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Editorial introductions

Current Opinion in Rheumatology was launched in 1989. It is

one of a successful series of review journals whose unique

format is designed to provide a systematic and critical

assessment of the literature as presented in the many

primary journals. The field of rheumatology is divided

into 15 sections that are reviewed once a year. Each sec-

tion is assigned a Section Editor, a leading authority in

the area, who identifies the most important topics at that

time. Here we are pleased to introduce two of the Jour-

nal’s Section Editors for this issue.

Section Editors

George C Tsokos, MD

Dr Tsokos obtained his Medi-

cal Degree at the University

of Athens, Greece, and fin-

ished his training in Internal

Medicine at the Veterans

Administration Hospital and

Georgetown University in

Washington, D.C. After a fel-

lowships in Immunology and

Rheumatology at the National

Institutes of Health, Bethesda,

MD, he joined the staff of the

Uniformed Services University in Bethesda where he is

a Professor of Medicine and Cell/Molecular Biology, Direc-

tor of the Immunology/Rheumatology Division and Vice

Chair of for Research Programs in the Department of

Medicine. He also serves as Chief of the Department

of Cellular Injury at the Walter Reed Army Institute of

Research.

Dr Tsokos studies immune cell signaling and gene tran-

scription aberrations and mechanisms of tissue injury

in SLE. His recent contributions indicate that SLE

immune cells display unique biochemical and molecu-

lar aberrations that are responsible for increased re-

sponse to antigen/autoantigen on one hand and for

failure to produce sufficient amounts of interleukin-2

on the other. He is involved in the editorial activities of

several journals including Section Editor of the Journal

of Immunology and Associate Editor-in-Chief of Clinical

Immunology. Dr Tsokos is President-elect of the Clinical

Immunology Society and serves on the Board of Directors

of the Research Foundation of the American College of

Rheumatology.

Robert A Colbert, MD, PhD

Dr Colbert obtained his MD

and PhD degrees through

the Medical Scientist Train-

ing Program at the University

of Rochester School of Medi-

cine, and following a resi-

dency in pediatrics, trained

in Pediatric Rheumatology

at the Duke University/Uni-

versity of North Carolina pro-

gram. He joined the Division

of Rheumatology at Cin-

cinnati Children’s Hospital Medical Center and the Uni-

versity of Cincinnati College of Medicine, where he

became a tenured Associate Professor of Pediatrics in

2001 and Professor in 2005. He is an Associate Director

of the Division of Rheumatology, and also serves as As-

sociate Director of the medical school’s NIH-funded

Physician Scientist (MD/PhD) Training Program, and

directs the Pediatric Rheumatology Training Grant

(NIH T32).

Dr Colbert’s research focuses on the immunobiology of

HLA-B27 and its role in the pathogenesis of spondylo-

arthritis. Recent efforts have led to the discovery that

HLA-B27 is a very unusual allele in that it misfolds, a

property that can cause activation of a stress response

pathway known as the unfolded protein response. This

abnormal response may contribute to the well-recognized

ability of this allele to confer susceptibility to spondylo-

arthritis. He is also interested in juvenile onset spondy-

loarthritides, particularly how to improve diagnosis at

the earliest stages of disease, and defining novel methods

for predicting outcome. He is a member of the Medical

and Scientific Advisory Board of the Spondylitis Associa-

tion of America.

Dr Colbert has served on many American College of

Rheumatology (ACR) committees including a Blue

Ribbon panel to address the future of Pediatric Rheuma-

tology, and more recently the Executive Committee of



the Pediatrics Section. He is co-chairing the organizing

committee for the next North American Pediatric Rheu-

matology Meeting formerly known as the �Park City�
meeting. Dr Colbert has served on numerous national

and international grant review panels, and is currently

a member of the Arthritis, Connective Tissue and Skin

Sciences (ACTS) study section at NIH. He reviews

papers for several journals, and is an Advisory Editor

for Arthritis & Rheumatism. He received the James

R. Klinenberg Science Award from the Arthritis Founda-

tion in 1999, was an ACR/Immunex Visiting Professor in

2002, and this year was chosen as an ACR representative

for the ACR/EULAR International Academic Exchange

Program.
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In this issue a panel experts has tried to capture the major

advances that surfaced during the past year. Due to space

limitations, certain choices had to be made but we hope

that the state-of-the-art short reviews presented here will

encourage readers to seek all that has happened recently.

Immune cells from patients who have systemic autoim-

mune diseases respond to excessively available autoan-

tigen. Immune cells from patients with systemic lupus

erythematosus (SLE) have, for still unclear reasons, lost

their tolerant status. Conversely, it appears that autoan-

tigen is produced in these patients in increased rates.

Addressed in the review by Graham and Utz (pp. 513–

517) are the mechanisms that are responsible for the pro-

duction and availability of autoantigen and how and why

certain autoantigens represent prime targets for the auto-

immune response. Several antigens appear to undergo

post-translational modification during apoptosis, whereas

increased granzyme B activity during apoptosis has been

shown to be responsible for the production of distinct

autoantigens. Viruses have long been implicated in the in-

duction of autoimmunity through the so-called �molecular

mimicry� process. Herein the role of viral proteases in the

generation of autoantigens is discussed. Interferons ap-

pear to elicit the production of autoantigens whereas in-

creased rate of alternative spicing of antigens appears to

contribute to the number of available target autoantigens.

It is still difficult to understand, however, why only certain

autoantigens are selected to serve as a target of the autoim-

mune response, or conversely, why certain autoantigens

elicit an autoimmune response. Studies like those reported

by McClain et al. [1] shed light on the order of appearance

of the autoimmune response and inferentially point out the

antigens that initiate the autoimmune response.

Immune cells from patients with SLE present with dis-

tinct biochemical abnormalities. Study of the abnormal

biochemical phenotype serves a number of purposes:

helping us understand how SLE Tcells are different from

normal Tcells and define whether the SLETcell represents

an otherwise normal cell that has been stimulated or con-

ditioned to express a functional phenotype such as that of

an effector or memory Tcell. The ability of SLE Tcells to

display a heightened early cell signaling response is rem-

iniscent of that of an in-vitro generated effector cell, with

the distinct difference that although the normal effector T

cells produce sufficient amounts of interleukin-2, SLE T

cells do not produce interleukin-2 [2].

Kyttaris et al. in this issue (pp. 518–522) review some of

the most recently added biochemical defects observed in

patients with SLE and in particular how anti-CD3/T-cell

receptor antibodies present in the sera of patients

with SLE trigger the suppression of the transcription of

the interleukin-2 gene. Lack of sufficient amounts of

interleukin-2 is apparently responsible for decreased cyto-

toxic responses against cells infected with the Epstein-

Barr virus [3] and the excessive frequency of Epstein-Barr

virus-loaded cells in the peripheral blood [4]. It is inter-

esting, however, that SLE sera fail to reproduce in normal

cells a number of biochemical aberrations observed in SLE

Tcells, such as increased calcium responses and decreased

T-cell receptor z chain expression. Another interesting as-

pect of SLE sera-mediated immune cell abnormalities is

the report that DNA-containing immune complexes stim-

ulate dendritic cells through Toll-like receptor 9 [5].

We have learned much in recent years about the contribu-

tion of genes in the expression of autoimmunity in both

humans and mice. Bagavant and Fu (pp. 523–528) discuss

recent evidence supporting the role of susceptibility genes

for end-organ damage and autoreactive T cells in deter-

mining disease outcome. The authors note the complex

interactions between innate and adaptive immunity re-

sulting in end-organ damage.

Also in this issue, Croker and Kimberly (pp. 529–537) up-

date us on specific genetic variants to the SLE phenotype

from populations of different backgrounds. The authors

also discuss evidence supporting the notion of susceptibility

alleles common to multiple autoimmune conditions such

as rheumatoid arthritis, psoriasis, and autoimmune thyroid

disease. Although a single common foundation to autoim-

munity seems unlikely, some shared building blocks seem

probable. Also discussed are the epistatic interactions be-

tween susceptibility alleles that contribute to disease devel-

opment and the factors that may contribute to phenotype

severity. Approaches being developed to determine the
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genetic background of each patient, so that treatment can

be tailored to individual patients, promise hope for the fu-

ture. The fact that Fc receptor genotyping may dictate the

use of certain Fc-containing biologics is a first step in this

direction [6].

That complement is involved in the pathogenesis of sys-

temic autoimmunity has been documented. Complement

is important for the selection of the immune repertoire

and its absence has been shown to favor the propagation

of an autoimmune repertoire. Simultaneously, comple-

ment is important in the execution of tissue pathology

[7]. Karp (pp. 538–542) reviews the most recent develop-

ments in the role of complement in the expression of au-

toimmune pathology. The antiphospholipid syndrome,

a major feature of SLE, is characterized by prothrombotic

events that depend on complement activation. Heparin

was shown to be of therapeutic value in a mouse model

of antiphospholipid syndrome because of its ability to in-

hibit complement activation rather than because of its

anticoagulant activity. Karp also reviews a study demon-

strating that anti-C1q autoantibodies are pathogenic only

when C1q complexes are deposited in the kidneys. Both

studies imply that autoantibodies become pathogenic

when another factor facilitates their deposition to tissues.

Similar conclusions were reached in other studies showing

that autoantibodies deposit only in tissues that have been

conditioned by ischemia [8,9]. These studies are a start in

explaining why patients with SLE who have sufficient

quantities of circulating autoantibodies do not necessarily

have active disease and why following exposure to

a stressor these patients present with disease flare.

One of the limitations in the planning and execution of

therapeutic trials in SLE is the lack of proper disease bio-

markers to accurately diagnose and predict disease flares

and remissions [10]. Liu et al. (pp. 543–549) discuss in

a logical manner the concepts that should govern the de-

velopment of SLE biomarkers. They also introduce a new

biomarker, the presence of C4d on the surface membrane

of erythrocytes, that may serve as an accurate diagnostic

test and possible predictor of disease flares and remissions.

Sfikakis et al. in this issue (pp. 550–557) discuss the avail-

able rationale for the planning and execution of B-cell-

depleting treatment in SLE. The accumulated evidence

clearly suggests that rituximab (anti-CD20 antibody)

monotherapy or rituximab used in conjunction with a clas-

sic immunosuppressive agent can be of therapeutic value

in patients with severe disease. It appears that the short-

term data are not shadowed by severe or morbid side

effects. We have learned also that B-cell depletion does

not affect the levels of protective antibody in the short term,

although it appears to decrease the levels of autoantibody.

The data for interpretation are limited, but they suggest that

the requirements for the production of protective antibody

and autoantibody are different. Although some of the clinical

effect may be associated with the decrease in the auto-

antibody level, it appears that B-cell depletion has a profound

effect in the generation and preservation of activated Tcells

and probably in the presentation of autoantigen. It is ob-

vious that proper, controlled clinical trials are needed to

determine accurately the clinical efficacy of treatment with

B-cell-depleting biologics.

Finally, Hansen et al. (pp. 558–565) discuss recent advances
in the immunopathogenesis of Sjögren’s syndrome and

their implications in the treatment of the disease. It

has become clear that B-cell hyperreactivity and enhanced

levels of B cell activating factor of the tumor necrosis

factor family/B lymphocyte stimulator (BAFF/BlyS) play

a central role in the expression of the disease. Studies have

suggested the use of flow cytometry to detect B-cell sub-

sets, the measurement of soluble forms of cell surface

molecules, cytokines, and ligands (BAFF/BlyS) of recep-

tors as diagnostic tools. Some of these may be considered

for development as biomarkers. The information reviewed

points to a central role for B cells in the expression of the

disease and suggests the consideration of B-cell-depleting

therapies for clinical trials in patients with Sjögren’s

syndrome.
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Sources of autoantigens in systemic lupus erythematosus
Kareem L. Graham and Paul J. Utz

Purpose of review

A hallmark of systemic lupus erythematosus is the

production of autoantibodies that recognize nuclear

antigens. However, the underlying events and mechanisms

that lead to the selection of these molecules for the

autoimmune response remain poorly understood. In this

review, we will examine some of the proposed explanations

for sources of systemic lupus erythematosus-specific

autoantigens. We will focus on events related to apoptosis,

viral infection, cytokine production, innate immune

system components, and alternative splicing of pre-mRNA

transcripts.

Recent findings

Definitive proof of a viral etiology for lupus remains

elusive. However, recent observations have added to

increasing evidence that viruses contribute to the bypass

of tolerance in systemic lupus erythematosus. Also,

events associated with apoptosis —— most notably

proteolytic autoantigen cleavage by caspases and

granzyme B —— have been implicated in the initiation of

autoimmune responses for over a decade. Results

obtained from animal models and human systems

suggest complex functions for pro-apoptotic pathways in

the regulation of immune responses. Inducible antigen

expression and alternatively spliced transcripts

may represent additional ways of generating

autoantigenic material. Finally, toll-like receptor family

members may play critical roles in the induction of

antibody responses to nucleic acids in systemic

lupus erythematosus.

Summary

Several factors may contribute to the generation of

systemic lupus erythematosus-specific autoantigens.

Determining the underlying causes of autoantibody

production may provide important insight into the etiology

and pathogenesis of this disease.

Keywords

autoantibodies, autoantigen, autoimmunity, systemic lupus

erythematosus
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ANA antinuclear antibodies
CTL cytotoxic T lymphocyte
EBNA-1 Epstein——Barr virus nuclear antigen-1
EBV Epstein——Barr virus
IFNa interferon-alpha
DNA-PKCS DNA-dependent protein kinase, catalytic subunit
PARP poly (ADP-ribose) polymerase
SLE systemic lupus erythematosus
TLR toll-like receptor
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Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune

disease of unknown etiology. Like most autoimmune diseases,

the development of SLE is believed to be influencedby a com-

bination of genetic, environmental, and hormonal factors [1].

SLE is characterized by the presence of antinuclear autoanti-

bodies (ANAs), which are primarily directed against mole-

cules that have roles in important cellular processes. A

key issue in lupus is how these largely intracellular anti-

gens become targets of the autoimmune response. The

heterogeneous nature of SLE suggests that numerous fac-

tors may be involved in generating the autoantigens that

are associated with this disease. Several findings point to

a role for the pro-apoptotic protease granzyme B in break-

ing self-tolerance in SLE. It has been shown that gran-

zyme B cleaves autoantigens that are targeted across the

spectrum of human systemic autoimmune disease, produc-

ing unique autoantigen fragments that are not seen during

caspase-mediated or other forms of cell death. These

observations implicate granzyme B activity as a major con-

tributor to the generation of novel, immunogenic epit-

opes. However, a number of SLE-associated autoantigens

are inefficiently cleaved by granzyme B, indicating a possi-

ble role for other mechanisms. Although a viral etiology

has been proposed for SLE and many other autoimmune

diseases, formal proof of a viral origin for any autoimmune

disorder remains difficult to establish. In this article, we

will examine some of the prevailing hypotheses on the ori-

gins of autoantigens in SLE. We will focus on the role of

proteolytic autoantigen cleavage by granzyme B, as well as

two proposed mechanisms of virus-induced autoimmunity.

We will also discuss the implications of inducible autoan-

tigen expression, alternative splicing of autoantigen mRNA

transcripts, and activation of toll-like receptor (TLR) fam-

ily members (Table 1).

Apoptosis and autoimmunity
Apoptosis, or programmed cell death, is critical for im-

mune system homeostasis and embryonic development,
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and its morphologic and biochemical properties have been

well-defined [2]. The link between apoptosis and autoim-

munity has been widely studied, and several observations

support a role for programmed cell death in inciting or

propagating autoimmune disease. Ultraviolet irradiation –

a common method of inducing apoptosis – results in the

redistribution of lupus-associated autoantigens to the cell

surface of cultured keratinocytes, where these antigens

can then be recognized by human lupus sera, and presum-

ably also by Tand B cells [3,4]. In addition, immunization

with apoptotic cells induces autoantibody production and

glomerular IgG deposition in normal mice [5]. Numerous

mechanisms have been proposed to explain how pro-

grammed cell death may contribute to the breakdown

of immune tolerance. Excessive apoptosis in SLE patients

may liberate DNA, histones, and other intracellular anti-

gens that drive the autoimmune response [6]. Defects in

the clearance of apoptotic debris may promote the release

of antigens that are normally sequestered. These seques-

tered antigens may, in turn, trigger autoimmune responses

[7]. The reduced phagocytic ability of macrophages derived

from diseased lupusmice further supports a role for apopto-

tic cell removal in the progression of disease [8].

Notably, many lupus-associated autoantigens are post-

translationally modified during apoptosis. Examples in-

clude the La antigen which is dephosphorylated [9],

and vimentin, which undergoes citrullination [10]. Thus,

posttranslational modifications that occur during pro-

grammed cell death may allow these antigens to subvert

normal mechanisms of peripheral tolerance, contributing

to the immunogenicity of certain self-proteins in SLE

(reviewed in [11]).

Proteolytic autoantigen cleavage
by granzyme B
Proteolytic cleavage is an important component of amyriad

of processes, including antigen processing and presenta-

tion [12] and regulation of cell signaling [13]. Caspases –

cysteine proteases that cleave substrates immediately af-

ter aspartic acid residues – are the key effector molecules

of apoptosis [14], and a small subset of lupus-associated

autoantigens is cleaved by caspases during apoptosis.

Examples include poly (ADP-ribose) polymerase (PARP)

and the catalytic subunit of DNA-dependent protein ki-

nase (DNA-PKCS), two autoantigens that play critical

roles in DNA repair. It has been proposed that cleavage

of these and other proteins may serve to abolish essential

homeostatic activities and insure faithful execution of the

apoptotic program [15]. However, proteolytic autoantigen

cleavage may also serve as a general mechanism for the ini-

tiation of autoimmunity.

Engagement of the appropriate T lymphocyte or natural

killer cell receptor triggers the release of cytotoxic gran-

ules. These granules contain perforin, a pore-forming pro-

tein, and serine proteases known as granzymes. Several

granzymes have been identified, with granzymes A and B

being the most abundant in mice and humans [16]. Gran-

zyme B has been implicated in rapid induction of apoptosis,

while granzyme A seems to play a more critical role in the

later stages of programmed cell death [17–19]. Granzyme B

cleaves directly after aspartic acid residues (similar to cas-

pases), and is capable of activating caspase-dependent and

caspase-independent pathways of cell death [16].

Casciola-Rosen et al. analyzed in detail the interaction of

several autoantigens with granzyme B [20,21]. Although

most of these autoantigens are also cleaved by one or more

caspases, but incubation with granzyme B generates unique

protein fragments that are not seen during caspase-mediated

forms of cell death [21]. Importantly, ‘non-autoantigens’ do

not appear to be substrates for granzyme B. Also, the tissue

where an autoantigen is expressed may influence its suscep-

tibility to proteolysis [22].

In support of a role for granzyme B in triggering autoim-

mune responses, it has been reported that human anti-cen-

tromere protein B autoantibodies selectively bind granzyme

B-generated autoantigen fragments [23]. In addition, stud-

ies performed by Blanco et al. suggest that CD8+ cytotoxic

T lymphocyte (CTL) effector status correlates with SLE

disease activity. CD8+ CTLs isolated from SLE patients

generated unique granzyme B-dependent autoantigen

Table 1. Possible sources of SLE-associated autoantigens

Event Comments References

Proteolytic
autoantigen
cleavage
(granzyme B)

Attention has focused
on the role of granzyme B
in cryptic epitope generation,
although other proteases
(granzyme A, caspases,
cathepsins, etc.) may
participate in this process.

[20——25]

Environmental
triggers
(viruses)

Viruses may contribute
to autoimmune responses
in many ways, including
(but not limited to) mimicry
of host antigens, and direct
modification of host
proteins.

[30,31,36——38]

IFNa-inducible
autoantigen
expression

Other cytokines and conditions
may also promote expression
of ‘novel’ or ‘untolerized’
forms of self-antigens.

[46]

Alternative
mRNA
splicing

Autoantigen transcripts
undergo noncanonical
alternative splicing at
high frequency.

[47]

Activation
of TLR
components

Chromatin has been
implicated as an
endogenous ligand for
TLR9 on B cells,
providing a possible
explanation for
autoantibodies directed
against nucleic acids.

[49——51]

SLE, systemic lupus erythematosus; TLR, toll-like receptor.
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fragments upon incubation with K562 human erythroleu-

kemia cells [24]. These results suggest a pathogenic role

for granzyme B in SLE. However, granzyme B is not re-

quired for the initiation of autoantibody responses after im-

munization with the mineral oil pristane. In the pristane-

induced model of SLE, granzyme B-deficient mice produce

autoantibodies to the U1-70 kDa antigen, a well-character-

ized unique substrate for granzyme B. Pristane-primed mice

also produce antibodies to the nuclear factor 90 antigen,

a novel substrate for granzyme B [25]. Differences between

mouse and human enzymes and autoantigens may reconcile

these seemingly disparate findings. Also, the pristane-in-

duced pathway of lupus may differ from human disease,

as the mechanism whereby pristane triggers lupus-like au-

toimmunity remains unknown. It is also unclear whether

this mineral oil induces activation of the perforin/granzyme

pathway. However, immunization with squalene, a precursor

of cholesterol, has been shown to induce lupus autoanti-

bodies in mice. These observations suggest that the ability

to stimulate autoimmunity is shared by chemically diverse

hydrocarbon oils, and indicate that the pristane model is of

some physiologic relevance [26]. In addition, the observa-

tion that CD4+ regulatory Tcells can use the perforin path-

way to kill autologous target cells suggests a regulatory role

for cytotoxic granule components in humans [27••]. To-
gether, the data indicate that perforin and granzyme B have

complex roles in regulating immune responses.

Molecular mimicry in systemic
lupus erythematosus
Many diseases that are characterized by autoimmune phe-

nomena may actually be infectious in nature. In support of

this view, viral infections are associated with a variety of

autoimmune conditions, including multiple sclerosis and

type I diabetes [28]. However, the mechanisms responsible

for virus-induced autoimmunity remain poorly understood.

Molecular mimicry – defined as cross-reactivity between

microbial and self-determinants recognized by the adap-

tive immune system – is perhaps the most popular expla-

nation for the clinical association betweenmicrobial infection

and autoimmune disease [28]. Epstein–Barr (EBV) virus

infection has long been linked with SLE [29]; however,

the significance of this association has not been entirely

clear. Previously, James and Harley et al. have noted sim-

ilarity between a region of the EBV nuclear antigen-1

(EBNA-1) and an epitope of the Sm-BB# autoantigen.

Immunization of rabbits with the Sm-BB-derived PPPGM

RPP and PPPGIRGP octapeptides, which resemble the

PPPGRRP epitope of EBNA-1, induced autoantibodies

to other regions of the Sm-BB# protein, as well as epitope
spreading to other spliceosomal components [30]. Recently,

a potential role for EBV-induced molecular mimicry in the

initiation of SLE has been reexamined. In an elegant

study, McClain et al. analyzed serum samples collected from

lupus patients prior to their diagnosis with clinical disease.

These authors determined that antibodies directed against

the initial epitope of the human Ro-60-kDa (Ro-60) auto-

antigen directly cross-react with a region of EBNA-1. In-

terestingly, the initial Ro-60 epitope shares no primary

sequence homology with the EBNA-1 linear epitope. Rab-

bits immunized with the first epitope of Ro-60 or the

cross-reactive EBNA-1 epitope developed autoantibodies

directed against multiple epitopes of Ro and spliceosomal

autoantigens, and eventually developed clinical symptoms

of lupus [31••].

Taken together, these observations provide strong support

for the hypothesis that anti-Ro-60 and anti-Sm-BB# autoan-
tibodies in human lupus arise through molecular mimicry.

However, this hypothesis would only account for autoanti-

bodies seen in a subset of SLE patients [32•]. There may

be other cross-reactive regions in EBNA-1 or different EBV

proteins that are involved in triggering SLE. Furthermore,

EBV is extremely prevalent, with more than 90% of the

world’s population presumed to serve as carriers [33].

Therefore, other factors – genetic, hormonal, environmen-

tal, or stochastic – must play a role in EBV-induced autoim-

mune responses. Other viruses may also promote SLE.

Viral proteases
Other mechanisms for virus-induced autoimmunity have

been proposed, including presentation of virus/self-protein

complexes to autoreactive lymphocytes [34] and bystander

activation [35]. In addition, the phenomenon of autoan-

tigen cleavage by viral proteases may represent another

relevant mechanism for virally induced autoimmunity.

An important event in the life cycle of many viruses is the

interaction of virus-encoded proteases with host cell pro-

teins. This can result in site-specific cleavage of molecules

that have pivotal roles in host cell metabolism, thereby

promoting viral replication and viral release from infected

cells. In addition to inhibiting host cell transcription and

translation, proteolytic cleavage of host proteins by viral

proteases may have another consequence: the generation

of novel self-epitopes that can trigger autoimmune responses.

Importantly, such a scenario would not exclude bystander

activation, molecular mimicry, or other potentially valid

mechanisms.

To date, a limited number of autoantigens have been iden-

tified as substrates for viral proteases. These include his-

tone H3, a substrate for a foot-and-mouth disease virus

protease [36], as well as the La antigen, which is cleaved

by the poliovirus 3C protease [37]. Recently, we have

shown that DNA-PKCS is cleaved by a picornavirus 2A pro-

tease [38], indicating that viral proteases may contribute

to the generation of novel autoantigenic epitopes. More-

comprehensive screens may identify additional substrates

for viral proteases. However, the immunogenicity of these

protease-generated cleavage fragments must be formally
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determined. As a corollary to this, a number of important

substrates for viral proteases – such as poly (A) binding

protein and TATA-binding protein – have not been iden-

tified as autoantigens in human disease. Therefore, the

precise contribution of autoantigen cleavage by viral pro-

teases to the bypass of self-tolerance remains to be estab-

lished. The current data suggest that virus-induced

autoimmune responses are likely to result from interplay

between several factors. These may include molecular

mimicry, novel epitope generation by viral proteases, and

the proinflammatory conditions that are associated with vi-

ral infection. Similarly, granzymes are expressed by cells

that have important roles in controlling viruses and tumors.

Autoimmunity arising as a result of granzyme B activity

may stem from a legitimate immune response to a microbe,

malignancy, or some other insult.

Inducible autoantigens and
alternative splicing
Microarray analysis of blood mononuclear cells derived

from SLE patients has identified an interferon biosigna-

ture. This biosignature is characterized by the presence

of elevated transcripts for interferon-inducible genes [39,40].

In particular, there is considerable literature supporting

a major pathogenic role for type I interferons such as in-

terferon-alpha (IFNa) (reviewed in [41•]). Notably, IFNa

has been shown to induce dendritic cell differentiation [42],

and plasmacytoid dendritic cell (pDC) production of IFNa

has been implicated in the activation of plasma cells [43].

Observations from several other groups have also focused

attention on IFNa as a central regulator of SLE. However,

the role of type I interferons in murine lupus models is

somewhat controversial. NZB mice lacking the a-chain

of the IFNa/b receptor develop less severe clinical dis-

ease than their wild-type counterparts [44]. Conversely,

deficiency in this same subunit exacerbates disease in

the MRL/lpr model of lupus nephritis [45]. It has been

shown that some of the autoantigens targeted by autoanti-

bodies in a transgenic murine lupus model are IFNa-

inducible [46]. These results suggest that some self-

antigens may be selected for autoimmune responses when

their expression is induced by specific cytokines or condi-

tions in the periphery.

Recent studies have also implicated a role for transcript

splicing in the initiation of SLE and other autoimmune

diseases [47••]. Ng et al. noted that autoantigen tran-

scripts undergo alternative splicing at greater frequency

than transcripts of non-autoantigens. These alternatively

spliced isoforms may encode novel (‘untolerized’) epit-

opes that are not expressed in central lymphoid organs.

The events that regulate expression of these untolerized

isoforms remain to be determined. It is also unclear

whether the proteins encoded by alternatively spliced

transcripts are preferentially recognized by autoimmune

sera or autoreactive T lymphocytes. However, these obser-

vations suggest yet another intriguing potential source of

autoantigens in SLE.

Immunongenecity of nucleic acids
Members of the mammalian TLR gene family are involved

in the recognition of various microbial components and

products. Most TLRs are located on the plasma

membrane; however, activation of TLR9 takes place in

intracellular compartments [48]. TLR9 is engaged by

hypomethylated CpG motifs, commonly found in bacte-

rial DNA. However, co-engagement of the B cell receptor

(BCR) and TLR9 by mammalian chromatin-containing

immune complexes may play a pivotal role in the activa-

tion of autoreactive B cells [49]. Recently, chromatin (not

bound by antibody) has been implicated as an endogenous

ligand for TLR9. In this model, chromatin (released from

apoptotic cells, for example) sequentially engages the

BCR and TLR9. This leads to activation of chromatin-

reactive B cells and eventual formation of chromatin-

containing immune complexes. These immune complexes

may further activate B cells, dendritic cells, and pDCs,

thus providing a link between the innate and adaptive im-

mune systems in the production of anti-DNA antibodies

[50]. Mechanisms that may be involved in rendering

mammalian chromatin immunogenic have been described

[51]. Future studies may implicate other TLRs (e.g.

TLRs 3, 7, and 8) in the development of autoantibodies

to RNA and RNA-associated complexes.

Conclusion
Studies aimed at uncovering mechanisms involved in SLE

pathogenesis are complicated by the incredibly diverse na-

ture of the disease. It appears that no single gene is neces-

sary or sufficient for complete disease expression, and the

role of specific environmental contributions is difficult to

pinpoint. There is a tremendous need to clarify the relative

importance of the factors involved in the initiation of SLE.

Doing so may facilitate the development of rational preven-

tive and therapeutic approaches in the clinical setting.
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Immune cells and cytokines in systemic lupus erythematosus:

an update
Vasileios C. Kyttarisa,b,c, Yuang-Taung Juanga,b and George C. Tsokosa,b

Purpose of review

Systemic lupus erythematosus is characterized

by overactive B cells that differentiate into

autoantibody-forming cells, aberrant T cell function that

provides help to B cells, and the production of

pro-inflammatory cytokines. This article reviews recent

studies unraveling the complex interplay between cytokines

and lymphocytes in systemic lupus erythematosus.

Recent findings

In systemic lupus erythematosus, T cells are characterized by

heightened calcium responses early after activation of their

surface receptor. Alterations of the T cell receptor/CD3

complex, namely the substitution of the FceRg for the T cell

receptor z chain, and increased mitochondrial potentials

can account for this ‘overexcitable’ phenotype. At the same

time, this heightened calcium signal leads to a block of the

transcription of the IL-2 gene, a pivotal cytokine for the

immune response. The end result is increased spontaneous

apoptosis and decreased activation-induced cell death of

T cells in systemic lupus erythematosus that in turn leads

to enhanced help to B cells and potentially decreased

regulatory function. The B cells, on the other hand, are

shown to be directly activated by immune complexes by

way of Toll-like receptors independently of T cells. Finally,

recent studies have tried to elucidate the role of cytokines

such as interferon-a in systemic lupus erythematosus and,

following the paradigm of rheumatoid arthritis, to establish

targets for treatment.

Summary

The increased apoptosis and aberrant T cell activation

coupled with nonspecific activation of B cells lead to the

production of auto-antigen: auto-antibody complexes that

are the hallmark of systemic lupus erythematosus. Future

treatments aiming at correcting the intracellular and intercellular

signaling abnormalities may prove effective in restoring

immune tolerance in systemic lupus erythematosus.
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Introduction
Although the exact events leading to the break of toler-

ance in systemic lupus erythematosus (SLE) are unknown,

innovative studies have helped us understand the immu-

nologic aberrancies in SLE. SLE is characterized by exag-

gerated B cell responses that lead to the production of an

array of autoantibodies, mainly against nuclear material.

These responses are initiated, propagated, or both by

activated immune cells (T cells, dendritic cells) and sol-

uble mediators (pro-inflammatory cytokines, chemokines).

Herein,we review recent key studies analyzing the intra-

cellular and intercellular immune system signaling in SLE.

T cells
T cells in SLE exhibit increased spontaneous apoptosis

and at the same time impaired activation and activation-

induced cell death (AICD) [1,2]. Intracellular events fol-

lowing the engagement of the Tcell receptor (TCR)/CD3

complex with the antigen—major histocompatibility com-

plex lead to this distinct phenotype. In particular, SLE

T cells exhibit exaggerated initial calcium influx, aberrant

tyrosine phosphorylation, and heightened mitochondrial

potentials following the activation of the TCR/CD3

complex [3,4].

The exaggerated calcium response upon engagement of

the Tcell receptor (TCR) is thought to be due to the sub-

stitution of the FceRg for the z chain in the TCR/CD3

complex [5]. Decreased transcription of the TCRz chain
gene is in part responsible for the decreased amount of

z chain; this mechanism, though, cannot fully account for

this decrease [6]. Another hypothesis tested by Chowdhury

et al. [7•] is that the stability of TCR z chain mRNA in

SLE T cells is decreased. Indeed, the investigators found

that T cells from SLE patients predominantly express an

alternatively spliced z chain mRNA that lacks nucleo-

tides 672 to 1233 within exon VIII at the 3# untranslated

terminal region (3#-UTR). This 3#-UTR AS mRNA is

translated into the 16kDa z chain molecule at a decreased
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rate, as shown in both live COS7 cells and in-vitro experi-

ments. In a complimentary study by Tsuzaka et al. [8],

MA5.8 cells that are deficient in z chain protein were

transfected with either the wild-type or a 3#-UTR alter-

natively spliced z chain mRNA. The cells transfected with

the 3#-UTR alternatively spliced z chain mRNA showed

lower expression of TCR/CD3 complex than those trans-

fected with the wild-type z chain mRNA. When anti-CD3

antibody was used to activate these cells, interleukin-2

production was lower in the cells transfected with the

3#-UTR alternatively spliced z chain mRNA than in

the ones transfected with the wild-type z chain mRNA.

The findings of these two studies suggest that mutations

within the 3#-UTR region of the z chain mRNA have sig-

nificant effect on the stability of the molecule and its sub-

sequent translation.

Despite the exaggerated calcium responses, the SLE

T cells do not produce sufficient amounts of interleukin-2

upon stimulation [9]. The mechanism behind the decrease

in the production of interleukin-2, a crucial cytokine for

the stimulation, growth, and eventual AICD of T cells,

was explored in a study by Juang et al. [10••] (Fig. 1a).

In this study, serum from patients with SLE but not from

control individuals was shown to induce the binding of the

transcription repressor CREM at the -180 site of the IL-2
promoter in Tcells from normal individuals. This serologic

effect resides within the IgG fraction of the serum and

is due to anti-TCR/CD3 auto-antibodies. The effect of

these auto-antibodies on normal T cells is mediated by

Ca2+/calmodulin-dependent kinase IV (CaMKIV). Block-

ing CaMKIV abrogates the effect of SLE serum on normal

T cells, proving the pivotal role of this kinase in T cell

function in SLE.

A different paradigm was observed in lupus-prone Fas-intact

MRL (MRL/+Fas-lpr) mice [11•]. Naı̈ve CD4+ T cells

from these mice show a lower threshold of excitation when

stimulated with anti-CD3 and anti-CD28 antibodies,

and a hyperexcitable phenotype with high calcium influx,

similar to Tcells from humans with SLE. The interleukin-2

production, though, is high in this lupus model in contrast

to the depressed interleukin-2 production in human SLE.

The differences between the human disease and this

mouse model could be attributed to the expression of

transcription repressors such as CREM in the human

SLE T cell.

T cells from patients with SLE exhibit, for unknown rea-

sons, a characteristically persistent mitochondrial hyper-

polarization upon TCR–antigen interaction, a key event

for the T cell activation and AICD [3]. Nitric oxide, a small

signaling molecule that can influence mitochondrial hy-

perpolarization, is the focus of a study by Nagy et al.
[12•]. In this study, T cells from patients with SLE were

shown to have higher mitochondrial mass and number

than control individuals as well as higher concentrations

of intracytoplasmic and intramitochondrial calcium. Nitric

oxide production by monocytes from the same patients cor-

related with the mitochondrial mass. In addition, enhance-

ment in mitochondrial biogenesis in normal T cells with

nitric oxide induced a signaling profile similar to that of

SLE (i.e. heightened calcium concentration early upon ac-

tivation of the cell through TCR). This study provides an-

other important mechanism for the heightened calcium

mediated signaling in SLE.

A signaling abnormality that leads to increased spontane-

ous apoptosis of a unique subset of T cells, the natural

killer T cells, was the focus of a report by Tao et al.
[13•]. The investigators report that natural killer T cells

have decreased amounts of the adhesion molecule

CD226 and also decreased amounts of the cell survival

molecule survinin that make these cells particularly prone

to CD95-mediated apoptosis; these findings are more pro-

nounced in patients with active SLE and can help explain

Figure 1. The effect of lupus serum on lymphocytes

(a) Anti-T cell receptor (TCR) auto-antibodies in
lupus serum cause the translocation of
Ca2+/calmodulin-dependent kinase IV (CaMKIV)
to the nucleus of the cell that in turn increases the
binding of the transcriptional repressor CREM on
the IL-2 promoter, leading to a decrease in the
production of interleulkin-2 (IL-2). (b) DNA
containing immune complexes after binding to the
FcRg are internalized by plasmacytoid dendritic cell
(PDC) lysosomes that contain Toll-like receptor 9
(TLR9). Interaction of DNA with TLR9 leads to
activation of the PDC and secretion of
pro-inflammatory cytokines such as interferon-a
(IFN-a) (shown here) and IL-8.
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the observed decrease in the number of natural killer

T cells in these patients. Given that natural killer T cells

can play a role as regulatory T cells, the authors hypothe-

sized that as their numbers decline as a result of increased

apoptosis, autoreactive T cells are left unregulated, lead-

ing to disease exacerbation [14].

In SLE, T cells are also characterized by hypomethylation

of DNA in the context of CpG dinucleotides, which is

thought to contribute to their overexcitable phenotype

by upregulating pro-inflammatory cytokines and adhesion

molecules [15]. In a study that examined the methylation

status of the perforin gene promoter, CD4+ cells but not

CD8+ cells from patients with SLE were shown to have

hypomethylated perforin promoter and higher perforin ex-

pression [16•]. Both hypomethylation of the promoter and

protein expression were more pronounced in patients with

active SLE. Perforin expression on CD4+ cells was shown

in the same study to mediate the CD4-induced mono-

cytes/macrophage killing; this in turn can lead to decreased

clearance of the apoptotic material by the reticuloendo-

thelial system that is a hallmark of SLE. The same group

has also evaluated the effect of hypomethylation on the

T cell–B cell interaction [17•]. Normal T cells treated with

a methylation inhibitor upregulated the surface molecule

CD70. These T cells stimulated the production of immu-

noglobulin G (IgG) when cocultured with B cells, and this

effect was attenuated when anti-CD70 antibody was

added. These findings help explain the mechanisms of

medication-induced lupus and provide significant insight

into the pathophysiology of SLE.

B cells
Although the Tcell–B cell interaction is important for the

production of high-affinity auto-antibodies such as the

IgG anti-dsDNA antibody, there is accumulating evidence

that B cells can be activated directly by immune com-

plexes [14,18].

Marginal zone B cells possess Toll-like receptor-9 that rec-

ognizes hypomethylated CpG motifs on microbial DNA

and by doing so induces the production of IgM antibodies.

This T cell–independent antibody production is essential

for the immune response against microorganisms in the first

days of an infection. He et al. [19•] reported that the CpG

DNA–Toll-like receptor-9 interaction in co-operation with

interleukin-10 initiated class switching in naı̈ve B cells;

subsequent activation of the B cell by way of B cell recep-

tor cross-linking or BAFF (a cytokine produced by den-

dritic cells in response to CpG DNA inducible cytokines,

such as IFN-a) leads to production of Tcell–independent

IgG antibodies. This novel mechanism of Tcell–independent

IgG antibody production may be of particular impor-

tance in the production of high-affinity pathogenic auto-

antibodies in SLE, a disease characterized by high levels

of both interleukin-10 and BAFF [20,21].

Cytokines
In recent years, treatments aiming specifically at blocking

pro-inflammatory cytokines such as tumor necrosis factor

(TNF) have resulted in significant clinical improvement

in patients with autoimmune diseases such as Crohn’s co-

litis and rheumatoid arthritis [22,23]. Although the cyto-

kine milieu is clearly altered in SLE, a ‘signature’ cytokine

that can be specifically targeted in SLE remains elusive.

Interferons

Interest in interferons has been renewed recently after

the finding that interferon-inducible genes were upregu-

lated in peripheral blood mononuclear cells (PBMC) from

patients with SLE [24]. This ‘interferon signature’ in

gene expression in SLE was primarily seen in active lupus

patients who also tended to have more severe disease

manifestations such as brain and kidney involvement. In-

terestingly, direct measurement of interferon in the serum

of these patients did not show any difference between

patients with SLE and control individuals.

Searching for the specific interferon that is responsible for

the up-regulation of the interferon inducible genes in

SLE, investigators reported that interferon-a but not

interferon-g is the instigating factor for the ‘interferon sig-

nature’ in SLE [25•]. The authors found that the levels

of mRNA transcribed from genes that are inducible by

interferon-a were significantly higher in SLE PBMC than

in control PBMC. By contrast, the levels of mRNA from

interferon-g inducible genes did not differ between

SLE and control PBMC. The authors furthermore

showed that plasma from patients with SLE up-regulates

interferon-a inducible genes in normal PBMC.

Building on previous studies, Lovgren et al. [26•] showed

that material from apoptotic or necrotic U937 cells, when

combined with IgG from patients with SLE, induces the

production of interferon-a from purified plasmacytoid

dendritic cells. A similar effect was seen when necrotic

but not apoptotic PBMC were used in lieu of U937 cells.

The IgG from SLE patients was essential for this effect,

suggesting that the increase in interferon-a production

is caused by the presence of immune complexes con-

taining apoptotic or necrotic material and auto-antibodies.

These results are complemented by a study of the effect

of purified non-protein–containing immune complexes

from patients with SLE (Fig. 1b) [27••]. The investigators

showed that DNA containing immune complexes can

activate plasmacytoid dendritic cells (PDC) to produce

interferon-a and interleukin-8. The effect of immune

complexes on PDC was mediated though cooperation of

Toll-like receptor-9 with the FcRgIIa (CD32). The ac-

tivated PDC were able to produce many other cytokines

and chemokines that can activate immature dendritic
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cells, monocytes, and T cells but not B cells. These find-

ings suggest a link between the apoptosis caused by envi-

ronmental factors (such as infection or ultraviolet light),

the decreased clearance of apoptotic material in SLE,

and the stimulation of plasmacytoid dendritic cells to pro-

duce interferon-a.

Tumor necrosis factor-a

This pleiotropic pro-inflammatory cytokine has been

shown to contribute significantly to the pathogenesis of

various autoimmune diseases. Its role in SLE, though, is

unclear given that TNF-a levels are similar in SLE pa-

tients and control individuals. Low overall production of

TNF-a may be contributing to the decrease in AICD

that is characteristic of SLE, whereas local production of

TNF-a due to environmental factors (infection, ultravio-

let light) may be contributing to triggering of disease exac-

erbations [1]. In particular, ultraviolet light-B, a known

cause of disease exacerbation, is shown to trigger TNF-a

production in the skin. A study that examined the effect

of TNF-a on the skin showed that TNF-a up-regulates

the expression of the 52kd Ro/SSA protein and mRNA

in keratinocytes, an effect mediated via the TNF receptor

I [28•]. 52kd Ro/SSA protein is expressed on apoptotic

bodies, and anti-Ro antibodies have been associated with

cutaneous lupus. Taking these findings together, one can

hypothesize that TNF-a plays a role in the pathogenesis

of cutaneous lupus in patients with anti-Ro antibodies.

Interleukin-10

Interleukin 10, known to be increased in the sera of SLE

patients, is thought to be an anti-inflammatory cytokine.

In a study by Sharif et al. [29•], its role in conditions of

interferon-a priming of cells was explored. The investiga-

tors showed that interleukin-10 has a different effect on

human macrophages depending on whether the cells

had been primed with interferon-a. Interleukin-10 sup-

presses the production of TNF-a by macrophages in re-

sponse to lipopolysaccharide. When these macrophages

were incubated (primed) with low-dose interferon-a,

interleukin-10 had the opposite effect and induced higher

production of TNF-a. Moreover, interleukin-10 under

these conditions induced STAT-1, a key mediator in the

interferon-g signaling pathway. This differential pro-

inflammatory effect of interleukin-10 in the context of

high interferon-a is relevant in SLE, in which both cyto-

kines are elevated, and provides a rationale for targeting

interleukin-10 (with or without interferon-a) for the

treatment of the disease.

Conclusion
Systemic lupus erythematosus is characterized by an

overactive B cell compartment of the immune system.

B cells are shown to be activated without specific cognate

help by the T cells. By contrast, T cells show increased

spontaneous apoptosis and can therefore provide nuclear

material for the formation of immune complexes. The

dendritic cells can influence this T–B interaction by pro-

ducing interferon-a, an important cytokine in SLE. Al-

though the initiating factor for the immunologic

dysfunction in SLE is not known, several factors that per-

petuate the autoimmune response have been described

and can help guide treatment in the future.
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New insights from murine lupus: disassociation of autoimmunity

and end organ damage and the role of T cells
Harini Bagavanta,b and Shu Man Fua,b,c

Purpose of review

This review summarizes current literature on genetic

regulation of different phenotypes in systemic lupus

erythematosus in context of end-organ disease. Recent

findings conflicting with the current paradigm that loss of

tolerance to chromatin is the critical step for end-organ

injury are discussed.

Recent findings

Systemic lupus erythematosus is a prototype immune

complex disease with circulating autoantibodies to

chromatin, histone proteins, Sm/La, and other nuclear and

cytoplasmic proteins. Extensive studies have been carried

out on the regulation of B-cell and autoantibody production

in lupus mice. However, the hypothesis that autoantibodies

are primary mediators of organ damage fails to explain the

heterogenous presentation in patients. Studies in murine

models of systemic lupus erythematosus clearly dissociate

genetic control of autoantibody responses to classic lupus

antigens and kidney disease. There is increasing evidence

to support the role of autoreactive T cells and genetic

control of end organ susceptibility. These studies suggest

complex interactions between innate and adaptive

immunity resulting in end-organ damage. This review

focuses on autoimmune responses and renal involvement

in spontaneous systemic lupus erythematosus using murine

models of lupus nephritis.

Summary

Studies in murine models demonstrate complex genetic

interactions regulating spontaneous systemic lupus

erythematosus. Although detection of serum

autoantibodies is considered a hallmark for clinical

diagnosis of systemic lupus erythematosus, recent

evidence shows that autoantibodies to classic lupus

antigens are neither required nor sufficient for end-organ

damage. Thus, murine models provide new insights into the

pathogenesis of systemic lupus erythematosus.

Keywords

acute and chronic lupus glomerulonephritis, lupus

susceptibility genes, NZM2328 mice, renal failure,

systemic lupus erythematosus
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Introduction
Systemic lupus erythematosus (SLE) is a complex autoim-

mune disease characterized by circulating autoantibodies to

nuclear and cytoplasmic antigens. It affects multiple sys-

tems including skin, kidney, brain, joints, heart, lungs, and

other organs. Renal involvement is associated with signif-

icant mortality and morbidity and is the primary focus of

this review.

Murine models of SLE have been studied over 3 decades.

Mouse strains like MRL/lpr, BXSB, (NZWxNZB)F1,

NZM2410, NZM2328, and (SWRxNZB) F1 are some of

the examples of spontaneous murine SLE. Spontaneous

SLE in murine models is characterized by serum autoanti-

bodies to chromatin, double-stranded DNA (dsDNA), his-

tone proteins, and other antigens. The mice also develop

histopathological changes of glomerulonephritis with glo-

merular immune complex deposits, glomerular mesangial

expansion, glomerulosclerosis, fibrosis, and fatal renal fail-

ure. In addition to these strains, genetic mapping studies

have allowed the generation of numerous congenic mice

that dissect the regulation of distinct disease phenotypes

in SLE.

One of the earliest autoantigens in SLE identified using

sera from patients was DNA [1,2]. Indeed, DNA and

anti-DNA antibody complexes were also demonstrated

in sera of patients with SLE. Immunoglobulins eluted

from diseased kidneys were first shown to recognize

DNA, leading to the concept that dsDNA antibodies

are a hallmark of SLE and nephritis. These developments

have led to the hypothesis that the initial loss of toler-

ance to DNA and chromatin was followed by deposition of

immune complexes in tissues, and the subsequent in-

flammatory response was the pathologic basis of organ

injury.

