement of visceral organs such 
as nephritis, pneumonitis, or cerebritis. A subset of patients have persistently active 
SLE despite immune-suppressive therapy including corticosteroids and monthly pulse 
cyclophosphamide (500–1000 mg/m2). For patients with visceral involvement who fail 
pulse cyclophosphamide and cortiosteroids, intense immune suppression with or without 
autologous hematopoietic stem cell support is an option.

Anecdotal case reports of patients with SLE who underwent hematopoietic stem 
cell transplantation for another indication (malignancy or aplastic anemia) suggest that 
durable remissions may be obtained by either autologous or allogeneic hematopoietic 
stem cell transplants (Table 1) (52–56). Five cases have been reported in the literature 
(4 autologous, 1 allogeneic). One patient had a clinical relapse 1 yr after transplant 
(56). One patient developed ITP 3 yr post-transplant, although the criteria for SLE 
were not met (55). Three patients have maintained clinical remission for 30 mo,
34 mo, and 15 yr, respectively (52–54).

Five patients with no other indication except SLE have undergone autologous 
transplantation (Table 2) (57–61). Unlike transplant for patients with a hematologic 
disease and coincidental SLE, the autograft was partially purged of lymphocytes prior 
to infusion. Purging was performed based on the unproven assumption that potential 
disease causing lymphocytes should be removed before the graft is infused. To date, the 
longest follow-up is between 3–4 yr and patients remain without clinical evidence of 
disease. Serologic remissions are also common although an intermittent and sometimes 
transiently positive ANA may recur.

SLE is responsive to cyclophosphamide. Both oral and intravenous (iv) pulse 
cyclophosphamide are standard therapies for SLE. Most SLE transplant regimens are, 
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Table 1
Hematopoietic Stem Cell Transplantation in Patients with a Malignancy or Aplastic Anemia and Coincidental SLE

Number of patients/indication 
Type of transplant /ref. for transplant SLE manifestations Outcome of transplant on SLE

Autologous PBSC 1/Hodgkin’s lymphoma Serositis, polyarthritis, Complete clinical and serolgic 
    (unmanipulated) (52)     mucocutaneous features, nephrotic     remission of SLE at last follow-up 

    syndrome, ANA, anti-ds DNA     (34 mo)
Allogeneic BMT 1/Aplastic anemia Malar rash, discoid lesions, Complete clinical remission for more than
    (unmanipulated) (53)     photosensitivity, oral ulcers,     15 yr. Serologic remission except for 

    arthritis ANA, anti-ds DNA,      low ANA titer (1�80)
    anti-Sm, anti-RNP, 
    hypocomplementemia

Autologous BMT 1/CML Photosensitivity, arthalgia,  Complete clinical and serologic remission
    (unmanipulated) (54)     serositis, ANA, nephrotic      at last follow-up (30 mo)

    syndrome, ulcers,
    hypocomplementemia

Autologous BMT 1/High-grade non-Hodgkin’s Discoid lesions, arthralgias,  Complete clinical and serologic remission
    (unmanipulated) (55)      lymphoma     AIHA, ANA, anti-ds DNA,      for 3 yr, then new-onset ITP

    anti-RNP
Autologous PBSC 1/High-grade non-Hodgkin’s Arthalgias, discoid rash, malar  Clinical remission but relapse at d 352
    (unmanipulated) (56)     lymphoma     rash, photosensitivity, oral ulcers,      post-transplant, never obtained 

      cytopenias, ANA, anti-ds DNA     serologic remission
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Table 2
Clinical Trials of Autologous Hematopoietic Stem Cell Transplant for SLE

Author/City/ref. Type of transplant Number of patients/conditioning Results

Marmont/ Genova, Italy (61) Autologous lymphocyte-depleted  1/Thiotepa/cyclophosphamide Clinical remission for over 3 yr
    marrow 

Burt/Chicago, IL (59,60) Autologous lymphocyte-depleted  2/Cyclophosphamide/ Clinical remission for over 3 yr
    PBSC     antithymocyte globulin/

    corticosteroids

Fouilland/Paris, France (57) Autologous lymphocyte-depleted  1/BEAM (carmustine, etoposide, Clinical remission for 1 yr
    PBSC     cytosine arabinoside, melphalan)

Musso/Palmero, Italy (58) Autologous lymphocyte-depleted  1/cyclophosphamide/antithymocyte At 8 mo post-transplant low ANA
    PBSC     globulin/corticosteroids     titer and low coombs-positive, 

    but anti-ds DNA-negative and
anti-cardiolipin antibody-negative
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therefore, based on dose intensification of cyclophosphamide, given by itself or in 
combination with other agents. Cardiac dysfunction is the dose-limiting toxicity of 
cyclophosphamide and occurs at doses over 240 mg/kg. For this reason, transplant doses 
of cyclophosphamide do not exceed 200 mg/kg. This dose of cyclophosphamide is not 
myeloablative and if other myelosuppressive agents are not included in the conditioning 
regimen, neutropenia will recover around 15 d after transplant (62). If stem cells are 
infused, neutrophil recovery occurs by d 10. Selection of patients may be important in 
determining whether stem cells should be infused. Previously untreated patients are more 
likely to tolerate prolonged neutropenia. Heavily pretreated and immune-suppressed 
candidates on high doses of corticosteroids, however, are at a high risk of opportunistic 
infection during the neutropenic interval and stem cell support may be indicated to 
decrease neutropenic duration and risk of infectious complications.

Current data suggests that SLE is highly responsive to dose-intense, immune-
suppression and autologous hematopoietic stem cell support with clinical and drug-free 
remissions exceeding 3 yr (57–61). The superiority of one conditioning regimen over 
another has not yet been established, although one of the least toxic regimens (high-dose 
cyclophosphamide and anti-thymocyte globulin) has demonstrated remissions similar 
to more intense multi-agent conditioning regimens. Therefore, phase II/III trials using 
cyclophosphamide, anti-thymocyte globulin, and lymphocyte-depleted autologous stem 
cell support are currently being planned.

Rheumatoid Arthritis (RA)
RA is an inflammatory disease that primarily affects the joint synovial membrane 

(63). RA is a common disease affecting approx 1% of the North American popula-
tion (64). Patients with a large number of involved joints or marked limitations in 
daily activities have a 5-yr mortality of 20–70% (65–70). In high-risk patients who
fail immune suppressive medications (e.g., corticosteroids, methotrexate [MTX],
D-penicillamine, gold, hydroxychloroquine) and TNF inhibitors, hematopoietic stem 
cell transplantation may be considered.

Several patients undergoing allogeneic transplant for a hematologic disease and 
coincidental RA have been reported in the literature (Table 3) (71–76). The most common 
indication for transplant was aplastic anemia arising as a complication of medical therapy 
(e.g., gold salts). A total of 8 patients with RA have undergone allogeneic transplant 
for aplastic anemia. As early as 1977, the outcome of allogeneic transplantation in four 
patients with RA and gold-induced marrow aplasia was reported. Three patients died 
early from transplant complications. The one surviving patient was without evidence of 
RA for 2 yr of follow-up. In other reports, two patients maintained clinical and serologic 
remissions for over 6 and 8 yr, respectively. In two patients RA recurred after 2 yr. 
One patient was determined by polymerase chain reaction (PCR) for variable number 
of tandem repeats (VNTR) to be a full chimera. Although the serologic (rheumatoid 
factor; RF) status of the donor was not reported, apparently 100% donor engraftment 
does not necessarily preclude recurrence of RA.

Patients with RA have been reported to have an increased risk of developing 
lymphomas possibly owing to medications or the disease itself (77–84). Consequently, 
three patients underwent transplant for lymphoma who had coexistent RA. Because 
lymphomas are often treated by autologous HSCT, all patients had autologous transplants. 
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Table 3
Hematopoietic Stem Cell Transplantation in Patients with a Malignancy or Aplastic Anemia and Coincidental RA

Number of patients/ 
indication for

Type of transplant /ref. transplant Outcome of transplant on RA

Autologous marrow 1/Lymphoma RA relapsed after 20 mo of sustained remission
    (unmanipulated)(71)
Autologous marrow 1/Lymphoma RA and Sjogren’s in complete remission at last follow-up (19 mo)
    (unmanipulated)(72)
Autologous peripheral blood 1/Lymphoma Slight post-transplant improvement in RA, then flare-up 4 mo after transplant
    (unmanipulated) (56)
Allogeneic marrow 1/Aplastic anemia RA relapse after 2 yr: VNTR revealed full donor chimerism
    (unmanipulated) (76)
Allogeneic marrow 4/Aplastic anemia 1 patient died 93 d after transplant from CMV-RF remained positive
    (unmanipulated) (73)

1 patient alive 2 yr after transplant without evidence of RA and RF-negative
1 patient died d 75 after transplant from graft failure, no evidence of RA
1 patient died d 58 after transplant from CMV, no evidence of RA

Allogeneic marrow 2/Aplastic anemia RA in complete remission for 6 and 8 yr, respectively
    (unmanipulated) (74)
Allogeneic marrow 1/Aplastic anemia RA in complete remission for 2 yr, then clinical and serologic relapse
    (unmanipulated) (75)
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Table 4
Clinical Trials of Autologous and Syngeneic Hematopoietic Stem Cell Transplant for RA

Author/city/ref. Number of patients/conditioning Results

Burt/Chicago, IL (85) 4/200 mg/kg Cyclophosphamide/ All patients improved, two relapsed
    ATG/Methylprednisolonea

Joske/Nedlands, Western 1/200 mg/kg Cyclophosphamide Improved from wheel-chair bound to ambulating
    Australia (86)
Snowden/Leeds, UK (87) Cohort I: 4 patients, 100 mg/kg Cohort I: transient response for 1–2 mo

    cyclophosphamide
Cohort II: 4 patients, 200 mg/kg Cohort II: substantial improvement for 17–19 mo
    cyclophosphamide

Durez/Brussels, Belgium (88) 1/Busulfan/cyclophosphamide Medication-free complete remission for 10 mo
    of follow-up

McColl/Victoris, Australia (89) 1/cyclophosphamide/ATG (syngeneic) Clinical remission for 24 mo

aOne patient also received low-dose (400cGy) TBI.
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One patient had only a partial improvement and disease flared by 4 mo after transplant. 
In the other two patients, autologous transplantation induced remission of RA for 19 
and 20 mo, respectively, although again one patient relapsed.

Several centers have initiated phase I trials of autologous HSCT for RA (Table 4) 
(85–89). In general, remissions occur rapidly, but a durable, complete remission is 
rare and relapse is common. The duration of improvement (ACR50 or ACR70) is 
unknown but may exceed 2 yr. Despite improvement, most patients do not become 
drug-free. Post-transplant disease is, however, easier to control with fewer medications. 
In a cyclophosphamide dose-escalation study the cohort receiving the lowest dose
(100 mg/kg) all relapsed within a few months, whereas the cohort at the highest dose
(200 mg/kg) had sustained improvements for 17–19 mo (87). This implies a conditioning-
regimen dose-response effect. Because almost all centers used nonmyeloablative 
cyclophosphamide or cyclophosphamide and anti-thymocyte conditioning regimens, 
the next advance to improve remission duration or attempt durable complete remission 
is autologous transplantation using a more intense myeloablative regimen. The current 
phase I studies were performed safely. However, phase I studies utilizing more intense 
conditioning regimens may be necessary before designing phase II/III trials.

Multiple Sclerosis (MS)
MS is an immune-mediated inflammatory demyelinating disease confined to the 

CNS (90,91). It is a common disease, with a North American prevalence of 1 in 2000 
(92). The natural course is variable (93,94). At onset, 15% are primary progressive 
and 85% are relapsing-remitting in which neurologic impairments are temporary. After
10 yr, 50% of relapsing-remitting patients have become secondary progressive, meaning 
that neurologic dysfunction is permanent and progressive. Mean time to a Kurtzke 
disability of 6.0 (cane, crutch, or brace required to walk 100) is 10 yr for both primary 
and secondary progressive disease (95). Behavior of disease within the first 2 yr of 
onset correlates with 10-yr morbidity and mortality (96). A retrospective analysis by 
Weinshenker et al. reported that the more frequent the relapses, the shorter the relapse 
interval, and the more rapid the accumulation of neurologic deficits within the first 2 yr of 
diagnosis, the higher the 10-yr morbidity (96). For MS patients, survival correlates with 
functional disability. The more disabled the patient, the worse the mortality.

The results of hematopoietic transplantation in two patients with CML and coincidental 
MS have been reported (Table 5) (97,98). Both patients received a chemotherapy only 
(busulfan/cyclophosphamide) regimen. Both underwent transplant safely. One received 
an autograft with a short post-transplant follow-up (97). The other received an allograft 
with neurologic improvement and no clinical or magnetic resonance imaging (MRI) 
evidence of disease activity for 1 yr post-transplant (98).

Three centers have reported on phase I studies of autologous HSCT for secondary 
and primary progressive MS (Table 6) (99–101). The two European centers used 
BEAM (carmustine, etoposide, cytosine arabinoside, melphalan), a standard lymphoma-
conditioning regimen (100,101). The hallmark of lymphomas is clonality. Although MS 
is not a lymphoma, oligoclonality is present in both B and T cells. B-cell restriction is 
manifest by oligoclonal bands in cerebrospinal fluid (CSF) fluid. TCR repertoire skewing 
is present within plaques. Therefore, a proven and relatively safe lymphoma-transplant 
regimen is a reasonable consideration for patients with MS.



C
hapter 29 / H

em
atopoietic Stem

 C
ell T

ransplantation 
465

Table 5
Hematopoietic Stem Cell Transplantation in Patients with a Malignancy and Coincidental MS

Number of patients/ 
indication for

Type of transplant/ref. transplant Outcome of transplant on MS

Autologous marrow 1/CML Follow-up short, but no disease exacerbation or neurotoxicity from transplant.
    (unmanipulated) (97)     Post-transplant MRI without evidence of disease activity
Allogeneic marrow 1/CML Neurologically improved without disease exacerbation for the 12 mo of
    (unmanipulated) (98)     follow-up

Table 6
Clinical Trials of Autologous Hematopoietic Stem Cell Transplant for MS

Author/city/ref. Number of patients/conditioning Results

Fassas/Thessaloniki, Greece (100) 15/BEAM (carmustine, etoposide, cytosine  EDSS improved in 7 patients, unchanged
    arabinoside, melphalan)     in 7 patients, and deteriorated in 1 patient

Burt/Chicago, IL (56,99) 6/120 mg/kg cyclophosphamide/1200 cGy TBI Stable for over 3 yr

Kozak/Prague, Czech  8/BEAM (carmustine, etoposide, cytosine  1 patient improved on EDSS, 1 patient
    Republic (101)     arabinoside, melphalan)     deteriorated, 6 patients stabilized
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The North American center used a regimen of cyclophosphamide, corticosteroids, and 
total-body irradiation (99). The conditioning agents were selected in order to maximize 
immunosuppression. Total-body irradiation was combined with cyclophosphamide and 
corticosteroids because radiation could penetrate to lymphocytes sequestered within 
the CNS without regard for permeability of the blood brain barrier (BBB). To minimize 
toxicity, TBI was given in AP/PA position with 50% lung and 30% kidney and right 
lobe of the liver-transmission blocks.

These phase I studies demonstrated that hematopoietic stem cell transplants may be 
done safely in patients with MS. The studies are limited owing to the small number 
of patients and unblinded and nonrandomized nature of phase I trials. We know 
nothing about the transplant outcome according to disease type (primary progressive 
or secondary progressive), neurologic disability (low or high disability score), patient 
age, or other factors.

Candidates for these initial studies in which safety was the primary endpoint also had 
severe neurologic disabilities. In these candidates, even if immune destruction of myelin 
is “cured,” it is unlikely that any prior neurologic impairment would improve and it is 
also possible that independent of immune-mediated damage, neurologic deterioration 
may continue to progress.

Previously, it was assumed that MS affects myelin produced by oligodendrocytes 
and spares axons. Recently, axonal transection has been identified in both active acute 
and chronic inactive lesions (102). Axonal injury could result from immunologic 
assault directed at axons, bystander axonal injury from inflammatory cytokines, and/or 
demyelination itself. Hematopoietic transplantation is designed to arrest immune-
mediated injury and dampen inflammatory cytokines. However, axonal degeneration 
may continue if remyelination does not occur. Oligodendrocytes and myelin provide 
growth signals to axons (103–105). Besides providing insulation for neural conduction, 
oligodendrocytes may function as supporting stromal cells necessary to maintain axonal 
integrity. Myelin may protect neurons from “death by murder” by insulating the axons 
from toxin (free radical, cytokine) exposure, as well as protect neurons from “death by 
neglect” by providing growth stimulating factors. If hematopoietic transplantation is to 
have a significant impact on MS, phase II/III trials may need to target candidates with 
early disease before lesion burden accumulates.

Scleroderma
Scleroderma is a disease whose etiology is unknown. It may be treated with multiple 

agents (azathioprine, cyclophosphamide, chlorambucil, cyclosporine, anti-thymocyte 
globulin, photopheresis, cholchicine, and D-penicillamine) (106,107), but no therapy 
has proven efficacious in randomized prospective trials. Unlike SLE, RA, and MS, 
scleroderma is relatively rare (19 cases per million/yr) (108). Mortality is increased for 
diffuse cutaneous scleroderma (skin sclerosis distal and proximal to elbows and knees), 
poor performance status (assessed by the Health Assessment Questionaire [HAQ]), or 
visceral involvement (renal, pulmonary, or cardiac) (109–121). For diffuse scleroderma, 
mortality may be as high as 20% at 2 yr and 35% at 5 yr (120). Mortality increases 
for a DLCO < 70% (121). Five-year mortality is 75% for patients with a DLCO < 40% 
(121). The cause of death is generally cardiopulmonary (e.g., pulmonary hypertension, 
pulmonary fibrosis, pneumonia, myocardial infarct). Such high-risk patients may be 
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considered candidates for hematopoietic stem cell transplantation especially if identified 
before manifesting significant organ deterioration.

Although the etiology of scleroderma is unknown, chronic GVHD (cGVHD) has 
similar clinical features implying that scleroderma may also have an immune-mediated 
pathogenesis. Chronic GVHD is an immune-mediated disease caused by lymphocte 
chimerism following allogeneic hematopoietic stem cell transplantation. Allogeneic 
microchimerism has been reported in scleroderma. Y-chromosome specific sequences 
have been detected by polymerase chain reaction (PCR) in the peripheral blood of 
female scleroderma patients who had given birth to sons (122). Microchimerism may 
arise in women who have never been pregnant, or in men owing to blood transfusions 
or from their mother owing to transplacental trafficking of maternal cells during fetal 
development. It is conceivable that scleroderma in fact arises from allogeneic immune-
mediated microchimerism, i.e., cGVHD. This pathogenesis remains uncertain because 
immune microchimerism may also be found in healthy individuals.

Hematopoietic stem cell transplantation is being offered as a treatment for scleroderma 
on the assumption that at least part of its pathogenesis is immune-mediated by
either autologous or allogeneic lymphocytes. Dose-intense immune suppression and 
hematopoietic stem cell transplantation by taking immune-mediated therapy to an 
extreme will help elucidate whether scleroderma is immune-mediated. Two patients 
from two centers have undergone autologous HSCT (Table 7) (123,124). Disease has 
improved, at least short term, in both patients.

SIDE EFFECTS AND PRECAUTIONS

While early reports in patients with refractory disease seem promising, follow-up 
is brief and duration of remission is unknown. Affirmation of efficacy will require 
carefully designed phase III trials, comparing transplantation to standard care. Because 
autoimmune diseases vary in response to immune-based therapies, it is reasonable 
to assume that their post-transplant outcomes will also vary. Different diseases may 
require different approaches: intense but nonmyeloablative immune suppression, 
or myeloablation with autologous stem cell transplantation vs allogeneic stem cell 
transplantation. Disease stage may also affect transplant outcome. Accumulated deficits 
may be irreversible or even progressive because late degenerative events may be 
preordained by early immune-mediated injury.

An interim analysis of European cases revealed a mortality of approx 8.0% for 
autologous transplantation of autoimmune disease, mandating careful selection of 
patients (125). Some diseases such as scleroderma may have a higher regimen related 
mortality. Some conditioning agents such as total-body irradiation may be especially toxic 
for some diseases such as pulmonary scleroderma. Proper design of patient eligibility 
and transplant regimen requires understanding of the pathogenesis and prognosis of 
each autoimmune subset which is currently incompletely understood. Several questions 
remain unanswered: Can cytokine (e.g., granulocyte-colony stimulating factor [G-CSF]) 
mobilization cause a flare of disease? Are other mobilization methods such as combined 
cyclophosphamide and G-CSF safer? Does lymphocyte depletion of an autologous graft 
affect relapse rate or post-transplant opportunistic infections? What is the optimal 
conditioning regimen? How durable are remissions? What is the role of allogeneic 
hematopoietic transplantation in autoimmune diseases?
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Table 7
Clinical Trials of Autologous Hematopoietic Stem Cell Transplant for Scleroderma

Number of patients/
Author/city/ref. conditioning Results

Martini/Pavia, Italy (121) 1/Cyclophosphamide and CAMPATH-1G Resolution of exertional dyspnea and alveolitis, improved 
    skin score, height, and well-being for 2 yr of follow-up

Tyndall/ Basel, Switzerland (122) 1/Cyclophosphamide Subjective and objective improvements 6 mo after
    transplantation
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CONCLUSION

Treatment of autoimmune disorders by hematopoietic stem cell transplantation 
is a rapidly expanding field. Early reports suggest that remission or improvement 
may occur following autologous HSCT. Further studies should focus on defining the 
mechanism of remission. The immune system may be fundamentally unaltered and 
an autologous transplant may be nothing more than dose-intense immunosuppression. 
Disease-mediating effector cells may be entirely destroyed. Alternatively, pretransplant 
disease causing cells may persist, but an autologous transplant may shift the balance 
between immunity and tolerance. This may arise by augmenting autoregulatory 
mechanisms such as: clonal exhaustion, veto cells, suppressor cells, immune indifference, 
idiotypic T- or B-cell networks, inhibitory cytokines, changes in receptor avidity, or 
changes in T- or B-cell repertoire or function.

A second fundamental question is if relapse occurs, does it arise from the stem 
cell compartment or lymphocytes that survived the conditioning regimen? Scenarios 
can be imagined where lymphocytes that survived the conditioning regimen expand 
in the periphery and display abnormalities consistent with an autoimmune disease, 
while lymphocytes that arise from the stem cell compartment do not display these 
abnormalities or are actually autoregulatory and inhibit the autoimmune phenotype. 
The phenotype and characteristics of lymphocytes that arise from reinfused stem cells 
may be determined by gene marking of infused stem cells (126).

Understanding the mechanisms of remission and whether stem cells are the source of 
disease recurrence, and elucidating the optimal but least toxic conditioning regimen are 
essential to properly designed prospective randomized (phase III) studies.
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INTRODUCTION

Gene therapy bases its rationale on the transfer of genetic components (genes or 
fragments thereof) into somatic cells, with the aim of preventing, correcting, or healing 
various types of disorders. After this introductory sentence, the reader likely expects 
us to begin discussing some of the marvellous achievements in setting up the tools that 
allow this transfer. However, before entering into the intricate details of vectorology, 
please allow us the following clear-cut statement: As of today there is no perfect or 
general vector for gene therapy and there won’t be probably any in the foreseeable 
future. We hope that with this statement in mind, it will be easier for the readers 
to understand why there is still such a multitude of seemingly disparate efforts in 
establishing appropriate vehicles for the gene transfer.

Therefore, the efficacy of gene therapy largely depends on the properties of the 
chosen “vector” for gene transfer and expression. The reader should be reminded that 
there is still some ambiguity in the denomination “vector” because this concept can 
be understood either as the mere cis-elements that compose the transferred sequence 
(that is the nucleic acid sequence arrangement) or as the vehicle/method that is utilized 
for the transfer of the required gene.

PROBLEMS INFLUENCING VECTOR’S CHOICE

Nucleic Acids as Medicine: Megadaltons Instead of Kilodaltons
In gene therapy, the drug is a segment of either DNA or RNA and this imposes major 

constraints in the delivery. In conventional pharmacology the drugs are molecules of 
limited size (hundreds of Daltons) that either freely enter into cells owing to their 
lipophilic character or are hydrophilic and destined to either act in the extracellular space 
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or to be imported through specific biological channels. The classical pharmacological 
drugs are designed to act over a relatively short time and their therapeutic concentration 
is usually controlled by readministration. A termination of the administration results 
in a dilution and termination of the pharmacological effects. Nucleic acids do not share 
many of the aforementioned properties: they have a large molecular size (1 MDa for 
a segment of 1500 base pairs), are destined to work in the cell nucleus but are neither 
lipophilic, nor can count on a physiological import system. Once delivered into the 
nucleus they either integrate and persist for the rest of the cell’s life or are maintained 
episomally for variable amounts of time. Therefore, the usual pharmacological strategies 
only marginally apply to the delivery of these monstrous molecules. For instance, in 
order to render them permeable to the cell membrane, one has to either compact them 
into lipid-containing particles or into viral envelopes or capsids. This means that the units 
of delivery are no longer single, soluble molecules but relatively large (100–500 nm) and 
only partially soluble aggregates. This latter aspect makes the work with nucleic acids 
as medicines very arduous and still poorly reproducible in the complexity of a living 
organism. To conclude these considerations we will mention that in the jargon of the gene 
therapists, the transferred gene is also usually referred to as the “transgene.” The use of 
this term will hopefully simplify the reading of the further paragraphs.

Correcting Disorders Derived from Loss-of-Function or Gain-of-Function
Genetic and acquired disorders result from an imbalance of metabolic functions, 

which are ultimately controlled by the genetic layout of the affected cells. The nature of 
the delivery vector and the properties of the transgene will largely depend on whether 
the therapy is aimed at inhibiting or supplementing (or enhancing) metabolic functions. 
In most monogenic disorders, the phenotype is caused by a single loss-of-function that 
depending on the hyerarchical position of the affected gene can cause a simple or a very 
pleiotropic defect. For instance in cystic fibrosis (CF) or in muscle dystrophy (MD), the 
lack of function of the corresponding genes results in rather circumscribed phenotypes. 
In this case the therapy shall be aimed at the organs that cause the most debilitating 
symptoms. Thus, it may be necessary to count on a rather well-targeted delivery of 
the therapeutic supplemental gene. When trying to correct another monogenic disorder 
such as lack of factor VIII, the vector does not need to be targeted to the original 
tissue (the liver), because the corrective factor will be secreted virtually from any 
targeted tissue.

When trying to compensate loss-of-function disorders, the level of gene transfer will 
not need to be 100% because in most cases a small percentage of cured cells will exert 
a corrective function. Therefore there will be lower requirements in terms of efficiency 
of gene transfer on the chosen vector. For these reasons, monogenic disorders, though 
relatively rare and unattractive from the marketing point of view, have received a fair 
amount of attention by academically or industrially based gene therapists. On the 
other hand, when trying to control disorders derived from gain-of-function such as 
most hyper-proliferatory diseases (cancers, auto-immune disorders, etc.) it will be 
more important to reach transfer levels close to 100% or to ensure at least that the 
transfected cells initiate a feedback control on the still untransfected partners and 
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produce a “bystander effect” (1,2). Thus, the type of vector and the construction of the 
transgene have to be adapted to this task.

The Choice of cis-Elements: Constitutive or Regulated Expression
The first level at which the properties of a vector are defined is the assembly of the 

regulatory and coding elements. In most of proof-of-principle experiments in which 
the transgene was a reporter gene, the promoter of choice was taken from the panel 
of conventionally strong constitutive champions such as the promoter/enhancer of the 
cytomegalo virus (CMV), the Rous sarcoma virus (RSV), or the simian virus 40 (SV40). 
These promoters could be also considered for clinically valid therapeutic vectors, 
although their strength is strongly cell-specific. Therefore, in “second-generation”
experiments, we have witnessed the use of tissue-specific promoters, although with 
erratic results (3–6). In fact, the use of a genuinely tissue-specific control would 
circumvent the need of precisely targeting the delivery, because the regulation would be 
brought at the transcriptional level. However, our understanding of tissue specificity of 
transcription is restricted to relatively short cis-acting elements, whereas in chromosomal 
genes, locus regulation occupies probably relatively extensive sequences (7,8). This is 
very relevant, because the currently available strategies that ensure long-term expression 
are based on random integration in the host genome. This random integration is different 
in each individual transformed cell and leads to unpredictable position effects that 
influence the expression of the transgene (4,9–11). As learned from conventional 
transgenic animal models obtained by pronuclear microinjection, in the majority of the 
cases the transgenes are silenced, and only a fully equipped locus is “protected” from 
the erratic influence of the flanking regions.

Such large DNA segments are not compatible with the packaging capacity of most 
current vectors, therefore we are momentarily “condemned” to use surrogate mini-
regulatory elements (12,13).

For some disorders, another important goal is the search for bio-sensing, cis-
regulatory elements that can respond to metabolic status such as hypoxia (14,15),
glucose levels (16), and so on, these elements will be indispensable in the assembly of 
artificial glands that are designed to respond to natural balances of metabolites, thereby 
producing factors such as insulin or Epo in physiologically relevant and homeostatically 
controlled amounts.

Finally, an interesting collection of externally controllable \ -elements can be found in 
the literature, such as promoters that can be regulated by insect hormones (17), steroid 
antagonists (18–20), rapamycin, or tetracycline derivatives (21,22). The advantage of 
these systems is that the action of the transgene can be pharmacologically regulated. 
These have been used with variable success in animal models, where the administration 
of the external drugs was shown to exert the anticipated effects on the gene expression 
(18). Four parameters are important in these vectors: (1) the magnitude of control; (2) 
the potential for immunogenicity of the regulatory factor; (3) the crossreaction of the 
controlling drug with resident metabolism; (4) the half-life of the drug, the regulatory 
gene product, and the target gene product, which together determine the rapidity of 
the response. The systems that use vertebrate regulators such as receptor mutants that 
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respond to steroid antagonists have some advantage in their low immunogenicity, but 
have some disadvantage in potential crossreaction with resident receptors. On the 
other hand, the immunogenicity of the popular tet-regulatory system, which has a high 
magnitude of regulation but utilizes a procaryotic regulatory factor, has not yet been 
fully assessed. This means that so far there is still a lot to optimize in this field and 
that no perfect system is yet available.

The Three Fundamental Questions in Gene Delivery:
Efficiency, Specificity, and Persistence

One gram of tissue contains an average of 1 billion cells and the interstitial passages 
are rarely larger than 150–200 nm. These numbers should suffice to illustrate the 
first big problem in gene delivery: efficiency of transfer. To this we should add the 
nonspecific binding of particles by the extra-cellular matrix and the consequent dilution 
of active principle. Finally, we should remember that there is no specific import for 
nucleic acids though the cell membrane and through the nuclear envelope (see Nucleic 
Acids as Medicine and Viral vs Nonviral sections). Therefore, it becomes evident that 
the best current vehicles are packaging bio-particles that have evolved the capacity to 
solve many of these problems: the viruses (see Viral vs Nonviral, Replication-Defective 
and Replication-Competent Viruses, and Bio-Weapon 1 sections).

Because it is not always possible to guarantee absolute specificity of gene expression 
(see The Choice of cis-Elements section), we have sometimes to delegate the specificity 
to the delivery particle. To this aim, several strategies have been designed (see Bio-
Weapon 1/Targeting and Retargeting and Bio-Weapon 2/Targeting and Retargeting 
sections).

Finally we should consider that when correcting chronic or degenerative disorders, 
the transgene must persist and be active over a very long time, preferably for indefinite 
time. This is one of the most difficult tasks. Even if we manage to concoct the best 
regulatory regions that will prevent gene silencing through random integration in the 
genome (see Integration section), we cannot prevent the transformed cells to be lost by 
natural shedding such as in rapidly growing epithelia. This forces us to choose among 
two alternatives: (1) target master stem cells that will be maintained throughout the 
renewal of the target tissue, and (2) accept the discomfort of periodical readministration 
of the transgene. With partial exception of the bone marrow, and in spite of the 
spectacular recent advances in stem cell research, we are not yet able to guarantee the 
efficient transformation of pluripotent precursors and so far we are forced to consider 
readministration as inevitable for the long-term correction of most chronic disorders. 
Readministration brings with itself all the unpredictabilities of the immune reactions, 
specially but not exclusively when working with viral vectors. Thus, we can affirm 
that at the state of the art, there is still no single or clear solution to the long-term 
treatment of chronic conditions.

Efficiency of Transfer and Persistence of Expression:
Not Always 100% Required

The former paragraph could lead a pessimist to the conclusion that chronic conditions 
will never be treatable by gene therapy. The good news come from the fact that for some 
conditions such as hemophilia (23) or CF and many others, a fraction of the natural levels 
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of expression is sufficient to achieve therapeutic effects. When attempting to correct 
those conditions, it is sufficient to guarantee between 5 and 10% of transformation 
of the target tissue. Therefore, the corresponding vehicles do not need to sustain a 
100% transfer, although the problem of persistence of the transformed cells is still 
relevant.

On the other hand, there are treatments that require neither high efficiency nor 
specificity nor persistence of the transfer. On example is DNA-based vaccination 
(24,25), where a permanent effect is achieved upon transient expression of a transgene. 
Another spectacular example is the corrections of critical limb ischemia (26) where the 
ectopic and transient expression of naked DNA injected intramuscularly brings about 
sufficient vascular-endothelial growth factor (VEGF) signal to rescue ischemic tissue. 
Analogous protocols are currently considered for treatment of other cardiovascular 
conditions where a short-term treatment can produce long-lasting beneficial effects. 
These examples should suffice to illustrate the concept that efficiency, specificity, and 
persistence are not matter of business in all cases of gene-assisted therapy, and this is of 
encouragement for all those who believe in this type of intervention.

Specificity: Strategies, Satisfactions, and Frustrations
The choice of the physical strategy for delivery determines the requirements to the 

vehicle. Gene transfer can be achieved ex vivo (for example in bone marrow explants) 
and in this case, the specificity and immediate immunogenicity (see below) of the 
vector are less relevant. In other protocols, specificity can also be achieved in vivo 
by local application (inhalation, double-balloon catheter, intramuscular, intratumoral, 
brain stereotactic injection, etc.). Also in this case, the properties of the gene carrier 
are focusing on efficiency rather than on specificity, because this latter is defined 
by the administration protocol. Only in systemic delivery (intravenous injection) the 
problem of targeting becomes relevant. In the simplest cases, one can exploit the natural 
tendency of some organs such as liver and kidney to accumulate particulated drugs 
(27–30). However, these organs are not necessarily the targets in all disorders and this 
poses some serious problems of readdressing the accumulation of the transgene-bearing 
vehicle (see Bio-Weapon 1/Targeting and Retargeting and Bio-Weapon 2/Targeting 
and Retargeting sections). The problem is double, because not only does one have to 
devise specific docking elements on the carrier particles, but one has also to circumvent 
nonspecific accumulation in the aforementioned organs (see one example in ref. 31).

Integration: To Be or Not To Be? In Either Case You’ll Pay a Fee
As noted earlier, a reproducible and efficient method for inserting the transgene into a 

defined chromosomal location is still lacking. This situation causes two side-problems: 
gene silencing from position effects (see also The Choice of cis-Elements section) 
and random insertional mutagenesis (that will be further commented upon in Safety 
Considerations section). Therefore there is not yet a satisfactory protocol that ensures 
indefinite persistence of the transgene without causing the two aforementioned effects. 
This problem will be solved only when either locus-specific integration can be achieved 
(as originally hoped with the AAV vectors [32,33]) or when self-replicating and 
segregating artificial chromosomes (34) will be available. Until then, when we choose 
an integrating vector for our preferred protocol, we must be aware that we shall benefit 
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from its potential to make the gene persist, but at the same time to randomly disturb 
resident functions and to be subject to uncontrollable position effects.

Of course we can choose to utilize a nonintegrating vector such as an RNA virus, 
an adenovirus (35), or a herpes virus (36). In these cases, the transgene persists for 
a while but is not co-replicated when the host cell proliferates and is destined to be 
lost. Therefore, the dilemma is in the choice of accepting the benefits of chromosomal 
integration and pay the fee of random silencing and insertional mutagenesis, or avoid 
these latter but paying the fee of nonpermanent transformation.

Viral vs Nonviral: Who Wins?
The nonviral modes of gene transfer include physical, chemical, and biochemical 

protocols. Among the physical methods direct injection of naked DNA (37), pressure-
mediated transfer (38,39), electrically enhanced transfer (40,41), and biolistic bombard-
ment (42,43) have showed various degrees of efficiency. The chemicals/biochemical 
protocols include the use of cationic lipids and different compaction methods and each 
company or research lab claims to have better results, although it is rare to see direct 
and extensive cross-comparisons in the published papers. Recently, the biochemical 
methods in which viral proteins are included to spike liposomes (33,44–46) have 
received increased attention, because they seem to promise enhanced gene transfer 
coupled to increased targeting. Although we can observe that in cell cultures DNA 
can be delivered to more than 99% of the cells, only a minor portion (3–10%) will 
ultimately transiently express the transgene (Rusconi and Ceppi, unpublished results). 
This discrepancy is owing to the second barrier in gene transfer: the nuclear envelope 
(37,47). It is hypothesized that the majority of the transfected DNA is degraded in the 
cytoplasm and is not reaching the nucleus. Among the strategies that have been recently 
proposed to reinforce this second transfer, we shall mention the attempts to link to the 
DNA oligopeptides containing nuclear localization sequences (48,49, and references 
therein). In our laboratory, we are exploring the possibility of using resident nuclear 
shuttles to favor the import of the transgenes into the target cells. The strategy has been 
named Steroid-Mediated Gene Delivery (SMGD; Fig. 1) and aims at using intracellular 
nuclear receptors as ferrying vectors for the transfected DNA. Nuclear receptors such as 
the steroid receptors have nanomolar affinities for specific ligands and are nucleophilic; 
therefore, they appear to be excellent candidates for efficient and specific shuttles for 
macromolecules that display at their surface the cognate ligands. To achieve this, we had 
to devise strategies to chemically “decorate” the transgene with ligands. So far, we have 
obtained encouraging results with model compounds interacting with the glucocorticoid 
receptor (Rebuffat et al., submitted).

SMALL PARADE OF CURRENTLY POPULAR VECTORS

The Simplest Way: Delivering Naked or “Biochemically Dressed” DNA
STRUCTURES AND METHODS

Attempts to deliver naked DNA by direct intramuscular injection have been pioneered 
by Wolff (47,50, and references therein). The initial encouraging results have prompted 
a series of emulatory protocols aimed at exploiting this simple delivery system for 
gene-based vaccination. The mechanism of DNA uptake by muscles is only tentatively 
explained (50), and has so far precluded the rational design of improvements of the 
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efficiency. In spite of its simplicity, this method has been the first ever bringing clinically 
relevant results in the treatment of critical limb ischemia with ectopic expression of 
VEGF (26).

Besides these straightforward but highly empirical approaches, a number of ways 
to enhance the uptake of DNA has been adapted from the long-standing experience 
with cell-cultures. This has led to the reformulation of various combinations of 
liposomes, lipoplexes, and poly-lipoplexes (51) and to other sophisticated receptor-ligand 
mediated internalization systems (52). These efforts have built an important platform 
of technologies for general and specific gene transfer, although the efficiency of 
these transfer methods is still several logs inferior to the virally based modes. In 
general, to achieve anything between 0.1 and few percent of transfected cells, one has 
to employ a 10exp[4] to 10exp[5] molecules/cell, whereas with viral transfer 1–10 
particles/cell can give up to 100% transfer. This poses also the problem of the kinetics of 
delivery. When added in one bulk, the excess molecules are either lost, degraded or can 
generate nonspecific immune reactions. Therefore, nonviral transfer usually implies the 
continuous delivery over a period of time. Recent advances in the design of biodegradable 
microspheres or encapsulating biopolymers that progressively liberate trapped DNA

Fig. 1. The two barriers for gene transfer and the principle of SMGD. (A) In gene transfer, the genetic 
material must pass two barriers: the cell membrane (a) and the nuclear envelope (b). Only a small 
proportion of the transferred nucleic acids undergoes nuclear transfer (compare thin arrow under 
b and thick arrow under a). (B) The concept of steroid-mediated gene delivery. Conventional DNA 
(N), even if abundantly transfected (thick arrow marked a1) is only poorly translocated into the 
nucleus (thin arrow marked b1). Ligand-decorated DNA (marked H, where ovals with bar represent 
covalently linked ligands) is equally well-transfected (a2), but better transported to the nucleus 
(b2) by the nuclear receptor that binds to the cognate ligand. This approach permits the selective 
facilitation of nuclear uptake of transgenes. In our laboratory we have proved this concept with model 
systems involving the glucocorticoid receptor (Rebuffat et al., submitted).
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has shed new perspectives on this strategy (28,53–56). Still, when working with nonviral 
delivery, one has to deal with the meager efficiency of nuclear transfer of the transfected 
DNA (see above). This problem subsists independently to the delivery method and is 
one of the reasons of the large ratio (active molecules/cell) that is required to achieve 
reasonable transformation rates. Finally, there is no specific mechanism for integration 
into the host genome, and this relegates nonviral transfer to the realm of transient 
treatments, unless the encouraging results with transposase co-expression will be 
confirmed (57). For these reasons, transfer of naked DNA is currently only indicated 
for DNA-based vaccinations, which nevertheless held a phenomenal potential in the 
prevention of infectious diseases and cancer (25).