Recent literature discussed here continues to focus on

antibodies to DNA as an important marker of SLE. These
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studies provide some insight into the autoimmune respon-

siveness in SLE. Data from our laboratory and other inves-

tigators suggest, however, that the autoantibody responses

to DNA or chromatin are neither required nor sufficient

for the pathology of SLE. Indeed, our results support the

hypothesis that a pathogenic T-cell response to kidney anti-

gens with an important contribution from the end organ

itself determines the onset and progression of renal failure

in SLE. This review discusses the recent literature in the

context of a hypothesis that autoreactivity to DNA and

chromatin is not the critical pathogenetic feature of

SLE.

Intrinsic immune factors influence systemic
lupus erythematosus
In mice, the appearance of class-switched immunoglob-

ulin G(IgG) autoantibodies to DNA, histone, and small

nuclear ribonucleoproteins (snRNP) is associated with onset

of disease. This autoantibody response may be initiated

and sustained by intrinsic factors like lowered threshold

for activation of antigen-specific T cells [3••,4,5], hyper-

responsive and/or increased frequency of autoreactive

B cells [6•,7•], increased intracellular antigen availability

as a result of apoptosis [8], or decreased apoptosis of auto-

reactive T cells [9•]. C57BL/6 mice lacking the inhibitory

Fcg receptor, Fcg receptor IIB (FcgRIIB), on their B cells

develop lupus-like disease [10]. In addition, injection of

bone marrow cells transfected with FcgRIIB can prevent

disease in spontaneously lupus mice [11•]. Other single

gene deletions (CD28, CD40L, interferon-g) can prevent

disease in a murine model of SLE induced by heavy metal

mercury [12•,13]. Spontaneous lupus in MRL/lpr mice is

influenced by interferon-g or interleukin-4 deficiency

[14], in addition, NZM2410 mice deficient in cytoplasmic

proteins STAT6 and STAT4 that regulate T helper 1 and

T helper 2 cytokine production respectively develop differ-

ent SLE phenotypes [15]. Deletion of type I interferon re-

ceptor I accelerated disease in MRL/lpr mice, while

deletion of both type I and II interferon receptors pre-

vented disease, demonstrating a diverse role of interferons

in lupus [16•]. No single gene mutation or aberrant gene

expression has been identified as a causative factor in

spontaneous SLE in mice or humans. These models

are useful, however, in identification of immunologically

relevant factors that prevent or promote disease.

Systemic lupus erythematosus is a complex disease con-

trolled by multiple genes and influenced by complex

epistatic interaction between different gene segments.

Mapping of SLE susceptibility genes has been carried

out in several inbred mouse strains and is reviewed else-

where [17••]. This review focuses on the recent work in

New Zealand Mixed (NZM) mouse strains and the

insights into pathogenesis of lupus glomerulonephritis

gained from these studies.

Autoantibodies to double-stranded DNA and
chromatin, acute glomerulonephritis, and
chronic glomerulonephritis are distinct
phenotypic traits
New Zealand Mixed mice were derived from intercrosses

of New Zealand White (NZW) and New Zealand Black

(NZB) strains [18]. The large numbers of different NZM

strains have varying genetic contributions from the paren-

tal NZB and NZW genes and are associated with widely

differing incidence of lupus-like disease. Two NZM

strains, NZM2410 and NZM2328, have been most exten-

sively studied. Both mouse strains spontaneously develop

autoantibodies to dsDNA and chromatin in males and

females. Fatal renal disease has a significant female bias

in NZM2328, similar to human SLE. In addition, renal dis-

ease in female NZM2328 mice occurs later in life in com-

parison with NZM2410. Backcross analysis (C57L/J x

NZM2328) F1 X NZM2328 was carried out to map the

SLE susceptibility genes [19]. Cohorts were studied at

12 months of age, and genetic analyses using micro-satellite

markers showed distinct genetic intervals associated with

the serum anti-nuclear, anti-DNA, or anti-DNA/histone

autoantibodies (Adaz1 between D4Mit175 to D4Mit187

on chromosome 4; putative Adaz2 D1Mit15 to D1Mit155

on chromosome 1), acute proliferative glomerulonephritis

(Agnz1 on chromosome 1 – D1Mit37 to D1 Mit17; Agnz2
D17Mit130; H-2-Tnf on chromosome 17), and chronic glo-

merulonephritis and severe proteinuria (Cgnz1 D1Mit

15-D1Mit37).

The mapping studies were confirmed by generating two

congenic mouse strains in which the segments containing

Agnz1 and Cgnz1 on chromosome 1 and Adaz1 on chromo-

some 4 from NZM2328 mice were replaced with the cor-

responding chromosomal segments from lupus-resistant

C57L/J mice [20••]. The congenic strains were designated

NZM2328.C57Lc1 and NZM2328.C57Lc4. As expected,

NZM2328.C57Lc1 failed to develop acute or chronic glo-

merulonephritis, and NZM2328.C57Lc4 had significantly

reduced incidence of anti-nuclear, anti-dsDNA, or anti-

DNA/histone autoantibodies. Surprisingly, NZM2328.C57Lc1

also failed to develop autoantibodies, suggesting a locus

Adaz2 on chromosome 1 affecting autoantibody responses.

Alternatively, the chromosome region 1 segment has epi-

static interactions with the chromosome 4 segment that

influences autoantibody responses. A dramatic finding

in the congenic study was that NZM2328.C57Lc4 mice

developed fatal glomerulonephritis comparable to the par-

ent NZM2328 mice despite the absence of lupus autoanti-

bodies. This genetic finding dissociates lupus autoantibody

production from lupus glomerulonephritis and questions

the current paradigm that autoantibodies to dsDNA and

related autoantigens are the primary pathogenic mediators

of disease. NZM2328.C57Lc1 contains susceptibility genes

for the three phenotypes, dsDNA antibodies, acute glomer-

ulonephritis, and chronic glomerulonephritis; therefore, the
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generation of intra-chromosomal recombinant congenic lines

will identify the loci for these three distinct phenotypes.

Mapping of systemic lupus erythematosus
susceptibility genes in NZM2410 mice
Extensive genetic analyses have also been done in

NZM2410 mice using a different approach. A backcross

analysis of (C57BL/6 x NZM2410) F1 x NZM2410 was used

to identify lupus susceptibility genes [21]. Three different

loci named Sle1, Sle2, and Sle3 were identified on chromo-

somes 1, 4, and 7, respectively. Each of these loci was sig-

nificantly associated with susceptibility to glomerulonephritis.

Susceptibility to autoantibody production did not map sig-

nificantly to any genetic region. Congenic mouse strains

were generated in C57BL/6 mice containing Sle1, Sle2, or

Sle3 genetic segments from NZM2410 (C57BL/6.Sle1,

C57BL/6.Sle2, and C57BL/6.Sle3, respectively [22,23]).

None of these congenic lines developed glomerulonephri-

tis. Double congenic strains with either Sle1 and Sle2 or

Sle1 and Sle3 and triple congenic strain with Sle1, Sle2, and

Sle3 developed glomerulonephritis, suggesting interaction

between the different susceptibility genes [24]. Although

the single congenic lines (C57BL/6.Sle1, C57BL/6.Sle2, and

C57BL/6.Sle3) failed to develop glomerulonephritis despite

the original mapping studies, each of these lines has dem-

onstrated some abnormality of immune function [25–28].

For example, Sle1 had the strongest association with glomer-

ulonephritis, and C57BL/6.Sle1 mice spontaneously develop

anti-dsDNA and anti-nuclear antibodies. C57BL/6.Sle2
congenic mice have a lowered threshold for B-cell activa-

tion with increased polyclonal IgM, and C57BL/6.Sle3
mice show CD4+ T-cell expansion with resistance to ap-

optosis after anti-CD3 stimulation. The C57BL/6.Sle1,

C57BL/6.Sle2, and C57BL/6.Sle3 mice suggest that loss

of tolerance to chromatin along with a hyper-responsive

immune system are the primary requirements for SLE,

while the NZM2328.C57Lc4 congenic mice clearly dem-

onstrate that classic lupus autoantibodies are not required

for glomerulonephritis. Thus, the different approaches and

choices of resistant strains in studies of lupus susceptibility

genes in NZM strains have yielded different results.

Intra-chromosomal recombinant strains within the

C57BL/6.Sle1 region Sle1a, Sleb, Slec, and a putative Sle1d
have been used to identify candidate genes that may con-

tribute to lupus susceptibility [29]. The location of Sle1d
remains to be defined. C57BL/6.Sle1 mice have no signif-

icant glomerulonephritis; therefore, it will be difficult to

identify Sle1d using the approach of Morel et al [29]. The

signaling lymphocyte activation molecules (SLAM/CD2)

cluster of genes is present on the Sle1b segment chromo-

some 1. Within this region is Ly108, an isoform of

which is constitutively up-regulated on lymphocytes from

C57BL/6.Sle1b mice. Thus, the Ly108 is a candidate gene

for hyper-responsiveness in NZM2410 mice and, thereby,

lupus susceptibility [30••].

Recently published studies using different lupus-

susceptible and resistant strains like BALB/c, SWR, and

NZW in the backcross analyses reveal genetic segments

from the resistant strains that contribute to lupus suscep-

tibility [31,32,33••,34,35]. In addition, results from gener-

ation of double congenic mice carrying different lupus

susceptibility genes like Sle1 and lpr [36], FcgRIIB defi-

ciency with yaa or lpr [37], and type I and type II inter-

feron receptor deficiency with lpr [16•] affect SLE.

These data show the complex genetics of SLE and epi-

static interactions that influence disease phenotypes.

Pathogenic autoantibody responses in
systemic lupus erythematosus
There is an increasing body of literature that revisits the

role of anti-DNA antibodies in SLE. Earlier studies with

passive transfer of anti-DNA antibody-producing B-cell

hybridomas into naı̈ve recipient mice showed that cross-

reactivity of the antibodies with glomerular antigens was

an important criterion determining pathogenic potential.

Further, proteinuria and glomerulonephritis were greater

in the anti-DNA antibodies depositing in the peripheral

capillary loops compared with the mesangial regions. Thus,

not all DNA antibodies are pathogenic. These studies

have been discussed in a recent review [38••]. A large

panel of monoclonal antibodies from NZM2410 mice also

showed that glomerular binding was associated with patho-

genicity [39]. In another study, monoclonal antibodies gen-

erated from CD19+ cells from nephritic MRL/lpr kidneys

showed increased reactivity to glomerular antigens as well

as DNA [40]. A quantitative analysis of immunoglobulins

eluted from nephritic kidneys in patients with SLE

showed that less than 10% of the total IgG reacts with

a panel of ‘lupus’ antigens like DNA, histone, the colla-

gen-like region of C1q complement, Sm proteins, chroma-

tin, and other antigens [41]. Thus, antigens recognized by

most potentially pathogenic autoantibodies in lupus ne-

phritis remain unknown.

The NZM2328.C57Lc4 congenic mice provide the most

direct evidence that immune responses to antigens other

than dsDNA are pathogenic in SLE [20••]. These mice lack

circulating anti-nuclear, anti-DNA, or anti-DNA/histone

antibodies in serum. They have renal immune complex

deposits and severe glomerulonephritis, however. Immuno-

globulins eluted from nephritic NZM2328.C57Lc4 kidneys

react with kidney and liver proteins by Western blots but

not with dsDNA or histone proteins. These data confirm

the original genetic study showing that autoantibody

responses and glomerulonephritis are distinct phenotypes.

Dissociation of the autoantibody responses from renal dis-

ease is also seen in NZM2410 mice deficient in STAT6 or

STAT4. The STAT6-deficient mice develop high anti-

DNA antibody titers and some mesangial hypercellularity

but fail to progress to glomerulosclerosis. In contrast,
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STAT4-deficient NZM2410 mice have low autoantibody

titers and develop severe glomerulonephritis [15].

Antibody diversification in systemic
lupus erythematosus
Analysis of patient sera shows an ordered appearance of

autoantibodies recognizing different lupus antigens [42].

Over time, the specificity of the antibody response spreads

to other proteins within a complex (intermolecular diver-

sification) or different epitopes on the same protein (in-

tramolecular diversification) [43]. The particle hypothesis

proposed to explain the mechanism of autoantibody diversi-

fication suggests that an autoreactive T cell with a single

specificity can help autoantibody production by B cells recog-

nizing other regions within the same protein or other proteins

complexed with the T-cell antigen. This paradigm fails to ex-

plain autoantibody reactivities to proteins not complexed to

each other, often seen in sera from patients with SLE.

We have established a model of autoantibody diversifica-

tion using two different antigen systems, the Ro/La anti-

gens and the snRNP proteins [44–47]. Immunization of

A/J mice with recombinant mouse Ro60 protein or a pep-

tide of Ro60 can induce antibody to other parts of the

Ro60 molecule (intramolecular spread) and to La, SmD,

and U1-RNP proteins. The antibody reactivity to all

the proteins was completely absorbed by the immunizing

antigen, however. Thus, cross-reactivity between non-

homologous lupus antigens is an important mechanism of

antibody spreading. As described, cross-reactivity to kid-

ney antigens, not DNA, is the important pathogenic spec-

ificity in SLE.

In another model of autoantibody diversification, immuni-

zation with SmD protein resulted in antibodies specific to

A-RNP, which did not cross-react with SmD. Significantly,

the specific antibody to A-RNP protein was preceded by

a T-cell response to A-RNP protein. In this model, diver-

sification of the T-cell response is required for B cells with

diverse autoantibody specificity. A similar sequence of events

may occur in spontaneous lupus mice, in which loss of tol-

erance to an unrelated antigen may finally spread to kidney

reactive immune response and lupus glomerulonephritis.

Evidence for a pathogenic T-cell response to
kidney antigens
Several examples cited show a clear dissociation between

anti-dsDNA, anti-nuclear, anti-DNA/histone antibodies

and lupus glomerulonephritis. In addition, it is now appar-

ent that a kidney-specific B-cell and T-cell response is re-

quired for the development of lupus glomerulonephritis in

mouse models. Past and recent studies show that deposi-

tion of immune complexes in the kidney is not sufficient

for fatal renal failure. Indeed, animal models of immune

complex glomerulonephritis induced by antibodies to glo-

merular basement membrane develop transient, though

severe, proteinuria that rarely progresses to the lupus-like

pathology of chronic glomerulonephritis. In our study of

(SWRxNZB)F1 mice, neonatal thymectomy protected

mice from fatal glomerulonephritis despite accelerated se-

rum autoantibody responses and renal immune complex

deposits [48]. Thus, renal immune complexes and auto-

antibody per se, even in genetically susceptible mice, are

not sufficient to induce fatal glomerulonephritis.

The significance of nephritogenic T cells in renal disease

was demonstrated by Chan et al. [49] using a novel ap-

proach. They generated MRL/lpr mice deficient in serum

immunoglobulin but expressing membrane bound anti-

(4-hydroxy-3-nitrophenyl) acetyl transgenic antibody.

These mice developed glomerulosclerosis and interstitial

nephritis, showing that renal immune complexes were not

required for chronic renal disease.

T-cell infiltration in kidneys is seen with increasing severity

of glomerulonephritis in mouse models [50]. In NZB/W F1

lupus mice, blockade of co-stimulatory T-cell function us-

ing murine CTLA4-immunoglobulin blocked rapid progres-

sion of established nephritis [51]. This protection was

associated with reduced T-cell and B-cell infiltration in

the kidneys and not with any changes in renal immune

complex deposits. In nephritic NZM2328 mice, increased

frequencies of activated CD69+ T cells are seen in kidney

draining lymph nodes compared with axillary or inguinal

lymph nodes [52]. Additional evidence comes from kidney

biopsies of patients with nephritis, in which differences

between Vb usages of T-cell receptors in the kidney com-

pared with peripheral blood suggest a preferential oligo-

clonal expansion of T cells infiltrating the kidney [53].

Deletion of kidney reactive T cells by intra-thymic injec-

tion of syngeneic kidney cells, not splenocytes, protected

MRL/lpr mice from fatal glomerulonephritis [54]. All these

data support the hypothesis that kidney reactive T cells

play a direct role in pathogenesis of glomerulonephritis.

Role for end organ in
lupus glomerulonephritis
Although an autoimmune response is the primary media-

tor of renal injury in SLE, the intrinsic susceptibility or

resistance of the end organ and its response to immune

injury play an important role in the progression of disease.

The contribution of the end-organ factors to disease is un-

clear. In a model of immune complex disease induced by

active immunization of rabbit immunoglobulins followed

by injection of rabbit anti-glomerular basement membrane

antibody, 12 inbred mouse strains tested showed differen-

tial susceptibility to glomerulonephritis and proteinuria

[55••,56]. The severity of glomerulonephritis varied despite

comparable immune responses to rabbit immunoglobulin

and glomerular immune complex deposition. In another

model, the FcgRIIB-deficient mice develop fatal glomeru-

lonephritis on the C57BL/6 but not on the BALB/c genetic
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background [10]. In NZM2328 mice, neonatal thymec-

tomy induces severe acute proliferative glomerulone-

phritis in both male and female mice. Only females

develop chronic glomerulonephritis and renal failure, how-

ever; males do not [57]. Thus, in addition to genetic differ-

ences between strains, sex-related factors might also

contribute to end-organ resistance.

Conclusion
Murine models of SLE have been critical in understanding

the pathogenesis of SLE, a complex, multigenic autoim-

mune disorder. Genetic studies in spontaneous lupus mice

like the NZM2328 and its congenic strains have offered

new insights into the mechanisms of renal disease and have

revealed the necessity to re-examine the old paradigms of

systemic autoimmunity in SLE based on anti-DNA anti-

body responses. The literature presented supports a direct

role for nephritogenic T cells in the induction and progres-

sion of lupus glomerulonephritis. The contribution of the

end organ to the final outcome needs further examination.

These issues are readily addressed by further genetic anal-

ysis involving NZM2328 and its congenics.
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Genetics of susceptibility and severity in systemic

lupus erythematosus
Jennifer A. Croker and Robert P. Kimberly

Purpose of review

The genetic basis of systemic lupus erythematosus,

a complex genetic trait, may provide important insights into

autoimmune disease. Innovation in both practical and

theoretical approaches will assist in accelerating the pace

of discovery and our understanding of pathogenesis.

Recent findings

Significant progress has been made in the last year with

respect to the refinement of genetic intervals to promising

candidate genes involved in systemic lupus erythematosus

pathogenesis and specific phenotype susceptibility. This

review highlights these discoveries and suggests platforms

that may affect the future of analysis of this complex

disease.

Summary

Understanding the genetic basis for systemic lupus

erythematosus disease and sub-phenotype susceptibility

will have a substantial effect on the therapeutic

interventions used to care for patients.
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Introduction
Systemic lupus erythematosus (SLE) is a prototypic auto-

immune disease that affects primarily women, especially

those of reproductive age. Women of African American or

Hispanic American ethnicity appear to have a higher risk

of lupus [1], and an evident familial tendency for disease

expression suggests a genetic basis for disease [2]. Identical

twins show a concordance rate of 24–58% compared with

less than 10% in fraternal twins. Furthermore, SLE familial

risk estimates indicate a ls ;20 [3]. Taken together, these

data suggest that lupus is a complex genetic trait with

a threshold effect for expression. The variance in disease

expression, however, suggests that certain environmental

or epidemiologic factors also affect clinical manifestation [4].

Genetics of systemic lupus
erythematosus susceptibility
Genome-wide linkage studies have been very successful

in identifying genetic loci with association to the SLE

phenotype in multiplex families. These regions typically

encompass at least several megabases, however, and the

multiplicity of regions proposed has created a challenge

in prioritization. Fine mapping within these regions has

moved from microsatellites to single nucleotide polymor-

phisms (SNPs), and such efforts have identified several

candidate genes. Nonetheless, the task remains formida-

ble, and the relative lack of power of linkage analysis to

detect relatively small genetic effects has led to resurgent

interest in family-based and case-control–based associa-

tion studies. Although association has been used within

regions of linkage or for candidate genes, the development

of high-density SNP genotyping technologies has opened

the prospect of genome-wide association studies (see

review [5]). With candidate genes, the use of SNPs of

known biologic function has been fruitful, especially with

large sample sets providing sufficient power to detect

modest effects. Both linkage and association approaches

have been used to define a large set of genes and genomic

regions involved in SLE susceptibility [6,7] (Table 1).

Major histocompatibility complex

The major histocompatibility complex human leukocyte

antigen region includes >200 genes on human chromo-

some six involved in self/non-self recognition, antigen presen-

tation, and immune regulation. Consistent associations have

been observed between DRB11501 (DR2) and DRB10301

(DR3) alleles in white patients with SLE [46,47]. Dense

microsatellite mapping in affected sib-pairs and in simplex

families with SLE has revealed significant transmission
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distortion and enrichment of the human leukocyte antigen

class II DRB11501 (DR2) haplotype in white individuals. No

significance has been seen among common haplotypes in

non-white individuals, although power has been limited [39].

Major histocompatibility complex class III includes genes

encoding several complement proteins that have been im-

plicated in SLE susceptibility for some time [48]. Patients

with rare, complete complement C4 (A and B) deficien-

cies are at increased risk for SLE, glomerulonephritis, or

lupus-like symptoms [49•,50]. The C4 locus is complex

with significant gene duplication and variation in copy

number, referred to as copy number polymorphisms (CNPs).

The copy number of C4 genes (gene dosage) in a diploid

human genome ranges from two to seven in a diverse pop-

ulation of patients and healthy family members [51]. Eth-

nic differences in the C4 copy number have also been

observed. Likewise, C4 protein serum levels in the popu-

lation range from 80–1000 mg/ml [52]. Like other gene

variants, the differential C4 copy number is related to

SLE manifestation. Some data suggest that even in the

absence of homozygous null alleles, C4A and C4B may

participate in disease susceptibility and severity, respec-

tively [51]. These observations suggest that CNPs and

gene dosage effects may play an important role in SLE

and other complex genetic diseases.

Classic immunoglobulin receptors (Fcg receptors)

Among the nine published genome-wide linkage scans,

a linkage effect in the region encompassing 1q23-24 has

been identified in five studies [1,53–55,56•]. This region

includes the eight genes of the classical immunoglobulin

receptor cluster that encode the three highly homologous,

but distinct, families of classical IgG Fc receptors (FcRs;

FcgRI [CD64], FcgRII [CD32], and FcgRIII [CD16]).

These receptors are membrane-bound glycoproteins that

interact with the constant (Fc) region of an antibody to

elicit different immune responses, including phagocytosis,

degranulation, endocytosis, immune complex clearance,

antibody-dependent cell cytotoxicity, and transcriptional

regulation of cytokine and chemokine expression [57].

Both linkage and association of the ligand binding site

alleles of FCGR2A (FcgRIIa) and FCGR3A (FcgRIIIa) with

the SLE phenotype have been confirmed. Of the two

co-dominantly expressed FcgRIIa alleles, the arginine-131

(R131) allele, which binds human IgG2 poorly, is associated

with SLE [14–19]. Similarly, of the two co-dominantly

expressed FcgRIIIa alleles, the phenylalanine-176 (F176) al-

lele, which binds human IgG1 and human IgG3 much less

efficiently than the valine-176 allele, is enriched in patients

with SLE, and may constitute a risk factor for renal disease

[15,20–23]. Despite a modest contribution to genetic risk,

with odds ratios of 1.5–2.0, association of both genes

with SLE has been demonstrated with model-dependent

and model-independent approaches [23]. Not surprisingly,

not all case-control association studies have been positive.

These studies have varied in study population size and cor-

responding statistical power, in the self-declared ethnicity

and ancestral background of study participants, and in geno-

typing technologies applied to these highly homologous

gene families. Meta-analyses of case-control association

Table 1. Systemic lupus erythematosus candidate genes and associated polymorphisms

Gene Polymorphism
Susceptibility
allele Confirmation

Association
parameters Tested ethnicity References

CRP +1846G/A +1846A No F-B ECa [8•]
Diverse cohorta

(EC, AC, IA, A, M)b

CTLA-4 +49A/G +49G No Meta, C-C AA, C, S, Ja, Metaa [9,10,11•,12]
CT60A/G CT60G No C-C Sa [13•]

FCGR2A H131R R131 Yes Meta, C-C, F-B Ja, AAa, Ha, Sa, Ka, Ga, Ta, GR [14——19]
EC, Ca, CH, AC, Metaa

FCGR3A V176F F176 Yes Meta, C-C, F-B AA, Ta, Ca, CHa, Ha, Metaa (Asian)a [15,20——24,25•]
Diverse cohorta (AA, C, EA,

A, H, NA, M)b

FCGR2B 1232T T232 Yes (Asians) Meta, C-C AA, C, CHa, Ja, SW, T, Metaa [17,24,25•,26——28]
�386C/G �120A/T �386C�120A No C-C Ca [29•]

FCRL3 �169 T/C �169T No C-C Ja [30•]
MBL G54D D54 Yes Meta, C-C CHa, AAa, Sa, Ja, Metaa [31——36]
MCP-1 �2518 A/G �2518G Yes C-C Ca, AAa, Aa, Ma, Sa [37•,38]
MHC DRB1 DRB1*1501 Yes F-B Ca [39]
PDCD1 PD-1.3 A/G PD-1.3A Yes C-C, F-B Ca, Ha, AA, SWa, S [40——42]
PTPN22 R620W W620 Yes C-C C, Sa [43•,44•]
TYK2 V362F F362 No Meta, C-C, F-B SWa, F, Metaa [45•]

1684S S684 No Meta, C-C, F-B SWa, F, Metaa [45•]

aThose ethnicities, cohorts, or meta analyses in which a significant association was detected. bInsufficient data to test ethnicities independently——
represented ethnicities are in parantheses. F-B, family-based; EC, European Caucasian; AC, Afro-Caribbean; IA, Indo-Asian; A, Asian; M, mixed eth-
nicity; Meta, meta-analysis; C-C, case-controlled; AA, African American; C, Caucasian; S, Spanish; J, Japanese; H, Hispanic; K, Korean; G, German;
T, Thai; GR, Greek; CH, Chinese; NA, Native American; SW, Swedish.
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studies in several ethnic populations support a role for these

genes as disease risk genes [58–60].

The NA polymorphism of FCGR3B (FcgRIIIb), expressed

predominantly on neutrophils, was originally proposed as

a potential candidate gene for lupus by Goldstein and col-

leagues [61]. This polymorphism exists as two alleles that

affect signal intensity and IgG affinity [62–65], and orig-

inal work by Hatta et al. [66]suggested a population-based

association with SLE. Subsequent work from this group

and others, however, suggests that the apparent associa-

tion of FcgRIIIb with SLE is a result of strong linkage dis-

equilibrium with FCGR2B [17].

FCGR2B, which encodes the immunoreceptor tyrosine-

based inhibition motif (ITIM)-containing inhibitory FcgRIIb

protein, has a non-synonymous coding SNP in exon six

that changes the isoleucine (I) to threonine (T) at amino

acid 232 in the transmembrane domain, which alters the in-

hibitory potential of the receptor [17,26]. The T232 allele is

associated with SLE, and perhaps lupus nephritis, in Chi-

nese, Japanese, and Thai patients, but not in North American

Caucasian patients, African American patients, or Northern

European patients [24,25•,26–28]. This difference may em-

phasize the roles of genetic heterogeneity and different an-

cestral backgrounds in defining disease risk alleles. Alternately,

this disparity may be a result of linkage disequilibrium

with recently identified regulatory SNPs (rSNPs) in the

FCGR2B promoter that have been associated with the

SLE phenotype. The FCGR2B 2B.4 promoter haplotype

(-386C-120A) has increased binding affinities for GATA

binding protein 4 and YinYang1 transcription factors,

resulting in elevated FCGR2B expression levels and in-

creased cellular response as measured by Ca2+-flux and

B-cell viability [67•]. This particular haplotype is enriched

in Caucasian patients with SLE compared with case-con-

trols and provides an additional mechanistic role for

FCGR2B alleles in autoimmune pathogenesis [29•].

Immunoglobulin receptor homologues

In addition to the classical FcgRs, in-silico homology searches

of the genome have identified a newly recognized cluster of

related immunoglobulin superfamily genes within the 1q21-

23 locus. Termed FcR homologue (FcRH)/immunoglobulin

superfamily related translocation associated/anti-IgM activat-

ing sequence (BXMAS)/immunoglobulin-superfamily-FCR-

GP42 (IFGP)/Fc receptorlike genes, some members of this

family are expressed primarily in mature B cells, including

naı̈ve, memory, and to a lesser extent, germinal B cells and

plasma cells [68–77]. These genes are polymorphic and

show both non-conservative variation in coding region

(e.g. the P660L substitution in FcRH3 [71]) and marked

differences in allele frequencies according to ethnicity. In

Japanese patients, an association of an FcRH3 promoter

polymorphism with rheumatoid arthritis and SLE has

been identified using linkage disequilibrium mapping

of the region [30•]. Supporting evidence of an SLE asso-

ciation with the FcRH gene cluster in 1q21 has been

reported (Gibson et al., unpublished data, January 2005).

Protein kinases, phosphatases, and

cell-signaling molecules

Murine models suggest that alterations in kinase and/or

phosphatase activity can lead to an autoimmune pheno-

type. The role of interferon signaling in lupus pathogenesis

has been established in disease-prone mouse strains. In hu-

mans, several observations implicate a role of interferon sig-

naling in SLE manifestation, including elevated interferon

serum levels in patients with lupus and development of

SLE in patients using interferon-a as a therapeutic agent

for viral hepatitis or carcinoid tumors [78]. As a result of re-

cent interest in the type I interferon pathway as a contributor

to SLE pathogenesis, members of the janus kinase/signal

transducers and activators of transcription pathway, in-

cluding the tyrosine kinase 2 (TYK2) protein, have been

explored as candidate genes. Using both family-based and

case-control approaches, a joint linkage/association study

of Swedish, Finnish, and Icelandic patients with SLE has

identified strong associations of SLE susceptibility and poly-

morphisms in TYK2 and IFN regulatory factor 5 (IRF5) genes.

Three rSNPs were identified in flanking or intronic regions

of IRF5 that appear to be associated with SLE in Swedish

and Finnish ethnicities. Two polymorphisms within TYK2
coding regions, A13430C (V362F) and T19107C (I684S),

were associated with the disease in Swedish patients [45].

These variants may affect not only interferon-a signaling

but also other cytokine-regulated signaling pathways. Recog-

nition of the potential for epistasis with other cytokine poly-

morphisms may provide insight into some of the other

proposed genetic associations with SLE, including inter-

leukin-10 [79,80].

Protein tyrosine phosphatase N22 (PTPN22), which enc-

odes the lymphoid protein tyrosine phosphatase originally

characterized in T-cell receptor signaling in memory/ef-

fector T lymphocytes, has a non-synonymous coding

SNP leading to an arginine to tryptophan substitution

(R620W) that interrupts the interaction site for the neg-

ative regulatory kinase, Csk [81,82]. This polymorphism is

associated with human rheumatoid arthritis (odds ratio =

1.65; 95% confidence interval, 1.23–2.20) and type I dia-

betes (odds ratio = 1.83; 95% confidence interval, 1.284–

2.596), and case-control studies indicate an increased risk

of SLE attributed to the W620 allele in North American

white individuals (odds ratio = 1.37; 95% confidence

interval, 1.07–1.75) and in Spanish Caucasian individ-

uals (odds ratio = 1.55; 95% confidence interval, 1.05–

2.29) [43•,44•,82,83]. Interestingly, the genomic locus

for PTPN22, 1p13.3-1p13.1, does not fall into any previ-

ously identified linkage region.
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Mice lacking the cell surface receptor programed cell

death 1 (PDCD1 or PD-1) develop spontaneous lupus-like

disease phenotypes, including arthritis and glomerulone-

phritis [84]. The human homologue, which functions

to down-regulate lymphocyte proliferation and cytokine

secretion, has been mapped to the 2q37.3 locus, previ-

ously associated with SLE susceptibility [85]. A polymor-

phism (PD-1.3A) in PDCD1 has been associated with SLE

susceptibility in Mexican and European populations (but

not in African American, Swedish, or Finnish patients)

[40,41,45•]. Located within an intronic enhancer, this

polymorphism alters the binding site of the runt-related

transcription factor 1 (RUNX1) or acute myebid leukemia 1

(AMLI) which may affect transcriptional regulation of

PDCD1, suggesting a mechanism for the development of

SLE [40].

Another or cell surface receptor, cytotoxic lymphocyte an-

tigen 4 (CTLA-4), regulates T-cell activation, particularly

under inflammatory conditions. Data regarding an associ-

ation of CTLA-4 with SLE have been inconsistent. Inde-

pendent studies of African American, North American

Caucasian, Iberian Caucasian, and Japanese patients have

suggested no statistically significant association of CTLA-4
polymorphisms with SLE [9,10,11•,12,13•]. A meta-analysis

of eight previous studies, however, including those previ-

ously mentioned, revealed an increased susceptibility for

SLE conferred by the +49 G allele, and decreased SLE risk

by the +49 A allele [11•,12]. This allele, in combination with

a 3#untranslated region microsatellite polymorphism (CT60),

was also associated with SLE in Spanish patients with odds

ratios of 1.71 (95% confidence interval, 1.18–2.49) [13•].

A high degree of linkage disequilibrium between CTLA-4
polymorphisms may contribute to the varied observations

[86]. The association data parallel the findings of CTLA-4
polymorphisms in type I diabetes and suggest that CTLA-4
may function as a modest SLE susceptibility loci or possibly

a disease modifier [13•,87].

Cytokines and chemokines

Monocyte chemoattractant protein 1 (MCP-1) has been

related to glomerulonephritis in animal models [88]. In

humans, the G allele of the rSNP at �2518 (A/G) is re-

lated to elevated MCP-1 protein levels, and using a candi-

date gene approach to study the association between SLE

susceptibility, Tucci et al. [37•] found the G allele to be

enriched in patients with SLE (odds ratio = 4.1; 95% con-

fidence interval, 1.144–14.83), particularly those with lu-

pus nephritis (odds ratio = 4.5; 95% confidence interval,

1.322–15.71) [89]. Interestingly, in a survey of twice as

many Spanish patients and matched controls, no associa-

tion of MCP-1 with SLE was observed. An MCP-1 associ-

ation was observed for the development of cutaneous

vasculitis (odds ratio = 2.2; 95% confidence interval,

1.18–4.25), but not lupus nephritis, in these patients, how-

ever [38]. These studies suggest that the presence of the

�2518G polymorphism may contribute to the develop-

ment of SLE and/or may be a risk factor for the develop-

ment of SLE sub-phenotypes in certain patient populations.

Replication studies in substantially powered populations

will help differentiate the role of MCP-1 in SLE suscepti-

bility and severity in varying ethnicities.

Opsonins of the innate immune system

As a result of the role of C-reactive protein (CRP) in the

handling and clearance of apoptotic material, its patho-

physiology makes CRP an attractive candidate gene for

study. On the basis of this rationale and its location in a re-

gion of linkage on 1q23.2, several groups have studied CRP
polymorphisms in relation to both susceptibility and sever-

ity of SLE [8•,90,91,92•,93]. The coding region of CRP con-

tains several synonymous but no significant non-synonymous

SNPs. Analysis of several CRP polymorphisms in United

Kingdom simplex SLE families revealed an association be-

tween a SNP adjacent to the 3#untranslated region of CRP

(+1846 G/A) and the development of SLE [8•]. The basis

for this relation is currently unclear, but the recent dem-

onstration of rSNPs falling within E-box motifs in the CRP

promoter, which regulate CRP protein levels, suggests

that linkage disequilibrium between 3#untranslated re-

gion markers and promoter haplotypes might be usefully ex-

plored [92•]. Promoter haplotypes may also influence the

intensity of the immune response and affect disease severity

and sub-phenotypes.

Mannose (or mannan) binding lectin (MBL) is an opsonin of

the innate immune system that facilitates activation and

fixation of complement. Several different alleles of MBL
affect MBL protein production, and studies have uncovered

an association of MBL polymorphisms and SLE in various

ethnicities [31–34,94]. Specifically, a glycine to aspartate

change at codon 54 (G54D) has been shown to be a risk fac-

tor for SLE. Meta-analysis of eight previous studies sug-

gests MBL polymorphisms confer a 1.6 times increased

risk for SLE (odds ratio = 1.6; 95% confidence interval,

0.99–2.5) [95].

Systemic lupus erythematosus
sub-phenotypes
Given both genetic and clinical heterogeneity of SLE,

there has been considerable interest in genetic effects

that might be more closely related with a specific clinical

manifestation than with the global phenotype of SLE.

Several studies have established precedent for allelic con-

tributions to renal involvement in patients with SLE. The

R131 allele of FcgRIIa and the F158 allele of FcgRIIIa

have previously been associated with the development of

lupus nephritis in this cohort [59,96–98]. A similar study

of MCP1 polymorphisms suggests that particular rSNPs

not only are related to SLE susceptibility but also may con-

tribute to the development of lupus nephritis or cutaneous
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vasculitis in patients with SLE [37•,99]. The same MCP1
polymorphism has been associated, in case-control studies,

with the development of arthritis by Chinese patients with

SLE [100]. A study refining the statistical significance of

MBL polymorphisms and SLE susceptibility revealed an as-

sociation of the MBL codon 54 (G54D) allele and predis-

position to renal involvement [34]. The same conclusion was

drawn from a study of PDCD1 polymorphisms in Caucasian

patients with SLE. In this study, a significant association was

observed between an intronic rSNP affecting a ZEB tran-

scription factor binding site and lupus nephropathy [101].

These data suggest that several genes may contribute to

the manifestation for various SLE sub-phenotypes.

Systemic lupus erythematosus disease
severity and outcome
Longitudinal study of patients with SLE has demon-

strated disease progression over time, and the possibility

that some genetic variants might contribute to the tempo

and/or type of disease progression is of significant interest.

For example, PROFILE, a large, multi-institutional effort

studying a multiethnic, longitudinal cohort of patients with

SLE, has investigated renal involvement and damage and

has revealed a marked difference between Hispanics from

Puerto Rico or Mexico, including higher disease activity, more

damage accrual, increased frequency of anti-double stranded

DNA antibodies, and more major organ involvement in the

group of Hispanics from Mexico [102]. Interestingly, the

FcgRIIIa F176 allele (particularly when homozygous) was

highly correlated to renal involvement and progression

(Alarcon et al., unpublished data, October 2004).

Given the association between cardiovascular arterial events

and elevated levels of CRP, the relation between CRP alleles

and CRP protein levels, and the significantly elevated risk

for myocardial infarction and atherosclerosis compared with

the general public or age-matched controls, polymorphic al-

leles of CRP have been explored as susceptibility alleles for

cardiovascular events in patients with SLE [90,103–105]. In-

deed, a GT expansion (GT20) in the first CRP intron is en-

riched in Hispanic and African American (not Caucasian)

patients with SLE who have vascular arterial events. This

suggests that CRP alleles may be a risk marker for cardiovas-

cular complications in individuals diagnosed with SLE [93].

Anticipated areas for progress
On the foundations of linkage analyses and candidate gene

associations, several innovations in methodological plat-

forms may assist in accelerating the pace of discovery and

our understanding of SLE pathogenesis.

Gene expression microarrays

The ability to assess quantitative gene expression patterns

for large numbers of genes is now available through micro-

array analyses of messenger RNA levels. Several SLE stud-

ies have observed a significant change in interferon pathway

gene expression, among other effects [106–108]. As with any

technique, microarray analysis presents several challenges,

including the examination, clustering, and prioritization of

the large number of profile differences. These differences

may reflect underlying genetic characteristics and provide

another means to understand the genetic complexity of

SLE (reviewed by [109]). They may also be secondary con-

sequences of persistent inflammation, however, and reflect

processes common to many autoimmune diseases that

affect cell cycle progression, differentiation, migration, and

apoptosis [110].

High-throughput single nucleotide

polymorphism chips

Microarray technology has recently expanded to high-

throughput, genome-wide SNP genotyping platforms.

John et al. [111••] have compared linkage analysis using

an 11,245 SNP chip compared with a microsatellite-based

whole-genome screen in multicase families with rheuma-

toid arthritis. The genome-wide SNP approach identified

several known rheumatoid arthritis-related loci within sig-

nificantly smaller linkage intervals. In this case, the in-

terval of linkage was 13 cM less than that identified by

microsatellite scan, likely as a result of the increased in-

formation content across the genome in the chip analysis,

which may facilitate downstream fine mapping. The in-

creased information content may also contribute to the

identification of additional loci, previously unidentified by

the microsatellite scan. Efforts to minimize the false discov-

ery rate in each method were implemented, including reduc-

ing genotyping error; however, it is possible that genotyping

and map errors, information content limitations, and the

presence of linkage disequilibrium may reveal false positives.

In this study, additional evidence has been observed to sup-

port the verity of novel loci.

Table 2. Susceptibility genes associated with autoimmune

conditions in addition to Systemic lupus erythematosus

Gene Autoimmune disease Reference

C4 Multiple sclerosis [120]
Type I diabetes [120]

CTLA-4 Rheumatoid arthritis [121——123]
Graves’ disease [124——126]
Autoimmune thyroid disease [124——126]
Type I diabetes [126]

FCGR3A Rheumatoid arthritis [127——129]
FCRL3 Rheumatoid arthritis [30•]
MBL Rheumatoid arthritis [36,130]

Celiac disease [131]
Adult dermatomyositis [132]
Sjögren’s syndrome [36]

MCP-1 Giant cell arteritis [133]
PDCD1 Rheumatoid arthritis [134——136]

Type I diabetes [137]
PTPN22 Rheumatoid arthritis [44•,83,118•,138]

Graves’ disease [139,140]
Juvenile idiopathic arthritis [138]
Type I diabetes [82,118•,139,141]
Celiac disease [138]
Hashimoto thyroiditis [118•]
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This study also analyzed linkage disequilibrium of an area

of interest, suggesting that the SNPs could be used as

a fine-mapping scaffold. Ultimately, this study serves as

the proof of principle for the use of SNP chips in linkage

analysis of complex, multigenic diseases to detect suscep-

tibility loci. The high-density SNP chip was more precise,

had lower genotyping error rates, and reduced the re-

source need and time for gene mapping. It is very likely

that evaluation of SNPs via this high-throughput mecha-

nism will be used for whole-genome association studies in

case-control–designed SLE studies.

Admixture mapping

Admixture mapping, also known as mapping by admixture
disequilibrium, relies on the availability of highly informa-

tive markers with differences in allele frequencies across

major ethnic groups. The recent publication of a high-

density map of more than 3000 validated SNPs having

an approximate spacing of 1.2 cM and differing between

European and African ethnicities has enabled studies of ad-

mixture [112•,113]. This technique can be used to localize

genes that underlie ethnic variation of disease (reviewed in

[114]) and may provide a key to understanding the differen-

tial susceptibility to SLE of certain ethnicities at various loci.

Admixture mapping has been used to identify genetic loci

affecting hypertension as one model of a complex, mul-

tigenic disorder [115••]. Scanning of 269 microsatellite

markers in African American patients compared with

Nigerian and European American controls revealed seven

susceptibility loci on two chromosomes. In addition to

confirming a few previously reported loci [116], this study

identified several novel susceptibility loci. Although ad-

mixture mapping may have lower resolution than high-

density whole-genome SNP-based association analyses,

it is particularly useful when there is a prominent ethnic

disparity of phenotype as seen in SLE. Development of

high-resolution marker sets may also allow better whole-

genome scans [113,117].

Conclusion
Differences in the contribution of specific genetic variants

to the SLE phenotype from populations of different an-

cestral backgrounds are becoming increasingly apparent.

While this observation underscores genetic heterogeneity

in disease manifestation and emphasizes the opportuni-

ties in admixture mapping, it also cautions investigators

to be suitably careful in the design of case-control studies.

At the same time that genetic heterogeneity is becoming

more clear empirically, evidence is gathering to support

the notion of susceptibility alleles common to multiple au-

toimmune conditions such as rheumatoid arthritis, psori-

asis, and autoimmune thyroid disease [118•,119] (Table 2).

A single common foundation to autoimmunity seems un-

likely, but some shared building blocks seem probable.

Among the challenges will be defining the epistatic inter-

actions between susceptibility alleles to understand the

basis for disease development and the factors that may

contribute to phenotype severity. Among the confounders

in analysis may be CNPs, as seen for the complement

component C4. New technologies for high-density SNP

genotyping, for splice variant detection, and for character-

ization of ancestry will provide powerful tools, however.

Also, the goals of defining new pathways for intervention

and of tailoring therapy to each patient on the basis of de-

fined predispositions and our understanding of the rela-

tion among disease, genetics, environment, and lifestyle

are both an exciting and an important pursuit.
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Complement and systemic lupus erythematosus
David R. Karp

Purpose of review

It is well recognized that the complement system plays

multiple roles in systemic lupus erythematosus. Activation

of the classical pathway by immune complexes leads to the

generation of inflammatory mediators, thus promoting

tissue injury. Complement activation also plays an

important role in the maintenance of tolerance to

self-antigens. This review discusses recent insights in the

role of complement in the pathogenesis of systemic lupus

erythematosus.

Recent findings

The antiphospholipid syndrome is a major feature of

systemic lupus erythematosus. New findings have clearly

demonstrated that the prothrombotic effects seen in

a mouse model of this syndrome depend on complement

activation, whereas the protective effects of heparin are

due to its anticomplementary effects rather than its

anticoagulant action. Secondly, a potential mechanism

explaining the association of anti-C1q autoantibodies with

lupus glomerulonephritis has been elucidated in a mouse

model system.

Summary

New findings have helped to reinforce the role of

complement in the etiology and tissue damage of systemic

lupus erythematosus. These findings point to more precise,

mechanism-based therapies for autoimmune and

inflammatory disease.
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Introduction
A role for complement in systemic lupus erythemato-

sus (SLE) has been assumed for many years. Immune com-

plexes formed by self-antigens and autoantibodies activate

the classical pathway, generating inflammatory mediators

and resulting in tissue damage. A more complicated pic-

ture has emerged over the past decade, however. First, it

has become clear that genetic or acquired deficiency of

the early complement components C1q or C4 (and to a

lesser extent, C2) predisposes to the development of

lupus [1–3]. This is supported by mouse models and illus-

trates a role for complement in the routine disposal of

apoptotic cells containing autoantigens [4–6]. Second, a

previously unknown dependence on complement activa-

tion has been shown in a mouse model of antiphospholipid

syndrome (APS) [7]. Lastly, complement proteins them-

selves may become targets of autoantibodies, altering

the regulation of inflammation [8]. This article reviews re-

cent findings linking the complement system to SLE and

autoimmunity.

Antiphospholipid syndrome
The APS is characterized clinically by venous and arterial

thrombosis as well as pregnancy loss in association with

a variety of autoantibodies directed against phospholipids

and lipoproteins (aPLs). APS can occur as a primary auto-

immune disorder or as a feature of SLE (so-called second-

ary APS). Overall, aPLs are present in approximately 40%

of patients with SLE, and APS can similarly be seen in

about one-third of SLE patients [9–11]. aPLs are present

in 10%–50% of non-SLE patients with venous or arterial

thromboembolism and are seen in up to 20% of women

with recurrent pregnancy loss [12].

Numerous studies have shown that aPLs bind to and ac-

tivate endothelial cells, monocytes, neutrophils, and plate-

lets, causing the release of both inflammatory mediators

as well as procoagulants. In the past 4 years, a substantial

body of work has emerged demonstrating the essential role

of the complement system in a mouse model of APS. In

this model, pregnant mice are injected with polyclonal or

monoclonal aPL antibodies, resulting in the death of up to

50% of the implanted embryos. Mice deficient in C3, or

mice that have been treated with inhibitors of comple-

ment activation, are protected from fetal loss [13].

Studies to investigate the mechanism of complement-

dependent aPL-induced fetal loss also demonstrated de-

pendence on both C4 and factor B, suggesting that clas-

sical pathway activation and subsequent alternative
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pathway amplification are both necessary. Other genetic

models resistant to the effects of aPLs included C5-defi-

cient mice, C5a receptor-deficient mice, mice treated

with a peptide inhibitor of C5a-C5a receptor interaction,

and mice depleted of neutrophils [14]. Interestingly, mice

deficient in activating Fc receptors were still susceptible

to fetal loss. Together, these data suggest a mechanism

whereby complement activation generates C5a, which,

in turn, activates neutrophils, resulting in a proinflam-

matory, prothrombotic state.

Additional evidence for this mechanism comes from re-

cent experiments showing that tumor necrosis factor

(TNF-a) levels in plasma rise nearly 10-fold in the first

2 hours following aPL injection [15•]. The increase in

TNF-a was not seen in C5-deficient mice, demonstrating

the absolute requirement for complement activation in

the generation of inflammatory cytokines. Fetal resorption

was not seen in mice that were either genetically deficient

in TNF-a or mice that had been treated with pegylated

soluble TNF receptor. Given the availability of several bi-

ologic therapies to block TNF-a therapeutically (infliximab,

etanercept, and adalimumab), cytokine inhibition may be

a useful treatment to prevent recurrent pregnancy loss in

women with APS.

Two studies have addressed the role of complement inhi-

bition as therapies for experimental APS. The traditional

therapy for women who have had recurrent pregnancy loss

due to APS is either unfractionated or low-molecular-

weight heparin during most of the pregnancy. It has been

assumed that this prevents the formation of placental

microthrombi. Heparin has long been known to inhibit

the activation of the complement system [16,17], how-

ever. Administration of either low-molecular-weight or

unfractionated heparin to pregnant mice prevented the

fetal loss caused by aPL antibodies [18••]. Fondaparinux
is a pentasaccharide mimic of the antithrombin-binding

region of heparin. Although it effectively inhibits factor

Xa, it does not have anticomplementary activity. Likewise,

the thrombin inhibitor hirudin is an anticoagulant without

any effect on complement activation. Neither fondapar-

inux nor hirudin could prevent fetal resorption induced

by aPL antibodies, demonstrating that it is the anticom-

plementary effect of heparin, not the anticoagulant effect

of heparin, that is essential. In both mouse and human se-

rum, heparin, but not fondaparinux or hirudin, was 100%

effective in preventing complement activation as judged

by the binding of C3b to trophoblast-like BeWo cells and

the generation of C3a desArg. Heparin did not block

the binding of aPL antibodies to placental tissue in vivo.
The authors conclude that the major therapeutic effect

of heparin in this model, and likely in women treated to

prevent pregnancy loss, is due to its ability to block acti-

vation of the complement pathway and not to its antico-

agulant effect.

Lastly, a novel monoclonal antibody to mouse factor B was

tested in this mouse APS model [19••]. This antibody was
developed by immunizing factor B-deficient mice with

a recombinant protein consisting of the Fc portion of

mouse IgG1 fused to the portion of factor B essential for

hemolytic activity. This monoclonal antibody, designated

1379, was 100% effective in blocking zymosan-induced

alternative pathway activation in vitro using serum from

human, mouse, rat, baboon, rhesus monkey, cynomolgus

monkey, pig, and horse as a complement source. Treat-

ment with monoclonal antibody 1379 resulted in a de-

crease in the frequency of fetal resorption from 40.5% ±
8.7% to 20.3% ± 6% (P < 0.01). Deposition of C3 on de-

cidual tissue and generation of C3a desArg in serum were

similarly inhibited by the antibody. The authors conclude

that blockade of the alternative pathway is an attractive

potential therapy for APS, particularly for patients for

whom anticoagulation is contraindicated. Specific alterna-

tive pathway blockade also circumvents potential prob-

lems with susceptibility to bacterial infection that could

complicate strategies that block activation via the classic

and mannan-binding lectin pathways.

Role of anti-C1q in lupus nephritis
The C1q subunit of C1 can interact with antibody in two

distinct ways. In the classical activation pathway, the glob-

ular head of C1q binds specifically to the Fc portion of

selected immunoglobulin. In addition, autoantibodies to

C1q bind to the collagenlike tail region through their

F(ab) domains. Such autoantibodies have been described

in a number of autoimmune conditions, notably SLE and

hypocomplementemic urticarial vasculitis [20,21]. A strong

association has been seen between the presence of such

antibodies and proliferative lupus nephritis [22–24,25•].
The significance of this finding is corroborated by the

presence of similar anti-C1q autoantibodies in several

mouse models of SLE characterized by the occurrence

of glomerulonephritis [26,27•].

A potential mechanism for the association of anti-C1q

with lupus nephritis was recently proposed. Trouw et al.
[28••] developed a monoclonal antibody (JL-1) to the col-

lagenlike tail of C1q that reacts with both human and

mouse proteins. When JL-1 was administered to normal

mice, there was deposition of C1q-anti-C1q complexes

in the glomerulus but no evidence of nephritis. This ef-

fect was not seen in Rag2�/� mice, suggesting that C1q

was acting as a ‘planted antigen’ binding to low levels of

immunoglobulin present normally in the kidney. When

mice were given subnephritogenic doses of rabbit anti-

glomerular basement membrane (GBM) serum, JL-1, but not

control monoclonal antibody, led to substantial C1q/anti-

C1q glomerular deposition as well as albuminuria and his-

tologically evident glomerulonephritis. The effect was

clearly dependent classical complement pathway activa-

tion, as anti-GBM serum that did not fix C1q was
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ineffective in this assay. In addition, mice genetically de-

ficient in C1q, C4, C3, and all Fcg receptors did not dis-

play renal dysfunction.

This leads to a more detailed mechanism for the develop-

ment of lupus nephritis in the face of humoral autoim-

munity. Following the deposition of immune complexes

(e.g. DNA/anti-DNA) or antiglomerular antibodies, C1q

is fixed. When anti-C1q antibodies are present, comple-

ment activation is amplified through a classical pathway-

dependent manner, leading to generation of C3a/C5a and

the membrane attack complex, recruitment of neutrophils

and mononuclear cells, and resultant renal damage. Whether

human polyclonal antibodies act in a manner identical to

JL-1 is unknown, although they do recognize similar epit-

opes on C1q [20,23]. If the epitopes of pathogenic anti-

C1q are sufficiently restricted, this suggests therapeutic

options to block or remove such autoantibodies in lupus

patients.

C1q and dendritic cell function
A second mechanism whereby anti-C1q autoantibodies

can lead to SLE has been proposed [29]. Patients with

C1q deficiency often have severe SLE [30], as do C1q

knockout mice [31], although the exact phenotype de-

pends on genetic background [32] and is not C3 depen-

dent [33]. It is known that C1q targets apoptotic cells

and effects clearance of apoptotic blebs containing auto-

antigens [5,31]. Such inappropriate clearance may dimin-

ish self-tolerance. C1q mediates the binding of apoptotic

Jurkat T cells to human immature dendritic cells [34••].
This uptake stimulated interleukin-6, interleukin-10, and

TNF-a production by dendritic cells but did not cause

production of interleukin-12p70. This suggests that the

interaction of C1q opsonized apoptotic cells with den-

dritic cells leads to their safe removal without dendritic

cell maturation and potential T-cell activation. In another

system, C1q has recently been shown to actually suppress

the lipopolysaccharide-induced production of interleukin-

12p40 by bone marrow-derived dendritic cells [35•] in vitro
whereas production of TNF-a was not affected. In vivo,
the serum concentration of interleukin-12p40 in C1q-

deficient mice given lipopolysaccharide was approximately

twice that of wild type. Both interleukin-12p40 protein

and message were decreased in dendritic cells treated

with C1q. Whereas the levels of proteins related to lipo-

polysaccharide signaling (TLR4, MD-2, MyD88) were not

affected by C1q, there was a decrease in nuclear factor-kB

binding to the interleukin-12p40 promoter and a delay in

extracellular signal-related kinase (ERK) phosphorylation.

Lastly, it has been shown that lupus-prone MRL/Mp mice

that are genetically deficient in C1q have a marked in-

crease in the number of splenic monocytes compared

with C1q-sufficient animals [36•]. These mice also had

larger numbers of activated T cells, plasma cells, and

serum IgM concentration compared with the wild-type

MRL/Mp mice. IgM antichromatin autoantibodies were

significantly increased in the C1q�/� mice (1.9 vs 0.6

units/mL, P < 0.05). Together, these data suggest that

C1q plays an important regulatory role in maintenance

of self-tolerance and autoimmunity. Antibodies to C1q

may alter levels of this protein and thus predispose indi-

viduals to the development of additional autoantibodies,

as well as play a direct role in the pathogenesis of immune-

mediated glomerulonephritis.

C4 and systemic lupus erythematosus
Numerous studies have demonstrated an association with

complete or partial C4 deficiency and lupus. Between

a third and a half of all lupus patients have a deficiency

in the expression of C4A relative to C4B [37–39], although

a high frequency of C4B deficiency is seen in some ethnic

groups (e.g. Spanish, Mexican, and aboriginal Australians)

[40,41]. The argument that C4 deficiency plays a role in

the pathogenesis of lupus is supported by the finding that

C4-null mice are more likely to develop autoantibodies

and immune complex glomerulonephritis. About two dozen

humans have been reported with homozygous deficiency

of both C4A and C4B [42]. Nearly all these patients had

SLE or immune complex glomerulonephritis. The molec-

ular basis for complete C4 deficiency in seven patients

from four independent families was recently described

[43••]. Each of these patients had kidney disease, either

mesangial or membranoproliferative glomerulonephritis.

Five of the seven carried the diagnosis of SLE and one

had Henoch-Schöenlein purpura with skin and gastroin-

testinal involvement. Three patients were homozygous

for HLA A30 B18 DR7 and the other four were homozy-

gous for HLA A24 B38 DR13. The first group lacked

C4A genes but had duplicated C4B genes with identical

mutations in an intronic splice donor sequence. The sec-

ond group had no C4B genes and had a two-basepair de-

letion in exon 13 of the C4A gene. Molecular testing to

screen for these mutations in patients with autoimmune

disease was developed.

C4A and C4B both form covalent bonds with activating

substrates, but with different specificities [44]. C4A reacts

preferentially with proteins such as immune complexes

forming amide bonds. Functionally, this results in the pre-

vention of immune complex precipitation. This activity is

reduced in SLE patients, particularly those with low C4

levels. The genetics of C4 differs in various ethnic groups.

Yu and Whitacre [45••] have studied more than 2000 indi-

viduals including lupus patients, their family members,

and healthy controls. In whites, three-quarters of the C4
genes in are the ‘long’ form, due to the insertion of a hu-

man retroviral sequence that downregulates C4 expres-

sion. In African Americans, more than 40% of the C4
genes are the short (high-expression) form. Individuals

with four long C4 genes have 40% less C4 in their serum
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than individuals heterozygous for long and short genes,

which may account for the observed higher level of C4

in African Americans compared with whites. Thus, the

role of C4 in lupus pathogenesis is complex. In some indi-

viduals, a relative deficiency promotes loss of tolerance to

self and development of lupus (disease susceptibility),

whereas in others a higher level of C4 promotes immune

complex damage (disease severity).

Conclusion
The role of the complement system in the etiopathogenesis

of SLE continues to evolve. Generation of anaphylatoxins

and the membrane attack complex constitute prominent

mediators of immune complex damage. The range of pa-

thology caused by complement activation must be ex-

panded now to include initiation of thrombosis in APS.

If the findings from the mouse model can be extended

to humans, it suggests that more directed therapy can

be as effective, but with increased safety. Future studies

that use antibodies to C1q and complement levels as bio-

markers will be useful strategies to predict susceptibility

to SLE, as well as propensity to develop glomerulonephritis.
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Biomarkers for systemic lupus erythematosus: a review

and perspective
Chau-Ching Liua,b, Susan Manzia,b,c and Joseph M. Ahearna,b

Purpose of review

Despite decades of extensive work in the understanding of

the etiopathogenesis of systemic lupus erythematosus, few

biomarkers have been validated and widely accepted for

this disease. The lack of reliable, specific biomarkers not

only hampers clinical management of systemic lupus

erythematosus but also impedes development of new

therapeutic agents. This paper reviews briefly the historical

aspects of systemic lupus erythematosus biomarkers and

summarizes recent studies on candidate biomarkers.

Recent findings

Recognizing the urgent need for lupus biomarkers, a Lupus

Biomarker Working Group has recently been initiated to

facilitate collaborative efforts aimed at identifying and

validating biomarkers for systemic lupus erythematosus.

Based on available data, several laboratory markers have

shown promise as biomarkers for susceptibility, diagnosis,

and disease activity. These include Fc receptor genes

(disease susceptibility), complement C4d-bound

erythrocytes (diagnosis or disease activity), CD27high

plasma cells (disease activity), ‘interferon signature’

(disease activity), and anti-C1q antibodies (disease

activity and organ involvement).

Summary

There is a longstanding and recently rejuvenated

enthusiasm for biomarkers that precisely and specifically

reflect the pathophysiologic and clinical changes in

systemic lupus erythematosus. Promising candidate

biomarkers have been identified but must still be

validated through rigorous, large-scale multicenter

studies.
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Introduction
Systemic lupus erythematosus (SLE) is the most clini-

cally and serologically diverse autoimmune disease. The

spectrum of disease manifestations among patients with

SLE is broad, ranging from subtle symptoms to life-threat-

ening multiorgan failure. Because of its heterogeneous

presentation and unpredictable course, clinical manage-

ment of SLE remains one of the greatest challenges to

physicians. Despite decades of advances in our under-

standing of SLE pathogenesis, few biomarkers for SLE

have been validated and widely accepted [1••,2••]. The

lack of reliable, specific biomarkers for SLE not only ham-

pers precise assessment of disease activity and prompt

identification of patients at risk for flares and organ dam-

age, but also impedes accurate evaluation of responses to

treatment [3]. Comprehending the urgent need for lupus

biomarkers, the Food and Drug Administration and the

National Institute of Arthritis and Musculoskeletal and

Skin Diseases have recently convened several strategic

meetings and established a Lupus Biomarker Work-

ing Group to facilitate identification and validation of

such markers. This article reviews briefly the historical

background for biomarkers and summarizes recent

developments in the continuing search for biomarkers

of SLE.

Biomarkers: definition and potential utility in
systemic lupus erythematosus
A biomarker can be defined as a genetic, biologic, bio-

chemical, or molecular event whose alterations correlate

with disease pathogenesis or manifestations that can be

evaluated qualitatively or quantitatively in laboratories

[1••,4]. Several methodologic criteria are required for a lab-

oratory measure to serve as a reliable biomarker for a dis-

ease, including the following: it must be biologically and

pathophysiologically relevant; it must be simple for rou-

tine practice; and it must accurately and sensitively

respond to changes in disease activity (see Illei et al.
[1••,2••] for an extensive review).
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Due to the heterogeneous and complex nature of SLE,

it is unlikely that a single biomarker will demonstrate uni-

versal utility. Pertinent biomarkers have several potential

uses in SLE [1••,2••]. For example, some may be used to

facilitate accurate and early diagnosis of SLE; some may

help identify individuals prone to develop SLE or patients

at risk for severe disease and poor prognosis; some may be

useful in determining disease severity or monitoring dis-

ease progression; some may indicate systemic or specific

organ involvement; and some may be used to evaluate re-

sponse to treatment.

Classification of potential lupus biomarkers
Although the etiology of SLE is still incompletely under-

stood, numerous lines of evidence support that genetic,

hormonal, and environmental factors are clearly involved

[5,6]. Clinical manifestations of SLE are likely the con-

sequence of an immune-inflammatory process, which

evolves in different phases of the disease and is character-

ized by production of autoantibodies and activation of the

complement system [6]. Based on these etiopathogenic

features of SLE, we will categorize and discuss potential

lupus biomarkers in different classes.

Biomarkers for susceptibility

Genetic factors clearly play a major role in predisposing an

individual to development of SLE. The genetic suscepti-

bility is clearly influenced by environmental factors, al-

though these triggers remain poorly identified. A recent

study showed that autoantibodies are present in patients

with SLE many years before the development of clinical

symptoms [7]. Moreover, the emergence of various auto-

antibodies appears to follow a preset course while patients

are asymptomatic [7]. These observations suggest that

the immune system of genetically predisposed individuals

is inherently perturbed. Recent searches for ‘SLE genes’,

primarily through candidate gene-association studies and

genomewide linkage analyses, have clearly demonstrated

that no single gene is responsible for causing SLE. Multi-

ple genes are involved, perhaps in a hierarchical, interac-

tive manner, to trigger disease onset [8•,9•]. Initial genetic

studies focused on genes that are historically considered

to be key components of immune responses, such as major

histocompatibility complex genes. Specific alleles of major

histocompatibility complex class II have been found to be

associated with SLE in ethnic groups [10,11].

Currently, the loci that most warrant being referred to as

‘SLE genes’ are those encoding the components of the

classical complement pathway [12]. Complete comple-

ment deficiency is a rare cause of SLE, however. Recent

genetic studies of SLE have focused on correlating SLE

(susceptibility, disease spectrum, and severity) with poly-

morphisms of hypothetical candidate genes that encode

mannose-binding lectin [13], cytokines (e.g. interleu-

kin-6, interleukin-10, tumor necrosis factor [TNF]-a, and

osteopontin) [14–17], chemokines (e.g. monocyte chemo-

attractant protein-1) [18], cytokine receptors/antagonists

(e.g. type II TNF-a receptor and interleukin-1 receptor an-

tagonist) [19,20], Fc receptors (e.g. FcgRIIa, FcgR IIb, and

FcgRIIIa) [21–24], and other cell surface receptors (e.g. cy-

totoxic T-lymphocyte antigen-4 and programmed death

protein-1) [25,26]. In some cases, reports have not been con-

sistent among different laboratories, possibly reflecting het-

erogeneous genetic susceptibility influenced by ethnicity

and environment. Recently, genomewide linkage analyses us-

ing families with multiple SLE cases and sibpairs have iden-

tified several SLE susceptibility loci and positional candidate

genes, such as genes encoding C-reactive protein, pre-B-cell

leukemia transcription factor, and polyadenosine-diphos-

phate-ribosyl transferase [27,28]. These studies have recently

been summarized in several excellent reviews [8•,9•,29].

In conclusion, the field of SLE genetics holds great prom-

ise. It has not yet sufficiently matured to have provided

practical and universal genetic biomarkers for SLE suscep-

tibility, however.

Biomarkers for diagnosis

Once clinical symptoms have developed, prompt diagnosis

and proper management of SLE remain great challenges

to physicians. The current standard approach to the diag-

nosis of SLE relies on revised American College of Rheu-

matology criteria published in 1982 [30,31], but this

approach is problematic in routine clinical practice. For ex-

ample, development of four of 11 criteria for a definite

SLE diagnosis may take years to decades in some patients.

Such delay in diagnosis of SLE may deprive patients of

timely treatment and predispose them to irreversible or-

gan damage. Laboratory tests or biomarkers that facilitate

early and accurate diagnosis of SLE are essential.

Traditionally, determination of autoantibodies such as an-

tinuclear antibodies, antiextractable nuclear antigen anti-

bodies (e.g. anti-Ro/SSA, anti-La/SSB, anti-snRNP, and

anti-SM), and anti-double-stranded DNA (dsDNA) are

used in diagnosing SLE. There are considerable draw-

backs to use these immunologic markers, however (see

Reveille [32•] for further discussion). In search of bio-

markers with better specificity and sensitivity for SLE

diagnosis, Manzi et al. [33••] recently investigated the pos-

sibility that abnormal levels of erythrocyte-bound comple-

ment activation product C4d (E-C4d) and complement

receptor 1 (E-CR1) may serve this purpose. Using flow

cytometric analysis, these investigators showed that

patients with SLE had significantly higher E-C4d and

lower E-CR1 levels than did patients with other autoim-

mune disease or healthy controls [33••]. The E-C4d/E-

CR1 test was shown to be 81% sensitive and 91% specific

for SLE vs healthy controls and 72% sensitive and 79%

specific for SLE vs other diseases, with an overall negative

predictive value of 92%. It was also estimated that 86% of
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the patients with SLE had abnormal E-C4d/E-CR1 level

at the time of the study visit, compared with 47% who had

a positive anti-dsDNA test at the same visit [33••]. These

data suggest that simultaneous determination of E-C4d

and E-CR1 by flow cytometry may have significant impact

on the accuracy and timing of diagnosis of SLE and should

be studied further as a lupus diagnostic biomarker.

Biomarkers for disease activity

Currently, disease activity in SLE is often assessed using

composite disease activity indices, such as SLE Activity

Index (SLEDAI), Systemic Lupus Activity Measure

(SLAM), European Consensus Lupus Activity Measure

(ECLAM), and British Isles Lupus Assessment Group

(BILAG), which comprise a variety of clinical and labora-

tory parameters [34,35]. These indices are exclusively

used by academicians and lupus aficionados, however.

They are too complex and cumbersome for use in routine

clinical practice.

Autoantibody production and complement activation are

considered two of the hallmark features of SLE, and lab-

oratory measures of complement and autoantibodies are

components of most disease indices. Numerous studies

have been conducted to identify the associations of vari-

ous autoantibodies (particularly anti-dsDNA) and comple-

ment proteins (including native molecules and activation

products) with disease activity/severity in SLE. The

results, however, are inconsistent [36–41]. These inconsis-

tent results may also confound the assessment of disease

activity with the widely used disease indices. Conse-

quently, the value of conventional tests measuring serum

complement and autoantibodies as markers of SLE disease

activity is being revisited. Several recent reviews have sum-

marized the controversial issues concerning traditional

markers and provided insightful perspective [42,43]. This

section focuses on several potential candidate biomarkers

that have recently emerged.

Recent studies of murine lupus models and human lupus

have suggested that B cells play a central role in the path-

ogenesis of SLE [44,45]. A cardinal change reflecting

B-cell abnormalities is alteration of peripheral B-cell ho-

meostasis. In adult SLE patients, the frequency and abso-

lute numbers of CD19+CD20+CD27� naı̈ve B cells

decreased significantly, whereas the frequency and abso-

lute number of CD19+CD20�CD27high plasma cells (dis-

tinguished from CD19+CD27Low-moderate memory B cells)

increased remarkably in patients with active disease [46].

Similarly, in pediatric SLE patients, especially those with

active disease, a subset of B cells resembling plasma cell

precursors has been found in peripheral circulation [47].

These observations support a role for autoantibody-

producing plasma cells in the pathogenesis of SLE. Re-

cently, Jacobi et al. [48] conducted a study to investigate

rigorously whether B-cell abnormalities, as reflected by

altered homeostasis and phenotypes of peripheral blood

B cells detected using flow cytometry, may correlate with

SLE disease activity. These investigators reported that

the number and frequency of CD27high plasma cells were

significantly correlated with disease activity scored by

SLEDAI, ECLAM, and the titer of anti-dsDNA antibodies.

They also observed that the expansion of the CD27high

plasma cell population increased with the duration of clin-

ical SLE and decreased after effective treatment with im-

munosuppressive agents. Moreover, using a nonparametric

data sieving algorithm, the B-cell abnormalities provided

predictive values for nonactive and active disease of

78.0% and 78.9%, respectively. The positive predictive value

(78.9%) of B-cell abnormalities for active disease was greater

than that of the humoral/clinical data pattern (71.4%).

These results suggest that alteration of the B-cell subpop-

ulation (i.e. the increase in CD27high plasma cells) may be

a valuable biomarker for monitoring SLE disease activity

(see also Dorner and Lipsky [49•] for a detailed review).

Aside from the aforementioned cellular biomarkers such as

complement C4-bound erythrocytes [33••] and CD27high

plasma cells [48], significant advances have been made in

identifying soluble and genetic biomarkers for disease ac-

tivity in SLE. Prominent among the latter is the recent

identification of the ‘interferon signature’ in patients with

active SLE [50,51•,52•]. Historically, supports for the link

between interferon and SLE have come from several lines

of evidence. Increased serum interferon-a level in pa-

tients with SLE was first reported in 1979 [53] and has

subsequently been confirmed [54]. Recent studies have

shown that serum interferon-a increases during disease

flares and is associated with multiorgan involvement [54].

The possibility that interferon might contribute to SLE

is also suggested by the observation that a significant frac-

tion of patients who received interferon-a as a therapeutic

agent for various malignancies or viral hepatitis developed

positivity for antinuclear autoantibodies (;20%) or frank

autoimmune diseases including SLE (0.7%) [55]. Support

also comes from studies using murine lupus models, which

showed that genetically engineered deficiency in type I

interferon receptor reduced or ameliorated autoantibody

production and renal disease in lupus-prone mice [56],

whereas activation of type I interferon resulted in in-

creased severity of renal disease and autoantibody produc-

tion [57]. These observations have led to a rejuvenated

interest in the role of interferon in SLE (see Baechler

et al. [51•], Crow and Kirou [52•], and Ronnblom and

Alm [58] for excellent reviews).

Several investigators have recently used gene-profiling

methods to investigate interferon-a-induced genes as an

alternative approach for assessing the role of interferon

in SLE [50,59–61]. To identify pathways that might be

dysregulated in peripheral blood mononuclear cells of

patients with SLE, Baechler et al. [50] used microarray
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techniques to study gene expression profiles in SLE pa-

tients and found a striking pattern of upregulated interferon-

inducible genes (subsequently termed ‘interferon signa-

ture’) in a subset of SLE patients. They further observed

that the interferon signature predicts more severe disease,

such as cerebritis, nephritis, and hematologic involvement,

in those patients. Similar findings have been reported by

three other groups [59–61]. A recent study using quantita-

tive real-time polymerase chain reaction analysis further

confirmed that interferon-a is primarily responsible for in-

ducing the observed interferon signature gene expression

pattern by peripheral blood mononuclear cells from SLE

patients [62]. Taken together, these data suggest that over-

expression of interferon-inducible genes is a prominent and

reproducible phenomenon in patients with SLE, especially

those with active/severe disease. A longitudinal study is fo-

cusing on following changes in the interferon signature and

other gene expression patterns in patients with SLE and de-

termining whether such changes correlate or predict clinical

outcomes such as disease flares, new organ involvement, and

response to treatment [51•]. These upcoming results

should yield insights on the candidacy of the interferon sig-

nature as a biomarker for SLE disease activity.

In recent years, a growing list of humoral factors, including

cytokines (e.g. interleukin-6, interleukin-10, interleukin-

16, and interleukin-18) [63–66], soluble cytokine recep-

tors (e.g. soluble interleukin-2 receptor) [67], soluble

adhesion molecules (e.g. soluble intercellular adhesion mol-

ecule and soluble vascular cell adhesion molecule) [68,69],

acute-phase proteins (e.g. C-reactive protein and ferritin)

[70], autoantibodies (e.g. antinucleosome and anti-C-

reactive protein) [71], and soluble thrombomodulin

[72,73], has been investigated in terms of their associa-

tions with the activity and severity of SLE (Table 1).

Hopefully, this promising array of candidates will yield

several validated SLE biomarkers.

Biomarkers for specific organ involvement

Systemic lupus erythematosus can affect virtually any tis-

sue and organ. Not all organs are affected simultaneously,

however, and involvement of a specific organ will not nec-

essarily be manifested the same in all patients. It would

therefore be beneficial if physicians could determine or

predict organ-specific disease in SLE. Of the myriad man-

ifestations of SLE, nephritis is a cause of significant mor-

bidity and mortality. It is present in 25% to 50% of patients

with SLE [74]. Anti-dsDNA has traditionally been used as

a serologic indicator to follow the development and sever-

ity of lupus nephritis, although there are mixed opinions

regarding its utility. Recently, investigators have explored

the use of other autoantibodies in monitoring and prefer-

ably predicting renal disease in patients with SLE. Among

those autoantibodies, antichromatin/nucleosome antibodies

[75] and anti-C1q antibodies [76] have been extensively

studied and have shown promise as new measures for renal

involvement.

Chromatin, the DNA-histone complex found in the nu-

cleus of eukaryotic cells, is organized into a repeating se-

ries of nucleosomes. Recent studies have demonstrated

that the nucleosome is a major autoantigen targeted by

T and B cells in SLE [77]. Antinucleosome antibodies

are reportedly present in 70% to 80% of patients with

SLE and have a high specificity (up to 97%) for SLE

Table 1. Potential biomarkers for systemic

lupus erythematosus

Category Marker

Disease susceptibility Complement deficiency
FcgRIIa polymorphism
FcgRIIb polymorphism
FcgRIIIa polymorphism
MBL Polymorphism
MHC class II alleles
Interleukin-10, Interleukin-6, TNE-a
polymorphism

TNFR, Interleukin-1Ra polymorphism
PD-1 polymorphism
CTLA-4 polymorphism
Interferon signature

Disease diagnosis Anti-dsDNA
Erythrocyte-bound C4d/erythrocyte-CRIa

Serum complement levels: C3, C4
Disease activity Anti-dsDNA

Serum complement and activation
product levels

C3, C4, C3a, C5a, C3d, C4d, Ba,
Bb, sC5b-9

Serum cytokine levels
interleukin-6, interleukin-10, interleukin-12,
interleukin-13, 16,
interleukin-15, interleukin-16,
interleukin-18, interferon-a, interferon-g,
TNF-a

Soluble cytokine receptors
interleukin-2R, TNFR, interleukin-1Ra

Soluble cell surface molecules
CD27, CD154, BAFF (BlyS)

Endothelial activation markers
Soluble ICAM, sVCAM, thrombomodulina

Acute phase proteins
CRP, ferritin

Other autoantibodies
Antinucleosome, anti-C1q

Cellular markers
CD27High plasma cellsa

Erythrocyte-C4da

Specific organ
(renal) involvement

Anti-dsDNS
Anti-C1q
Anti-nucleosome
Urinary sVCAM and MCP-1 levels

This table is not meant to be exclusive. Some of the less-studies markers
are not listed.
aMarkers identified as priority candidates for validation by the Lupus Bio-
marker Working Group.
MBL, mannose-binding lectin; MHC, major histocompatibility complex;
TNF, tumor necrosis factor; PD-1, programmed death protein-1; CTLA,
cytotoxic T-lymphocyte antigen; TNFR, tumor necrosis factor receptor;
Ra, receptor antagonist; BAFF, B cell-activating factor belonging to the
TNF family; BlyS, B lymphocyte simulator; ICAM, intercellular adhesion
molecule; SVCAM, soluble vascular cell adhesion molecule; CRP, C-re-
active protein; MCP-1, monocyte chemoattractant protein-1.
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[32•,75,78]. These antibodies have also been found in

patients who tested persistently negative for anti-dsDNA

antibodies. In one study [79], 60% of the patients who

were tested positive for antinucleosome antibodies but

negative for anti-dsDNA antibodies were shown to have

renal disease, suggesting that antinucleosome antibodies

may serve as a sensitive marker of renal involvement in

the absence of anti-dsDNA. Several studies have shown

a strong correlation between antinucleosome antibodies

and SLE disease activity measured by SLEDAI or

ECLAM [75,79].

Anti-C1q antibodies can be found in a small proportion of

healthy individuals and have been commonly found in

patients with autoimmune disorders such as hypocomple-

mentemic urticarial vasculitis and SLE. The prevalence of

anti-C1q in patients with SLE ranges from 34% to 47%

[76]. Elevated serum concentrations of anti-C1q anti-

bodies have been found in patients with SLE, compared

with healthy controls [80], and a strong correlation be-

tween the presence of anti-C1q antibodies and renal

involvement in SLE has been reported [81,82]. The ab-

sence of anti-C1q antibodies has been reported to exclude

a diagnosis of lupus nephritis [83], and an increase in anti-

C1q antibodies has been suggested to predict renal flares

[81]. Positive predictive value and negative predictive value

of anti-C1q antibodies for lupus nephritis have been re-

ported to be 58% and 100%, respectively [81]. In several

studies, anti-C1q antibodies were shown to correlate with

active lupus nephritis with a sensitivity of 44% to 100%

and a specificity of 70% to 92% [81,83]. Moreover, a patho-

genic role for anti-C1q antibodies in lupus nephritis has

been suggested by detection of anti-C1q antibody deposited

in the kidneys [84] and by induction of renal disease in mice

with anti-C1q antibodies and immune complexes [85•].

Recently, Marto et al. [86] conducted a cross-sectional

study to investigate the correlation between anti-C1q

titers and renal disease activity in 151 patients with

SLE. They found a higher prevalence of anti-C1q anti-

bodies in patients with active nephritis than in those with

no renal disease (74% vs 32%); the anti-C1q levels were

higher in patients with nephritis than in those without ne-

phritis. Interestingly, it was also shown that anti-C1q anti-

bodies could be detected in 39% of SLE patients without

history of renal disease and that 27% of those patients

developed lupus nephritis within a median interval of

9 months. These results confirm the previously reported

strong correlation between the presence of anti-C1q anti-

bodies and lupus nephritis, and they further suggest that

anti-C1q determination may provide a useful means to

monitor renal involvement or predict renal flares.

Conclusion
The greatest challenge in identifying and developing spe-

cific biomarkers for SLE is the complex etiopathogenesis

and clinical heterogeneity of SLE. Reliable SLE bio-

markers may be informative at different time points in

the disease process, such as at diagnosis, during the course

of the inflammatory phase of the disease, in assessment of

end-organ damage, or in evaluation of response to treat-

ment. Moreover, owing to the multifactorial nature of

SLE, no single biomarker will emerge as ‘the lupus bio-

marker’. The rapid progress we are witnessing in this field

will most likely lead to a validated ‘lupus biomarker panel’

that will include assays for individual molecules as well as

for ‘molecular biosignatures’ [87].

The attempt to discover useful biomarkers for SLE has

traditionally been conducted based on hypothesis-driven

approaches, i.e. to investigate a single or a small number

of factors (e.g. genes, autoantibodies, and cytokines) that

are thought to be important in the underlying patho-

physiologic mechanisms. Although these approaches have

yielded many putative biomarkers, no biomarkers have

been validated to date. Advances in high-throughput tech-

nology during the past decade have undoubtedly opened

new avenues to efficiently discover biomarkers for SLE. In

this new research arena, several fields are likely to be the

main ‘mines’ of biomarkers for autoimmune diseases and

will particularly attract investigators’ attention. These

fields include gene transcription profiling using RNA ex-

tracted from cells/tissues of patients in conjunction with

DNA microarray or polymerase chain reaction techniques;

autoantibody profiling using autoantigen arrays, and sig-

naling pathway and cytokine/chemokine expression profil-

ing using DNA and protein microarrays, flow cytometry,

and proteomics techniques [88•]. Several research groups

have already begun to use these technologies to perform

large-scale screen assays with an attempt to identify poten-

tial biomarkers or biosignatures for SLE [50,52•,59,61].

Initial results have been encouraging and point to great

cause for optimism in the lupus biomarker arena.
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50 Baechler EC, Batliwalla M, Karypis S, et al. Interferon-inducible gene expres-
sion signature in peripheral blood cells of patients with severe lupus. Proc
Natl Acad Sci U S A 2003; 100:2610——2615.

•
51 Baechler EC, Gregersen PK, Behrens TW. The emerging role of interferon in

human systemic lupus erythematosus. Curr Opin Immunol 2004; 16:801——
807.

An excellent review on the role of interferon in the pathogenesis of SLE. Ongoing
interesting studies of interferon signature are discussed.

•
52 Crow MK, Kirou KA. Interferon-alpha in systemic lupus erythematosus. Curr

Opin Rheumatol 2004; 16:541——547.
Another excellent review linking interferon and the pathogenesis of SLE.

53 Hooks JJ, Moutsopoulos HM, Geis SA, et al. Immune interferon in the cir-
culation of patients with autoimmune disease. N Engl J Med 1979; 301:
5——8.

54 Bengtsson AA, Sturfelt G, Truedsson L, et al. Activation of type I interferon
system in systemic lupus erythematosus correlates with disease activity
but not with antiretroviral antibodies. Lupus 2000; 9:664——671.

55 Gota C, Calabrese L. Induction of clinical autoimmune disease by therapeutic
interferon-alpha. Autoimmunity 2003; 36:511——518.

56 Santiago-Raber ML, Bacalla R, Haraldsson KM, et al. Type-1 interferon recep-
tor deficiency reduces lupus-like disease in NZB mice. J Exp Med 2003;
197:777——788.

57 Braun D, Geraldes P, Demengeot J. Type I interferon controls the onset and
severity of autoimmune manifestations in lpr mice. J Autoimmun 2003;
20:15——25.

58 Ronnblom L, Alm GV. An etiopathogenic role for the type I IFN system in SLE.
Trends Immunol 2001; 22:427——431.

59 Bennett L, Palucka KA, Arce E, et al. Interferon and granulopoiesis signatures
in systemic lupus erythematosus blood. J Exp Med 2003; 197:711——723.

60 Crow MK, Kirou KA, Wohlgemuth J. Microarray analysis of interferon-
regulated genes in SLE. Autoimmunity 2003; 36:481——490.

61 Han GM, Chen SL, Shen N, et al. Analysis of gene expression profiles in hu-
man systemic lupus erythematosus using oligonucleotide microarray. Genes
Immun 2003; 4:177——186.

62 Kirou KA, Lee C, George S, et al. Coordinate overexpression of interferon-
alpha-induced genes in systemic lupus erythematosus. Arthritis Rheum
2004; 50:3958——3967.

63 Stuart RA, Littlewood AJ, Meddison PJ, et al. Elevated serum interleukin-6 lev-
els associated with active disease in systemic connective tissue disorders.
Clin Exp Rheumatol 1995; 13:17——22.

64 Houssiau FA, Lefebvre C, Vanden Berghe M, et al. Serum interleukin 10 titers
in systemic lupus erythematosus reflect disease activity. Lupus 1995; 4:393——
395.

65 Lard LR, Roep BO, Vergurgh CA, et al. Elevated IL-16 levels in patients with
systemic lupus erythematosus are associated with disease severity but not
with genetic susceptibility to lupus. Lupus 2002; 11:181——185.

66 Wong CK, Ho CY, Li EK, et al. Elevated production of interleukin-18 is asso-
ciated with renal disease in patients with systemic lupus erythematosus. Clin
Exp Immunol 2002; 130:345——351.

67 Davas EM, Tsirogianni A, Kappou I, et al. Serum IL-6, TNFalpha, p55 srTNFal-
pha, p75srTNFalpha, srIL-2alpha levels and disease activity in systemic lupus
erythematosus. Clin Rheumatol 1999; 18:17——22.

68 Spronk PE, Bootsman H, Huitema MG, et al. Levels of soluble VCAM-1, sol-
uble ICAM-1, and soluble E-selectin during disease exacerbations in patients
with systemic lupus erythematosus (SLE); a long term prospective study. Clin
Exp Immunol 1994; 97:439——444.

69 Sari RA, Taysi S, Erdem F, et al. Correlation of serum levels of soluble inter-
cellular adhesion molecule-1 with disease activity in systemic lupus erythema-
tosus. Rheumatol Int 2002; 21:149——152.

70 Beyan E, Beyan C, Demirezer A, et al. The relationship between serum ferritin
levels and disease activity in systemic lupus erythematosus. Scand J Rheu-
matol 2003; 32:225——228.

71 Sjowall C, Bengtsson AA, Sturfeldt G, et al. Serum levels of autoantibodies
against monomeric C-reactive protein are correlated with disease activity in
systemic lupus erythematosus. Arthritis Res Ther 2004; 6:R87——R94.

72 Ho CY, Wong CK, Li EK, et al. Elevated plasma concentrations of nitric oxide,
soluble thrombomodulin and soluble vascular cell adhesion molecule-1 in pa-
tients with systemic lupus erythematosus. Rheumatology 2003; 42:117——
122.

73 el-Gamal YM, Heshmat NM, el-Kerdany TH, et al. Serum thrombomodulin in
systemic lupus erythematosus and juvenile idiopathic arthritis. Pediatr Allergy
Immunol 2004; 15:270——277.

74 Cameron JS. Lupus nephritis. J Am Soc Nephrol 1999; 10:413——424.

75 Simon JA, Cabiedes J, Ortiz E, et al. Anti-nucleosome antibodies in patients
with systemic lupus erythematosus of recent onset: potential utility as a diag-
nostic tool and disease activity marker. Rheumatology 2004; 43:220——224.

76 Seelen MA, Trouw LA, Daha MR. Diagnostic and prognostic significance of
anti-C1q antibodies in systemic lupus erythematosus. Curr Opin Nephrol Hy-
pertens 2003; 12:619——624.

77 Mohan C, Adams S, Stanik V, et al. Nucleosome: a major immunogen for path-
ogenic autoantibody-inducing T cells of lupus. J Exp Med 1993; 177:1367——
1381.

78 Chabre H, Amoura Z, Piette C, et al. Presence of nucleosome-restricted anti-
bodies in patients with systemic lupus erythematosus. Arthritis Rheum 1995;
38:1485——1491.

79 Min DJ, Kim SJ, Park SH, et al. Anti-nucleosome antibody: significance in lu-
pus patients lacking anti-double-stranded DNA antibody. Clin Exp Rheumatol
2002; 20:13——18.

80 Horvath L, Czirjak L, Fekete B, et al. High levels of antibodies against Clq are
associated with disease activity and nephritis but not with other organ man-
ifestations in SLE patients. Clin Exp Rheumatol 2001; 19:667——672.

81 Moroni G, Trendelenburg M, Papa ND, et al. Anti-C1q antibodies may help in
diagnosing a renal flare in lupus nephritis. Am J Kidney Dis 2001; 37:490——
498.

82 Oelzner P, Deliyska B, Funfstuck R, et al. Anti-C1q antibodies and antiendo-
thelial cell antibodies in systemic lupus erythematosus: relationship with dis-
ease activity and renal involvement. Clin Rheumatol 2003; 22:271——278.

83 Trendelenburg M, Marfurt J, Gerber I, et al. Lack of occurrence of severe lupus
nephritis among anti-C1q autoantibody-negative patients. Arthritis Rheum
1999; 42:187——188.

84 Mannik M, Wener MH. Deposition of antibodies to the collagen-like region of
C1q in renal glomeruli of patients with proliferative glomerulonephritis. Arthri-
tis Rheum 1997; 40:1540——1551.

•
85 Trouw LA, Groeneveld TW, Seelen MA, et al. Anti-C1q autoantibodies de-

posit in glomeruli but are only pathogenic in combination with glomerular
C1q-containing immune complexes. J Clin Invest 2004; 114:679——688.

A recent study demonstrating that anti-C1q antibodies can trigger glomerular in-
jury only when they are bound to C1q that are present within the glomerulus via
other glomerulus-reactive autoantibodies. The first report of a causal link and path-
ogenic mechanism of anti-C1q antibodies in lupus nephritis.

86 Marto N, Bertolaccini ML, Calabuig E, et al. Anti-C1q antibodies in nephritis:
correlation between titres and renal disease activity and positive predictive
value in systemic lupus erythematosus. Ann Rheum Dis 2005; 64:444——448.

87 Petricoin EF, Zoon KC, Kohn EC, et al. Clinical proteomics: translating bench-
side promise into bedside reality. Nat Rev Drug Discov 2002; 1:683——695.

•
88 Utz PJ. Multiplexed assays for identification of biomarkers and surrogate

markers in systemic lupus erythematosus. Lupus 2004; 13:304——311.
An inspiring review on the use of high-throughput technology in discovering can-
didate biomarkers for SLE.

Biomarkers for systemic lupus erythematosus Liu et al. 549



Rituximab anti-B-cell therapy in systemic lupus erythematosus:

pointing to the future
Petros P. Sfikakisa, John N. Boletisb and George C. Tsokosc

Purpose of review

To discuss the clinical effects and the immunologic

consequences of transient B-cell depletion using the

anti-CD20 monoclonal antibody rituximab in systemic lupus

erythematosus.

Recent findings

A total of 100 rituximab-treated patients with severe

disease, refractory to major immunosuppressive treatment,

have been reported so far. Within a median follow-up

period of 12 months rituximab was well tolerated, which is

compatible with the experience accumulated from its use

in more than 500 000 lymphoma patients. About 80% of

patients achieved marked and rapid reductions in global

disease activity. Because of the clinical heterogeneity,

dosing differences, and concomitant treatments, including

cyclophosphamide in 35% of patients, a proper evaluation

of the clinical efficacy or rituximab is difficult. Variable

degrees of clinical benefit have been reported for all clinical

systemic lupus erythematosus manifestations, including

active proliferative nephritis. Whereas 4-weekly infusions of

375 mg/m2 of rituximab result in complete B-cell depletion

lasting most often from 3 to 8 months, a prolonged depletion

does not always correlate with a more favorable clinical

response. Total immunoglobulin levels and protective

antibodies are preserved, but anti-dsDNA antibody titers

decrease, often independently of the clinical response.

Summary

The findings reviewed point to a growing optimism for

targeting B cells in the treatment of systemic lupus

erythematosus; therefore double-blind studies comparing

rituximab with existing immunosuppressive therapies are

needed. Moreover, careful assessments of the effects

of transient B-cell depletion on distinct autoimmune

pathogenetic processes will enable optimization of

therapeutic single or combined therapeutic schemes.
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Introduction
Systemic lupus erythematosus (SLE) B cells produce anti-

bodies directed against self-antigens to form immune com-

plexes that deposit to tissues and, with the help of local

factors, instigate an inflammatory process [1,2•,3•]. SLE

B cells are hyperactive following the engagement of the

B-cell receptor that may be driven not only by extrinsic

factors but also by intrinsic defects resulting in an exces-

sive response to immunologic stimulation [2•,4,5]. In ad-

dition to the production of autoantibodies, B cells have

a central role in the activation of the immune system

through the production of various cytokines and serving

as potent antigen-presenting cells [6]. Therefore, a drug

that specifically targets B cells may represent an ideal

therapeutic approach for SLE patients. Indeed, interest

is increasing in the exploration of the therapeutic poten-

tial of rituximab in SLE [7••] and other autoimmune sys-

temic diseases [8].

Rituximab is a chimeric monoclonal antibody against the

B-cell marker CD20. CD20 is expressed throughout the

stages of B-cell development, but not on plasma cells,

and provides a stable target for rituximab because it is nei-

ther internalized nor shed [9•]. Rituximab was approved

for the treatment of B-cell malignancies in 1997 and

has been administered to more than 500 000 lymphoma

patients, with a highly acceptable safety profile. The bi-

ology of CD20 and the mode of action of rituximab have

been recently reviewed in detail elsewhere [9•]. Here we

briefly review the information generated in murine mod-

els of SLE following B-cell depletion and present critically

the published experience on the use of rituximab in pa-

tients with SLE. In addition, we present immune studies

performed in patients who received rituximab that pro-

vide additional in-vivo insights on the role of B cells in

the pathogenesis of human SLE.

Lessons from lupus animal models
The hypothesis that transient B-cell depletion can pro-

vide therapeutic benefit to SLE patients is supported

by experiments indicating that Fas-intact, MRL lupus

mice in a B-cell-deficient background do not develop
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nephritis at a time when the B-cell-intact littermates have

severe disease [10]. B cells that cannot secrete circulating

immunoglobulin in genetically engineered MRL/lpr lupus

mice, however, can still induce glomerulonephritis, sug-

gesting that antibodies are not required for the develop-

ment of the disease [11]. Also, breaking tolerance to

dsDNA and chromatin is not required for the pathogene-

sis of chronic glomerulonephritis in the NZM2328 lupus-

prone mouse [12]. These studies confirm that aberrant

interactions between autoreactive B and Tcells are crucial

for the development of autoimmune tissue injury and that

this process is independent of the production of autoanti-

bodies. Moreover, experiments in lupus-prone MRL-lpr/lpr

mice that lack B cells indicate that expansion of activated

T cells is highly B cell dependent [13]. Along these lines,

experiments in rituximab-treated immunodeficient mice

that were implanted with human rheumatoid synovium

have shown that local T-cell activation depends on the

presence of B cells [14]. These results are compatible

with the notion that B cells exert an important pathogenic

role as autoantigen-presenting cells supporting the activa-

tion of autoreactive T cells [6,15].

Although the lifespan of autoantibody-producing plasma

cells is not known for any human autoimmune disease, re-

cent experiments in lupus-prone mice have shown that

certain plasma cells are short or long lived. Even following

antiproliferative immunosuppressive therapy, the long-

lived, nondividing plasma cells survive and continue to

produce autoantibodies [16•]. Because CD20 is not ex-

pressed on autoantibody-producing long-lived plasma cells,

rituximab may not remove such existing cells. In a murine

model for human CD20 expression, in which treatment

with rituximab mimics B-cell depletion observed in hu-

mans, distinct sensitivities of B-cell subsets to rituximab

depend on factors derived from the cellular microenviron-

ment, including the B-lymphocyte stimulator (BlyS) sur-

vival factor [17•]. Because an anti-BLyS monoclonal

antibody (belimumab) is currently under study in patients

with autoimmune disease [18•], such experiments ad-

vance our understanding on the potential of combined

anti-B-cell therapy in lupus patients. We can foresee that

rituximab will be the proper drug to induce remission in

patients with active disease (induction phase), whereas

biologic agents such as belimumab will be sufficient to

consolidate the therapeutic affect (consolidation phase).

Rituximab for difficult systemic lupus
erythematosus: clinical efficacy
Until March 2005, 90 SLE patients were reported, either

in full-length papers [19,20•–23•,24–28,29•,30–35] or in

abstract form [36•,37•,38,39•,40•], to have received ritux-

imab. Three children with severe lupus [28,34] are also

included among the total of 56 patients in published se-

ries. Most of the patients had severely active disease, re-

fractory to standard treatments; about 50% were treated

for proliferative lupus nephritis (Table 1). Results from

three open-label, uncontrolled, prospective phase I/II stud-

ies from the Universities of London, UK [19], Rochester,

NY [20•], and Athens, Greece [21•] have been published

so far, and the publication of results from two additional

studies is pending [36•,39•]. Of note, rituximab has already

been used off label in routine clinical practice and 13 pa-

tients not participating in any study have received rituxi-

mab for refractory SLE, according to a retrospective survey

of 866 rheumatologists and internists in France only [22•].