TARGETING

The use of microsphere-aided delivery (see above) can help in specific augmentation 
of local concentration of the active molecules, thus providing a sort of topical specificity. 
Other ways of simple targeting are offered by the body anatomy, which permits molecular 
treatment of mucosae, epithelia, and so on. When injected systemically, each liposome 
formulation displays minor differences in the preferences of organ accumulation (28,30).
However, the common tendency is that formulations accumulate in liver and kidney and 
are not able to pass blood-brain barrier (36,58). This natural trend will be an important 
hurdle in designing specifically targeted formulations. Drastic protocols such as liver 
by-pass (31) are good for a proof-of-principle of how to short-circuit this problem but 
cannot be clinically implemented in a generalized manner. A major effort has been 
devoted to the identification of molecular components of the endothelial zip-code system 
(59,60). Once understood, this tissue-specific marking of the vascular system could 
provide an elegant system of local accumulation of active particles.

At the cellular level, the best candidates protocols in particle targeting are the ones that 
exploit affinity of ligands for surface receptors (52). Some important improvements have 
been achieved by preparing “virosomes” (33,44), in which viral proteins are decorating 
the surface of liposomes. If proven to be reproducibly infectious and compatible with 
large-scale preparation, these hybrid particles can pave the way to the generation 
of “artificial viruses” that may enjoy the advantages of in vitro assembly and avoid 
some of the disadvantages of biologically assembled viruses (see Macromolecular 
Weapons/Advantages and Disadvantages section).

ADVANTAGES AND DISADVANTAGES

The production of in vitro assembled particles can be better controlled and guaranteed 
be devoid of adventitious infectious pathogens. Therefore, these formulations are 
pharmacologically safer than biologically assembled infectious particles. Secondly, 
there will be less constraints on the size of the transgene, which is a major problem 
in biologically assembled viral particles (see Bio-Weapon 1 section). Furthermore, 
the composition of synthetic particles can be designed to be devoid of immunogenic 
elements. Therefore, in vitro formulations containing nucleic acids can be considered 
suitable for multiple readministrations, a property that is not yet guaranteed with 
the most popular viral vectors. The lack of immunogenicity should not, however, be 
overemphasized, because DNA that has been conventionally amplified in bacterial 
systems (the most convenient basis of molecular large-scale preparation) acquires some 
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intrinsic immunogenicity because of the loss of methylation of CpG-rich sequences 
(61–64) and perhaps also because of some other newly acquired bacterial-methylation 
patterns (63). Those problems can be theoretically solved, although there is no clear 
picture of the mid- and long-term reaction of an immune-competent organism subjected 
to repeated DNA delivery that does not go through the digestive tract.

The major disadvantage of nonviral transfer methods remains obviously the intrinsic 
low efficiency of transfer. The improvements of the last f–10 yr have increased the 
transfer rate perhaps by a factor of ten, but there are several logs to catch up with the 
viral transfer (see The Simplest Way/Structures and Methods section). Even more recent 
advances (65) make us believe that nonviral gene transfer may become suitable one day 
also for situations where transfer efficiency is crucial.

SUITABILITY AND EXAMPLES

Paradoxically to its intrinsic inefficiency, nonviral gene delivery has been the first 
treatment to demonstrate unequivocal therapeutic value. This occurred in the seminal 
experiments by the research team of Jeff Isner (26), in which the expression of a 
provascularizing factor (VEGF) through simple intramuscular injection of a suitable 
recombinant plasmid has rescued necrotizing limbs already in Phase I trials. We are 
looking forward to confirmations of these encouraging data in Phase II and Phase 
III trials, as well as their extension of other treatments in the cardiovascular field. 
The trials of Victor Dzau and colleagues (39) are another success story in nonviral 
gene-assisted treatment. Artery bypass based on vein grafts currently fails in a high 
proportion owing to the aberrant growth of the intima, induced by the higher blood 
pressure in the transplanted vein. The team of Dzau has pretreated the graft with a 
simple pressure-mediated gene transfer and shown that the transferred genes were able 
to inhibit the hyper-proliferation of the smooth-muscle cells, thus reducing significantly 
the occlusion of the graft. The transgenes chosen were either growth-inhibitory genes or 
decoy-oligonucleotides that transiently titrate transcriptional factors that are essential 
for the expression of proproliferatory genes.

We conclude this paragraph by mentioning the discovery of the interesting properties 
of the herpes viral protein VP22 (66). This protein is capable of cell-to-cell transfer and 
can translocate into cells even when added to the extracellular medium. This property 
extends to some VP22 chimeric proteins (67, and references therein). It appears that 
this is (68) just the tip of the iceberg of several new protein-mediated macro-molecular 
transfer systems that may solve some of the current problems of nonviral transfer, 
provided they can be designed to be invisible to the immune system.

Replication-Defective and Replication-Competent Viruses
GENERAL FEATURES OF REPLICATION-DEFECTIVE RECOMBINANT VIRUSES

Viruses have evolved over millions of years to become professional gene-porters. 
They can exploit the most sophisticated molecular mechanisms to escape immune 
surveillance, to specifically dock to target tissues, to enter through cell membranes, to 
resist intracellular degradative enzymes, to deliver nucleic acids to the nucleus, or to 
organize specialized compartments for genome replication and expression, to integrate 
into host genome, or to remain latent for several years in host organisms. Therefore, 
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there is no better vehicle that can be envisioned by gene therapists to transfer efficiently 
the preferred therapeutic gene. Viruses have however a very nasty property: their 
capsid proteins are mostly immunogenic or toxic and their genetic reprogramming 
strongly disturbs the cell metabolism and causes diseases of various severity. A better 
knowledge of the viral genomes has permitted the distinction of segments necessary for 
the packaging into the capsid from those encoding replicative functions and capsid or 
envelope components. This has permitted to construct viruses that retain only fragments 
of their genome and are debilitated in some vital functions. These defective viruses need 
to be amplified either in specialized packaging cells or in presence of helper viruses 
that provide in trans the missing functions. The situation is different for each virus 
and it would be too intricate to comment all the sequence geographies, thus I will take 
the example of the adenovirus to illustrate the steps undertaken to optimize transfer 
vectors for gene therapy. The adenoviral genome consists of 36 kb of linear DNA with 
inverted terminal repeats that are indispensable for replication and packaging into the 
capsid (35,69). The “left” portion (E1/E2 in Fig. 2A) contains the early genes whose 
expression is indispensable to prepare the conditions for genome replication (69). Other 
early functions are scattered in other regions and are dispensable for replication. The 
remaining 80% of the genome is occupied by the late genes, mostly expressed through 
the major late promoter (MLP; Fig. 2A) and giving rise to variegated proteins through 
differential splicing. In packaging cells, the “early” portion of the genome could be 
anchored into the chromosomes and shown to be functioning in trans. This permits 
the growth and assembly of viral genomes whose early segment is either missing or 
substituted by a transgene of interest (Fig. 2B). This scheme has been maintained in 
all the viruses of so called first and second generation. Those recombinant viruses 
have proven invaluable to demonstrate efficient gene transfer in animal models and 
also in patients (33,69–71). However, the remaining leaky segment encoding late genes 
confers a significant immunogenic potential to those generation I vectors. Therefore, the 
expression in immune-competent animals is restricted to few weeks. Several strategies 
have been proposed to reduce this immunogenicity (69). The best solution so far has been 
offered by the so-called “gutless” (also called “helper-dependent” or “high-capacity” or 
“third generation”) adeno-vectors. In these constructs, the entire late region is replaced 
by a neutral DNA segment (Fig. 2C) and the recombinant genome is grown and packaged 
in presence of a helper virus whose assembly is repressed by various strategies (69,70).
After careful purification one can obtain significant titers of the recombinant vectors 
that are minimally contaminated (approx 10exp[-4]) by the helper virus. Extremely 
encouraging results have been recently reported with these gutted Adenovectors that 
were shown to produce a permanent somatic-gene alteration that can persist for several 
months (72,73) even in immunocompetent animals. We are confident that clinical trials 
involving gutted viruses will confirm the compatibility of these vectors with long-term 
correction by gene transfer.

PRINCIPLE OF REPLICATION-COMPETENT VIRUSES

Several viruses encode early proteins that interact with tumor suppressors such as 
p53 or retinoblastoma. By exploiting this situation, some research teams have developed 
recombinant viruses that maintain a conditional replicative potential whose fulfilment 
depends on the absence of tumor-suppressor functions. Selective or at least preferential 
replication has been reported for adenoviruses that retain the E1B gene (74–76), for 
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HSV (77–80) and other RNA viruses (33). These viruses are capable of lithic growth 
in cells that are missing or underexpressing tumor suppressors and this property makes 
them attractive candidates for tumor treatments, and this has also led to some clinical 
protocols. Only the future will tell (81) whether these expectations are well-placed 
and whether these oncolytic viruses can be safely used either as stand-alone or as 
combination-treatment in tumor therapy.

Bio-Weapon 1: DNA Viruses
STRUCTURES AND METHODS

In the preceding paragraphs, we have illustrated the principles behind recombinant 
adenoviruses. Therefore we will not comment further on these developments. With 
analogous protocols two other important DNA viral carriers have been designed: 
the adeno-associated viruses (AAV) and the herpes viruses (HSV). These two are 
distinguished by diametrically opposite properties. The recombinant AAV particles have 
a very limited packaging capacity (3.5–4 kb) and integrate the recombinant DNA into 
the host genome (32,36,82). The intact AAV has the capacity of integrating specifically 
into a site on chromosome 19, but this property is missing in the emptied recombinant 
genomes, which integrate randomly, although there is some open controversy on the real 

Fig. 2. Genomes of wild type and recombinant adenovectors. (A) The genome of wild type 
adenoviruses (see text for refs.) is a linear 36 kb dsDNA flanked by inverted terminal repeats (ITR, 
hatched boxes) that are necessary for DNA replication and packaging. The indispensable early 
functions are E1 and E2 that are encoded by a 25% left portion of the genome (see E1 and E2). The 
late functions (capsid protein) are encoded by the remaining part and are mostly transcribed through 
the major late promoter (MLP) that gives rise to alternatively spliced mRNAs (broken dotted line). 
The late portion of the genome encodes in the opposite direction the viral DNA polymerase (dotted 
arrow pointing to left). (B) Replication-deficient adenovectors of the first generation are deleted 
in the early region and can be grown in packaging cells that provide the E1 and E2 functions. The 
deletion allows the accommodation of up to 8 kb of foreign DNA. (C) “Gutless” or “high-capacity”
adenovectors retain only the ITR region and can accommodate up to 32 kb of foreign DNA. These 
recombinant genomes can only be packaged in presence of a helper vector (see text).
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extent of their integration (83). In spite of this random integration, the recombinant-AAV 
constructs seem to be refractory to gene silencing through position effects. this property 
is currently attributed to the AAV terminal repeats that seem to possess some kind of 
“insulator” property that renders the intervening sequence rather independent of the 
integration context (84). The increasingly simple protocols for production of r-AAVs 
and the extremely low immunogenicity and toxicity of these particles has prompted a 
large number of investigations of therapeutic gene transfer both preclinical and clinical 
(13,23,85–88). Therefore, these vectors promise to be a reasonable choice for the 
permanent transfer of small-sized constructs. The construction of HSV vectors is more 
laborious but offers several advantages. Particularly interesting is the possibility of 
generating recombinant genomes of very high capacity (up to 150 kb [33,36,89]). This 
opportunity could permit the transfer of large loci or of multiple regulatory cassettes 
for precise tuning of gene expression.

Recently, an interesting variation on the theme has emerged: the possibility of 
combining the advantages of two independent viruses. For instance, hybrid genomes 
that combine the great infectious capacity of adenovectors and the possibility of 
integrating the transgene through a surrogate retroviral transposition have been proposed 
(32,33,76,82). Analogously, hybrid HSV-AAV vectors that combine the large capacity 
of packaging of HSV and the integration power of AAV have also been proposed 
(32,33,36,89). These hybrid viral vectors are probably still at their rudimentary stage, 
but represent exciting developments in a field that would otherwise have stagnated over 
the intrinsic limitations of each individual carrier.

TARGETING AND RETARGETING

Every virus has a natural tropism that is defined by the host molecular partners 
required for infection, replication, and packaging. When working with recombinant 
viruses, the primary factor is represented by the infection mechanism. This is dependent 
on the match between the cell-surface receptors/coreceptors and the docking sites 
displayed at the surface of the infectious particle. There are essentially two ways of 
changing the infectivity tropism: one is to alter the docking proteins (for instance 
the adeno fibers [71,76,90,91]) by adding protein domains that represent ligands for 
alternative receptors; another consists in preparing Janus-type ligands that on one side 
interact with the original docking structure and on the other face they provide a new 
ligand (90). The latter strategy has the advantage of maintaining the same general 
structure of the vector and is probably preferable to the former strategy, which can 
alter the properties of the capsid but requires specially engineered packaging cells for 
the amplification of the recombinant vector. Both strategies have been tried in cellular 
and animal models, but the success has been so far only moderate, because the new 
specificity imposed a high price in infectivity. These approaches will require substantial 
improvement before being suitable for serious clinical trials.

ADVANTAGES AND DISADVANTAGES

The recombinant DNA viruses mentioned above share several advantages. They can 
be grown at very high titers (between 10exp[9] to 10exp[11] per mL), they have a very 
stable genome, and they can efficiently infect both proliferating and nonproliferating 
cells. This latter property is certainly the most attractive for somatic-gene transfer, 
because many therapies would require the gene transfer in cells that do not proliferate 
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such as neurons, endothelial cells, and so on. Adeno and HSV do not integrate their 
genome, and this can be considered as both advantageous and disadvantageous. The 
persistence as unintegrated genomes makes them immune to position effects (good 
news), but also implies the dilution of the recombinant genome upon proliferation of the 
infected cells (bad news). The recombinant AAVs combine the capacity of integrating 
with a partial resistance towards position effects. However, a major disadvantage of 
AAV is the restricted packaging capacity (at most 4 kb of foreign DNA), whereas 
r-adenos of the first generation can carry transgenes around 8 kb and “gutted” adeno can 
accommodate more than 30 kb or HSV episomes can arrange up to 150 kb (36,89). The 
immunogenic potential of the DNA viruses is different fore each vector, with r-Adenos 
of the first generation being the most immunogenic and thus suitable only for unique 
treatments and for treatment of disorders where a certain immune reaction may even 
be advantageous such as cancer.

 SUITABILITY AND EXAMPLES

The literature on preclinical studies with DNA viral vectors is extremely wide and 
covers all possible disease models from cancer to infectious disorders. However, very 
few reports bring convincing evidence of potential up-scalability to large animals. For 
several years, hyper-critical circles used to say that gene therapy has until now “only 
been good to cure mice.” In spite of these sarcastic affirmations, progress in some areas 
has been rather spectacular. The natural tendency of adenoviruses to accumulate in the 
liver after systemic administration had prompted a series of interesting trials for the 
correction of metabolic disorders (33,69,76). Unfortunately, the tragic events linked with 
one of these trials (92–96) has slowed down the experimentation with further improved 
adenovectors, including gutted adenos. Furthermore, the transduction of recombinant 
AAV expressing blood-clotting factors has been demonstrated to provide long-term 
therapeutic benefits in both small and large animal models (23,33,85,87,88,97).
Similarly, the use of HSV and gutted adenoviruses in preclinical tests has shown 
convincing persistence of gene expression in many tissues (33,87). Thus, DNA viruses 
remain powerful tools for the treatment of both acute and chronic conditions.

Bio-Weapon 2: RNA Viruses
STRUCTURES AND METHODS

RNA viruses tend to have a relatively small and less stable genome compared to DNA 
viruses. The unstability of RNA genomes is mainly owing to the lack of proofreading 
in RNA replication and this results in error rates in the range of one mistake in 10,000 
nucleotides. Most RNA viruses can only transiently persist within a cell, but the 
retroviruses can convert their RNA genome into a cDNA, which is transposed into the 
host genome and thus can be virtually carried indefinitely within the host cell. This latter 
property has immediately evidenced retroviruses as preferred vectors for gene transfer. 
The inspiration of the ability of retroviruses to carry foreign genes certainly comes from 
the early discovery of murine and avian oncogenic retroviruses, which can transduce 
cellular protooncogenes. The first attempts to construct engineered retroviruses 
was indeed based on murine retroviruses. The essential cis-elements that must be 
carried along with the engineered genome are the long terminal repeats (LTR), the 
packaging region, and the primer annealing sequence (98). The genes for the necessary 
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proteins (reverse transcriptase, capsid, and envelope protein) can be transferred to 
host chromosomes in packaging cells. Once transfected with a plasmid encoding the 
engineered retroviral backbone, these packaging cells can produce infectious particles 
at titers around 10exp[6] 10exp[7] (98). The engineering of recombinant lentiviruses 
is more laborious because several regulatory proteins must be concertedly expressed to 
allow packaging (33,36,99). Initially, the best system seems to be via co-transfection of 
trans-complementing plasmids (100). The complexity of the procedure is such that it 
cannot fully exclude the arising of recombinant genomes that are capable of autonomous 
replication (replication competent particles; RCP). The latent chance of the emergence 
of these RCPs has certainly strongly hampered the clinical implementation of protocols 
with lentiviral backbones, and this in spite of the obvious advantage of lentivirus over 
other retroviruses: their capacity for infecting quiescent cells (99). The recent availability 
of stable packaging cell lines (101–103) may solve the biosafety dilemma.

TARGETING AND RETARGETING

The viral envelope (consisting of host cell membrane spiked by env proteins) can be 
virtually engineered at will. The currently used winning horse is the VSV env protein 
(98). Several attempts to engineer the env proteins to change their docking specificities 
have been reported. These attempts have invariably resulted in lower titers because 
there is little way to rationally redesign docking surfaces. Given the improvements in 
recombinant virus handling, we can anticipate that new specificities will be obtained 
through genetic selection from combinatorial libraries rather than through rational 
design. Alternatively, changes of tropism can be obtained as for the Adenovirus, by 
coating a general env-protein with bifunctional ligands that on one hand mask the 
natural specificity and on the other hand contact alternative docking sites (see also Bio-
Weapon 1/Targeting and Retargeting section). Unfortunately, it is not guaranteed that 
all docking sites will be suitable for viral internalization, which is a rather complicated 
process.

ADVANTAGES AND DISADVANTAGES

The major advantage of retroviral backbones is that they can be assembled free of 
viral-protein coding genes. This means that after integration a properly engineered 
provirus will not encode for immunogenic viral proteins, thus guaranteeing a long term 
survival of the transduced cell. The major advantage of lentiviruses is the capacity of 
infecting nonproliferating cells (see Bio-Weapon 2/Structures and Methods section), a 
situation that is advantageous for the treatment of differentiated tissues or slowly turning 
over tissues such as the central nervous system (CNS), endothelium, or bones.

A major disadvantage of retroviruses is the low titer (two to four logs lower than 
the one of DNA viruses. A standard in vivo therapy may require between 10exp[12] 
an 10exp[13] infectious particles. For DNA vectors, this means processing volumes of 
less than 1 L, whereas tens to hundreds of liters may be necessary to obtain the same 
amount of retroviruses. This situation may become a strong drawback for the industrial 
preparation of clinical materials. The more subtle disadvantage of retroviruses is the 
intrinsic low-fidelity of replication. Assuming 1 mutation for every 10 kb, every third 
copy of a 3 kb transgene sequence will contain at least one mismatch. This can result in 
the loss of the biological activity in a large fraction of the transduced cells. Finally, as 
with AAV systems, the random integration into the host genome and the rather limited 



Chapter 30 / Vectors for Gene Delivery 493

(about 9 kb) packaging capacity pose problems of long-term maintenance of gene 
expression (see Integration section) and to insertional mutagenesis.

SUITABILITY AND EXAMPLES

The very first bona fide gene-therapy clinical trial (treatment of ADA deficiency 
[104]) was indeed performed with recombinant murine retroviruses. Since then, 
retroviruses have been used to carry compensatory genes or toxic genes in many 
clinical protocols. However, none of these attempts appeared to demonstrate significant 
therapeutic effects. Recently (C. Bordignon, personal communication) it could be 
demonstrated that the positive outcome was probably obscured by the concomitant 
treatment with the detoxifying drug PEG-ADA, which prevented the positive selection of 
transduced cells. The major drawback of recombinant murine retrovirus is their inability 
to infect quiescent cells, but this property is rescued in the lentiviral systems (see Bio-
Weapon 2/Structures and Methods section), which have shown to be equally versatile and 
yet capable of infecting postmitotic cells (99). The improvements in assembly will soon 
permit to produce recombinant lentiviruses guaranteed free of replication-competent 
particles, and this will open their option for clinical trials.

Finally, the simplicity of the original murine retroviral system already used in the very 
first gene therapy attempts by Anderson or Bordignon (104,105), has not discouraged 
the team of Alain Fischer, that ultimately has brought the very first historical example 
of permanent radical cure of a genetic disorder by the ex vivo transduction of bone 
marrow transplants with vectors supplementing the IL-2-receptor gene that is defective 
in a rare form of severe combined immunodeficiency (SCID) (87,106). The four young 
patients of Dr. Fischer are the best results that gene therapy has scored within its short 
adventure, and for the public opinion are more worth than thousands of preclinical 
“mouse therapies” or reporter assays. Resting on these encouraging indications, gene 
therapy-based simple viral vectorology may indeed pave the way to several efficacious 
intermediate clinical applications. Whether or not this strategy will persist in the long 
term depends only on further improvements, but we can say that, if wisely used, today’s
vectors already have a significant potential for the treatment of chronic disorders.

Macromolecular Weapons: A Short Click at the www.fantasticoligo.com Site
STRUCTURES AND METHODS

Gene therapy does not require the transfer of full genetic complements to become 
effective. Small gene fragments, in form of synthetic single-stranded or double-stranded 
oligonucleotides, can exert a powerful control on gene expression. The most popular 
form of oligonucleotide-assisted therapy is done with antisense sequences that are 
destined to block either the maturation or the translation of specific mRNAs. Protocols 
aimed at tumor control through oligonucleotides that downregulate the production 
of protoonogenic proteins or anti-apoptotic factors have achieved phase III (107). A 
further sophistication is the use of oligonucleotides that have a ribozyme function (108)
and are able to specifically hydrolyze target mRNAs. Also double-stranded “decoy”
oligonucleotides that compete with genomic sequences by binding transcription factors 
have been successfully used in the clinic (39). A further level of sophistication is 
represented by oligonucleotides that are capable of forming triple-helix structures with 
specific target sequences. For triplex formation, the only a priori requirement for the 
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target sequence is that purines and pyrimidines should be segregated on the two strands 
(109, and references therein). Oligonucleotides capable of repressing or stimulating 
gene expression have been designed in this manner (110,111). Recently, triplex-forming 
oligos capable of guiding molecules that induce specific repair of target sequences 
have been proposed (112). The major disadvantage of oligonucleotides is their short 
survival within a cell. Therefore, these protocols imply either continuous supply of 
the therapeutic oligo or single treatment of acute conditions. Several modifications
of the desoxy-ribonucleotide backbone have been proposed to augment the resistance of 
oligos toward degradative nucleases. The most spectacular modification is probably 
the so-called peptide-nucleic acid (PNA) backbone, in which the carrier polymer is no 
longer a phosphate-ribose chain (113,114, and references therein). A great advantage of 
PNA is certainly the lower negative charge of the polymer, which enormously stabilizes 
either the double- or triple-stranded structures that it can form with target sequences. 
PNA has been shown to be easy to handle and to permit also accumulation into cellular 
subcompartments such as mitochondria (115), a condition that is not met by other nucleic 
acid-transfer methods. We are certain that PNA will become the polymer of choice for 
the locus-specific accumulation of active principles.

Finally, a bizarre family of chimeric oligonucleotides called “chimeroplasts” or 
“chimeraplasts” has been reported to be capable of inducing specific gene repair at 
impressing frequency (112,116–119). Although the exact mechanism and the prerequisites 
imposed on the chimeric oligonucleotide structure remain poorly rationalized, the 
efficiency with which it repairs if single-base pair mutations has reached up to 40% 
under some circumstances (117,120). There is still some controversy about the general 
applicability of the chimeraplasty, about its real efficiency and safety, and about the 
number of molecules that must accumulate into a cell to obtain satisfactory frequencies 
of repair. Also, for a certain time this technology could not be reproduced by research 
teams independent of the original discoverer. However, recent reports indicate that this 
technique may have finally worked in several laboratories (119,120). If indeed broadly 
applicable, chimeraplasty may become the method of choice for the treatment of many 
disorders caused by small genetic defects (single nucleotide mutations). The greatest 
advantage of this technique is that it promises to be exquisitely site-specific, thus to 
generate far fewer if any undesired side effects. If chimeraplasty can be ameliorated to 
achieve close to 100% repair, it may become a technique that reopens the option of germ-
line interventions, with all the bulky complement of ethical problems accompanying this 
dossier. In fact, taken at face value, chimeraplasty is the only available technology that 
fully deserves the denomination of “gene therapy” in its strictest sense.

TARGETING

Owing to its principle, oligonucleotide-mediated therapy does not need to be strictly 
targeted, because it is aimed at precise interactions through base-pairing. However, 
given the very high costs of oligonucleotides, it will certainly be pharmacologically 
advantageous if the therapeutic oligos can be specifically delivered or accumulated to 
target tissues. We envisage that our SMGD protocol (see Viral vs Nonviral section) can be 
also adapted to ameliorate the accumulation of oligonucleotides in a tissue-preferential 
manner. Local delivery is so far the most popular option, although decoration with 
specific ligands for internalizing receptors has been very promising, at least with 
liver-directed therapy with chimeraplasts (121).
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ADVANTAGES AND DISADVANTAGES

Compared to intact genes, oligonucleotides have molecular sizes of several orders of 
magnitude smaller (few thousand Daltons). This smaller size renders them more similar 
to conventional drugs, although they do not easily permeate through cell membranes. 
A second advantage is that oligonucleotides do not require biosynthetic steps for their 
preparation, an thus can be more easily formulated under pathogen-free conditions.

The main disadvantage is that oligos tend to be degraded after a relatively short time, 
implying that the treatment of persisting diseases will require repeated administrations. 
The chimeraplasts are indeed able to produce a permanent effect, but their current range 
of correction is limited to single-point mutations.

SUITABILITY AND EXAMPLES

In spite of the limitations mentioned earlier, oligonucleotides have been maintaining 
their therapeutic promises. After transfer of double-stranded decoy oligonucleotides 
that titrate transcription factors controlling cell proliferation, Dzau and colleagues have 
been able to reduce significantly the incidence of intima-growth in vein transplants 
(39). In this case, the merit of the approach is that the transient treatment is sufficient 
to bring a permanent effect, because it sustains the nondegenerative adaptation of veins 
to the higher pressure. We have also already mentioned the spectacular correction rate 
obtained in rat models of a liver disorder (117) with chimeroplasty. Here also, a short 
treatment permits a long-term therapeutic effect. Several antisense oligo approaches 
against protooncogenes are now in advanced clinical testing. However, we have to wait for 
these tests to assess the validity of this approach. Personally, we are quite skeptical about 
these anti-cancer therapies, especially because they do not offer a priori any bystander 
effect (see Correcting Disorders Derived from Loss-of-Function or Gain-of-Function 
section) and therefore seem less suitable for tumor eradication.

FINAL HURDLES AND CONCLUSIONS

Immune Response and Readministration
This book focuses on the molecular treatment of a disorder with auto-immune and 

inflammatory components. In this kind of treatment, it is absolutely imperative that the 
procedure should not imply reagents or manipulations that could unnecessarily activate 
the cellular or humoral immune system, be it specific or innate. Therefore, the work with 
viral vectors of any kind should be considered with substantial caution. Also, nonviral 
gene transfer could pose several problems when using entire genes, owing to the innate 
reaction against unmethylated CpG-rich motifs. In general, readministration is almost 
unavoidable with the current technology and it does not simplify the foreseeable clinical 
protocols for the treatment of chronic disorders with inflammatory components. Thus, 
until better control on the short-term and long-term immunogenicity of gene-delivery 
systems can be obtained, gene therapy cannot be considered as a first priority for this 
class of disorders, where it could ultimately exacerbate the outcome instead of bringing 
a therapeutical effect (122). Finally, the immune system also poses a problem when the 
vectors themselves are clean of any proinflammatory properties. In fact, in some genetic 
loss-of-functions the resident gene is either deleted or totally nonfunctional. In this 
cases, the expression of the healthy gene product can lead to tissue rejection because it is 
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detected as a “foreign” antigen by the host immune system (23,72,123). For these cases, 
tolerization strategies must be devised before considering gene transfer.

Safety Considerations: From RCP to Insertional Mutagenesis
The immune reactions are not our sole hurdle in virally assisted gene transfer. 

Some capsid proteins, although providing useful functions such as translocation and 
protection from degratative enzymes, are themselves toxic and can produce adverse 
reactions. In fact, most biologically assembled viral preparations contain a large 
excess (between 10 and 100-fold) of nonfunctional viral particles. These particles can 
contribute significantly to the overall toxicity of the gene transfer procedure. Also 
we have mentioned that no biological recombinant viral preparation can be a priori 
guaranteed to be free of adventitious recombinants that have reacquired viral genes 
sufficient for autonomous replication (the so-called RCPs; see Bio-Weapon 2/Structures 
and Methods section). Even if the incidence of RCP can be reduced to less than one 
event in 10exp[14], it may pose serious constraints and cause severe costs augmentation 
to the industrial preparation of clinical materials.

The vectors that currently permit permanent transfer do not have ways of controlling 
the site of integration of the transgene. Thus, every cellular integration event is in 
principle an insertional mutagenesis event. At the somatic level, the large amount 
of insertional mutagenesis has the potential of generating protumorigenic cells by 
activating protooncogenes. This relegates the use of integrating vectors for the treatment 
of life-threatening diseases, where the risk of generating a secondary tumor is still 
acceptable. The random mutagenesis generates another dilemma if the gene delivery 
vector transforms germ cells. In this case we would have a large number of additional 
mutations that would be inherited to subsequent generations, and the potential benefit 
for the treated individual could become a strong disadvantage for his/her progeny. These 
dilemmas will be solved when we are able to assemble vectors that can permanently 
deliver transgenes in specific chromosomal locations. Considering the current pace of 
progress, this goal should not be very far off.

Pulling it all Together
If a pragmatic reader has had the patience to read all the good and bad news about 

the existing and prospected vectors, he/she may ask: but after all, which vector/delivery 
is suitable for my goal?

In Table 1, we summarize the suitability of the currently available gene-transfer 
methods (columns) for different types of treatment. The number of “+” signs indicates 
qualitatively the suitability of a given combination. We hope that this synopsis may help 
in the identification of the most appropriate combination.

Outlook: Will Rudimentary Vectorology with all its Troubles Survive
the Emerging Challenge of Stem Cell Therapy?

Stem cell research has been booming in the last few months. Primordial cells for 
almost all the tissues, including the CNS, have been characterized, and the major hope is 
that the ex vivo cultivation of those may permit tissue regeneration for various treatments 
(124,125). The most spectacular observation is certainly that some stem cells seem to 
be capable of trans-determination; that is, to give rise to differentiated cells that are 
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different from the donor tissue (105,125,126). Many of the claims and reports in this
field do not even appear in the peer-reviewed literature, but have been propagated
through press releases or news-agency despatches. According to this news, in the 
foreseeable future, it should be possible to explant bone marrow cells and later reconstruct 
muscle, nerves, bones, epidermis, and other types of tissues from this original population. 
The mechanisms that govern the maintenance of the pluripotency and the commitment 
toward one or another lineage are still obscure, but they are being studied so intensively 
studied that we can anticipate major breakthroughs within the next few years.

THE WORST AND BEST CASE SCENARIO

Being able to culture stem cells without losing their pluripotency and to then determine 
their commitment would pave the way to autologous organ reconstruction that could 
cure an immense number of degenerative disorders. If the disorder has a genetic 
component, the corresponding correction could be easily achieved with conventional 
gene transfection ex vivo and corresponding selection of precharacterized recombinant 
cell clones. This would render obsolete most of the efforts to obtain high-efficiency 
gene delivery vectors. Those latter would only be required for those cases where a cell 
therapy is not indicated, such as in acute treatments or corrections of gain-of-function 
disorders.

Thus, taken at face value, cell therapy has all the hallmarks to become a superior 
procedure for the treatment of chronic conditions. The worst that could happen is when 
patents and human ambitions would transform the natural tendency towards a better 
therapy in a ferocious battle between gene therapists and cell therapists for the best 
slices of the health market.

The balance of the odds for gene or cell therapy could change drastically if gene 
correction procedures such as chimeroplasty (see Macromolecular Weapons/Structures 

Table 1
Qualitative Assessment of Suitability of Delivery Vehicles

Application ADV AAV HSV HIV OLI PEM GUN LIP

Vaccination/prevention ++ (+) (+) (+) – – +++ (+)
Acute treatment ++ – – – ++ – – +
Chronic treatment – ++ ++ +++ (+) – – +
In vivo local delivery ++ ++ ++ ++ ++ + ++ +
In vivo systemic delivery + + + + + n n +
Ex vivo delivery ++ + + +++ ++ ++ + ++
Single administration +++ +++ +++ +++ + + + +
Repeated administration (+) + (+) ++ +++ + +++ +++
Treat loss-of-function +++ +++ +++ +++ + ++ + ++
Treat gain-of-function (+) + + + +++ – – +
Gene correction – – – – +++ – – –

Symbols: ADV, Adenovirus vectors; AAV, adeno-associated virus vectors; HSV, Herpes virus vectors; 
HIV, lentiviral vectors; OLI, oligonucleotides; PEM, pressure or electroporation-mediated delivery; GUN, 
biolistic or macroinjection; LIP, lipoplexes or polyplexes. Symbols for suitability: –, not suitable; (+) 
questionable; +, hardly suitable; ++ , offers several applications; +++, excellent choice; n, does not apply. 
Most of the indicated degrees of suitability are justified in this chapter.
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and Methods section) would confirm their efficacy or if hybrid vectors (see Bio-Weapons 
1/Structures and Methods section), artificial viruses (see The Simplest Way/Targeting 
section), or coherently integrating vectors (see The Choice of cis-Elements, Bio-
Weapon 1/Advantages and Disadvantages, and Immune Response and Readministration
sections) would make it through. If any of those tools would become generally applicable, 
then gene transfer in vivo would certainly remain competitive, because it implies 
lower costs, shorter intervention time, and also probably lower invasivity than cell 
therapy.

A FINAL HOMILY FOR GENE TRANSFER

We have recapitulated the aims and efforts toward developing tools and methods for 
efficient gene transfer. When taken pessimistically, one could imagine that the few, but 
highly celebrated, therapeutic achievements are condemned to remain anecdotal, and 
one wonders why scientists should continue in this direction, which has brought more 
frustrations than successes. From the point of view of fundamental research, the answer 
is refreshingly simple. While trying to solve the engineering problem of gene therapy, 
scientists have rediscovered and partially solved old neglected problems related to cell 
biology, virology, molecular transport and degradation, cell-surface properties, and so 
on. Furthermore, the preclinical efforts have produced vectors that are phenomenal tools 
for fundamental research. Gene transfer vectors are already considered for hit-and-run 
gene-alteration procedures that will permit temporally and spatially controlled gene 
knock-out or knock-in in experimental animals, a situation that is laborious to achieve 
with conventional transgenesis. Furthermore, the gene-transfer vectors open the way 
to the experimentation with primary cell cultures, which are notoriously refractory 
to biochemical gene transfer. This will permit the functional study of genes under 
semi- or fully physiological conditions and a better understanding of the intricate 
interactions between gene products. Therefore, gene therapy has brought an immense 
flood of novel knowledge that will substantially accelerate the overall progress in 
experimental life sciences.

From the clinical/pragmatic point of view, the heroic efforts made in gene therapy 
must be regarded as necessary steps that have broken the ice and paved the way towards 
more efficacious molecular therapies. We should not forget that any technological 
progress, from the airplane to the computer, has started with prototypes that seem 
almost ridiculous when compared with the today’s opportunities. But without these 
glorious steps, we would still be devoid of such marvelous achievements and would still 
be gasping for intellectual conjectures about their feasibility instead of enjoying their 
concrete advantages. So, let’s keep going and be proud thereof!
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INTRODUCTION

Rheumatoid arthritis (RA) is the most common inflammatory joint disease, and 
frequently accompanied by extra-articular systemic manifestations. Hallmarks of RA 
are: (1) inflammation of the synovial tissue owing to infiltration of inflammatory 
cells (T cells, B cells, macrophages); (2) synovial hyperplasia, partly owing to an 
impaired balance of apoptosis and growth of synovial cells; and (3) pathological 
immune phenomena. These factors result subsequently in the progressive destruction 
of cartilage and bone (1,2). Because the etiology of the disease remains unknown, 
a causal therapy does not exist. The current treatment of patients focuses mainly 
on antagonizing the inflammatory reaction (nonsteroidal anti-inflammatory drugs; 
NSAIDs), and suppressing the upregulated immune response (immunosuppressive 
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drugs, disease-modifying anti-rheumatic drugs; DMARDs) (3–5). However, there 
is no compelling evidence that any of these agents alter substantially the long-term 
progression and the outcome of RA, which results in disability and enhances the socio-
economic burden. During the past years, progress in molecular biology has led to a better 
understanding of the pathophysiology underlying RA and has offered new therapeutic 
options (6–9). Biologic agents (10,11) have been developed that act as antagonists of 
proinflammatory cytokines (e.g., interleukin-1 receptor antagonist [IL-1Ra]) (12), that 
are soluble receptors of IL-1 (sIL-1R) (13) and tumor necrosis factor- (sTNFR) (14),
or that have anti-inflammatory properties (e.g., IL-4, IL-10) (15,16). Although these 
agents have shown promising results with regard to improvement of disease activity in 
animal models and some clinical studies, their effects are far from providing the cure 
for the disease. Importantly, they do not always interfere with disease processes specific 
for RA but inhibit the inflammatory response un-selectively. Moreover, they still cannot 
be delivered specifically to the sites of interest (i.e., the affected joints), thus causing 
systemic side effects, especially when applied for extended periods of time. Among 
the alternative novel approaches that have been developed, gene transfer is one of the 
most attractive (17). Originally intended to treat inherited disorders such as cystic 
fibrosis (CF) or hemophilia, gene therapy has also become an interesting option for 
noninherited diseases such as RA. Here, gene therapy is used to modulate pathways 
in the pathogenesis of the disease by specifically overexpressing or inhibiting genes 
involved in these pathways. During the past years, a variety of different approaches 
has been studied using both in in vitro systems and animal models (18). Recently, 
the first clinical trial in RA using an ex vivo gene transfer approach in RA has been 
completed and is currently being evaluated (19). Thus, expectations have increased 
to promote gene transfer as a tool for clinical application. However, prior to a broad 
clinical use of gene therapy, several questions need to be addressed. Among these, the 
problem of which genes to target and how to deliver these genes for an extended period 
of time are the most challenging.

PATHOGENESIS OF RHEUMATOID ARTHRITIS

The “T-cell hypothesis” suggests that T lymphocytes are the driving force in initiation 
and perpetuation of the inflammatory process (20). However, levels of T-cell-derived 
cytokines are very low in the rheumatoid synovial tissue (21), and controlled clinical 
trials in RA patients with anti-T-cell monoclonal antibodies (MAbs) (for example 
anti-CD4 [22] and anti-CD5 [23]) have only limited effects. Moreover, in animal 
models, it has been demonstrated that inflammation on one side and cartilage and 
bone destruction on the other side can occur independently (24). This is supported 
by the observation that, on a cellular level, synovial fibroblasts have been shown 
to invade and degrade normal human cartilage in the absence of an inflammatory 
environment (25).

Apart from infiltrating T cells, the synovium contains macrophage-like (type A 
synoviocytes) and fibroblast-like cells (type B synoviocytes), and these two populations 
are predominantly located at sites of invasion into cartilage and bone (26). This has led 
to the hypothesis that T-cell-independent mechanisms are of importance particularly 
in the process of joint destruction, and growing interest has focused on the role of 
synovial fibroblasts in RA (27). Rheumatoid synovial fibroblasts differ morphologically 
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from normal fibroblasts in that they show a large, rounded shape, and have large pale 
nuclei with prominent nucleoli (28). Furthermore, they exhibit some features of cellular 
activation such as upregulation of proto-oncogenes (29), altered expression of tumor-
suppressor genes (30,31), and anchorage-independent growth (32,33). Increased levels of 
proto-oncogenes (e.g. c-ras, c-myc, c-fos [32,33]) most likely account for the activation 
of intracellular pathways leading ultimately to the enhanced expression of effector 
molecules. A particular importance is attributed to c-Fos and c-Jun, which form the tran-
scription factor activator protein-1 (AP-1) as AP-1 has been associated with the expression 
of disease-related molecules such as matrix metalloproteinases (MMPs) (34).