Because the rituximab-treated patients were highly het-

erogeneous in disease severity, organ involvement, and

previous treatments, as well as because different ritux-

imab doses were used and concomitant therapies varied,

a proper evaluation of the clinical benefits of transient

B-cell depletion per se is difficult. Collectively, about 40%

of the patients have received rituximab at the dose that

has been approved for lymphoma patients, i.e. 4-weekly

infusions of 375 mg/m2. Also, about 35% of the reported

patients received concomitant cyclophosphamide. Clini-

cal outcome has been assessed by standard disease activity

measures (Systemic Lupus Erythematosus Disease Activ-

ity Index [SLEDAI], Systemic Lupus Activity Measure

[SLAM], or British Isles Lupus Assessment Group

[BILAG] Index) in most patients. Rituximab administra-

tion was associated with clinically meaningful decrease in

global lupus disease activity in 80% of the patients (Table 1).

The reported follow-up periods range from 3 [38] to 46

months in one patient [40•], but for most of the patients

follow-up data do not exceed the 12 months. As summa-

rized here, considerable clinical efficacy on distinct clinical

manifestations has been observed, including remission of

active, proliferative nephritis.

Lupus nephritis

Collectively, the rate of clinical remission among the re-

ported patients who received rituximab for active, lupus

nephritis is about 80% (Table 1). Following the promising

results in the first five lupus patients reported by Leandro

et al. [19], these investigators have treated more patients

[37•,40•]. Six patients with active nephritis (five with

World Health Organization class IV and one with class V)

refractory to intravenous cyclophosphamide received two

doses of 1000 mg of rituximab, combined with two doses

of 750 mg of cyclophosphamide and high-dose corticoste-

roids over a 2-week period. All six patients improved, with

four showing major improvement. Serum creatinine and

urine protein/creatinine ratio decreased by a mean of 23%

and 63%, respectively, at 3 months and by 23% and 14%

at 6 months. Available follow-up data include one patient

who had a relapse at 6 months and was retreated and two

patients who remained nephritis free 24 months later [37•].

Looney et al. [20•] described the clinical outcome follow-

ing administration of three different dosing regimens of
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rituximab combined with moderate doses of corticoste-

roids in 16 patients with SLE, including seven with ne-

phritis (three with World Health Organization class III,

three with class IV, and one not classified). In all 10 pa-

tients who achieved complete B-cell depletion, disease

activity improved, in contrast to those six whose B cells

did not deplete and who did not have a clinical benefit.

Creatinine levels remained within 20% of baseline values

in all seven patients with nephritis throughout the 12

months of observation. One patient with class IV nephritis

Table 1. Reported (March 2005) patients with systemic lupus erythematosus refractory to standard treatment who

received rituximab

Study

Patients
treated
(successfully),
n

Rituximab
regimen

Concomitant
cyclophosphamide

Patients
with lupus
nephritis

Patients with
extrarenal
disease

Favorable response
of distinct disease
manifestations

Leandro et al. [19] 6 (5) 500 mg 3 2,
weekly

750 mg 3 2 3 5 Nephritis (2/3),
fatigue (5/6), skin
vasulitis (2/2),
arthritis (5/6),
serositis (3/3),
lung involvement (1/1)

Looney et al. [20•] 6 (4) 100 mg/m2 (�) 4 6 Nephritis (1/4),
rash (3/4), mucositis (1/3),
alopecia (1/2), arthritis (1/3)

Looney et al. [20•] 7 (4) 375 mg/m2 (�) 3 7 Rash (3/5), alopecia (2/2),
arthritis (3/4)

Looney et al. [20•] 4 (3) 375 mg/m2
3 4,

weekly
(�) 0 4 Rash (2/2), arthritis (3/4)

Sfikakis et al. [21•] 10 (8) 375 mg/m2
3 4,

weekly
(�) 10 4 Nephritis (8/10),

rash (2/2), TP (2/3),
finger nodules (1/1)

Tokunaga et al. [23•] 5 (5) 375 mg/m2
3 2,

weekly
(�) 2 5 Nephritis (2/2),

CNS (4/4), AIHA (1/1),
mucocutaneous (1/1)

Von Vollenhoven
et al. [24]

2 (2) 375 mg/m2
3 4,

weekly
500 mg/m2

3 2 2 2 Nephritis (2/2),
global DA (2/2)

Kneitz et al. [25] 2 (1) 375 mg/m2
3 4,

weekly
(�) 1 2 TP (1/1), arthritis (1/2)

Weide et al. [26] 2 (2) 375 mg/m2
3 4,

weekly
(�) 0 2 CNS (2/2), (retreatment

every 3 months)
Fra et al. [27] 1 (1) 375 mg/m2

3 4,
weekly

20 mg/kg 3 3 1 0 Nephritis

Edelbauer et al. [28] 1 (1) 375 mg/m2
3 6,

monthly
(�) 1 1 Global DA, (retreatment

every 3 months)
Tahir et al. [29•] 1 (1) 1000 mg 3 2,

weekly
750 mg 3 2 1 1 Nephritis, AIHA

Armstrong et al. [30] 4 (4) 500 mg/m2
3 2,

weekly
(�) 1 3 Nephritis, CNS,

AIHA, arthritis, rash
Lian et al. [31] 1 (1) 375——500 mg/m2

3 10,
weekly

(�) 0 1 Factor V inhibitor-induced
ecchymoses

Saigal et al. [32] 1 (1) 375 mg/m2
3 4,

weekly
(�) 0 1 Urticarcarial vasculitis

with angioedema
Perrota et al. [33] 1 (1) 375 mg/m2

3 2,
weekly

(�) 0 1 AIHA

ten Cate et al. [34] 1 (1) 375 mg/m2
3 4,

weekly
(�) 0 1 TP

Hellerstedt et al. [35] 1 (1) 375 mg/m2
3 2,

weekly
(�) 0 1 TP

Van Vollenhoven
et al. [36•]a

9 (9) 375 mg/m2
3 4,

weekly
500 mg/m2

3 2 5 4 Nephritis (5/5),
global DA (9/9)

Isenberg et al. [37•]a 6 (6) 1000 mg/m2
3 2,

weekly
750 mg 3 2 6 Not mentioned Nephritis (6/6),

global DA (6/6)
Ryan et al. [38]a 4 (4) 375 mg/m2

3 4,
weekly

(�) 4 4 Global DA (4/4)

Albert et al. [39•]a 8 (6) 375 mg/m2
3 4,

weekly
(�) Not mentioned Not mentioned Global DA (6/8)

Leandro et al. [40•]a 13 (12) 1000 g 3 2,
weekly

750 mg 3 2 Not mentioned Not mentioned Nephritis, arthritis,
serositis, TP, AIHA

Leandro et al. [40•]a 2 (2) 1000 g 3 2,
weekly

(�) Not mentioned Not mentioned Global DA (2/2)

TP, thrombocytopenia; AIHA, autoimmune haemolytic anemia; CNS, central nervous system; DA, disease activity. aAbstract (some overlap exists
between references 24 and 36, as well as 37 and 40).
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showed a major clinical improvement; complete resolution

of renal proliferative changes was confirmed by histology 12

months after rituximab treatment [20•]. Similar impres-

sive responses, also confirmed by renal biopsy, were re-

ported in two patients with lupus nephritis refractory to

standard cyclophosphamide treatment, who were treated

with the full rituximab dose plus two infusions of cyclo-

phosphamide [24]. In two other patients, complete

remission of active nephritis was observed following ad-

ministration of only two weekly infusions of 375 mg/m2

rituximab, despite the fact that complete B-cell depletion

was not achieved [23•]. Several additional patients with

active lupus nephritis who were treated with rituximab

alone [38,39•], or in combination with cyclophosphamide

[27,29•,36•], achieved significant clinical remission.

In a recent study, 10 patients with active, proliferative ne-

phritis (four with World Health Organization class III and

six with class IV) received the full rituximab dose com-

bined with oral prednisolone (0.5 mg/kg/d for 10 weeks,

tapered by 4 mg every 2 weeks thereafter). Complete re-

mission of nephritis was defined as normal serum creati-

nine and albumin levels, inactive urine sediment, and

24-hour urine protein less than 500 mg. Partial remission

was defined as more than 50% improvement in all baseline

abnormal renal parameters. Eight of 10 patients achieved

partial remission within a median of 2 months, in five of

whom complete remission was subsequently established

(median of 4 months after baseline) and sustained at 12

months in four patients [21•]. Unlike in other studies

[19,36•,37•], rituximab was not combined with cyclophos-

phamide, whereas moderate doses of corticosteroids were

used with a rather fast tapering. Moreover, the median

time to achieve complete remission of nephritis was 4

months, which is substantially shorter compared with pa-

tients who receive the standard combination of steroids

and cyclophosphamide; therefore, it is likely that benefi-

cial responses were indeed driven by rituximab. Although

three patients relapsed after achieving remission, four

patients remained completely free from active lupus disease

at 12 months after treatment without immunosuppressive

medication or small residual doses of prednisone [21•].

Extrarenal manifestations

In most patients with lupus nephritis as described here,

the clinical response of extrarenal manifestations such

as rash, arthritis, serositis [19,20•,21•], or central nervous

system disease [23•] paralleled the nephritis response. As

shown in Table 1, a beneficial effect has also been de-

scribed in patients without nephritis in whom lupus dis-

ease was refractory to conventional immunosuppressive

treatment [25,26,28,30,32,36•,39•,40•]. Musculoskeletal

manifestations, skin ulcers, and malar rush responded

well, and diffuse alopecia responded surprisingly well in

one study [20•]. Thrombocytopenia [21•,25,30,34,35,40•]
and haemolytic anemia [23•,29•,33,40•] also responded

in most. Notably, all of the seven patients described in

published reports with central nervous system disease

responded well to rituximab treatment without concomi-

tant cyclophosphamide treatment [23•,26,30].

Transient B-cell depletion in systemic lupus
erythematosus: safety issues
Opportunistic infections and permanent ovarian failure,

occurring in 15% of women [41], are the leading causes

of morbidity associated with intravenous cyclophospha-

mide, the current treatment standard for patients with se-

vere lupus disease. Taking into account the experience

from the extensive use of rituximab in lymphoma patients

[42], as well as in patients with rheumatoid arthritis who

participated in a randomized, controlled study [43•], it is

clear that this treatment is far more benign than cyclo-

phosphamide. Indeed, rituximab was very well tolerated

in about 90% of lupus patients reported on so far, at least

within the available follow-up extending to 12 months for

the vast majority of them.

Despite standard premedication with phenylfrelamine or

hydrocortisone, hypersensitivity reactions during infusion

occurred in approximately one of every 10 treated patients

[20•,21•]; such reactions always resolved with proper

treatment. An episode of delayed-type hypersensitivity

was reported in one patient [35]. During the period of

B-cell depletion, serious adverse effects have been ob-

served infrequently, which is compatible with the large

safety data set accumulated from the use of rituximab

in more than 500 000 patients with lymphomas so far

[42]. Major infections, successfully treated with antibi-

otics, were observed in four patients [20•,21•], but it is

not certain whether rituximab-induced B-cell depletion

was entirely responsible. Perhaps the incidence of infec-

tions in lupus patients is higher than the value of less than

5% that is observed in patients treated for lymphomas

[42]. Selection of patients with severe lupus disease, in-

cluding patients with severely low complement levels or

leukopenia, who had been previously or concomitantly

treated with major immunosuppressive regimens, may

represent additional confounding factors.

Safety issues regarding long-term maintenance therapy or

repeated rituximab administration for patients with re-

fractory disease, and for those who have a relapse after

achieving remission, have yet to be defined. So far, fewer

than 10 lupus patients have received a second course of

rituximab treatment; no significant side effects were re-

ported [26,28,40•]. Because rituximab is a mouse/human

chimeric antibody, generation of anti-immunoglobulin re-

sponse (human antichimeric antibodies; HACAs) may oc-

cur. Despite the fact that HACAs develop in less than 1%

or 5% of patients treated for lymphomas [42] or rheuma-

toid arthritis [43•], respectively, 30% of lupus patients treated

by Looney et al. had detectable HACAs in their serum.
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This response was associated with lower levels of ritux-

imab, less depletion of B cells, African ancestry, and higher

lupus disease activity at baseline [20•]. Although such an-

tibodies are not associated with clinical symptoms [20•,42],

following repeated rituximab administration they may con-

tribute to undesirable adverse effects or they may affect

B-cell depletion. One such patient with HACAs received

a new humanized anti-CD20 monoclonal antibody that is

currently being used in a phase I/II trial for lymphomas,

and effective B-cell depletion was achieved [29•].

Immunologic consequences of rituximab
administration: correlations with clinical
outcome provide insights into
immunopathogenesis of lupus
Following the onset of B-cell depletion, marked changes

in several aspects of the (auto)immune response have

been observed. Correlating these changes with the

rituximab-induced clinical benefits may lead to a better

understanding of the pathogenetic mechanisms leading to

tissue damage.

B cells

Rituximab destroys B cells via complement-dependent

cytotoxicity, antibody-dependent effector cell-mediated

cytotoxicity, and apoptosis when cross-linked by Fc-g

receptor-expressing cells [9•]. An inherited low-affinity

allele of Fc-g receptor IIIa may limit the degree of B-cell

depletion in patients with SLE [44]. Complete B-cell de-

pletion in the peripheral blood, i.e. nondetectable CD19+

cells, however, occurs almost always when the full ritux-

imab regimen is given, even without cyclophosphamide

[20•,21•,25,26,32,34,35]. Whether complete depletion of

B cells occurs also in the lymphoid organs is not known

at present. Depletion of splenic B cells was evident in

a single lupus patient at 1 month after rituximab admin-

istration [25]; however, splenectomy was performed due

to inadequate clinical response, suggesting that the cellu-

lar impact of this intervention is indeed complex [7••].

The average duration of complete depletion of peripheral

B cells ranges from 3 to 8 months in the published series

[19,20•,21•]. Exceptional patients achieving short periods

of depletion, such as only 1 month [21•], and patients with

prolonged periods exceeding 3 years [40•], have been re-

ported. Moreover, the kinetics of repopulation differ

remarkably among patients treated with rituximab mono-

therapy [21•,45•]. Although further study is required, it

appears that lupus patients achieve shorter periods of de-

pletion compared with patients treated for lymphomas.

A more prolonged B-cell depletion seemed to influence

favorably the clinical outcome of nephritis; however, no

consistent pattern of correlation between the clinical out-

come and the degree of depletion or kinetics of B-cell

reconstitution was revealed among the 10 patients who were

treated with the full rituximab dose as monotherapy [21•].

Anolik et al. [45•] reported significant improvements in

several abnormalities in peripheral B-cell homeostasis

following rituximab administration in their dose-escalation

study. Naı̈ve B-cell lymphopenia, expansion of CD27�IgD�B

cells and expansion of circulating plasmablasts resolved af-

ter regeneration of the peripheral B-cell pool, whereas the

frequency of memory B cells bearing VH4.34, which may

have autoreactive properties, decreased 1 year after treat-

ment. Moreover, in five patients who received half the

rituximab dose and did not achieve complete B-cell deple-

tion, a marked reduction of both CD40 and CD80 costi-

mulatory molecules expression on B cells was found on

serial phenotypic assessments of residual B cells [23•].

A sustained clinical remission in lupus patients after effec-

tive regeneration of the peripheral B-cell pool suggests

that rituximab may downregulate lupus B-cell overactivity

in the long term, at least in some patients.

Immunoglobulin levels and autoantibodies

Because plasma cells are spared following rituximab ad-

ministration, hypogammaglobulinemia occurs rarely, and

obviously it can be corrected by administration of intrave-

nous gammaglobulin. In all studies, mean total serum IgG,

IgM, and IgA levels decrease mildly to moderately but re-

main within normal limits [20•,21•,25,39•,40•]. Protective

antibodies such as against tetanus toxoid [20•,25,43•], and

antipneumococcal capsule polysaccharide [20•], or anti-

bodies directed against measles, rubeola virus, and diph-

theria [25] are preserved, at least when rituximab is not

given in combination with cyclophosphamide.

Reduction of autoantibody serum levels was seen in most

patients treated with at least two infusions of rituximab

without cyclophosphamide [20•,21•,25,26,28,30]. In-

creases in complement levels and associated reductions

in circulating immune complexes also occurred [21•].

Among 22 such patients for whom published information

is available [20•,21•,25,28,30,33,45•], increased anti-

dsDNA levels at baseline dropped significantly within

the first few months following rituximab administration

in 17 patients (77%), suggesting that these antibodies are

not produced only by long-lived, CD20� plasma cells that

escape rituximab. Similar results in patients who received

rituximab treatment without cyclophosphamide have been

reported, i.e. decreases in rheumatoid factors in patients

with rheumatoid arthritis [43•], anticardiolipin antibodies

in patients with antiphospholipid syndrome [28,46,47],

as well as disappearance of antineutrophil cytoplasmic anti-

bodies in patients with Wegener’s granulomatosis [48•].

In the study of 10 patients who were treated for lupus ne-

phritis, the titers of anti-dsDNA antibodies decreased by

twofold to several-fold in all patients, regardless of the
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clinical outcome. Anti-dsDNA antibody titers became un-

detectable 4 months after treatment in the two patients in

whom clinical remission was not achieved [21•]. These

findings are reminiscent of the results obtained in B-

cell-depleted lupus mice described here and are in line

with the results of a randomized, placebo-controlled trial

in patients with lupus nephritis showing that the selective

reduction of dsDNA autoantibodies following administra-

tion of abetimus sodium has no significant effect on renal

flares [49]. As reported by Looney et al. [20•], in rituximab-

treated lupus patients, clinical responses can occur with-

out concomitant changes in anti-dsDNA antibodies, as

happened in patients who did not receive the full dose

of rituximab. Taken together, these observations indicate

that B cells play an important role in the expression of

SLE pathology, and this effect may be clearly independent

of the production of antibody and autoantibodies consid-

ered to have pathogenic value.

T cells

Peripheral T-cell subsets were prospectively assessed at

monthly intervals for 12 months in 10 patients with lupus

nephritis who received the full rituximab dose [21•].

Within the first month, significant increases of CD8+ T

cells and decreased natural killer cell numbers were ob-

served. Also, the expression of the costimulatory molecule

CD40-ligand on CD4+ Tcells, which has been found over-

expressed in lupus patients [50–52], decreased by four-

fold and almost disappeared when partial remission was

clinically evident. As suggested recently, patients with ac-

tive lupus nephritis display immune abnormalities driven

via CD40L / CD40 interactions [53]. Indeed, rituximab-

induced downregulation of the expression of CD40L on

T-helper cells preceded the clinical remission of nephritis,

and it was almost blocked at the subsequent timepoints of

partial remission. Moreover, this result was sustained in

patients who progressed to complete remission [21•]. In

parallel, expression of the early T-cell activation molecule

CD69, implicated in abnormal immune regulation in lupus

[54], decreased significantly. The decrease in T-helper cell

activation was further documented by downregulation of

the HLA-DR late activation molecule [21•], as well as

by normalization of the increased levels of soluble inter-

leukin-2 receptors (P.P. Sfikakis, unpublished), in patients

who achieved clinical remission. In contrast, in patients

who did not respond or in those who had relapses after an

initial remission, such decreases were not prominent [21•].

These findings suggest that an early downregulation of

CD40L overexpression as a result of rituximab-induced

B-cell depletion might prevent activation of lupus T cells

through cognate interactions with CD40+ autoantigen-

presenting cells.

Conclusion
Although the data are still limited, the findings reviewed

here point to a growing optimism for targeting B cells in

SLE. The accumulated evidence clearly suggests that rit-

uximab monotherapy or rituximab used in conjunction

with a classic immunosuppressive agent can be of thera-

peutic value in patients with severe disease. It appears

that the short-term data are not shadowed by severe or

morbid side effects. The high benefit/risk ratio thereby

implicated may justify its use on a trial basis even if future

complete studies demonstrate that only a fraction of SLE

patients respond to rituximab.

We have learned also that B-cell depletion does not affect

the levels of protective antibody in the short term al-

though it decreases the levels of autoantibody. The data

are quite limited to be interpreted, but they suggest that

the requirements for the production of protective anti-

body and autoantibody are different. Although some of

the clinical effect may be associated with the decrease

in the autoantibody level, it also appears that B-cell deple-

tion has a profound effect in the generation and preserva-

tion of activated T cells and, probably, in the presentation

of autoantigen. Unlike lymphoma patients, SLE patients

are expected to live long lives, and therefore the long-term

effects of B-cell-depleting treatment should be evaluated

carefully. It is possible that following repeated treatment

with rituximab or other B-cell-depleting agents, the reser-

voir of CD20� plasma cells will decrease with unpredict-

able rates of severe immunodeficiency.

It is obvious that properly controlled clinical trials are

needed to determine accurately the clinical efficacy of

treatment with rituximab. These trials should establish

the proper drug dosage, the development of side effects,

and whether certain SLE clinical subsets benefit more

than others from rituximab treatment. The difficult ques-

tions that need to be addressed by trial planners are two-

fold: how will be the clinical efficacy be measured in view

of the fact that proper surrogate endpoint SLE

disease markers are still at large, and the inclusion of ap-

propriate control treatment groups. Should rituximab be

compared with cyclophosphamide treatment—at least

in patients who under current practices would be

treated with cyclophosphamide? Rituximab monotherapy

was reported efficacious in patients with severe SLE.

Should rituximab be tested for added value in patients re-

ceiving accepted treatment? Human use committees, at

least in the United States, would be happier with this

choice. The obvious limitation imposed by the heteroge-

neous nature of the disease can be overcome either

by selecting clinically homogenous cohorts (e.g. only cen-

tral nervous system or kidney disease) or by the inclu-

sion of large numbers of patients to permit disease

manifestation-targeted a-posteriori analysis. Finally, it

should be kept in mind that rituximab may prove most

efficacious when used in conjunction with other B-

cell-targeted biologics used either simultaneously or

sequentially.
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Immunopathogenesis of primary Sjögren’s syndrome:

implications for disease management and therapy
Arne Hansena, Peter E. Lipskyb and Thomas Dörnera

Purpose of review

Recent studies have broadened our understanding of

the etiopathogenesis and immunopathology of primary

Sjögren’s syndrome. This review highlights recent

advances in understanding the underlying mechanisms of

the disease as well as their implications for clinical handling

and therapeutic options.

Recent findings

It becomes increasingly apparent that certain disturbances

of the immune system (i.e. B-cell hyperreactivity and

enhanced levels of B-cell-activating factor/B-lymphocyte

stimulator) play a central role in this entity. Whether this is

a primary abnormality or the result of predisposing factors

or infectious, e.g. viral, agents remains uncertain. New

insights into the pathogenesis also provide candidates for

better diagnosis and classification of disease severity, such

as flow cytometric analysis, measurement of soluble cell

surface molecules, autoantibodies, cytokines, and ligands

(B-cell-activating factor/B-lymphocyte stimulator). Whether

B-cell-directed therapies (i.e. blocking B-cell-activating

factor/B-lymphocyte stimulator, anti-CD20 therapy) will

have an impact on primary Sjögren’s syndrome needs to be

shown in clinical trials. Alternative therapeutic approaches

such as organ-targeted gene transfer are in development

but must be carefully evaluated for safety and efficacy in

preclinical models that resemble human primary Sjögren’s

syndrome.

Summary

The pathogenesis of primary Sjögren’s syndrome is

complex and the factors initiating and driving autoimmunity

in this entity are largely unknown. Recent studies provide

new insights into potential pathogenetic mechanisms of the

disease and, thereby, the chance for improved strategies in

disease management and therapy.
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Introduction
Primary Sjögren’s syndrome (pSS) represents an autoim-

mune exocrinopathy characterized by both organ-specific

and systemic manifestations. Chronic lymphocytic inflam-

mation, impaired function, and finally destruction of the

lacrimal and salivary glands resulting in keratoconjunctivi-

tis sicca androstomia are the characteristic hallmarks of pSS.

A variety of clinical and laboratory manifestations that may

precede, accompany, or follow the glandular manifestations,

however, emphasize that pSS is a systemic disorder. More-

over, pSS must be distinguished from Sjögren’s syndrome

secondary to various other rheumatic diseases, such as

rheumatoid arthritis and systemic lupus erythematosus

(SLE), as well as from several other conditions presenting

with sicca symptoms. Currently available immunologic

data indicate that Sjögren’s syndrome may have distinct

expressions. Whether this reflects different subtypes of

the disease or distinct degrees of activity/severity needs

consideration in further studies to improve classification

for research purposes, disease management, and finally

tailoring of potential immune therapies in Sjögren’s

syndrome.

Environmental factors and
genetic susceptibility
As with other complex multigenic and multifactorial auto-

immune diseases, several infectious agents have been pos-

tulated to be involved in priming or triggering pSS [1–4,

5••]. Associations with most of the potential candidates,

e.g. the ubiquitous Epstein-Barr virus [2–4], however, re-

main rather weak. Conversely, reactivation of Epstein-Barr

virus by chronic sialadenitis may be involved in perpetu-

ating the entire inflammatory process in pSS [4]. Of note,

a recent study has strongly implicated a possible role for

coxsackieviruses (i.e. the A13 and B4 strains) in induction

and maintenance of pSS [5••]. Disturbed clearance from

salivary gland epithelial cells [6,7] may lead to glandular

persistence of these viruses and to chronic lymphocytic

sialadenitis with subsequent formation of germinal
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center-like follicles [5••]. It remains of interest whether

chronic glandular infection with coxsackieviruses is pri-

mary or secondary in the development of autoimmunity

in pSS patients or whether it depends on other environ-

mental, hormonal, or hereditary factors or may also cause

lymphocytic infiltrates of labial salivary glands in normal

persons [8,9].

It is well established that hereditary susceptibility influ-

ences onset, development, and severity of pSS, although

different genetic associations have been detected in dif-

ferent populations [3,10]. Recent studies aimed to detect

additional potential associations between pSS and genetic

polymorphisms. Homozygosity for the 168His variant of

the minor histocompatibility antigen HA-1 has been re-

cently found to be associated with reduced risk of pSS

in three distinct white populations (Norwegians, Hungar-

ians, Germans) [11•]. The �509 T genotype of the trans-

forming growth factor-b gene, which has been associated

with several disease states including rheumatoid arthritis

[12], is probably not a major risk factor for pSS or SLE

[13]. Moreover, apolipoprotein E polymorphism does

not affect susceptibility to pSS or inflammatory indices

but may be associated with early onset of pSS [14•]. Fi-
nally, a polymorphism of the tumor necrosis factor (TNF)

gene (�308 A) [15,16] leading to enhanced TNF-a pro-

duction might have an impact on susceptibility to renal

manifestations as has been suggested by a preliminary

study in pSS patients [16] but requires further evaluation.

A potential role of complement (e.g. C1q) deficiency in the

pathogenesis of Sjögren’s syndrome remains uncertain [17].

Dysregulation of cellular and
humoral immunity
Although the processes that underlie autoimmunity in pSS

are not known, disturbances of Tand B lymphocytes as well

as of glandular cells, e.g. ductal epithelial cells, are involved

(Fig. 1). Several recent studies have documented a pivotal

role of B cells in the ethiopathogenesis of pSS. B-cell acti-

vating factor (BAFF), also known as B-lymphocyte stimu-

lator (BLyS), is a member of the TNF superfamily that

regulates B-lymphocyte proliferation, maturation, and

survival [18] but is also suggested to be an important fac-

tor in both local and systemic autoimmunity [19•,20–22,
23•,24,25•]. Moreover, BAFF/BLyS emerged as a po-

tent survival factor for B-cell malignancies [25•,26,27••].
Enhanced levels of BAFF/BLyS have been demonstrated

in rheumatic diseases such as pSS, SLE, and rheumatoid

arthritis, which are associated with abnormal B-cell func-

tion and autoantibody production [19•,20–22,23•,24,25•].
Notably, the highest BAFF levels were found in pSS

patients [20,21]. Local BAFF/BLyS expression [22] by in-

filtrating Tcells and macrophages [23•] may be central in

the progression of the entire autoimmune process by trig-

gering B-cell hyperactivation and (auto)antibody produc-

tion [21,23•]. BAFF/BlyS also appears to be intimately

involved in T-cell-independent B-cell activation [25•].
The degree of this response in pSS, however, remains un-

clear. Studies in BAFF-transgenic mice revealed expansion

of the marginal-zone B-cell population and enhanced

T-cell-independent immune responses [27••] and docu-

mented that the effect of BAFF leading to autoimmunity

is independent of TNF. In accordance, a recent study has

Figure 1. Suggested scheme for immunopathogenesis of primary Sjögren’s syndrome

An initial trigger (environmental factor) leads to
disturbed antigen clearance and/or neoantigen
presentation based upon a distinct genetic and
hormonal background. Subsequent interactions
between activated glandular epithelial cells, T cells
and B cells induce and promote local as well as
systemic autoimmunity. IFN, interferon; IL,
interleukin, TGFb, transforming growth factor b.
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shown a clear antiapoptotic effect of BAFF/BLyS on

peripheral blood B cells from pSS patients that might lead

to prolonged B-cell survival in pSS [24]. Altogether, these

studies strongly suggest an important role for BAFF/BLyS

overproduction in the B-cell disturbances and malignant

complications of pSS, although this pathogenic mecha-

nism might not be unique for pSS.

Upregulation of CD72, a costimulatory molecule with

both positive and negative effects on B-cell signaling, may

reflect another feature of B-cell hyperactivity in pSS that

seems to be independent of BAFF/BLyS elevation and, re-

markably, has not been detected in SLE and rheumatoid

arthritis patients [28••]. Despite abnormalities in the sur-

face expression of costimulatory molecules on T-cell and

B-cell subsets, immune dysregulation in pSS is also indi-

cated by abnormal levels of shed surface molecules, e.g. of

soluble CD21 [29], CD27 [30], and CD28 [31]. Such ab-

normalities may both reflect or contribute to disturbed

immune responses and have been found to exhibit distinct

patterns in different autoimmune conditions [28••,29–31].
The value of measuring plasma concentrations of such

molecules in evaluating disease activity or in differential

diagnosis needs further assessment.

Epstein-Barr virus-transformed B-cell lines from pSS pa-

tients displayed enhancement of stress functions in un-

damaged and damaged (gamma-irradiated) cells, i.e. in

DNA-dependent protein kinase activity, apoptosis, and

cell cycle arrest, respectively, indicating that an enhanced

stress response might be a pathogenetic mechanism in

pSS [32•]. Interestingly, DNA protein kinase activity

not only functions in DNA damage response but also forms

an essential part of V(D)J recombinase, mediating rear-

rangement of immunoglobulin and T-cell receptor genes

[33]. In this regard, retention of preswitch immunoglob-

ulin transcripts in circulating post-switch B cells has been

identified in pSS patients, consistent with the conclusion

that there are fundamental abnormalities in the molecular

mechanisms governing expression of the B-cell receptor in

patients with pSS [34•].

B-cell hyperactivity in pSS is also reflected serologically by

hypergammaglobulinemia and circulating autoantibodies.

Various autoantibody specificities have been identified

in pSS patients including antibodies to both ubiquitous

autoantigens (e.g. SS-A/Ro, SS/La, a-fodrin) and to auto-

antigens that are mostly restricted to the target tissues

(e.g. islet cell antigen 69, muscarinic M3 receptor)

[3,35••]. Although many of these autoantibodies have also

been linked to other pathologic conditions [3,35••,36•,
37–41,42•,43,44•,45,46], autoantibodies most frequently oc-

curring in pSS are used to classify the disease [47]. The

prevalence of autoantibodies may vary between differ-

ent populations of pSS patients, however, depending on

classification criteria, genetic background, treatment,

laboratory, and the test system used [36•,37–41,
42•,43,44•,48]. Antibodies to cyclic citrullinated pep-

tide are regarded as representing an efficient early and

highly specific diagnostic marker for the diagnosis of rheu-

matoid arthritis [49,50]. Importantly, recent studies point

out that anti-cyclic citrullinated peptide antibodies are

rarely found in patients with pSS when using second-gen-

eration test kits (7.5% of patients), but positive test

results do not rule out this diagnosis [42•,43,44•]. Anti-
cyclic citrullinated peptide-positive patients should be

carefully followed up, however, because they may pre-

dominantly develop rheumatoid arthritis with secondary

Sjögren’s syndrome [42•,44•].

Cytokines are thought to play an important role in the

pathogenesis of pSS by triggering and promoting several

cellular and humoral autoimmune processes [51•,52,53•,
54,55,56•,57•]. Notably, cytokines that have been regarded

to be involved in T-helper type 1-driven immune responses

may play a key role in the pathogenesis of pSS but also in

other systemic autoimmune conditions [52,53•,54]. For
example, enhanced plasma levels of interleukin-18 have

been found to correlate with IgG1 levels in both pSS and

rheumatoid arthritis patients [52] as well as with anti-

SSA/Ro and anti-SSB/La levels in pSS patients [53•].
Moreover, interleukin-18 seems to be involved in local

glandular inflammatory pathways in pSS [53•]. Similar

to circulating plasma interleukin-10 levels, elevated levels

of interleukin-10 in the saliva have also been found to cor-

relate with severity of pSS [54]. Conversely, local release

of interleukin-10 following gene transfer in animal models

of pSS caused significant decreases in glandular inflamma-

tion along with diminished circulating plasma interleukin-

10 levels [55,56•]. Altogether, these findings implicate

complex immunomodulatory properties of interleukin-10

in this entity. At least, abnormal local interferon-a produc-

tion by activated plasmacytoid dendritic cells in pSS sal-

ivary glands may be crucial in triggering and promoting

the entire autoimmune process, despite low interferon-a

serum levels seen in pSS patients [57•]. Thus, it has been
assumed that determination of plasma cytokine patterns,

including a broader variety of cytokines, may be useful to

characterize and subcategorize pSS patients by assess-

ment of disease activity/severity along with common clin-

ical and laboratory parameters [51•].

The impact of apoptosis and aberrant expression of

apoptosis-regulating proteins in pSS glandular destruction

remains controversial [39,58–60]. In this context, a recent

in-vitro study has suggested that Fas-mediated apoptosis

of glandular epithelial cells in pSS requires costimulation

via CD40, which provides a potent proapoptotic signal by

diminishing Fas resistance [61••]. This finding may partly

explain conflicting results from previous studies. The

impairment of myoepithelial laminin a2-chain/laminin-2

expression in pSS salivary glands may indicate a
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characteristic defect in both the glandular acinar com-

partment and extracellular matrix-to-cell signaling in

pSS [62].

Improved animal models for primary
Sjögren’s syndrome
Mouse models have become an important tool for study-

ing the pathogenesis of systemic autoimmune diseases.

The availability of several mouse models, each exhibiting

unique characteristics [63,64,65••,66–69], has also pro-

vided the possibility of investigating particular aspects

of the etiopathogenesis of Sjögren’s syndrome [63,64,65••,
66–69,70•,71,72•]. The nonobese diabetic mouse is the

most extensively studied animal model for Sjögren’s syn-

drome [55,63,64,69,70•]. In nonobese diabetic mice, lym-

phocytic sialadenitis and dacryoadenitis (coinciding with

disturbed secretory function) develop independent from

autoimmune diabetes but on a complex genetic back-

ground [10,64,67,69]. Two susceptibility loci for autoim-

mune exocrinopathy have been recently characterized in

nonobese diabetic mice [67]. More recently, E2f1 homo-

zygous mutant nonobese diabetic mice have been shown

to be highly predisposed to the development of Sjögren’s

syndrome-like exocrinopathy and diabetes, indicating that

T-cell regulation based on a common genetic locus con-

tributes significantly to both autoimmune disorders in this

model [69]. In addition, the prototypical T-helper type 1

cytokine, interferon-g, has been shown to play a critical

role during both the early preimmune and the later im-

mune phases of autoimmune exocrinopathy in nonobese

diabetic mice [70•]. The NFS/sld (sublingual differentia-

tion arrest) mouse represents another model for Sjögren’s

syndrome-like exocrinopathy that shares a common candi-

date autoantigen with Sjögren’s syndrome, 120-kD a-

fodrin [63,64]. Recent studies have suggested that autor-

eactive CD4+ T-helper cells play a pivotal role for auto-

immune glandular tissue destruction in NFS/sld mice

[71,72•]. Moreover, age-related bystander T-cell activa-

tion may contribute to the development of autoimmune

arthritis in this murine model [73]. Studies in aromatase

knockout mice, a model for estrogen deficiency that

exhibits features of lymphoproliferative autoimmune dis-

ease, underlined the possible role of estrogen deficiency

in the development of pSS [60,68]. Passive transfer of pa-

tient immunoglobulin-containing antimuscarinic receptor

3 (M3R) antibodies to normal (BALB/c) mice revealed

that initial cholinergic hyperresponsiveness associated

with Sjögren’s syndrome may be partly autoantibody re-

lated, i.e. caused by a compensatory increase of M3Rs

[74]. The Id3 knockout mouse, most recently described

as a murine model for pSS [65••], spontaneously develops
lymphocytic infiltrates and decreased secretory function

of only the salivary and lacrimal glands as well as autoanti-

bodies to SS-A/Ro and SS-B/La later in life. Of note, these

features of pSS arise because of a single genetic lesion

resulting in the absence of a single nuclear protein, Id3,

on an otherwise healthy murine background [65••]. Despite

new insights into the pathogenesis, these models provide

the chance to study more detailed therapeutic approaches

in pSS.

Recent advances in the clinical management
of Sjögren’s syndrome
Primary Sjögren’s syndrome represents a complex, multi-

factorial, multistep process that shares numerous features

with other related autoimmune disorders representing

a similar breakdown in normal immune function and sub-

sequent chronic stimulation of the immune system. More-

over, Sjögren’s syndrome may occur secondary to other

connective tissue diseases, such as SLE, rheumatoid ar-

thritis, and systemic sclerosis. Thus, pSS must be distin-

guished from secondary Sjögren’s syndrome as well as from

a wide variety of conditions that can lead to sicca symp-

toms, such as virus infections, drug therapy, and sarcoid-

osis. Other extraglandular clinical or laboratory findings

may precede characteristic symptoms of keratoconjuncti-

vitis sicca and xerostomia or salivary gland enlargement in

pSS patients. This implies that there will be difficulty in

early diagnosis and classification. Recent articles focused

on advances in diagnosis and clinical management of Sjög-

ren’s syndrome [35••,36•,42•,43,44•,48]. Noteworthy, al-

though Sjögren’s syndrome is a common disease (especially

in perimenopausal women), it has been estimated to remain

undiagnosed in more than half of the affected patients

[35••], thereby predisposing to profoundly diminished qual-

ity of life as well as to local complications because of di-

minished salivary, lacrimal, mucous, and dermal gland

function, e.g. periodontal disease, tooth decay, keratocon-

junctivitis sicca, dry nose and throat, xerotrachea with

chronic dry cough, accelerated local infection, pruritus,

and vaginal dryness [35••]. Systemic manifestations in

Sjögren’s syndrome may involve the dermis, lungs, liver,

kidneys, blood, gastrointestinal tract, vasculature, and ner-

vous system [35••,36•,42•,43,44•,48,75–79]. The associa-

tion of Sjögren’s syndrome with celiac disease should be

recognized because of dental and mucosal complications

including an increased risk for malignant lymphoma, which

warrants early diagnosis and dietary treatment [75,76].

A subgroup of pSS patients with high-risk profile for lym-

phoma needs particular attention [80••,81,82]. These

lymphomas are almost exclusively of B-cell origin, fre-

quently indolent at the time of presentation, and usually

arising in tissues affected by the underlying chronic auto-

immune disease, most frequently in the salivary and lac-

rimal glands [80••,81,82]. Despite a preference of affected

organs, extraglandular manifestations (e.g. palpable pur-

pura, dermal vasculitis, peripheral neuropathy) as well as

gammopathy, cryoglobulinemia, or reduced C4 level may

indicate an enhanced risk for lymphoma development

or early lymphoma and need further work-up [35••,
80••,81,82].
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Therapeutic advances for glandular and
extraglandular manifestations
Local treatment of pSS (along with fastidious dental care)

is mainly symptomatic and aims to prevent complications

of the disease early. For patients whose sicca symptoms are

not adequately controlled by moisture preservation and

replacement, secretagogues, i.e. the stimulators of musca-

rinic receptors, pilocarpine or cevimeline [83,84•,85,86],
may be used when potential contraindications have been

excluded. In this context, a recent study revealed that the

newer selectivemuscarinic agonist, cevimeline, 20 mg three

times daily, is safe and effective in improving symptoms of

dry eye in patients with Sjögren’s syndrome [84•]. The in-
cidence of serious adverse events was comparable in the

cevimeline and placebo groups, as had been reported in

previous studies also [85,86]. Although demonstration of

clinical benefit is lacking [35••], hydroxychloroquine has

been reported to improve clinical conditions, likely re-

lated to reduced immunologic hyperreactivity in pSS

patients [87]. Dehydroepiandrosterone as an alternative

approach showed no evidence of efficacy in Sjögren’s syn-

drome in a randomised trial of 28 patients over 24 weeks

[88]. Several studies focused on therapy for pSS using

biologic agents [89••,90••,91–94,95••,96–99,100•]. Recent
studies have shown that short-term use of the TNF

blockers infliximab [89••] and etanercept [90••], respec-
tively, is ineffective in pSS, although a primilary pilot

study revealed promising results with infliximab [91–93].

By contrast, anti-CD20 treatment with rituximab exhib-

ited benefit in both pSS and its malignant complication,

mucosa-associated lymphoid tissue type lymphoma [95••,
96–99], although two pSS patients developed severe se-

rum sickness [100•]. Because BAFF/BlyS is significantly

elevated, treatment with anti-BLyS monoclonal antibody

or receptor constructs or targeting of BlyS/BAFF receptors

is a potential therapeutic strategy in pSS that remains to

be assessed [19•,25•]. Alternative therapeutic approaches

at preclinical stages, such as adenovirus gene transfer of

interleukin-10, have the advantage of targeting specifi-

cally affected tissue [55,56•] and, if safe, can ultimately

lead to new treatments for improved saliva [55] and tear

[56•] production. Promising local immunomodulatory

gene transfer of human interleukin-10 by a recombinant

adenoassociated virus in the nonobese diabetic mouse that

resembles human pSS [55], however, needs further stud-

ies in other preclinical models of this entity to assess both

its safety and its potency in treating local symptoms of

pSS [101,102]. Finally, pros and cons of gene therapy

[102] in pSS, a multifactorial disease with inadequate con-

ventional therapy but an overall normal life span, despite

excess lymphoma mortality in a small subgroup of patients

[80••,81], must be carefully evaluated.

Conclusion
Numerous studies provided evidence of various disease-

related factors (genetic predispositions, virus infections)

as well as disturbances of the immune system. In partic-

ular, B-cell disturbances appear to play a central role in the

pathogenesis of pSS. Therefore, these identified changes

may allow improvements in disease management (diagno-

sis and classification of subpopulations of patients and dis-

ease severity) as well as development of targeted therapies.

If viral infections are substantiated in further studies, an-

tiviral therapy or even vaccinations could be candidates for

innovative therapies in pSS.
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2002; 4:353——359.

•
11 Harangi M, Kaminski WE, Fleck M, et al. Homozygosity for the 168His variant

of the minor histocompatibility HA-1 is associated with reduced risk of pri-
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2002; 109:59——68.

21 Mariette X, Roux S, Zhang J, et al. The level of BLyS (BAFF) correlates with
the titre of autoantibodies in human Sjögren’s syndrome. Ann Rheum Dis
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matoid arthritis and healthy controls. Clin Exp Immunol 2004; 137:617——
620.

•
53 Bombardieri M, Barone F, Pittoni V, et al. Increased circulating levels and

salivary gland expression of interleukin-18 in patients with Sjögren’s syn-
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clinical and therapeutic concepts. Ann Rheum Dis 2005; 64:347——354
[epub ahead of print].

79 Isenberg DA. Systemic lupus erythematosus and Sjögren’s syndrome: his-
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in primary Sjögren’s syndrome (TRIPSS). Arthritis Rheum 2004; 50:
1270——1276.

This randomised, double-blind, placebo-controlled, multicenter trial comprising
a total of 103 pSS patients did not find evidence of a benefit from infliximab in-
fusions on clinical behaviour or laboratory findings, thereby contrasting with the
promising results from an earlier pilot study.

••
90 Sankar V, Brennan MT, Kok MR, et al. Etanercept in Sjögren’s syndrome:
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drome. Arthritis Rheum 2002; 46:3301——3303.

93 Steinfeld SD, Appelboom T, Delporte C. Treatment with infliximab re-
stores normal aquaporin 5 distribution in minor salivary glands of patients
with Sjogren’s syndrome. Arthritis Rheum 2002; 46:2249——2251.

94 Keystone EC. The utility of tumour necrosis factor blockade in orphan dis-
eases. Ann Rheum Dis 2004; 63(Suppl II):ii79——ii83.

••
95 Gottenberg JE, Guillevin L, Lambotte O, et al. Tolerance and short-term ef-

ficacy of rituximab in 43 patients with systemic autoimmune diseases. Ann
Rheum Dis 2005; 64:913——920 [epub ahead of print].

A retrospective study on off-label use of anti-CD20 antibody (rituximab) in patients
with various refractory autoimmune diseases, including six with pSS, revealed that
swelling of the parotid gland, arthralgias, and cryoglobulinemia-related vasculitis
were sensitive to rituximab in five pSS patients. No conclusion could be drawn,
however, regarding an effect on sicca symptoms. Importantly, one pSS patient de-
veloped serum sickness-like reaction.

96 Pijpe J, van Imhoff GW, Vissink A, et al. Changes in salivary gland immuno-
histology and function after rituximab mono-therapy in a patient with Sjög-
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The contributions to this section of Current Opinion in
Rheumatology review diverse topics in the pediatric rheu-

matic diseases, ranging from clinical outcomes in systemic

lupus erythematosus (SLE) to the use of microarrays to

monitor the expression of tens of thousands of genes in

complex biologic samples that may provide insight into

better classification of disease states. Advances in our un-

derstanding of the genetic and pathogenic basis of rarer

disorders such as the granulomatous arthritides and famil-

ial autoinflammatory diseases are being made at a rapid

pace, and appreciation is growing of the potential thera-

peutic uses of immunomodulatory peptides in rheumatic

diseases.

Ravelli et al. (pp. 568–573) discuss outcomes in juvenile-

onset SLE, underscoring improvements in both 5-year

and 10-year survival rates that are accompanied, perhaps

not surprisingly, by an increased accumulation of organ

damage. They emphasize the importance of new treat-

ments and treatment strategies that not only control

disease activity but also minimize organ damage. An impor-

tant advance is the development of outcomemeasures suit-

able for evaluating therapeutic response in children. A

particular area of interest in regard to long-term damage

risk is the prevention of cardiovascular disease in this

population.

Graham (pp. 574–578) reviews recent advances in imaging

juvenile arthritis. These are largely focused on the use of

magnetic resonance imaging to improve early detection of

bone and cartilage destruction as well as inflammatory

changes. Graham also notes that ultrasound has shown

promise in detecting synovial changes in patients whose

disease is thought to be inactive clinically. Additional stud-

ies will be needed to determine whether these synovial

changes are predictive of ongoing inflammation and the

potential for further joint damage and destruction.

Rose and Martin (pp. 579–585) have reviewed advances in

rheumatic disorders associated with mutations in the

CARD15/NOD2 gene. A significant proportion of patients

with familial (Blau’s syndrome) or sporadic granulomatous

arthritis have been found to have novel mutations in

CARD15/NOD2. Interestingly, mutations in this gene were

first discovered as a cause of Crohn’s disease, but it appears

that the mutations that result in granulomatous arthritis

are distinct. The CARD15/NOD2 protein is expressed

in the cytosol and can trigger the activation of nuclear fac-

tor-kB after encountering certain bacterial products that

gain access to the interior of the cell. Elucidating the

mechanisms that lead from this cellular abnormality to

chronic inflammation, and understanding why some muta-

tions lead to inflammatory bowel disease whereas others

result in arthritis, will undoubtedly be instructive.

Stojanov and Kastner (pp. 586–599) have provided an up-

date on the exciting advances in our understanding of the

genetic basis for the systemic autoinflammatory diseases,

focusing on hereditary recurrent fevers. This area will

likely continue to advance rapidly, contributing greatly

to our understanding of the innate immune response.

Koffeman et al. (pp. 600–605) summarize recent develop-

ments in immunomodulatory peptides and their implica-

tions for the treatment of juvenile rheumatic diseases. The

concept encompasses groups of peptides that may stimu-

late the innate immune system or have antibacterial ac-

tion, as well as those stimulating adaptive responses

through B or Tcells. The authors succinctly review these

concepts and discuss selected examples for which evidence

suggests that immunomodulatory peptides might be of

benefit as epitope-specific therapy in rheumatic diseases.

Jarvis (pp. 606–611) comments on the use of microarray-

based gene expression profiling in pediatric rheumatic dis-

ease. The power of this technology has become apparent

from studies of peripheral blood gene expression profiles

in patients with SLE, in whom the importance of type I

interferons and the cells producing them has been empha-

sized. Other studies in juvenile arthritis and dermatomyo-

sitis have been limited to relatively small numbers of

patients, and given the complexity of the data generated,

clearly must be expanded. Jarvis emphasizes important lim-

itations in the interpretation of data generated using this
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technology. Despite caveats, the ability to comprehensively

evaluate gene expression in an unbiased fashion promises to

yield important discoveries.

Adams and Lehman (pp. 612–616) summarize recent

advances in the treatment of systemic-onset juvenile

rheumatoid (or idiopathic) arthritis. This disease has been

difficult to treat and appears to be less responsive to

tumor necrosis factor-a inhibitors (etanercept [Enbrel,

Immunex Corp., Thousand Oaks, CA] and infliximab)

than other forms of childhood or adult-onset inflammatory

arthritis. The authors highlight the use of new biologic

agents such as the interleukin-1 receptor antagonist (ana-

kinra) and a monoclonal antibody that blocks the interleu-

kin-6 receptor (monoclonal receptor antibody [MRA]),

thus targeting the actions of two important cytokines

in this disease. Thalidomide, which decreases the produc-

tion of several cytokines, has also been shown to be of

benefit.

Yeung (pp. 617–623) has written about advances in our un-

derstanding of the pathogenesis and treatment of Kawa-

saki’s disease. The debate about a potential infectious

etiology continues, but fortunately this has not thwarted

advances in therapy. Animal models have proven useful

in studying early pathogenic events and may help to iden-

tify useful biomarkers and thus have complemented trans-

lational studies with human cells and tissues that are more

difficult to obtain. Emphasis is still on the importance of

early recognition and intervention for favorable outcomes.
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Outcome in juvenile onset systemic lupus erythematosus
Angelo Ravelli, Nicolino Ruperto and Alberto Martini

Purpose of review

Over the past 2 decades, there has been a marked

improvement in survival among patients with juvenile-onset

systemic lupus erythematosus. As a result of the increased

life expectancy, children and adolescents with systemic

lupus erythematosus are now faced with considerable

morbidity resulting from sequelae of disease activity, side

effects of medications, and comorbid conditions. This

morbidity affects physical and psychosocial well-being.

Therefore, the need is increasing for monitoring the

development of irreversible organ damage and the effect of

the disease and its treatment on daily life. This review

summarizes the recent advances in the investigation on

survival, accumulated damage, and health-related quality of

life in patients with juvenile-onset systemic lupus

erythematosus.

Recent findings

The 5-year survival rate of patients with juvenile-onset

systemic lupus erythematosus approaches 100%, and the

10-year survival rate is close to 90%. The development of

cumulative organ damage has been observed in 50——60%

of patients. Children and adolescents with systemic lupus

erythematosus have been found to have poorer

health-related quality of life, particularly in the physical

domain, and lower socioeconomic achievements than their

healthy peers.

Summary

The prolongation of the life span of patients with

juvenile-onset systemic lupus erythematosus has been

accompanied by a substantial risk of damage accumulation

and has not been paralleled by an improvement in

health-related quality of life. This problem highlights the need

of measuring cumulative organ damage and health-related

quality of life in the long-term follow-up of patients with

juvenile-onset systemic lupus erythematosus and of

designing new treatments and treatment strategies that are

aimed not only at improving control of disease activity but

also at minimizing the development of nonreversible damage.

Keywords

disease damage, health-related quality of life, mortality,

systemic lupus erythematosus
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di Ricovero e Cura a Carattere Scientifico G. Gaslini, Genova, Italy

Correspondence to Angelo Ravelli, MD, Pediatria II, Istituto G. Gaslini, Largo G.
Gaslini 5, 16147 Genova, Italy
Tel: +39 010 5636793; fax: +39 010 5636211;
e-mail: angeloravelli@ospedale-gaslini.ge.it

Current Opinion in Rheumatology 2005, 17:568——573

Abbreviations

HRQL health-related quality of life
JSLE juvenile-onset systemic lupus erythematosus
SDI Systemic Lupus International Collaborative Clinics/American

College of Rheumatology Damage Index
SLE systemic lupus erythematosus
SLEDAI Systemic Lupus Erythematosus Disease Activity Index

ª 2005 Lippincott Williams & Wilkins.
1040-8711

Introduction
Systemic lupus erythematosus (SLE) is a multisystem, in-

flammatory, autoimmune disease that is characterized

by widely variable clinical manifestations and unpredict-

able course. If left untreated, SLE is often progressive

and has a significant fatality rate. It is estimated that

15–20% of patients with SLE have their onset before 16

years of age [1•]. SLE that begins in childhood has been

considered more severe than SLE with onset during adult-

hood [2]. Furthermore, children diagnosed with SLE may

need high-dose corticosteroids and immunosuppressive

agents for disease control more often than do their adult

counterparts [3].

Prognosis in juvenile-onset SLE (JSLE) has improved

considerably over the past 2 decades, probably secondary

to earlier diagnosis, recognition of mild forms, and better

approaches to treatment of the disease and its complica-

tions. Consequently, children and adolescents with SLE

are living longer and enter adult life with a chronic disease

and morbidity secondary to the sequelae of disease activ-

ity, side effects of medications, and comorbid conditions,

such as recurrent infections [4,5], accelerated atheroscle-

rosis [6••,7•,8•,9], osteoporosis [10•,11], and hyperten-

sion. This morbidity may affect their health-related

quality of life (HRQL), raising problems related to the

physical and psychological adaptation to a chronic illness.

For these reasons, the treatment of patients with JSLE

is now directed not only at preventing death but also at

reducing permanent damage to involved organ systems

resulting from the disease, its therapy, or complications.

Furthermore, the traditional outcome of patient survival

has become too insensitive to assess the effect of medical

care [12•]. In recent years, it has been increasingly recog-

nized that the optimal clinical assessment of children and

adolescent with SLE requires not only the measurement

of disease activity but also the estimation of accumulated

damage and the understanding of the effect of the disease

and prescribed therapies on physical and psychosocial

well-being [13••]. Health status, disease activity, and ac-

cumulated damage are regarded as important independent
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outcome measures in lupus [14] and are recommended for

use in longitudinal follow-up studies [15].

This review summarizes the recent developments and cur-

rent understanding of prognosis and outcome of JSLE, ex-

amined in terms of long-term survival, accumulated damage,

and HRQL.

Long-term survival
A marked improvement in survival over time among pa-

tients with JSLE has been documented in the literature

[2,16–29,30•,31•] (Table 1). The application of life-table

methods, where possible, to published data from the

1950s and 1960s yields 5-year survival probabilities of only

17.5–69% [26]. In contrast, series from the 1980s and

1990s report survival rates of 59–93% at 5 years [2,21–28]

and 28–86% at 10 years [22–25,27,29]. In the 2000s

reports, the 5-year survival rate approaches 100%, and

the 10-year survival rate is close to 90% [30•,31•]. Although
these data reveal a very encouraging trend, they may not

provide generalizable information on survivorship in JSLE.

Studies are hampered by the relatively small number of

patients included (mainly tertiary care center patients fol-

lowed in single units), the disparity in the age limits

adopted and in the selection criteria for patient inclusion,

and the frequent lack of patient stratification by major

disease manifestations (e.g. with/without renal disease,

with/without central nervous system involvement), by

ethnic group (it is known that SLE tends to be a more se-

rious disease among non-white populations), and by other

known prognostic risk factors; furthermore, investigations

have rarely used life-table analysis, and differences in

treatment have been seldom taken into account. The pro-

gnosis of lupus nephritis in children has been reviewed

recently [32••].

To obtain generalizable figures on survivorship in JSLE,

a great deal of effort should be directed toward assembling

multicenter, multinational cohorts of patients that must

be assessed through a standardized and comprehensive pro-

tocol that incorporates all major risk factors. To minimize

any possible selection bias, the study should recruit all el-

igible prevalent and incident patients with SLE with on-

set in childhood, including those seen in inpatient and

outpatient services, and in public and private settings

from the study areas. Population-based studies are very

difficult to perform in most countries, however, so referral

center-based populations would be enrolled in most cen-

ters. The resultant cohorts must represent all major ethnic

groups and cover the whole clinical and socio-demographic

spectrum of patients with JSLE.

Organ damage
In the last 10 years, there has been considerable interest

in the development of appropriate instruments for mea-

suring cumulative organ damage in patients with SLE.

This effort has led to the development of the Systemic

Lupus International Collaborative Clinics/American Col-

lege of Rheumatology Damage Index (SDI) [33,34], which

has been shown to be a valid and reliable tool in adults

with SLE [35]. The SDI measures accumulated damage

that has occurred since the onset of SLE resulting from

either the disease process or its treatment. Damage is de-

fined as an irreversible change in an organ or system that

has been present for at least 6 months. The SDI records

damage in 12 organs or systems and has a score range of

0 to 47. Recently, the amount of accumulated damage

has been assessed through the SDI in some series of

patients with JSLE (Table 2).

Brunner et al. [36] investigated retrospectively disease ac-

tivity and damage in 66 patients with a mean follow-up

of 3.3 years and sought potential risk factors for damage.

At the end of the follow-up period, 40 patients (61%) had

damage in at least one organ or system, with the mean SDI

score 1.8. Damage occurred primarily in the ocular, mus-

culoskeletal, neuropsychiatric, and renal domains. Avascular

necrosis of bone and cataract were the most frequently ob-

served specific damage items. Cumulative disease activity

over time, as measured by the Systemic Lupus Erythema-

tosus Disease Activity Index (SLEDAI), was the single

best predictor of damage (R2 = 0.30). Other likely impor-

tant risk factors for damage were cumulative corticosteroid

treatment, the presence of antiphospholipid antibodies,

and history of acute thrombocytopenia. Duration of therapy

Table 1. Survival rates in published series of juvenile-onset

systemic lupus erythematosus

Percent

Authors, year Patients, n
5
years

10
years

15
years

Meislin and Rothfield,
1968 [16] 42 42/72a —— ——

Walravens and Chase,
1976 [17] 50 —— 60——70 ——

Garin et al., 1976 [18] 25b 61 —— ——
King et al., 1977 [19] 108 78 —— ——
Fish et al., 1977 [20] 49 —— 86 ——
Abeles et al., 1980 [21] 67 89/100a —— ——
Caeiro et al., 1981 [22] 42 59/83a 48/76a

Morris et al., 1981 [23] 36b —— 77 ——
Platt et al., 1982 [24] 70 90 85 77
Glidden et al., 1983 [25] 55 92 85 71
Lacks and White, 1990 [26] 32 85 —— ——
McCurdy et al., 1992 [27] 71 78 28 28
Yang et al., 1994 [28] 167b 91 —— ——
Tucker et al., 1995 [2] 39 93 —— ——
Baqi et al., 1996 [29] 56b —— 29 ——
Candell Chalom et al.,
2004 [30•] 64 94 87 79

Miettunen et al., 2004 [31•] 51 100 86 ——

aPercentage with renal disease/percentage without renal disease.
bAll patients had lupus nephritis.
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with immunosuppressive agents was determined to have

a protective effect against damage.

In a multicenter, multinational study, Ravelli et al. [37] de-
termined accumulated damage in 387 patients seen in

pediatric rheumatology centers from Europe (Italy and

Greece), the United States, Mexico, and Japan. Overall,

195 (50.5%) patients had damage within a mean of 5.7

years after disease onset. Renal and neuropsychiatric sys-

tem involvement was observed most frequently, followed

by musculoskeletal, ocular, and skin system involvement,

with a mean SDI score of 1.1. Nephrotic-range proteinuria

was the most commonly recorded item. In multivariate

models, neuropsychiatric manifestations at diagnosis, lon-

ger disease duration, and greater number of intravenous

cyclophosphamide pulses yielded the strongest associa-

tion with damage.

Miettunen et al. [31•] examined retrospectively the associ-

ations of sex and ethnic origin with long-term outcome in

51 patients followed for a median of 7.2 years (minimum

follow-up, 5 years) at a single institution. Fifteen patients

were white, 14 Chinese, nine East Indian, and 13 of other

ethnic background. The SDI was the main outcome mea-

sure, with a score of 2 or greater assigned a poor outcome.

The median SDI score at last follow-up was 2.1, with 69%

of patients showing damage in at least one organ or system.

Half of the patients (51%) had a poor outcome. Damage

occurred primarily in the musculoskeletal domain, followed

by the neuropsychiatric, cardiovascular, peripheral vascular,

skin, ocular, and renal domains. No association was found

on logistic regression between sex, ethnicity, age at diag-

nosis, or length of follow-up and final SDI scores.

In a cross-sectional study of 71 patients with a mean disease

duration of 10.8 years, Lilleby et al. [38•] found evidence

of damage in 61% of patients, with the mean SDI score

1.3. The most frequent areas of damage were in the neuro-

psychiatric, renal, and musculoskeletal domains. The most

common recorded SDI items were cognitive impairment or

major psychosis and muscle atrophy or weakness. Hyper-

tension, longer disease duration, and use of cyclophospha-

mide were significantly related to an increased SDI score in

multiple regression analysis.

Recently, Bandeira et al. [39] investigated the relation be-

tween damage accrual (SDI score increase $ 1), flares

of disease activity, and cumulative drug therapies in 57

patients who were first seen within 1 year after disease

presentation and were followed for 3 years or more. Dis-

ease flare was defined as an increase in SLEDAI score

of 3 points or more from the previous visit and was

classified as slight (SLEDAI # 6), moderate (SLEDAI =

7–11), and severe (SLEDAI $ 12). Damage accrual was

significantly correlated with the frequency of severe flares

in the first 3 years of follow-up, but not with the cumu-

lative duration of corticosteroid and immunosuppressive

therapies.

Taken together, these studies show that cumulative organ

damage is common in patients with JSLE. The mean SDI

score (1.1–2.1) and the frequency of damage (50.5–61%)

recorded in pediatric patients are in the range of those

reported in series of patients with adult-onset SLE with

disease duration of 3.8 to 12.9 years, which vary from

1.0–2.4 and from 56–86%, respectively [40–47]. This

seems to disprove the idea that JSLE is a more severe dis-

ease than that occurring in adults. The prevalence of dam-

age by organ system is variable among JSLE cohorts,

although musculoskeletal, renal, and neuropsychiatric sys-

tems tended to be most frequently affected. The search

for risk factors for damage has yielded diverging results

among studies. Discrepancies may depend on differences

in socio-demographic characteristics, clinical features and

ethnic composition of patient populations, length of follow-

up, and treatment regimens. A potential limitation of the

existing studies is their retrospective nature. Better

insights in the development of long-term damage and

its prediction can be obtained by studying cohorts of

newly diagnosed patients followed over time and assessed

at standard time points.

Although the SDI has been shown to be a valid and reli-

able instrument in JSLE, it does not cover all forms of

damage that children or adolescent with lupus may develop

over time, particularly effects on growth and development

[35]. It has been suggested that growth retardation and

Table 2. Summary of studies on cumulative organ damage in

juvenile-onset systemic lupus erythematosus

Brunner
et al.
[36],

Ravelli
et al.
[37],

Miettunen
et al.
[31•],

Lilleby
et al.
[38•],

2002 2003 2004 2005

Patients, n 66 387 51 71
% Caucasian/white 27 36 29 93
Mean/median
disease duration 3.3 5.7 7.2 10.8

% of patients
with SDI $ 1 61 50.5 59 61

Mean SDI score 1.8 1.1 2.1 1.3
% of patients with

damage by
organ/system

Ocular 44 11 12 4
Neuropsychiatric 11 16 14 28
Renal 9 22 10 13
Pulmonary 3 2 4 4
Cardiovascular 2 3 12 6
Peripheral vascular 3 6 12 9
Gastrointestinal 5 4 4 4
Musculoskeletal 26 12 27 13
Skin 6 10 12 3
Premature gonadal
failure 0 4 2 4

Diabetes 3 0.5 0 1
Malignancy 0 0 0 1
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pubertal delay should be incorporated in a pediatric ver-

sion of the SDI [37]. Furthermore, a redefinition of the

cognitive impairment item of the SDI has been advised

to increase its applicability in younger patients. Some

SDI items, such as myocardial infarction, pancreatic insuf-

ficiency, claudication, gastrointestinal stricture, ruptured

tendons, and malignancy, are rarely seen in patients with

JSLE; therefore, their inclusion in a pediatric SDI has

been questioned [35]. As a result of considerable variabil-

ity of clinical and functional significance of SDI compo-

nents, a weighting system has been proposed. Weighting

of the items on the basis of their clinical severity has not

led to a significant improvement of the clinical relevance

of the overall score, however [48], and has not helped to

predict patient outcome better [49]. The assessment of

damage in childhood may be made more difficult by the

ability of children to recover and regenerate to a greater

degree than adults. The potential reversibility of some

forms of damage has been taken into account in damage

instruments designed for other childhood chronic rheu-

matic diseases [50,51].

Recently, the Pediatric Rheumatology International Trials

Organization, in a joint effort with the Pediatric Rheuma-

tology Collaborative Study Group, has developed, through

a large questionnaire-based survey and a consensus con-

ference, a core set of clinical measures for the assessment

of long-term outcome in JSLE, which includes the assess-

ment of accumulated damage through the SDI, the physi-

cian’s global assessment of the overall damage by a visual

analogue or Likert’s scale, and a domain called growth and

development [52,53•]. This domain includes assessment

of height and weight, regularity of menses, and Tanner’s

puberty stage. During the consensus conference, a 95%

consensus was reached among participants on the intro-

duction of HRQL evaluation in studies on disease out-

come in SLE. Prospective validation of this core set is

ongoing.

Health-related quality of life
The assessment of HRQL in patients with SLE has been

increasingly recognized as one of the most important mea-

sures to appraise how much the disease process and its

treatment are affecting their lives and to determine the

need for social, emotional, and physical support during ill-

ness. HRQL measurement has been recommended for in-

clusion in SLE clinical trials because it addresses aspects

of SLE and its effects that are not fully captured by other

endpoints [54,55]. As a result, HRQL assessment has been

incorporated in the core set of outcome measures for the

evaluation of response to therapy in JSLE [56••,57••]. A
number of HRQL tools are available for children and ado-

lescents with chronic rheumatic diseases [58–60], al-

though none of them has been designed specifically for

JSLE. In recent years, a few studies have evaluated the

HRQL of patients with JSLE.

Ruperto et al. [13••] investigated the HRQL of 297

patients with JSLE using the Child Health Questionnaire

(CHQ) [58,61]. A greater impairment in the physical than

in the psychosocial health domain was observed. The

instrument scores were in the low range of those observed

in juvenile idiopathic arthritis (JIA) patients, but much

lower than those found in healthy children [62]. The most

impaired CHQ subscales were global health, general

health perceptions, and parent impact-emotional. Higher

disease activity scores on the SLEDAI were associated

with lower CHQ scores in the physical (r = �0.29;

P < 0.0001) and psychosocial (r = �0.25; P < 0.0001)

domains, whereas the amount of damage on the SDI

had a significant effect only on physical functioning

(r = �0.23; P < 0.0001). Overall, the greater impairment

of HRQL occurred in patients with involvement of the

central nervous, renal, and musculoskeletal organ/systems.

Candell Chalom et al. [30•] investigated the vocational and

socioeconomic status and quality of life in 64 adults with

childhood-onset SLE who were followed for a mean of

13.6 years. Approximately one-third of the patients

thought that the disease interfered with their education.

Only 25% had full-time employment, and 22% had part-

time jobs; the overall income was low. These figures were

lower than those reported in patients with JIA [63,64].

Patients with SLE scored lower on the Medical Outcomes

Study (MOS) 36-item Short-Form [65] compared with

the US general population in the physical component

scale but not in the mental one. Looking at the individual

items, patients with SLE did poorly in physical function,

body pain, general health, and vitality.

Moorthy et al. [66•] employed qualitative techniques to

identify domains that are critical in determining HRQL

in patients with JSLE. Patients and their parents were asked

a single open-ended question related to lupus. Themes

derived from patients’ responses focused primarily on cop-

ing and maintaining control of their lives despite SLE.

Themes from parents’ responses emphasized efforts to cope

with their children having SLE and appreciation/sadness

in connection with their children’s coping process. The

authors concluded that qualitative exploration of different

facets of HRQL in patients with JSLE is critical to

understand the specific factors that facilitate the coping

process and to formulate interventions for improving

children’s/family’s self-efficacy and disease management.

Altogether, these studies suggest that children and adoles-

cents with SLE have poorer HRQL and lower socioeco-

nomic achievements than their healthy peers. Similarly

to what has been observed in patients with adult-onset

disease [67], the available data indicate that the disease

has its most profound effect on physical well-being, sug-

gesting that social, mental, emotional, and behavioral health

may adapt and improve over time. The difficulties in
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coping with the chronic illness and its consequences re-

main a primary concern for both patients and their

parents, however. Additional data and, perhaps, a disease-

specific measure of HRQL are needed to characterize

fully the effect of JSLE.

Conclusion
Although the life span of children and adolescents with

SLE has improved dramatically over the past 20 years,

many of them still develop organ damage and experience

significant deterioration of their HRQL. This emphasizes

the need of continuing a careful long-term follow-up of

currently treated patients to understand the overall effect

of the disease and its therapy. Future treatments and

treatment strategies should be aimed not only at better

controlling disease activity but also at reducing the devel-

opment of nonreversible organ damage.
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Imaging in juvenile arthritis
T. Brent Graham

Purpose of review

The purpose of this review is to highlight recent

developments in imaging in juvenile arthritis.

Recent findings

The developments in imaging in juvenile arthritis are

primarily focused on evaluation of destructive changes

and inflammatory changes in joints. Plain radiography

can demonstrate destructive changes in juvenile arthritis.

The most validated instrument for assessing destructive

changes juvenile arthritis is the Poznanski index, and this

index is being used more in studies to understand the

natural history and clinical correlates of destructive disease.

Magnetic resonance imaging has been shown to be

superior to plain radiography in demonstrating destructive

changes. Further work is proceeding to detect earlier,

biochemical changes in articular cartilage prior to the

development of thinning or erosion.

Magnetic resonance imaging and ultrasound can

demonstrate both inflammatory and destructive changes.

Utilization of these techniques to show inflammatory

changes can provide information about joints that can

supplement physical examination, particularly in difficult

joints to examine, such as the hips, temporomandibular

joints, small joints of the feet, and tenosynovial locations.

This information may help to guide therapy.

Summary

Imaging provides useful information to supplement clinical

and laboratory examination in the optimal treatment of

patients with juvenile arthritis.

Keywords

imaging, juvenile idiopathic arthritis, juvenile rheumatoid

arthritis
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Introduction
Imaging has been a useful method of measuring outcome

at the joint level in patients with inflammatory arthritis for

many years [1–3]. Plain radiography has traditionally been

used to detect structural damage in both adult rheumatoid

arthritis) and juvenile arthritis (juvenile rheumatoid ar-

thritis [JRA] and juvenile idiopathic arthritis [JIA] used

as specified in each individual article in this review).

The evolution of newer techniques of ultrasonography

and magnetic resonance imaging has enabled delineation

of inflammatory changes in joints as well as more sensitive

depiction of destructive disease [4–11]. With improved

therapies showing great potential to control disease activ-

ity, more sensitive techniques to detect inflammatory

changes as well as early changes in articular cartilage are

important in assessing patients.

Destructive changes by plain radiography
Plain radiography continues to be a useful and readily

available modality. Recent studies have added to under-

standing of the natural history of destructive disease as

well as clinical correlations.

Van Rossum et al. [12] described plain radiographic fea-

tures of JIA using 67 patients with oligoarticular, extended

oligoarticular, and polyarticular JIA. All joints thought to

be affected by arthritis and the contralateral joints were

radiographed. A radiologist and pediatric rheumatologist

read these films in consensus and then read the films

again 4 years later to assess intra-reader reliability. Median

duration of disease was 24 months. Joint space narrowing

was found in 28% of patients, and erosions were found in

15% of patients. The joints most likely to be affected by

joint space narrowing or erosions were the hands (wrist

included) and feet. Some of the joints with radiographic

abnormalities were normal on clinical examination, but

history of involvement of these joints clinically is not in-

cluded in this article. Risk factors for radiographic abnor-

malities, excluding soft tissue swelling, in the univariate

analysis included onset of arthritis at age greater than

10 years, overall articular severity score, absence of antinu-

clear antibody (ANA), erythrocyte sedimentation rate

(ESR) greater than 20 mm/h, presence of human leuko-

cyte antigen (HLA)-B27, presence of immunoglobulin A

(IgA) rheumatoid factor, and presence of immunoglob-

ulin M (IgM) rheumatoid factor. Disease onset type and

disease duration were not significant predictors. In the

multivariate analysis, the predictive variables were pres-

ence of IgM rheumatoid factor and HLA-B27. Intra-reader

reliability was very good for joint space narrowing, sub-

chondral cysts, and erosions (Cohen’s k, 0.79–0.86).

574



Reliability was significantly less strong with respect to

sub-chondral osteopenia (Cohen’s k, 0.40).

This article adds to previous information about destruc-

tive disease. Wallace and Levinson [13] found destructive

changes in approximately 50% of patients with polyartic-

ular or systemic JRA, with a median time to development

of changes of approximately 2 years. One can interpolate

that these findings are quite similar, although the patient

populations are different. The study by van Rossum et al.
[12] adds the analysis of reliability in assessing destructive

changes, joint distribution, and clinical correlations.

Magni-Manzoni et al. [14] also used the Poznanski score to

assess radiographic progression in patients with JIA with

bilateral wrist involvement. Poznanski score is derived by

dividing the radiometacarpal width by the length of the

second metacarpal [15]. A standardized score is calcu-

lated. A negative score reflects decreased carpal width

for the patient’s size, an indicator of destructive disease.

The authors followed 94 patients with bilateral wrist ar-

thritis by yearly wrist radiographs and clinical assessments

every 6 months for a median of 4.5 years. The primary out-

come variables were Poznanski score, yearly change in the

Poznanski score, and Childhood Health Assessment Ques-

tionnaire (CHAQ) score. The authors found that progres-

sion was greatest during the first year of follow-up and that

radiographic progression during the first year was the best

predictor of all three long-term outcomes. The authors

point out the limitations of the Poznanski score. Severe

erosive disease with destruction of bony margins can make

measurement of carpal length impossible. In addition, if

the second metacarpal growth plates have closed, the

M2 cannot be measured.

Recognizing the lack of applicability to certain patients,

this study highlights the connection between radiographic

outcome and functional status. It also demonstrates that

radiographic progression in the wrist can be early and rapid.

This study highlights the need for early aggressive treat-

ment. Although this was not a treatment study, the vast ma-

jority of patients received second-line therapy. It is possible

that aggressive therapy led to slowing down of radiographic

damage in later years of the study, as has been demon-

strated previously using the method of Poznanski [15,16].

Mason et al. [17] found that 28% of patients with poly-

articular JRA who had wrist radiography performed at di-

agnosis had joint space narrowing or erosions present at

diagnosis. This group is subject to selection bias because

not all patients had wrist radiographs performed, but it

again shows the high prevalence of destructive disease

in this joint area.

Cassone et al. [18•] evaluated bilateral wrist radiographs in

patients with JIA and clinical evidence of arthritis in at

least one wrist annually beginning in 1986. They examined

this group of 250 patients representing a cohort of ap-

proximately 400 patients biannually and performed wrist

radiography yearly. This study looked at a subgroup of

six patients with unilaterally destructive wrist synovitis.

They were notable for having oligoarticular onset in five

patients and seropositivity for rheumatoid factor in only

one patient, yet aggressive destructive disease. All patients

developed a polyarticular disease course. Poznanski scores

ranged from �2.39 to �8.50. CHAQ scores ranged from

0.375–1.6. This study highlights a subgroup of patients

with oligoarticular disease, generally more benign, who

are at risk for polyarticular disease with destruction, at least

locally.

Inflammatory changes by magnetic
resonance imaging and ultrasonography
Ultrasound has been relatively newly studied in the eval-

uation of inflammatory changes in juvenile arthritis. To

this point, ultrasound in rheumatoid arthritis for assess-

ment of synovitis has not been validated with histologic

correlation. It has been validated indirectly by comparison

with magnetic resonance imaging and plain radiography in

rheumatoid arthritis [9,11,19].

Doria et al. [20] evaluated contrast-enhanced ultrasound

in evaluation of the knee in 31 knees in 22 patients with

JRA and 10 knees in five controls. They evaluated patients

with active disease, inactive disease, and equivocal disease

activity. Patients with equivocal disease activity were de-

fined as patients with no active arthritis on examination

but with elevated ESR. Patients with equivocal disease ac-

tivity demonstrated increased mean pixel intensity values

of synovium compared with patients with inactive disease

and control patients both before and after contrast admin-

istration. This study showed that ultrasound can add to

the value of clinical examination in the knee joint in

patients in whom disease activity is unclear.

Frosch et al. [21] performed ultrasound of 15 hips with

clinically active arthritis in eight patients with JRA and

38 knee joints with clinically active arthritis in 25 patients

with JRA. These joints were examined three times in

intervals of 4–6 weeks. Synovial thickening persisted, as

81% of knees felt clinically to have inactive arthritis had

synovial thickness greater than 2 mm. In addition, knees

with clinically inactive arthritis did not differ from knees

with clinically active arthritis with respect to mean syno-

vial thickness (5.2 mm; SD, 2.1 mm; compared with 5.8 mm;

SD, 1.9 mm, respectively). In the hip joint, 43% of hips

thought to be clinically inactive demonstrated abnormal

synovial joint space (>6 mm).

This article highlights the fact that abnormally thickened

synovium may be persistent, even in patients with patients

thought to have clinically inactive arthritis. We have seen

Imaging in juvenile arthritis Graham 575



this phenomenon in magnetic resonance imaging of the

knee in JRA as well (Graham, Unpublished data, January

2003). Whether this represents active, subclinical disease

with risk of worsening or insidious damage compared with

inactive fibrous synovium with no long-term conse-

quences is unknown at this time.

El-Miedany et al. [22] performed x-ray, ultrasound, and

magnetic resonance imaging of one knee with clinically ac-

tive arthritis in 38 patients with JIA. Patients had disease

duration of at least 6 months. Disease onset was oligoar-

ticular in 27 patients, polyarticular in nine patients, and

systemic in two patients. Ultrasound was able to detect

synovial proliferation in 18 of 38 cases, whereas magnetic

resonance imaging detected synovial proliferation in 28

of 38 cases. In this study, magnetic resonance imaging

demonstrated mildly increased sensitivity compared with

ultrasonography, but both demonstrated less than excep-

tional sensitivity. Synovial volume calculation, by giving

three-dimensional information, may be more sensitive.

Gylys-Morin et al. [23] in our group previously demon-

strated abnormal synovial volume ($3 ml) in 97% of pa-

tients with clinically active synovitis of the knee. In con-

trast, utilizing maximal synovial thickness of 3 mm or

greater, sensitivity was 75%, similar to the findings of

El-Miedany et al. [22].

Küseler et al. [24••] evaluated the temporomandibular

joint (TMJ) by magnetic resonance imaging in patients

with JIA. Patients were 8 years and older at the time of

the first imaging evaluation and had disease duration of

not more than 3 years. Patients were evaluated with con-

trast-enhanced magnetic resonance imaging of bilateral

TMJs at intervals of 6–8 months for a total of four imaging

evaluations. Signs and symptoms of TMJ involvement

were not required for entry into the study.

Disease onset was oligoarticular in nine of 15 patients, poly-

articular in four of 15, and systemic in two of 15. Clinical

examination of signs and symptoms relative to the TMJ

was performed, resulting in a clinical score that was a mod-

ified version of the Helkimo index. Magnetic resonance

imaging score included both inflammatory and destructive

changes. In this study, 93% of patients demonstrated sy-

novial enhancement, and 71% demonstrated condylar

erosions. No correlation was found between total clinical

score and total magnetic resonance imaging score.

Two findings are most relevant to clinicians. One is the

prevalence of TMJ involvement in this group of patients.

The second is that there was no correlation between clin-

ical score and magnetic resonance imaging findings. As

with most magnetic resonance imaging studies in chil-

dren, the population is skewed toward older patients.

Selection bias is possible because patients with TMJ symp-

toms may be more likely to participate in such a study.

The patients who did not participate did not differ from

those who did participate with respect to subtype or

disease activity, but signs and symptoms referable to the

TMJ were not reported in patients who did not participate.

This study is an example of using magnetic resonance im-

aging to detect local inflammatory changes not always fully

appreciated by clinical assessment. Given the prevalence

of TMJ involvement and the important functional and

cosmetic consequences of uncontrolled disease in these

joints, the clinician should be aggressive in seeking and

treating TMJ synovitis.

Adib et al. [25•] performed a clinical and imaging series of

isolated inflammatory coxitis in children. JIA has tradi-

tionally been thought to occur rarely as isolated hip arthri-

tis, except as an early manifestation of spondyloarthropathy.

This case series examines patients diagnosed with protrusio

acetabuli, Otto pelvis, or idiopathic chondrolysis of the hip

for clinical and radiologic characteristics, including histol-

ogy and response to therapy.

Imaging was useful in this study for confirming the prev-

alence of involvement of the contralateral, often asymp-

tomatic, hip. Ten of 14 patients had physical examination

and/or radiographic evidence of contralateral hip involvement,

although none of these patients or referring physicians

reported symptoms in the contralateral hip.

In addition, magnetic resonance imaging of the hip with

gadolinium demonstrated synovial enhancement in seven

of seven patients. These findings correlate well with his-

tologic findings, available in six patients. Two patients

demonstrated chronic inflammatory cell infiltrate: one pa-

tient demonstrated fibrous changes of synovium, and one

patient demonstrated edema of the synovium. No syno-

vium was available from biopsy specimen in two additional

patients.

These patients had aggressive, destructive disease local-

ized to one or both hips. The authors propose that this

is a subtype of JIA and propose diagnostic criteria. The

contribution of imaging to this study was largely in dem-

onstrating synovial enhancement. This may justify consid-

eration as an inflammatory arthritis and treatment as such.

This study is a rare one in children in which histologic con-

firmation is included.

Tynjälä et al. [26•] used magnetic resonance imaging of the

ankle and foot to assess synovitis in preparation for corti-

costeroid injection into 22 ankles/feet in 19 patients. These

patients had failed to respond to previous corticosteroid

injection into this region without prior magnetic reso-

nance imaging. The striking finding in this study was

the presence of multiple sites of active synovitis in these
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patients. More than one affected joint was found in 13 of

22 ankles/feet. Frequent active inflammation of subtalar

and inter-tarsal joints was found. Synovitis with accompa-

nying tenosynovitis was found in 17 of 22 ankles/feet.

This study shows that extent of synovitis can be better

appreciated, particularly in the midfoot and tenosynovial

regions surrounding the ankle and midfoot, with magnetic

resonance imaging. Given the number of joints involved

and potential difficulty with local corticosteroid injections

in these regions, magnetic resonance imaging is quite

useful prior to consideration of injection in this region.

Remedios et al. [27] have previously demonstrated sen-

sitivity of magnetic resonance imaging in the ankle and

subtalar joints with improved response to fluoroscopic-

guided injection.

Magnetic resonance imaging and
ultrasonography in assessment of damage
Argyropoulou et al. [28] evaluated 28 patients with JIA

with magnetic resonance imaging of bilateral hips before

and after contrast. They used a magnetic resonance grad-

ing scale that encompassed both synovitis and articular

cartilage and bony damage. Patients had a mean disease

duration of 6.9 years. In this study, patients with active

arthritis of the hip joint on examination demonstrated

higher magnetic resonance imaging scores, reflecting more

active disease and/or damage than patients without active

arthritis of the hip clinically. Patients with systemic dis-

ease had higher magnetic resonance imaging scores than

patients with either polyarticular or oligoarticular disease.

This study does not describe how these patients were se-

lected, and a wide range of disease duration is included

(1–21 years). The magnetic resonance scoring system does

not differentiate active synovial disease from residual

damage. Nevertheless, the demonstration of greater hip

disease in systemic patients is helpful.

In the study by El-Miedanny et al. [22] involving the knee,
the increased sensitivity of contrast-enhanced magnetic

resonance imaging in detecting cartilage destruction was

striking. By magnetic resonance imaging, 22 of 38 patients

were found to have articular cartilage destruction, com-

pared with seven of 38 patients with ultrasound and five

of 38 patients with plain radiography.

Kight et al. [29•] in our group evaluated T2 mapping in the

assessment of articular cartilage in the weight-bearing por-

tion of the femur in female patients age 4–11 years with

JRA, history of knee arthritis, and disease duration of 2–7

years. T2 mapping maps T2 relaxation time in cartilage

compared with normalized distance from subchondral bone.

T2 relaxation time measures mobility of water within the

collagen-proteoglycan matrix. In this study, T2 relaxation

time was found to be increased in patients with JRA

compared with healthy age-matched and sex-matched

controls. This increase may reflect loss of integrity of

the collagen matrix [30]. The implications of these find-

ings for long-term health of articular cartilage in children

with JRA are unknown.

Conclusion
Imaging remains an important tool in the assessment of

patients with juvenile arthritis. With improved treatment

options, imaging must be very sensitive to detect both in-

flammatory and destructive changes. Currently, the only

validated way to assess destructive disease is the Poznanski

index. Recent research has shown that magnetic reso-

nance imaging in particular can detect synovitis quite sen-

sitively and adds significant information to the clinical

examination, particularly in the temporomandibular joint

and the foot. Recent data on ultrasound in juvenile arthri-

tis hold promise but need further validation. Future work

should focus on validating imaging outcome measures to

be used in clinical trials and clinical practice. In addition,

more sensitive identification of the disease process with

respect to both inflammatory and destructive changes is

needed.
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Caspase recruitment domain 15 mutations and

rheumatic diseases
Carlos D. Rosea,b and Tammy M. Martinc,d

Purpose of review

The purpose of this article is to review the foundational

work and current developments on a group of rheumatic

disorders associated with mutations in the caspase

recruitment domain 15/nucleotide oligomerization domain

2 gene.

Recent findings

To date, there are at least 10 arthritic conditions for which

specific genetic mutations have been demonstrated. They

include familial Mediterranean fever; tumor necrosis factor

receptor associated periodic syndrome; hyper

immunoglobulin D syndrome; neonatal onset multisystemic

inflammatory disease; pyogenic arthritis pyoderma

gangrenosum and acne; Muckle-Wells syndrome; familial

cold autoinflammatory syndrome; immunodysregulation,

polyendocrinopathy, enteropathy, X-linked syndrome;

Crohn’s disease; and familial and sporadic sarcoid

granulomatous arthritis. This review focuses on recent

progress in the last two diseases and the caspase

recruitment domain 15 genetic defects with which they are

associated. Up to 50% of patients with familial

granulomatous arthritis (Blau’s syndrome), 90% of those

with sporadic granulomatous arthritis (early-onset

sarcoidosis), and 40% of individuals with Crohn’s disease

have documented mutations in the caspase recruitment

domain 15 gene.

Summary

Although histologically, Crohn’s disease and familial and

sporadic sarcoid granulomatous arthritis are distinct from

rheumatoid arthritis because of the defining presence

(albeit in not all cases) of non-caseating granulomata in the

synovial and intestinal tissues, respectively, they still

represent a promising model of both chronic synovitis and

uveitis. In addition, once the actual mechanism is

discovered by which defects of the caspase recruitment

domain 15 gene product lead to chronic arthritis, it may

uncover unsuspected biologic targets for therapeutics.
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Introduction
Caspase recruitment domain (CARD) 15, also called nu-

cleotide oligomerization domain (NOD) 2, was catapulted

into recognition in 2001 when two research groups inde-

pendently discovered that mutations altering this protein

conferred increased risk of Crohn’s disease [1,2]. Amaz-

ingly, mutations in this same gene were then found to

cause a rare autosomal-dominant form of granulomatous

arthritis, Blau’s syndrome [3]. In this review, we explore

the relation between Blau’s syndrome and associated con-

ditions now known to be associated with CARD15 genetic
defects.

Caspase recruitment domain 15
CARD15 is expressed as a cytoplasmic monomer 1040 amino

acids in length. CARD15 has two isoforms, a full-length

product (isoform 1) and isoform 2, which uses an alternative

initiation site corresponding to amino acid position 28.

While isoform 1 is more abundant, both have the ability to

activate the transcription factor nuclear factor kB (NFkB).

Activation of NFkB is a key step in the up-regulation of

many genes involved in inflammatory cascades.

CARD15 is composed of two amino-terminal CARDs,

a central neuronal apoptosis inhibitor protein, CIITA,

HET-E, and TP1 (NACHT) domain (which contains a po-

tential ATP binding site), and a leucine-rich repeat (LRR)

region at the carboxy-terminus (Fig. 1) [4]. The CARD

domain structure is highly conserved across species, is

found in many proteins, and is involved in protein inter-

actions via CARD-CARD binding. One example of this

is the mediation of NFkB activation resulting from

CARD-CARD interactions betweenCARD15 and a pivotal

signaling molecule, the adaptor kinase receptor inter-

acting protein-like interacting caspase-like apoptosis reg-

ulatory protein kinase (or RICK; this is also referred to as

the receptor interacting protein 2 [RIP2] or the CARD-

containing interleukin-1 beta converting enzyme [ICE]

associated kinase [CARDIAK]) [5,6]. The NACHT
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domain is also referred to as a NOD or a nucleotide-

binding site. This domain of the protein is likely to be in-

volved in homodimerization of CARD15 and in binding

nucleotides. NACHT domains are known to function as

ATPases and are found in proteins involved in apoptosis

and in proteins involved in transcriptional activation of

the major histocompatibility genes. The LRR region is

structurally related to those of the Toll-like receptors

(TLRs), which are molecules of the innate immune sys-

tem indispensable for sensing molecular motifs specific

to pathogens, such as lipopolysaccharide. In fact, early

research conducted on CARD15 was thought to demon-

strate that lipopolysaccharide was its LRR ligand. Subse-

quent studies demonstrated, however, that the moiety

recognized by CARD15 was actually muramyl dipeptide,

a building block of peptidoglycan found in essentially

all bacterial cell walls (i.e. not restricted to Gram-negative

bacteria as is lipopolysaccharide) [7,8].

A commonly quoted observation from the initial CARD15

studies is that expression is restricted to monocytes [4].

Even though monocytes, granulocytes, and dendritic cells

do indeed express CARD15, non-hematopoietic cells also

express CARD15. One of the particular implications for

Crohn’s disease is that CARD15 is expressed in intestinal

epithelial cells [9–11], including Paneth cells located at

the base of the villous crypts [12].

The role of CARD15 in autoimmune or inflammatory dis-

ease has been the subject of several recent reviews [13–16].

The emerging picture indicates that CARD15 serves as an

intracellular sensor of bacteria through recognition of mur-

amyl dipeptide, and that it participates in an inflammatory

signaling cascade involving RICK, triggering the activation

of NFkB. Research on this fascinating molecule is far from

complete, and a comprehensive look at the detailed inves-

tigations of CARD15 is beyond the scope of this review. It

is worthwhile mentioning a few recent advances in our un-

derstanding of CARD15 function, however. Tanabe et al.
[17•] analyzed a large series of CARD15 mutants to dissect

the amino acid residues essential for response to muramyl

dipeptide and activation of NFkB. They demonstrated

that the full-length LRR region was needed for response

to bacterial components. In addition, a regulatory region

encompassing part of the LRR (with increased NFkB

basal activity) was identified. Furthermore, a region at the

amino-terminus spanning both CARDs was necessary for

activity. As a result of the cytoplasmic localization of

CARD15 and its potential for participating in various sig-

naling complexes, it will be important to determine the

array of proteins that CARD15 interacts. One such study

has identified a new binding partner of CARD15, the

gene associated with retinoid-interferon mortality 19

(GRIM-19), which may be an integral component of

CARD15-mediated responses [18••].

The mutations in CARD15 which are associated with

Crohn’s disease are found near or in the LRR region

[1,2,19]. The effect of these mutations is a defect in

the ability of CARD15 to sense muramyl dipeptide. Given

that the response of CARD15 to muramyl dipeptide is the

activation of an inflammatory cascade, the effect of these

mutations in predisposing to inflammatory disease seems

counter-intuitive. This means that the role of CARD15 in

NFkB activation is complex, with both inflammatory and

anti-inflammatory consequences. Recent insights into this

complexity have been provided. Abbott et al. [20•] report
that the modulation of NFkB release from its inhibitor

complex is dependent on RICK and involves ubiquitina-

tion of a protein called the nuclear factor-kappa B essen-

tial modulator (NEMO) (ubiquitination targets a protein

for degradation). Interestingly, the CARD15 Crohn’s dis-

ease mutations are defective in this NEMO ubiquitination

[20•]. Another mechanism by which CARD15 may promote

regulation of inflammation was recently reported by Wata-

nabe et al. [21•], who examined the intersection between

the CARD15 and the TLR2 signaling cascades and found

evidence for CARD15-dependent down-regulation of the

TLR2 response to peptidoglycan. Thus, CARD15 is in-

volved in a coordinated effort to sense bacterial compo-

nents, although downstream effects of its activation

appear complex and are still not well understood. The re-

lation between CARD15 mutations and granulomatous

disease are even more intriguing.

Blau’s syndrome
In 1985, Jabs et al. [22] and Blau [23] reported two sepa-

rate families showing a similar phenotype including early-

onset polyarticular ‘boggy’ synovitis (Fig. 2), rather severe

pan-uveitis and an autosomal-dominant pattern of inher-

itance. Subtle differences were seen between the two

descriptions. The family reported by Blau [23] also pre-

sented with a tan-colored maculo-papular rash, absent

in the Jabs et al. [22] report, while the latter included cra-

nial neuropathies. These patients generally lack antinu-

clear antibodies and characteristically show non-caseating

Figure 1. Schematic representation of the protein structure of

caspase recruitment domain 15

The known functional domains are depicted as ovals (caspase
recruitment domain [CARD]; neuronal apoptosis inhibitor protein,
CIITA, HET-E, and TP1 [NACHT]; and leucine-rich repeat [LRR]). The
arrows indicate the approximate position of each mutated amino
acid residue relative to the functional domains of known mutations in
Blau’s syndrome/early-onset sarcoidosis and Crohn’s disease.
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granulomata on tissue biopsy (synovium, conjunctiva, and

dermis) in association with a chronic inflammatory infil-

trate (Fig. 3). A family reported subsequently by Pastores

et al. [24] was phenotypically analogous to the Blau

phenotype, leading to the lingering idea that Blau’s syn-

drome was strictly limited to the classic triad of boggy sy-

novitis, uveitis, and rash. This strict definition was later

challenged by the publications of two families: one with

associated liver involvement [25] and another with renal

disease [26]. These and other observations depicting an

expanded phenotype allowed a more inclusive definition.

Most authors currently accept cranial neuropathies, sys-

temic involvement (fever), and arteritis as part of the dis-

ease spectrum. Hence, the family reported by Jabs et al.

[22] and earlier by Hafner and Vogel [27] and by Roten-

stein et al. [28] can be considered examples of Blau’s syn-

drome or, as some prefer, familial granulomatous arthritis-

uveitis or familial juvenile systemic granulomatosis [25,29].

To keep the historical record straight, we should note that

the first family with Blau’s syndrome was published by

Jabs et al. [22] 5 months prior to Blau’s [23], albeit without

the description of the conspicuous rash recognized by

Blau [23]. Perhaps if the current nomenclature is to be

kept, the disease should be renamed Jabs-Blau syndrome.
The series by Hafner and Vogel [27] is the largest sporadic

series published to that date and includes a mother-

daughter pair (familial form).

The first important contribution to the elucidation of the

mutation is owed to the linkage analysis work on the orig-

inal pedigree. The mutation in question mapped to chro-

mosome 16 [30], which overlapped with a region also

identified in inflammatory bowel disease, IBD1 [31]. The

gene in this region that was responsible for the observed

linkage to Crohn’s disease was found to be CARD15
[1,2,19]. Moreover, in 2001, a seminal work by Miceli-

Richard et al. [3] demonstrated that CARD15 mutations

different than those associated with Crohn’s disease were

responsible for Blau’s syndrome. Wang et al. [32], working
on the largest collection of Blau’s syndrome pedigrees

(10 families), reported CARD15 mutation in 50% of them,

while our own experience with four families showed

CARD15 mutation in each family. In all of the families

we reported with CARD15 mutation, there is a 100% cor-

relation between phenotype and mutation [33].