RA synovial fibroblasts exhibit also an enhanced expression of several adhesion 
molecules, among them members of the integrin family (e.g., -1-containing integrins) 
and the immunoglobulin superfamily (e.g., vascular adhesion molecule [VCAM]-1) 
(35–37). These surface molecules have been demonstrated to contribute to the accumula-
tion of inflammatory cells within the synovium through interaction with corresponding 
counter receptors expressed by infiltrating cells (T cells, B cells, macrophages) (38)
and play a pivotal role in the attachment of synovial cells to cartilage and bone by 
interacting with ligands in the extracellular matrix (39). Moreover, adhesion molecules 
are able to interfere with the regulation of cytokine gene expression (40), contribute to 
the inhibition of apoptosis of T cells (41), are involved in the cell cycle and modulate 
synthesis of matrix-degrading enzymes (42).

The expression and secretion of matrix-degrading enzymes is another hallmark of RA 
synovial fibroblasts. MMPs represent a family of structurally and functionally related 
enzymes responsible for the proteolytic degradation of extracellular matrix (ECM) 
components such as collagen or aggrecan. Several MMPs have been demonstrated to 
be expressed in RA synovium including MMP-1 (43), MMP-3 (44,45), MMP-9 (46),
and MMP-13 (47,48), and particularly at sites of cartilage and bone invasion (49).
Moreover, some of these enzymes have been shown to be capable of destroying cartilage 
matrix (50). In situ studies have also demonstrated the expression of membrane-type 
metalloproteinases (MT-MMPs) in RA synovial tissue, which contribute both to matrix 
degradation and activation of other MMPs (51). Most recently, it has been suggested that 
the expression of MMP-13 and -15 (MT2-MMP) are exclusively associated with RA (52)
and, thus, may differentiate RA from other arthritic conditions.

Cathepsins are part of a family of cysteine proteases that have also been implicated 
in the degradation of cartilage matrix in RA; in particular, cathepsins B, K, and L 
could be found in patients with early arthritis as well as in long-term erosive RA 
(32,53,54).

A third class of matrix-degrading enyzmes constitute serine proteases, among which 
plasmin and plasminogen activators appear to be of importance both because of their 
ability to degrade extracellular matrix proteins and to activate MMPs (55).

The cytokine expression pattern in RA is characterized by a dysbalance between pro- 
and anti-inflammatory cytokines as well as between their respective naturally inhibitors. 
Proinflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor (TNF)-
are upregulated in RA (56). They result in a sustained inflammatory reaction within 
the joint by acting as multipliers inducing the release of other cytokines, chemotactic 
factors, and prostaglandins. Produced mainly by mononuclear and fibroblast-like cells 
in the synovium, these cytokines trigger intracellular signaling cascades and activate 
effector pathways, which result in an enhanced expression of adhesion molecules or 
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matrix-degrading proteases (57). TNF- is ascribed a pivotal pathogenic role in the 
formation of hyperplasia, as it stimulates the proliferation of synovial cells and triggers 
a cascade of secondary mediators leading to the recruitment of inflammatory cells and 
neo-angiogenesis. IL-1 , on the other hand, induces also inflammatory reactions, the 
release of enzymes, proliferation of fibroblasts, and tissue destruction. Furthermore, 
IL-1 shows synergistic effects with TNF- on further downstream cytokines, e.g., 
IL-1 could be demonstrated on IL-6 production (58). However, TNF- and IL-1
appear to be involved in different aspects of RA pathophysiology: TNF- is believed to 
be responsible predominantly for the degree of inflammation, whereas IL-1 appears to 
determine the extent of cartilage and bone degradation (59). Similarly, in rheumatoid 
synovium, a dysbalance between IL-1 and its naturally occurring inhibitor, IL-1Ra, 
has been described (60).

Other cytokines, such as IL-4, IL-10, and IL-13, predominantly act as anti-inflammatory 
molecules. Although these anti-inflammatory cytokines are present in rheumatoid 
joints, they are not able to antagonize the deleterious effects of proinflammatory 
cytokines sufficiently (61).

Synovial tissue in RA is characterized by an increased cellularity and by an aggressive 
behavior of synovial cells invading cartilage and bone. Potential reasons for this 
observation comprise an enhanced proliferation index and/or a prolonged cellular life-
span of synovial cells. Because data convincingly showing an increased proliferation of 
the synovial cells in vivo are rather spare (62–64), increasing attention has been drawn 
to apoptosis. In this context, it has been shown that several synovial cells express Fas 
antigen, and a smaller part of mononuclear cells (MNCs) also express Fas ligand 
(65). However, despite the abundant expression of Fas/CD95 on the surface of RA 
fibroblasts, only a very limited number of these cells undergo apoptosis in vivo (66,67).
This might be owing to the expression of anti-apoptotic molecules such as bcl-2 or 
sentrin that, in vivo, outweigh functionally the balance with pro-apoptotic molecules 
(67,68). Subsequently, synovial lining cells gain an extended life span, which may 
account for a prolonged expression and secretion of matrix-degrading enzymes at sites 
of cartilage and bone erosion.

SEVERE COMBINED IMMUNODEFICIENCY (SCID) MOUSE 
COIMPLANTATION MODEL OF RA

Development of the SCID Mouse Model
To study pathogenetic mechanisms in RA, several animal models have been established 

(69). However, each of these reflects only certain aspects of the disease, and does not 
cover the disease process in toto (70). Based on the observation that a synovial cell 
suspension is able to form a pannus-like structure after implantation into nude mice 
and to retain the ability to synthesize matrix-degrading enzymes (71), as well as the 
demonstration that transfer of a functional human immune system into SCID mice is 
feasible (72), Adams et al. transplanted human RA synovium into SCID mice as a model 
for the determination of disease activity (73). Owing to a mutation on chromosome 16 
that accounts for a defective DNA repair enzyme and a VDJ recombinase-associated 
defect, SCID mice do not have functional T and B cells and, thus, do not reject implanted 
human cells (74). In addition, Adams et al. (73) showed that RA synovium not only 
survived but also maintained its biological properties in the SCID mice (73). To study 
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the interaction between rheumatoid synovial cells and cartilage and to explore the 
cellular basis of joint destruction in RA, the SCID mouse model was further modified in 
our laboratory (75). In our model (see also Fig. 1), human synovial tissue and cartilage 
were coimplanted into SCID mice and maintained there for more than 300 d. In situ
hybridization on tissue sections after sacrifice revealed the expression of cathepsin L at 
sites of cartilage destruction (75), reflecting the situation in the human RA joint.

In a next step, isolated synovial fibroblasts were engrafted into SCID mice specifically 
to examine the role of T-cell independent mechanisms in RA joint destruction. Using 
immunohistochemistry and in situ hybridization, it could be demonstrated that these 
fibroblasts invaded the adjacent cartilage while maintaining their transformed-appearing 
phenotype and expressing VCAM-1, as well as MMPs (31) and cathepsin B and L at 
sites of destruction (76). In contrast, osteoarthritis (OA) as well as normal synovial 
fibroblasts did not invade and degrade the coimplanted cartilage.

Subsequent studies in the SCID mouse model further characterized the aggressive 
phenotype of these fibroblasts, and provided novel insights in the underlying pathogenetic 
mechanisms. As example, the expression of the anti-apoptotic molecule sentrin-1 could 
be demonstrated at sites of invasion of RA synovium into cartilage, whereas in normal 
synovial tissues, no sentrin-1 mRNA was detectable (68). Most likely, the expression of 
sentrin protects RA fibroblasts from apoptosis, and therefore contributes to an enhanced 
life span especially of the cells located at sites of cartilage destruction (68). Furthermore, 
the invading synovial fibroblasts did not express the tumor-suppressor gene PTEN, 
suggesting that the lack of PTEN expression may constitute another characteristic of 
the activated phenotype of RA fibroblasts (31). Inhibition of the tumor-suppressor 

Fig. 1. The severe combined immunodeficiency (SCID) mouse model of rheumatoid arthritis (RA). 
Using an inert sponge as carrier, RA synovial fibroblasts are coimplanted with human cartilage 
under the renal capsule of SCID mice. Sixty days after surgery, the mice are sacrificed and the 
implants removed. Histological analysis revealed deep invasion of RA synovial fibroblasts into 
the cartilage.
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p53 by gene transfer using a human papilloma virus-18 (HPV-18) encoding the E6 
protein resulted in enhanced invasiveness and cellularity of RA fibroblasts, and also 
transformed normal synovial fibroblasts into invasive cells. From these data, it was 
concluded that an impaired function of p53 in RA-SF might contribute to the aggressive 
behavior of the synovial tissue in RA (77).

Most recently, a new aspect in the cartilage-destruction process emerged when 
significant differences in the degree of invasion of fibroblasts was seen between fresh 
and stored cartilage (78). Whereas, as published recently, fibroblast invasion into fresh 
cartilage was seen, invasion into stored cartilage (24 h before implantation at either 
4°C or 37°C) was considerably less intense. Additionally, using a three-dimensional 
in vitro cartilage-destruction model, a decreased invasion of synovial fibroblasts was 
observed after administration of a protein-synthesis inhibitor to the chondrocytes. 
Taking these two results together, it can be hypothesized that chondrocytes in fresh 
cartilage influence the invasion process of synovial fibroblasts and might directly trigger 
cartilage destruction by releasing factors that stimulate RA-SF.

In conclusion, RA synovial fibroblasts engrafted into the SCID mice are capable 
of surviving for an extended period of time while still maintaining their aggressive 
phenotype. Most importantly, in the absence of inflammatory cells, they attach to 
and invade deeply into the coimplanted cartilage by synthesis of matrix-degrading 
enzymes. Thus, this model is an important tool to examine cartilage destruction in 
RA, and offers the potential to investigate RA fibroblasts and their altered properties. 
In addition, the SCID mouse model facilitates the examination of novel therapeutic 
strategies, including gene therapy.

Methods
PREPARATION OF SYNOVIAL FIBROBLASTS AND CARTILAGE

In the SCID mouse model, cultured synovial fibroblasts from patients with RA are 
coimplanted with normal human cartilage under the renal capsule of these mice. For 
research use, commercially available SCID mice are obtained from germ-free breeding 
colonies, and are used for experiments at the age of 6–8 wk. Synovial tissue samples 
are obtained from patients with RA during synovectomy or arthroplastic surgery. As 
control, tissue samples from OA patients and from normal individuals (traumatic injury) 
are used. The synovial tissue is minced and enzymatically digested, and the resulting 
cell suspension is transferred into cell culture flasks. After testing for mycoplasma 
contamination and immunocytochemical identification as synovial fibroblasts (CD68–,
fibroblast marker +), adhering cells are cultured for 3–6 passages and harvested by 
trypsinization immediately prior to implantation. Normal cartilage is obtained from 
patients undergoing trauma surgery or amputations owing to nonarthritic conditions.

IMPLANTATION TECHNIQUE

To coimplant synovial fibroblasts and cartilage slices under the renal capsule of 
SCID mice, a novel technique was developed in which fibroblasts are inserted into an 
inert sterile sponge to ensure close contact of cells and cartilage. After desinfection 
and retroperitoneal incision, the left kidney is mobilized, the capsule opened, and the 
sponge placed directly under the capsule. Subsequently, the peritoneum and skin are 
sutured followed by final desinfection.
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HISTOLOGICAL EVALUATION

Although it has been shown that synovial fibroblasts can survive within SCID 
mice up to 300 d, the experimental setting has been standardized to 60 d (76). After 
sacrificing the mice, the implants together with the adjacent kidney are removed. For 
histological examination, paraffin-embedded sections are prepared. To examine the 
integrity of the implant, a primary evaluation is made using hematoxylin-eosin stained 
tissue sections. Further evaluation comprises both the grade of invasion of fibroblasts 
into the cartilage as well as the perichondrocytic-cartilage degradation. Subsequently, 
additional examinations using immunohistochemistry and in situ hybridization can 
be performed.

TRANSDUCTION OF SYNOVIAL FIBROBLASTS

Several approaches have been made to deliver a gene into a target cell (for review, see
[79] and Chapter 30 in this volume). For the use in the SCID mouse model, retroviral 
gene transfer into synovial fibroblasts has been efficient, because retroviruses are 
capable of transducing dividing cells and are stably incorporated into the genome. In 
our laboratory, we have used the retroviral pLXSN vector that is based on the Moloney 
murine leukemia virus (MMLV). It contains a multiple cloning site (MCS) downstream 
of the 5 LTR promoter, and additionally expresses a Neor from the early SV40 promoter. 
After cloning the respective gene into the MCS, packaging cells expressing the viral 
envelope are transfected with the respective construct. Retroviral supernatant produced 
by these cells can transduce synovial fibroblasts via two surface molecules, Pit2 and 
Pit1. After selection with G418 for 7–10 d, successful and stably transduced SF can be 
used for experiments and implantation into the SCID mouse.

CURRENT TARGETS IN RHEUMATOID ARTHRITIS USING
THE SCID MOUSE MODEL

Other than classical genetic diseases in which a single gene defect accounts for the 
clinical phenotype, RA is caused by a number of etiologic, mostly unknown, factors such 
as environmental and genetic susceptibility. Thus, gene transfer shall be used to interfere 
specifically with a pathogenetic pathway by delivering a potentially therapeutic gene 
product. In RA, the overall rationale of any therapeutic effort consists in the inhibition of 
cartilage and bone destruction (Fig. 2). Another argument for this gene transfer is based 
on the fact that biologics (e.g., IL-1Ra) are proteins with a short half-life and are cleared 
rapidly from the synovium. In contrast, gene transfer into a target cell might lead to an 
enhanced production of the respective protein for an extended period of time.

TNF- appears to be one of the key players in the inflammatory process within 
the joint. Natural inhibitors of TNF-  exist in form of the soluble receptors p55 and 
p75 (80). In RA, there appears to be an imbalance between TNF- and its inhibitors. 
Thus, it is attractive to upregulate TNF- receptors and, subsequently, try to reduce 
the inflammatory response and joint destruction. The clinical data on the effects of 
a recombinant fusion protein consisting of the soluble TNF receptor (TNFR) p75 
linked to the Fc portion of human IgG1 demonstrated a significant improvement of the 
inflammatory symptoms in patients with refractory RA (14). However, results in the 
SCID mouse model showed that TNF- R p55 gene transfer had only a limited effect 
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on inhibition of RA synovial fibroblast invasiveness and cartilage degradation (81).
Therefore, it has been concluded that targeting only one pathway might not be sufficient 
to inhibit both synovial- and cartilage-mediated joint destruction.

In rheumatoid synovial tissue, there exists also an imbalance between IL-1 and 
its natural inhibitor IL-1 receptor antagonist (IL-1Ra) (82,83). This fact prompted 
several investigators to modulate the IL-1 effects by increasing IL-1Ra through gene 
transfer. Using the SCID mouse model, in which retrovirally IL-1Ra transfected synovial 
fibroblasts had been coimplanted with human normal cartilage, a reduction in the degree 
of cartilage invasion could not be demonstrated but, on the other hand, IL-1Ra transduction
resulted in a significant decrease in the perichondrocytic cartilage destruction (84).

IL-10 reveals both immunostimulatory (B-cell proliferation and differentiation) 
and anti-inflammatory properties (inhibition of the production of proinflammatory 
cytokines and chemokines, stimulation of the production of tissue inhibitor of metal-
loproteinases [TIMP]) (85). Interestingly, the viral homolog of IL-10, vIL-10, which is 
encoded by Epstein-Barr-virus (EBV), exerts the immunosuppressive effects but lacks 
immunostimulatory properties. For this reason, vIL-10 has been suggested to be used in 
gene transfer experiments. In the SCID mouse model, invasion of both vIL-10 and murine 
IL-10 transfected RA-SF into the coimplanted cartilage was strongly inhibited, whereas 
no significant effect could be observed with respect to perichondrocytic degradation (81).
Similarly, systemic delivery of the vIL-10 gene resulted in the prevention of cartilage 
invasion by synovial tissue engrafted in the SCID mouse model (86). Moreover, in this 
experiment, the MMP-3/TIMP-1 balance could be partially restored (86).

Fig. 2. Inhibition of synovial fibroblast function in RA using gene transfer. To inhibit cartilage 
invasion, different pathways are targeted: proinflammatory cytokines through delivery of cytokines 
receptors, cytokine inhibitors, or cytokines with anti-inflammatory properties; the ras-raf-mitogen 
activated protein kinase (MAPK) pathway through a dominant negative (dn) raf mutant; delivery of 
anti-sense constructs, which block the protein translation, and ribozymes, which cleave the mRNA 
of matrix-degrading enyzmes (MMPs, cathepsins).
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As outlined above, synovial fibroblasts exhibit features of transformed-appearing 
cells, which have been attributed to the enhanced expression of certain proto-oncogenes 
(29). Further downstream signaling molecules involve members of the ras-raf-mitogen-
activated protein kinase (MAPK) pathway (87), which, in turn, has been demonstrated to 
be activated by IL-1 and TNF- (88). Accordingly, modulation with signal transduction 
pathways has become a promising approach in the management of oncologic and 
inflammatory diseases (89). Thus, it has been shown by inhibition studies with a 
p38/JNK inhibitor in RA-SF that the IL-1 induced phosphorylation of JNK resulted in 
an enhanced collagenase mRNA production (90). Conversely, jun D, a member of the 
jun proto-oncogene family, appears to inhibit fibroblast growth, and, in contrast to c-jun, 
to antagonize ras-mediated transformation of fibroblasts (91). Intriguingly, transfection 
of synovial cells with jun D inhibited their proliferation as well as the production of 
proinflammatory cytokines and MMPs by these cells (92). In our laboratory, a retroviral 
approach using a dominant negative (dn) raf-1 mutant that encodes a functionally 
inactive protein by deleting important parts of the gene was performed to investigate 
the effects on rheumatoid synovial fibroblasts (93). Compared to mock-transduced 
fibroblasts, dn raf-1 mutants exhibited less invasiveness, but cartilage destruction was 
still detectable, indicating that raf-independent pathways are involved in the degradation 
process, which should be targeted as well (93).

Among the agents described in the destruction process in RA, matrix-degrading 
enzymes such as MMPs, cysteine, and serine proteases are mediating degradation of 
cartilage and bone directly (52,54). Most recently, an adenoviral-based gene transfer 
approach has been accomplished targeting the plasmin system in RA (94). Transfection 
of RA synovial fibroblasts with a cell surface-binding plasmin inhibitor resulted in 
a significant reduction of cartilage matrix degradation in vitro using a cartilage-like 
matrix. Moreover, after coimplantation with cartilage in the SCID mouse model, 
transduced RA-SF exhibited a significantly decreased invasiveness as compared to mock 
transduced cells. This study supports earlier findings that the plasmin/plasminogen 
activator system is crucially involved in cartilage destruction. In addition, the data 
show that targeting matrix-degrading enzymes directly at sites of invasion might be an 
effective way to inhibit cartilage degradation.

PERSPECTIVES

In line with gene transfer of molecules targeting the plasmin system, MMPs and 
cathepsins are these enzymes targets in the destruction process. These enzymes are 
secreted by synovial macrophages and fibroblasts and/or are expressed at the cell 
surface and have been convincingly shown to degrade extracellular matrix in RA. The 
direct inhibition of MMPs and cathepsins appears to be attractive because it would 
circumvent the redundant cytokine network, but still prevent the terminal steps of 
cartilage degradation. However, the question of whether broad-spectrum inhibitors 
should be preferred to highly specific inhibitors has not sufficiently been answered. In 
addition, it is difficult to design inhibitors that exhibit high affinity to the respective 
enzyme, but still maintain high specificity and efficacy when administered locally or 
systemically (95). Interestingly, a first report on the efficacy of synthetic MMP inhibitors 
in an arthritis model indicated that the intra-articular infusion of these MMP inhibitors 
into rat joints implanted with predigested cartilage slices reduced the proteoglycan 
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and collagen release (96). Apart from these biochemical approaches trying to inhibit 
degradative enzymes, so far, no gene transfer approach in synovial fibroblasts has been 
performed. In such an approach, one advantage would be the possibility to modulate the 
enzyme production directly at sites of invasion. In general, when intending to inhibit 
the effect of a certain gene using gene transfer technology, two different approaches 
are possible: antisense constructs, which are supposed to specifically hybridize with 
its respective messenger RNA in the cytoplasm to prevent the subsequent translation 
into the protein, and ribozymes, which are capable of cleaving mRNA at specific sites 
hindering the translation to take place (97). In our laboratory, both approaches are 
currently under investigation. In vitro data suggest that ribozymes against MMP-1 
and cathepsin L indeed decrease their respective mRNA by up to 70% (98). In line 
with this approach, gene targeting of synovial cells in patients with human T-cell 
leukemia virus type I (HTLV-I)-associated arthropathy (HAAP) has recently been 
performed with hammerhead ribozymes cleaving tax/rex mRNA in synoviocytes. This 
ribozyme gene transfer resulted in the inhibition of synovial cell growth and induction 
of apoptosis (99).

CONCLUSIONS

In recent years, considerable progress has been achieved in the field of gene 
transfer. Although gene transfer has just started becoming a tool for gene therapy (see
Chapter 37), gene transfer trials, so far, have predominantly been undertaken to 
investigate and modulate pathogenetic pathways and to examine their impact on the 
disease process. In this respect, the SCID mouse coimplantation model of RA has proven 
to be an excellent tool to investigate the properties of activated synovial fibroblasts 
without the influence of inflammatory cells and the cytokine network. With respect 
to gene transfer, the model allows the examination of fibroblasts after gene transfer 
and the effects on modulation of cartilage degradation. Using this model, it could be 
demonstrated that transfer of IL-1Ra, IL-10, and a dn raf mutant was able to decrease 
fibroblast invasion into cartilage or perichondrocytic degradation. To target more than 
one mechanism of cartilage degradation, future efforts will, therefore, need to focus on 
the delivery of combinations of genes (100,101).
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disorder that represents inappropriate 
immune responses directed at joint-specific self-tissue. The clinical manifestations of 
RA are persistent and chronic in nature and mechanisms that contribute to the immune 
dysregulation in rheumatoid disorders remains unclear. However, a number of studies 
report that T cells play a central role in the initiation as well as the perpetuation of 
this organ-specific disease. Because CD4+ T cells are important mediators in the 
autoimmune pathogenesis of RA, they would be ideal candidates for cell-based gene 
therapy. The number of antigen-specific T cells in a single autoimmune lesion may 
be quite low. Therefore, successful site-targeted gene therapy would require selected 
transduction of a small number of autoantigen-specific T cells. This chapter will outline 
the potential for retroviral-mediated transduction of CD4+ T cells ex vivo for the 
treatment of organ-specific autoimmunity.

BACKGROUND

RA is a chronic multifactorial autoimmune disorder that degrades the body’s joint 
tissue. In the United States alone, autoimmune disorders and rheumatic conditions affect 
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approx 15% of the population and pose a disease burden close to $65 billion. Prescription 
sales of the various drugs used to control rheumatoid disease are in excess of $4 billion 
and have been postulated to grow 11% annually (1). Autoimmune disorders are among 
the most expansive diseases faced by society today and are therefore the focus of a 
tremendous amount of research for both acute and long-term treatments.

Historically, effective therapies for reducing inflammation in rheumatic conditions 
include broad spectrum anti-inflammatory agents, such as glucocorticoids, and 
nonsteriodal anti-inflammatory drugs (NSAIDs) that inhibit cyclooxygenase (COX) 
enzymes (2–4). However, there is concern about the true efficacy and tolerance profiles 
of these drugs following long-term use. More recent therapies result from advances in 
molecular biology. These techniques have enabled researchers to decipher autoantigens 
involved in autoimmune disorders, identifying the potential molecular triggers of 
disease exacerbation.

ROLE OF CD4+ T CELLS IN ORGAN-SPECIFIC AUTOIMMUNITY

A complete understanding of the immunopathogensis of autoimmune diseases and 
rheumatoid conditions is slowly evolving. The precise role of B cells, antigen-presenting 
cells (APCs), and T cells in both innate and acquired immunity during rheumatoid 
disorders is unclear; however, it has become increasingly evident that CD4+ T cells play a 
central role in the initiation as well as in the perpetuation of organ-specific autoimmunity 
(5). Studies aimed at elucidating mechanisms of human autoimmune disease are 
hindered by the difficulty in obtaining organ-infiltrating T cells (6–9). However, in 
animal models of autoimmune disease, there is direct evidence demonstrating CD4+
T cells as mediators of organ-specific autoimmune disorders. For example, disease can 
be transferred to naïve syngeneic recipients using CD4+ antigen-specific T cells (10–14).
The pathogenic CD4+ T cell exhibits a T helper type 1 (Th1) phenotype characterized 
by heightened expression levels of type 1 cytokines that include interferon- (IFN- ), 
interleukin-2 (IL-2), IL-6, and tumor necrosis factor (TNF) (15–20). These Th1 
cells represent a T-cell subset with a proinflammatory potential and exhibit effector 
functions important in perpetuating damaging inflammatory cellular immune responses. 
Systemic administration of Th2 “regulatory” cytokines, such as IL-4, IL-10, and 
transforming growth factor- (TGF- ), which serve to counter the effects of proinflam-
matory cytokines, has previously been shown to ameliorate autoimmune dysfunction 
(21–23). However systemic cytokine delivery also induces toxic side effects and global 
immunosuppression that can lead to increased risk for infections and malignancies (24).
Therefore, local delivery of trans-acting immunoregulatory (Th2 type) cytokines to 
inflammatory disease lesions would be a preferable approach to treating organ-specific 
autoimmune dysfunction.

REGULATORY CYTOKINES FOR TREATMENT OF RA

A number of regulatory cytokines have been citied for having therapeutic potential 
in the treatment of proinflammatory rheumatoid disorders (see Table 1). Several studies 
have demonstrated the development of Th2 autoantigen-specific T cells in the recovery 
phase of RA, suggesting that Th2 cytokines may be important for disease amelioration 
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(25–32). These studies have postulated that disease recovery may represent a restoration 
of a more balanced Th1/Th2 profile that results in disease suppression. Exactly how 
an optimal balance of type 1 and type 2 cytokine homeostasis is achieved within a 
pathogenic lesion is still under question. The skewing of autoantigen-reactive T-cell 
cytokine profiles may occur through bystander effects from exogenously administered 
regulatory proteins acting on circulating CD4+ T cells in the periphery (21,33–35).
The use of altered peptide ligands (APLs) or oral-tolerance protocols in animal models 
of autoimmunity have also been demonstrated to act to on circulating CD4+ T cells 
and induce a Th1 cell to shift to a type 2 phenotype (36–42). Therefore, local delivery 
of regulatory proteins to restore immune homeostasis may prove efficacious in the 
treatment of rheumatoid lesions.

Table 1
Selected Regulatory Proteins for Potential Application

of Gene Therapy in Rheumatoid Disease

Proteina Size (bp)b Sourcec Immunoregulatory function

IL-10 1536 Mono, M , Th2  Inhibits Th1
    activated B Promotes Th2

Inhibits M  cytokine release
IL-4 1447 Th2, NK1.1 Th2 growth factor

Inhibits M  activation
Activates B
Promotes Th2

IL-1RA 1000 Mono, M , N Antagonist for IL-1 receptor
Blocks IL-1 signaling
Inhibits Th1

MDC 1300 DC, B, M  activated: Attracts Th2
    Monon, NK, Th2

sTNFRd 1400 (activated M , Th1,  Binds secreted TNF
    NK, CTL) Inhibits Th1

Latent TGF- 1672 Mono, M , B, Th2 Inhibits M  activation
Immunosuppression action
Promotes Th2

IL-12p40 1000 Mono, M , B, NK, Forms p40 homodimer
    activated Th1 Blocks IL-12R signaling

Inhibits IFN-  production
Inhibits Th1

aRegulatory proteins are represented as cytokines, chemokines, receptor antagonists, and soluble 
receptors.

bcDNA length in nucleotide base pairs of the open reading frame.
cImmune cell subset responsible for regulatory protein expression in vivo. Cell abbreviations: 

Mono, monocyte; M , macrophage; DC, dendritic cell; B, B cell; N, neutrophil; CTL, CD8+ cytotoxic
T cell; NK, natural killer cell; NK1.1, natural killer 1.1 cell; CD4+T, CD4+T cell; Th1, CD4+T helper 1; 
Th2, CD4+T helper 2.

dSoluble TNFR as a recombinant molecule. Cells that express TNF cited parenthetically.
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RETROVIRAL TRANSDUCTION

Overview of Retroviral Transduction Procedures
Local expression of regulatory proteins could be directed to inflamed lesions by 

transducing autoantigen-specific CD4+ T cells to deliver immunomodulatory proteins 
through techniques of gene therapy. Gene therapy involves the insertion and expression 
of foreign DNA in a host cell. To date, utilization of viral vectors is the most efficient 
way to introduce genes into cells by the process of transduction. Many vectors exist, 
each with advantages and disadvantages (43,44). The murine oncoretroviruses, which 
include the Moloney murine leukemia virus (MMLV), are widely studied and utilized 
for gene transfer in murine models, as well as in human studies.

The MMLV genome consists of two long terminal repeats (LTRs), which contain 
promoter and enhancer elements important for the synthesis and transcription of viral 
genes. In a conventional retrovirus, LTRs flank the gag, pol, and env genes and promote 
expression of essential viral structural proteins, including envelope glycoproteins, which 
confer the “host range” or tropism of the virus. The ecotropic envelope gene product 
allows infection of murine cells, whereas amphotropic envelope gene products allow 
infection of both murine and human cells (45). The packaging signal, psi ( ), lies 3  to 
the 5  LTR and is necessary for the packaging of viral genomes.

The application of gene therapy using retroviruses involves the use of cell lines that 
have been designed for stable expression, in trans, of the gag, pol, and env genes to allow 
production of intact virions. A frequently used cell line for retrovirus production is the 

Fig. 1. Schematic diagram of MMLV-based pGC bicistronic retroviral vectors. (A) pGCIRES
(6691 bp), retroviral vector containing the MMLV-MFG retroviral packaging signal ( ) and 5  and 
3 LTRs; a Srf I-containing multiple cloning site (MCS) flanked with the T3 and T7 oligonucleotide 
primer sites for the cloning and sequencing of regulatory genes; the encephalomyocarditis virus 
internal ribosome entry site (IRES); and a mammalian codon-enriched GFP variant; or (B) YFP 
variant, termed pGCy. Arrow indicates transcriptional start site and direction of transcription.



Chapter 32 / Transduced CD4+ T Cells for Application in Gene Therapy 525

Phoenix packaging-cell line, established by Nolan (46). DNA vectors, which contain 
two retroviral LTRs flanking the internal region encoding the  site and the gene(s) of 
interest, are transfected into the packaging-cell line. A second open reading frame can 
be incorporated for the expression of additional genes by including an internal ribosome 
entry site (IRES). IRES elements allow independent genes to be translated from a single 
polycistronic mRNA transcript (47). Because translation of each protein is from the 
same transcript, upstream and downstream gene products are made in approximately 
equivalent amounts (48). Reporter proteins such as green fluorescent protein (GFP) 
and/or yellow fluorescent protein (YFP) can be used to identify cells and provide an 
indirect measurement of the upstream gene expression. Schematic representation of the 
pGCIRES vectors are outlined in Figs. 1 and 2. The pGCIRES vectors are MMLV-based 
IRES-containing retroviral vectors with different reporter proteins (Fig. 1). Second-
generation retroviral vectors, termed pGC2IRES, contain two unique IRES elements 
and allow for tricistronic gene expression with either GFP or YFP reporter expression 
(Fig. 2). Following transfection of the retroviral vector into the packaging-cell line, viral 
RNA transcripts containing the  packaging signal will be preferentially incorporated 
into the virions. Because retroviral vectors lack the gag, pol, and env viral genes, 
the recombinant retroviral particles produced are replication-defective and capable of 
infecting only one target cell without further propagation of virus. Therefore, once 
the viral vector is inserted into the packaging cell line, the system can be used to 
retrieve replication-defective, infection-competent virus particles for transduction of 
a target-cell population.

Fig. 2. Schematic diagram of second generation MMLV-based pGC2 tricistronic retroviral vectors. 
(A) pGC2g (7344-bp), retroviral vector containing the MMLV-MFG retroviral packaging signal ( )
and 5 and 3 LTRs; a SwaI-containing multiple-cloning site (MCS 1) flanked with the T7 and KS 
oligonucleotide primer sites; the Harvey Sarcoma virus IRES (IRES [HaSV]), a Srf I-containing 
multiple cloning site (MCS 2) flanked with the reverse (R) and T3 oligonucleotide primer sites; 
the encephalomyocarditis virus IRES (IRES [emcv]); and a mammalian codon-enriched GFP 
variant; or (B) YFP variant, termed pGC2y. Arrows indicate transcriptional start site and direction 
of transcription.
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Combinatorial Vector Design and Application
Construction of retroviral vectors engineered to express fluorescent proteins to serve 

as markers for transduction has become common practice. Fluorescent proteins, such as 
GFP, allow direct visualization of proteins in living cells without the need for substrate 
addition or cellular manipulation (49). Although blue forms of fluorescent proteins 
such as the blue-shifted variant of GFP (BFP) and the red fluorescent protein (RFP) are 
available for use as reporter markers, these blue variants require excitation in the UV 
range and can therefore cause DNA damage to living cells (50,51). Recently, GFP has 
been mutagenized to give rise to a “yellow” form, YFP, which has the intrinsic brightness 
and stability of GFP, and excites with visible light. Although the excitation of YFP is the 
same as GFP (488 nm), the emission of YFP is “red-shifted” (600 nm) with respect to 
GFP (509 nm) and therefore allows separation of the two spectra (52,53).

In addition to multiple reporter proteins, retroviral vectors can be engineered to 
contain T-cell-specific promoters. Although retroviral LTRs contain strong constitu-
tive promoters, such uncontrolled expression is not always desired. Therefore, self-
inactivating (SIN) vectors were generated to contain inactivating deletions in the 3 LTR 
promoter region that effectively destroy the endogenous retroviral-promoter activity 
following integration into a host genome (54). T-cell-specific promoters such as the 
minimal IL-2 promoter or the nuclear factor of activated T cells (NF-AT) promoter 
can then be inserted between the packaging sequence and the open reading frame 
of cloned gene(s) to allow for expression of the transduced gene product only upon 
activation of the CD4+ T cell (55,56).

Transduction of Antigen-Specific CD4+ T Cells
A consistent drawback to retroviral-mediated gene therapy has been the inability 

to transduce nondividing cells by retroviruses. However, antigen-reactive CD4+
T cells will proliferate upon exposure to antigen and are thereby suitable for retroviral 
transduction. In most cell-mediated autoimmune diseases, inflammatory Th1 type
T cells reside in the inflamed lesions. Therefore, transduction of this population would 
provide targeted delivery of regulatory (or therapeutic) proteins by autoantigen-specific 
T cells that can traffic to autoimmune lesions and regulate the inflammatory cytokines. 
To achieve this goal, a robust system of retroviral transduction that would transduce 
autoantigen-responsive CD4+ T cells was established (48).

For applications of T-cell-based gene therapy, it was necessary to limit retroviral 
transduction to antigen-specific CD4+ T-cell populations, and for transgene expression 
to be stable over time. Because oncoretroviruses have the ability to infect dividing 
cells, polyclonal activation has generally been used as a means to induce proliferation. 
However, polyclonal activation prior to retroviral infection, provided only a transient 
and nonspecific transduction of multiple murine lymphoid-cell lineages that included 
B cells, GR1+ cells, CD8+ T cells, and CD4+ T cells (48). Therefore, to establish 
optimal retroviral-transduction conditions, specific for autoreactive CD4+ T cells, TCR 
transgenic mice containing a large population of CD4+ T cells specific for the myelin 
basic protein (MBP) autoantigen (NAc1-11) were utilized. Splenocytes from either 
MBP-TCR transgenic mice (H-2u) or nontransgenic PL/J mice (H-2u) were stimulated 
in vitro with the MBP peptide and assessed for the ability of our retroviral vectors to 
specifically target antigen-activated CD4+ T cells. The results confirmed that upon 
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stimulation with specific antigen, only antigen-reactive CD4+ T cells were transduced 
with retrovirus (Fig. 3). Previous barriers in the application of gene therapy to mouse 
models of autoimmune diseases have included low proviral integration frequency in 
immune cells, proviral promoter shutdown, and inadequate isolation and expansion of 
transduced immunoregulatory cells. However, subsequent experimentation demonstrated 
that the transduced CD4+ T cells could be efficiently expanded in vitro by restimulation 
at 7–10-d intervals with specific peptide and irradiated APC. Transgene expression 
appeared to follow the activation profile of the T cell as evidenced by peak transgene 
expression 2–3 d following each round of restimulation. Additionally, retroviral 
transduction of recombinant transgenes did not alter the cytokine profile or the cell-
surface phenotype of resting and/or activated CD4+ T cells (G. L. Costa, unpublished 
observations).

An inherent problem of retroviral transduction is that the transduced populations are 
heterogenous and contain random integration(s) of provirus and thus relatively random 

Fig. 3. Preferential transduction of autoantigen-reactive CD4+ T cells. Splenocytes from MBP 
TCR transgenic mice (MBP TCR Tg) or nontransgenic PL/J mice (PL/J) were cultured in vitro 
with 5 µg/mL (MBP NAc 1-11), 50 ng/mL PMA, and 1 µM ionomycin (PMA/Ionomycin), or with 
media alone (Media Control). At 24 h post-stimulation, splenocytes were infected with pGCIRES 
recombinant retrovirus. At 48 h postinfection, transduced splenocyte populations were stained using 
antiCD4-PE and analyzed by flow cytometery for expression of GFP. Gated regions (boxed outlines) 
represent transduction efficiencies (% infected) of CD4+ T cells from the total CD4+ cell population. 
Adapted with permission from ref. 48.
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expression of the integrated gene product. For use in gene therapy, a regulated and 
quantifiable gene product is desired. One of these issues was solved by demonstrating 
that expression of the marker protein (GFP or YFP) exhibited a linear correlation 
with upstream gene expression. Thus, using this system, it is possible to select the 
quantity of “regulatory” protein delivered by the transduced T cells based on GFP or 
YFP expression. Previous retroviral-mediated delivery systems have used antibiotic- or 
drug-resistance to select transduced cells (57). However, a drawback of drug selection 
has been the inability to select populations of tranduced cells for multiple (or certainly 
optimal) therapeutic doses of regulatory proteins. Using IRES-containing retroviral 
vectors for transduction of antigen-specific CD4+ T cells will allow expression of 
the marker protein(s) (i.e., GFP and/or YFP), to select for multiple dose or optimal 
drug delivery.

Targeting Rare Populations of Autoantigen-Reactive
CD4+ T Cells for Transduction

Antigen-specific CD4+ T cells normally exist at very low frequency in naïve as well 
as in memory T cell pools. Limiting dilution studies have established the frequency of 
antigen-specific T cells in a naïve animal’s lymph node at approx 1 in 50,000–300,000 
(58,59). Only upon restimulation with specific antigen in vivo do CD4+ T cells undergo 
extensive expansion that results in an increase in cell number of 150-fold. In model 
systems defining T-cell reactivity in actively primed and rechallenged mice, it has 
been found that frequencies of antigen-reactive T cells are 1 in 5000 (60). Application 
of retroviral transduction of autoantigen reactive CD4+ T cells in gene therapy of 
autoimmunity must include systems capable of targeting these rare populations of 
antigen-activated T cells.

As a model system for targeting antigen-responsive cells in vivo, we have used the 
DBA/2 CD4+ T-cell response to the antigen, sperm-whale myoglobin (SWM) (61).
In this system, it was demonstrated that the T cells with upregulated cell surface 
expression of CD4 (CD4high) contained the proliferating, antigen-reactive T cells. Upon 
retroviral infection of antigen-reactivated cultures, we found that the majority of the 
transduced cells were indeed CD4high T cells (48). To confirm that only CD4high T cells 
(representing the antigen-reactive T cells) were transduced following retroviral infection, 
flow cytometry was used to sort murine T-cell populations based on levels of CD4 
surface expression. Isolation of the CD4high and CD4normal populations demonstrated that 
retroviral infection of the CD4high T cells resulted in enhanced transduction efficiency 
over the CD4normal T cells. The CD4normal (nonantigen reactive) were not transduced 
above background.