The CARD15 mutations that cause Blau’s syndrome iden-

tified thus far are all amino acid substitutions within or

near the NACHT domain (Fig. 1). This is in contrast to

the substitutions associated with Crohn’s disease, which

cluster around the LRR region. Functional studies indi-

cate that cells carrying mutations identified in Blau’s syn-

drome exhibit an increased basal NFkB activity, that is,

a gain of function consistent with the autosomal-dominant

nature of this disease.

Early-onset sarcoidosis
In parallel with the evolution of the understanding of

Blau’s syndrome but dating to the 1960s and 1970s, pedi-

atric rheumatologists have been aware of a similar clinical

entity characterized by granulomatous boggy synovitis and

tenosynovitis, uveitis, and rash clinically indistinguishable

from Blau’s syndrome albeit without family history [34].

This condition is known as early-onset or preschool sar-

coidosis (EOS) to distinguish it from the adult form. Re-

markable clinical differences are seen between the two,

with EOS presenting before age 5 years and almost never

associated with hilar adenopathy. The difference between

Figure 2. Blau’s syndrome

Typical boggy synovitis of the wrist. Note the scaly rash on the dorsum
of hand and wrist.

Figure 3. Granulomatous synovitis

Synovial biopsy form carpal arthritis from a patient with Blau’s
syndrome. Note intense synovial inflammatory infiltrate, increased
subsynovial vascularity, and a multinucleated giant cell at the bottom of
the picture.
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these two diseases has been the topic of multiple reviews

and is beyond the scope of this article.

Few population-based studies of EOS are available. In the

Danish Sarcoid Registry between 1979 and 1994, only 48

confirmed cases out of 5536 reported had onset before age

15 years and only three before age 5 years [35•]. Of these

three, two were twins, and although family history is not

provided, one could assume autosomal-dominant inheri-

tance in this case (Blau’s syndrome). According to this

study, sarcoidosis in the pediatric age has an incidence

of 0.29/100,000 person-years and EOS (familial and spo-

radic) of 0.06/100,000 person-years [34].

Similar to the example of Blau’s syndrome, the cardinal

symptoms of the EOS disease triad has been expanded

to include large vessel vasculitis [36–39] and visceral in-

volvement including granulomatous infiltration of the

lungs, heart, liver, and kidneys [40].

The long debate about the identity of the two forms of the

disease – sporadic and familial (Blau) – has received re-

newed attention this year thanks to recent developments

in the molecular basis of the sporadic form. Miceli-Richard

et al. [3] reported in their original report two patients with

sporadic EOS who tested negative for the CARD15 muta-

tions; however, investigators from Kyoto University [41••]
and our own group [42••] confirmed the presence of pre-

viously identified substitutions of CARD15 in two pa-

tients with EOS. Further, the investigators from Kyoto

tested 10 Japanese patients with documented EOS and

found a mutation in nine of them [43••]. A patient with

a double CARD15 mutation (one involved in Blau’s syn-

drome and one associated with Crohn’s disease) was

reported by the French authors [44]. Together, these find-

ings corroborate the impression that Blau’s syndrome and

EOS are the same disease, with an inherited mutation in

the familial form and a de-novo mutation in the sporadic

form.

Granulomatous arthritis-uveitis (sporadic or familial) is

the first disease with a known genetic cause in which

rheumatic and ocular manifestations constitute the bed-

rock of the clinical picture and are the source of most

of the morbidity. Notwithstanding the differences, it is

a promising field for those interested in the mechanisms

of chronic synovitis in both adult and juvenile-onset rheu-

matoid arthritis.

Crohn’s disease-associated arthritis
Classically, two arthritic patterns have been recognized in

association with inflammatory bowel disease: peripheral

and axial (spondylitic). The latter, characterized in chil-

dren by sacroiliitis and peripheral arthritis, is not as

strongly associated with HLA-B27 as other forms of spon-

dyloarthropathies. Peripheral arthritis is more common,

tends to be intermittent, is usually non-erosive, and at

times precedes the intestinal symptoms. In those cases,

it commonly presents as bilateral ankle synovitis in the ex-

perience of one of the authors (CDR).

Reviews on the clinical manifestations of Crohn’s disease

arthritis are abundant in the literature.

Granulomatous arthritis: an emerging
common pattern?
The arthritis associated with Blau’s syndrome and EOS on

the one hand and that seen in Crohn’s disease and adult

sarcoidosis on the other hand rarely are considered to-

gether. Using strict clinical criteria, such a position is

understandable, since the first two are polyarticular, un-

remitting, and massively proliferative, with sacroiliac spar-

ing and with invariable pediatric onset. Crohn’s disease

arthritis tends to be oligoarticular, tends to be easy to con-

trol, affects all ages, and can be associated with sacroiliitis.

Despite this discrepancy, these two groups of arthritic

conditions share two major common features: (1) granulo-

matous inflammation universally in Blau’s syndrome and

EOS and in at least some cases of Crohn’s disease, and

(2) presence of CARD15 mutation with frequencies of

40% in Crohn’s disease, 50% in Blau’s syndrome, and

90% in EOS. The granulomatous synovial histology is of

particular interest since in all these conditions, granulo-

mas are found in synovial tissue with different frequency.

While the finding of granulomas in synovial tissue is the

rule in Blau’s syndrome and EOS, the fact that granuloma-

tous synovitis can be found in Crohn’s disease is probably

less known. At least two reports exist of synovial granulo-

mata in Crohn’s disease synovium, with one case in which

the articular findings led the investigations to confirm the

diagnosis of Crohn’s disease by colonoscopy [45,46]. The

actual frequency of granuloma in Crohn’s disease syno-

vium may be underestimated since very few histologic

studies are available. Similarly, granulomatous inflamma-

tion in intestinal samples is not universal and is seen at

onset in about 25% of patients with Crohn’s disease.

Two recent studies specifically addressed this issue in

light of the association between granulomatous disease

andCARD15mutation. Investigators fromBelgium reviewed

161 patient specimens and found epithelioid granulomas

in 68.9% of the specimens, with a higher incidence in

younger patients and distal location (90% of rectal biop-

sies). No correlation, however, was found with mutations

in either CARD15 or TLR4 genes [47••]. Investigators

from Rennes, France, reviewed the cases of 188 consecu-

tive patients with Crohn’s disease. Granulomas were found

in 37% of the specimens, with 25% at presentation. In this

group of patients, site was not important, but the number

of specimens correlated directly with the frequency of

granuloma [48]. It appears that the interplay between

CARD15mutation and development of synovitis (granulo-

matous in particular) among patients with and without gut
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granulomas needs to be investigated to see whether the

granulomatous variant of Crohn’s disease and arthritis con-

stitutes a Blau’s syndrome-like subset.

The case of adult sarcoid arthritis is intriguing. Two pat-

terns exist of arthritis in adult sarcoidosis. The most com-

mon is seen in association with hilar adenopathy, erythema

nodosum (also seen in Blau’s syndrome; Personal observa-

tion, July 2002), known as Löefgren’s syndrome. The dis-

ease is febrile, acute, and accompanied by uveitis and

arthritis. The overwhelming majority of patients show ar-

thritis of the ankles at presentation. In a recent study, an-

kle involvement at presentation was seen in 95% of the

patients [49]. It is not known how many patients in this

subset present granulomatous synovitis, nor is the fre-

quency of CARD15mutation known, although in adult sar-

coidosis as a whole, such a mutation is not seen [50,51].

A more indolent form of sarcoid arthritis has been recog-

nized in association with chronic sarcoidosis. The disease

affects predominantly the knees and presents with vari-

able degree of destructive potential. Early work by Sokoloff

and Bunim [52] demonstrated typical non-caseating

granulomas in the synovium, but later work Palmer and

Schumacher [53] with needle biopsy in seven patients

with chronic sarcoid arthritis revealed proliferative synovi-

tis without granulomata. Hence, the finding of synovial

granulomas in adult sarcoid arthritis in which CARD15
mutations are not found does not appear to be a constant

finding in the more current and systematic studies.

Other diseases
Several genetic analyses have been conducted to search

for mutations in CARD15 associated with other inflamma-

tory conditions. The vast majority of these studies have

been negative, including investigations of psoriasis [54–58],

systemic lupus erythematosus [59,60], and rheumatoid

arthritis [61,62]. No association between CARD15 and

primary ankylosing spondylitis has been demonstrated

[63–67]; however, a recent study has demonstrated an as-

sociation of CARD15mutations with sacroiliitis in patients

with Crohn’s disease [68•]. For psoriatic arthritis, studies

on Italian and German patient cohorts have been negative

[58,69], whereas an association was demonstrated with

a Newfoundland patient cohort [70]. These studies have

to be interpreted with caution, because most analyses tested

only the three mutations commonly seen in patients with

Crohn’s disease and did not systematically look at all the

CARD15 exons. It may also be possible that mutations

exist in association with inflammatory disease that confer

changes to regulatory regions of CARD15. Future studies

will undoubtedly uncover such mutations, if they exist.

Conclusion
It is clear now, given the tremendous clinical overlap and

the sharing of the mutation, that Blau’s syndrome and

early-onset sarcoidosis are the same disease. Perhaps, as

suggested before, the disease should be renamed granulo-
matous arthritis, recognizing that there are two forms:

sporadic and a familial [29]. This idea was suggested by

Miller and supported by us and others as clinical similar-

ities between the two continued to emerge.

Some families with familial granulomatosis still have not

had the mutation established (50%), lending legitimacy

to current efforts by the authors and others to establish

an international registry and DNA repository. The fact

that the sporadic form seems to carry the mutation more

frequently that the familial form needs confirmation, an-

other of the goals of the registry. Waiting in line is the sub-

set with large vessel involvement. Do they represent

a genetically distinct group with a second facilitating mu-

tation? Would work with those patients provide a clue for

large vessel vasculitis in general? And finally, CARD15 is

the first solidly established mutation for a disease with ac-

ceptable prevalence depicting chronic deforming arthritis

as a major manifestation. Would down-stream or up-stream

mutations in the same metabolic pathway prove important

for other conditions like rheumatoid arthritis? In other

words, is the CARD15 mutation granuloma-togenic or

arthritogenic?
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Familial autoinflammatory diseases: genetics, pathogenesis

and treatment
Silvia Stojanov and Daniel L. Kastner

Purpose of review

The systemic autoinflammatory diseases are characterized

by seemingly unprovoked inflammation, without major

involvement of the adaptive immune system. This review

focuses mainly on a subset of these illnesses, the hereditary

recurrent fevers, which include familial Mediterranean fever,

the tumor necrosis factor receptor-associated periodic

syndrome, the hyperimmunoglobulinemia D with periodic

fever syndrome, and cryopyrin-associated periodic

syndromes. This review elucidates how recent advances

have impacted diagnosis, pathogenesis, and treatment.

Recent findings

More than 170 mutations have been identified in the four

genes underlying the six hereditary recurrent fevers.

Genetic testing has broadened the clinical and geographic

boundaries of these illnesses, given rise to the concept of

the cryopyrin-associated periodic syndromes as a disease

spectrum, and permitted diagnosis of compound

heterozygotes for mutations in two different hereditary

recurrent fever genes. Genetics has also advanced our

understanding of amyloidosis, a complication of the

hereditary recurrent fevers, and suggested a possible role

for common hereditary recurrent fever variants in other

inflammatory conditions. Recent advances in molecular

pathophysiology include the elucidation of the N-terminal

PYRIN domain in protein-protein interactions, the

description of the NALP3 (cryopyrin) inflammasome

as a macromolecular complex for interleukin-1b activation,

and the identification of signaling defects other than

defective receptor shedding in patients with tumor necrosis

factor receptor-associated periodic syndrome. These

molecular insights form the conceptual basis for targeted

biologic therapies.

Summary

Advances in molecular genetics extend our ability to

recognize and treat patients with systemic

autoinflammatory diseases and inform our understanding

of the regulation of innate immunity in humans.

Keywords

genetics, hereditary recurrent fevers, inflammasome,

systemic autoinflammatory diseases, therapy
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Abbreviations

ASC apoptosis-associated specklike protein with a
caspase-recruitment domain

CAPS cryopyrin-associated periodic syndromes
CARD caspase-recruitment domain
CINCA chronic infantile neurologic cutaneous and articular syndrome
FCAS familial cold autoinflammatory syndrome
FMF familial Mediterranean fever
HIDS hyperimmunoglubulinemia D with periodic fever syndrome
HRF hereditary recurrent fever
LRR leucine-rich repeat
MIM Mendelian inheritance in man
MWS Muckle——Wells syndrome
NACHT domain present in neuronal apoptosis inhibitory protein,

CIITA, HET-E, and TP1
NALP NACHT, leocine-rich repeat-, and PYRIN domain-containing protein
NOMID neonatal-onset multisystem inflammatory disease
PAPA pyogenic arthritis with pyoderma gangrenosum and acne
PSTPIP1 proline serine threonine phosphatase interacting protein 1
SAA serum amyloid A
TNFRSF1A p55 tumor necrosis factor receptor
TRAPS tumor necrosis factor receptor-associated periodic syndrome

ª 2005 Lippincott Williams & Wilkins.
1040-8711

Introduction
The concept of autoinflammatory disease was first pro-

posed in 1999 to describe a group of inherited disorders

characterized by episodes of seemingly unprovoked in-

flammation that, in contrast to the traditionally defined

autoimmune diseases, lack high-titer autoantibodies or

antigen-specific Tcells [1]. Two hereditary recurrent fevers

(HRFs), familial Mediterranean fever (FMF, Mendelian in-

heritance in man [MIM] 249100) and the then newly rec-

ognized tumor necrosis factor receptor-associated

periodic syndrome (TRAPS, MIM 142680), were the pro-

totypes for this diagnostic category. The following year,

this concept was extended to subsume several mendelian

disorders, including other HRFs, the familial urticarial

syndromes (now included among the HRFs), complement

disorders such as hereditary angioedema (MIM 106100),

and granulomatous disorders such as Blau’s syndrome

(MIM 186580) [2]. Several illnesses with a complex mode

of inheritance, such as Behcxet’s disease (MIM 109650)

and idiopathic pulmonary fibrosis (MIM 178500), were also

included among the proposed autoinflammatory diseases,

and it seems reasonable to suggest that some apparently

acquired disorders of inflammation, such as the syndrome

of periodic fever with aphthous stomatitis, pharyngitis,

and cervical adenopathy (PFAPA) [3], may also properly

fall under this rubric.

Subsequent advances in molecular genetics have vindi-

cated the notion of autoinflammatory disease as a unifying

concept, at both the structural and functional levels [4].
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Table 1. Characteristics of the hereditary recurrent fevers and the autoinflammatory PAPA syndrome

FMF HIDS TRAPS FCAS MWS NOMID/CINCA PAPA

Inheritance Recessive Recessive Dominant Dominant Dominant Dominant/de novo Dominant
Gene MEFV MVK TNFRSFIA CIAS1/NALP3/PYPAF1 CD2BP1/PSTPIP1
Chromosome 16p13 12q24 12p13 1q44 15q24
Protein Pyrin/marenostrin MK TNFRSF1A Cryopyrin CD2BP1/PSTPIP1
Expression Granulocytes,

monocytes,
synovial fibroblasts

Ubiquitous Ubiquitous Granulocytes, monocytes, chondrocytes Hematopoietic tissue,
lung

Proposed
pathogenesis

Increased IL-1b and
NF-kB activation,
impaired leukocyte
apoptosis

Temperature-
dependent MK
activity causes
a deficiency
in isoprenoid
products, leading
to increased
IL-1b secretion
and/or increased
mevalonate may
induce inflammation

Impaired ectodomain
cleavage or
intracellular
trafficking of
TNFRSF1A,
defect of
TNF-induced
apoptosis

Increased activity of the NALP3/Crypopyrin inflammasome with
subsequent IL-1b secretion and NF-kB activation

Mutations cause
increased PSTPIP1
binding
to pyrin, leading
to increased IL-1b
secretion

Classical features
Ethnicity Jewish, Armenian,

Arab, Turkish,
Italian

Dutch, French,
other European

Any ethnic group Mostly European Northern European Any ethnic group Caucasian American

Duration of
episodes

1——3 days 3——7 days Often >1 week Usually <24 hours 24——48 hours Almost continuous,
with exacerbations

Variable

Distinguishing
clinical findings

Polyserositis,
erysipeloid
erythema,
monoarthritis,
splenomegaly,
constipation

Cervical
lymphadenopathy,
headache, elevated
urinary mevalonate
during attacks,
reduced MK
activity in between
attacks

Periorbital edema,
migratory nature
of myalgia
and rash

Cold-induced
urticaria-like rash

Sensorineural
hearing loss

Onset of urticarial
rash in infancy,
chronic aseptic
meningitis,
sensorineural hearing
loss, arthropathy

Pyogenic arthritis,
pyoderma
gangrenosum

Amyloidosis Common Very rare ;10% of cases Uncommon Reported in
25% of cases

Reported in a minority
of patients who
reach adulthood

None reported

PAPA, pyogenic arthritis with pyoderma gangrenosum and acne; FMF, familial Mediterranean fever; HIDS, hyperimmunoglobulinemia D with periodic fever syndrome; TRAPS, tumor necrosis factor
receptor-associated periodic syndrome; FCAS, familial cold autoinflammatory syndrome; MWS, Muckle——Wells syndrome; NOMID/CINCA, neonatal-onset multisystem inflammatory disease/chronic
infantile neurologic cutaneous and articular syndrome; ;, approximately; MK, Mevalonate kinase.
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This is particularly well illustrated among the HRFs, sa-

lient genetic and clinical features of which are summa-

rized in Table 1. FMF, the most common and probably

most thoroughly studied HRF, is caused by mutations in

MEFV, encoding the pyrin/marenostrin protein [5,6].

Mutations in the related protein cryopyrin (alternatively

called NALP3 [because it belongs to a family of proteins

containing a NACHT domain, leucine-rich repeat, and

PYRIN domain] or PYPAF1) give rise to the so-called

cryopyrin-associated periodic syndromes (CAPS): familial

cold autoinflammatory syndrome (FCAS, MIM 120100),

Muckle–Wells syndrome (MWS, MIM 191900), and

neonatal-onset multisystem inflammatory disease (NOMID,

also called chronic infantile neurologic cutaneous and

articular syndrome or CINCA, MIM 607115) [7–9]. Both

pyrin and cryopyrin share an N-terminal motif, the PYRIN

domain, that facilitates cognate protein-protein interac-

tions (reviewed by Kastner and Aksentijevich [10••]). The
PYRIN domain is, in turn, a member of a larger family

of protein motifs, the death domain-fold superfamily

[11]. Another member of this superfamily, the death do-

main, is found at the N-terminus of the protein mutated

in TRAPS, the p55 TNF receptor (TNFRSF1A) [1]. As

discussed here, through their respective PYRIN and death

domains, cryopyrin, pyrin, and the p55 TNF receptor play

an important role in regulating cytokine secretion, nuclear

factor-kB activation, and apoptosis, and thereby the innate

immune system.

Although the gene mutated in the hyperimmunoglobuli-

nemia D with periodic fever syndrome (HIDS, MIM

260920) [12,13] does not encode such a motif, recent data

suggest that it may also impinge on the innate immune

system through the regulation of interleukin-1b secretion.

There are also structural and functional relationships be-

tween the HRF proteins and the proteins mutated in sev-

eral other autoinflammatory disorders, including Blau’s

syndrome and the syndrome of pyogenic arthritis with

pyoderma gangrenosum and acne (PAPA, MIM 604416).

Increased awareness of the systemic autoinflammatory

diseases, coupled with the widespread availability of ge-

netic testing, has catalyzed the evolution of our concepts

of diagnosis, genotype-phenotype interaction, and the

broader role of the causative genes and proteins in health

and disease, while concomitant advances in our under-

standing of pathophysiology have allowed dramatic break-

throughs in targeted biologic therapy. This review focuses

on significant advances of the past year.

Clinical genetics
Although no new HRF genes have been identified over

the past year, mutational studies of cohorts of affected

patients have substantially advanced our understanding

of the biologic role of the relevant genes and proteins.

Areas of progress include refinement of the relationships

between gene mutations and specific disease-associated

clinical manifestations; analysis of the role of specific mu-

tations and modifier factors in the risk of amyloidosis; and

delineation of the relation between common gene variants

and the broader spectrum of inflammatory disease.

Population genetics and

genotype-phenotype relationships

Given the relative accessibility of DNA diagnostics and

the absence of reliable biochemical markers for FMF,

TRAPS, and CAPS, genetic testing has become an impor-

tant adjunct in the diagnosis of the HRFs. The growing

list of mutations and polymorphisms of these mendelian

disorders is frequently updated in INFEVERS [14•], a mu-

tational database accessible on the World Wide Web at

http://fmf.igh.cnrs.fr/infevers. To date more than 50 disease-

associated mutations are listed for FMF, more than 40

for TRAPS, more than 35 for CAPS, and more than 30

for HIDS. It is interesting to note that, among HRF-

associated mutations, nearly all are missense mutations,

and, with two exceptions in FMF, nearly all spare the

death domain-fold motif, where present, in the respective

HRF proteins.

Implementation of genetic screening has extended the di-

agnosis of specific HRFs to a wider range of ethnicities than

originally appreciated. The recognition of FMF among

Greeks, Italians, and some non-Mediterranean populations

[15•] and of TRAPS in an even more global distribution

[16] is already established. A recent report from Italy

extends the geographic distribution of HIDS, formerly re-

garded as occurring primarily in individuals of northern Euro-

pean ancestry, to the south, with a total of 14 mutation-

positive cases from Italy and Albania [17••].

Several recent reports also address specific mutations in

HRF genes. A Spanish group has reported a novel H478Y

MEFV variant associated with prolonged fevers, predom-

inant joint involvement, colchicine resistance, and an au-

tosomal dominant mode of inheritance in a three-

generation family [18•]. This severe MEFV variant joins

two others, DM694V and the M694I-E148Q complex al-

lele, with an apparent dominant inheritance [19]. Perhaps

at the opposite end of the spectrum of severity is the

MEFV variant E148Q, which is present at sufficiently high

frequency in several Middle Eastern control populations

to be considered a low-penetrance variant [20] or perhaps

even a benign polymorphism [21]. A recent Turkish series

reported clinical features on 26 individuals homozygous

for E148Q, all but four of whom were symptomatic [22•].
With the reservation that these patients did not undergo

completeMEFV sequencing, and therefore could possibly

harbor other unknown mutations, E148Q homozygotes

had a distribution of symptoms similar to that of patients

with other FMF-associated genotypes and a similar
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responsiveness to colchicine. These data suggest that, at

least under certain as-yet undefined genetic and environ-

mental conditions, this MEFV variant may be associated

with the FMF phenotype.

Especially in the case of TRAPS, recent publications point

to a possible broadening of the clinical phenotype. The

question of neurologic involvement in TRAPS has been

raised in several case reports, including the description

of one woman with the T50K TNFRSF1A mutation with

abnormal findings on magnetic resonance imaging [23•],
although the causal relation is not completely clear due

to concomitant etanercept treatment. A second paper re-

ported panniculitis in individuals with the T50M and

R92Q mutations [24•]. A third report presented the case

of an African American boy with the P46LTNFRSF1A var-

iant and myocarditis and sacroiliitis, two previously unrec-

ognized manifestations of TRAPS [25•]. Although P46L is

the only TNFRSF1A variant that we have seen among

African American TRAPS patients in our clinic, it should

be noted that it is also seen in approximately 4% of African

American control individuals [26], and in an even higher

percentage of west African controls [27•], indicating that

P46L is frequently not fully penetrant, at least for the

TRAPS phenotype.

Considerable recent attention has also been focused on

mutations in CIAS1, which can cause FCAS, MWS, and

theNOMID/CINCA syndrome. According to accepted clin-

ical definitions, FCAS is characterized by cold-induced

episodes of fever and urticarial skin rash, without evidence

of hearing impairment [28••]. MWS presents with febrile

episodes not necessarily induced by cold, but often with

sensorineural hearing loss and systemic amyloidosis [10••].
NOMID/CINCA manifests urticarial rash regardless of

temperature, with central nervous system involvement

(papilledema, cerebrospinal fluid pleiocytosis, or sensori-

neural hearing loss) and a characteristic arthropathy [29••].
Recent case reports and clinical series confirm earlier

impressions of a more continuous spectrum of phenotypes

[30–32], including MWS patients with features of FCAS

[33•], families in which various members exhibit manifes-

tations of FCAS, MWS, or NOMID/CINCA [34••,35•],
and patients with unique variant phenotypes [36•], one
of which is associated with the first mutation to be de-

scribed in the cryopyrin leucine-rich repeat (LRR) domain

[37•]. Moreover, several mutations have been identified in

both FCAS and MWS [7,29••,38,39,40•] and in both MWS

and NOMID [8,9,29••,32,38,40•,41].

Genetic screening for mutations in the HRF genes has

also revealed the coexistence of mutations of two different

autoinflammatory disease genes in a single subject. In one

case, a 7-year-old girl was found to have the V377I mu-

tation at the HIDS-associated mevalonate kinase (MVK)
locus, as well as the R92Q variant at TNFRSF1A, and

presented with mild features of HIDS but responded

to steroids in a way more characteristic of TRAPS

[42•]. A second patient with compound heterozygosity

for V377I/S378P MVK was also found to have the R92Q

TNFRSF1A variant and manifested disproportionately se-

vere biochemical mevalonate kinase deficiency relative to

her mild clinical phenotype [43•]. Another patient with

V377I and G211A mutations in MVK and the P46L

TNFRSF1A variant had more severe symptoms that par-

tially responded to the TNF inhibitor etanercept [44].

Yet another patient of Chinese ancestry with prolonged

episodes of fever and abdominal pain was found to have

compound heterozygosity for the Y20D TNFRSF1Amuta-

tion and the E148Q variant ofMEFV [45•]. Given the rel-

atively high frequency of R92Q in the white population

[26] and E148Q in the Chinese [46], it is not altogether

surprising that compound heterozygosity involving these

variants would be observed. Longitudinal follow-up over

many years may be needed to define the phenotypic ram-

ifications of these gene interactions.

Several important questions in the genetics of the HRFs

must be resolved. Substantial numbers of patients meet-

ing clinical criteria for FMF, HIDS, or the cryopyrinopa-

thies, or who have clinical features resembling TRAPS,

do not have demonstrable mutations at any of the known

causative genes. Although noncoding mutations remain

a logical possibility, it is also possible that there are addi-

tional HRF genes yet to be found. A second major area

of interest is defining the factors affecting penetrance.

Population-based estimates of the frequency of MEFV
mutations among several ethnic groups [10••], of the V377I

mutation in MVK in the Netherlands [47], and of the

R92Q [26] and P46L [27•] variants of TNFRSF1A in

whites and African Americans, respectively, all point to

the likelihood of reduced penetrance of the respective

mutations. Finally, for the case of the recessively inherited

FMF, it remains a puzzle why as many as one third of

patients with clinical disease have only one demonstrable

mutation [10••]. The answer to this latter question may

be tied to the resolution of the first two.

Amyloidosis in the hereditary recurrent fevers

Systemic amyloidosis is one of the most serious manifes-

tations of the HRFs and is the result of the tissue depo-

sition of misfolded fragments of serum amyloid A (SAA),

one of the acute-phase reactants produced by the liver in

response to systemic inflammation [48]. Most frequently,

deposition occurs in the kidneys, gastrointestinal tract,

adrenals, spleen, testes, and lung and sometimes in the

liver, heart, and thyroid. In the precolchicine era, amyloid-

osis was a frequent cause of death in patients with FMF,

particularly north African Jews, Turks, and Armenians.

Amyloidosis in FMF can sometimes precede the develop-

ment of febrile attacks (phenotype II), a phenomenon that
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is probably due to the persistent subclinical inflammatory

state seen even in the absence of symptoms in some HRF

patients [16,49–52,53•,54•].

A substantial body of literature indicates an increased risk

for amyloidosis among Jewish, Arab, and Armenian pa-

tients who are homozygous for the M694V mutation

[55–59]. In a series of more than 1000 Turkish patients

for whom mutational analysis was available [60•], however,
there was no statistically significant association between

this genotype and the risk of amyloidosis. Although other

smaller series from Turkey have come to the same conclu-

sion [61,62], the explanation for the difference from other

populations is not clear but could involve either differ-

ences in the frequency of modifier genes or environmental

effects.

One apparently important modifier factor in amyloidosis

risk in FMF is the SAA1 precursor isoform, with the a/a

variant conferring increased risk [63,64]. In a recent series

from Turkey, seven of 23 FMF patients with this genotype

had amyloidosis vs one of 51 patients with other SAA1 gen-
otypes [65•]. Significant differences were also observed in

a recent study of 70 Arab patients [66•]. The mechanism

by which this SAA1 variant increases amyloid risk is un-

known, but current speculation focuses on differences

in macrophage processing or intrinsic potential for fibril

formation [63].

Amyloidosis also occurs relatively frequently in patients

with MWS and NOMID/CINCA, as well as TRAPS. In

TRAPS, susceptibility to amyloidosis appears to be in-

creased among patients with mutations at cysteine resi-

dues [26], although patients with noncysteine mutations,

most notably T50M, have been reported [67•]. Amyloid-

osis is extremely rare in HIDS, with the first case having

been reported only within the past year [68•]. It is not

clear whether the rarity of amyloidosis in HIDS, relative

to FMF, TRAPS, MWS, and NOMID/CINCA, is due to

an overall lower SAA burden in HIDS, to less amyloido-

genic alleles at modifier genes, or to environmental factors.

Role of hereditary recurrent fever genes

in inflammation

Given the relatively high frequency of certain HRFalleles

in the general population, there has been considerable

speculation that some of these variants may also predis-

pose to other inflammatory phenotypes [26]. It goes with-

out saying that in situations such as this, in which common

genetic variants of HRF genes are sought in other rela-

tively common illnesses, controls that are appropriately

matched, particularly for ethnic background, are essential.

Particularly striking are the results of a study of the R92Q

variant in a large European study of cardiovascular disease

[69•]. Among 62 cigarette smokers with carotid plaque,

9.7% had R92Q, vs 2.1% of 338 smokers without plaque,

for an odds ratio of 5.97 (95% confidence interval 1.64–

15.63, P = 0.0048). Other less dramatic associations were

also noted between R92Q and carotid intima-media thick-

ness. R92Q and the E148Q MEFV variant have also been

recently associated with increased susceptibility for reac-

tive systemic AA amyloidosis in other chronic inflamma-

tory disorders [70•].

Two studies have noted an increased incidence of Crohn’s

disease in patients or families with FMF [71,72]. Re-

cently, another investigative group examined the fre-

quency of MEFV mutations in a cohort of 209 Israeli

patients with Crohn’s disease [73•]. In this study, there

was no increase in the frequency of specific MEFV muta-

tions in cases relative to controls, although the E148Q var-

iant was associated with perianal disease, with an odds

ratio of 3.26 (95% confidence interval 1.2 – 8.8, P = 0.02).

Finally, associations have been drawn between FMF and

Behcxet’s disease. Increased frequencies of MEFV muta-

tions have been reported in Behcxet’s patients [74], and,
conversely, Behcxet’s disease has been reported at an in-

creased frequency among Israeli patients with FMF [75].

A recent paper from Turkey found MEFV mutations in

15 of 42 Behcxet’s patients, but in only seven of 66 controls

(P = 0.0034) [76•].

Although the HRF genes may, in some circumstances,

conspire with other genetic and environmental factors

to cause a broader spectrum of inflammatory diseases, cer-

tain disorders may actually be less common in the HRFs.

Recently a group from Turkey drew attention to the com-

plete absence of systemic lupus erythematosus among

their cohort of more than 1000 FMF patients [77]. The

authors speculated that high levels of C-reactive protein

typically seen in FMF patients might increase clearance

of apoptotic cells and autoantigens. Although this remains

an intriguing hypothesis, it underscores the potentially

complicated and even reciprocal interactions among

autoinflammatory and autoimmune disorders, which rep-

resent respective aberrations of the innate and adaptive

arms of the immune system. The suggestion of a possible

positive correlation between systemic lupus erythema-

tosus and TRAPS in the Japanese population [78] awaits

confirmation.

Pathogenesis
The elucidation of the molecular basis of the HRFs has

focused attention on a group of genes encoding proteins

(Fig. 1) that regulate several critical inflammatory and

apoptotic pathways. Much of the past 2 to 3 years’ work

has concentrated on further delineating these pathways

and understanding how specific disease-associated genes

cause autoinflammation.
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Pyrin and family

Signal transduction and protein oligomerization in in-

flammation and apoptosis are often mediated by a group

of protein-protein interaction domains, the so-called

death domain-fold superfamily [11]. This family cur-

rently comprises four members, the death domain, the

death effector domain, the caspase-recruitment domain

(CARD), and the PYRIN domain. Each motif has an

antiparallel arrangement of six a-helices that allows

binding of cognate domains (death domains with death

domains, etc.) through electrostatic charge interactions

[11,79–81].

The pyrin protein is the prototype for the death domain-

fold motif that bears its name. The recognition of the

PYRIN domain, anN-terminal 92-amino-acid motif, in pyrin

set the crucial cornerstone for further insights into the un-

derlying mechanisms of the HRFs. Of the approximately

20 PYRIN domain-containing human proteins currently

known [82••], pyrin and cryopyrin have been shown to

harbor HRF-associated mutations. A third member of

this family, apoptosis-associated specklike protein with a

CARD (ASC), is a bipartite adaptor protein consisting

of an N-terminal PYRIN domain, through which it can in-

teract with pyrin [79,83–85] or cryopyrin [84,86,87], and

Figure 1. Genes and their encoded proteins involved in autoinflammatory syndromes

The left panel shows PYRIN domain-containing proteins (pyrin, cryopyrin) or an interacting protein (CD2BP1/PSTPIP1). The right panel
depicts TNFRSF1A, the C-terminal domain of which is another member of the death domain superfamily, and MVK, the enzyme involved in the
mevalonate pathway. Numbered boxes represent exons, with the black marked exons representing those for which mutations have been described.
The most commonly observed mutations are indicated. Below or to the right of the genes are the encoded proteins with their functional domains.
The dotted lines between the genes and the proteins indicate the domain(s) of the proteins that are encoded by the respective exon(s). The domains
of the proteins on the left are represented schematically, whereas the proteins at the right side of the figure, TNFRSF1A and MVK, are drawn
according to the proposed tertiary protein structure. The four numbered semi-circles to the right of the TNFRSF1A gene represent the four
extracellular cysteine-rich domains (CRD 1-4) of the TNF receptor, followed by the transmembrane region in grey and the intracellular death domain
(DD) through which signaling events such as NF-kB activation or apoptosis are initiated. The molecular structure of mevalonate kinase is defined by
two domains that form a dumbbell shape, with the enzymatically active ATP-binding site located in the N-terminal domain and marked as a red cross.
The single dotted line indicates the approximate location of the V377I mutation within the N-terminal domain of MVK.
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a C-terminal CARD, through which it can interact with

several downstream molecules. Although no disease-

associated ASC mutations have been identified in HRF

patients to date, it is a pivotal molecule in the pathogen-

esis of these diseases.

Recent biochemical evidence indicates that cryopyrin

(NALP3) and ASC participate in a larger macromolecular

complex termed theNALP3 inflammasome [88••,89••] that
mediates the activation of interleukin-1b and interleukin-

18. The NALP3 inflammasome activates interleukin-1b

by bringing molecules of caspase-1 (interleukin-1b-

converting enzyme) zymogen into proximity, thus allow-

ing autocatalysis of its p20 and p10 subunits, which, when

released, cleave prointerleukin-1b into its biologically ac-

tive form. As depicted in Figure 2, interaction of the LRR

domain of cryopyrin/NALP3 with the NACHT domain (so

named because it was first observed in neuronal apoptosis

inhibitor protein, CIITA, HET-E and TP1) ordinarily

inhibits the interaction of cryopyrin/NALP3 with Cardinal,

another protein in the complex. Stimuli that ‘open’ the

cryopyrin/NALP3 structure permit this interaction,

through which one molecule of caspase-1 is recruited

to the complex. A second caspase-1 molecule is recruited

through the interaction of the PYRIN domain of cryo-

pyrin/NALP3 with ASC.

From the foregoing analysis, it would appear that the

LRR – NACHT domain interaction in cryopyrin/NALP3

is a critical control point in the activation of the inflamma-

some. Just as extracellular LRRs of the Toll-like receptors

can interact with various pathogen-associated molec-

ular patterns, intracellular muramyl dipeptide, a common

pathogen-associated molecular pattern, can activate the

NALP3/cryopyrin inflammasome [89••], presumably by

binding the LRR. CAPS-associated mutations are almost

exclusively in the NACHT domain, and macrophages from

a patient with MWS showed increased interleukin-1b

secretion in the presence of muramyl dipeptide. In

some cases, CAPS-associated cryopyrin/NALP3 mutations

may even permit constitutive interleukin-1b maturation

[88••,90••,91•] without the requirement for exogenous

muramyl dipeptide. It is also possible, although not proven,

that FCAS-associated cryopyrin/NALP3 mutations desta-

bilize the NACHT-LRR interaction in the cold, thereby

permitting interleukin-1b activation.

Pyrin itself also appears to play an important role in reg-

ulating interleukin-1b activation. In-vitro data suggest

that pyrin competes with both cryopyrin and caspase-1

for binding to ASC [83,84]. Mice expressing a truncated,

hypomorphic pyrin variant exhibit heightened sensitivity

to endotoxin challenge, with increased activation of both

caspase-1 and interleukin-1b. These data suggest that one

function of wild-type pyrin is the suppression of inflam-

masome-mediated interleukin-1b production and that

FMF-associated mutations may interfere with this process

(Chae et al., unpublished observations). Mutations in

proline serine threonine phosphatase interacting protein 1

(PSTPIP1), a protein recently shown to bind pyrin, ap-

pear to exert a dominant negative effect on this pathway

[92]. Two PSTPIP1 mutations (Fig. 1) have been associated

Figure 2. Schematic of the molecular mechanisms defining the cryopyrin (NALP3) inflammasome

The grey area shows the macromolecular complex
that forms the cryopyrin (NALP3) inflammasome.
The main function of this complex is the
proximity-induced autocatalysis of pro-caspase-1
to active caspase-1, with subsequent IL-1b
activation. Pyrin is thought to have an inhibitory
effect on this process, while mutations in
CD2BP1/PSTPIP1 may interfere with the normal
action of pyrin. Details of the interactions are
discussed in the text. Arrows indicate the induced
interactions between functional protein domains.
The inhibitory effects of CD2BP1/PSTPIP1 and
pyrin, respectively, are marked as lines with a short
‘blocking’ line at the end.
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with increased pyrin binding, excessive interleukin-1b

production, and a severe autoinflammatory disorder, the

PAPA syndrome.

Both cryopyrin and pyrin also appear to regulate another

process important in inflammation: apoptosis. The afore-

mentioned pyrin-deficient mice exhibit a defect in leuko-

cyte apoptosis through an interleukin-1b-independent,

caspase-8-dependent pathway [83], suggesting a pro-

apoptotic role for the wild-type protein, although in certain

transfection systems it exerts an antiapoptotic effect

[79,84,85]. Enforced expression of cryopyrin in HEK293T

cells also induces apoptosis [84].

Depending on the cellular context, both pyrin and cryo-

pyrin can either activate or suppress nuclear factor-kB

[84,86,87,93,94], a family of transcription factors involved

in the initiation and resolution of inflammation. Although

the precise mechanism is still under investigation, this

appears to be ASC dependent and, under some conditions,

involve the inhibitor of nuclear factor-kB kinase complex

[93]. Because endogenous pyrin has recently been shown

to localize in the nucleus in several cell types, including

synovial fibroblasts, neutrophils, and dendritic cells (but

not monocytes) [95••], it is also possible that pyrin may

associate with one or more components of the nuclear

factor-kB complex. Moreover, in the absence of ASC, a

relatively rare isoform of pyrin with an inframe deletion

of exon 2 also localizes in the nucleus, regardless of

FMF-associated mutations [96•].

TRAPS: the plot thickens

Stimulation through the p55 TNFreceptor can lead either

to nuclear factor-kB activation or apoptosis, depending on

the balance of several contextual factors. Upon receptor

activation through TNF, metalloprotease-induced cleav-

age of the extracellular TNFRSF1A domain can limit con-

tinuous signaling at the cell surface while simultaneously

creating a pool of potentially antagonistic soluble receptor

(Fig. 3A). Initial studies of a family with the C52F muta-

tion indicated impaired activation-induced receptor

‘shedding’ [1], thereby possibly explaining the inflamma-

tory phenotype.

Subsequent studies indicate a more complex picture, with

defects in TNF receptor cleavage varying with mutation

[26,97] and cell type [98••]. Moreover, in transfection

experiments, certain TNFRSF1A mutants exhibit im-

paired intracellular trafficking and TNF binding, although

their ability to signal through the death domain is unim-

paired [99••]. Conceivably, the conformational changes in

the p55 receptor that lead to altered intracellular traffick-

ing could also impair metalloprotease-induced cleavage

of mutant receptors that do reach the surface. Studies of

dermal fibroblasts and monocytes from a patient with

the newly identified C43S mutation suggest yet another

possible mechanism for TRAPS: a defect in TNF-induced

apoptosis, leading to an inappropriately prolonged inflam-

matory response [100••].

TRAPS-associated p55 mutations might also cause consti-

tutive activation, perhaps by permitting intermolecular

disulfide homodimerization and ligand-independent acti-

vation. This possibility was considered for patients with

the C52F mutation in the initial description of TRAPS

but appeared not to be operative [1]. Moreover, such a

mechanism would appear to be inconsistent with the ther-

apeutic effects of TNF inhibitors (vide infra). It may be

fruitful, however, to reexamine this issue for a broader

sampling of patients, given the heterogeneity of cleavage

defects for different mutations, the observation of bio-

chemical inflammation in TRAPS patients even between

attacks [16], and the discovery of ligand-independent non-

covalent interactions mediated by the first cysteine-rich

domain of the p55 receptor [101]. Yet another conceptu-

ally attractive possibility relates to the recent finding that

the predominant form of TNFRSF1A in human plasma is

full length, probably the result of exosome-linked release

of receptor [102•]. In light of the aforementioned defects

in receptor trafficking, it is intriguing to hypothesize that

TRAPS mutations might impair such a process.

From the foregoing, it appears clear that there may be

multiple mechanisms leading to the TRAPS phenotype

and that the pathophysiology may be heterogeneous among

patients. Clarification of these issues will undoubtedly re-

quire triangulation between studies of primary cells from

patients, transfected cell lines, and knock-in animal models.

Hyperimmunoglubulinemia D with periodic fever

syndrome: nature’s elaborate deception?

Perhaps the most enigmatic of the HRFs is HIDS. The

enzyme mutated in HIDS, called mevalonate kinase, is

the only HRF protein that does not include a death do-

main-fold motif. Mevalonate kinase catalyzes the conver-

sion of mevalonic acid to 5-phosphomevalonic acid in the

synthesis of sterols, including cholesterol, vitamin D, bile

acids, and steroid hormones (Fig. 3B). Evidence is strong

that HIDS is not due to excessive IgD, because there are

well-documented patients who have the HIDS phenotype

and MVK mutations but persistently normal IgD levels

[12,103–105], and, even among patients with increased

serum IgD, the levels do not predictably fluctuate with

attacks [106]. Moreover, the HIDS phenotype appears

not to be due to a defect in cholesterol synthesis, because

patients have cholesterol levels in the low-normal range,

and more severe disorders of cholesterol biosynthesis do

not have an autoinflammatory phenotype [107].

Currently there are two major hypotheses on the patho-

genesis of HIDS: that the inflammatory attacks could

result from the accumulation of mevalonic acid, the
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substrate for the mevalonate kinase enzyme [108•], or
that the autoinflammation is caused by a shortage of iso-

prenoids, which are normally synthesized through the

mevalonate pathway [109]. These latter compounds

are involved in the post-translational prenylation (farnesy-

lation or geranylation) of several important intracellular

signaling molecules, including the Ras, Rho/Rac, and Rab

families of small guanosine triphosphate-binding proteins.

In an in-vitro system, accentuated interleukin-1b secre-

tion by leukocytes from HIDS patients can be reversed

by the addition of farnesol or geranyl-geraniol, lending

support to the second hypothesis [109].

Both the isoprenoid deficiency and mevalonate accumula-

tion hypotheses predict a worsening of symptoms with de-

creased mevalonate kinase enzymatic activity. In-vitro

studies of cell lines harboring wild-type or HIDS-mutant

MVK indicate that the mutant enzyme functions best at

30�C, with a diminution at 37�C and further decreases

at 39�C [110]. This finding may account for the triggering

Figure 3. Schematic of the proposed pathogenic mechanisms of TRAPS (a) and HIDS (b)

(a) The mechanisms suggested to be involved in the pathogenesis of TRAPS are shown from left to the right and include defects of TNFRSF1A
intracellular trafficking with pathologic storage in the Golgi apparatus and subsequent reduced cell surface expression of TNFRSF1A, defects of
the TNF-a induced signaling through TNFRSF1A with subsequent alterations of NF-kB activation and apoptosis, as well as a TNFRSF1A
cleavage defect from the cell surface with subsequent reduced levels of soluble TNFRSF1A. The green circles represent the metalloproteinases
that induce the receptor shedding at the cell surface. The blue curved lines represent the four extracellular domains of TNFRSF1A, followed
by the transmembrane region marked as a black line and the intracellular death domain drawn as brown diamond. TNFRSF1A forms a homotrimer at
the cell surface. The punctuated red lines represent the cell membrane with the area above representing the extracellular and the area below
the intracellular space. The orange stars highlight the various sites for which defects in the TRAPS pathogenesis have been described so far.
(b) The mevalonate pathway. Patients with HIDS show markedly reduced mevalonate kinase activity, which leads to an increase of mevalonic acid
and decrease of isoprenoids. Both consequences may lead to IL-1b activation with subsequent inflammation in HIDS.
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of HIDS attacks by immunizations and infections and may

also account for the increased urinary mevalonate levels

seen during HIDS attacks.

Treatment
Advances in our understanding of the biology of HRFs,

coupled with the expanded armamentarium of new

targeted therapies, have led to new approaches to the

treatment of these disorders. Therapeutic goals include

suppression of acute attacks, which are usually not life

threatening but can be very disabling, and preventing

long-term sequelae, such as amyloidosis and long-term

neurologic/intellectual impairment in CAPS.

The most promising results of the past year involve the

use of anakinra, a recombinant human interleukin-1b re-

ceptor antagonist, in patients with CAPS. FCAS patients

who were pretreated with interleukin-1b receptor antag-

onist before cold challenge did not develop clinical symp-

toms or increase in acute-phase reactants [111••]. Serum
levels of interleukin-1b and cytokine mRNA in peripheral

blood mononuclear cells were normal but highly elevated

in affected parts of the skin, implicating differences in the

distribution of cells contributing to disease phenotype.

A complete cessation of clinical symptoms and biochem-

ical changes was also reported in MWS patients follow-

ing administration of interleukin-1b receptor antagonist

[112,113•]. Even children with the more severe pheno-

type of NOMID/CINCA responded to anakinra doses of

1–2 mg/kg per day with resolution of uveitis, rash, and

fever and a significant decline in cerebrospinal fluid pres-

sure [114•–117•]. The dramatic nature of the response of

CAPS patients to interleukin-1 inhibition is, in a way, sur-

prising, given the apparent role of cryopyrin in other

inflammatory processes, such as nuclear factor-kB activa-

tion and apoptosis. Given the reduced life expectancy of

NOMID/CINCA patients, who have a death rate of about

20% before the age of 20, it will be important to follow

a larger series of these children on anakinra to monitor

long-term outcome with regard to mental and physical de-

velopment, as well as to determine whether early treat-

ment can prevent joint deformities.

As noted in the previous section, interleukin-1b also

appears to play a role in the pathogenesis of FMF, PAPA

syndrome, and HIDS and may also be involved indirectly

in the pathogenesis of TRAPS. Interleukin-1 inhibition

could therefore represent a possible option as first-line

or second-line treatment in these diseases. Anakinra has

been reported effective in the treatment of one patient

each with TRAPS and PAPA syndrome [118•,119•].

There is also a substantial experience with TNF inhibitors

in the HRFs, most notably the use of etanercept, the p75

TNFR:Fc fusion protein, in TRAPS. The administration

of 50–75 mg per week in adults, or 0.8–1.2 mg/kg/wk in

children, is effective in reducing, although not usually elim-

inating, clinical and laboratory evidence of inflammation

[4,16], thereby allowing a dose reduction in nonsteroidal

anti-inflammatory drugs or glucocorticoids. In some patients,

etanercept appears to prevent amyloid formation or even re-

duce proteinuria in patients with amyloid nephropathy

[120,121•]. Unfortunately, development of amyloidosis can

occur even when symptoms are controlled by etanercept

[122], and it is likely that monitoring of SAA levels is nec-

essary to titrate the optimal dosage [120,121•].

Although HIDS very rarely leads to systemic amyloidosis,

and does not share the neurologic sequelae of CAPS, at-

tacks are frequently severe enough to warrant treatment,

particularly in childhood and adolescence. To date there is

no accepted therapy for HIDS, other than antipyretics

and palliative measures, but pilot studies have been

conducted in two areas. First, a small trial has been con-

ducted with simvastatin, an inhibitor of 3#-hydroxy-3#-
methylglutaryl – coenzyme A reductase, the enzyme im-

mediately preceding mevalonate kinase in the mevalonate

pathway (Fig. 3B). It appears safe, and preliminary data

suggest a possible benefit [108•]. A pilot study of etaner-

cept showed substantial symptomatic improvement in

two mutation-positive children with HIDS [105], al-

though a third HIDS patient who did not respond to eta-

nercept was recently reported by another group [123].

Interleukin-1 inhibition may represent yet another possi-

ble therapeutic strategy.

Daily oral colchicine therapy has been established as

effective in preventing both the acute attacks of FMF

and the development of amyloidosis. In the subset of pa-

tients who are poorly responsive to colchicine, lower col-

chicine concentrations were found in mononuclear cells

[124•], suggesting that differences in responsiveness may

be due to polymorphisms in transporters that control

intracellular drug concentrations, such as the MDR-1-
encoded P-glycoprotein pump. In such patients, several

adjunctive approaches are under investigation, including

subcutaneous interferon-a [125,126•,127•] and biologic

therapies aimed at TNF [128•] or interleukin-1b. Alloge-
neic bone marrow transplantation has recently been

proposed as a treatment for refractory FMF [129], based

on the predominant expression of MEFV in leukocytes

[5]. Although it is possible that this approach could be ef-

fective, in nearly all cases other options exist, and the risks

outweigh the potential benefits [130].

Conclusion
Identification of the genes mutated in the HRFs has led

to great strides in our approach to patients with these dis-

orders. Although substantial numbers of patients with

clinical recurrent fever syndromes do not have mutations

in the respective genes, the availability of genetic testing

as an adjunct has led to more widespread and earlier
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recognition of these conditions, and recognition of impor-

tant pathogenetic and therapeutic differences among

patients who, 10 years ago, were largely lumped together

as FMF variants. Exciting advances in molecular biology

have defined new families of motifs and proteins relevant

to inflammation and apoptosis, but important questions

remain regarding the role of the products of the mevalo-

nate pathway. Perhaps most notable are the great strides in

therapy brought about by the happy confluence of break-

throughs in molecular pathogenesis and the new availabil-

ity of targeted biologic agents. Fascinating areas for further

investigation include the possible identification of addi-

tional genes that might account for patients who are cur-

rently mutation negative, the elucidation of modifier

genes, the more thorough understanding of molecular

pathogenesis and mechanisms of specific mutations, and

a careful comparative analysis of various available treat-

ments in multicenter trials.
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36 Pörksen G, Lohse P, Rösen-Wolff A, et al. Periodic fever, mild arthralgias,

and reversible moderate and severe organ inflammation associated with
the V198Mmutation in theCIAS1 gene in three German patients: expanding
phenotype of CIAS1 related autoinflammatory syndrome. Eur J Haematol
2004; 73:123——127.

Atypical presentation of FCAS with recurrent fever and inflammation not induced
by cold and without urticaria.

•
37 Frenkel J, van Kempen M, KuisW, van Amstel H. Variant chronic infantile neu-

rologic, cutaneous, articular syndrome due to a mutation within the leucine-
rich repeat domain of CIAS1. Arthritis Rheum 2004; 50:2719——2720.

A mutation in the LRR ofCIAS1 presenting with joint symptoms and sensorineural
hearing loss but without fever.
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Recent developments in immunomodulatory peptides in

juvenile rheumatic diseases: from trigger to dimmer?
Eva C. Koffemana,b,c, Berent Prakkend and Salvatore Albania,b,c

Purpose of review

Current therapy for juvenile rheumatic diseases is based on

general immune suppression or blocking inflammatory

pathways. These treatments do not induce long-term

disease remission and have a risk of side effects; this is

especially unfavorable in children. It is better to focus on

induction of tolerance mechanisms than on suppression of

inflammation. This promotes epitope specific

immunotherapy as a possible safe treatment option.

Recent findings

In the search for specific peptides for immunotherapy

in autoimmunity, the focus is shifting from purported

triggers of disease to peptides that regulate the ongoing

inflammation. These so-called ‘immunomodulatory

peptides’ are important in every healthy immune

system. Several juvenile rheumatic diseases have been

linked to certain immunomodulatory peptides.

In juvenile dermatomyositis, peptides from human skeletal

myosin play a role in the perpetuation of the disease.

In systemic lupus erythematosus, the focus is mostly on

DNA-derived peptides and peptides from anti-DNA

antibodies. In juvenile idiopathic arthritis, heat shock

proteins have been shown to contain important

immunomodulatory epitopes.

Summary

Immunomodulatory peptides play an important role in

juvenile rheumatic diseases. Promising candidates for

immunotherapy have been identified. This opens the

possibility of clinical testing in rheumatic diseases of

childhood.

Keywords

immunomodulatory peptides, juvenile rheumatic disease,

therapy, tolerance mechanisms
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Introduction
In this review, current knowledge about immunomodula-

tory peptides and its implications on the treatment of ju-

venile rheumatic diseases are discussed.

A peptide is a fragment of protein, self or non-self, that is

immunologic relevant. The peptides described here do

not automatically induce a pro inflammatory response.

The term ‘immunomodulatory’ stands for the fact that

these peptides affect the intensity and quality of the im-

mune reaction of the innate and adaptive immune system.

Juvenile rheumatic diseases are defined, as ‘inflammatory

diseases of the connective tissue in children [1] not asso-

ciated with infectious agents or immunodeficiencies’.

Juvenile idiopathic arthritis (JIA), systemic lupus erythe-

matosus (SLE), and juvenile dermatomyositis (JDM) are

the focus in this review.

Immunomodulatory peptides in the healthy
immune system
Immunomodulatory peptides play an important role in the

physiology of the healthy immune system. They can be

divided into two major groups: peptides that initiate a re-

action through the innate immune system, and peptides

that directly induce an adaptive response, from either B

cells or T cells.

The first group of immunomodulatory peptides consists of

antimicrobial peptides (AMP). These are small and evo-

lutionary ancient cationic peptides, found in the gastroin-

testinal, respiratory, and urinary tracts and in the skin of

most vertebrates. AMP are important immunomodulatory

peptides, because besides acting as natural antibiotics,

they serve in a sentinel role as multifunctional effectors

of innate immunity, initiating, mobilizing, and amplifying

adaptive immune responses [2]. The two major families
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of these AMPs are the cathelicidins and the defensins.

Research has shown that changes in AMP are associated

with a variety of pathologic processes [3].

The immunomodulatory peptides of the second group

serve as antigens to the Tcells and B cells of the adaptive

immune system, inducing long-lasting memory. They are

recognized by T cell receptors (TCR) or B cell derived

immunoglobulins, which can function as B cell receptors.

Immunoglobulins and TCRs are related in their protein

structure and in their genetic mechanism, which produces

their great variability. However, their function is different.

Igs can recognize and bind antigen directly, thus neutral-

izing the antigen and recruiting other cells and molecules

to destroy the pathogen. T cells react to antigens when

they are presented as peptides on MHC molecules on an-

tigen presenting cells (APCs). Binding of the Tcell recep-

tor by the MHC-peptide complex triggers a cascade of

signaling that ultimately leads to cell proliferation and cy-

tokine production. The peptides for the adaptive immune

system can be divided into pathogenic peptides and self-

derived peptides.

Pathogenic antigens, from bacteria and viruses, induce an

active response from antigen specific lymphocytes. This

response is coordinated by the T effector cells. Because

the defense to different pathogens requires specific res-

ponses, different peptides induce different T cell types

to respond. T helper (Th) cells orchestrate the decision

between a cellular response (Th1), or a humoral response

(Th2) to the pathogen [4]. Th1 and Th2 type cells differ

in their chemokine receptors and cytokine production.

The fate of a Th precursor cell to become Th1 or Th2

type antigen specific cells depends on the avidity of the

antigen, the nature of the co-stimulatory molecules, and

the cytokine environment. If the Th1/Th2 balance has

been skewed to one arm, this arm usually stays dominant

in the response, because induction of one cell type

involves inhibition of the other.

Because the nature of the peptide defines which side of

the spectrum will be involved, peptides from bacteria

and viruses are true immunomodulatory peptides.

Antigen presenting cells also continuously present pep-

tides from the body’s own proteins, and every healthy

system contains self-reacting T effector cells. Proinflam-

matory reactions to self-peptides result in destruction of

the body’s own tissues, called autoimmunity. Tolerance

mechanisms exist to avoid autoimmune reactions [5].

The tolerance process starts in the thymus, where pep-

tides from endogenous proteins are presented to the im-

mature T cells. T cells with high affinity to these self-

antigens undergo clonal deletion by apoptosis, a process

called ‘negative selection’. However, not all self-antigens

are presented in the thymus and some self-reactive Tcells

escape negative selection. Peripheral tolerance is the sys-

tem that keeps these autoreactive Tcells under control. It

works through different pathways: deletion by apoptosis,

ignorance of the antigen, and active regulation through

anergy and suppression by regulatory T cells (T reg).

These relatively recently described cells suppress autor-

eactive T cells and play a role in infection [6]. Different

groups of T regs have been described, with different phe-

notypes and cytokine expression. One group is called ‘nat-

urally occurring’ T reg [7•]. They are highly enriched in

the CD4+ CD25+ population. They are antigen specific,

but exert their function in a nonantigen specific way and

are able to induce tolerance to other antigens [8,9]. Another

group of Treg is identified by their production of IL10 and

TGFb [10•].

Self-peptides are immunomodulatory peptides that are

probably integral to normal immune function. The result-

ing induction of tolerance mechanisms possibly has a role

in keeping immune homeostasis [11]. In infection and

inflammation, the expression of self peptides from de-

stroyed tissue probably induces a feedback tolerance

mechanism that prevents further damage (Fig. 1).

Within the self-peptides, ‘idiotypic’ peptides play a special

role. These are peptides derived from the Igs and TCRs

themselves, expressed on autoreactive CD4+ T cells. In-

terestingly, the body has a specific physiologic response to

these self-antigens. After recognition of TCR peptides

by CD4+ T cells B cells and CD8+ regulatory T cells

can delete clones of autoreactive lymphocytes or induce

a cytokine shift from Th1 to Th2 and so prevent autoim-

munity [12]. This is another mechanism of peripheral tol-

erance. Through similar mechanisms, B cell populations

are kept under check by T cells through recognition of

the Ig derived antigens B cells present on their surface

[13]. Idiotypic antigens are real immunomodulatory pep-

tides because the anti-idiotypic T cell reaction has a role

in the homeostasis of the immune system.

Immunomodulatory peptides in juvenile
rheumatic diseases
Juvenile rheumatic diseases are autoimmune diseases.

Autoimmunity is the term used to describe when tolerance

to self is broken, with the result of a proinflammatory im-

mune reaction against self-antigens. The reaction to self

and non-self should probably be seen as a continuum, with

the induced reaction being dependent on the level of im-

mune regulation [14••]. Therefore, autoimmunity could

be seen as a misbalance of the tolerance mechanisms.

For a long time the focus in autoimmunity research has

been to find the specific self-antigen that is the cause

of the disease. Autoantigens have often been identified

through studies in animal models that were transposed
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to humans. Based on animal models andmolecular mimicry

anticollagen antibodies have been associated with juvenile

rheumatic diseases [15]. This led to trials of antigen spe-

cific therapy with collagen in JIA [16,17]. Chromatin has

also been proposed as an important antigen in JIA [18]. In

SLE (adult and juvenile form), 116 auto-antigens have

been described [19].

This search for a unique, disease specific trigger is prob-

ably futile in the light of treatment options. Human auto-

immune diseases may, unlike animal models, start out as

a reaction to, probably multiple, self-antigens. However, in

humans once the disease progresses and becomes more

destructive, the immune reactions spread out over many

more targets, a process called ‘epitope spreading’ [20].

Once tolerance has been broken and the immune system

has evolved into a proinflammatory mode, the process

amplifies itself [Fig. 1]. Induction of tolerance to a single,

by then elusive triggering peptide would not change the

ongoing inflammation in this later stage. Hence, it may

be advantageous to focus on antigens that play an immu-

nomodulatory role in the perpetuation of the inflamma-

tion [Fig. 2]. Candidate antigens should be present and

possibly over-expressed at the site of inflammation. They

should be immunologically relevant, meaning that they

trigger Tcell responses and cytokine production that con-

tribute to modulating the inflammatory reaction locally

and systemically. The concept of molecular mimicry

may also be important. This concept implies that antigens

can be structurally so similar that a lymphocyte cannot

distinguish between them. Resulting cross-reactivities

between pathogenic and self-peptides can be responsi-

ble for autoimmunity [20]. Recently, several of these

immunomodulatory peptides have been identified in juve-

nile rheumatic diseases [Table 1].

In JDM a relation with streptococcal infection has been

suggested that has led to the identification of epitopes

Figure 2. Therapy approaches to autoimmunity

The former approach was based on induction of tolerance to
a presumed trigger, even though triggers are probably multiple and
triggers have probably vanished by the time therapy comes in. The new
approach targets the amplification of the inflammation. It makes use of
one of the immunomodulatory peptides that are expressed during
inflammation (e.g. idiotypic antigen, hsp). Tolerance to this peptide
induces tolerance to other peptides as well (tolerance spreading),
which stops the amplification of the inflammation.

Figure 1. In infection and inflammation, the expression of self peptides from destroyed tissue probably induces a feedback

tolerance mechanism that prevents further damage.

(Left) Healthy reaction to a trigger
(pathogenic/self): the T effector reaction results in
inflammation and tissue damage. Further damage
is prevented by regulatory reactions to expressed
self-peptides. (Right) Pathogenic reaction to
a trigger: expression of self-peptides results in
proinflammatory reactions that produce more
tissue damage. In this way, the inflammation
amplifies itself and epitope spreading occurs.
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derived from homologues sequences shared between hu-

man skeletal myosin and Streptococcus M5 protein as tar-

gets of cytotoxic responses in patients with early, active

JDM [21]. These epitopes stimulated T cells in patients

with active JDM, and not from controls, to produce TNFa.

This suggests a relevant role for these responses in the

perpetuation of the pathogenic process and an opportu-

nity for immunomodulatory therapy.

In SLE two groups of immunomodulatory peptides have

been identified [22••]. The first group is the group of

DNA derived peptides. Antibodies against these peptides

are highly specific for SLE [23,24]. The C-terminal pep-

tide of amino acids 83-119 of the SmD1 protein has been

identified as a major target [25]. Recent studies demon-

strate a decreased number of CD4+ CD25+ Tcells in SLE

[26,27•]. Interestingly, in a mouse model this CD4+

CD25+ T cell deficiency could be restored to normal

through mucosal tolerance induction to a histone peptide

autoantigen [28••]. The second group of immunomodulatory

peptides in SLE is derived from the VH regions of the

anti-DNA-antibodies. Responses to these idiotypic antigens

have been shown to induce cytokine release in SLE pa-

tients and are therefore suggested to play a role in the

ongoing inflammation in SLE [29].

In JIA homologies were found between peptides from

EBV and from certain HLA alleles, strongly associated

with the disease. Disease specific cytotoxic reactions to

some of these peptides were found: This would make them

candidate antigens for immunomodulatory therapy [30].

Another approach in the search for immunologically rele-

vant immunomodulatory peptides in JIA has brought the

focus on heat shock proteins (hsp). Hsp are molecular

chaperones that are highly conserved during evolution

[31]. Their expression is upregulated during cell stress,

as in inflammation, where they serve as a highly antigenic

‘danger signal’ that starts an inflammatory reaction [11].

The concept of a role for hsp in arthritis is based on a series

of studies in human arthritis as well as in animal models.

In these studies tolerance to hsps induced disease protec-

tion [32–34]. T cell responses from human PBMC to hsp

have been shown to be immunologically relevant in human

autoimmune diseases [35,36], including JIA [37–41].

These studies were based on the use of whole proteins;

this may be a confounding factor. In fact, different epit-

opes from the same protein may have dramatically differ-

ent effects on the quality of T cell responses. Effort has

been put in the identification of immunomodulatory epit-

opes of different hsp proteins. This resulted in the iden-

tification of multiple epitopes that were recognized by JIA

patients and seemed to induce T cells with a regulatory

phenotype [42,43••]. Interestingly, we also identified

one epitope from human dnaJ, H134-148. It was dominant

in JIA and correlated significantly with production of

IL-10 in the remitting form of JIA. In vitro, it induced

the expansion of CD4+ CD25+ Tcells expressing FoxP3.

This suggests that self-hsp recognition can naturally induce

disease remission through a direct influence on regulatory

T cell function [11].

Therapy
Standard therapy options for juvenile rheumatoid diseases

now are the disease modifying antirheumatic drugs

(DMARDs) and new biologic treatments [44]. DMARDs

are aggressive drugs that induce general suppression of the

immune response. The new biologic agents block certain

cytokine pathways crucial to inflammation. These drugs

are mainly directed against TNFa, interleukin-1, and

Table 1. Self-peptides that could be candidates for immunomodulatory therapy in juvenile rheumatic diseases

Protein Epitopes of interest Origin Disease Reference

Human skeletal myosin 114——122 Molecular mimicry
with Strept. M5

Juvenile dermatomyositis Massa et al. [21]

Histones H4 16——39, 71——93 DNA-derived Systemic lupus
erythematosus

Monneaux et al. [22••]

Spliceosomal proteins SmD1 83——99 DNA-derived Systemic lupus
erythematosus

Schotte et al. [23]
Riemekasten et al. [25]
Monneaux et al. [22••]

VH region anti-DNA
antibodies

pCONS
pCDR3

Idiotypic Systemic lupus
erythematosus

Monneaux et al. [22••]
Kalsi et al. [29]

HLA-
DRB1*1101
DRB1*0801
DPB1*0201

DRB1*1101:
EYWNSQKDL
TYWQLNQNL

DRB1*0801:
TELGRPSAEYL SLTRDDAEYL

DPB1*0201:
DILEEERAV
ATEEEEEAV

Molecular mimicry
with EBV

Juvenile idiopathic
arthritis

Massa et al. [21]

Human HSP 60 280——294
242——256

Heat shock protein Juvenile idiopathic
arthritis

Kamphuis et al. [43••]

DNAJ 134——148 Heat shock protein Juvenile idiopathic
arthritis

Massa et al. [11]
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interleukin-6. They have brought a more specific and ef-

fective treatment for autoimmune diseases. However,

they are not immunoregulatory and do not induce sus-

tained disease remission. Life-long treatment with these

agents is needed and long-term side effects may result

[45]. The safety and value of these agents need more

study [46], particularly in a pediatric setting.

To avoid side effects of immune suppression and to ensure

effective treatment of autoimmune diseases, it may be

preferable to control just those cohorts of lymphocytes

that are responsible for the specific inflammation in the

autoimmune disease. This would translate in immune de-

viation instead of immune suppression. Specifically tar-

geting the antigen specific T cells that are responsible

for the disease perpetuation can be done by inducing mu-

cosal tolerance. In this form of therapy, tolerance mecha-

nisms to a certain antigen are induced by mucosal

administration of the peptide. Because the mucosa is a tol-

erogenic environment, this induces suppression of injuri-

ous immune responses to the administered self-antigen

[47]. Antigen specific interleukin-10 producing T regs

probably play a role in this tolerance induction [48]. In

this review, several immunomodulatory peptides that

can be very successful antigens in mucosal tolerance ther-

apy in juvenile rheumatic diseases have been described.

Promising peptides for this purpose are human myosin de-

rived peptides in JDM and hsp peptides in JIA. In SLE,

a DNA derived peptide or anti-DNA antibody derived epi-

tope could be a candidate. In a phase I and phase II clin-

ical trial in rheumatoid arthritis, the P1 peptide from the

hsp dnaJ has shown to be an effective immune modulator

for oral tolerance induction [49••]. Based on the results in

this clinical trial in RA (phase II will soon be concluded),

a clinical trial in JIA with an hsp peptide will soon be be-

gun. Such an approach may be based on the concept of

immunomodulatory peptides acting as ‘dimmers’ of in-

flammation instead of putative single disease triggers.

Epitope specific therapy has the potential to be comple-

mentary to current biologics. A recent study has shown the

effectiveness of a combination of lower dose anti-TNFa

and epitope specific immunotherapy in a adjuvant arthri-

tis [50]. The immune modulation induced by nasal toler-

ance induction was complemented by the effect of anti-

TNFa therapy on restoration of T reg function. Antigen

specific therapy in a more regulatory environment, built

by the anticytokine therapy, may result in a more long-

term regulation of the disease [10]. This new approach

would significantly reduce the costs and undesirable

effects of current first generation biologics. This would

be especially favorable in children.

Conclusion
The dramatic evolution in molecular immunology and mo-

lecular therapeutics is enabling a shift of focus concerning

immunomodulatory peptides from individual purported

triggers to members of regulatory networks. This evolu-

tion may have significant implications for our understand-

ing of the complex pathogenesis of juvenile rheumatic

diseases and open new perspectives for therapy.
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Gene expression profiling in pediatric rheumatic disease: what

have we learned? what can we learn?
James N. Jarvis

Purpose of this review

Gene expression profiling is emerging as a promising

methodology in pediatric rheumatology research. There is

considerable interest in using this technology as the basis

for diagnostic assays. This review will summarize the new

knowledge.

Recent findings

Most gene expression studies of children have been

exploratory in nature. However, preliminary gene expression

studies in juvenile dermatomyositis, systemic lupus

erythematosus, and chronic forms of arthritis demonstrate

both the promise and limits of this technology. It seems

likely that gene expression profiling will significantly

enhance our understanding of the immunopathology of

childhood-onset rheumatic diseases; however,

considerable impediments must be overcome before these

assays move into the clinical arena.

Summary

Gene expression profiling carries considerable potential to

provide novel insights into the rheumatic diseases of

childhood. Future developments will determine whether

these technologies provide new clinical diagnostic or

prognostic tools.

Keywords

gene expression profiling, juvenile dermatomyositis, juvenile

rheumatoid arthritis, systemic lupus erythematosus
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Introduction
Gene expression profiling is one of the most interesting

by-products of the efforts to sequence the human ge-

nome. This technology, sometimes referred to by the

term, gene microarray has great potential to transform

how we understand, diagnose, and treat a broad range of

rheumatic diseases in both children and adults. Indeed,

gene expression profiling is already advancing both the re-

search and clinical agendas of specific pediatric subspe-

cialties, most notably pediatric oncology. This article

will provide an overview of gene expression profiling as

it’s been used thus far in pediatric rheumatology, and pro-

vide a critical analysis of the promise and pitfalls of moving

this technology from the research to the clinical arena.

General considerations
A gene microarray is a potentially powerful tool that allows

the investigator to examine expression levels of multiple

genes in a specific cell population or tissue. A typical array

consists of a solid platform (glass or nylon) where oligonu-

cleotide representations of multiple genes have been

placed (e.g. see Fig. 1). Though specific methodologies

differ, the end product of a gene array analysis is a compar-

ison of the levels of expression of hundreds, thousands, or

even tens of thousands of genes in compared samples (e.g.

experimental versus control cells; patients versus healthy

children). Obviously, the technology has considerable

promise to unravel some of the baffling questions about

rheumatic diseases in adults and children.

One of the challenges of understanding the pathogenesis

of rheumatic disease is the sheer complexity of the inflam-

matory process. Inflammation involves multiple cell types,

cell-surface receptors, and secreted protein and non-

protein mediators that all change over time. Furthermore,

longstanding practice, encouraged by NIH study sections,

directed investigators toward narrowly focused, in-depth

investigation of specific aspects of a given scientific or

clinical problem. A great deal of highly informative science

was generated by this approach; however, our practical un-

derstanding of rheumatic diseases in children remained

elusive. Indeed, pediatric rheumatology investigators

found themselves in a predicament rather like that of

the blind men with the elephant. JRA, for example might

seem like a Tcell disease, a B cell disease, or a monocyte-

driven disease, depending on the investigator’s interest.

Each of the observations might be relevant in themselves:

There was no effective way of seeing the ‘whole elephant’.

Gene arrays may finally provide such a method.
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There are a few key points that need to be made about the

limits of gene arrays as a research tool. The use of gene

arrays to unravel disease pathogenesis rests on two as-

sumptions; neither of them is necessarily true. The first

assumption is that the relevant mediators for a disease

are, in fact, proteins. This seems a bit obvious, yet it is

necessary to point out that we already know that for most

chronic forms of arthritis, non-protein mediators play a

critical role. The extensive use of non-steroidal anti-

inflammatory drugs in arthritis is based on their capacity

to limit production of eicosanoids (albeit through interfer-

ence with protein enzymes). The second assumption is

that, for key protein mediators, mRNA accumulation is

the critical step regulating protein production. This is also

not necessarily the case, and exceptions to the general rule

include such key mediators as IL-1b and many of the sol-

uble factors released by neutrophils. Examining gene ex-

pression patterns will likely prove enormously helpful to

our understanding of the immunopathogenesis of rheu-

matic diseases in children; but they are unlikely to prove

to be the ‘Rosetta Stone’ that completely unravels the un-

decipherable complexity of these diseases.

The emergence of gene expression technologies was ini-

tially hailed as a major milestone that would allow inves-

tigators to unravel complex diseases such as juvenile

rheumatoid arthritis (JRA) and might even allow for the

development of specific diagnostic assays in this disease

that has so far defied such a development. However, en-

thusiasm soon turned to disappointment as early experi-

ments invariably produced large numbers of false positive

identifications. This large number of false positive identi-

fications occurred, in part, because one of the strengths of

this technology, its capacity to provide enormous amounts

of data from a single sample or experiment, is also its

Figure 1. Appearance of a typical glass slide from a gene

array experiment

Oligonucleotide representations are spotted onto the slide in triplicate.
Labeled cDNA is annealed to the slide using conventional
hybridization techniques. Spots appearing in red represent genes
over-expressed compared with background, and slides appearing in
yellow represent genes under-expressed compared with background.

Figure 2. The connectivity of 45 genes with higher relative

variability (SD/Mean > 1.5), expressed as regression

coefficients for each pair

The levels of regression coefficients are presented in colors as
indicated in legends. Genes are sorted as clusters of closest
interconnections for five normal samples. On both axes are the gene’s
# (1 – is a gene #1 with higher connectivity – interconnected with
maximal number of other genes in first square, 2 – is gene #2 with
a little less connectivity, etc.) The same genes are noted along each
axis, although the graphics program used to create this figure
designated them 1 to 45 on abscissa, and S1 to S45 on ordinate.
Each line intersection in plot (coordinate X, coordinate Y) is the
regression coefficient for the pair (X versus Y) colored as indicated in
the legend beside the plot. The top panel demonstrates the
connectivity of 45 genes as graphically represented in healthy control
subjects. The bottom panel shows the same 45 genes in lymphocytes
of children with polyarticular-onset JRA. Visual inspection of the
pattern clearly shows a fundamental disruption of the normal
connectivity, reflecting fundamental disruptions in cellular processes.
This normal connectivity is restored when patients respond to therapy
(data not shown).
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‘Achilles heel’. As other authors have pointed out, micro-

array approaches can provide an ‘.unprecedented

amount of data that variously seems to be a treasure chest,

a morass, and an assault’ [1]. Investigators soon learned

that conventional statistical methods used to exclude

the null hypothesis in conventional biologic data sets were

inadequate for the massive data sets generated from

microarray studies or experiments. In the past 7 years,

however, sophisticated biostatistical and bioinformatics

approaches have provided a more robust return on micro-

array data [2,3,4,5,6••]. As stated elsewhere, the require-

ment for such approaches may limit the clinical utility of

these assays [7].

With this background and a better understanding of the

limitations of gene expression profiling, we can examine

what this technology has told us so far about the immuno-

pathology of rheumatic diseases in children. Although the

number of published studies in children with rheumatic

disease remains small, published studies clearly outline

both the promise and the limitations of this exciting

technology. The important findings of selected published

studies are summarized here and some thoughts about fu-

ture directions that investigations may take based on

these array studies are shared. Where appropriate, the

therapeutic implications that have emerged from these

studies are also discussed.

Juvenile dermatomyositis
Juvenile dermatomyositis (JDMS) is the most common

inflammatory muscle disease in children. The disease is

characterized by a diffuse vasculopathy and possibly in-

tense vasculitis affecting the skeletal muscles and other

tissues. Indeed, the vascular abnormalities are so promi-

nent that at least one early study referred to the illness

as, ‘Systemic Angiopathy of Childhood’ [8••]. Children
typically present with insidious onset of weakness and

a characteristic rash. Partly because of its relative rarity

(compared with other rheumatic diseases in children),

JDMS has been particularly vexing to understand and

presents considerable challenges to treatment.

In 2002, Tezak et al. published the first gene microarray

study in children with rheumatic disease [9••]. The inves-
tigators examined muscle biopsies from four HLA-

DQA1*0501-positive children with JDMS, comparing ex-

pression profiles with those seen in a non-inflammatory

myopathy. Although the studies were done on a small

number (n = 4) of highly selected patients, the attention

to data reproducibility and laudable statistical rigor

allowed the authors to reach some interesting conclusions.

Not surprisingly, the JDMS muscle samples expressed

genes that were clearly associated with inflammation, in-

cluding complement components (C1 and C4). Of special

interest were the over-expression in JDMS muscle of

genes under the regulation of IFN-ab and the resem-

blance of the expression profile to an in-vitro model of

viral inflammation. This was another tantalizing piece of

evidence of what has been long suspected: There is

a strong link between preceding viral infection and the on-

set of JDMS [10]. The study left unanswered the specific

roles of the vascular endothelium, complement, and the

adaptive immune system in this process. Such answers

are likely to be forthcoming as array data are generated

from a broader spectrum of patients with disease; the data

would include the study of peripheral blood leukocytes

during different phases of the disease process.

Systemic lupus erythematosus
In 2003, Bennett et al. published an intriguing study: Gene

expression profiling was used to examine peripheral blood

mononuclear cells (PBMC) of children with systemic lu-

pus erythematosus (SLE) [11••]. The gene chip they used

was a commercially available, 12,561 gene array, suffi-

ciently comprehensive to obtain a broad overview of gene

expression in the cells and patients of interest. These

authors found strong evidence for over-expression of inter-

feron (IFN)-regulated genes in all patients with active dis-

ease. These findings corroborated what was reported

about the same time [12,13] in adult lupus populations,

and the ‘IFN signature’ in SLE is now regarded as one

of the tantalizing, but as yet incompletely explained, hints

into disease pathogenesis garnered from gene expression

studies. It is critical to note that this IFN signature is

closely related to clinically relevant immunopathology,

as it is abrogated by standard therapies and disappears

as SLE disease activity index (SLEDAI) scores improve.

A less-noted, but potentially revolutionary, finding from

the Bennett study was the co-existence of a ‘granulo-

poiesis signature’ in the peripheral blood of children with

SLE. This pattern is not described in the two papers on

adult SLE that appeared at the same time, and it is un-

clear whether this finding represents a unique aspect of

pediatric SLE or (equally likely) different statistical and

analytic approaches from Dr. Virginia Pascual’s research

group [11]. Under any circumstances, the findings from

this study should alert investigators that our existing con-

cepts of SLE pathogenesis are too simplistic. Although we

are inclined to see SLE as a classic example of ‘autoimmu-

nity’, driven by a breakdown in the mechanisms that

distinguish ‘self ’ from ‘non-self ’ within the adaptive im-

mune system, the Bennett study reminds us that innate
immunity likely plays a critical role in how autoimmunity

is expressed and regulated. Although there are likely to be

attempts to develop new therapies for SLE based on the

recognition of the IFN signature, the presence of the

granulopoiesis signature may suggest equally fruitful tar-

gets of intervention.
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Juvenile rheumatoid arthritis
Two studies have been published describing gene expres-

sion profiles in children with juvenile rheumatoid arthritis,

one from the Oklahoma University College of Medicine

[14•], and the other from the pediatric rheumatology

group at Cincinnati Children’s Hospital Medical Center

[15]. Both these studies were preliminary in nature and

neither yielded the potentially revolutionary insights that

emerged with publication of the JDMS and SLE studies.

Several useful concepts have emerged, however. The most

obvious is that one can, indeed identify differentially

expressed genes (compared with control populations) in

the peripheral blood of children with JRA. This is useful

to know in that the site of immunopathology in JRA, the

synovium, is not easily accessible to investigators. Work

from our group suggests that many of these over-

expressed genes are under control of IFN, but the signif-

icance of this finding remains uncertain. Furthermore, this

pattern was not identified by Barnes et al. [15], although
absence of this observation may simply reflect how they

analyzed and mined their data sets. Work from the Cincin-

nati group suggests some subtle differences between ex-

pression patterns of children with polyarticular versus

pauciarticular JRA, but these findings await confirmation

in a larger study. However, these data strongly support the

long-accepted view that pauciarticular and polyarticular

JRA are clinically and immunogenetically distinct dis-

eases. There is every reason to believe that more-detailed

studies of larger, phenotypically homogeneous groups of

patients will allow investigators to clearly define the dis-

tinct, relevant immunopathology of these two illnesses.

Similar studies should also allow for a clear distinction be-

tween classic JRA and childhood-onset spondyloarthopa-

thies, a distinction that can sometimes be challenging

on clinical grounds.

A particularly interesting finding from our work has been

the suggestion that, using discriminant function analysis

(DFA) of gene expression patterns that emerge within

2 months of therapy, physicians might identify those chil-

dren unlikely to respond to their current therapy and,

thus, in need of more aggressive treatment approaches.

This, of course, would be an extraordinarily useful clinical

tool to have, and it seems likely that this sort of analysis

will enter the clinical arena before microarrays are used as

a diagnostic modality (see below).

Mining data: what can we learn from newer
methods of data analysis?
It is obvious that much of what one gets out of a gene ex-

pression study is dependent on how one analyzes the data

and what one is looking for in that analysis. The ‘end prod-

uct’ of a gene array is a table listing expression levels (rel-

ative to background) of hundreds, thousands, or tens

of thousands of genes. How one turns such lists into a

pathogenic ‘story’ is partly investigator-driven. Various

commercial software programs are available to assist this

process, some develop beautiful, graphic representations

of the functional interactions between the differentially

expressed genes.

In addition to examining differences in expression levels

in gene array experiments, we have become interested in

gene expression as a manifestation of cellular dynamics,

and have examined how those dynamics may be disrupted

during the course of disease. For example, all genes in all

cells (even so-called ‘housekeeping genes’) show predict-

able levels of variability. For some genes, the degree of var-

iability between specific organisms or between specific

times of the day is quite small. For others, considerable

variability can be shown. This degree of variability can be

plotted along a standard Gaussian curve. We have observed

that, in the context of chronic inflammatory disease (in this

case, JRA) specific genes show greater-than-expected vari-

ability in expression levels, even if these genes are not iden-

tified as specifically ‘over-expressed’ using conventional

statistical analysis techniques. Examination of these ‘hyper-

variable genes’ may provide interesting clues in pathologic

disruption of normal cellular dynamics [3].

Interesting aspects of JRA emerge by approaching gene

array data as a window on cell dynamics. One of the salient

characteristics of the genes is that the levels of each of the

specific genes transcribed by a specific cell are not ran-

dom, independent events. Expression levels of gene A

are dependent on genes B-D; for example, cellular IL-

1b mRNA levels may be directly tied to cellular TNFa.

This connectivity of gene expression levels can be analyzed

and mapped visually. Studies from our group have demon-

strated that, whatever the fundamental pathologic process

that may be at work, JRA leukocytes display an obvious

disruption of that normal connectivity (Fig. 2).

We are just scratching the surface of what we can learn

even from the small number of data sets that have been

generated from gene expression arrays in children with

rheumatic disease. Investigators should be encouraged

to return frequently to their existing data, especially as

new analytic methodologies emerge, to cull them further

for pathogenic clues and as a basis for designing additional

in-silico, in-vitro, or human subject studies.

Design, controls, and interpretation
The different studies described in this review have all

taken slight variations in approach and study design,

as well as in methods for analyzing the data. For future

purposes, however, it may be helpful to establish some

minimal standards of design and interpretation that will

allow investigators in one group to relate their own find-

ings with investigators in other institutions. Editorial

boards of peer-reviewed journals in the field have set some
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standards for published work [1], but these standards re-

late specifically to statistical analysis and independent

corroboration. Because of the relatively small number of

pediatric rheumatology centers, and the even smaller num-

ber of research groups, collaborative, inter-institutional

research activities will remain a critical element of pediat-

ric rheumatology investigation. It is useful to comment

here on elements of design that should be considered

in future studies to facilitate such inter-institutional

cooperation.

It may seem obvious from the start, but it is important to

note that control populations for pediatric studies will al-

most certainly need to use age- and sex-matched control

populations. At least one report reveals important age- and

sex-associated differences in gene expression patterns in

PBMC [16]. Recruiting perfectly normal, matched con-

trols may present some tactical and ethical challenges.

For example, our own IRB (institutional review board)

interdicts drawing blood from perfectly healthy children

unless there is a reasonable chance that the child will ben-

efit from the information gained by the procedure. Chil-

dren with mechanical musculoskeletal problems (e.g.

patello-femoral pain syndromes) make up a large number

of the children seen in rheumatology clinics [17], but such

children rarely, if ever, require phlebotomy as a part of

their evaluation. In the end, different IRB rules at differ-

ent institutions are likely to make different populations of

‘healthy children’ available to different investigators, and

it is yet to be determined whether these subtle population

differences will affect our ability to interpret studies from

different institutions.

Another group of patients consistently lacking from adult

or pediatric rheumatology studies, and the one that is

most likely to be informative, is patients with chronic in-

flammation of non-rheumatic origin. Certainly, some infor-

mation can be gained by studying patients with other

rheumatic diseases; in Bennett’s study, children with

JRA did not show the IFN signature now associated with

SLE. For JRA, this is more problematic. How do we know,

for example, that any of the described immunologic abnor-

malities in JRA are actually specific to the disease process?

How do we know that ‘findings’ in peripheral blood aren’t

just what one would observe in any pathologic state where
there is chronic inflammation in a single tissue (e.g.

chronic osteomyelitis or even gingivitis)? Pediatric rheu-

matologists actually have access to one potentially prom-

ising control population that is almost never used in

pediatric rheumatology studies: children with cystic fibro-

sis, an illness certainly characterized by chronic inflamma-

tion of non-rheumatic origin in a single tissue (lungs). By

recruiting such a control group, we are endeavoring to sort

through those genes that are generically common to

chronic inflammatory states and focus specifically on

those unique to polyarticular JRA. Currently, there is no

other way of accurately interpreting the findings of pedi-

atric gene array studies.

Clinical application: will it ever happen?
A recent article by Olsen et al. [18] raises the interesting

question of whether gene expression arrays might ever en-

ter the clinical arena, either for diagnosis or, as in pediatric

oncology, prognosis. There are obvious barriers to the clin-

ical development that have been summarized elsewhere

[7], but can be briefly repeated here.

One of the critical barriers to clinical application that will

have to be overcome is that there is no standard, validated

method for interpreting a single array on a single patient.

Published array studies have examined groups of patients,

and biostatistical considerations demand that, the larger

the number of genes queried, the larger the number of

replicates that have to be done to achieve statistical reli-

ability. Although Dr. Olsen’s work suggests that specific

profiles can be quite reproducible between individual

patients, a great deal will need to be done to establish

and validate assays for individual patients. Given the pres-

ent scarcity of the appropriate expertise in biostatistics

and bioinformatics, it is likely to be several years before

reliable assays suitable for individual patients emerge.

The next issue has both ethical and practical implications,

and that is the issue of appropriate control populations. As

I noted above, it is becoming increasingly clear that pedi-

atric gene arrays, particularly gene arrays using peripheral

blood leukocytes, will require comparison of the disease

group with age- (and probably sex-) matched controls.

Given that patient-based arrays are likely to be a highly

lucrative market, it is easy to envision ferocious competi-

tion between commercial enterprises to develop libraries

of RNA from healthy pediatric tissues or peripheral blood.

Where such pediatric subjects will be recruited and how

their well-being will be protected is anyone’s guess, but

it is unlikely that such considerations will be examined

with the same scrupulous attention to personal protection

in the business domain, as they are by academic institu-

tional review boards. At the same time, it is almost as dis-

turbing to consider the possibility that the ethical and

practical considerations associated with the creation of

such RNA ‘banks’ will be so daunting that pediatric

patients will be left behind if and when gene expression

arrays enter widespread clinical use.

Use of gene expression arrays for prognosis may be more

promising and may move more quickly into the clinical

arena. Promising data in this regard has already been pub-

lished [14•], and the establishment of 2–3 national refer-

ence centers where such analyses can be performed

routinely on patients from across North America seems

quite possible, at least within the context of a collaborative

research agenda, within the next 3–5 years.
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Conclusion
Gene expression arrays represent an extraordinarily prom-

ising tool in the over 50-year search to unravel the path-

ogenesis of the rheumatic diseases of children. Larger

array platforms, automated labeling and hybridization pro-

cedures, and novel bioinformatics approaches will con-

tinue to broaden what can be learned (and confirmed)

from this approach. Gene expression and proteomic ‘dis-

covery science’ is likely to dominate the pediatric rheuma-

tology research agenda for several years, but these new

tools are unlikely to eliminate the need to focused,

hypothesis-driven work.

Whether clinical applications will emerge from gene ex-

pression technologies remains uncertain. The promise is

certainly there; it is anticipated that use of these technol-

ogies will very soon affect our delivery of medical care to

children with these devastating diseases.
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Update on the pathogenesis and treatment of systemic onset

juvenile rheumatoid arthritis
Alexa Adamsa and Thomas J.A. Lehmana,b

Purpose of review

Although systemic onset juvenile rheumatoid arthritis

accounts for only about 20% of most reported series,

children with systemic onset juvenile rheumatoid arthritis

are often the most difficult to treat. Many children with

persistent systemic onset juvenile rheumatoid arthritis have

marked physical and emotional disability as a result of both

disease and treatment-related morbidities. This review

highlights recent studies that better elucidate the

etiopathogenesis of systemic onset juvenile rheumatoid

arthritis. New therapies derived from better understanding

of cytokines, cytokine gene expression, and their complex

interactions, which result in inflammation, are improving our

ability to control active disease while reducing or reliance

on corticosteroids.

Recent findings

Recent advances in our understanding of the

etiopathogenesis of systemic onset juvenile rheumatoid

arthritis have led to therapies that specifically target the

cytokines found in abnormal quantities in children with

active disease. Biologic agents that directly target

interleukin-1a, interleukin-6, and tumor necrosis factor a are

currently in use, and additional agents that modulate

interleukin-18, myeloid-related proteins 8 and 14, natural

killer cell function, and macrophage migration inhibitory

factor production are under investigation.

Summary

Anakinra, monoclonal antibody to interleukin-6 receptor,

and thalidomide each have led to significant clinical

improvement with fewer side effects than resulted when

corticosteroids were the mainstay of therapy.
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Introduction
Systemic onset juvenile rheumatoid arthritis (SoJRA) is

an inflammatory condition of unknown etiology mani-

fested by fever, rash, and arthritis. Significant laboratory

abnormalities include marked leukocytosis, thrombocytosis,

and anemia with often dramatically elevated acute phase

reactants such as C-reactive protein and ferritin, which

lead to a dramatic rise in the erythrocyte sedimentation

rate. The clinical manifestations of SoJRA bear little re-

semblance to those of the other subtypes of juvenile rheu-

matoid arthritis (JRA). SoJRA differs in the abruptness of

its onset, the presence of fever and rash, the patterns of

cytokine and other laboratory abnormalities, and a near

equal ratio of affected male patients to female patients.

These findings suggest that it is in fact an entirely distinct

entity. It is therefore necessary to consider the etiology,

pathogenesis, and therapy of children with SoJRA sepa-

rately from those of children with other forms of JRA.

Children severely affected by SoJRA are at significant risk

for life-long disability. Steroid dependence and the associ-

ated morbidity occur in nearly one-third of patients [1–3].

Macrophage activation syndrome (MAS) is an additional

complication seen most often in children with SoJRA.

For children affected with SoJRA to have the best possible

quality of life, the clinical manifestations of active SoJRA

must be controlled, and the morbidities associated with

long-term usage of corticosteroids must be avoided [4–7].

Many different immunosuppressive regimens have been

used for the treatment of children with SoJRA in hopes of

minimizing corticosteroid usage. Pulse methylpredniso-

lone, cyclophosphamide, methotrexate, sulfasalazine, eta-

nercept, and intravenous immunoglobulin all have been

used singly and in varying combinations [8–14]. None

of these regimens has proven consistently successful.

Recognition of the distinctive cytokine profile associated

with SoJRA has led investigators to develop therapies that
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target the specific cytokine abnormalities found in children

with active disease. These therapies may allow us to control

the clinical manifestations of SoJRA without excessive use

of corticosteroids. Substantial advances have been made in

our understanding of the etiopathogenesis and treatment of

SoJRA as investigators have begun to recognize the impor-

tance of recognizing it as a distinct entity rather than con-

sidering it simultaneously with other forms of JRA.

Etiopathogenesis
The etiology and pathogenesis of SoJRA remain unclear.

No reliable evidence points to a single initiating infection

or other event. Once SoJRA has become established, there

is a distinctive pattern of abnormal cytokine production.

In children with active SoJRA, tumor necrosis factor

(TNF)-a is significantly overproduced, while interferon-

g levels are markedly decreased [15–17]. Significantly

altered levels of interleukin-6, interleukin-8, monocyte

chemoattractant protein-1 (MCP-1), E-selectin, and in-

tracellular adhesion molecule (ICAM-1) are also found as

noted below [18–20].

Tumor necrosis factor a
Tumor necrosis factor a is a pro-inflammatory cytokine

known to be increased in all subtypes of JRA. Polymor-

phisms in the 5#-flanking promoter/enhancer region of

the TNF-a gene were found in an increased numbers

of children with SoJRA compared with children with other

JRA subtypes and compared with healthy controls [17].

These polymorphisms may play a role in TNF-a overpro-

duction in SoJRA, and their presence may be a risk factor

for the development of SoJRA [17]. Despite the success of

the anti-TNF agents etanercept (Enbrel, Amgen/Wyeth,

Philadelphia, PA), infliximab (Remicade, Centocor, Hor-

sham, PA), and adalimumab (Humira, Abbott, Abbott

Park, IL) in the treatment of other rheumatic diseases,

however, TNF-a blockade has not proven consistently

effective for the treatment of SoJRA [13].

Interleukin-6
Interleukin-6 is a pyrogen and stimulates hepatocyte pro-

duction of acute phase reactants. Recently, the role of in-

terleukin-6 in the pathogenesis of SoJRA has received

increased attention. Serum interleukin-6 levels parallel

fever spikes and correlate with clinical and laboratory

measures of disease activity [21,22]. Interleukin-6 levels

are increased in patients with SoJRA with active disease

and decrease with remission [21]. Soluble interleukin-6

receptor (an interleukin-6 agonist) is elevated in children

with SoJRA compared with children with other JRA sub-

types, and preliminary data suggests an imbalance in in-

terleukin-6 homeostasis in children with SoJRA [23]. A

recent study confirmed an association between SoJRA

and interleukin-6-174 nucleotide polymorphism [24•].
This association was seen in SoJRA patients older than

5 years at the time of disease onset, but there is at present

no clear evidence that children with onset of SoJRA before

5 years of age are a distinct subgroup.

Animal model work has demonstrated that transgenic

mice over-expressing interleukin-6 develop growth retar-

dation similar to that seen in children with SoJRA. The

pathogenic effects of interleukin-6 in this model are par-

tially reversed by administration of monoclonal antibody

to murine interleukin-6 receptor [25]. Early studies sug-

gest a similar efficacy for antibody to the interleukin-6

receptor in children with SoJRA.