Because retroviruses integrate the chromosomal DNA of actively dividing cells, 
we have used cell cycle analysis to demonstrate a correlation between CD4+ T cells 
traversing mitosis and retroviral transduction (48). Only the CD4high T-cell population, 
containing the antigen-activated CD4+ T cells cycling through G2/M and M, were 
transduced. Enhancing cell cycling by addition of the T-cell growth factor, IL-2, to 
antigen-activated CD4+ T-cell cultures resulted in an increase in antigen-reactive cell 
transduction. Antigen-stimulated CD4high T cells, supplemented with exogenous IL-2, 
exhibited a dramatic enrichment of cells cycling through mitosis. Although IL-2 was 
necessary for the optimization of transduction in antigen-stimulated CD4+ T cells, 
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exogenously added IL-2, in the absence of specific antigen, did not support efficient 
transduction of CD4+ T cells. These studies demonstrated that the CD4high phenotype 
can be used as a marker of antigen reactivity in T cells and that transduction is efficient, 
but limited to, antigen-reactive CD4high T cells in transit through the M phase at the time 
of infection. Thus, proliferating, antigen-specific cells can be targeted by infection with 
retrovirus and isolated by expression of the GFP marker protein. Preliminary studies 
were therefore initiated to capture rare antigen-specific CD4+ T cells directly from 
primed mice, in the absence of in vitro activation.

To evaluate the kinetics of antigen-specific T-cell responses to conventional, 
nontrangenic antigens in vivo, draining lymph-node cells from SWM-immunized 
mice were harvested and stained for CD4 and the SWM-specific TCR (V 8) expres-
sion. Limiting dilution analysis (LDA) established the precursor frequency of both 
CD4high/V 8+ and CD4high/V 8– T-cell populations at each selected time point (62).
Upon evaluating the CD4high/V 8+ population, the total number of antigen-specific
T cells present in the draining lymph node was estimated from the calculated precursor 
frequencies and the absolute number in the node. The antigen-specific precursor 
frequency of the CD4high/V 8+ at d 3 after primary immunization (1/3150) was near a 
baseline level at 33 antigen-specific T cells in the immunized lymph node. In the next 3 d, 
the number of antigen-specific T cells in the CD4high/V 8+ population increased rapidly 
to reach a maximum at d 6 (1/38) with over 4400 CD4high/V 8+ T cells in the draining 
lymph node, corresponding to a 136-fold expansion in the number of antigen-specific 
CD4high/V 8+ T cells from d 3. The number of antigen-specific T cells decreased 
threefold by d 8 (1/65) and by d 28 (1/405), only 5% of the peak antigen-specific 
CD4+ T-cell number were still present. This LDA data provided a priori estimation 
of the number of antigen-specific present in a draining lymph node following primary 
immunization. It was then necessary to determine whether retroviral infection ex vivo 
could be used to “capture” the rare populations of antigen-reactive CD4+ T cells residing 
in the lymph node in vivo.

As in the LDA experiments, draining lymph-node cells or splenocytes from SWM-
immunized mice were harvested and immediately exposed to recombinant retrovirus 
and exogenous IL-2, to induce T-cell cycling and to facilitate retroviral integration 
following antigen priming in vivo. Data presented in Fig. 4 is preliminary evidence 
that retroviral transduction can be used to target in vivo-activated, antigen-reactive 
CD4+ T cells. The percentage of transduced cells from the lymph node, as marked 
by the YFP reporter protein, correlated with the LDA frequency of antigen-specific 
CD4high/V 8+ cells found to exist in lymph node cells following primary immunization 
with SWM peptide. No observable transduction patterns were noted in splenocytes 
taken at the same time points.

As determined by the lack of retroviral transduction and subsequent YFP expression 
in CD4+ T cells, there was no evidence of antigen-reactive cells in the lymph node at
1 or 3 d following primary immunization. However, on d 5 postimmunization, there was 
both an enhancement of CD4high T cells and a concomitant increase in YFP expression, 
indicative of retroviral transduction. Strikingly, the frequency of transduced CD4+ 
T cells on d 5 was 2.77%, which correlated with the LDA frequency (1/38) of antigen-
specific CD4+ T cells found to exist in the lymph node on d 6. CD4+ T-cell transduction 
was reduced on d 6 (0.96%), although a prominent YFP expression profile was exhibited 
by CD4+ T cells, indicative of antigen-reactive CD4+ T cells that resided within the 



530 
P

art IV
 / G

ene T
herapy in R

heum
atic D

iseases

Fig. 4. Capturing rare populations of antigen-reactive CD4+ T lymphocytes activated in vivo using retroviral transduction. Draining inguinal lymph node 
cells (LN) or spleen cells (SPLN) from DBA/2 mice following primary immunization with SWM peptide 110–121 were harvested on days indicated and 
exposed to recombinant retrovirus containing the pGCy retroviral vector (see also Fig. 1). At 48 h postinfection, cells were stained with CD4-PE and 
analyzed by flow cytometry using YFP expression as a marker of retroviral transduction. Percentages represent frequency of cells within each quadrant 
(G. L. Costa, unpublished observations).
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lymph node. Again, this reduction correlated with the reduced LDA frequency that 
followed peak CD4+ T-cell frequencies on d 6. Retroviral transduction as exhibited 
by YFP expression was back to baseline levels by d 10 and again correlated with the 
LDA data and most likely represented T-cell emigration from the lymph node following 
antigen priming. Although these studies are preliminary, future studies to determine 
optimal targeting of antigen-reactive CD4+ T cells in vivo coupled with functional 
analyses of the captured transductants will be informative.

Taken together, the application of retroviral transduction coupled with exogenously 
added IL-2, which serves to both facilitate retroviral transduction and to expand target 
antigen-activated T cells, should prove beneficial when attempting to isolate rare 
populations of autoreactive cells with unknown antigen(s) specificity, as in autoimmune 
disorders such as RA.

CONCLUSION

The use of a replication-defective virus poses a critical safety issue because the 
presence of replication-competent virus could become a potential health risk, most 
notably by an increased risk of proviral insertional mutagenesis. Hence, prior to 
reinfusion of transduced cells, rigorous safety issues must be undertaken to ensure the 
absence of replication-competent retroviruses. To date, over 3000 patients have received 
genetically engineered cells for various tissue disease states. The majority of human 
gene-therapy protocols utilize replication-incompetent retroviruses owing to the fact that 
the retroviral-mediated gene transfer process is relatively well-understood, particularly 
for the murine retroviruses, and safety has been rigorously studied (63–66).

Advancements in vector design and application hold great promise for future applica-
tions in retroviral-mediated therapy. Animal models of organ-specific autoimmune 
disease will benefit from use of the distinguishable forms of fluorescent proteins that 
allow the study of multiple populations of transduced cells simultaneously. Human 
gene therapy will benefit from the regulatable vector systems that afford stringent and 
specific release of therapeutic molecules.

In this review, we address the idea of using CD4+ T cells, which have been 
demonstrated as central mediators in the perpetuation pathogenesis of autoimmunity, 
for the local delivery of immunoregulatory molecules in retroviral-mediated gene 
therapy. Retroviral transduction of CD4+ T cells can be used to preferentially target 
antigen-specific cells. Moreover, it may be possible to capture rare populations of CD4+ 
T cells of unknown autoantigen specificity following activation in vivo by retroviral 
transduction ex vivo. Owing to the intrinsic homing capabilities of CD4+ T cells, the 
transduced T cell would offer the potential for local delivery of therapeutic molecules, 
thus reducing the inherent toxicities associated with systemic administration.

Although a complete mechanistic understanding of autoimmunity remains elusive, 
gene therapy offers a platform by which to study the effects of various immunomodulatory 
proteins on disease pathogenesis. Retroviral-mediated gene therapy in CD4+ T cells 
coupled with the advent of novel recombinant molecules and optimal use of therapeutic 
antagonists will undoubtedly be informative in characterizing the underlying immune 
mechanisms in organ-specific diseases, and may potentially lead to new therapeutic 
options for treating human autoimmune diseases.
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INTRODUCTION

The growing knowledge of molecular events promoting or inhibiting inflammatory 
reaction enables identification of novel means for therapeutic intervention in rheumatoid 
arthritis (RA). The intensity of inflammation and extent of tissue destruction in 
rheumatoid joints depends on the balance between various proteins that are synthesized 
at the site of inflammation by activated resident and blood-borne inflammatory cells 
and secreted or expressed on their surface. Some of these proteins play a key role in 
initiation and perpetuation of synovial inflammation because their blockade with specific 
antibodies or soluble receptors has a therapeutic effect in arthritis. They include the 
proinflammatory cytokines tumor necrosis factor-  (TNF- ) and interleukin-1 (IL-1), 
T-cell costimulatory receptors CD80 or CD86, and activated complement components 
(1–8). On the other hand, some of the proteins produced in the course of inflammation 
have anti-inflammatory effect because they inhibit activation, proliferation, or survival 
of inflammatory cells. Some of them, such as cytokines interferon- (IFN- ), IL-4, 
IL-10, and transforming growth factor 1 (TGF- 1) (9–12), or the mediator of apoptosis 
galectin 1 (13), can inhibit arthritis. These pro- and anti-inflammatory proteins are 
candidate therapeutic targets in RA. Indeed, novel therapies inhibiting TNF- (14)
and IL-1 (15,16) have progressed to clinical trials and demonstrated a therapeutic 
effect in humans.
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We aim to develop a gene therapy approach for RA in which genes encoding 
therapeutic proteins are expressed locally at sites of disease. As cell-mediated immune 
response to autoantigens plays an important role in the pathogenesis of RA, cells of 
the immune system may have the potential to deliver therapeutic protein genes to those 
sites. Although in most cases, selective genetic modification of cells in vivo cannot be 
achieved by current gene transfer protocols, in vitro cultured primary cells, including 
some populations of white blood cells, can be transduced with high efficiency. After 
genetic modification ex vivo these cells can be returned to the host circulation. Indeed, 
populations of white blood cells are heterogeneous in their properties and only some of 
them may have tropism to peripheral inflammatory sites and draining lymphnodes. As 
arthritogenic CD4+ T lymphocytes specific to some ill-defined autoantigens in the joints 
do migrate to the sites of disease, they might have the capacity to carry therapeutic gene 
proteins to those sites. This hypothesis has been tested in experimental autoimmune 
diseases, such as collagen-induced arthritis (CIA) (7,17,18), insulin-dependent diabetes 
mellitus (IDDM) (19), experimental allergic encephalomyelitis (EAE) (20,21), and 
peripheral neuritis (22). In these experiments, pathogenic lymphocytes specific to a 
known autoantigen, for instance, type II collagen in CIA, were stimulated with the 
autoantigen in vitro and transduced with a gene encoding an anti-inflammatory protein. 
Upon adoptive transfer into recipients with an autoimmune disease, the engineered 
cells exerted a therapeutic effect.

Isolating autoantigen-specific T lymphocytes from RA patients in order to genetically 
modify them in vitro and use as gene carriers is unlikely to be possible. Although there 
are several autoantigens implicated in the pathogenesis of RA (23,24), none of them 
elicits a significant proliferative response in T lymphocytes isolated from patients. 
Therefore, instead of using autoantigen-specific lymphocytes as gene carriers for gene 
therapy of RA, we proposed to use to this goal lymphocytes engineered to recognize 
type II collagen (CII), a protein whose expression is confined to the extracellular matrix 
of articular cartilage. To confer on lymphocytes an MHC-nonrestricted specificity to 
CII, we transduced them with a chimeric cell surface protein consisting of the single-
chain Fv domain (scFv) of the anti-CII MAb C2 (25) and a signaling domain. The 
latter was represented by the Fc RI signaling subunit or T-cell receptor signaling

subunit (TCR ). Upon binding CII, these chimeric receptors mediate in T lymphocytes 
a physiological response, which resembles the response elicited by antigenic stimulation. 
Our prediction is that upon stimulation with CII in rheumatoid joints, such engineered 
lymphocytes could arrest their migration, driven by forces normally mediating migration 
arrest of antigenically stimulated T lymphocytes. Therapeutic T lymphocytes could be 
engineered using bicistronic retroviral vectors containing the gene of such chimeric 
protein together with the gene of an anti-inflammatory protein.

MECHANISM OF T LYMPHOCYTE MIGRATION
THROUGH INFLAMMATORY LESIONS

Increase in T Lymphocyte Migration on the Onset of Inflammation
Post-thymic CD4+ T lymphocytes continuously recirculate between blood and lymph 

(26). Naïve CD4+ T lymphocytes predominantly migrate into peripheral lymphnodes 
directly from blood through high-endothelium venules (HEV) (27). Their access 
to peripheral tissues is restricted, presumably owing to their high dependency on
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costimulatory signals for full activation (28–32). These signals are fully provided 
to naïve CD4+ T lymphocytes during priming with an antigen in lymphnodes, but 
may be deficient in peripheral tissues. Because costimulation requirements of CD4+

T lymphocytes decrease after priming with the antigen, effector and memory CD4+

T lymphocytes can migrate from blood into tissue interstitium without undergoing 
apoptosis owing to inadequate costimulation. From peripheral tissues, they are delivered 
to lymphnodes by prenodal lymph (33). Direct entry of effector and memory CD4+

T lymphocytes into lymphnodes from circulation through HEV is also possible (34,35).
The content of CD4+ T lymphocytes in noninflamed tissue is very low. For instance, 

there are approx 2 × 105 lymphocytes per 1 g of normal skin (36). As demonstrated by 
analysis of tissue sections and experiments where lymphocytes were labeled ex vivo 
with a radioactive tracer, such as 111In, and their distribution in different tissues was 
determined in vivo, on the onset of DTH or some other types of inflammation, the 
number of CD4+ T lymphocytes in tissue interstitium increases 20–30-fold (37).

CD4+ T lymphocytes infiltrate RA synovium, and in a proportion of cases, they 
are included in structures resembling germinal centers (38). Activation of CD4+

T lymphocytes specific to joint autoantigens presented by dendritic cells or autoantigen 
specific B lymphocytes appears to play an important role in the initiation and perpetuation 
of RA, as suggested by association of the disease with particular HLA haplotypes and 
its attenuation resulting from deletion or functional inhibition of CD4+ T lymphocytes 
(39–42).

Retention vs Increased Passage
When the number of migrating T lymphocytes is assessed histologically or by 

measuring radioactivity of tissue samples after injection of labeled cells, it is impossible 
to conclude whether visible accumulation of lymphocytes at an inflammatory site results 
from their retardation or simply reflects their increased passage through the site. This 
question has been addressed in a series of trafficking studies where in vitro labeled cells 
were injected in vivo and their appearance in blood, prenodal and postnodal lymph was 
monitored (36,37,43). These studies demonstrated that lymphocyte throughput does 
increase at an inflammatory site, but there is no significant retention of lymphocytes, 
at least when these lymphocytes do not have specificity to antigenic peptides presented 
at the inflammatory site.

What effect has the activation state and antigenic specificity of T lymphocytes on 
their capacity to migrate into tissues? This question has been extensively studied on 
animal models of autoimmune and virus-induced inflammation of the central nervous 
system (CNS). As first suggested by Wekerle et al. in 1986 (44), the capacity of T 
lymphocytes to penetrate the intact blood-brain barrier and infiltrate noninflamed 
parenchyma of the CNS depends on no other parameter than their activation state. It 
is unassociated with the MHC compatibility between the migrating T lymphocytes and 
the host, or with the presence in the CNS of the antigenic peptides that these cells 
are seeking, or with their pathogenic potential (reviewed in ref. 45). T lymphocytes 
activated by exposing them to antigen (46,47) or mitogenic lectins (48–50) prior to 
infusion migrate into the CNS. T lymphocytes of both CD4+ and CD8+ phenotypes first 
appear in the CNS parenchyma few hours following their introduction in the circulation 
and reach maximum concentration in that tissue 9–12 h after administration (49).
However, there is a striking difference in the trafficking pattern between T lymphocytes 
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that can find their cognate antigenic peptides upon migration into the CNS parenchyma 
and T lymphocytes that do not find their antigens in the CNS. T lymphocytes specific 
to neural tissue antigens, such as MBP, or viral antigens presented in the CNS arrest 
their migration, accumulate in the interstitium, and, provided they have an appropriate 
phenotype, such as Th1, cause demyelinating disease. By contrast, those cells which 
have no specificity to tissue or viral antigens in the CNS, or cannot recognize the antigen 
in the context of the host’s MHC, disappear from the CNS parenchyma 24 h after their 
infusion in the circulation. Therefore, the entry of CD4+ T lymphocytes in the tissue 
interstitium is random, but their retention and commitment to inflammation is dictated 
by antigen recognition (48–52).

This hypothesis explains some experimental data obtained in the adoptive EAE 
model. In this model, pathogenic CD4+ T lymphocytes specific to myelin antigens can 
induce demyelinating autoimmune diseases upon transfer into susceptible recipients only 
if they are activated with the antigen prior to infusion into the host’s circulation (47). A 
possible reason why nonactivated lymphocytes cannot transfer disease is their inability 
to migrate into the CNS parenchyma. It appears that migration of T lymphocytes in 
other tissues also increases as a result of antigenic stimulation, because, in similarity to 
EAE, activated state of pathogenic CD4+ T lymphocytes specific to appropriate tissue 
antigens is essential for their capacity to transfer disease in other adoptive models of 
autoimmunity, such as CIA (53) or IDDM (54,55).

Thus, when T lymphocytes migrate in the interstitial milieu they sample surrounding 
cells for expression of their cognate antigenic peptide/MHC complex. As a result of the 
TCR/CD3-mediated stimulation, which they receive upon encountering this complex, 
they arrest migration and proliferate. This leads to what phenotypically looks as a 
selective accumulation of antigen-specific CD4+ T lymphocytes at peripheral sites of 
inflammation and in lymphoid organs.

What Phenotypic Features of Antigen-Stimulated
T Lymphocyte Mediate Their Migration Arrest?

To some extent, cessation of T-lymphocyte migration results from their attachment 
to the APC expressing the antigenic peptide/MHC complex. The density of cognate 
complexes on the surface of APC is low, so is the TCR ligand-binding affinity. However, 
the interaction between the T lymphocyte and APC, is stabilized by binding of some 
lymphocyte cell surface molecules to their ligands expressed on APC (56,57). The 
most important lymphocyte receptor stabilizing this interaction is the member of the 
integrin superfamily LFA-1 ( L 2). Its capacity to bind its ligands, the immunoglobulin 
superfamily member ICAM-1 expressed on APC, increases following antigenic 
stimulation of T lymphocytes.

By increasing ligand-binding affinity of LFA-1, antigenic stimulation delivers a 
stop signal to T lymphocytes, as suggested by the observation that TCR transgenic 
lymphocytes crawl on the ICAM-1-coated surface but stop upon interaction with 
their cognate antigenic peptide/MHC complex (58). Naïve CD4+ lymphocytes can be 
immobilized by formation of stable conjugates with APC for at least 20 h, because this 
is the duration of antigenic stimulation that they require to be committed to proliferation 
(59). Effector T lymphocytes, however, require antigenic stimulation for only 1 h to 
become fully committed to proliferation, and, in fact, undergo activation-induced cell 
death if this stimulation lasts longer (59). This suggests that, in addition to conjugation 
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with APC, some other mechanisms are responsible for migration arrest of T lymphocytes, 
at least those of effector phenotype.

When T lymphocytes receive antigenic stimulation in the tissue interstitium, they 
upregulate expression and ligand-binding affinity of a variety of adhesion receptors. 
These receptors can mediate binding of T lymphocytes to extracellular matrix (ECM), 
to basal membranes, and to those resident and blood-borne inflammatory cells that 
do not present their cognate antigens. In addition to LFA-1, activated T lymphocytes 
upregulate VLA-4 ( 4 1) and VLA-5 ( 5 1), integrin receptors for the major ECM 
protein fibronectin. VLA-4 also binds another ligand, VCAM-1, which is expressed 
on the surface of endothelial cells and some cells within the interstitium of inflamed 
tissue. In addition to the direct effect of antigenic stimulation, upregulation of adhesion 
receptors in activated T lymphocytes can be induced by their major growth factor IL-2. 
Thus, IL-2 stimulates adhesion of T lymphocytes to the basement-membrane protein 
laminin, and ECM proteins fibronectin and type IV collagen (60,61), and upregulates 
the activity of LFA-1 (62). Cytokine stimulation of resident fibroblasts at the site of 
inflammation in various tissues, such as dermis, synovium, or lung induces expression 
of ICAM-1 and VCAM-1, hence providing ligands for the adhesion receptors of T 
lymphocytes (63–67). Adhesion to extracellular matrix, basement membranes or cells 
perhaps accounts for the retention of T lymphocytes at the site where they receive 
antigenic stimulation.

TARGETING T LYMPHOCYTES TO RHEUMATOID JOINTS

CII-Specific Chimeric Receptors for Targeting
T Lymphocytes to Rheumatoid Joints

Although exact molecular events involved in cessation of T lymphocytes migration 
following antigenic stimulation are not completely understood, it is clear that migration 
arrest is an essential property of antigenically stimulated T lymphocyte. In order 
to enable T lymphocytes to arrest migration in the tissue affected by autoimmune 
inflammation, it might be sufficient to introduce into them an engineered cell surface 
protein that can recognize a target tissue-specific antigen and initiate signaling events 
normally initiated by TCR ligation. If these cells are also modified to secrete a protein 
that can inhibit inflammation, they might be able to deliver this protein into sites of 
disease, hence providing an anti-inflammatory therapy.

To engineer T lymphocytes capable of arresting their migration in rheumatoid joints, 
we built chimeric cell surface receptors that are similar to ones used for targeting CTL to 
tumor cells in early studies (68,69). The ectodomains of the prototype receptors used in 
these studies were represented by single chain Fv domains (scFv) of MAbs recognizing 
tumor-specific antigens. Their cytoplasmic domains contains immunoreceptor tyrosine-
based activation motif (ITAM) (70), a consensus motif of the TCR signaling proteins 
and FcR signaling subunit, which enables these proteins to function as surrogate 
TCRs. CTL engineered to express such chimeric receptor selectively killed target 
cells expressing the antigen recognized by the ectodomain of the chimera, hence 
demonstrating functional competence of the engineered protein.

CII is an ECM protein. As this type of collagen is specific for articular cartilage, we 
decided to use it as a target protein for directing T lymphocytes to rheumatoid joints. 
To engineer such lymphocytes, we produced chimeric cell surface receptors scC2Fv/ ,
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scC2Fv/ IC–, and scC2Fv/CD8/ that can bind CII and, if expressed in T lymphocytes, 
induce activation of the TCR signaling pathway (71,72). These receptors have identical 
CII-binding ectodomains represented by the scFv domain of the anti-CII MAb C2 (25),
therefore, they confer on T lymphocytes a MHC-independent specificity to CII. The 
MAb C2 was selected for the purpose because it has a high antigen-binding affinity 
and can recognize CII in situ, as demonstrated by its capacity to induce synovitis upon 
injection in mice (25).

The transmembrane and cytoplasmic domains of the chimeric protein scC2Fv/
are corresponding domains of the FcR signaling subunit. The chimeric protein 
scC2Fv/ IC– is derived from scC2Fv/ by truncating its cytoplasmic domain so that 
it did not contain ITAM. When scC2Fv/ or scC2Fv/ IC– are expressed in cells, they 
form covalently bound homodimers. In T lymphocytes, they also form covalently bound 
heterodimers with endogenous TCR . T-cell hybridomas transduced with scC2Fv/ or 
scC2Fv/ IC– may express either predominantly homodimers of the chimeric receptors, 
or predominantly heterodimers of the receptor and endogenous TCR (71). The third 
receptor, scC2Fv/CD8/ , contains the transmembrane and cytoplasmic domains of 
TCR . In addition, it has the hinge region of CD8 between the MAb C2 scFv and 
its TCR -derived portion. This chimeric protein forms only homodimers and does not 
associate with endogenous signaling subunits of the TCR/CD3 complex when expressed 
in T lymphocytes (72).

We generated a variety of T-cell hybridomas expressing different forms of the 
scFvC2 chimeras on the cell surface (Fig. 1). As expected, T-cell hybridomas expressing 
predominantly homodimers of the ITAM-less chimera scC2Fv/ IC– were unresponsive 
to CII. Other forms of the chimeric receptors contained from 2 (scC2Fv/ homodimers) 
to 6 (scC2Fv/CD8/  homodimers) copies of ITAM per receptor and were functionally 
competent, as demonstrated by the capacity of chimeric receptor-transduced T-cell 
hybridomas to secrete IL-2 in response to stimulation with CII.

On the basis of the number of ligand binding sites per receptor, these various forms 
of scC2Fv chimeras can be divided into two categories: divalent receptors, which 
include scC2Fv/CD8/  and homodimers of scC2Fv/ or scC2Fv/ IC–; and monovalent 
receptors, which include heterodimers of scC2Fv/ or scC2Fv/ IC– with endogenous 
TCR . All T-cell hybridomas expressing functionally competent forms of the chimera 
produced IL-2 in response to stimulation with CII immobilized on the plastic surface, 
but only those hybridoma cells that expressed divalent forms of the chimera, that is 
homodimers of scC2Fv/ or scC2Fv/CD8/ , could also respond to native CII added to 
culture medium. Thus, divalent chimeric receptors had lower crosslinking requirements 
for activation than monovalent ones. Increasing the number of ITAM per receptor, 
however, did not reduce crosslinking requirements. The difference between different 
scC2Fv chimeras in crosslinking requirements may be important for their application 
because in rheumatoid joints, owing to the inflammation-mediated degradation of 
cartilage, CII can be present in a soluble form. As the scC2Fv chimeric receptors have 
different cross-linking requirements, they may differ in the capacity to initiate the stop 
signal-mediating migration arrest of T lymphocytes.

Engineering Therapeutic T Lymphocytes
To engineer T cells expressing scC2Fv chimeras, we used supernatants of a packaging-

cell line transfected with the gene of interest in retroviral vectors. This gene transfer 
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protocol has been of low efficiency in our hands up until recently, allowing only for 5% 
level of a chimera gene expression in primary mouse T lymphocytes. This, however, 
was sufficient to detect proliferation and cytokine production in transduced primary 
T lymphocytes in response to stimulation with CII. In these studies, normal mouse
T lymphocytes were stimulated with Concanavalin A (ConA) in vitro, or T lymphocytes 
from Keyhole Limpets Hemocyanin (KLH)-immunized DBA/1 mice were reactivated 
with KLH in vitro to induce cell proliferation and facilitate retrovirus-mediated gene 
transfer into them. On the whole, the studies on engineered primary lymphocytes 
confirmed the results obtained on T-cell hybridomas, suggesting that the chimeric 
receptors are functionally competent. However, they also imply that T lymphocytes 
activated through the chimeric receptors and through endogenous TCR may be 
phenotypically different. Thus, KLH-specific CD4+ T lymphocytes produced IFN- and 
IL-4 when stimulated with KLH, but when they were transduced with scC2Fv/CD8/
and stimulated with CII they produced only IFN- (Annenkov and Chernajovsky, 
submitted).

The increased efficiency of retrovirus-mediated gene transfer into primary lympho-
cytes that we have achieved recently (35%) will facilitate further studies on scC2Fv 
chimera-transduced T lymphocytes. They will directly address the question whether 
T lymphocytes expressing chimeric receptors can deliver anti-inflammatory protein 
genes to inflamed joints. To this end, we built bi-cistronic genetic constructs contain-
ing soluble dimeric TNF receptor (sdTNFR) (73) followed by an IRES with either 
scC2Fv/ or scC2Fv/CD8/ . The control vector in this series of bicistronic constructs 
contains EGFP instead of a chimeric receptor. As demonstrated in our early report, 
sdTNFR proved therapeutically efficient when its gene product was delivered by 
arthritogenic antigen-specific lymphocytes into inflamed joints in CIA in mice (74). A 
hypothetical mechanism that could lead to migration arrest of scC2Fv chimera-expressing
T lymphocytes in rheumatoid joints is represented in Fig. 2.

Fig. 1. Different forms of scC2Fv chimeric receptors expressed in T lymphocytes. (A) Heterodimers 
of scC2Fv/ and endogenous TCR . (B) Homodimers of scC2Fv/ . (C) Heterodimers of scC2Fv/ IC–

and endogenous TCR . (D) Homodimers of scC2Fv/ IC–. (E) Homodimers of scC2Fv/CD8/ .
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Obviously, properties of a T lymphocyte subset used for engineering therapeutic cells 
have to be considered. By definition, these T lymphocytes will be of activated phenotype, 
because in order to facilitate transduction with a retroviral vector, they must be activated 
to proliferate. Because activated T lymphocytes preferentially migrate to peripheral 
inflammatory sites, they are likely to enable efficient delivery of therapeutic protein 
genes into inflamed synovium. Another advantage of using activated T lymphocytes is 
their relative independence of costimulatory signals for activation through TCR. This 
consideration is important because scC2Fv chimeric receptor-transduced T lymphocytes, 
which do not require APC for stimulation with CII, may receive this stimulation 
in the absence of costimulatory signals. A possible drawback of using activated
T lymphocytes is their short life-span. These cells are likely to undergo apoptosis at 
inflammatory sites within a few days after introduction into the circulation. These 
effector cells, however, may give rise to memory T lymphocytes (75), which persist 
for a considerably longer period of time (76) and may be able to maintain a population 
of therapeutic cells in the patient.

CD4+ T lymphocyte subset producing IFN- (Th1) is implicated in cell-mediated 
immune reactions and thought to play a pathogenic role in RA and its animal model 

Fig. 2. Migration arrest of self-antigen specific T lymphocyte and engineered scC2Fv chimera-
expressing T lymphocytes in target tissue. (A) CD4+ T lymphocytes specific to self-antigens 
in synovium arrive in rheumatoid joints where they receive antigenic stimulation. Following 
this stimulation they arrest migration, proliferate, and produce cytokines perpetuating inflamma-
tory reaction. (B) Engineered CD4+ T lymphocytes expressing a scC2Fv chimeric receptor and 
constitutively producing an anti-inflammatory protein (sdTNFR, IL-4, IL-10, or TGF- 1) arrive 
in rheumatoid joints where they receive stimulation with CII. Following this stimulation they 
arrest migration, proliferate, and produce cytokines. Some of these induced cytokines can be pro-
inflammatory. However, their effect is likely to be overcome by the constitutive secretion of the 
therapeutic protein from the genetically engineered cells.
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CIA. CIA can be inhibited by some of the cytokines produced by Th2 and Th3 subsets, 
such as IL-4, IL-10, and TGF- 1. This allows for the suggestion that even without 
simultaneous transduction with a therapeutic protein gene, lymphocytes of a regulatory 
Th2 or Th3 subset expressing a scC2Fv chimeric receptor might be able to mediate 
an anti-inflammatory effect upon stimulation with CII in rheumatoid joints. Indeed, 
this possibility is not supported by our in vitro study demonstrating that one of the 
potentially therapeutic cytokines IL-4 is not produced by scC2Fv/CD8/ -expressing
T lymphocytes stimulated with CII (Annenkov and Chernajovsky, submitted). These data, 
however, are far from conclusive, and further studies are required to answer the question 
of which cytokines can by induced by stimulation of T lymphocytes through the scC2Fv 
chimeras. When more information on signaling pathways involved in induction of dif-
ferent cytokines upon T-lymphocyte activation is available, it will perhaps be possible to 
design a CII-specific chimeric receptor inducing a desirable cytokine profile in transduced
T lymphocyte. At the moment it appears that Th1 cells engineered with anti-inflammatory 
genes or, as we postulated, with bicistronic vectors expressing chimeric receptors, are 
an appropriate alternative.

Indeed, in addition to proliferation and migration arrest, activation of the engineered 
CII-targeted T lymphocytes in rheumatoid joints could result in production of proinflam-
matory cytokines. In confirmation to this suggestion, we observed arthritis in a 
mouse injected with CD4+ T lymphocytes expressing scC2Fv/CD8/  without the gene 
of an anti-inflammatory protein (Annenkov and Chernajovsky, unpublished). The 
carrier lymphocytes, however, will always express the second gene encoding an anti-
inflammatory protein in addition to the gene of a scC2Fv chimeric protein. This is likely 
to reduce the possibility that these cells will augment articular inflammation, because 
constitutive production of an anti-inflammatory cytokine from the gene introduced into 
potentially pathogenic CD4+ T lymphocytes seems to overcome their proinflammatory 
properties mediated by transient production of proinflammatory cytokines induced by 
antigenic stimulation (7,17,19–22,77). In addition, the potential proinflammatory effect 
of the therapeutic gene carriers themselves can perhaps be reduced if these carriers 
are engineered from T lymphocytes, which are unable to produce proinflammatory 
cytokines, such as Th2 cells.

SIDE EFFECTS AND PRECAUTIONS

How likely is it that the engineered T lymphocytes expressing scC2Fv chimeras 
could target compartments outside sites of disease, which include articular cartilage 
of unaffected joints and some extrarticular tissues where CII is present, such as 
the intervertebral disc, eye, and costal cartilage? It appears that normal cartilage 
is inaccessible to CD4+ T lymphocytes or other blood-borne cells, because it lacks 
vascularization. On the contrary, in rheumatoid joints blood-borne cells can get access 
to the articular cartilage through the invasive front of hyperplastic synovial tissue 
(pannus). We expect that the difference in the accessibility for T lymphocytes between 
normal and inflammation-affected cartilage mediated by different cytokine and 
chemokine milieu will be an important factor contributing to the selectivity of engineered
T-lymphocyte accumulation at inflammatory sites. In addition, the proinflammatory 
potential of these cells might be outbalanced by the therapeutic gene product, or 
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T lymphocytes unable to promote cell-mediated immune reactions can be used for 
generating therapeutic cells.

Because CII specific therapeutic T lymphocytes will be generated from cells of 
normal TCR repertoire, there is a possibility that this procedure could alter reactivity of 
the immune system, resulting in weakening defense responses or induction of allergic 
reactions. This, however, seems to be unlikely because the capacity of engineered 
T lymphocytes to respond to their cognate antigens is reproducibly and profoundly 
inhibited upon transduction with scC2Fv chimeric receptors, as we observed in T-cell 
hybridomas (71,72).

CONCLUSIONS

On the basis of the concept that CD4+ T lymphocytes arrest migration in lymphoid 
organs and peripheral tissues where they receive antigenic stimulation, we are developing 
an experimental therapeutic system that might allow for targeting rheumatoid joints 
with CD4+ T lymphocytes producing anti-inflammatory proteins. To this end we built 
chimeric cell surface receptors combining the capacity to recognize unprocessed CII 
without presentation by MHC molecules and the capacity to elicit TCR-like signaling 
in T lymphocytes. These chimeric proteins form homodimers and some of them form 
heterodimers with endogenous TCR in T lymphocytes. Different forms of them 
differ in the number of CII binding sites and ITAMs per receptor. They have different 
crosslinking requirements for activation correlating with their valency but not with 
the ITAM content. Primary mouse CD4+ T lymphocytes transduced with the chimeric 
receptors proliferate and produce cytokines in response to stimulation with CII. The 
function of the chimeric receptors in T lymphocytes is similar, but not identical, to that 
of the endogenous TCR. When transduced with a chimeric receptor gene without an 
anti-inflammatory protein gene, the engineered T lymphocytes appear to possess an 
arthritogenic potential, suggesting that they have tropism to the joints. To facilitate studies 
on the properties of engineered CII-target T lymphocytes in vitro and in experimental 
therapy of CIA, the scC2Fv chimeric receptors were expressed in bicistronic retroviral 
vectors together with sdTNFR, a TNF inhibitor shown to be therapeutically effective 
even when expressed in pathogenic Th1 cells.
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INTRODUCTION

Local gene therapy offers the potential advantage of confined and prolonged 
overexpression of inhibitors at defined sites (1–5). As such, it provides a challenging 
alternative for cytokine-directed targeting in chronic arthritides, where systemic 
administration of neutralizing antibodies and engineered soluble receptors is now 
accepted as a promising therapeutic modality. It was recently demonstrated that the 
cytokines tumor necrosis factor (TNF) and interleukin-1 (IL-1) play a key role in the 
process of chronic arthritis and concomitant cartilage and bone destruction. Suppression 
of TNF and IL-1 yielded relief of symptoms and reduced joint destruction in rheumatoid 
arthritis (RA) patients. However, these cytokines also have a significant role in host-
defense mechanisms, for instance, in control of infections and tumor growth, implying 
that it remains a general risk to reduce TNF and IL-1 by systemic treatment for prolonged 
periods of time.

In the following chapter, attention will be focused on local gene therapy in murine 
models of arthritis, with particular emphasis on cytokines. Apart from effects in the 
injected joint, it is becoming more and more clear that local treatment also affects 
arthritis in nearby joints. This is an intriguing, general finding, which may enlarge the 
therapeutic applicability of gene transfer in human arthritis.
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PROINFLAMMATORY CYTOKINES: TNF AND IL-1

It has long been recognized that TNF and IL-1 play a major role in arthritis; TNF is 
considered a potent proinflammatory mediator, whereas IL-1 is a pivotal mediator in 
cartilage destruction. The relevance of both cytokines in arthritis emerged from in vitro 
culture studies and subsequent in vivo analysis. First, the potential arthritogenicity was 
demonstrated by intra-articular injection of recombinant forms of TNF and IL-1 in the 
knee joint of a range of experimental animals, including mice, rats, and rabbits. This 
showed that these cytokines can induce an arthritis with concomitant joint destruction. 
IL-1 appeared more potent as compared to TNF, but synergy was also noted. Next, 
studies with neutralizing antibodies and soluble receptors of TNF and IL-1 were 
performed in experimental models of arthritis in mice and rabbits and the efficacy 
demonstrated the crucial role of these cytokines in arthritis. Meanwhile, transgenic 
mice were made that overexpressed human TNF. These animals developed full signs 
of chronic destructive arthritis. Intriguingly, this TNF transgenic arthritis could be 
completely blocked with antibodies against the IL-1 receptor, implying that IL-1 is 
the pivotal downstream mediator in this model (6). It also identifies that TNF alone 
is not harmful to the joint. More recent animal model studies demonstrated that IL-1 
production can occur in inflamed synovial tissue, independent of TNF, in a range of 
arthritic processes. This includes direct macrophage activation with bacterial stimuli, 
T-cell driven processes against protein (auto)antigens and immune complex-mediated 
synovial activation, in particular (7–9).

Although the historic picture clearly underlines IL-1 as a major therapeutic target, 
most clinical studies were focused on blockade of TNF. The relative lack of interest 
in IL-1 was further strengthened by the limited efficacy of IL-1 soluble receptor and 
IL-1 receptor antagonist in first clinical trials in RA patients, in sharp contrast to the 
promising effects of anti-TNF antibodies and engineered TNF receptors. However, it 
appeared that the initial choice of the soluble IL-1 type I receptor for therapeutic studies 
was unfortunate. This receptor has high affinity for IL-1Ra (receptor antagonist), the 
natural inhibitor of IL-1 activity, and its therapeutic application is seriously hampered by 
scavenging of endogenous IL-1Ra. Upcoming studies now focus on potential application 
of the decoy type II receptor, which lacks high affinity for IL-1Ra, but still binds IL-1.

The other option, usage of IL-1Ra itself as an inhibitor, remains a moot point. Although 
the approach is straightforward, the efficacy is hampered by the poor pharmacokinetics 
of the small molecule and the need to occupy fully IL-1 receptors on the cell surface for 
prolonged periods of time. IL-1 exerts full activation of responder cells upon activation 
of only 2% of the IL-1 receptors and cells then remain activated for days. In vitro studies 
revealed that IL-1 blocking could be obtained with 100–1000-fold excess of IL-1Ra 
over IL-1, making in vivo application a though job. This made IL-1Ra an obvious choice 
for first attempts of local overexpression by gene therapy.

IL-1Ra Gene Therapy in Collagen Arthritis
Studies with neutralizing anti-IL-1 antibodies identified autoimmune collagen-

induced arthritis (CIA) in the mouse as a highly IL-1 dependent model (10). First studies 
with IL-1Ra as a therapeutic modality in this model made it clear that arthritis could not 
be suppressed by repeated IL-1Ra dosing with twice-daily injections, but that arthritis 
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was fully controled by sustained application of IL-1Ra by Alzet minipumps (11). This 
again underlined the need of continued high dosages of the inhibitor.

To obtain local overexpression of IL-1Ra, we followed the approach introduced by 
Evans and Robbins (1), using retroviral gene constructs and in vitro transfection of 
cells. Retroviral vectors containing the IL-1Ra construct were incubated with fibroblast 
cell lines and clones producing high amounts of IL-1Ra were selected by limiting 
dilution.

Two hundred thousand cells of an IL-1Ra producing line were injected into the 
knee joint of mice, shortly before expected onset of CIA. This treatment markedly 
ameliorated the onset and severity of CIA in that joint, whereas control cells, transduced 
with an empty virus, were ineffective (12). Detailed analysis revealed that IL-1Ra-
producing cells lined up along the synovial-lining cells upon intra-articular injection, 
and remained at this site for at least 14 d. Immunohistochemistry identified prolonged 
IL-1Ra production by these cells.

Apart from suppression of joint inflammation, local overexpression of IL-1Ra also 
normalized the synthetic function of the chondrocytes in articular cartilage. Joint 
inflammation has a profound suppressive effect on chondrocyte proteoglycan synthesis 
and this lack of matrix formation contributes to net cartilage damage during joint 
inflammation. Earlier studies with neutralizing antibodies identified IL-1 as the crucial 
mediator of this inhibition and the studies with the IL-1Ra gene transfer further 
substantiated this crucial role of IL-1 in cartilage destruction.

IMPACT OF IL-1RA OVEREXPRESSION ON NEARBY JOINTS

CIA is an autoimmune polyarthritis model, showing first macroscopic signs of 
arthritis in the paws. Upon analysis of the knee joints, expression of arthritis was 
also often noted at those sites. The level of expression between knees and ankles is 
generally correlated in this arthritis model, although the degree of correlation, in terms 
of incidence and severity, can vary in repeat experiments. It is an intriguing finding 
that nonspecific inflammation at the site is a sufficient trigger to generate expression 
of smouldering autoimmune arthritis in such a joint, whereas systemic inflammation 
enhances overall expression in multiple joints (13).

Spreading of arthritis appeared cytokine-dependent, because anti-IL-1 antibodies 
and anti-TNF antibodies in particular were efficient in reduction of spreading. When 
retrovirally transduced cells are injected in a knee joint of collagen type II immunized 
mice, this provokes sufficient inflammation to trigger enhanced expression of CIA in 
that joint and, when severe enough, also in the ipsilateral paw. When these cells produce 
sufficient IL-1Ra, it not only suppresses joint inflammation in the knee joint, but also 
in the nearby paw (Fig. 1) and this suppression was of the same order of magnitude. 
Arthritis in joints of contralateral knee or ankle was unaffected.

In theory, there are a number of possible mechanisms for this effect. The most 
obvious one is the local generation of TNF and IL-1 in the control, arthritic joint 
where spreading of these mediators to the ipsilateral joint provokes arthritis. Local 
suppression/scavenging of IL-1 in the knee joint by overproduced IL-1Ra prevents this 
flux and arrests expression at the ipsilateral site. In addition, IL-1Ra produced in the 
knee and diffusing to the nearby ankle may contribute to this phenomenon. Traffic of 
the injected fibroblasts to the nearby paw is less likely.
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IL-1-DIRECTED GENE THERAPY IN OTHER MODEL SYSTEMS

An elegant way to prove the usefulness of IL-1Ra gene transfer in the human situation 
is the use of grafting of human cells in SCID mice. Using the technique of combination 
of RA synovial fibroblasts with coimplanted cartilage, it was shown that retroviral 
IL-1Ra transduction of the fibroblasts prevented progressive, chondrocyte-mediated 
cartilage degradation (14).

Apart from studies in mice, anti-arthritic efficacy of an adenoviral gene construct 
encoding the IL-1 type I receptor-IgG fusion protein was shown in the knee of rabbits 
with antigen-induced arthritis. Efficacy was improved when treatment was combined 
with a gene encoding a TNF-soluble type I receptor protein. Interestingly, anti-arthritic 
effects were also seen in the contralateral knee, receiving only a marker gene (15).
Final studies to be mentioned here regards our recent studies with adenoviral vectors 
with IL-1Ra, confirming efficacy in CIA, the efficacy of an adeno-associated viral 
vector delivering IL-1Ra in LPS induced inflammation in the knee of the rat (16); and 
the systemic treatment by engraftment of hIL-1RII transfected human keratinocytes 
in the back of mice with CIA (17).

GENERAL CONCLUSIONS ON IL-1-DIRECTED GENE THERAPY

The aforementioned studies proved the feasability of therapeutic gene therapy in 
small joints, with a promising protective effect on nearby joints. Provided the existence 
of some interrelationship between arthritis in nearby joints in RA patients, this will 
ease application in human, where it might prove sufficient to treat only the larger 
joints. First clinical studies in a limited number of RA patients, shortly before expected 
joint replacement, provided insight that the procedure is doable in patients and yields 
consistent expression of IL-1Ra in the synovial tissue (1).

TNF-Directed Gene Therapy
Compared to the overwhelming interest in TNF as a therapeutic target in RA, 

surprisingly little has been done on TNF-directed gene therapy. This might be linked 
to paradoxical effects noted. When an adenoviral gene delivery of a dimeric chimeric 

Fig. 1. Effect of retroviral IL-1Ra, injected in the knee, on CIA in that knee, and the ipsilateral 
paw. Note the remarkable suppression by local treatment in the knee on spreading of arthritis 
to remote sites.
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human p55TNFR-IgG fusion protein was given iv to mice with CIA, it was found that it 
ameliorated arthritis in the first week. However, a rebound to greater inflammation was 
observed at later time-points, despite high levels of the TNFR fusion protein, probably 
related to an increase in anti-collagen type II antibodies (18). The lack of effect of 
anti-TNF treatment in established CIA is in line with observations with neutralizing 
antibodies in this model (11), but the increase in auto-immune antibodies identifies a 
risk of prolonged and effective TNF neutralization.

Local treatment with adenoviral p55 TNFR-IgG fusion protein in the knee joint 
of rats with CIA failed to show a beneficial effect, although systemic treatment was 
effective (19). The lack of a local effect might be linked to viral inflammation, but 
it can also be argued that anti-TNF treatment exerts its effect mainly at other sites, 
such as the lymphoid system. An elegant approach showing the great efficacy of 
TNF blocking in T-cell activation was followed by the group of Chernajovsky (20).
Ex vivo infection of splenocytes from arthritic DBA/1 mice with a retroviral vector 
encoding a p75 TNFR prevents the transfer of arthritis to recipient SCID mice. It 
identifies that gene transfer manipulation of the immune system with TNF inhibitors 
can ameliorate arthritis.

MODULATORY CYTOKINES: IL-10 AND IL-4

Apart from control by overexpression of cytokine inhibitors, additional control of 
arthritic and destructive processes by local overexpression of modulatory cytokines is 
an obvious alternative (21,22). Both IL-10 and IL-4 are known as inhibitors of TNF 
and IL-1 production by synovial cells. Moreover, they suppress Th1-driven processes. 
Additional relief may be expected from upregulation of inhibitors, such as IL-1Ra, 
IL-1, and TNF soluble receptors and tissue inhibitor of metalloproteinases (TIMP) by 
synovial cells or articular chondrocytes.

As compared to blocking of IL-1, the therapeutic treatment with IL-4 and IL-10 is 
well-suited to a local approach. These cytokines are considered protective in Th1-driven 
joint inflammation, but are pathogenic in Th2 driven inflammation at other sites, 
as is the case in allergic lung diseases. Moreover, it is expected that systemic IL-4 
and IL-10 may skew immune responses in lymphoid organs to multiple antigens in 
an uncontroled fashion.

Adenoviral IL-10 and Arthritis
In contrast to retroviral vectors, which only infect proliferating cells, adenoviral 

vectors can infect almost all cells and an intermediate step, to enrich for transduced cells 
in vitro is not needed. Interestingly, direct injection of adenoviral gene constructs in the 
joint space results in almost selective infection of the synovial lining cells, which form 
the first cell layer encountered, with scant positivity in deeper layers. Topographically, 
this creates a situation much like the condition after local injection in the knee joint of 
cells, transduced in vitro, because the transferred cells associate along the lining cells. 
Dependent on the dosage of adenoviral construct, high levels of gene expression could 
be achieved with a single injection, with the limitation that high dose of virus creates 
some inflammation by itself. The level of expression of IL-10 is high in the first days, 
but markedly decreases thereafter (Fig. 2).
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When adenoviral IL-10 is injected in the knee joint of collagen type II-immunized 
mice, shortly before expected onset of arthritis, this treatment has some suppressive 
effect on the local arthritis, but the decrease is not impressive. This is probably owing to 
the fact that IL-10 has proinflammatory potential as well, like upregulation of adhesion 
molecules and Fc receptor expression, herein enhancing leucocyte infiltration at the 
local site (23,24). Moreover, IL-10 is a potent suppressor of TNF, but has limited 
effect on IL-1 production in vivo. Remarkably, the most pronounced effect of IL-10 
overexpression in the knee joint is the complete suppression of arthritis in the ipsilateral 
paw (Fig. 3), without a consistent effect on other paws. This fits with the concept that 
TNF is an important mediator in spreading of arthritis to ipsilateral sites and that the 
local suppression of TNF and IL-1 is sufficient to prevent significant diffusion of these 
mediators to the nearby paw.

Additional studies of a number of investigators showed efficacy of systemic (iv) 
injection of an adenoviral construct of viral IL-10 in CIA. The effect was convincing 
before onset of arthritis, but virtually absent in established arthritis (25,26). Viral 

Fig. 2. Production levels of IL-10 and IL-4 after intra-articular injection of the respective adenoviral 
constructs in the knee of normal mice. Values represent ELISA measurements in washouts of 
synovial tissue. Note the peculiar kinetics of IL-4.
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IL-10 lacks immunostimulatory properties and is predominantly immunosuppressive, 
making it more suitable for therapy. A recent study also examined local efficacy after 
periarticular injection in mouse paws (27). Intra-articular injection in the ankle is 
technically hardly possible, and periarticular localization might explain the common 
finding of suppression of arthritis expression in the injected paw by this approach. 
It probably generates more of a local depot of IL-10, with sufficient leakage to the 
joint spaces and limited direct activation of the synovial tissue by viral antigens. The 
common observation of efficacy in noninjected paws is probably linked to the use of 
high dosages, causing a systemic suppressive effect on CIA, including manipulation of 
collagen type II immune responses in lymphoid organs.

With respect to cartilage damage, transfer studies in severe combined immunodeficient 
(SCID) mice identified that IL-10 reduces invasion of fibroblasts into the articular 
cartilage, a therapeutic activity not found with TNFR gene transfer (28,29). However, 
perichondrocytic cartilage degradation was still ongoing after IL-10 gene transfer, whether 
from murine or viral origin, and effective suppression of this characteristic element of 
cartilage destruction is only found with IL-1Ra. These observations further underscore 
separate activities of IL-10, TNFR, and IL-1Ra and argue for combination therapies.

Adenoviral IL-4 and Arthritis
As a follow-up of the IL-10 studies, murine IL-4 was overexpressed in the knee joint, 

again using the murine CIA model. In contrast to IL-10, endogenous IL-4 levels are low 
in inflamed joints, making IL-4 an obvious therapeutic modality. When evaluating the 
levels of IL-4 produced in the knee joint after local gene transfer, it was evident that 
the kinetics of IL-4 expression are curious. Low expression in the first days and higher 
expression after a week (Fig. 2). So far this is the only adenoviral gene construct where 
this kinetic pattern was seen; all other gene constructs analyzed, including IL-1Ra, 
IL-12, IL-15 , IL-17, and TGF showed the highest expression in the first days. The 
reason for these peculiar kinetics is unclear. The high levels at later stages were not 
owing to substantial elicitation of endogenous IL-4 production, because similar kinetics 
were observed in IL-4 knockout mice.

Fig. 3. Arthritis incidence in the ipsilateral paw after injection of Ad IL-10 in the knee joint of mice 
with CIA. First bars, control virus; second bars, Ad IL-10. Note the absence of arthritis spreading to 
the paw. IL-10 was marginally effective in the knee itself (see ref. 22).
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First observations in the CIA model were disappointing. No significant reduction of 
inflammation in the IL-4-injected knee joint was seen. In line with this, no significant 
suppression of spreading to ipsilateral paws was seen either. However, upon more 
careful analysis of joint histology of the treated knee, it was clear that IL-4 had 
markedly reduced the erosive changes. Although proteoglycan loss from the articular 
cartilage matrix as identified by loss of Safranin-O staining was not reduced, the 
degree of chondrocyte death was highly diminished at d 7 after injection of IL-4. More-
over, excessive proteoglycan-breakdown neoepitopes, indicative for irreversible 
breakdown and occurrence of collagenase-mediated loss of collagen type II, were 
seen in the control arthritic group, but hardly in the IL-4-treated mice. Follow-up till 
d 14 revealed that the control group proceeded to major erosive cartilage damage, 
including marked surface erosions and tissue loss (Table 1), whereas the IL-4 mice 
were highly protected (30).

Adenoviral IL-4 and Bone Erosion
In addition to prevention of major cartilage erosion, IL-4 also abolished excessive 

bone erosion in murine CIA. Pronounced osteoclast activation was found in the control, 
arthritic group with impressive ingrowth of granulation tissue from the synovial 
membrane, whereas this aggressive phenotype was hardly seen in the IL-4 mice. Reverse 
transcriptase polymerase chain reaction (RT-PCR) analysis and immunolocalization 
on the synovial tissue suggested that IL-4 exerted its suppressive activity at multiple 
levels. TNF and IL-1 were suppressed, stromelysin was inhibited, but also IL-12 and 
IL-17 levels were markedly reduced, implying that both nonimmune inflammatory and 
destructive pathways as well as Th1-driven activation was inhibited.

With respect to characteristic elements of bone erosion, it became evident that 
osteoprotegerin ligand (OPGL) is reduced, with similar levels of the endogenous 
inhibitor OPG. OPGL is recently identified as the crucial mediator of osteoclast 
differentiation and activation. Because OPGL upregulation can be induced both by 
the cytokines TNF and IL-1 as well as by the Th1 T-cell pathway (IL-17), a dual hit 
of IL-4-mediated suppression is conceivable (31). As yet it is unclear whether IL-4 
can directly reduce OPGL.

Table 1
Reduced Cartilage Damage After Local Adv-IL-4 Treatment

in Murine Collagen Arthritis (see also ref. 30)

Chondrocyte death Cartilage erosions

Degree of Ad control Ad IL-4 Ad control Ad IL-4
cartilage damage (107) (107) (107) (107)

Arthritic mice 20/22 21/21 20/22 21/21
Non 0 3 0 7
Mild 0 10 0 14
Moderate 8a 8 15a 0
Severe 12 0 5 0

aNumber of mice showing a particular degree of cartilage damage.
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A recent study in rat adjuvant arthritis demonstrated efficacy of retroviral IL-4 injected 
in the ankle. As discussed for IL-10 injections in the paw, it is unlikely that paw injections 
target the joint spaces and most of the expression probably occurs at periarticular 
sites, compatible with significant serum levels of IL-4 and enhanced systemic Th2 
function (32). In line with the murine studies, IL-4 reduced bone destruction in adjuvant 
arthritis. Comparative studies with Chinese hamster ovary (CHO) cells engineered to 
produce IL-4, IL-10, or IL-13, and engrafted at weekly intervals, showed efficacy in 
TNF transgenic mice only for IL-4 (33).

In conclusion, local IL-4 treatment provides impressive control of cartilage and bone 
destruction. However, the limited effect on cell infiltration implies that IL-4 should 
be combined with an anti-inflammatory treatment, to provide acceptable symptomatic 
relief at the site. Recent studies with systemic IL-4, combined with low-dose steroids, 
demonstrated marked synergy of this mixture (34,35). It remains to be seen whether 
low steroid dose can be combined with local IL-4 gene therapy. Other options are to 
combine IL-4 with FasL (36) or to engineer cassettes of gene constructs, for instance 
carrying FasL, an IL-1 inhibitor, a modulatory cytokine like IL-4, and a protease 
inhibitor.

OTHER TARGETS

Apart from the overproduction of inflammatory cytokines and chemokines in 
the inflamed synovial tissue, chronicity of the arthritis is owing to abnormal local 
proliferation of cells and prolonged cell survival, resembling tumor-like behavior. Gene 
targeting of cell activation and promotion of cell apoptosis is a promising therapeutic 
goal.

Apoptosis and Proliferation
Cells undergo apoptosis when their Fas receptors engage FasL (Fas ligand). Because 

many cells in the synovial tissue express Fas, whereas FasL itself is scant, antibodies 
against Fas or genetic overexpression of FasL in the synovial tissue may serve as a 
general ablative approach. In CIA transfer of FasL appeared feasable. Direct injection 
of an adenoviral gene construct with FasL in inflamed joints of DBA mice with CIA 
ameliorated the disease activity (37). In addition, overexpression of FasL-induced 
apoptosis in cells of human RA synovium that was implanted in SCID mice (38).

However, it is not known whether sufficient numbers of cells susceptible to Fas-
mediated apoptosis are present in the rheumatoid synovium. An interesting development 
is the further understanding of the Fas pathway, with identification of Fas-associated 
death domain protein (FADD) as a key element. FADD gene transfer induced apoptosis of
RA synoviocytes. Moreover, local injection of FADD adenovirus eliminated synoviocytes 
in vivo, by induction of apoptosis of proliferating human RA synovium engrafted in 
SCID mice (39). Remarkably, the transfer did not affect chondrocytes.

Another way to enhance cell death is to deliver the herpes thymidine kinase, followed 
by administration of ganciclovir. This will be effective only when sufficient numbers of 
proliferating cells are present in the synovial tissue, which is debatable in established 
RA. An interesting variant to this is the induction of selective apoptosis of T cells. 
Galectin-1 (GAL-1) has been shown to induce in vitro apoptosis of activated T cells and 
immature thymocytes. A single injection of syngeneic DBA/1 fibroblasts, engineered to 
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secrete GAL-1 at the day of disease onset, was able to abrogate CIA (40). Intriguingly, a 
skewing towards a type 2-polarized immune reaction was noted.

Cell Activation, NF- B
In addition to apoptosis, interference with cell activation might be a promising strategy. 

NF- B is expressed ubiquitously and is involved in the regulation of a large variety 
of genes, some of which are responsible for cytokine production and inflammatory 
responses in RA. Activation of NF B by molecules such as TNF-  involved the rapid 
degradation of IkBa, the natural inhibitor. Efficacy of overexpression of IKBa has been 
demonstrated in streptococcal cell wall (SCW) arthritis (41).

An alternative approach is the transfection of a NF- B decoy. Synthetic double-
stranded DNA that shows a high affinity for the transcription factor NF- B was 
constructed and treatment was done using the hemagglutinating virus of Japan (HVJ)-
liposome method (42). Injection in the ankle joints of rats with collagen arthritis 
decreased severity of swelling and reduced joint damage.

It is expected that further understanding of signaling pathways will provide novel 
targets for gene therapeutic approaches, in particular those elements in pathways that 
are associated with agressive and destructive behavior of cells.

EFFECTS ON IPSILATERAL AND CONTRALATERAL JOINTS

As mentioned at the various cytokine sections, additional protective effects of local 
gene therapy in the knee were noted in the ipsilateral paw and sometimes also in the 
contralateral joint (32,41,43).

The restricted effect on ipsilateral paws is seen under conditions of limited local 
dosing in the knee, not exceeding 10 × 8 pfu of the adenoviral vector and injections given 
at onset of arthritis. Local control of inflammatory mediators, otherwise responsible 
for spreading of arthritis to the paw, as well as some diffusion of the inhibitory protein 
itself, are the most likely explanations. Traffic of genes or cells carrying the gene are 
less likely, because adenoviral infection mainly transduced the synovial-lining cells, 
which consist of fibroblasts and macrophage-like cells.

The efficacy of local gene therapy may include contralateral sites when high local 
dosages are applied, with obvious leakage of inhibitor to remote sites. In addition, when 
the gene is applied periarticularly as is the case in ankle-joint injection, or when gene 
therapy is applied to joints, which are already heavily inflamed and carrying a florid 
exudate in the joint space. Under those conditions the adenoviral vector may infect or 
affect numerous cell types, including leucocytes and probably also dendritic cells. The 
latter are obvious candidates for traveling to other sites, and may influence arthritis 
at remote sites, dependent on the local priming with transduced genes and soluble 
cytokines (Fig. 4). Impact is expected in particular in models where immunity and 
local priming of T cells are important elements of the arthritis. The observation of 
contralateral protection may argue that local events in inflamed joints not only destroy 
joints, but also drive the disease at remote sites. Identification of the cells involved in 
transfer of protection to remote sites deserves major attention at present.
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On the other hand, one might argue that clinical application should be preferrably 
performed under controled conditions, which would imply that joints should be washed-
out before adenoviral gene transfer, to deliberately target local synovial-lining cells.

IMPROVEMENT OF FOCAL THERAPY

Successful gene therapy depends on an effective gene-delivery system. Viruses are 
obvious vehicles, and three types of viruses are sufficiently cleaned and optimized to 
permit their use in clinical trials: retrovirus, adenovirus and adeno-associated virus 
(AAV). Retrovirus and AAV, unlike adenovirus, integrate their genetic material into 
the chromosal DNA, increasing the potential of long-term gene expression. Apart from 
retention of the gene, the targeting of cells, or selection of cells as a carrier to deliver the 
gene product at particular sites, is a crucial element of successful therapy.

Targeting of Synovial Cells with RGD Viruses
When adenoviral gene constructs are injected into the knee joint cavity of the mouse, 

the usual way to infect cells is through the Coxsackie adenovirus receptor (CAR) 
receptor on the fiber knob of the virus. It was noted that infection in normal mouse 
joints was high, but expression dropped dramatically (fivefold) in chronically inflamed 
joints, which is closer to the clinical situation in RA patients.

One way to enhance infection of cells under inflamed conditions is to make use 
of upregulated integrin expression of the synovial cells. Adenoviral vectors with a 
Arginine-glycine-aspargic acid RGD motif introduced in the fiber knob were constructed 
by the group of Curiel (44,45). This allowed this virus to enter cells through integrin 
interaction. Upon injection of these viruses, carrying GFP as a marker gene, it was found 
that infection was greatly enhanced (up to 70-fold) in chronically inflamed joints.

To get an impression of applicability in RA patients, ex vivo incubations of synovial-
tissue specimens with RGD viruses were performed. Infection levels with normal viruses 

Fig. 4. Schematic view of linkage of arthritis at various sites and potential pathways of local gene 
therapy-mediated remote control.
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are highly variable in tissue specimens of various RA patients, probably linked to large 
differences in cellular infiltrates. However, a dramatic increase in transduction levels was 
consistently noted with the RGD viruses, ranging from 10–50-fold increments.

T Cells
Another way to express inhibitors or modulatory proteins at the site is to make 

use of the migratory capacity of T cells. It was found that pathogenic lymphoid cells, 
engineered to express TGF- ameliorate CIA (46). It is known that Th1 cells display 
good migratory characteristics (chemokine receptors) to enter joint tissues, whereas the 
protective Th2 cells have difficulty reaching this site. It will be technically possible 
to engineer T cells with the desired chemokine receptor make-up of a Th1 cells, yet 
additionally engineered to produce modulatory cytokines such as TGF- and IL-4. By 
manipulation of the TCR on these cells, it is also possible to direct the antigen specificity, 
for instance, to the joint-specific, antigen collagen type II (47), and to use such cells as 
gene carriers in anti-inflammatory gene therapy in autoimmune arthritis.

CONTROLLED EXPRESSION OF GENES

As mentioned earlier, it is expected that future therapies will make use of cassettes 
of genes, combining the targeting of multiple mediators as well as including growth 
factors to optimize recovery of the damaged joint. Apart from improved targeting to 
synovial tissue, a major challenge for the future will be the targeting of chondrocytes 
in the articular cartilage. Present adenoviral gene constructs are too large to allow for 
proper penetration of the dense cartilage matrix and further research is needed to design 
applicable carriers for this tissue. Lipid carriers might be an alternative (48).

Apart from targeting, the controlled expression of the gene is an obvious goal. So far, 
most studies have been done with the constitutive cytomegalovirus (CMV) promotor. 
However, it makes more sense to create an intelligent promotor system, which can sense 
the need of expression of a particular inhibitor and only activates the gene, when needed. 
The group of Munford recently engineered a two-hybrid system, with a complement 
promotor activating the Tat gene, and Tat activating the HIV promotor in front of the gene 
of interest (49). The complement promotor will be turned on under conditions of acute 
inflammation and will be silenced when inflammation is suppressed. Testing of such a 
hybrid system, with IL-1Ra as the gene of interest in the model of CIA, has been done 
(van den Berg and van de Loo, unpublished observation) and looks promising.

The recent observation of long term retention of AAV-IL-1Ra in the knee joint of 
rats and the reactivation of IL-1Ra production upon rechallenge with an inflammation-
inducing agent such as lipopolysaccharide (LPS) (16), provides a way to protect against 
exacerbations. This is important in arthritic diseases that undergo spontaneous flares 
and remissions.

SIDE EFFECTS AND PRECAUTIONS

Risks involved with gene therapy surround the use of the various vector systems and 
the traffic of genes to remote sites. Nonviral vectors holds the least concern, but show 
low efficacy of gene transfer. Viral vectors have been genetically disabled to minimize 
their ability to replicate and cause pathology. Engineering of viral vectors continues 
to improve, including removal of immunogenic components and further reduction of 
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the risk of recombination events towards the impossible. An advantage of the ex vivo 
gene-therapy approach, with infection and selection of cells in vitro, is the opportunity 
to do safety screenings before transplantation of the cells.

The first clinical trials in RA patients have been done with the retroviral ex vivo 
approach, for safety reasons, but it is expected that further trials will focus on improved 
adenovirus or AAV as a carrier. If the focus of future therapy will be on local treatment 
in joints, the total amount of viral elements introduced is low and the risk negligible. 
Thousands of patients have participated in gene-therapy studies over the last decade and 
it is fair to say that the safety record is impressive so far.
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INTRODUCTION

In rheumatoid arthritis (RA), the synovium is hypertrophic and edematous, and 
villous projections of synovial tissue protrude into the joint cavity. Cartilage degradation 
primarily results from the action of extracellular proteolytic enzymes produced in the 
local microenvironment at the invasive front of the synovial tissue (pannus). Although 
the etiology of RA remains elusive, immune-mediated mechanisms are of crucial 
importance. It has become clear that macrophages and fibroblast-like synoviocytes play 
a critical role as effector cells in chronic synovial inflammation (1–3). T cells could 
contribute to the excessive production of proinflammatory cytokines by stimulation of 
these effector cells (4–6). Both macrophages and fibroblast-like synoviocytes are highly 
activated and secrete a variety of cytokines as well as matrix metalloproteinases.

Fibroblast-like synoviocytes are also able to produce other factors, such as proteo-
glycans and arachidonic acid metabolites. Relatively little is known about the factors that 
influence the specific retention of macrophages and the interaction between cells in the 
intimal lining layer. It has recently been suggested that the ligand pair CD55/CD97 could 
be involved (7). Of note, intimal macrophages exhibit stronger expression of the 7-span 
transmembrane receptor molecule CD97 than macrophages in the synovial sublining, 
illustrating their highly activated phenotype. In addition to proliferation, migration, 
and retention of cells, inhibition of apoptosis provides an important explanation for 
the increased cellularity in the synovium (8). Various mechanisms may be involved in 
causing inadequate apoptosis: the development of mutations of the p53 suppressor gene 
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as a result of chronic oxidative stress (9), deficient functional Fas ligand expression 
(10), overexpression of anti-apoptotic molecules, such as sentrin (11), and activation 
of nuclear factor (NF)- B (12).

The significance of activated inflammatory cells in the synovium is supported by 
clinical observations. Local disease activity is particularly associated with the number 
of macrophages and the expression of proinflammatory cytokines (3,13). There is also 
a significant positive correlation between macrophage infiltration and radiographic 
signs of joint destruction after follow-up (14). The pivotal role of tumor necrosis 
factor- (TNF- )—at least in the majority of RA patients—has been confirmed by 
the impressive effects of specific therapeutic strategies targeting the TNF- molecule 
(15). The importance of pro-inflammatory cytokines, which are mainly derived from 
macrophages and fibroblast-like synoviocytes, is also illustrated by the effects of 
treatment aimed at blocking the effects of interleukin-1 (IL-1) and IL-6 (17).

PATHOGENIC MECHANISMS THAT RATIONALIZE
THE THERAPEUTIC TARGET

NF-kB Activation in Synovial Inflammation
Synthesis of many cytokines, including TNF- , IL-1 , IL-6, and IL-8, is mediated by 

the transcription factor NF- B, which is able to induce transcription of proinflammatory 
gene arrays (Table 1) (18–20). NF- B is also involved in Th1-dependent, delayed-type 
hypersensitivity responses (21). The induction of matrix metalloproteinses, cyclo-
oxygenase-2 (COX-2), and inducible nitric oxide (iNOS) add to the detrimental effects 
of NF- B activation in inflammatory disease (20). Moreover, NF- B activation leads to 
upregulation of adhesion molecules, such as E-selectin, vascular cell adhesion mlecule 
(VCAM-1), and intracellular cell adhesion molecule ICAM-1, whereas NF- B inhibition 
reduces leukocyte adhesion and transmigration (22). Thus, NF- B activation may lead 
to accumulation and activation of inflammatory cells at sites of inflammation. As noted 
earlier, NF- B activation also appears to be a pivotal factor in protecting specific cells 
against apoptosis, which may further enhance cell accumulation (12).

NF- B is highly activated in a variety of inflammatory diseases. In RA, NF- B is 
overexpressed in the inflamed synovium (23–25). The NF- B family includes NF- B1 
(p50/p105), NF- B2 (p52/p100), p65 (RelA), RelB, and c-Rel (26). Except for RelB, 
which does not form homodimers, every member of this family can form heterodimers 
or homodimers with each other. The most prevalent activated form of NF- B is a 
heterodimer consisting of a p50 or p52 subunit and p65, which contains transactivation 
domains necessary for gene induction. Both p50 and p65 have been localized to nuclei 
in the intimal lining layer cells and in mononuclear cells (MNCs) in the synovial 
sublining. Increased NF- B activity in RA synovium compared with osteoarthritis (OA) 
controls has been shown by electrophoretic mobility shift assays (25). Of importance, 
heterodimers of p50 and p65 are intimately involved in activation of inflammatory 
gene sets by IL-1 or TNF-  in human monocytes. Both p50 and p65 also play a role in 
constitutive IL-6 production by RA fibroblast-like synoviocytes (27). Studies in rabbit 
synovial fibroblasts revealed a role for p50 homodimers in the induction of matrix 
metalloproteinase-1 (MMP-1), suggesting a mechanism of NF- B mediated cartilage 
degradation in RA (28).
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Previous studies have shown that asymptomatic synovitis precedes clinically manifest 
arthritis (13). In line with this notion, NF- B activation precedes the development of 
collagen-induced arthritis (CIA) in mice (25) and adjuvant arthritis in rats (29). In 
addition, selective activation of NF- B by in vivo gene transfer of adenoviral constructs 
encoding wild-type IKK  to the joints of normal rats led to synovial inflammation and 
clinical signs of arthritis (30). Hence, these studies confirm the pivotal role of NF- B
activation in the development of arthritis.

Regulation of NF- B Activation
NF- B exists in the cytoplasm in an inactive form associated with regulatory proteins 

called inhibitors of B (I B), including I B , I B , and I B . Phosphorylation of I B
is an important step in NF- B activation and is regulated by I B kinase (IKK). The 
IKK complex comprises at least three subunits, including the kinases IKK and IKK
(also called IKK1 and IKK2) (31)and the regulatory subunit IKK (32). In addition, a 
novel lipopolysaccharide-inducible kinase, termed IKKi, was recently described (33).
IKK activation initiates I B  phosphorylation at specific N-terminal serine residues. 
Phosphorylated I B is then ubiquinated and degraded by proteasomes in the cytoplasm. 
This leads to release of NF- B dimers from the cytoplasmic NF- BI B complex 
followed by nuclear translocation. NF- B then binds to B enhancer elements of target 
genes, inducing transcription of an array of proinflammatory genes.

IKK is a critical regulator of NF- B activation in many cell types and serves as 
a conduit between multiple activation signals and nuclear translocation of NF- B
(34). IKK is the primary pathway for proinflammatory stimuli, resulting in NF- B
activation, whereas the involvement of IKK has not been shown (35,36). To determine 
if IKK regulates NF- B in primary cells isolated from rheumatoid synovial tissue, IKK 
was characterized in cultured fibroblast-like synoviocytes isolated from synovium of 
patients with RA and OA (34). Immunoreactive IKK protein was abundantly expressed 
by fibroblast-like synoviocytes in both patient groups. IKK and IKK genes were 
constitutively expressed and IKK activity was greatly increased by stimulation with 
proinflammatory cytokines. This was associated with degradation of endogenous I B
and nuclear translocation of NF- B. IKK activation resulted in increased expression 
of IL-6, IL-8, MMP-1, and ICAM-1 (37). Inhibition of IKK activity by transfection 
with dominant-negative adenoviral constructs prevented TNF- -mediated, NF- B
nuclear translocation and proinflammatory gene expression in these cells. However, a 
dominant-negative IKK  mutant had no effect (34,37). Similarly, IKK specifically 
regulates NF- B activation and inflammatory gene transcription in human monocytes 

Table 1
Deleterious Effects on Synovial Infl ammation
and Joint Destruction Regulated by NF- B

Production of proinflammatory cytokines and chemokines
Induction of matrix metalloproteinases
Induction of cyclooxygenase-2 (COX-2) and inducible nitric oxide (iNOS)
Upregulation of adhesion molecules
Protection against apoptosis



568 Part IV / Gene Therapy in Rheumatic Diseases

(38) and in human CD4+ T lymphocytes (39), which are also likely to be involved in 
the pathogenesis of RA. Upstream of IKK, kinases such as NF- B inducing kinase 
(NIK) and MEKK1, both members of the MAPKKK family, and an IKK-related 
kinase, named NAK (NF- B activating kinase) (40) can activate IKK in response to 
proinflammatory stimuli.

REVIEW OF DATA

Various conventional drugs used to treat RA have effects on NF- B activity
(Table 2). For instance, the effects of corticosteroids are probably in part mediated 
through inhibition of NF- B activation (41). Other examples include sulfasalazine (42),
5-aminosalicylic acid (43), aspirin (44), tepoxalin (45), and leflunomide (46). Several of 
these drugs appear to inhibit IKK or upstream signals. However, they are not specific and 
require relatively high concentrations to inhibit effectively NF- B activity.

The effects of specific inhibition of NF- B activity have been shown in various 
animal models of arthritis. Screening libraries for compounds that inhibit NF- B
activation identified a compound termed SP100030 as a potent inhibitor of NF- B
activation in a T-cell lymphoblastoid line (47). IL-2, IL-8, and TNF- production by 
activated Jurkat cells and other T-cell lines were inhibited by SP100030. The effect of 
SP100030 was also evaluated in murine CIA. Joint swelling was significantly decreased 
in animals that were treated with SP100030 before the onset of joint swelling (47).
Clinical efficacy was accompanied by diminished NF- B activation in joint extracts, 
suggesting that the compound acted through this mechanism in vivo. In line with these 
observations inhibition of NF- B in T cells in transgenic mice overexpressing I B
resulted in decreased incidence and severity of CIA (48). Protection against disease was 
associated with reduced interferon- (IFN- ) production, suggesting that the protective 
effects were mediated in part by decreased Th1 responses. Specific NF- B inhibition, 
using intra-articular administration of NF- B decoy oligonucleotides (12) or in vivo 
transfection of NF- B decoy oligonucleotides (49), also resulted in clinical improvement 

Table 2
Therapeutic Strategies Aimed at Blocking NF- B Activity

Strategy Reference

IKK -dominant-negative gene therapy (30)
NF- B decoy oligonucleotides (12,49)
T cell-specific NF- B inhibitor (47)
Corticosteroids (41)
Sulfasalazine (42)
5-aminosalicylic acid (43)
Aspirin (44)
Tepoxalin (45)
Leflunomide (46)
Curcumin (54)
Antioxidants (55)
Proteasome inhibitors (56)
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in streptococcal cell wall-induced arthritis and in CIA in rats in association with 
suppressed IL-1 and TNF- production. Of interest, histologic and radiographic studies 
revealed marked protection against joint destruction in the treated joints (49). The 
inhibitory effects of NF- B inhibition on production of proinflammatory cytokines and 
MMPs in animal models of arthritis were confirmed using human RA synovial tissue in 
culture. It is possible to reduce the production of TNF- , IL-1, IL-6, IL-8, MMP-1, and 
MMP-3 by overexpression of I B  by adenoviral gene transfer (50).

NF- B blockade can also lead to induction of apoptosis. This was shown using 
the proteasome-inhibitor peptide aldehyde MG132, which inhibits NF- B activity by 
preventing I -B degradation (12). Treatment with MG132 induced apoptosis in the 
joints of rats with streptococcal cell wall arthritis. Likewise, adenoviral gene transfer of 
super-repressor I B  enhanced apoptosis in joints of rats with streptococcal cell wall 
arthritis and similar results were obtained in pristane-induced arthritis (12). TNF- may 
be one of the important factors involved in the induction of apoptosis in fibroblast-like 
synoviocytes in response to inhibition of NF- B translocation (51).

Activation of IKK by forced overexpression of the gene using intra-articular gene 
therapy leads to NF- B activation and histologic evidence of inflammation (see Fig. 1) 
(30). Hence, activation of this kinase is sufficient to initiate the synovial inflammatory 
cascade. On the other hand, IKK can be selectively blocked by injecting a dominant-
negative IKK  adenoviral construct into the joints of rats with adjuvant arthritis. This 
treatment effectively suppressed local IKK functional activity and reduced NF- B
translocation. Moreover, intra-articular gene therapy using this construct significantly 
suppressed arthritis activity as measured by paw swelling.

Despite clinical improvement, however, there was no decrease in joint destruction. 
As noted earlier, inhibition of the production of MMP-1 and MMP-3 has been described 
after I B overexpression, but it is not clear what proportion of MMP expression can 
be inhibited by blocking NF- B (52). It is also possible that other transcription factors, 
especially AP-1, are more important than NF- B in joint destruction. For instance, 
previous studies have demonstrated that AP-1 activation occurs very early in murine 
CIA, whereas NF- B peaks later (25). Early AP-1-driven MMP expression would be 
unaffected by NF- B blockade in this model. Alternatively, the absence of a protective 
effect on joint destruction could be because the therapeutic protocol led to IKK inhibition 
too late to alter the irreversible damage that occurs early in disease. Nevertheless, the 
data suggest that blocking NF- B activity by direct intra-articular gene therapy with a 

Fig. 1. Use of intra-articular gene therapy to evaluate the role of key signal transduction pathways 
like I B kinase.
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dominant-negative IKK mutant ameliorates rat adjuvant arthritis, whereas activation 
of NF- B by wild-type IKK gene transfer induces arthritis in normal rats, identifying 
this pathway as a potential therapeutic target (30).

SIDE EFFECTS AND PRECAUTIONS

The NF- B/IKK pathway plays a key role in synovial inflammation. Intra-articular 
gene therapy aimed at interfering with this pathway could represent an attractive strategy 
for the treatment of RA. However, there should some precautions in light of the potential 
toxicity of NF- B blockade, which might result in liver apoptosis. It has previously been 
shown that IKK knockout mice develop liver failure owing to hepatocyte apoptosis, 
especially in the presence of TNF- (36,53). This issue is clearly relevant in RA, 
where TNF-  overproduction is a hallmark of disease. Furthermore, NF- B blockade 
could obviously compromise the normal host defense. Finally, it is conceivable that 
anti-inflammatory mediators might be inhibited as well, although the production of 
IL-10, IL-11, and IL-1RA appears to be unaffected (50).

CONCLUSION

The eventual effects of blockade of the NF- B/IKK pathway by gene therapy will 
depend on the delicate balance between suppressing inflammation and interfering with 
normal cellular functions. By selectively targeting specific NF- B subunits, I B proteins, 
or kinases that have some specificity for the synovial compartment as well as for arthritis 
activity, one might achieve therapeutic efficacy and minimize side effects.
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INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by early 
synovitis following synovial proliferation and infiltration of various inflammatory cells 
(1,2). The process of disease progression, characterized by activation and hyperplasia 
of synoviocytes, mainly of synovial fibroblasts, results in cartilage and bone destruction 
(1,2). Proliferation of synoviocytes is, however, not limitless, and spontaneous remission 
or arrest of synovial proliferation are occasionally observed (3,4). First, our laboratories 
following by others have demonstrated that RA synoviocytes express functional Fas 
antigen (CD95/APO-1) and that these cells undergo Fas-mediated apoptosis both either 
in vivo and in vitro (5–8). These findings suggest that Fas-mediated apoptosis may 
play a critical role in the regression of synovial hyperplasia in RA. It also implies that 
induction of intractable synovial hyperplasia in RA may occur when Fas-mediated 
apoptosis ceases to operate partially or completely leading to accumulation of Fas-
positive proliferating synoviocytes. However, the regulatory mechanisms that control 
apoptosis are not well understood. Identification of the regulatory mechanisms in 
RA synoviocytes may provide important insights into not only understanding of the 
pathophysiology of RA but also the development of novel strategies for RA therapy. In 
this chapter, current of the study by our laboratory on the regulatory mechanisms of 
Fas-mediated apoptosis in RA was described. We also propose a novel gene therapy 
strategy in the treatment of RA based on induction of the apoptosis gene synovectomy 
in patients with RA.
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FAS-SIGNALING PATHWAYS IN SYNOVIOCYTES

JNK/AP-1 Pathway
Fas-mediated apoptosis is highly observed in synoviocytes of patients with RA and a 

few with osteoarthritis (OA) or normal subjects, despite the equal expression level of Fas 
molecules on their cell surface (5). Therefore, the signaling pathway(s) downstream the 
Fas molecule is thought to be responsible for the regulation of Fas-mediated apoptosis 
in RA synoviocytes (Fig. 1).

We have found that Fas-ligation using its agonistic monoclonal antibody (MAb) 
termed CH-11, induces a rapid tyrosine phosphorylation of JNK (c-JUN amino-terminal 
kinase) and formation of AP-1 (activator protein-1) corresponding to apoptosis of RA 
synoviocytes but not OA synoviocytes (9). JNK, a member of the mitogen-activated 
protein kinase (MAPK), is a protein serine/threonine kinase that activates c-jun and 
subsequent AP-1 transcriptional factor (10–12). It has been reported that JNK is 
activated by Fas ligation in apoptosis of a human T-cell line (Jurkat cells) and peripheral 
blood lymphocytes (13–16). In addition, overexpression of Daxx, a novel Fas death 
domain-associating protein, induces activation of JNK and protentiated Fas-mediated 
apoptosis (17,18). Furthermore, FAP-1 (Fas-associated phosphatase 1), a protein tyrosine 
phosphatase, binds to the distal negative regulatory tail of Fas. FAP-1 functionally 
blocks Fas-mediated apoptosis in developmental stage in T-cell or colon cancer-cell lines 
(19,20). In RA synoviocytes, we have also demonstrated that treatment with the protein 
tyrosine phosphatase inhibitor orthovanadate significantly enhances Fas-mediated 
apoptosis (9). In a series of experiments, we also showed that RA synoviocytes express 
Daxx and FAP-1 mRNA (Okamoto et al., unpublished data). Based on these findings, 
it seems that the JNK/AP-1 signaling pathway is probably involving in Fas-mediated 
apoptosis of RA synoviocytes (Fig. 1).

FADD/Caspase-8/Caspase-3/PARP Pathway
More recently, several studies using the yeast two-hybrid system or biochemical 

techniques have identified Fas-interacting signal-transducing molecules, such as 
Fas-associated death-domain protein (FADD) (21,22), FAP-1 (19,20), and receptor-
interacting protein (23). In addition, caspase-family proteases have been implicated 
as key regulators of apoptosis in various cells (24,25). It has been demonstrated that 
Fas ligation induces oligomerization of Fas molecules on the cell surface, leading to 
the recruitment of two key molecules and formation of the death-inducing signaling 
complex (DISC) (26–28). FADD is recruited to bind the intracellular domain of Fas 
through each death domain (21,22), and then Caspase-8 (FLICE) is also recruited to 
the Fas and FADD complex through the death-effector domains (29,30). Activation of 
Caspase-8 promotes the caspases cascade, leading to the transmission of the apoptotic 
signal to the nucleus. We have also found that the same signaling pathway plays a critical 
role in Fas-mediated apoptosis of RA synoviocytes (31). Fas-ligation induces activation 
of Caspase-3, with subsequent cleavage of PARP (poly [ADP-ribose] polymerase), 
a substrate of activated Caspase-3 (31), corresponding to Fas-mediated apoptosis in 
RA synoviocytes. PARP is reported to be involved in DNA repair, genome surveil-
lance, and integrity (32–34). The Ca2+/Mg2+-dependent endonuclease implicated in 
internucleosomal DNA cleavage, the hallmark of apoptosis, is negatively regulated by 
poly(AP-ribos)ylation (32–34). Thus, the loss of normal function of PARP may activate 
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this nuclease in dying cells. Caspase-8 is also activated following Fas ligation, and 
this occurs prior to the activation of Caspase-3 in RA synoviocytes. In addition, we 
found that a Caspase-8-specific inhibitor blocks the activation of Caspase-3, suggesting 
that Caspase-8 appears to operate upstream of Caspase-3 in Fas-mediated apoptosis 
of RA synoviocytes, in agreement with previous studies using other cells (29,30).
Importantly, we also demonstrated that the recruitment of FADD to the Fas death 
domain is augmented after Fas ligation in RA synoviocytes but not in OA synoviocytes. 
These findings strongly indicate that Fas-mediated apoptosis of RA synoviocytes may 
be regulated at the recruitment of FADD to Fas molecule, which initiates a sequential 
activation of the FADD/Caspase-8/Caspase-3/PARP signaling pathway (Fig. 1).

We demonstrated that Fas-mediated apoptosis might be regulated by at least two 
signaling pathways. Fas-mediated apoptosis in RA synoviocytes is almost completely 
blocked by specific Caspase-8 or Caspase-3 inhibitors. Therefore, FADD/Caspase-
8/Caspase-3 /PARP pathway seems to be a key signal for Fas-mediated apoptosis 
in RA synoviocytes. It should be noted that neither signaling pathway could not be 
detected in OA synoviocytes after Fas-ligation, suggesting that Fas-mediated apoptosis 
in synoviocytes may be regulated by Fas signal transduction.

Actually, the FADD/Caspase-8/Caspase-3/PARP pathway is a main stream of Fas-
mediated apoptosis in synoviocytes, and in particular the activation of Caspase-8. 
On the other hand, FLIP (also called I-FLICE, FLAME, CLARP, Casper, or CASH) 
(45–51) has been identified independently by several groups as an apoptosis-inhibitory 
molecule. FLIP has two death-effector domains, and it can interact with either FADD 
or Caspase-8 through each death-effector domain and can inhibit the activation of 
Caspase-8 (45,46). Because RA and OA synoviocytes express both long and short forms 

Fig. 1. Schematic diagram of the mechanisms involved in the regulation of Fas-mediated apoptosis 
in RA synovial cells.
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of FLIP (FLIPL and FLIPS) mRNA, as detected by reverse transcriptase polymerase 
chain reaction (RT-PCR) (35), these proteins are probably involved in the induction of 
Fas-mediated apoptosis of synoviocytes (Fig. 1).

Interestingly, we investigated that TNF- enhances the sensitivity of RA synoviocytes 
to Fas-mediated apoptosis, whereas basic fibroblast growth factor (bFGF) did not 
affect this process (35). Both TNF- and (bFGF) can equally induce proliferation of 
synoviocytes, suggesting that sensitivity to Fas-mediated apoptosis in synoviocytes of 
RA may be differentially regulated by cytokines, following the different sensitivity to 
Fas. The phenomenon may be closely associated with the disease progression.

NOVEL THERAPEUTICS BY FAS/FAS L/FADD SYSTEM

Anti-Fas MAb for RA Therapy
Synovial proliferation in RA joints may ultimately lead to cartilage and bone 

destruction (3,4). This suggests the presence of an imbalance between the proliferative 
process and Fas/FasL system-mediated apoptosis, in favor of proliferation of the 
synovium. It is thus possible that active induction of apoptosis via the Fas/FasL system 
may produce effective control of RA (Fig. 2). In fact, we have reported that intra-articular 
injection of agonistic anti-mouse Fas MAb improved the arthritis in the several animal 
models. Histologic examination showed a clear disappearance of Fas-expressing cells, 
such as synovial cells, CD3+ T cells, and B220+ B cells from the synovium of arthritic 
mice after local injection of anti-Fas MAb owing to induction of apoptosis of these 
cells. Furthermore, to evaluate the effectiveness of anti-Fas MAb on human RA, we also 
investigated the effects of agonistic anti-human Fas MAb on proliferating rheumatoid 
synovium engrafted in mice with severe combined immunodeficiency (SCID), which 
show histologic features similar to RA synovium (53). Apoptosis of Fas-expressing 
cells in the transplanted RA synovium occurred 36 h after intraperitoneal injection 
of anti-Fas MAb (53). These results clearly suggest that active induction of apoptosis 
mediated via Fas/FasL system by administration of anti-Fas MAb may be useful as 
a new therapeutic intervention for RA (Fig. 2). Currently, several MAbs have been 
developed without serious cytotoxicity in bone or cartilage.

Ex Vivo Gene Transfer of hFasL for RA Therapy
Although anti-Fas MAb and soluble FasL might be useful against RA, they exhibit 

serious adverse effects, such as lethal hepatic injury (54,55). In addition, it is difficult 
to prepare a chimeric anti-Fas MAb that avoids the host immune response. Thus, it is 
important to develop a safer therapeutic modality based on the Fas/FasL system when 
considering clinical application. For this purpose, we evaluated the usefulness of cells 
transfected with human FasL (hFasL) gene against proliferative RA synovium, acting 
through cell-to-cell interaction, because FasL-positive activated T cells and natural 
killer (NK) cells play an important role in the induction of apoptosis under physiologic 
conditions. We first examined the effect of the murine T lymphoma cell line, which does 
not express Fas antigen, transfected with hFasL gene on RA synoviocytes in vitro (56).
hFasL transfectants exhibited cytotoxicity against cultured RA synoviocyte in a dose-
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dependent manner. On the other hand, soluble FasL in the culture supernatant of hFasL 
transfectants did not induce cytotoxic activity against RA synoviocytes (57). These 
findings suggest that cell-to-cell interaction via the cell membrane-bound FasL plays an 
important role in the apoptotic effect of hFasL transfectants on RA synoviocytes. In the 
next series of studies, we evaluated the effects of hFasL transfectants in vivo by injecting 
irradiated-hFasL transfectants into the joints of SCID-RA mice engrafted with RA 
synovium. Histologic examination demonstrated that synoviocytes and mononuclear 
cells (MNCs) disappeared in engrafted synovium treated with these transfectants 7 d 
after injection without accumulation of polymorphocytes, such as neutrophils, and 
subsequent neutrophil-mediated killing action. These results strongly suggest that 
FasL-transfectants can eliminate these cells by inducing apoptosis through cell-to-cell 
interaction. Thus, ex vivo gene transfer of FasL is an effective and safe therapeutic 
modality and might be a clinically useful therapy for RA.

As mentioned earlier, we have recently reported that FADD plays a key role in Fas-
mediated apoptosis of synovial cells in patients with RA. In this study, we determined 
whether FADD gene transfer could induce apoptosis of RA synoviocytes in vitro and in 
vivo. Transfection of FADD gene by adenoviral vector into cultured RA synoviocytes 
induced upregulation of FADD expression and apoptosis. In addition, local injection 
of FADD adenovirus (Ad-FADD) eliminated synoviocytes in vivo by induction of 
apoptosis of proliferating human rheumatoid synovium engrafted in SCID mouse, which 
is the most suitable animal model of RA for the evaluation of treatment strategy in vivo. 
In addition, Ad-FADD-induced apoptosis was limited to cells of the synovium tissue 
and did not affect chondrocytes. Our results strongly suggest that FADD gene transfer 
can induce apoptosis of RA synoviocytes both in vitro and in vivo, suggesting that 
FADD gene transfer might be effective in the treatment of RA.

Fig. 2. Schematic diagram of novel strategies currently under investigation for the treatment of RA 
based on modulating the apoptotic process.
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INTRODUCTION

More than 10 years have passed since we conceived the idea to use gene therapy in 
the treatment of arthritis. The original concept of delivering therapeutic genes to 
the synovial linings of arthritic joints (Fig. 1) (1) was quickly joined by additional 
strategies, including the systemic delivery of genes to extra-articular locations (2).
Subsequent evaluation of these possibilities in animal models of disease (reviewed in 
refs. 3 and 4), confirmed that both approaches have merit. However, for a variety of 
technical and safety reasons, we decided to develop local gene delivery to the synovium 
for the first clinical trials (5), while continuing to investigate other strategies at a 
preclinical level.

As a result of this decision, considerable effort was devoted to evaluating the abilities 
of different vectors to deliver genes to the synovial lining of rabbits’ knee joints by 
in vivo and ex vivo means (6). These studies confirmed the efficiency of adenovirus 
as a vector for in vivo synovial delivery, as first observed by Roessler et al. (7), and 
a growing number of subsequent investigators are using this technique for preclinical 
studies (8–14). However, although experimentally very useful, this means of gene 
transfer did not seem well-suited to early human application because of inflammatory 
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responses to adenoviral infection and the brevity of gene expression. Retroviral, ex vivo 
methods, although more tedious, gave longer gene expression, albeit at a lower level, 
and were not associated with inflammation. Moreover, ex vivo gene delivery brings 
advantages of safety, because no transducing agents are introduced directly into the body 
and all genetically modified cells can be thoroughly tested before reimplantation.

The remainder of this chapter describes the development of the ex vivo gene therapy 
protocol used in the first human clinical trial. Additional information can be found 
in refs. 5 and 15.

PATHOGENIC MECHANISMS THAT RATIONALIZE
THE THERAPEUTIC TARGET

In general terms, pathophysiological events in rheumatoid arthritis (RA) are driven 
by a series of interrelated processes involving inappropriate immune reactivity, and the 
excessive production of immunostimulatory, inflammatory, and destructive mediators 
(3). Agents that restore immune homeostasis and interfere with the activities of 
arthritogenic mediators are of obvious potential utility in treating RA. In recent years, 
it has become clear that biology provides a number of such agents (16). Many of them, 
however, are proteins and thus awkward drugs in chronic conditions such as RA. Gene 
therapy was primarily suggested as a means of solving the delivery problem (1), but it 
may bring additional advantages. For example, there is growing evidence that molecules 

Fig. 1. Gene transfer to synoviocytes as a treatment for arthritis. (For details, see text.)
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synthesized endogenously following gene transfer have greater biological potencies than 
the corresponding recombinant proteins (17,18). Moreover, the anti-erosive potency of 
certain proteins may be enhanced by local, intra-articular synthesis.

In planning a clinical protocol based on the delivery of genes to the synovium, 
particular attention was paid to the selection of the transgene. The gene product needed 
to have therapeutic potential, yet be resoundingly safe. The latter requirement was 
a difficult one to satisfy, because many molecules that modulate immune reactivity 
and cytokine behavior are pleiotropic, and have complicated dose-response properties. 
Nevertheless, the interleukin-1 receptor antagonist (IL-1Ra) (19) appeared to satisfy 
these demanding criteria. IL-1Ra shows anti-arthritic activity in animal models of RA 
(20–22) and has recently shown efficacy as a recombinant protein in human clinical 
trials (23). As a result of its use in phase III trials for septic shock, there is considerable 
information confirming the remarkable safety of IL-1Ra in humans (24,25). IL-1Ra 
was also attractive because of experimental evidence that IL-1 antagonism might be 
particularly useful in preventing erosion of the articular surfaces, which is difficult 
to prevent by existing drugs (22).

REVIEW OF THE DATA

Preclinical Efficacy Studies

Pre-clinical development of the local, retroviral, ex vivo delivery of a human IL-1Ra 
cDNA used the rabbit knee as a model. A cDNA containing the entire coding sequence 
of human IL-1Ra was cloned into a recombinant, Moloney-based retrovirus to produce 
the vector MFG-IRAP with expression of the transgene driven by the 5 LTR of the
virus (26). This virus was used in an ex vivo gene delivery protocol.

As a prelude to gene delivery, synovial biopsies were recovered from the knee joints 
of rabbits by partial surgical synovectomy. Synovial cell cultures were established from 
each of the individual rabbits, and infected with MFG-IRAP. Autologous, transduced 
cells were then returned to the appropriate knee joints; gene expression was monitored 
by serial lavage of the knees and enzyme-linked immunosorbent assay (ELISA) 
measurement of human IL-1Ra in the lavage fluids.

Several nanograms of hIL-1Ra could typically be lavaged from the knee joints during 
the first week after gene transfer. This value fell progressively, reaching the limit of 
detection of the assay by 6 wk post-transfer (26). The reasons why gene expression are 
lost remain to be identified, but they could include immune reactions by the rabbit to 
human IL-1Ra, death of the transduced synovial fibroblasts, and promoter extinction. 
Nevertheless, gene expression remained high enough for long enough to encourage 
further development of the technology, while the longevity of gene expression was 
addressed as a separate issue.

Expression of IL-1Ra was sufficient to protect genetically modified knee joints from 
an intraarticular challenge with IL-1 (26,27). In antigen-induced arthritis (AIA), ex vivo 
IL-1Ra gene therapy protected the matrix of articular cartilage from degradation and 
maintained biosynthetic rates at normal levels (18). As an anti-inflammatory modality, 
IL-1Ra gene therapy was less comprehensive; it reduced the influx of leukocytes into the 
joint space, but had little effect on synovitis or joint swelling. Later research suggested 
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that it is necessary to block both IL-1 and tumor necrosis factor (TNF) in this model to 
reverse the latter two pathologies (13,14).

For unknown reasons, intra-articular expression of hIL-1Ra was several-fold higher 
in knees with AIA than in normal knees (18). Moreover, expression of hIL-1Ra reduced 
the concentrations of rabbit IL-1  in the lavage fluid, possibly by inhibiting autocrine-
induction loops. This may help explain why the anti-arthritic effect of the IL-1Ra 
transgene was greater than predicted on a quantitative basis. Indeed, Lewthwaite et al. 
(28) found no effect of purified, human, recombinant IL-1Ra on early AIA in rabbits. 
The concentrations of hIL-1Ra in the lavage fluid were similar following gene (18)
and protein (28) delivery, suggesting that gene delivery provides a more potent effect. 
Along these lines, Makarov et al. (17) have calculated that local delivery of the hIL-1Ra
gene is four orders of magnitude more effective than systemic delivery of recombinant 
hIL-1Ra in treating streptococcal cell wall arthritis in rats.

Ex vivo intra-articular gene delivery using MFG-IRAP also showed efficacy in 
zymosan-induced arthritis and collagen-induced arthritis (CIA) in mice (29). Thus, 
including Makarov’s studies in rats (17), ex vivo transfer of the hIL-1Ra gene has 
proved effective in four quite different experimental models of RA, a circumstance that 
encourages confidence in its possible utility in human disease.

Preclinical Studies with Human Tissues
Before entering clinical trials, it was necessary to determine, insofar as possible, 

whether human tissues would respond to the gene therapy procedures in the same 
manner as those of experimental animals. To do so, we entered into a collaboration with 
Professor Steffen Gay, then of the University of Alabama, who had developed a model 
in which human rheumatoid synovial tissue is coimplanted with human cartilage in 
severe combined immunodeficiency (SCID) mice (30). Under these conditions, the 
synovial cells reform a pannus, which degrades the adjacent human cartilage by direct 
invasion and by stimulating chondrocytic chondrolysis. Transduction of the human 
rheumatoid synoviocytes with MFG-IRAP prior to implantation strongly inhibited 
chondrocytic chondrolysis (31), thereby confirming the importance of IL-1 in this 
process and demonstrating the responsiveness of tissue from human rheumatoid joints 
to gene transfer and gene therapy. Of considerable additional interest, human synovial 
cells recovered from the SCID mice 60 d after implantation were still expressing 
the transgene. This supports the case for an important role of the immune system in 
curtailing hIL-1Ra gene expression in rabbits.

Preclinical Safety Testing
Because the human arthritis gene therapy protocol would be the first clinical use of 

gene transfer in a nonlethal disease, it was essential to examine the issue of safety in 
considerable detail. Several types of safety studies were performed.

In one series of experiments, MFG-IRAP was used to transduce the hematopoietic 
stem cells of mice (32). Sera of mice with engineered stem cells contained several 
hundred ng/mL of hIL-1Ra for the life of the animals, yet no adverse sequelae were 
apparent. However, the mice were more resistant to endotoxin than control mice 
expressing the Lac Z gene. Mice expressing the sTNFR gene in an equivalent fashion 
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(33), unlike the hIL-1Ra+ mice, had altered peripheral blood mononuclear-cell (MNC) 
profiles.

None of the rabbits used in the preclinical development of the arthritis protocol 
had shown adverse reactions to the gene transfer procedure. To examine this matter in 
greater detail, two additional sets of studies were performed. One was a cell tracking 
experiment, in which genetically and fluorescently labeled cells were injected intra-
articularly into normal knee joints and joints with AIA. At intervals, groups of rabbits 
were euthanized and various organs, including the gonads, were examined for the 
presence of labeled cells or transgene sequences. These investigations failed to detect 
extraarticular cells or transgene sequences after injection of engineered cells into 
normal joints. A small number of labeled cells were recovered from the liver of one 
animal and the spleen of another 2 wk after injection into arthritic joints. However, 
there was no detectable pathology in these, or any other organs of any of the rabbits 
from either control or arthritic groups of animals (34). In a complimentary series of 
experiments, labeled autologous synoviocytes were injected into rabbits intravenously. 
This mimicked the worst possible case in which all cells would exit the joint after 
intraarticular injection. Under these conditions, labeled cells could be recovered from 
the lungs, livers, and spleens of various animals but again, there were no associated 
pathologies. From the results of these types of experiments, we concluded that cells exit 
from the joint only rarely after intra-articular injection, and that even when they do, 
this is unlikely to have adverse sequelae.

CLINICAL PROTOCOL

Based on the foregoing considerations, we developed a clinical protocol for a phase 
I study, the basic aim of which was to determine whether it is possible to transfer genes 
to human rheumatoid joints, to express them within those joints, and to do everything 
in a manner that is safe and acceptable to the patients (34).

Maximum emphasis was placed on safety. Because this is an ex vivo protocol, 
it enabled the cells to be extensively screened before injection into the patients. 
Furthermore, genetically modified cells were introduced into the target joints 1 wk 
before they were removed during a previously scheduled joint-replacement surgery. 
This tactic not only introduces a large safety cushion, but also provides ample tissue 
for post-procedure analysis.

To be eligible for the trial, patients needed to be post-menopausal females with 
end-stage RA, requiring, as part of its surgical management, the replacement of 
metacarpophalangeal (MCP) joints 2–5 on one hand, and additional surgery on one 
other joint. The latter procedure provided autologous synovium from which to establish 
cultures of autologous synovial fibroblast. These surgeries were already indicated 
as part of the surgical management of the patients and were not imposed as part of 
the protocol. Indeed, the entire study only required the participants to have a small 
number of intra-articular injections and venupunctures that they would not otherwise 
have undergone.

The study was explained to prospective participants by an informed clinician who 
also consented to the patients’ participation, but played no other role in the trial. Once 
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enrolled in the study, synovial biopsies were obtained from the patients during the 
first surgery; in eight of the nine patients this involved hand surgery, such as a thumb 
fusion (Fig. 2). Biopsies were used to established autologous cell cultures, which were 
split in two. One half was transduced with MFG-IRAP, whereas the other remained 
an untransduced control. Transduced cells were required to produce at least 30 ng
IL-1Ra/106 cells/48 h. The bulk of each culture was then cryopreserved while aliquots 
were tested for endotoxin, mycoplasma, and bacterial and fungal contaminants; 
transduced cells were also tested for the presence of replication-competent retrovirus. 
Once given a clean bill of health, cells were thawed, recultured, and harvested. In a 
double-blinded fashion, two MCP joints were injected intra-articularly with control 
cells and the other two MCPs received genetically modified cells. One week later, all 
four MCPs were removed surgically.

Synovial material removed intraoperatively from the MCP joints was divided into 
several portions. One was analyzed by reverse transcriptase-polymerase chain reaction 
(RT-PCR) for expression of the transgene. Another was trypsinized, the cells placed into 
culture and the IL-1Ra content of the conditioned medium measured by ELISA. A 
third was sectioned and stained.

Fig. 2. Gene transfer to the human rheumatoid joint. The first patient to undergo gene transfer 
first underwent surgery to fuse the first metacarpophalangeal (MCP) joint of the right hand (1). 
Autologous synovium was recovered at this time. Cells were grown in culture (2). Half the cultures 
were transduced with a retrovirus carrying a human interleukin-1 receptor antagonist cDNA (3), 
and both transduced and untransduced cells were subjected to rigorous safety testing (4). Cells 
were returned to the second through fifth MCP joints of the same hand (5) 1 wk prior to surgical 
replacement of these joints (6). Tissues recovered at the time of total joint replacement are being 
analyzed for evidence of successful gene transfer and gene expression, as well as for indications that 
the transgene product was biologically active within the joint (7). Reproduced with permission from 
the University of Pittsburgh Medical Center, Pittsburgh, PA, 1996.
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Permission to proceed with this protocol was given by the Recombinant DNA 
Advisory Committee of the National Institute of Health (NIH), the Director of NIH, 
the Food and Drug Administration (FDA), and an External Monitoring Board. All 
nine patients have completed the protocol, the first having received the genes over
5 yr ago. Data collection and analysis are in progress. The preliminary data suggest that 
the procedure is safe and results in successful gene transfer, with intra-articular gene 
expression. We are in the early stages of planning a phase II trial.

A similar phase I study is underway at the University of Dusseldorf in Germany, 
where three patients have been treated. The preliminary data from this study are similar 
to those from the American study (Wehling, Personal Communication). Another phase 
I protocol, based on the concept of a “genetic synovectomy” (35), has recently begun at 
the University of Michigan under the direction of Dr. Blake Roessler.

CONCLUSIONS AND FUTURE DIRECTIONS

In shortly over 10 years, we have conceived the idea to use gene therapy to treat 
arthritis, consolidated the concept experimentally, and completed a phase I clinical 
trial. The concept has stood up well to intellectual scrutiny and there is now a critical 
mass of investigators that have collectively generated impressive proof of principle in 
animal models of RA. The early results from the first clinical trials are encouraging, 
and should lead to further interventionial studies in humans.

The ex vivo protocol reported here, while helping to maximize safety and thus facilitate 
use in humans, is cumbersome. Development of a useful method for in vivo delivery 
would help simplify the process and accelerate its clinical application. Further work is 
needed to identify the best gene or combination of genes to use in arthritis gene therapy, as 
well as to determine whether gene therapy could be used advantageously in conjunction 
with traditional anti-arthritic drugs. Our recent observation of a “contralateral effect”
(13,36,37) suggests ways to improve the efficiency of local gene therapy.

The degree to which gene therapy will become a standard treatment for RA depends 
on a number of factors, including the performance of competing, nongenetic therapies 
(38). There is preliminary evidence that gene therapy might have value for treating other 
forms of arthritis, such as osteoarthritis (OA) (39–41), as well as for aiding the repair of 
cartilage, bone, ligament, tendon, and other connective tissues (42,43)

Based on past progress, prospects for successful arthritis gene therapy in humans 
appear quite good. Before too long it may be possible to add to the title of a chapter such 
as this, a fourth alliterative noun: cure.
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INTRODUCTION AND OVERVIEW

Ankylosing spondylitis (AS) and related spondyloarthropathies (SpA) are relatively 
common (1) chronic inflammatory rheumatic diseases of uncertain etiopathogenesis (2),
frequently involving the axial skeleton, including sacroiliac joints (3). The therapeutic 
options for the treatment of these diseases mostly involve physiotherapy and nonsteroidal, 
anti-inflammatory drugs (NSAIDs) as stated in recent overviews on the subject (4–9).
The newer cyclooxygenase (COX)-2 selective inhibitors celecoxib and rofecoxib provide 
significant symptomatic benefit, and cause less gastric ulcers, but are no more effective 
than established NSAIDs (10). Up to 20% of AS patients are intolerant or show lack 
of adequate response to NSAIDs (11). Corticosteroids are effective when injected 
locally or intra-articularly (12), but oral dose, unlike in rheumatoid arthritis (RA), 
rarely provides systemic relief in AS, an interesting difference for which the underlying 
pathophysiologic basis is unclear.
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Sulfasalazine, a disease-modifying anti-rheumatic drug (DMARD), benefits SpA 
patients with peripheral arthritis and, possibly, those with gut inflammation and those 
in early and in active disease stages of the disease (13–15). Of interest, quite a few 
rheumatologists use methotrexate (MTX) to treat AS when there is lack of response to 
NSAIDs and sulfasalazine (16), despite the absence of randomized controlled clinical 
trials for this indication (17–19). A very recent report on a few AS patients who received 
a high loading dose of azathioprin was promising (20). Possible beneficial effects 
of thalidomide (21) and of pamidronate (22) for the treatment of AS were recently 
reported from two open studies. These two drugs work at least partly by blocking the 
proinflammatory cytokine tumor necrosis factor- (TNF- ), that is mainly produced 
by monocytes and macrophages and to a lesser degree by T cells, and that mediates 
inflammatory and immunoregulatory activities (23,24). This cytokine is also the target 
of recently introduced, newer therapies for the treatment of RA (25) and Crohn’s disease 
(26). Thus, there is a clear need for effective new drug therapies in the treatment of 
AS and related SpA.

TNF-  BLOCKADE

The efficacy of anti-TNF- therapy in severe AS and related SpA has now been 
reported in open-label pilot-studies (27–29) and in a recently performed controlled 
clinical trial in Germany (unpublished results). There are two specific receptors for
TNF- —a 55 kD and a 75 kD size—that are present on many cell types. The biologic 
effects of TNF- , that are discussed in this book (Chapters 1 and 6) and also reviewed 
elsewhere (30) are mostly proinflammatory, but it also has important physiologic 
functions in immune responses against pathogens, and in suppressing autoimmunity 
and malignancy (31). Therefore, blocking of some of these functions might lead to 
undesired side effects.

BIOLOGICALS BLOCKING TNF-

The antibody used for blocking TNF- in the recently published German (27) and 
Belgian (28) studies on SpA patients was infliximab (Remicade®, Centocor)—the first 
such antibody approved for treating patients with severe RA and Crohn’s disease. It is 
of interest that Crohn-like gut lesions have been detected in a significant percentage 
of SpA patients (32).

There are other agents acting against TNF- , such as the TNF- -75kD-receptor-IgG1 
fusion protein (Etanercept, Enbrel®, Lederle) that have also been proven effective 
in severe RA patients (33). It is as yet unclear whether etanercept works in Crohn’s
disease.

ANTI-TNF-  THERAPY IN PATIENTS WITH ACTIVE AS

Several years after the description of TNF-  mRNA in sacroiliac biopsies of SpA 
patients (34) and the failure to detect bacterial DNA there (35), the group from Germany 
has performed an open pilot study with an anti-TNF agent (infliximab) in AS (27). In 
this study, 11 AS patients who had active disease for at least 3 mo (range 3–72 mo) were 
treated with infliximab at wk 0, 2, and 6 in a dosage of 5 mg/kg. Ten patients were 
male, one female, the mean age was 36 yr (range 27–56 yr), and the median disease 
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duration was 5 yr (range 0.5–13 yr); 10/11 were HLA B27 positive. Five patients 
had AS-relevant radiologic changes of the spine with three or more syndesmophytes 
and/or fusions of vertebrae, and three of them had active spinal inflammation as 
detected by dynamic spinal magnetic resonance imaging (MRI). All patients except 
one had C-reactive protein (CRP) levels >6 mg/L before treatment, and in 3 of them 
it was documented several times over at least 1 yr. The Bath AS disease activity index 
(BASDAI), the functional index (BASFI), pain on a visual analog scale (VAS), and a 
metrology index (BASMI) were assessed. Quality of life was assessed using the SF-36 
instrument. Laboratory markers of disease activity including interleukin-6 (IL-6) were 
determined. Dynamic MRI of the spine was performed in five patients, that showed 
evidence of spinal inflammation (spondylitis and spondylodiscitis) in three of them. One 
patient had a rash after the first infusion, and she was withdrawn from the study. The 
study found that anti-TNF-  therapy is very effective in AS. Table 1 lists the comparison 
of outcome parameters (median) before the initiation of therapy, and at 2 and 12 wk of 
treatment with infliximab. The subjective improvement started on the first day after 
the first infusion. The mean improvement of the BASDAI after 4 wk was 72 ± 17%. At 
wk 2 and 4, improvement 50% in activity, function, and pain scores was documented 
in all patients. In the direct comparison between wk 0 vs wk 2 and 12, the medians 
of all parameters had improved significantly (Table 1). The clear-cut benefit persisted 
until wk 12 in 8 of the 10 patients (6 wk after the third infusion). The CRP decreased 
from 15.5 ± 9.6 mg/L to normal and IL-6 from 12.4 ± 11.6 ng/L to normal (<5 ng/L). 
Quality-of-life assessments as regularly performed using the validated questionnaire 
SF-36 showed improvements in this global health assessment measure before and after 
4 wk of treatment with infliximab, as shown in Table 2. The median values of 6 out of 
9 concepts (physical functioning, role functioning physical, bodily pain, vitality, social 
functioning, and reported health transition) between wk 0 and 4 had improved; this 
was statistically significant. Three other concepts also improved, but not significantly: 
general health, role functioning emotional, and mental health. It remains to be shown 
whether this anti-inflammatory therapy is safe and effective over long period of time, 
and whether it will prevent ankylosis.

Table 1
Comparison of Outcome Parameters (Median) Before, After 2 and After 12 wk
of Treatment with Infl iximab in Patients with Severe Ankylosing Spondylitis

Wk 0 Wk 2 p = Wk 12 p =

BASDAI (range) 1,16.5 (5.2–8.5) 1.9 (0.4–4.6) 0.001 2.4 (0.4–6.3) 0.004
BASFI (range) 1,15.3 (1.3–8.2) 2.3 (0.2–6.4) 0.002 2.4 (0.2–6.5) 0.008
BASMI 1,13.0 (1.3–8.2) 1.0 (0.2–6.4) 0.031 1.5 (0.2–6.5) 0.100
VAS for IBP (range) 1,17.8 (6.0–9.8) 2.0 (0.3–5.1) 0.002 2.5 (0.7–5.1) 0.004
CRP (SD; mg/L) 15.5 (±23.5) <6.0a <6.0a 0.008
ESR (SD; mm/1.h) 32.0 (±31.0) <15a <15a 0.008

BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spondylitis 
Disease Functional Index; BASMI, Bath Ankylosing Spondylitis Metrology Index; VAS, Visual Analog 
Scale; CRP, C-Reactive Protein; ESR, Erytrocyte Sedimentation Rate; anormal range of CRP and ESR; 
p was calculated by the Wilcoxon-test concerning the difference between the median and mean values 
before treatment (wk 0) and wk 2 and 12.
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In all, three patients were withdrawn from the study because of significant infusion 
reactions (all easy to handle). It has to be studied whether patients treated with infliximab 
should receive concomitant MTX or azathioprine to minimize such untoward effects.

ANTI-TNF-  THERAPY IN PATIENTS
WITH ACTIVE SPONDYLOARTHROPATHY

In the Belgian study (28) spinal pain of 7/11 AS patients improved significantly 
at 2 and 6 wk after anti-TNF- therapy given as an induction therapy at wk 0, 2, 
and 6. Clinical improvement was already noticed on the day after the first infusion; 
function also improved significantly, and most elevated CRP values became normal 
after therapy. In this study, they were also 18 SpA patients with peripheral arthritis 
who were treated with good result.

There is an ongoing study with Enbrel® for the treatment of AS in California (Davis, 
personal communication). Clinicians have used Enbrel for some patients with active 
AS relatively unresponsive to conventional therapy, and the patients seem to respond 
very well (R. Bluestone, personal communication).

ANTI-TNF-  THERAPY IN SEVERE PSORIATIC ARTHRITIS

In one study, eight patients with psoriasis were treated with infliximab (35). Peripheral 
joint and skin symptoms ameliorated significantly after 7 and 14 d. In another open study 
(36), ten patients with severe psoriatic arthritis under therapy with MTX (15–25 mg/wk) 
received additional therapy with infliximab. All patients developed quick and persistent 
improvement of joint and skin symptoms (C. Antoni, personal communication). A 
randomized controlled trial with Enbrel in addition to MTX has proven efficacy of this 
agent in patients with psoriatic arthritis (P. Mease, personal communication). Thus, 
blockade of TNF-  seems to be effective in patients with severe psoriatic arthritis.

Table 2
Improvement of Global Health Assessment Concepts (SF36) Before and After 4 wk

of Treatment with Infl iximab in Patients in Severe Ankylosing Spondylitis

SF 36 Wk 0 Wk 4 p =

Physical functioning (%) 44.4 (5–3) 172.0 0.010
Role functioning physical (%) 10.5 (5–3) 162.5 0.050
Bodily pain (%) 12.0 (5–3) 146.0 0.002
Vitality (%) 37.5 (5–3) 142.0 0.020
Social functioning (%) 37.5 (5–3) 168.8 0.030
Reported health transitiona (range) 14.0 (5–3) 11111113.0 (4–2) 0.004
General health (%) 37.5 (5–3) 142.0 0.080
Role functioning emotional (%) 66.0 (5–3) 1001. 0.100
Mental health (%) 46.0 (5–3) 160.0 0.070

aTransformed scale scores are not calculated for this item, median values are shown.
p was calculated by the Wilcoxon-test concerning the difference between the mean values before 

treatment (wk 0) and wk 4.
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THERAPY OF UNDIFFERENTIATED SPA

It is remarkable that no therapy study dealing with this condition has ever been 
performed to date. The two patients of the aforementioned Belgian study (28) improved, 
similar to the other SpA. This is in accordance with our present experience in six cases 
(37). Of note, this included a patient with multilocular enthesitis who significantly 
improved after infliximab. The 5 mg/kg dose tended to be better than the 3 mg/kg 
dose in this small study.

EFFECTS OF ANTI-TNF THERAPY ON LABORATORY PARAMETERS

Some rather unexpected laboratory findings after infliximab therapy have been 
reported. Feldmann measured increased TNF- serum levels, while both soluble TNF 
receptor levels remained unchanged and elevated. However, measuring serum TNF- is 
difficult (only 50% of the RA patients treated had elevated levels), because the half-life 
is short and the TNF measured in that study was not in its bioactive state (38). This 
might indicate that immune complexes of soluble TNF and infliximab were measured. 
In contrast, the TNF secretion capacity of peripheral blood (PB) T cells was found to be 
reduced in AS patients and in HLA B27-positive healthy controls as compared to HLA 
B27-negative normal persons (39). This might indicate that the cytokine pattern of
PB cells is the reverse of what is happening in the gut, the synovium, or in the joints. This 
might indicate active regulatory suppression in order to prevent damage at other sites 
or it might be from effector cells having left the previously inflamed sites. Of interest, 
in accordance with findings in RA patients after infliximab (40) we found a somewhat 
increased TNF-  secretion capacity after treatment in six patients (41).

There is also a discrepancy regarding total lymphocyte counts after infliximab. 
Although Paleolog et al. (42) reported somewhat of an increase, similar to other RA 
patients (43), we found lower lymphocyte counts and somewhat less circulating CD3+ 
T cells in AS patients 1 wk after infliximab (40). This might depend on the timepoint 
when the measurement was performed.

SIDE EFFECTS OF ANTI-TNF-  THERAPY WITH INFLIXIMAB

Some undesired effects of infliximab therapy have been observed (25,44,45): side 
effects directly associated with the infusion (2–5%); autoimmune phenomena (DNA 
antibodies in 10–16%); and somewhat more upper respiratory-tract infections, which 
were reported to have occurred in about 20–30% of the patients (25). This was not 
statistically significant. However, in an ongoing study, a young AS patient with a 
negative tuberculin reaction developed systemic tuberculosis after three infusions of 
infliximab. Another female patient in the same study developed a lupus-like syndrome 
with polyarthralgia and fever.

The risk of developing malignancy has been discussed thoroughly, but there is 
no evidence of a significantly increased risk to date. Lymphoma were observed in a 
few anti-TNF treated patients with Crohn’s disease (46). However, all such reported 
increases were not significantly different from normal population prevalences. Thus, 
the concern of malignancy bases mainly on theoretical calculations and is not based 
on evidence to date (47).
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The murine and the human part of anti-TNF antibodies have significant immuno-
genic potential. Human antichimeric antibodies (HACA), possibly associated with 
hypersensitivity infusion reactions and human antihuman antibodies (HAHAs) have 
been described (25,44). However, it is not clear whether the production of HACA has 
influence on the efficacy and frequency of special side effects. Concomitant therapy 
with MTX or azathioprine might reduce the risk of antibody development but further 
study is clearly needed.

COURSE AND SEVERITY OF SPA:
WHICH PATIENTS SHOULD BE TREATED?

Can there possibly be an indication for expensive biologic therapies in SpA at all? 
Are SpA courses of disease severe enough to justify such costly interventions? In a 
recent discussion with experienced rheumatologists, the argument was raised that one 
could just wait for ankylosis to occur in AS patients with inflammatory back pain and 
sacroiliitis; then the symptoms might improve by the natural course of disease. This 
statement is partly true, but seems also typical for doctors who have had no major 
therapy to offer for decades.

However, rheumatologists are well aware of rapidly progressing severe courses in 
AS (48) and it is well-known that the majority of the burden of disease develops in 
the first 10 yr (49,50). This would argue for early therapy. However, there is limited 
knowledge on prognostic factors in SpA (51). The recently raised hypothesis arguing 
for enthesitis as favorable prognostic sign in arthritic conditions (52) clearly needs 
confirmation.

The total burden of disease in AS is incompletely defined, but a significant percentage 
of young AS patients has a chronic recurrent course of disease resulting in significant 
disability (53). Because there is still a significant diagnostic delay of 5 yr and more, 
there are almost no studies on AS patients with a disease duration of <10 yr. This was 
an important difference between the Belgian (mean disease duration 15–19 yr) and the 
German study (5 yr) on infliximab in AS.

Although the study of radiographic progression seems to be difficult (54), we should 
aim for preventing widespread spinal ankylosis—an essential factor for disability in 
AS. Modern imaging techniques such as MRI are promising new tools as activity and 
outcome parameters (55).

In summary, therapy directed against TNF- seems to work in AS and other SpA. 
However, controlled trials need to be performed to compare the effects to standard 
treatment regimen. Infections and autoimmune phenomena seem to be a problem which, 
however, can be handled. Tuberculin skin test-positive patients might be safer when
being prophylactically treated with a tuberculostatic drug such as INH. Because we do 
not yet have significant long-term experience, we do not know about long-term side 
effects.

Because of the high costs of therapy, we need to study minimal dosage requirements, 
but should also think about the possibility of high-dose induction therapy, which might 
be even more effective. Twenty mg/kg may be the highest dose ever tried, but no more 
than 10 mg/kg was used in the studies discussed earlier.

Do we have to treat regularly, and what is the optimal interval between each infusion? 
A randomized, controlled trial on AS is now being performed in Germany in which the 
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drug infusion will be given every sixth week. The 6-wk-interval was chosen because 
at about 7 wk after the third treatment, beginning of symptomatic worsening was 
noted, and 4 out of 10 patients showed significant worsening of the BASDAI index at 
8 wk. Thus, to suppress constantly disease activity, infliximab infusions every 6 wk 
seem appropriate. However, for individual patients, lower doses and longer intervals 
of infusions might work equally well. This is relevant because of the high costs of 
anti-TNF therapy.

Which patients should be treated? Initially, probably only those with very severe 
and active disease, and later, probably those patients in early stage of their disease, 
to investigate if early interruption of inflammation will prevent cartilage damage and 
prevent or delay progressive ankylosis.

If the present promising results can be confirmed in controlled prospective studies in 
a larger number of patients, one can hope that we have found, for the first time, a very 
effective therapeutic option in severe AS and related SpA. This could become a major 
breakthrough in the therapy of this group of diseases that, it is hoped, may even prevent 
progressive ankylosis so typical of AS.
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INTRODUCTION

Crystal-induced arthritides include the common diseases of gout and calcium 
pyrophosphate (CPPD) deposition disease, as well are the less common forms of arthritis 
associated with basic calcium phosphate (BCP) (Table 1). Other crystals, including 
those listed in Table 2, can be seen in synovial fluid. However, most of these rarer 
crystals are of uncertain pathogenicity. Although the clinical syndrome associated with 
gout was described centuries ago, some treatment aspects of gouty arthritis remain 
poorly studied. Furthermore, patients often have significant comorbidities, which affect 
responses to and limit choices of therapy. To date, no specific treatment exists for CPPD 
deposition disease. Therefore, the management of patients with these common crystal 
arthropathies can be quite challenging. A better understanding of the pathogenesis of 
crystal-induced arthritis, including the identification of factors that turn on and off 
crystal formation and crystal-induced inflammation, may lead to better therapies for 
both gout and CPPD deposition disease. We discuss here standard therapies for gout, 
CPPD, and BCP arthritis and introduce some promising new therapies for patients 
refractory or intolerant to standard treatment regimens.

GOUT

Gouty arthritis usually presents as an acute monarthritis affecting the joints of lower 
extremities. The typical attack begins suddenly with severe pain, erythema, swelling, 
and tenderness of the involved joint. Common risk factors include advancing age, male 
gender, renal insufficiency, hypertension, alcohol use, obesity, and a family history of 
gout. Physical examination shows classic signs of inflammation of the joint itself and 



606 Part V / Other Rheumatic Disorders

often in the skin overlying the involved joint. Although less common, early attacks can 
be polyarticular. Attacks are typically self-limited, lasting 5–15 d, and are followed by an 
intercritical phase in which crystals can be obtained from the joint, but no inflammation 
or symptoms exist. Recurrent attacks are common, although some patients may not 
have a second episode. Untreated, the intercritical phases become shorter, attacks more 
frequent and more often polyarticular, and eventually joint damage and soft-tissue 
deposits of urate known as tophi may occur.

Making a firm diagnosis is often the first challenge in treating the patient with 
suspected gout. The differential diagnosis of acute gout includes trauma, infection, 
CPPD deposition disease, palindromic rheumatism, calcific tendinitis or periarthritis, 
and degenerative joint disease. Gout is often overdiagnosed on clinical grounds. A 
definite diagnosis of gout can only be made by needle aspiration of the inflamed joint. 
The aspirated fluid should be examined with a compensated polarized light microscope. 
Urate crystals are needle-shaped negatively birefringent crystals. Serum uric acid 
levels are not helpful in the acute setting in either confirming or refuting the diagnosis. 
Unfortunately, the use of polarizing microscopy to identify synovial fluid crystals 
requires experienced observers, and test accuracy may vary considerably between 
laboratories. False-negative rates can be as high as 67% when crystals are rare (1). An 
analysis of four studies on crystal identification showed that the odds of having gout in 
the presence of a positive test were 14 times higher than that of having gout before 
the test results were known. A negative likelihood ratio was 0.33 (2). Although it is 
ideal to examine the synovial fluid, a presumptive diagnosis of gout can be made by 
the triad of monarthritis, hyperuricemia, and a response to colchicine. When a patient 

Table 1
Articular Crystals and Their Associated Clinical Syndromes

Crystals Appearances Associated clinical syndromes

Urate Needle-shaped, negatively birefringent Gout
CPPD Rhomboid-shaped, positively birefringent Pseudoosteoarthritis

Pseudogout
Pseudorheumatoid arthritis

BCP Light microscopy is not useful Calcific periarthritis
Milwaukee shoulder syndrome
Tumoral calcinosis

Table 2
Rare Crystals or Crystals of Uncertain Signifi cance in Synovial Fluid

Charcot-Leyden crystals Cryoglobulins
Cholesterol Hemoglobin
Calcium oxalate Xanthine-hypoxanthine
Amyloid Cystine
Lipid liquid Aluminum
Hematoidin Corticosteroids
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presents during intercritical period, a study has shown that synovial fluid analysis of 
knees and the first metatarsophalangeal joint is helpful, because crystals have been 
seen months after the acute attack. (3).

Treatment of Acute Gout
Acute gouty arthritis is self-limiting and if untreated, lasts for a few days to several 

weeks. Treatment goals are to relieve pain, decrease inflammation, and shorten the acute 
attack. Treatment options include non-steroidal, anti-inflammatory drugs (NSAIDs), 
colchicine, and intra-articular or systemic corticosteroids (Table 3).

NSAIDs are the most commonly used drugs for acute gout. Indomethacin has 
historically been used for gout, but probably is not significantly more effective than the 
newer NSAIDs. As one of the earliest available NSAIDs, it was well-studied initially 
and remains in common use. Doses of 150–200 mg/d given BID to TID are appropriate 
to control inflammation. Because indomethacin has central nervous system (CNS) 
side effects such as headache and mental status changes, as well as a high incidence 
of gastrointestinal (GI) side effects, other NSAIDs may be preferable in high-risk or 
elderly patients. Sulindac, piroxicam, ibuprofen, and ketoprofen were equally effective 
in clinical studies (4). A single dose of 60 mg of intramuscular ketorolac was also 
equivalent to 50 mg of oral indomethacin for pain relief in the emergency room (5).
Traditional NSAIDs are contraindicated in patients with renal insufficiency, peptic ulcer 
disease, in patients who also take anticoagulants, and in some elderly patients. Sulindac 
may be preferable to other NSAIDs in the setting of mild renal insufficiency. In general, 
one should choose a drug with a rapid onset of action for acute pain. Unlike colchicine, 
NSAIDs remain effective after the attack is well established.

The cyclooxygenase (COX)-2 inhibitors, rofecoxib and celecoxib, have not been 
specifically studied in gouty arthritis. However, these drugs may be excellent options 
for treating gout in patients with a history of peptic ulcer disease or those on oral 
anti-coagulants. Fifty milligrams of rofecoxib is recommended for relief of acute pain 
and has an onset of action within 45 min.

Colchicine is also commonly used to treat acute gout. It can be given orally or 
intravenously. There are varieties of dosage schedules published. These vary from 
hourly administration to a twice-a-day basis for acute gout. If the hourly schedule is 
used, 0.5 mg of colchicine is given per hour until relief or side effects occur. Relief 
of pain occurs in 12–24 h if the drug is started within the first 24 h of the onset of 
the attack. Commonly, such frequent dosing results in diarrhea and crampy abdominal 

Table 3
Treatment Options for Acute Gout

Colchicine PO or IV
NSAIDs PO or IM
Steroids IA, PO, IM, IV, or SC
Rest
Splinting
Cold application
Therapeutic arthrocentesis
Pain medications
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pain, thus limiting its use. Colchicine given 0.6 mg every 4–6 h causes less diarrhea 
and can be used alone or as an adjunctive treatment to NSAIDs or steroids. A study of 
rheumatologists suggests that combination therapy with colchicine and NSAIDs is the 
most commonly used regimen for acute gout (6). Colchicine is metabolized in the liver 
and excreted in the urine. Because this drug interferes with cell division, it can cause 
bone marrow failure in patients unable to metabolize it efficiently. Close monitoring of 
blood counts is necessary when colchicine is used in patients with mild renal or hepatic 
insufficiency (7). Those with oliguria, severe renal insufficiency (creatinine clearance 
<10 mL/min) and biliary obstruction should use alternative agents. Colchicine toxicity 
occurs in a dose-dependent fashion.

Intravenous (IV) colchicine can be useful in patients, such as preoperative patients, 
unable to take oral medication. GI toxicity is reduced with IV administration. The 
recommendations for IV use should be followed strictly and are shown in Table 4. 
Physicians prescribing IV colchicine should adhere strictly to the guidelines suggested 
by Wallace et al. (8). A recent study suggested errors in the use of IV colchicine in 
hospitalized patients are not uncommon (9). The most common errors include its use 
in patients with contraindications to IV colchicine and those exposed to oral colchicine 
prior to administration of IV colchicine (9).

Intra-articular (IA) corticosteroids represent a third option for acute gout. They 
are an excellent choice for patients with monarthritis or oligoarthritis who are at 
risk for toxicity from NSAIDs or colchicine. Triamcinolone acetonide, a long-acting 
crystalline corticosteroid, is used most commonly. The dose is dependent on the size 
of the joint.

Systemic corticosteroid can also be used effectively in patients who cannot tolerate 
colchicine and NSAIDs or have joint involvement that is not amenable to intra-articular 
therapy. However, the serious side effects of systemic steroids cannot be underestimated 
and are widely appreciated. Recommended regimens and forms of steroids for acute 
gout vary widely. Prednisone can be given orally in doses of 30–50 mg/d initially with 
a taper over 7–10 d. Intravenous methylprednisolone (50–150 mg/d with a taper over 5 
d) was used successfully in two patients (10). Sixty milligrams of intramuscular (IM) 
triamcinolone acetonide was comparable to 50 mg of oral indomethacin TID and was 
safe and useful in patients with contraindications to NSAIDs (11). In one study of 76 
patients, parental adrenocorticotropic hormone (ACTH) was found to have a more rapid 
onset of action and to be associated with fewer side effects than oral indomethacin 50 
mg QID (12). ACTH doses range from 40–80 IU IM, IV, or SQ q 8 h with a 3-d taper 
for polyarticular attacks to 40 IU IM once for single joint involvement. ACTH probably 

Table 4
Proper Use of IV Colchicine

Maximum dose for single injection is 2–3 mg; for cumulative injection, 4–5 mg.
Do not use if a patient is already on oral colchicine.
Do not give more oral or IV colchicine for 7 d after a full IV therapeutic dose.
Adjust dose for renal or hepatic insufficiency and avoid in patients with

creatinine clearance <10 mL/min or severe liver disease.
IV dose is 50% of the oral dose.
Give the dose slowly.
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has no advantage over other more readily available steroid forms. Its use has been 
associated with an increase in rebound attacks, fluid retention, electrolyte imbalances, 
and anaphylaxis. For example, Siegel et al. compared 40 IU of intramuscular ACTH to 
60 mg of intramuscular triamcinolone acetonide. They found that ACTH caused more 
rebound attacks demonstrated by a higher rate of retreatment for recurrent symptoms 
than triamcinolone. Resolution of all symptoms occurred at an average of 8 d for 
both groups (13).

Lastly, for the rare patient intolerant to NSAIDs, colchicine, and steroids, simply 
treating the pain of acute gout may be the best and safest option. The short-term use of 
narcotics may be necessary to control pain during the acute attack. Analgesics, rest or 
splinting of the inflamed joint, therapeutic arthrocentesis, and cold application may be 
useful adjunctive measures in the treatment of acute gout.

Prophylaxis of Acute Attacks in Gout
Most patients with gout experience a second episode within 2 yr of the first attack. 

However, a small percentage of patients may not have a recurrent attack for a decade. 
Furthermore, in an otherwise healthy patient, acute attacks are easily treated, whereas 
in a patient with multiple comorbidities, treatment of an acute attack may be quite 
challenging. Thus, the issue of when and whom to prophylaxis with antihyperuricemic 
drugs is controversial and is often decided on an individual basis. Certainly, the presence 
of tophi, a history of frequent recurrences, or the existence of contraindications to 
standard therapy for acute attacks lowers the threshold for initiating prophylaxis. 
In a Canadian analysis of cost effectiveness using hypothetical cohorts of patients, 
prophylaxis was recommended if attacks occurred two or more times per year (14). The 
goal of prophylaxis is to prevent attacks. This can be done by preventing inflammation 
or lowering serum uric acid levels. Options include antihyperuricemic drugs, colchicine, 
or combination regimens (Table 5). Antihyperuricemic drugs are most commonly 
used and include the uricostatic drug allopurinol and the uricosurics probenecid and 
sulfinpyrazone. In Europe, the drug benzbromarone is available.

Urate-lowering agents should not be started during an acute attack, although recom-
mendations on the timing of initiating these drugs after an acute episode has resolved 

Table 5
Treatment Options for Prophylaxis

Prevention of acute attack
Colchicine
NSAIDs

Treatment of hyperuricemia
Inhibition of uric acid synthesis

Allopurinol
Oxypurinol

Promotion of urate secretion
Probenecid
Sulfinpyrazone
Benzbromarone
Urate oxidase
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vary from days to months. Furthermore, because any flux in urate level can theoretically 
promote crystal formation or dissolution and initiate an attack, urate-lowering drugs 
should be started along with either colchicine or an NSAID. The length of time that an 
NSAID or colchicine should be coadministered after initiation of an antihyperuricemic 
drug has never been studied. One author recommends that anti-inflammatories be 
used for a period of 1–2 mo (15). Emmerson suggests continuing prophylaxis at least a 
year after the serum urate concentration has normalized (4). Kelly suggests to use an 
anti-inflammatory until the serum uric acid level is in the normal range and there has 
been no attack for 3–6 mo. Wortmann suggests continuing colchicine or NSAIDs for 
1–3 mo after the serum uric acid is controlled (16).

Allopurinol is the most commonly used prophylactic drug for gout. It is generally 
well-tolerated and very effective. Allopurinol is effective in both under and overexcretors 
of uric acid. It acts by blocking the conversion of hypoxanthine to xanthine and of 
xanthine to uric acid. The dose is adjusted from 100 mg/d to a maximum dose of
800 mg/d, with an average dose of 300 mg/d. The onset of action is quite rapid 
and serum urate levels can be checked several weeks after initiating therapy (15).
Contraindications to allopurinol include concomitant azathioprine therapy, severe 
liver or kidney dysfunction, or known hypersensitivity to allopurinol. Side effects of 
allopurinol are usually mild and include skin rash, headache, diarrhea, and abdominal 
discomfort. Concomitant use of allopurinol and ampicillin increases the frequency of 
skin rash. Rarer, but more serious side effects include fever, eosinophilia, bone marrow 
suppression, liver toxicity, renal failure, Stevens-Johnson syndrome, and hypersensitivity 
vasculitis. Renal insufficiency and concomitant use of thiazide diuretics are risk factors 
for side effects.

Patients who are allergic to allopurinol may be desensitized (17) or given a trial of 
oxypurinol. Those with serious reactions to allopurinol such as acute interstitial nephritis, 
toxic epidermal necrolysis, hepatitis, leukopenia, or vasculitis are not candidates for 
desensitization. Alternative drugs should be used in these patients. In the desensitization 
regimen most commonly used, initial doses of allopurinol were 0.05 mg/d and the 
dose was slowly escalated. Some patients developed a mild cutaneous reaction, but 
allopurinol was safely reintroduced again slowly (18). Oxypurinol, the active metabolite 
of allopurinol, can be substituted for allopurinol in some patients with allopurinol 
allergy (17). The drug is not approved by the Food and Drug Administration (FDA), but 
can be obtained on a compassionate-use basis. In a multicenter, randomized, double-
blind crossover trial, uric acid levels fell by 3.0 mg/dL with 300 mg of allopurinol and
2.6 mg/dL with an equimolar dose of oxypurinol (19). Hamanaka et al. studied 
lymphocyte stimulation in patients who had hypersensitivity to allopurinol and found that 
there were significant lymphoproliferative reactions to oxypurinol but not allopurinol 
(20). Thus, some patients may be allergic to both drugs.

Uricosuric drugs are also used commonly to prevent gouty arthritis. They are probably 
used less commonly than allopurinol because of the need for a divided dose schedule, 
their lack of efficacy in patients with renal insufficiency, and their slower onset of action. 
Because underexcretion of uric acid is the most common abnormality in idiopathic 
gout, these drugs are useful in many gout patients. They are most effective in patients 
with normal or near-normal renal function and should be avoided in patients with a 
history of kidney stones. Probenecid is the most commonly used uricosuric drug in 
the United States. It is given in divided doses of 0.5–3 g/d. Because of concern that 
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any flux in urate levels may precipitate an acute attack, like allopurinol, probenecid 
should be initiated after acute inflammation has resolved and given concomitantly 
with colchicine or an NSAID for several weeks. Adequate fluid intake may prevent 
nephrolithiasis. The initial dose of probenecid is typically 250 mg BID and is increased 
0.5 g every 1–2 wk until urate levels are optimized. Side effects include dyspepsia, 
hypersensitivity, and skin rash.

Sulfinpyrazone is derived from phenylbutazone and is a more potent uricosuric drug 
than probenecid. It is well absorbed. The starting dose is 50 mg twice a day and is 
adjusted up to 300–400 mg/d until the serum uric acid is normalized. Sulfinpyrazone 
has antiplatelet activity and should be used with caution in anticoagulated patients. 
In case of tophaceous gout with renal disease and allopurinol allergy, sulfinpyrazone 
may be useful. Because of its potency, uric acid crystalluria can occur. GI disturbance 
occurs in 10% of patients and the drug should be avoided in patients with peptic 
ulcer disease.

Benzbromarone is a uricosuric drug that inhibits postsecretory tubular reabsorption 
of urate and is active in the presence of renal insufficiency. It is not available in the 
United States, but is widely used in Europe. It is given in doses of 50–100 mg/d. 
Benzbromarone can also precipitate xanthine lithiasis, but is generally well tolerated. 
Recurrent but self-limited liver toxicity has also been reported. Monitoring of liver 
function is recommended as subfulminant hepatitis owing to an analog of benzbromarone 
was also reported, especially when benzbromarone is used with other benzofurans 
such as amiodarone (21).

In patients who cannot take allopurinol or uricosurics to prevent gout attacks, 
colchicine is a safe and effective alternative. It can be given at doses of 0.5–2 mg/d (22).
Colchicine does not prevent long-term complications associated with hyperuricemia 
such as urate nephropathy or tophi, because it does not have antihyperuricemic property. 
Therefore, antihyperuricemic drugs are preferable.

Patients on prophylactic therapy for gout should be regularly monitored clinically. 
Serum uric acid levels are useful for monitoring therapy in patients treated with 
antihyperuricemic agents. Serum and urinary uric acid are now measured by automated 
enzymatic method using urate oxidase. A recent study suggested that serum uric acid 
levels are mirrored in saliva and hair (23) and in the future blood drawing may not 
be necessary. The value of measuring 24-h urinary excretion of uric acid remains 
controversial, because most patients are underexcretors and most respond well to allo-
purinol. Yamanaka et al. recommends lowering serum uric acid levels to 4.6–6.6 mg/dL
by the sixth month after the initiation of an antihyperuricemic drug. Patients who 
achieved these levels had the lowest relative risk for an acute gouty attack (24).

Patients with Refractory Gout
In the patient who is refractory to usual therapy, a wide range of possibilities should 

be considered. Treatment failures can be owing to noncompliance, failure to treat or 
recognize underlying causes of hyperuricemia, and least commonly, a true lack of 
response to adequate doses of medications. Patient understanding of the recurrent nature 
of this disease and acceptance of the need for prolonged treatment is crucial.

Secondary or hereditary forms of gout should be considered in the patient who has 
premature, poorly controlled, or progressive disease despite adequate therapy. The 
onset of gout before age 30 should lead to thorough evaluation for likely enzymatic or 
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metabolic defect or secondary causes of hyperuricemia. Familial juvenile hyperuricemic 
nephropathy is an autosomal dominant disorder with high penetrance, which causes gout 
and renal failure in young patients owing to low fractional uric acid clearance. A 6-yr 
follow-up study of 31 patients from 12 kindreds showed that allopurinol 50–300 mg/d 
reduced plasma uric acid in responders by 30%. Patients with good compliance and 
GFR> 50 mL/min maintained normal or relatively stable renal function (25). Secondary 
hyperuricemia occurs in the setting of renal insufficiency, hematologic malignancies, 
chemotherapy, or diffuse psoriasis. Management of these conditions can significantly 
improve control of urate levels.

A careful history can reveal other reversible causes of resistance to therapy. The 
use of certain drugs in gout patients can precipitate or worsen attacks. Drugs such 
as alcohol, diuretics, ethambutol, pyrazinamide, levodopa, cyclosporine, theophylline 
(26), and low-dose aspirin can exacerbate hyperuricemia. Capsi et al. (27) recently 
showed that aspirin at doses of 75–325 mg/d in elderly hospitalized patients decreased 
uric acid excretion by 15% and increased serum uric acid levels. The reduction in 
creatinine clearance and daily uric acid excretion were most prominent in patients with 
low albumin levels. Danaher et al. studied the effect of 325 mg of aspirin on urate 
excretion in patients on probenecid for gouty arthritis. They found significantly decreased 
urate excretion (p < 0.05) in those who took probenecid and aspirin concomitantly 
compared to those who took aspirin 6 h after ingesting probenecid. The investigators 
recommend taking these two medications at least 6 h apart (28).

Once hereditary and secondary causes of gout are identified and urate-elevating 
factors are minimized, most patients should be controlled on standard therapy. A small 
group exists, however, who continue to have acute attacks and/or elevated serum urate 
levels with a single prophylactic drug. These patients may benefit from combination 
therapy. Colchicine is frequently used prophylactically along with allopurinol or 
probenecid in refractory patients. The combination of benzbromarone or probenecid 
and allopurinol has also been helpful in patients with a poor response to single agents. 
(29) For example, in patients with tophaceous gout, once serum urate levels were
<6 mg/dL, combined therapy with allopurinol and benzbromarone significantly reduced 
the size of tophi when compared to allopurinol alone or benzbromarone alone (30). In a 
case report of an allopurinol nonresponder who also had tophi and renal insufficiency, 
benzbromarone added to allopurinol helped to decrease serum uric acid level (31).
There is anecdotal evidence that the combination of probenecid and allopurinol may be 
helpful in patients whose gout is difficult to control (29).

Urate oxidase is a nonmammalian enzyme that converts uric acid to allantoins. 
Allantoins are 10 times more soluble than uric acid and are easily eliminated by the 
kidneys. Small studies and case reports describe the use of urate oxidase to treat short-
term hyperuricemia often in the setting of malignancy or during chemotherapy, where 
rapid cell turnover dramatically elevates urate loads. Urate oxidase has been used to 
prevent and treat hyperuricemia associated with lymphoid malignancy (32,33). Its use 
is contraindicated in patients who are pregnant, have allergies, or with G6PD deficiency. 
Serious allergic reactions ranging from urticaria to anaphylaxis have developed in some 
patients. A recombinant urate oxidase, SR29142, is now being studied for patients with 
hyperuricemia associated with malignancies in Europe and the United States (33).

Losartan is an angiotensin 2-receptor antagonist that was found to have uricosuric 
effect in a rat model of CRF (34). It increased urate clearance and decreased plasma 
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uric acid in rats, but has not been studied in humans. Finally, surgery, such as joint-
replacement surgery or removal of tophi, can be useful in managing certain problems 
in patients with chronic gout.

Gout in Transplant Patients
Transplant recipients are at high risk for gout. This increased risk is largely owing 

to cyclosporine use, but may be compounded by the concomitant use of other drugs 
including diuretics, and by renal insufficiency. Cyclosporine decreases fractional 
excretion of uric acid and causes gout in 4–11% of patients. Although particularly 
common after renal transplants, patients with heart and liver transplants also experience 
gout. Burack reported hyperuricemia in 72% of male and 81% of female cyclosporine-
treated heart or heart/lung transplant recipients. Of these patients, gout developed in 
10% of the men (35). Cyclosporine clearly accelerates the clinical course of gout. Gouty 
arthritis occurred after a mean of less than 15 yr of hyperuricemia and polyarticular 
tophaceous gout developed in half of patients within 3 yr of the first attack. In the 
pretransplant waiting period, preexisting gout should be treated aggressively.

Treatment of the transplant patient with gout is a challenge. They often have 
contraindications to NSAIDs, and are susceptible to bone marrow and neuromuscular 
toxicity of colchicine. An acute attack can be treated with systemic or local corticosteroids, 
although these patients are frequently already on these drugs. Colchicine can be used 
if necessary provided that renal function and neutrophil count are in an acceptable 
range (36). Arthrocentesis and splinting can be helpful in the acute setting. Most of 
these patients require urate-lowering therapy. Typically, transplant patients cannot take 
full-dose allopurinol because of the interaction between allopurinol and azathioprine. 
In the absence of other alternatives, the dose of azathioprine can be reduced to 25% of 
the usual dose, and low-dose allopurinol can be initiated. Blood counts must be closely 
monitored on this regimen. This increases the risk of inadequate immunosuppression 
and an azathioprine substitute may be required. Mycophenolate mofetil (MMF) inhibits 
inosine monophosphate (IMP) dehydrogenase and blocks de novo purine synthesis. It was 
used in five kidney transplant patients instead of azathioprine so that allopurinol could 
be used for recurrent acute gouty arthritis (37). After starting MMF, serum uric acid 
levels decreased within 10 wk and renal function improved. Allopurinol-related adverse 
reactions were not noted. Thioguanine may be another alternative immunosuppressant. 
Uricosuric drugs may be preferable to allopurinol in transplant recipients with adequate 
renal function (38). Although it is experimental, the enzyme urate oxidase degrades 
uric acid to allantoins and may be used as a short-term, urate-lowering agent. A 
nonrecombinant form of urate oxidase, purified from cultures of Aspergillus flavus,
has been used in transplant gout. No changes in azathioprine doses were needed in six 
heart transplant patients, on cyclosporine, azathioprine, and prednisone, treated with 
nonrecombinant urate oxidase (Uricozyme) 1000 U IM/d for 15 consecutive days (39). A 
normal serum uric acid level was maintained for 20–30 d after the last dose.

CPPD DEPOSITION DISEASE

CPPD deposition disease is commonly found in elderly patients and is caused by 
articular calcium pyrophosphate (CPPD) crystals. Affected patients often present with 
an acute arthritis clinically indistinguishable from gout (pseudogout). Alternatively, 
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they may develop severe, degenerative arthritis. Less commonly, CPPD deposition 
disease may imitate rheumatoid arthritis (RA) or neuropathic arthropathy. CPPD disease 
is rare under age of 55 yr in the absence of familial or metabolic predispositions. 
Evidence of hyperparathyroidism, hypothyroidism, hypomagnesemia, hemochromatosis, 
hemosiderosis, hypophosphatasia, and amyloidosis should be sought in the young patient 
with CPPD deposition disease (Table 6). Screening for underlying disease should include 
serum calcium, magnesium, alkaline phosphatase, ferritin, and thyroid-function tests. 
In pseudogout, patients complain of sudden onset of pain, swelling, and redness in a 
single joint. Attacks are self-limited, but typically last longer than gout. The knee joint 
is most commonly involved. In the polyarticular form of CPPD deposition disease, 
patients typically complain of chronic joint pain, which may involve the shoulders, 
wrists, MCPs and other joints not usually affected by osteoarthritis (OA). Some of these 
patients have clear attacks superimposed on their baseline disability, whereas others are 
otherwise clinically indistinguishable from osteoarthritis.

As in gout, an exam of the synovial fluid is the only way to make a definitive diagnosis 
of CPPD deposition disease. Under polarized light microscopy, CPPD crystals are 
weakly positively birefringent rhomboid-shaped crystals. These crystals may be more 
difficult to detect than MSU crystals. Consequently, even greater variability exists in 
the ability of different laboratories to accurately identify CPPD crystals. In the absence 
of a good synovial fluid exam, CPPD deposition disease is suggested by clinical and 
radiological findings. It is associated with radiologic chondrocalcinosis, defined as the 
presence of finely stippled calcifications in the articular hyaline and fibro-cartilage. 
Conventional radiographs of the pelvis, hand, and knee reveal chondrocalcinosis in only 
35% of patients with radiographic, arthroscopic, and surgical chondrocalcinosis (40).
Magnetic resonance imaging (MRI) may be more sensitive than plain radiographs for 
detecting chondrocalcinosis. On MRI images, it appears as low signal intensity using 
gradient-recalled echo (GRE) techniques (41).

Treatment of Acute Attacks of CPPD Deposition Disease
Unlike gout, our understanding of crystal formation in CPPD deposition disease 

is limited. We do know that intra-articular CPPD crystals are inflammatory and we 
can interfere with their effects using anti-inflammatory drugs. Because we do not 
understand the abnormalities that underlie the formation of CPPD crystals, we have no 
specific therapies to prevent CPPD deposition diseases (Table 7).

Acute attacks can be treated with colchicine, NSAIDs, and intra-articular or systemic 
corticosteroids. Intravenous colchicine is not as effective as in acute gouty arthritis 

Table 6
Metabolic Abnormalities Associated with CPPD

Hypomagnesemia
Hypophosphatasia
Hemochromatosis
Gout
Hyperparathyroidism
Familial hypercalciuric hypercalcemia
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but has been used successfully in case reports. In one postoperative patient with a 
polyarticular attack, an initial dose of 2 mg was followed in 24 h by an additional 1 mg 
with an excellent response (42). Oral colchicine is used clinically in acute pseudogout 
attacks but has not been well studied. Dose recommendations are similar to those used 
in gout. Similarly, NSAIDs are in common use with little data to support their efficacy. 
No single NSAID appears to be superior to any other in the treatment of pseudogout. 
Intra-articular corticosteroid injections are very useful when a single or several joints 
are involved, and these have been shown to shorten the duration of symptoms in acute 
pseudogout from 3.5 to 1.5 d (43). Triamcinolone 60 mg IM was tested in a small 
uncontrolled study for acute pseudogout and was effective. Most patients responded 
in 3–4 d after receiving the triamcinolone, and no toxicity was observed (44). This 
approach can be beneficial in patients with polyarticular involvement, contraindications 
to NSAIDs, and for physicians not skillful in joint injection. Methylprednisolone
125 mg IV (4) and parenteral ACTH have also been used in pseudogout with resolution 
of the symptoms within an average of 4.2 d. Because this is a self-limited disease and 
the attack varies in duration, controlled trials are necessary to document the efficacy 
of these treatments.

Prophylaxis of Acute Attacks in CPPD Deposition Disease
Detection and treatment of an underlying metabolic abnormality is crucial in manag-

ing premature CPPD deposition disease. Unfortunately, in hyperparathyroidism and 
hemochromatosis, treatment of the underlying condition may not improve the arthritis. 
In the typical elderly patient with idiopathic CPPD deposition disease, NSAIDs and 
colchicine (45,46) can be used to ameliorate chronic or recurrent joint symptomatology. 
Whether NSAIDs alter the frequency or severity of attacks if taken long-term is not 
known. Colchicine 0.6 mg BID was used in a prospective, controlled trial in 10 patients 
and found to decrease the number of attacks from 3.2 to 1 attack/patient/yr (47).

Although not in common use, other drugs may prove useful in reducing symptoms 
and attack frequency in CPPD deposition disease. Hydroxychloroquine (HCQ), an 
anti-inflammatory agent and probenecid, which reduce levels of a crucial component 
of CPPD crystals, have been reported to be effective in small trials of CPPD deposition 

Table 7
Treatment Options for CPPD

Acute pseudogout
Therapeutic arthrocentesis
Colchicine PO or IV
NSAIDs PO
Steroid PO, IA, IV, IM, or SC

Chronic inflammatory arthritis
Hydroxychloroquine
Probenecid
Methotrexate
MgCO3
Colchicine
Surgery
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disease. In a 6-mo, parallel group, double-blind study of chronic active inflammatory 
CPPD disease followed by a 6-mo, open-label, crossover trial for nonresponding placebo 
patients, HCQ, started at 100 mg/d and increased to a maximum of 400 mg/d, reduced 
the number of affected joints, compared to placebo. HCQ response rate was 76% 
compared to placebo 32%. Although the authors concluded that HCQ was an effective 
and safe alternative to NSAIDs in chronic inflammatory CPPD disease, further study is 
warranted (48). Probenecid was given (49) at 500 mg BID in an open study of patients 
with CPPD disease resistant to or intolerant of IA steroids, HCQ, MTX, colchicine 
or prednisone, and NSAIDs. Symptomatic relief was observed. Magnesium carbonate
30 mEq TID was studied in a small, double-blinded, placebo-controlled trial for 6 mo. A 
pronounced placebo effect was observed. Yet, patients reported the active treatments as 
better than the placebo. At the end of 6 mo, no change in the appearance of radiographic 
chondrocalcinosis was demonstrated (50).

Several hyaluronan preparations have recently been introduced in the United States 
for the intra-articular treatment of osteoarthritis. Their use in CPPD deposition disease 
is controversial. Intra-articular hyaluronan was reported to precipitate acute attacks 
of pseudogout in several case reports within hours of injection (51,52). In contrast, 
no local flares occurred in 30 knees with chondrocalcinosis treated with five weekly 
intra-articular injections of 20 mg sodium hyaluronate and followed for 6 mo (53).
Patients should be cautioned about the possibility of flare, and more experience with 
these drugs is needed.

Other potential drugs based on their effects in a laboratory model of CPPD deposi-
tion disease require further study. These include transglutaminase inhibitors (54),
phosphocitrate (55), and taxol (56).

Joint replacement has an important role in the treatment of chronic CPPD deposition 
disease in severe cases. Whether the presence of CPPD crystals in the joint at the time 
of surgery affects surgical outcome is unknown.

ARTICULAR SYNDROMES ASSOCIATED WITH BCP CRYSTALS

BCP crystals in or near joints cause calcific periarthritis and Milwaukee shoulder 
syndrome (MSS) (Table 8). Tumoral calcinosis is also produced by BCP crystals and 
usually occurs in the setting of renal disease.

Calcific periarthritis is probably the most common of the BCP-associated articular 
syndromes. In this form of periarthritis, a deposit of BCP crystals forms in a tendon 
or soft tissue near a joint. Often large joints such as the shoulder are involved. Many 
patients with such calcium deposits remain asymptomatic. However, for unknown 
reasons, some deposits can cause acute painful inflammation. These patients present 
with the sudden onset of severe joint pain. In the shoulder, the diagnosis is usually 
made on X-ray, where a radioopaque calcium deposit can be seen near the involved joint 
(57). Hydroxyapatite pseudopodagra is a term used to describe acute inflammation of 
the first metatarsophalangeal joint owing to BCP deposits. It often occurs in young 
women, where it presents with acute pain and inflammation in the great toe. A similar 
syndrome occurring in the MCPs and proximal interphalangeal joints (PIPs) has also 
been reported in young women (58). These attacks are often self-limited. Treatment 
of calcific periarthritis includes intra-lesional steroids, NSAIDs, or colchicine. In a 
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double-blind, placebo-controlled, randomized trial of 100 patients with mixed causes 
of shoulder pain including calcific tendinitis, either a lesional injection of 40 mg 
triamcinolone or 500 mg BID of Naproxen was superior to placebo, but combined 
treatment failed to add further benefit (59). There are few other studies comparing 
the efficacy of these treatments. Some patients may need surgical removal of large 
or recurrent calcific deposits.

MSS is chronic destructive arthritis of the shoulders, which occurs in elderly patients 
and is more common in women. Symptoms are variable but most patients present with 
chronic shoulder pain and limited range of motion. Affected patients may have very 
severe pain especially after use and at night. Physical examination often reveals bony 
deformities and very large effusions (hydrops). On X-ray, there is degeneration of the 
true shoulder joint with calcified soft tissues and loose bodies. Destruction of the rotator 
cuff is suggested by upward subluxation of the humeral head. MSS may also involve 
the knee joint, where it has a predilection for the lateral compartment. Joint fluid from 
involved joints is typically noninflammatory. MSS may be a difficult diagnosis to 
confirm. BCP crystals cannot be seen under ordinary polarizing light microscopy. An 
alizarin red stain may be used to visualize BCP crystals, but may nonspecifically stain 
other joint fluid particles (57). A semi-quantitative assay for BCP crystals, based on 
their ability to bind diphosphonates, is more specific than alizarin red staining, but is 
not widely available (57). Therefore, the diagnosis of MSS is often based on physical 
exam and radiologic findings.

Treatment of MSS is usually unsatisfactory and many patients go on to have very 
severe destructive arthritis. BCP crystals are less inflammatory than CPPD or urate 
crystals (57). They are, however, capable of eliciting destructive enzymes such as 
proteases and prostaglandins from synovial and cartilage cells. Their presence in the 
joint is well correlated with the severity of joint degeneration seen on radiographs 
(60). Our best hope for effective therapies for MSS lies in better understanding the 
mechanisms through which BCP crystals form and how they promote joint destruction. 
Nonspecific therapies such as NSAIDs, repeated joint aspiration with or without steroid 
injection, and decreased joint use sometimes satisfactorily control the symptoms of 
MSS. In a report of one patient with bilateral shoulder involvement owing to MSS, 
colchicine 0.6 mg BID and choline magnesium trisalicylate 1500 mg BID were used 
successfully (61). McCarthy et al. recently showed that BCP crystal-induced stimulation 
of prostaglandin E2 was dependent on COX-2 induction. These data support further 
study of the use of COX-2 inhibitors in BCP crystal-associated arthritis (62). Tidal 
irrigation and complete arthroplasty may decrease pain in patients refractory to other 
measures. Physical therapy may a useful adjunct to other therapies.

Table 8
Articular Syndromes Associated with BCP Crystals

Calcific periarthritis, tendinitis, and bursitis. Rotator cuff calcification, hydroxyapatite
pseudopodagra

BCP arthropathies: Milwaukee shoulder syndrome
Tumoral calcinosis
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SUMMARY

Effective treatment is available for the common forms of crystal arthropathies. The 
first challenge in treating these diseases is to make an accurate and firm diagnosis. 
This should be based on the presence of crystals in synovial fluid. Treatment of gout 
and CPPD deposition disease can be a challenge in elderly or ill patients. A thorough 
knowledge of the risks and toxicities of both NSAIDs and colchicine will prevent 
harm from their misuse. Intra-articular corticosteroids and pain medication are useful 
alternatives for patients unable to tolerate systemic therapy. The key to better treatment 
for crystal arthropathies lies in a deeper understanding of the pathophysiology of 
these diseases.
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INTRODUCTION

Infection may occur in bone, joints, bursae, muscle, or tendon sheaths although 
osteomyelitis, infectious arthritis, and septic bursitis are by far the commonest 
musculoskeletal infections (1,2). Varieties of microorganisms may infect joints and 
other musculoskeletal tissues including bacteria, viruses, fungi, and parasites. Most 
musculoskeletal infections result from hematogenous spread of the organism to the 
site. Staphylococcal aureus is the commonest cause of all types of musculoskeletal 
infection. The predispositions to musculoskeletal infections include penetrating trauma, 
joint-replacement surgery, joint damage from inflammatory disease, and systemic 
immunosuppression.

ACUTE BACTERIAL ARTHRITIS (SEPTIC ARTHRITIS)

Classification and Pathogenesis
Septic arthritis is a medical emergency and a cause of significant morbidity and 

mortality (3). Acute infectious arthritis is usually classified by the type of infecting 
organism (Table 1). Not all cases of bacterial joint infection lead to a purulent synovitis; 
for instance, with gonoccocal arthritis, the synovial fluid may be inflammatory, not 
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purulent and with Lyme arthritis, inflammatory fluid is the rule. Bacteria commonly 
infect the synovium through hematogenous spread from a distant site or occasionally 
directly from penetrating trauma, iatrogenic joint needling, or an adjacent osteomyelitic 
focus. Microorganisms may also lead to arthritis by indirect means, such as immune 
complex formation, molecular mimicry, or unknown mechanisms. Predispositions to 
septic arthritis are given in Table 2. Rheumatoid arthritis (RA) patients are especially 
predisposed to septic arthritis because of the systemic illness, the use of immunosup-
pressive medications, including corticosteroids, and the inflammatory joint damage. 
Polyarticular septic arthritis occurs in approx 15% of cases of septic arthritis, and 
is seen with a high prevalence in patients with RA (4). Polymicrobial infections 
occasionally occur with penetrating trauma and with joint prostheses. S. aureus is the 

Table 1
Acute Infectious Arthritis: Infecting Bacteria

Gram positive cocci:
Staphylococci - aureus, epidermidis
Streptococci - pyogenes (beta-hemolytic group A),
Other -hemolytic groups (esp B, G), pneumoniae, viridans group

Gram negative cocci:
Neisseria gonorrhoeae
Neisseria meningitidis
Other - Moraxella, Kingella, Branhamella

Gram positive bacilli:
Listeria monocytogenes
Corynebacterium pyogenes

Gram negative bacilli:
Pseudomonas aeruginosa
Serratia marcescens
Salmonella species
Hemophilus infl uenzae
Pasteurella multocida
Escherischia coli
Proteus mirabilis
Klebsiella pneumoniae
Brucella species

Anaerobes:
Propionobacterium acnes
Bacteroides fragilis
Fusobacterium necrophorum
Peptococcus and Peptostreptococcus species
Clostridium species

Spirochetes:
Borrelia burgdorferi
Treponema pallidum

Mycoplasma:
Mycoplasma hominis
Mycoplasma pneumoniae
Ureaplasma urealyticum
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most common cause of nongonococcal septic arthritis and generally occurs in joints that 
were abnormal prior to infection (arthritis, trauma, prosthesis, and surgery) (Table 3). 
In contrast, Neisseria gonorrhoeae is more likely to infect previously intact joints and 
otherwise healthy individuals or rarely those with inherited deficiency of the complement 
components of the membrane attack complex (MAC) (C5-C9) (5). S. aureus causes the 
majority of joint infections in the elderly and in patients with RA.

Bacteria in the synovial membrane induce a cellular and humoral inflammatory reac-
tion by a number of mechanisms including: release of bacterial products: lipopolysac-
charide endotoxins (gram negative organisms) or exotoxins (gram positive organisms), 
cell wall fragments, or bacterial antigens with immune complex formation. This 
leads to early cartilage loss as a result of proteoglycan breakdown. In the joint-cavity 
bacterial products activate the complement system and phagocytosing neutrophils 
release lysosomal enzymes, further enhancing the inflammation and contributing 
to tissue destruction. With ongoing untreated infection, synovial pannus is formed 
with further erosion of cartlilage and bone. An immune-mediated post-infectious 
synovitis may persist after eradication of the organism by antibiotics, probably related 
to the stimulatory effects of the intra-articular bacterial products and the release 
of neoantigens from cartilage. These infection-induced inflammatory processes in 
experimental S. aureus arthritis can be inhibited by the concomitant use of nonsteroidal, 
anti-inflammatory drugs (NSAIDs) with antibiotics and this treatment has been shown 
to lessen cartilage damage and reduce postinfectious synovitis (6). These experimental 

Table 2
Septic Arthritis: Predisposing Factors

• Old age
• Comorbidities: cancer, diabetes, chronic renal failure, chronic liver disease, RA
• Preexistent joint disease: RA, crystal disease, hemophiliac arthropathy
• Penetrating trauma
• Joint aspiration
• Prosthetic joint
• Intravenous drug use
• Immunosuppresssion

congenital: hypogammaglobulinemia, complement deficiency
acquired: AIDS, immunosuppressant medication

Table 3
Common Causes of Nongonococcal Acute Bacterial Arthritis

Approximate
Organism prevalence (%)

Staphylococcal aureus 60%
-hemolytic streptococci 15%

Gram negative bacilli 15%
Streptococcus pneumoniae 15%
Other and polymicrobial 15%
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observations await clinical studies to determine if concomitant use of NSAIDs or even 
corticosteroids with antibiotics in septic arthritis improves morbidity and prognosis.

Diagnosis
The stereotypical clinical picture of septic arthritis is an acutely painful monoarthritis 

with a red, hot swollen joint, mainly the knee, and with associated systemic symptoms 
of chills and fever and a high peripheral white blood cell count. However, atypical 
presentations are common and depend on the age (atypical in the very young and very 
old) and demographics of the patient population, the infecting organism, associated 
systemic illnesses, and coincident treatment such as immunosuppressive drugs, NSAIDs, 
or inadequate doses of antibiotics. The differential diagnosis includes crystal disease, 
trauma, and causes of acute inflammatory monoarthritis or oligoarthritis, including 
Reiter’s syndrome and juvenile rheumatoid arthritis (JRA). Infectious arthritis with 
Borrelia burgdorferi (Lyme arthritis) typically presents with an acute or subacute 
arthritis of the knee. The clinical presentations of disseminated gonoccocal infection 
(DGI) and culture results are shown in Table 4 (7). The bacteremic phase occurs in 
65–70% of patients with DGI and is characterized by fever, migratory polyarthralgia, 
tenosynovitis of the wrists, hands, ankles, or feet, and a dermatitis with scattered, usually 
painless, pustular, vesicopustular, or hemorrhagic macular lesions. Septic monoarthritis 
occurs in 30–40% of patients, most commonly involving knees, wrists, and ankles. The 
definitive diagnostic test of septic arthritis is synovial fluid aspiration for gram stain 
and culture. Synovial fluid leukocytosis is a helpful but imperfect test. Counts of over 
50,000 white blood cells/mm3 occur in 70% of patients but “pseudoseptic” fluids 
may also occasionally be seen with crystal synovitis, RA, and spondyloarthropathies. 
On the other hand, 10% of patients with proven intra-articular infections may have 
initial synovial fluid white blood cell count less than 25,000/mm3 (8). Synovial fluid 
glucose levels may be depressed (relative to serum levels), but this is neither sensitive 
nor specific enough to have diagnostic utility. Synovial fluid lactic acid, produced by 
bacteria and synovial cells, is elevated in septic arthritis but also in other inflammatory 
arthropathies. However, a normal synovial fluid lactic acid level virtually excludes septic 
arthritis. In nongonococcal septic arthritis, organisms can be seen on gram stain in 
50–70% of cases, more frequently with gram positive than gram negative infections. Syno-
vial fluid cultures generally yield positive results in over 70% of patients and blood cultures 
are positive in 50%. The use of blood culture bottles (BCB) or isolator tubes (pediatric 
BCB) may increase the frequency of bacterial isolation (9). Detection of specific bacterial 
DNA by polymerase chain reaction (PCR) is possible, especially for N. gonorrhea and
B. burgdorferi, which are often synovial fluid culture-negative (10–11). With gonococcal 
arthritis, the synovial fluid is often in the inflammatory range, with white blood cell 
counts less than 50,000, rather than frankly purulent fluid. Cultures of mucosal surfaces 
for N. gonorrhoeae—genitourinary, rectal, oropharynx—yield a higher positivity rate 
than blood or synovial fluid cultures. Thayer-Martin medium and chocolate agar are 
the culture media employed.

Imaging techniques play a limited diagnostic role in routine cases but may be helpful 
when infectious arthritis occurs in deep-seated sites such the hip, sacroiliac joints, and 
spine. Radionuclide scanning is very sensitive but not specific, however, three-phase 
technetium scanning can help to localize the process to the underlying bone when 
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there is overlying soft-tissue inflammation. Magnetic resonance imaging (MRI) may be 
especially helpful in the diagnosis of vertebral or sacral osteomyelitis.

Treatment and Outcome
The principles and specifics of treatment are summarized in Tables 5 and 6 (2,12). The 

initial antibiotic regimen, prior to culture confirmation, will depend on the clinical setting 
and results of the gram stain. In general, hospitalization and parenteral (intravenous) 
antibiotics are indicated for suspected septic arthritis. Intra-articular antibiotics are 
not used because high concentrations are achieved in infected synovial fluid during 
intravenous administration. Furthermore, direct intra-articular administration may 
lead to a “chemical” synovitis.

Coverage for S. aureus with a -lactamase-resistant penicillin (methicillin, oxacillin, 
nafcillin) or cefazolin, or vancomycin for suspected methicillin-resistant S. aureus or S. 
epidermidis, is generally indicated until definitive bacteriologic identification is made. 
Over 25% of S. aureus joint infections are methicillin-resistant (MRSA). Vancomycin-
resistant organisms can be treated with linezolid (Zyvox), although there are no studies 
of effectiveness in septic arthritis. If a gram negative organism is suspected (including 
Neisserial), then a third-generation cephalosporin, such as ceftriaxone or cefotaxime, 
or in the case of Pseudomonas aeruginosa, ceftazidime and an aminoglycoside, should 
be used. Concurrent treatment for Chlamydial infection with oral doxycycline for 7 d is 
also recommended for patients with disseminated gonococcal infections. The treatment 
of Lyme arthritis will be discussed separately. When the bacteriological diagnosis has 
not been confirmed and empirical antibiotic therapy is being employed, NSAIDs should 
be avoided in the first week so the clinical response to the antibiotic treatment can be 
assessed. Pain relief can be effected by narcotic analgesia and by joint immobilization 
during the acute phase. When signs of inflammation abate, passive followed by active 
range of motion exercises should be instituted to help prevent joint contractures.

Table 4
Disseminated Gonococcal Infection

Clinical picture Phase Culture (% positive)

Fever, polyarthralgia, Bacteremic Blood (10%)
    tenosynovitis, dermatitis  Synovial fluid (0%)
Septic arthritis Arthritic Synovial fluid (<50%)
Asymptomatic mucosal During either of above Mucosal surfaces (80%)

Table 5
Infectious Arthritis: Principles of Treatment

• Treatment with parenteral antibiotics; initial choice dependent on clinical situation
• Daily aspiration of accessible joints
• Arthroscopic lavage or open surgical drainage when required
• Monitor clinical response and synovial fluid white blood cell count and culture
• Avoid NSAIDs until diagnosis is confirmed
• Splint extremity for pain relief but institute range of motion exercises in 2–3 d
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Table 6
Infectious Arthritis: Antibiotic Therapya

Organism Antibiotic Alternative Oral drug

S. aureus Nafcillin 2 g q4h iv Cefazolin 1–2 g q8h iv Dicloxacillin, cephalexin,
S. epidermidis Ciprofloxacin-Rifampin (implants)
MRSA Vancomycin 1 g q12h iv ?Linezolid 600 mg q12h poor iv Clindamycin

(Vancomycin resistant)
Streptococcus sp. Penicillin G 2 m units q6h iv Cefazolin Penicillin V, Cephalexin
N. gonorrhoeae Ceftriaxone 1–2 g iv daily Cefotaxime 1–2 g q6–8h iv Ciprofloxacin, Cefuroxime axetil

(+ doxycycline for Chlamydia)
Gram negative bacilli Ceftriaxone 1–2 g iv daily Cefotaxime Ciprofloxacin
(depends upon susceptibility)
Ps. aeruginosa Ceftazidime 1–2 g q8h iv + Piperacillin 4–5 g q6h iv Ciprofloxacin

Gentamicin 1 mg/kg q8h iv/im + Gentamicin
B. fragilis Metronidazole Clindamycin Metronidazole, Clindamycin

Loading dose: 15 mg/kg iv
Maintenance: 7.5 mg/kg q6h iv

Other anaerobes Clindamycin 600 mg q8h iv Penicillin G Clindamycin

aAdapted from refs. 2 and 12.
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Recommendations for the optimal duration of therapy are empirical because there 
are no controlled studies to provide guidance. In general, for nongonococcal septic 
arthritis, intravenous therapy is continued for a minimum of 2 wk followed by 2–4 wk 
of oral treatment. Patients with disseminated gonococcal infection can be treated with 
parenteral antibiotics for 1 wk if started during the bacteremic phase, but generally 
2 wk for infectious monoarthritis. Penicillins and cephalosporins can be safely used 
during pregnancy. Clinical response of infectious arthritis to antibiotic treatment with 
defervescence and reduction in joint pain and erythema is usually seen within 2–3 d. 
Within 5–7 d synovial fluid white blood cell counts should have decreased by 50% and 
sterility should have been achieved.

In clinically accessible joints, such as the knee, initial closed-needle aspiration 
followed by daily or alternate-day aspirations (to remove inflammatory products and 
monitor response to treatment) is preferable to open surgical drainage because of faster 
recovery of joint mobility. However, initial arthroscopic lavage may result in more 
complete removal of inflammatory products and yield a better outcome, but this has yet 
to be confirmed. Arthrotomy with surgical drainage is generally indicated in infections 
of the hip, especially in children, in those joints that demonstrate loculated pus on 
initial aspiration, and in patients who fail to demonstrate synovial fluid response 
(decreased white blood cell count and negative culture) after 5–7 d of appropriate 
antibiotic therapy. Sterile inflammation with joint effusion may persist for many weeks 
owing to a postinfectious synovitis.

The risk factors for a poorer prognosis include older age, the presence of comorbid 
conditions, the presence of a joint prosthesis, and a longer duration of symptoms prior 
to the institution of treatment. Delay in treatment beyond 7 d leads to incomplete joint 
recovery in the majority of patients. A recent prospective analysis demonstrated that 
50% of patients had preexisting joint disease and 29% of the infected joints had synthetic 
material. Mortality was 10% and outcome was poor in 33%, especially in those patients 
who were older, or who had preexistent joint disease or joint prostheses (13).

PROSTHETIC JOINT INFECTIONS

The overall infection rate in total joint replacement is approx 1%, slightly higher 
for the knee than for the hip (14). However to put prosthetic infections in perspective, 
only 10% of all hip failures are owing to infection. Bacteria can adhere to the inert 
solid surface of the prosthetic joint, elaborate polysaccharides to form a glycocalyx, and 
coalesce to form a protective biofilm, which accounts for persistent infection despite 
antibiotic therapy and normal humoral and cellular immunity (15). This pathophysiology 
accounts for the partially suppressive effects of long-term antibiotic therapy with the 
lack of a durable response and the necessity for removal of the prosthesis to effect a 
bacteriological cure in most cases.

Early-Onset Prosthetic Infections
Early-onset infections account for 70% of all prosthetic infections and occur within 

the first 3–6 mo of joint-replacement surgery. They are related to intraoperative and 
perioperative infection and are most commonly due to S. epidermidis, S. aureus, gram 
negative bacilli, or polymicrobial infection. Risk factors for early-onset infections include 
concomitant systemic illnesses such as RA, concomitant extra-articular infections, the 
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duration of surgery and the operative procedures, and postoperative hematoma formation. 
These risks have been substantially reduced by giving prophylactic antibiotics just prior 
to surgery (e.g., cefazolin 1–2 g intravenously) and continued for 1–2 d postoperatively, 
using antibiotic-impregnated methylmethacrylate cement, and employing clean air 
systems in operating rooms. Intravenous vancomycin can be used as prophylaxis in 
hospitals with a high frequency of MRSA or for patients allergic to penicillins or 
cephalosporins. The clinical manifestations are often suggestive of infection with fever 
and joint pain and associated erythema, induration and drainage at the incision site. 
Wound cultures or joint aspiration may yield a microbiological diagnosis.

Late-Onset Prosthetic Infections
Late-onset infections are owing to bacterial seeding of the prosthesis during 

hematogenous spread. The commonest organisms are S. aureus (45%), streptococci 
(25%), gram negative bacilli (15%), coagulase-negative staphylococci (10%), and 
anaerobes (5%). Most patients with late-onset infections have a subacute or chronic 
course with joint pain as the predominant symptom. Radiographs may demonstrate 
prosthetic loosening, but it should be noted that this can occur without infection. 
More specific radiologic findings for infection are periosteal new bone formation 
and severe radiolucency at the prosthesis-bone interface. Radionuclide scanning lacks 
sensitivity and specificity. Joint-fluid aspiration and occasionally open synovial-tissue 
or bone biopsy may be needed for definitive microbiological diagnosis of late-onset 
infection.

Treatment of Prosthetic Joint Infections
Cure rates in patients with prosthetic infections using surgical debridement and 

antibiotics alone are only 20–30%, although they are higher in those with early-onset 
infection. Those with late-onset infections resulting in prosthetic loosening will require 
surgical removal in addition to antibiotics for cure. Thus, treatment of most patients 
will require removal of the prosthesis, debridement of the joint, a prolonged course 
of parenteral antibiotic therapy (6–8 wk) and subsequent reimplantation of a new 
prosthesis employing antibiotic-impregnated cement. This two-stage approach yields 
a higher success rate, but even under these conditions, the reinfection rate may be 
very high (10–30%). Initial parenteral antibiotic therapy followed by long-term, oral, 
suppressive antibiotic therapy with a cephalosporin (e.g., cefazolin) or fluoroquinolone 
(e.g., ciprofloxacin) may be needed for those unable or unwilling to undergo prosthesis 
removal. In a recent study, patients with relatively early-onset, implant-related infections 
(symptoms less than 1 yr) with S. aureus or coagulase-negative staphylococci were 
randomized to receive 3–6 mo of oral ciprofloxacin (750 mg every 12 h) with either oral 
rifampin (450 mg every 12 h) or placebo. Patients had neither clinical nor radiological 
signs of implant loosening and prior to oral therapy underwent thorough debridement 
and 2 wk of intravenous therapy with either nafcillin or vancomycin and oral placebo 
or rifampin. The implants were left in place. With a median follow up of 33 mo, 
the cure rate was about twice as high in the ciprofloxacin-rifampin compared to the 
ciprofloxacin-placebo group (16). Thus, rifampin may be valuable adjunctive therapy 
in the treatment of early-onset prosthetic joint infections where preservation of the 
prosthesis is desirable if possible.
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Although perioperative and operative preventive strategies as described previously 
have been shown to reduce infection rates, there is no scientific evidence that antibiotic 
prophylaxis is needed for patients with joint prostheses undergoing dental procedures. 
Oral infections however, should be treated promptly and appropriately. Arthrodesis 
may be necessary in those patients who are unable to have reimplantation because of 
mechanical factors in the joint.

BACTERIAL ARTHRITIS IN CHILDREN AND THE ELDERLY

The presentation of joint infection in very young children (neonates) is often subtle 
and therefore presents a diagnostic challenge, especially with septic arthritis of the hip, 
the commonest joint to be infected. Nonspecific tests such as a very elevated erythrocyte 
sedimentation rate (ESR) or C-reactive protein (CRP) provide clues to a serious 
underlying systemic problem, including infection. The coexistence of osteomyelitis 
and contiguous septic arthritis is not uncommon in children under 2 yr because of 
metaphyseal-epiphyseal interconnecting blood supply. The frequency of Hemophilus 
influenza arthritis has declined with the introduction of the conjugate vaccine in 1990.
H. influenza infections can be treated with parenteral cefuroxime (75 mg/kg/d). 
Infections of the knee, hip, and ankle account for 80% of septic arthritis in children, with 
gram positive cocci the commonest organisms. Infections of the hip require primary 
surgical decompression and drainage. Penetrating wounds of the feet can cause infectious 
arthritis or osteomyelitis, occasionally with Pseudomonas aeruginosa. Almost 50% 
of all adults with nongonococcal septic arthritis are over the age of 60. This likely 
occurs because of a high frequency of comorbid illnesses, diminished immune function 
and preexisting joint disease, including joint prostheses. Furthermore, bacteremia in 
the postoperative period is a commoner cause of septic arthritis in older than younger 
patients. Like young children, the presence of fever and leukocytosis are insensitive 
markers of septic arthritis in the elderly, but acute-phase reactants (ESR, CRP) are 
usually significantly elevated. Antibiotic dose adjustments are needed in these groups. 
Morbidity with poor functional outcome and mortality is higher in older patients.

BACTERIAL ARTHRITIS WITH OTHER CONDITIONS

Patients with long-standing, erosive, seropositive RA on corticosteroid therapy are 
particularly prone to septic arthritis and account for a disproportionately high percentage 
of cases in many series (3,13). Polyarticular involvement is common. The sources of 
infection include skin ulcers, ulcerated rheumatoid nodules, and wound infections. 
Patients may present with subacute worsening of joint complaints, mimicking active 
RA and delaying the diagnosis. Septic arthritis should be considered in any RA patient 
who develops acutely inflamed monoarthritis or oligoarthritis. Even adequately treated 
patients suffer a high recurrence rate of joint sepsis and mortality is significant (20–40%), 
especially with polyarticular infection. Prolonged treatment with oral antistaphylococcal 
antibiotics (dicloxacillin) may be required to prevent recurrences.

Intravenous drug abusers have many risk factors for septic arthritis or osteomyelitis 
including the development of soft-tissue infections and transient bacteremias, and the 
presence of serious cormorbid conditions such as hepatitis and bacterial endocarditis. 
Surprisingly, septic arthritis is relatively uncommon in patients with AIDS, whereas 
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pyomyositis has been well documented. Septic arthritis and osteomyelitis in drug abusers 
may occur with atypical organisms such as pseudomonas and other gram negative 
bacteria and at unusual sites, especially fibrocartilagenous joints (sternoclavicular, 
costochondral, symphysis pubis) and the axial skeleton (vertebral osteomyelitis, 
sacroliitis). Systemic candidiasis with costochondral or sternoclavicular joint infection 
has been described in addicts using contaminated brown heroin. Simultaneous crystal 
arthropathy, gout or pseudogout, and septic arthritis is unusual but has been described 
(17). To complicate matters, both gout and pseudogout can cause a pseudoseptic 
arthritis with fever, leukocytosis and synovial fluid white blood cell count greater 
than 50,000/mm3.

LYME DISEASE

Lyme disease (LD) is the most common vector-borne (Ixodes tick) infection in the 
United States, with 15,000 new cases reported yearly (18). It has focal endemicity 
with moderate to very high frequencies along the eastern seaboard and in parts of 
Wisconsin and Minnesota. This illness has protean manifestations including an early 
acute infection with dermatological, neurological, cardiac, and musculoskeletal features 
and a late or chronic phase with predominately arthritis in North America. There is also 
a Lyme-induced fibromyalgia-like syndrome, which may cause chronic musculoskeletal 
symptoms.

Clinical Features of LD
LD is caused by infection with the spirochete Borrelia burgdorferi (Bb). The clinical 

picture of LD can be classified in stages: early (localized or disseminated) and late. 
Early LD occurs most frequently from spring through early fall, when nymphal and 
adult ticks are abundant and feeding. Early localized disease is characterized by an 
expanding, often asymptomatic, erythematous rash (erythema migrans; EM) starting 
at the site of the tick bite. It is often accompanied by fever (usually less than 102°F) 
and a flu-like syndrome characterized by arthralgia and myalgia. These constitutional 
features may occur without EM but in highly endemic areas, EM is the most common 
presenting early feature of LD, approaching 80–90%. Early disseminated LD, related 
to hematogenous spread of Bb, is characterized predominately by involvement of any 
of three organ systems—skin, nervous system, heart—and includes disseminated EM 
lesions, facial palsy, meningitis, or radiculoneuropathy, and, rarely, heart block (of 
any degree). About 20% of patients who present with EM have a disseminated rash. 
Facial palsy may be isolated or accompanied by subtle or flagrant meningitis and may 
occasionally be bilateral. Early LD may remit spontaneously, but if untreated, over 
50% of patients develop late features, mainly arthritis or neurological involvement 
(peripheral neuropathy, encephalopathy).

Coinfection with the agent of human granulocytic ehrlichiosis (HGE), a rickettsia-like 
organism, or with Babesia microti, an intraerythrocyte microorganism, may occur with 
LD because all three microorganisms use the Ixodes tick as vector (19,20). HGE often 
presents with an acute illness with high fever, arthralgia, and myalgia. Leukopenia, 
thrombocytopenia, and high transaminases, which are not features of LD, occur quite 
commonly with HGE. HGE may be particularly severe and even fatal in the elderly. 
Thus the rare fatalities attributed to LD may have been related to coinfection. Diagnosis 
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of both HGE and Babesiosis is best performed by specific polymerase chain reaction 
(PCR) assays, although antibody testing and thick blood smear for the organisms in 
granulocytes or red cells, respectively, have also been utilized.

The rheumatic features of LD are shown in Table 7. With early LD, arthralgia and 
myalgia are common. Over 50% of patients with untreated or incompletely treated 
LD develop arthritis. Initially, this is an intermittent transient asymmetric mono- 
or oligoarthritis, appearing within weeks to months after infection. Recurrent joint 
inflammation may continue over many months, eventually settling into a persistent 
arthritis in 10% of patients, with large effusions and even Baker’s cysts, usually in one 
or both knee joints. The differential diagnosis includes JRA (children and adolescents), 
spondyloarthropathy such as Reiter’s syndrome, other causes of bacterial arthritis, and 
crystal arthritis. The synovial fluid is inflammatory and tests for LD are positive (see
below), so the diagnosis is generally not difficult, especially if a patient lives in or has 
traveled to an endemic area. Chronic arthritis, which persists after antibiotic treatment, 
may be related to local autoimmunity (21) and chronic arthralgia and myalgia to a 
post-LD syndrome (22).

Diagnosis of LD
The presence of an EM rash on a patient in an endemic area is characteristic enough 

that other tests are not needed and treatment may be instituted. Culture of Bb is 
impractical for routine diagnosis because the organism is slow-growing and it is relatively 
insensitive. The majority of synovial fluids in patients with Lyme arthritis are culture 
negative. However, the results of molecular tests for Borrelial DNA sequences by PCR 
have good sensitivity (>90%) in the synovial fluids of patients with untreated Lyme 
arthritis (11). Testing for anti-Borrelial antibodies, although an indirect diagnostic 
technique, is the mainstay of laboratory diagnosis for early and late LD (23). A two-
step approach has been recommended: a screening enzyme-linked immunosorbent 
assay (ELISA) followed, in equivocal and positive cases, by a more specific Western 
blot test. IgM Western blot testing, which suffers from significant false-positivity 
rates, is recommended within the first 4 wk of infection when true-positive results are 
more likely to occur. IgG Western blot testing, which has a very high specificity, can
be performed at any time during the course of illness but is much more likely to be 
positive with disseminated or late-stage LD. Virtually all patients with Lyme arthritis 
are IgG Western blot positive, making it an excellent diagnostic test for patients in 
a Lyme-endemic area who present with an oligoarthritis or monoarthritis. Effective 
treatment for early LD may abrogate an antibody response. Because of high variability 

Table 7
Lyme Disease: Rheumatic Features

Stage Rheumatic feature

Early Arthralgia/myalgia
Late infectious Intermittent arthritis

Chronic mono- or oligoarthritis
Late “autoimmune”- post-antibiotics Chronic monoarthritis
Late somatic - post-antibiotics Arthralgia/myalgia
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from laboratory to laboratory and time to time, serial antibody testing is inadequate as 
a measure of response to treatment.

Treatment of LD
Evidence-based guidelines for the treatment of LD have recently been published 

(24). Early localized LD (EM) is generally treated with 2–4 wk of doxycycline 100 mg 
bid or amoxicillin 500 mg tid (in children 8 yr). Doxycycline is also active against 
HGE. Patients with early disseminated or late disease are usually treated with oral 
or parenteral antibiotics depending on the severity of illness and the organ system 
involved. In general, neurological involvement is treated with intravenous ceftriaxone 
2 g daily for 4 wk. Isolated facial palsy may be treated with oral antibiotics. Carditis 
with third-degree heart block may be treated with iv antibiotics initially followed by 
oral antibiotics when the heart block reverses. Lyme arthritis may be treated with oral 
antibiotics, followed, if there is no response, by another course of antibiotics, oral or iv. 
There is no scientific evidence that more prolonged courses of antibiotics alter the course 
of Lyme disease infection. A chronic inflammatory synovitis, which is PCR-negative, 
may persist after adequate antibiotic therapy for Lyme arthritis. This may have an 
autoimmune pathogenesis and thus is generally treated with anti-inflammatory therapy 
and occasionally synovectomy (21). A small percentage of patients have persistent or 
recurrent arthralgia, myalgia, and fatigue following LD, despite adequate courses of 
antibiotics. This is often called post-LD syndrome or Lyme-induced fibromyalgia (FM) 
(22). The symptoms wax and wane but the overall course is chronic. Objective findings 
of arthritis are lacking. The treatment of these patients is supportive and symptomatic 
and includes nighttime amitriptyline or cyclobenzaprine, antidepressant therapy when 
needed, exercise programs, and coping strategies. A recent controlled trial was unable 
to detect chronic infection in these patients or to support the use of aggressive antibiotic 
therapy in its treatment (25).

Prevention of LD
Prevention of LD by the use of antibiotics for asymptomatic individuals with Ixodes 

tick bites is not recommended, except possibly if the tick is engorged, a sign of feeding 
for more than 24–48 h (26). However, a recent trial showed that one dose (200 mg) 
of doxycycline was effective in preventing LD if given within 72 h of the tick bite 
(27). Otherwise, the incidence of developing either symptomatic LD or asymptomatic 
seroconversion is very low, equaling the risk of developing a side effect from the antibiotic 
therapy. A LD vaccine, which utilizes a single recombinant protein—outer surface 
protein A (OspA)—has been proven to be safe and effective (70–80%) in clinical trials 
(28). Protective antibody levels decrease quickly after the first two vaccine injections, 
1 mo apart, and a booster injection after 1 yr is recommended. It is expected that more 
booster injections will be required to maintain a protective anti-OspA level.

ACUTE BACTERIAL INFECTIONS
OF OTHER MUSCULOSKELETAL STRUCTURES

Septic Bursitis and Tenosynovitis
Septic bursitis is a common soft-tissue infection (29). The vast majority of cases 

are post-traumatic, with transcutaneous inoculation of microorganisms into the bursa. 
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Diabetes, alcoholism, and systemic corticosteroid therapy are risk factors. Involvement 
of the olecranon and prepatellar bursae account for the majority of the cases. An 
overlying tissue inflammation or cellulitis is common. In distinction from septic arthritis 
of the elbow or knee, passive extension is full and pain free. Bursal fluid white blood 
cell counts are elevated, although lower on average than synovial fluid counts in septic 
arthritis, and the bursal fluid is not usually purulent. Inoculation of bursal fluid into 
liquid media (blood culture bottles) may increase the yield of positive cultures (30).
S. aureus is the commonest cause of septic bursitis and with streptococci account for 
over 90% of cases. Uncomplicated olecranon bursitis, with little overlying cellulitis, in 
an otherwise healthy individual may be treated with a course of oral antibiotics (e.g., 
dicloxacillin or cephalexin) and close follow-up, including repeat bursal aspirations. 
Treatment should continue until the bursal fluid is sterile, usually 7–10 d. Indications for 
parenteral therapy include an older or immunocompromised patient, an accompanying 
cellulitis or systemic symptoms, and prepatellar septic bursitis. The duration of therapy 
should be about 2 wk. Occasionally septic bursitis may require surgical drainage. An 
occasional sequela of septic bursitis is a chronically inflamed aseptic bursa, which 
is cured by bursectomy.

Acute digital flexor tenosynovitis is a true emergency, because delay in treatment 
will result in tendon necrosis. Patients almost always have a history of a cut or puncture 
wound on the palmar side of a finger or a chronic hand condition with skin ulceration, 
such as scleroderma. S. aureus and Streptococcus pyogenes are the most likely causes. 
Patients with an acutely inflamed digital tendon sheath should be referred immediately 
to a hand surgeon for appropriate drainage and irrigation as well as antibiotic therapy. 
If there is some question about the diagnosis, ultrasonography may be a useful imaging 
technique (31).

Pyomyositis
Pyomyositis is an acute bacterial infection of muscle, usually caused by S. aureus.

Although common in the tropics, it was rarely described in temperate climates until 
the advent of HIV/AIDS (32). The infection is seeded in muscle through hematogenous 
spread. Patients present with fever, constitutional symptoms, and localized muscle 
pain. The muscle is tender and indurated, not fluctuant. One or a few muscle groups 
may be involved, most commonly the quadriceps femoris. Blood cultures are rarely 
positive but cultures of the muscle aspirate usually reveal the infecting organism. The 
creatine phosphokinase levels may be normal or slightly elevated and local asymmetric 
muscle pain, not weakness, is the main clinical feature. Therefore, pyomyositis is easily 
distinguishable from inflammatory muscle diseases. The diagnosis is made by ultrasound 
which may show a fluid collection, or more definitively by computed tomography (CT) 
scan or magnetic resonance imaging (MRI), which show intramuscular inflammation 
and abscess formation. Treatment requires parenteral antibiotics and drainage of the 
abscess, if present.

Osteomyelitis
Osteomyelitis is an infection in bone characterized by progressive inflammatory 

destruction and relative resistance to medical therapy (33,34). Bacteria gain access to 
bone either through hematogenous seeding, contiguous spread of infection, or direct 
trauma (compound fractures). Otherwise healthy children are more frequently affected 
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than adults with osteomyelitis after bacteremia and it most commonly involves the 
metaphysis of the femur, tibia, and humerus. In adults, especially intravenous drug abusers 
and the elderly, hematogenous infection may involve the axial skeleton—vertebrae, 
sacrum and sacroiliac joints, symphysis pubis, clavicle and sternoclavicular joints. 
Diabetic patients with peripheral vascular insufficiency or foot ulcers are especially 
susceptible to osteomyelitis of the bones of the feet. Prosthetic joint infections as 
described earlier involve bone and joints. A microbiological diagnosis is critical for 
appropriate therapy and needle biopsy or open surgical biopsy is generally required. The 
predominate organism is S. aureus, but the clinical situation often dictates other likely 
organisms, such as Pseudomonas in intravenous drug abusers, streptococci or anerobic 
bacteria in the diabetic foot, Salmonella sp. or Streptococcus pneumoniae in sickle 
cell disease, and opportunistic infections and M. tuberculosis in immunocompromised 
patients. Imaging helps to both anatomically localize the infection and to aid in diagnosis. 
Plain radiographs may be normal, but may also show cortical destruction and periosteal 
new bone formation, a relatively specific finding. Technetium bone scanning is sensitive 
for an inflammatory process, but not specific for infection. CT scanning can identify 
the extent of bone edema, inflammation, and destruction, the presence of necrotic bone 
(sequestra), and the surrounding soft-tissue involvement. MRI is best for detection of 
spinal infection. Acute osteomyelitis, especially when caused by hematogenous spread 
and when treated early, may be cured with parenteral antibiotics alone. The principles 
of therapy are to employ the appropriate parenteral antibiotics in adults for 4–6 wk. 
For S. aureus infections, there is some evidence that a higher cure rate is obtained 
when rifampin is added to standard anti-staphylococccal regimens. Children may be 
treated with a shorter course of parenteral antibiotics followed by several weeks of oral 
therapy. Chronic osteomyelitis, by definition, is refractory to medical treatment and 
requires surgical debridement with removal of necrotic bone, in addition to appropriate 
antibiotic therapy. Therapy with fluoroquinolones, with or without rifampin, given for 
some months, has been used to suppress the symptoms and signs of chronic refractory 
osteomyelitis, as in the diabetic foot.

CHRONIC OSTEOARTICULAR INFECTIONS

Osteoarticular tuberculosis
With the advent of HIV, the incidence of tuberculosis (TB) and the frequency of 

extrapulmonary TB have risen dramatically. Skeletal TB occurs in approx 3–5% of cases 
(35). Osseous infection with M. tuberculosis typically occurs during hematogenous 
spread, either with primary infection or after many years with late reactivation. Spinal 
osteomyelitis with seeding to the vertebral bodies is the commonest skeletal manifesta-
tion of TB. Joint involvement may occur secondary to hematogenous spread or from a 
contiguous focus of tuberculous osteomyelitis. The clinical syndromes associated with 
osteoarticular TB are shown in Table 8. Although pulmonary involvement (abnormal 
chest X-ray) is found in only 30% of patients with skeletal TB, the tuberculin skin test 
is positive in almost all immunocompetent patients. Tuberculous spondylitis (Pott’s
disease) accounts for 50% of all osteoarticular TB (36). Soft-tissue extension from the 
anterior vertebral bodies with abscess formation may occur, resulting in pressure on 
neurological structures. If left untreated, cord compression with paraplegia can be the 
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outcome. However, most cold abscesses respond to chemotherapy and do not require 
surgical drainage. Tuberculous sacroiliitis can also occur.

Tuberculous arthritis usually presents as an indolent monoarthritis of a weight-
bearing joint, especially the knee, occasionally with mild constitutional features (37).
Adjacent osteomyelitis may be present. While the synovial fluid is inflammatory and 
TB cultures may be positive, the diagnosis is best made by synovial biopsy where 
histology shows a granulomatous synovitis and acid-fast stains and culture are more 
likely to be positive. Prosthetic joint infections with M. tuberculosis can rarely occur 
(38). Tuberculous osteomyelitis generally involves the long bones in adults and may be 
multifocal, especially in immunocompromised patients. Dactylitis of the metacarpals 
and phalanges owing to TB has been described mainly in children. Tenosynovitis of 
the wrists and hands can mimic other infectious as well as noninfectious causes of 
tendonitis. Poncet’s disease is a “reactive” polyarthritis, mainly hands and feet, in 
the setting of active TB, which resolves with antituberculous therapy. Treatment of 
osteoarticular TB is by combination chemotherapy, usually for 12–18 mo: isoniazid
5 mg/kg/d po to a maximum of 300 mg/d, rifampin 10 mg/kg/d po to a maximum of 
600 mg/d. Pyrazinamide 25 mg/kg/d po to a maximum of 2 g/d is also used in the 
first 2 mo (2). Articular infections with atypical mycobacteria, especially M. marinum,
M. kansasii, and M. avium intracellulare, may occur with a predominance of arthritis 
and tendonitis in the hands and wrists. Definitive diagnosis is often delayed and treatment 
usually requires combination chemotherapy and surgical debridement.

Fungal Arthritis
Fungal musculoskeletal infections, especially osteomyelitis and arthritis, often create 

diagnostic difficulties because of a lack of clinical suspicion (38). Candidal organisms 
can cause arthritis by hematogenous spread in intravenous drug abusers or in seriously 
ill, immunosuppressed, hospitalized patients with indwelling vascular lines, by direct 
intra-articular inoculation and by infection of prosthetic joints. Acute monoarthritis, 
especially of the knee, can be seen with Candida, whereas most other fungal infections 
cause an indolent chronic monoarthritis. Treatment with parenteral fluconazole is as 
effective and less nephrotoxic than amphotericin B. The optimal dose and duration of 
therapy have not been the subject of randomized controlled trials. Systemic candidiasis 
in a non-neutropenic patient is usually treated with fluconazole 400 mg poor iv daily 
or amphotericin B 0.7 mg/kg iv daily for a minimum of 2 wk. General characteristics 
of arthritis caused by other fungi including coccidioidomycosis, sporotrichosis, 
blastomycosis, cryptococcosis, and histoplasmosis are: chronic monoarthritis, mainly 

Table 8
Osteoarticular Tuberculosis: Clinical Syndromes

• Spondylitis (Pott’s disease)
• Tuberculous arthritis
• Extraspinal osteomyelitis
• Tenosynovitis
• Poncet’s disease



636 Part V / Other Rheumatic Disorders

of the knee; coexistent pulmonary and skin involvement; diagnosis best made by 
staining and culture of synovial tissue. Amphotericin B is the drug of choice for invasive 
fungal infections. It is generally given at a dose of 0.5–1.0 mg/kg/d iv. Duration of 
therapy is generally for 4–6 wk. Synovectomy may also be required. Amphotericin B 
frequently induces renal tubular injury, resulting in a lowered glomerular filtration 
rate with resulting azotemia and metabolic abnormalities, including hypokalemia, 
hypomagnesemia, and hyperchloremic acidosis. Other preparations—amphotericin 
B colloidal dispersion (ABCD) and liposomal amphotericin—appear to be effective 
antifungals with a lower risk of nephrotoxicity.

VIRAL ARTHRITIS

Although arthralgia commonly accompanies many viral infections, arthritis is a 
well-recognized feature of but a few viral illnesses (39). Table 9 lists the viruses that 
may be associated with arthritis, some commonly and others rarely. The mechanism 
of the arthritis accompanying viral infections is direct invasion for a few, immune 

Table 9
Virus Infections Associated with Arthritis

Frequency
Virus Mechanism of arthritis

Parvovirus B19 ?IM C
Rubella DI C
Alphaviruses (arboviruses) ?IM C
    Chikungunya
    O’nyong-nyong
    Ross River (epidemic polyarthritis)
    Other
Hepatitis viruses
    Hepatitis A ? U
    Hepatitis B IM C
    Hepatitis C IM U
Retroviruses
    HTLV-1 DI U
    HIV ? C
Other
    Mumps ? U
    Echoviruses ?DI U
    Varicella-Zoster ?DI U
    Epstein-Barr ?DI U
    Adenovirus ? U

DI, direct invasion-culture of virus from synovium or detection of viral 
DNA/RNA by PCR; IM, immune-mediated, viral antigen/antibody in serum 
and/or synovial fluid; C, common; U, uncommon.
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complex formation for many and unknown for some. The arthritis often occurs during 
the viral prodrome, at the time of the rash. Viral arthritis is generally characterized by 
the sudden onset of symmetrical small- and medium-joint pain and stiffness with or 
without joint swelling (RA-like), lymphocytic/monocytic joint fluids, and a self-limited, 
nondestructive course. Treatment is generally symptomatic with anti-inflammatory 
agents.
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