Other cytokines
Other cytokines in addition to TNF-a and interleukin-6

are also being recognized to play an important role in

the pathogenesis of SoJRA. The triggers for the overpro-

duction of pro-inflammatory cytokines remain under inves-

tigation. Interleukin-1 is known to be important in the

pathogenesis of adult-onset rheumatoid arthritis [26]. Ev-

idence is increasing that this is also true for SoJRA as dem-

onstrated by the efficacy of anakinra.

A variety of additional associations between the develop-

ment of SoJRA and cytokine genetics have been demon-

strated. Interleukin-4-1098 T/G polymorphisms were

associated with JRA in one study in which 15 of 130

patients with JRA had systemic onset disease [27•]. Inter-
leukin-18 has been identified in the bone marrow of a

patient with SoJRA on autopsy [28•]. A role for myeloid-

related protein (MRP)-8 and MRP-14 in the acute phase

of SoJRA has been proposed as well. A 120-fold increase in

serum concentrations of these proteins was found when

SoJRA sera were compared with sera from healthy con-

trols. A 12-fold increase was noted compared with patients

with other inflammatory diseases [29•]. Skin biopsy samples

taken from the SoJRA skin rashes of the same patients

showed infiltration of leukocytes expressing MRP-8 and

MRP-14 [29•]. Whether these findings are pathogenetically

significant or epiphenomena remains to be determined.

Macrophage migration inhibitory factor (MIF) levels are

increased in children with JRA, and the highest levels

are found in children with SoJRA [30]. Serum MIF levels

correlate both with systemic symptoms and joint involve-

ment. A fall in synovial fluid MIF levels correlates with

extended remission after intra-articular steroid injections

[30]. Among patients with SoJRA, those carrying the 173

single nucleotide G to C polymorphism of MIF have

higher serum and synovial fluid MIF levels. For children

with SoJRA, the presence of the MIF-173C allele is asso-

ciated with more severe disease [31,32•].

Etiopathogenesis of macrophage
activation syndrome
As seen in familial hemophagocytic lymphohistiocytosis,

the clinical manifestations of MAS result from uncontrolled
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activation and proliferation of macrophages and T cells.

Among seven patients with SoJRA complicated by MAS,

four had decreased natural killer cell number and activity.

These children were also found to have decreased perforin

expression by CD8+ and CD56+ cytotoxic cells [33]. The

three remaining children were reported to have decreased

natural killer cell activity and low perforin levels in all

cytotoxic cells [33]. This study suggests similarities be-

tween MAS and hemophagocytic lymphohistiocytosis that

may share a common pathogenesis involving natural killer

cell dysfunction and perforin deficiency [33].

Treatment of systemic onset juvenile
rheumatoid arthritis
Corticosteroids have been the standard therapy for chil-

dren with persistent SoJRA, but the prolonged use of

corticosteroids results in an unacceptable morbidity.

Therapeutic interventions that target specific patterns

of abnormal cytokine production seen in children with

SoJRA have been very effective in limited numbers of

children. Placebo-controlled trials remain impractical in

the small numbers of children with severe SoJRA with di-

vergent age, race, and sex. At present, non-steroidal anti-

inflammatory drugs supplemented with corticosteroids in

limited amounts remain the appropriate initial therapy [34].

Pulse methylprednisolone alone or in combination with

other agents may be helpful [8,35]. Despite their efficacy

in other subtypes of JRA, most other disease-modifying

agents are without consistent efficacy for children with

SoJRA. Although occasionally effective, methotrexate

seems to be less effective for children with SoJRA com-

pared with other subtypes [36]. The newer, more specif-

ically targeted agents with a direct effect on cytokine

levels appear to offer the best hope for an improved out-

come for children with persistent disease.

Tumor necrosis factor a blockade
Although it has been widely used, etanercept has been

disappointing in the treatment of SoJRA [13,37]. In one

study, 15 patients with SoJRA refractory to methotrexate

were treated with a combination of methotrexate and eta-

nercept. Despite early apparent benefit, SoJRA flares oc-

curred during treatment, and etanercept was discontinued

in seven [13]. One child with SoJRA has been reported

who developed MAS following the initiation of etanercept

therapy [38].

Infliximab has also been used for children with SoJRA. An

early case report described improvement in systemic man-

ifestations of SoJRA, but there was no improvement in the

articular manifestations [39]. Anecdotal reports note that

very high-dose infliximab may be effective, but this is as-

sociated with increased risk of infection and other compli-

cations. At present, there are only anecdotal reports

regarding the use of the TNF blocker adalimumab for

SoJRA, with varied results.

Monoclonal antibody to
interleukin-6 receptor
MRA, a recombinant, humanized, monoclonal antibody to

the IL-6 receptor, has been successfully used for the treat-

ment of SoJRA in pilot studies [40]. In one case, a child

who had failed to respond to multiple medications expe-

rienced resolution of systemic symptoms, normalization of

laboratory parameters, and significant catch-up growth

[40]. Phase II and III trials of the use of MRA for SoJRA

are underway. Similar successes have been reported using

MRA for the treatment of adult patients with Still’s disease,

Castleman’s disease, and rheumatoid arthritis [41–43].

Initial reports of the success of MRA are very promising,

but much more information is needed regarding the tox-

icity of the agent and the durability of the response.

Anakinra
Anakinra is an interleukin-1 receptor antagonist whose

efficacy for the treatment of SoJRA has been noted in sev-

eral case reports [44••–46••]. Although there are occa-

sional failures in clinical experience, many children with

SoJRA experienced significant clinical improvement ac-

companied by a reduction of prednisone dosage.

Other mediators
At this time, there are no available agents specifically

directed at abnormal production of interleukin-4, inter-

leukin-18, MRP-8, MRP-14, or MIF. Whether these medi-

ators will ultimately prove important in some or all of the

children with SoJRA is unknown. As our understanding of

SoJRA improves, we may find that there are a variety of

defects in the regulation of inflammatory cytokine path-

ways, each of which can be specifically targeted with ap-

propriate therapy. Specifically targeted therapy may allow

better control of the clinical manifestations of SoJRA with-

out the increased risk of infection accompanying many of

the current regimens that block cytokines.

Thalidomide
Thalidomide is a unique immunomodulatory agent that is

known to reverse many of the cytokine disturbances seen

in SoJRA. Thalidomide decreases TNF-a, interleukin-1,

nuclear factor-kB, and interleukin-6, and has known anti-

angiogenic effects [47]. A multi-center study of the use of

thalidomide for treatment-refractory SoJRA included 13

children who received 2–5 mg/kg/day [48••]. After 6months,

11 of the 13 children had significant reduction in predni-

sone dosage, reduction in erythrocyte sedimentation rate,

increased hemoglobin, and decreased disease activity.

Mild side effects included sedation and constipation.

Transient paresthesias were seen but resolved, and in

no patient was medication discontinued because of side

effects.
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Thalidomide is a potent teratogen, and all patients must

be made aware of this risk. Adolescent patients must be

monitored for appropriate contraceptive use, and pubertal

female patients require monthly pregnancy tests to min-

imize the risk of inadvertent conception while on therapy.

Thalidomide is rapidly cleared with the cessation of ther-

apy, however, and there is not believed to be a lingering

risk of teratogenicity after therapy is discontinued. Like

all of the agents used for persistent SoJRA, thalidomide

may have severe side effects, but it is a useful option in

refractory cases.

It is noteworthy that unlike the other newer agents that

block the action of cytokines either directly or at the recep-

tor level, thalidomide seems directly to effect transcrip-

tion of the mRNA necessary for cytokine synthesis. This

different mode of action may be important in allowing re-

versibility in the face of infection. Infection is the most

common major complication associated with most agents

that block cytokines, but it does not appear to be a com-

plication of thalidomide therapy, despite thalidomide’s

frequent use in patients with human immunodeficiency

virus and other populations vulnerable to infection. Newer

thalidomide analogues with substantially improved safety

profiles are in phase I and II clinical trials.

Statins
A single case report has been published describing the

successful use of Atorvostatin for a 9-year-old boy with

SoJRA who previously had failed to respond to autologous

stem cell transplantation and other therapies [49••].
Drugs of the statin class are known to have a variety of

immunomodulatory effects. This may represent a new ap-

proach to the treatment of inflammatory conditions such

as SoJRA, but further experience with the use of these

drugs in children is needed. The side effect profile of

these medications is not insignificant in the adult pop-

ulation, and their safety has not yet been investigated

in children.

Autologous stem cell transplantation
In severe and treatment-refractory cases of SoJRA, autol-

ogous stem cell transplantation may be effective. Long-

term follow-up of more than 40 patients with JRA (25

of whom were classified as SoJRA) transplanted since

1997 has been published [50]. Dramatic successes have

been reported, but many children have relapsed (although

often with less severe disease). Unfortunately, the proce-

dure carries a significant risk of mortality and is therefore

reserved for only the most severe refractory cases.

Conclusion
The past year has seen important new developments both

in our understanding of the etiopathogenesis of SoJRA and

its therapy. Key to these improvements has been recogni-

tion of SoJRA as a unique disease entity that must be

studied separately from other forms of JRA. The patho-

genesis of SoJRA remains under investigation. It is clear

that disease expression is associated with complex altera-

tions in the cytokine profiles of affected children. The

variety of genetic variations associated with an increased

susceptibility to SoJRA suggests that there may not be

a single predisposing genetic abnormality.

The past year has seen further refinement of a variety of

new therapeutic agents including MRA, anakinra, and tha-

lidomide. Appropriate use of these agents maymake it pos-

sible to avoid the morbidity associated with the long-term

use of corticosteroids. As our knowledge of the regulation

of inflammatory processes increases and our ability to reg-

ulate the effects of specific cytokines evolves, the key role

of these processes in many different diseases is becoming

increasingly evident. As our understanding of the etiopa-

thogenesis and treatment of SoJRA expands, there is an

important opportunity to gain further insight into many

other inflammatory illnesses. The next decade should be

a time of rapid evolution in the emergence of newer agents

that continue to target specific cytokine abnormalities.

With early initiation of aggressive therapy, corticosteroid-

related morbidity can be minimized, and the outlook for

childrenwith persistent SoJRA can be dramatically improved.
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Pathogenesis and treatment of Kawasaki’s disease
Rae S.M. Yeung

Purpose of review

Coronary artery damage resulting from Kawasaki’s disease

is the leading cause of acquired heart disease in children in

the developed world. This review highlights advances in our

understanding of the etiology of Kawasaki’s disease, the

immune response leading to vascular damage, potential

biomarkers, and insights into mechanisms of disease

addressed by an animal model. Clinical dilemmas are

discussed in the context of the new American Heart

Association recommendations for the diagnosis and

treatment of Kawasaki’s disease.

Recent findings

Improved understanding of the mechanisms of disease

will assist in identifying predisposed individuals and in

development of more effective therapy. Most investigators

agree that an infectious trigger leads to massive activation

of the immune system, resulting in a prolonged self-directed

immune response at the coronary arteries. The etiology

debate has centered on the nature of and mechanisms

involved in immune activation. Genetic studies have

not provided conclusive answers to these questions.

Mechanistic studies done in animal models have pointed to

specific biologic factors critical for coronary artery damage

and together with studies in children may lead to more

rationally conceived biologically based interventions.

Increasingly, the questions regarding clinical management

address timing of therapy and the management of children

presenting with atypical Kawasaki’s disease. New guidelines

and management algorithms have been proposed by the

American Heart Association to address these concerns.

Summary

Biochemical and phenotypic characterization of Kawasaki’s

disease continues to improve. Answers are closer on

etiology, reliable biomarkers, valid predictors of coronary

outcome, and improved treatment of this syndrome.
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Introduction
Kawasaki’s disease is the commonest cause of multisystem

vasculitis in childhood. Kawasaki’s disease affects children

of all nationalities and its incidence appears to be increas-

ing worldwide. Because of its predilection for the coronary

arteries, Kawasaki’s disease is now recognized as the num-

ber one cause of acquired heart disease in children in the

developed world [1]. One of the most pressing areas of

research in Kawasaki’s disease is unraveling the etiology

and pathogenesis of disease towards improving therapy

and coronary outcome. Our current standard therapy of

high-dose intravenous immunoglobulin (IVIG), together

with aspirin during the acute phase of Kawasaki’s disease,

still results in 5% of affected children developing coronary

artery aneurysms [2]. When adjusted for body surface area,

this number increases to 20% to 30% of children [3]. Per-

sistent structural changes coupled with new findings of

functional abnormalities in both the coronary arterial

and systemic arterial vasculature lead to concerns regard-

ing the risk for premature atherosclerosis in children with

Kawasaki’s disease. I review here the recent advances in

our understanding of the etiology, the immune response,

the vascular damage, correlates to disease models, their

clinical implications, and therapeutic interventions during

the past year in Kawasaki’s disease research.

It is important to note the limitations of many of the

investigations reported in children with Kawasaki’s disease.

Small study numbers have limited power and may not

have the ability to detect clinically important differences.

Additionally, Kawasaki’s disease is an endemic disease

with epidemics. The clinical phenotype may be outbreak

dependent and contribute to the different results from

different investigators at different times in different locales.

Biologic specimens, especially affected coronary arteries, are

not readily available and much data have been generated

from a limited number of autopsy specimens from these

extreme clinical presentations.

Etiology
Since the original description of 50 children with mucocu-

taneous lymph node syndrome by Kawasaki [4,5] in 1967,

much work has centered on identifying the etiologic agent

or agents responsible for disease. Despite the widely held

belief that Kawasaki’s disease is an infectious disease, its

etiology remains elusive. The epidemiology of the disease

suggests infections: endemic disease with epidemics, sea-

sonal predominance in late winter and early spring, geo-

graphic clustering of outbreaks, and cases within clusters

sharing similar clinical features. With each new geographic

outbreak, reports of serologic, tissue culture, and molecular

evidence of specific bacteria and viruses populate the
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literature. Kawasaki’s disease has been linked with many

different etiologic agents ranging from bacteria such as Pro-
prionibacterium, Staphylococcus, Streptococcus, and Chlamydia to
viruses such as Epstein-Barr, parvovirus, and retroviruses,

but no one causative agent has been consistently demon-

strated (reviewed by Yeung [6•]). The etiology debate

has centered on the mechanism of immune activation. Is

the responsible infectious agent a conventional antigen or

a superantigen? Evidence supporting both hypotheses con-

tinues to accumulate.

Some investigators have focused their work on identifying

one specific pathogen or family of pathogens responsible

for disease. One group has identified oligoclonal IgA anti-

bodies present in arterial tissue from three fatal cases of

Kawasaki’s disease [7]. After cloning several prevalent IgA

genes from these samples, synthetic human antibodies were

produced. Using these synthetic antibodies as detecting

antibodies in immunohistochemical assays on tissue from fa-

tal cases of Kawasaki’s disease, positive staining was found in

the respiratory epithelium of 10 of 13 Kawasaki’s disease

cases and none of nine control subjects, as well as in a subset

of macrophages in various inflamed tissue from 17 children

with Kawasaki’s disease [8•]. The authors conclude that

a conventional antigen-driven response leads to Kawasaki’s

disease and the respiratory track is the site of entry for this

pathogen [9•]. Intense interest and debate have recently

centered on a novel human coronavirus found by one group

of investigators in the respiratory secretions of some children

with Kawasaki’s disease. In the original report [10•] on the

New Haven coronavirus, reverse transcriptase polymerase

chain reaction was used to detect the virus in eight of 11

(72.7%) of children with Kawasaki’s disease but in only

one of 22 (4.5%) of control specimens. Others investigators

have not been able to confirm this data (reported at the

8th International Kawasaki Disease Symposium, San Diego,

February 2005), echoing the outbreak-dependent nature of

this syndrome. The longer the search for a single infectious

agent responsible for Kawasaki’s disease, the longer the list

of diverse infectious agents found. The more plausible un-

derlying principle is a shared property, common to multiple

infectious agents and resulting in the same pathogenic pro-

cess leading to the clinical syndrome of Kawasaki’s disease.

One such common feature of many infectious agents is the

presence of superantigenic activity.

Evidence of a superantigen-mediated disease process in

Kawasaki’s disease includes identification of superan-

tigen-producing organisms in, isolation of bacterial super-

antigens from, or finding the hallmarks of superantigen

activation in the immune system of affected children.

Investigators have isolated superantigen-producing bac-

teria from children with acute Kawasaki’s disease,

with a focus on toxic shock syndrome toxin 1 producing

Staphylococcu saureus and pyrogenic exotoxin producingStrep-
tococcus [11–13]. Investigators have also found increased

titers of specific antisuperantigen antibodies, including

those directed against toxic shock syndrome toxin 1

[14], streptococcal pyrogenic exotoxin A [13], and strepto-

coccal pyrogenic exotoxin C [12] in children with Kawasaki’s

disease.

Although the debate continues regarding the mechanism

of initial immune activation, the more likely scenario is

that there is cooperation between different mechanisms

and a final common pathway of immune activation respon-

sible for this clinical syndrome [6•]. All are in agreement

with the massive immune activation observed in the acute

phase of Kawasaki’s disease. A unifying model proposes

that a microbe with superantigenic activity initiates the

massive activation of the developing immune system.

A subpopulation of the superantigen-responsive T cells is

rescued from apoptosis because of interaction with an anti-

gen-presenting cell presenting a conventional peptide anti-

gen and providing costimulation. This peptide antigen may

be derived from self or an infectious mimic of self. The im-

mune response is perpetuated locally where the self-antigen

is found, in this case, the coronary vessel wall. A superan-

tigen-initiated immune response lasts 10 to 14 days. Un-

treated, the acute phase of Kawasaki’s disease lasts 10 to

14 days. T cells rescued by peptide antigens mediate a per-

sistent, low-grade inflammatory response. Children with

Kawasaki’s disease continue to have evidence of systemic in-

flammation for up to 6 weeks and evidence of ongoing mi-

crovascular inflammation in affected cardiac tissue for up to

23 years after having Kawasaki’s disease [15]. Self-antigens

in the coronary arteries direct the localized inflammatory re-

sponse, resulting in damage and aneurysm formation. This

model accounts for all the findings by the proponents of

the superantigen and conventional antigen camps. Thus,

superantigens and conventional peptide antigens work to-

gether to direct a persistent immune response leading to cor-

onary artery damage. Kawasaki’s disease fits nicely in the

spectrum between an infectious disease and a true autoim-

mune disease, with an infectious trigger leading to a pro-

longed self-directed immune response.

Immune response
The immune response in Kawasaki’s disease is wide rang-

ing, encompassing aspects of both innate and adaptive im-

munity (reviewed by Yeung [6•]). Activation of the two

arms of adaptive immunity is present during the acute

phase of Kawasaki’s disease, with evidence showing acti-

vation of T cells and B cells together with significantly

increased proinflammatory cytokine production. Most

prominent and most studied among these proinflamma-

tory cytokines is TNF-a. Many groups have found ele-

vated levels of TNF-a in children with acute Kawasaki’s

disease irrespective of presence or absence of coronary

artery lesions. Several groups have studied promoter poly-

morphisms controlling TNF-a production as possible
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genetic factors involved in susceptibility to Kawasaki’s

disease [16] or as a risk factor in development of coronary

artery lesions [17]. No associations were found. Blocking

TNF-a with soluble anti-TNF monoclonal antibodies

such as infliximab has been successful as salvage therapy

in children with refractory Kawasaki’s disease [18]. Use of

TNF blockade must be entertained cautiously, given the

infectious triggers implicated. We found that 33% of chil-

dren at Kawasaki’s disease diagnosis have a proven infec-

tion. These children are indistinguishable from those

without infections and share similar clinical and laboratory

features, response to treatment, and coronary outcome [19].

The role of interferon-g in Kawasaki’s disease is more con-

troversial. Early studies demonstrated high serum levels of

interferon-g during the acute phase of Kawasaki’s disease.

Some of the same investigators [20] later reported a de-

crease in interferon-g-producing CD4+ T cells during

the acute phase of Kawasaki’s disease. This is in accord

with our own data demonstrating a lack of interferon-g

message by reverse transcriptase polymerase chain reac-

tion during the acute and subacute phases of Kawasaki’s

disease in children. By day 5 of disease, when children

present to hospital and the diagnosis of Kawasaki’s disease

is entertained, interferon-g may have already come and

gone. Interest in the exaggerated peripheral immune re-

sponse has also led to investigation of mechanisms in-

volved in the regulation of the immune response.

Regulatory Tcells appear to be decreased in children with

Kawasaki’s disease [21•]. Affected children have de-

creased levels of CD4+CD25+Treg and Foxp3, a transcrip-

tion factor associated with this subgroup of regulatory

T cells, in the peripheral circulation, compared with con-

trols, suggesting that decreased regulatory/suppressive ac-

tivity may contribute to the exaggerated immune response

seen in the acute phase of Kawasaki’s disease.

Other groups have focused on the innate immune re-

sponse and have found that specific polymorphisms in

the promoter of the CD14 toll-like receptor gene are

associated with coronary outcome in Kawasaki’s disease

[22]. Mannose-binding lectin is another molecule associ-

ated with neutrophils and the innate immune response.

Mutations in mannose-binding lectin are increased in chil-

dren with Kawasaki’s disease compared with healthy chil-

dren and may be associated with coronary artery lesion

development [23]. One study also suggests a relation

between mannose-binding lectin genotype and vascu-

lar stiffness following Kawasaki’s disease [24]. Another

marker of innate immunity is S100A12 (EN-RAGE),

a neutrophil-derived factor that is increased during the

acute phase of Kawasaki’s disease and decreases after clin-

ical response to IVIG therapy [25,26]. The systemic im-

mune response localizes to target tissues with the help

of leukocyte migration signals upregulated by proinflam-

matory cytokines. Studies have found increased levels

of chemokines and chemokine receptors [27], as well

as localized increased expression of adhesion molecules

[28] in the coronary artery lesions during evolution of

Kawasaki’s disease.

Vascular damage
The endothelium plays a central role in the regulation of

normal arterial function. Endothelial dysfunction is the

earliest precursor in the atherosclerotic disease process,

and its presence and persistence in Kawasaki’s disease

patients remain a concern. Nitric oxide is an important

mediator of endothelial function, which can be impaired

by oxidative stress. Several groups have evaluated the role

of nitric oxide and nitric oxide synthase in vascular damage

and in particular endothelial cell function. Some have

found association of this family of molecules with progres-

sion of coronary artery lesions [29•], but others were not

able to confirm these findings [30,31]. Vascular endothe-

lial growth factor (VEGF) is a marker of endothelial acti-

vation and may be elevated in the presence of vascular

damage and the subsequent repair process. VEGF is ele-

vated in acute-phase sera and appears to be related to the

development of coronary artery lesions in Kawasaki’s dis-

ease. There also appears to be a relation between VEGF

and VEGFreceptor gene polymorphisms and coronary out-

come in Kawasaki’s disease [32].

Increased vascular permeability, as measured by a decrease

in serum albumin, increase in water retention, decrease in

serum sodium concentration, and increase in total body

weight, appears to be associated with resistance to IVIG

treatment and poor coronary outcome [33,34]. Functional

abnormalities of the coronary vessels include altered

endothelium-dependent vascular reactivity both at the

coronary vessels [35] and in systemic muscular arteries

[36,37] together with decreased fibrinolytic capacity, an-

other measure of endothelial function [38].

The renin-angiotensin system has also been studied. There

appears to be an association of angiotensin-1-converting

enzyme gene polymorphisms and predisposition to Kawa-

saki’s disease [39,40] but no relation between genetic poly-

morphisms and coronary outcome [39]. Taken together,

structural changes from vascular damage coupled with

persistent functional abnormalities in both the coronary

arterial and systemic arterial beds lead to concerns as to

whether children with Kawasaki’s disease are at risk for

premature atherosclerosis (reviewed by McCrindle [41•]).

The extracellular matrix scaffolding is a critical compo-

nent of the coronary artery. Breakdown of the extracellular

matrix allows reshaping of tissue. There is intense re-

search activity on enzymes involved in regulating the ex-

tracellular matrix. The balance between synthesis and

degradation of the extracellular matrix involves families

of proteases and their inhibitors and influences whether
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a physiologic or pathologic state prevails. Elastin break-

down is the hallmark of aneurysm formation, making the

elastase family of enzymes of particular interest. These

include matrix metalloproteinases with elastolytic ac-

tivity, such as matrix metalloproteinase-2 and matrix met-

alloproteinase-9, and serine elastases including neutrophil

elastase. Matrix metalloproteinase-2 and matrix metallo-

proteinase-9 expression have been detected in coronary

artery aneurysms from fatal cases of Kawasaki’s disease

[42]. Interestingly, increased local matrix metallo-

proteinase activity at the coronary artery is not reflected

in the peripheral blood, where there is no difference in

active matrix metalloproteinase-9 in children with

Kawasaki’s disease compared with febrile or afebrile

controls, although counterintuitively, the tissue inhibi-

tor of matrix metalloproteinase-9 is elevated in acute-

phase serum in children with Kawasaki’s disease [43].

Interestingly, plasminogen activator inhibitor 1, a non-

specific matrix metalloproteinase inhibitor, is elevated

in the peripheral blood of children with Kawasaki’s dis-

ease, and its level appears to be related to poor coronary

outcome [44]. Cystatin C is an inhibitor of elastolytic

cysteine proteases, and decreased activity of cystatin C is

associated with abdominal aortic aneurysms in adults. Chil-

dren with Kawasaki’s disease have lower serum levels of cys-

tatin C, first detected in the acute phase and persisting into

the subacute phase of Kawasaki’s disease, compared with

controls [45].

Animal model of Kawasaki’s disease
Strains of inbred mice develop coronary arteritis in re-

sponse to intraperitoneal injections of lactobacillus casei

cell wall extract (LCWE) [46]. The resultant vasculitis

is similar to Kawasaki’s disease in children and demon-

strates identical histologic changes on light microscopy

and a similar time course to coronary artery disease [47]

and response to IVIG, the same therapeutic agent effec-

tive in children [48]. We discovered a novel superantigen

found within LCWE responsible for development of vascu-

lar disease [47]. This superantigen possesses all the hall-

marks of a superantigen-mediated response, and more

importantly, superantigenic activity directly correlates with

the ability to induce coronary arteritis in mice.

What distinguishes this novel superantigen from other

bacterial superantigens is the presence of localized pro-

duction of interferon-g in affected vascular tissue. Ablation

of interferon-g confirmed that interferon-g regulates the

immune response and surprisingly is not necessary for

the induction of coronary artery disease [49•]. TNF-a usually

works synergistically with interferon-g, potentiating the

others’ cellular responses. Mice with absence of TNF-a ac-

tivity, however, do not develop coronary disease after LCWE

stimulation. Despite a robust systemic T-cell response, there

is neither local inflammation nor vessel wall breakdown in

the absence of TNF-a activity [50]. Interferon-g and

TNF-a play important but divergent roles in the develop-

ment of coronary arteritis in our animal model of Kawasaki’s

disease. My team has identified two important TNF-a-

mediated functions participating in local inflammation and

tissue damage, leukocyte recruitment, and extracellular ma-

trix breakdown. Recent data demonstrate an important role

for T-helper type 1-associated chemokines and adhesion

molecules in leukocyte migration to the coronary artery as

well as matrix metalloproteinase-9 as a central player in ex-

tracellular matrix breakdown [51]. These data are exactly in

accord with the studies in children with Kawasaki’s disease.

Affected cardiac tissue is not readily available in children

with Kawasaki’s disease. In addition to providing diseased

coronary arteries, the animal model is a valuable resource

for answering mechanistic questions and dissecting the path

from systemic inflammation to arterial wall damage.

Diagnosis and management
Increased physician awareness of Kawasaki’s disease has

led to early diagnosis of the disease and treatment of chil-

dren presenting with the classic signs and symptoms. In-

creasingly, the questions regarding clinical management

address timing of therapy and the treatment of children

presenting with fever and fewer than four of the clinical

criteria for the diagnosis of Kawasaki’s disease. Several

studies have addressed the question of early treatment

with IVIG in children presenting with all the classic crite-

ria of Kawasaki’s disease but fewer than 5 days of fever. All

studies found that therapeutic intervention before day 5

or after day 5 of fever does not affect coronary outcome

[52,53]. A recent large Japanese study [54•], with 4731

children treated between days 1 and 4 of fever, compared

with 4020 children treated between days 5 and 9 of fever,

found a slightly increased rate of IVIG retreatment in

those treated early. More importantly, this study, as in

the previous studies, found no difference in coronary out-

come between the two groups. The current American

Heart Association (AHA) recommendations suggest that

in the presence of four of five of the classic criteria for

Kawasaki’s disease, the diagnosis can be made and the

treatment initiated on day 4 of fever, with the first day

of fever counting as day 1 [55••].

Treatment of the child with fever and some but not all the

diagnostic features of Kawasaki’s disease continues to be

an area of clinical concern. Increased recognition of chil-

dren with atypical or incomplete Kawasaki’s disease and

the implications for coronary outcome have led to new

guidelines for the treatment of these children put forward

by the AHA [55••]. Algorithms were proposed to help

guide clinical management of suspected Kawasaki’s dis-

ease in children. The absence of a gold standard for diag-

nosis of Kawasaki’s disease clearly represents a problem

for evidenced-based guidelines. Therefore, the manage-

ment algorithm proposed by the AHA committee of

experts represents informed opinion rather than evidence.
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The guidelines stress a high index of suspicion for Kawa-

saki’s disease in any child presenting with prolonged fever

and incomplete clinical features of Kawasaki’s disease. If

two or three clinical criteria are present together with sup-

portive laboratory findings of Kawasaki’s disease, the AHA

recommends performing an echocardiogram as well as con-

tinued clinical observation, reevaluation, and treatment as

warranted.

Treatment
The efficacy of high-dose IVIG administered as a single

dose in the acute phase of Kawasaki’s disease in reducing

coronary artery lesions is well established [56,57] and is

reviewed by Dummer and Newburger [58•]. Recently,
a meta-analysis confirmed that high-dose IVIG, 2 g/kg, ad-

ministered before day 10 was the optimal therapeutic reg-

imen [59]. Despite appropriate treatment with IVIG,

approximately 5% of children with Kawasaki’s disease de-

velop coronary artery aneurysms and 1% develop giant

aneurysms [2]. When adjusted for body surface area, the

number increases to 20% to 30% of children with Kawasaki’s

disease who develop coronary artery abnormalities [3].

Historically, aspirin has been used at high doses for its

anti-inflammatory effects and at low doses for antiplatelet

properties. High-dose aspirin was the sole therapy for

Kawasaki’s disease in the early years, prior to IVIG. During

the acute phase of Kawasaki’s disease, high-dose aspirin

(80–100 mg/kg per day) is administered together with

high-dose IVIG. High-dose aspirin and IVIG appear to

have additive anti-inflammatory effects. Although the du-

ration of high-dose aspirin therapy varies from center to

center, most North American institutions administer

high-dose aspirin until the child has been afebrile for 48

to 72 hours, reducing to antiplatelet dose (3–5 mg/kg/d)

at that time. There has been much debate about the role

of aspirin in the acute treatment of Kawasaki’s disease.

Recently, investigators have questioned the effectiveness

of high-dose aspirin during the acute phase of Kawasaki’s

disease [60,61]. On a mechanistic level, high-dose and not

low-dose aspirin inhibits nuclear factor-kB nuclear trans-

location [62]. Nuclear factor-kB is a critical transcription

factor in signaling the downstream effects of TNF-a and

many proinflammatory cytokines. AP-1, another transcrip-

tion factor involved in inflammatory cytokine signaling, is

also inhibited by aspirin. Additionally, high-dose aspirin

inhibits dendritic cell maturation and decreases expres-

sion of costimulatory molecules [63], all of which are im-

portant in propagating and intensifying the immune

response. Of recent interest is the role of aspirin in inhib-

iting matrix metalloproteinase activity [64].

Although corticosteroids are the mainstay of treatment

in systemic vasculitis, their use in Kawasaki’s disease is

limited. An early study suggested potential deleterious ef-

fects of corticosteroids when used in the acute phase of

Kawasaki’s disease [65]. In recent years, investigators have

ventured again to study this powerful immunosuppressive

agent. Investigators found in a retrospective review that

inclusion of corticosteroids in the initial treatment regi-

men was associated with a significantly shorter fever du-

ration and lower rate of coronary artery lesions [66]. These

findings are supported by recent studies showing that ste-

roids rapidly decrease systemic inflammatory markers and

proinflammatory cytokines [67] with no adverse effect on

coronary outcome [68,69•].

Conclusion
Kawasaki’s disease is a syndrome complex resulting from

massive activation of the developing immune system by

infectious agents, which initiate a self-directed immune

response in genetically predisposed children. TNF-amedi-

ates leukocyte migration to the coronary arteries and deg-

radation of the vessel wall, leading to aneurysm formation.

The long-term effects of endothelial damage and continu-

ing impairment of vascular reactivity in all children affected

with Kawasaki’s disease, regardless of whether they have

developed coronary artery lesions, are of concern. Encour-

aging progress has been made in our understanding of

Kawasaki’s disease. Harnessing the power of molecular bi-

ology and genetics, together with increased collaboration of

interdisciplinary research teams, will help answer the many

remaining questions in the diagnosis and treatment of chil-

dren with Kawasaki’s disease.
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EDITORIAL REVIEW

The sources of pain in knee osteoarthritis
David T. Felson

Purpose of review

To review the mechanisms for the production of pain in

knee osteoarthritis.

Recent findings

Nociception is produced by stimulation of unmyelinated

and small myelinated fibers in the joint and surrounding

tissue. To produce pain, the stimuli must be either repeated

or spatially clustered. When they reach the spinal cord,

stimuli are subject to two inhibitory effectors: interneurons

and descending central neurons. Inflammation lowers the

threshold for nociception. In the joint, tissues containing

nociceptors include primarily the joint capsule, ligaments,

synovium, bone, and in the knee, the outer edge of the

menisci. Nociceptive stimuli are likely to emanate from one

or more of these locations in people with knee pain.

This review does not cover psychological aspects of pain.

Summary

Nociception in the knee is complex, and the nociceptive

stimuli are related to but fundamentally different from those

producing cartilage loss. Better appreciation for these

processes will facilitate the development of new

treatments.
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Introduction
Pain is the most prominent and disabling symptom of os-

teoarthritis. Whereas much of the focus of osteoarthritis

has been on cartilage loss, there are no pain fibers in car-

tilage and cartilage loss may occur without any accompa-

nying symptoms. To optimally treat this common disease,

an understanding of causes of pain is needed.

There are four essential elements to understanding knee

pain: what structures produce pain inside the knee; how

the nervous system reacts to pain impulses emanating

from the joint; which external stimuli trigger the articular

stimuli and why; and how psychosocial features of the

person affect pain severity and its impact. Although psy-

chosocial factors clearly contribute to pain sensitivity, per-

ception, and magnification, their contributions to pain are

complex and a comprehensive discussion of their relation

to pain is beyond the scope of this review. The interested

reader can get insights elsewhere [1,2]. I focus here on

reviewing the first three elements: nociceptive structures

in the joint, nervous system reactions, and person-related

factors that mechanically trigger nociceptors.

Nociceptors in the knee
Four different types of nerves innervate the joint ranging

from large type 1 and type 2 fibers, smaller myelinated

type 3 fibers, and lastly tiny and slowly conducting non-

myelinated type 4 or C fibers. Group 3 and 4 are high thresh-

old fibers, are the primary nociceptors, and are activated

by noxious movements or manipulation of the joint [3••].
There are two predominant nociceptive neuropeptide

neurons, the isolectin-positive and the calcitonin gene-

related peptide (CGRP)-containing neurons. Other neu-

ropeptides can be identified in each of these kinds of

neurons; substance P is present in half of the CGRP-

positive neurons [4]. Infrequent stimulation of a single

fiber does not produce the conscious sensation of pain.

Rather, both temporal and spatial summation in a popu-

lation of nerve fibers produces the sensation of pain and

correlates with its magnitude. Sensory neurons are excited

in this manner, and in the dorsal horn of the spinal cord

they release CGRP, substance P, or other neuropeptides.

Where in the joint are these nociceptive fibers? There are

four sources of information about the location of sensory

fibers. First, dissections of different animal species have

looked for the anatomic structures of unmyelinated

fibers or tiny myelinated ones. Second, in some studies

structures have been stained for neuropeptides such as
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substance P. Third, two unusual ‘awake’ explorations of

unanesthetized joints have been done with the subject

providing feedback about structures that were sensitive;

and fourth, in recent studies, MRIs of those with and

without joint pain have been compared.

In the anatomic studies, although types 3 and 4 fibers have

been found in most joint structures, they have not been

consistently found in the synovium nor in the inner avas-

cular portion of the meniscus. Also, studies have not found

such fibers in hyaline articular cartilage [5]. Immunohis-

tochemistry staining has shown that fibers containing sub-

stance P are present in most joint structures including the

periosteum, the subchondral bone, and the marrow under-

neath it, the fat pad, the capsule, and even in osteo-

arthritic knees at the junction between the bone and

cartilagewhere erosion channelsmay connect the bonemar-

rows with clefts through the tidemark of the cartilage into

the cartilage substance. That seems to be the only mech-

anism by which cartilage would itself be innervated [6].

In young adults with anterior knee pain, substance P-con-

taining fibers have been found in the lateral retinaculum

of the patella [7], a structure implicated as the source of

pain in these subjects. The nerve status of this retinacu-

lum in controls without knee pain is not well described.

Two studies of awake subjects undergoing arthrotomy [8]

or arthroscopy [9] whose knees remained unanesthetized

have suggested that the most pain-sensitive structures in

the knee are ligament site insertions, synovium, and the

fat pad deep to the patella. Cartilage was not tender. One

investigator actually inserted a probe inside the patella

(which was not terribly painful), but inserting liquid into

the patella caused great pain, suggesting that bone pain

may be caused in osteoarthritis by an increase in bone

pressure.

Magnetic resonance imaging findings and
pain: bone marrow lesions
Magnetic resonance imaging provides the opportunity to

evaluate all structures in a joint including those inner-

vated by nociceptive fibers. Abnormalities in these struc-

tures can be identified and their relation to the existence

and severity of the pain tested. Several studies have com-

pared MRI findings in persons with joint pain vs those
without. Usually all subjects have evidence of osteoarthri-

tis. Bone marrow lesions consisting of poorly delineated

lesions of increased signal intensity on fat suppressed T2-

weighted images have been identified as more frequent in

those with pain than in those without it in a study by

Felson et al. [10]. Also, a study of women in their 40s with

and without knee pain (Sowers et al. [11]) showed that,

whereas tiny bone marrow lesions were not associated with

pain, larger lesions similar to those identified in the study

by Felson et al. were strongly correlated with the presence

of knee pain. A cross-sectional study in persons with tem-

poromandibular joint pain, including subsets with osteoar-

thritis and with internal derangement, showed that the

presence of bone marrow edema identified joints most

likely to painful [12].

Why bone marrow lesions are associated with pain is an

enigma. Bone marrow lesions could reflect intraosseous

hypertension due to poor venous drainage seen in many

patients with osteoarthritis [13]. Indeed, fenestration of

the bone in patients with this syndrome not only lowers

intraosseous hypertension but may lessen pain [14]. His-

tologically, given their brightness on T2 images, suggestive

of water, bone marrow lesions should show pathologic

evidence of increased water, blood, or other fluid inside

bone. On histologic examination, however, bone marrow

lesions show surprising little edema [15,16] but rather

show abnormal bone with excessive fibrosis, small areas

of osteonecrosis, and extensive bony remodeling. This is

a picture most consistent with ongoing bone trauma and

would explain the association of bone marrow lesions with

malalignment [17].

Outside of knee osteoarthritis, a variety of pathologic pro-

cesses generate bone marrow edema findings on MRI [18]

including osteonecrosis, Sudek’s atrophy (reflex sympa-

thetic dystrophy), bone contusion after major trauma,

microfracture, and stress fracture. These lesions are also

found in inflammatory arthritides, where they are thought

to be caused by intraosseous inflammation.

Despite this prior cited evidence, not all studies have

reported an association of bone marrow lesions with knee

pain. One recent study focused only on those with knee

osteoarthritis and pain, and found that the severity of pain

was not significantly correlated with the severity of bone

marrow edema in the painful knee. There were only 50

patients in this study, however, and the pain score

increased with increasing size of bone marrow lesions,

suggesting that the failure to find a significant associa-

tion between bone marrow edema and the severity of pain

might have been due to an inadequate number of sub-

jects. Other studies of MRI findings in those with and

without painful knee osteoarthritis [19] have not

reported such clearcut findings, suggesting that many

structural abnormalities are present in painful knees with

osteoarthritis and that bone marrow lesions are only one

of these.

Other magnetic resonance imaging features
associated with pain
Other MRI features have been linked to pain. The pres-

ence and size of knee effusions are correlated with the

occurrence of pain; synovial thickening on the MRI not

only tends to occur more often in those with pain but

has also been associated with increased pain severity
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[20]. Recently, about 15% of patients with painful knee

osteoarthritis were found to have periarticular lesions such

as tendonitis or bursitis, lesions that were absent in almost

all persons with knee osteoarthritis who did not have knee

pain. This suggests that such soft tissues lesions may ac-

count for a small proportion of pain [21].

One method of evaluating synovitis on MRI was validated

by Fernandez-Madrid et al. [22] and evaluates synovitis on

the sagittal image in the Hoffa’s fat pad area deep to the

patellar tendon. Synovial proliferation at this site has been

found to be associated with knee pain severity [23] and

with effusion.

From articular nociceptor to the central
nervous system
The processing of nociceptive input in the spinal cord is

complex and not completely understood. Two different

functional types of neurons produce nociception. One is

a neuron that produces only nociceptor sensation. Most

nociceptive-specific neurons that extend to the spinal cord

have relatively small receptor fields in the periphery that

bridge both the joint and the deep soft tissue, such as

muscle. The other functional type of neuron that can pro-

duce pain is a wide-dynamic-range neuron that fires in re-

sponse to both innocuous pressure and noxious pressure

and is interpreted as one or the other based on the fre-

quency with which it fires. The receptor fields for

wide-dynamic-range neurons include both the joint and

the overlying skin and cover a wide territory of skin and

joint.

Much of the work documenting the extent of receptor dis-

tribution and the involvement of the spinal cord in pain

processing has been done in animals and emanates from

the laboratory of Schaible [4,24••], who has contributed

at least one recent comprehensive review detailing these

processes. Once a stimulus reaches the spinal cord, the

dorsal root afferent synapses with a spinal cord neuron,

sending the nociceptive input through the spinothalamic

tract rostrally.

The amount of signal reaching the central nervous system,

however, is determined by interactions with two types of

neurons that occur with this peripheral neuron, hetero-

topic inhibitory neurons and descending inhibitory inter-

neurons. Heterotopic stimuli can be produced by neurons

at another site in the body as part of the overall concept of

diffuse noxious inhibitory controls [25]. The other influ-

ence on afferent input is that of a descending inhibitory

system of spinal interneurons that tonically inhibit noci-

ceptive input. Impairment of this tonic inhibition of noci-

ceptive input is thought to play a role in chronic pain

syndromes, such as fibromyalgia, and its role in pain from

osteoarthritis is unknown.

Inflammation plays a critical role in processing nociceptive

input, both peripherally and centrally. In the presence of

inflammation, the input from these nociceptors initially

increases [4]. It is likely that a variety of inflammatory

cytokines participate, including prostaglandins. The net

result of this increased stimulation and the activation of

cytokines is to change the sensitivity of peripheral recep-

tors to nociceptive input. The changes that occur are two-

fold: the receptor field of given sensory neurons enlarges

so that nociceptive input can be produced in a nerve by

a stimulus that previously did not produce nociceptive in-

put there. Plus, the threshold for nociceptive activation

drops. Thus, a stimulus that was previously innocuous

becomes painful. A clinical example would be the ten-

dency for persons with gout to note during a gout attack

that mild skin pressure is painful. Occasionally, the recep-

tor field expands to include the equivalent site on the

other limb, introducing the possibility of bilateral sensitiv-

ity. The central nervous system’s inhibitory influences ap-

pear to increase during inflammation, possibly in an

attempt by the central nervous system to quash the cre-

scendo of nociception.

The relevance of this model of inflammation to osteo-

arthritic pain is not clear. Although some of the tested

animal models are ones in which there is marked inflam-

mation, others show only mild levels of inflammation and

these can also produce increases in nociceptive sensitivity.

It is not clear whether the modest and sometimes incon-

sistent levels and focality of inflammation that occurs in

osteoarthritis are sufficient to produce this enhanced re-

ceptor sensitivity.

There is evidence that in osteoarthritis there is abnormal

sensitivity to pain and noxious stimulation. In a series of

experiments, Le Bars and Villanueva [25] and Ordeberg

[26••] examined 15 patients with painful hip osteoarthritis

and a similar number of age-matched controls and found

that the threshold for pain induction was lower for those

with osteoarthritis. This was present in both unaffected

limbs and affected limbs when blood pressure cuffs were

blown up to a painful level. There was also a tendency to

note sensitivity to innocuous warmth and cold in patients

with painful hip osteoarthritis. These differences between

patients and controls were eliminated by 3 months after

the patients underwent hip replacement. Repeat quanti-

tative sensory testing showed there were no longer any

differences in pain thresholds, and a marked increase in

the thresholds required to induce pain was seen among

those who had hip osteoarthritis, suggesting that whatever

neurologic abnormality existed as a result of hip osteoar-

thritis could be eliminated by replacement of the joint

[26••]. Bradley et al. [27] have confirmed and extended

this work, showing that patients with painful knee osteo-

arthritis have greater pain sensitivity at sites far distant

from the knee than do age-matched healthy controls.
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Factors triggering articular nociceptors:
activity, loading, and knee pain
Evidence is overwhelming that most knee pain, including

that in osteoarthritis, is mechanically based. Pain occurs

with certain activities and not with others, e.g. walking

up and downstairs but not lying in bed. Runners may note

pain running up and down hills but not on level ground.

Tibial osteotomy serves as a natural experiment in which

high levels of loading in a localized area of the joint are

relieved by realigning the bones, distributing load. This

operation often has a dramatic pain-lowering effect, prov-

ing the importance of loading in causing pain. On a less

dramatic level, studies have suggested that persons likely

to develop knee pain have dynamic overloading of the me-

dial compartment of the knee [28•], an increased varus

moment. Also, those with knee pain adopt strategies to

lessen or prevent pain: limping (unloading the painful

limb) and externally rotating their feet during walking,

thereby decreasing their dynamic varus moment [29,30].

Another strategy to lower varus moment is to walk slowly

and this may also lessen knee pain [31].

Factors that increase loading and pain

Although excess loading clearly induces symptoms of knee

pain, not all persons are equally susceptible to pain. Per-

sonal factors that produce excess loading across a joint

tend to increase the likelihood of pain. Obesity has been

related to the occurrence of pain [32]. In a recent popu-

lation-based survey of knee pain, Webb et al. [33•] found
not only that obese persons more often had knee pain but

also that the knee pain they experienced was more often

disabling. Of the disabling knee pain in the community,

36% was attributable to obesity.

Recent data [34] suggest that tall persons are also at

higher risk of getting knee pain than short persons even

given the same amount of structural disease and adjust-

ing for weight. This is probably because of the increased

length of the lever arm in the legs of tall people. The re-

lation of both obesity and height to knee pain suggests

that factors that increase transarticular loading are likely

to produce pain.

Conclusion
Nociception in the knee is complex, and the nociceptive

stimuli are related to but fundamentally different from

those producing cartilage loss. Better appreciation for these

processes will facilitate the development of new treatments.
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Polymorphism in signal transduction is a major route through

which osteoarthritis susceptibility is acting
John Loughlin

Purpose of review

In the last year there has been considerable success in the

identification of genes harbouring susceptibility for primary

osteoarthritis. This report brings the reader up-to-date by

focusing on three of the more compelling finds.

Recent findings

A UK group reported an association of the FRZB gene with

hip osteoarthritis in females. FRZB codes for secreted

frizzled-related protein 3, an antagonist of Wnt signalling.

The Wnt signal transduction pathway is critical for normal

development and is also active in adult tissues. Secreted

frizzled-related protein 3 helps to maintain articular cartilage

and the associated alleles at FRZB reduce the activity of

this important protein. A Japanese group has reported an

association of the asporin gene ASPN with knee and hip

osteoarthritis and an association of the calmodulin 1 gene

CALM1 with hip osteoarthritis. Asporin is a cartilage

extracellular protein that regulates the activity of

transforming growth factor-b. Calmodulin is an intracellular

protein that interacts with a number of proteins involved in

signal transduction. The associated alleles at ASPN and

CALM1 reduce the ability of chondrocytes to express

the genes encoding aggrecan and type II collagen.

Since these are essential structural components of

articular cartilage, the ASPN and CALM1 associations

are predicted to adversely affect the maintenance

of cartilage.

Summary

The FRZB, ASPN and CALM1 results are compelling and

highlight that polymorphism in signal transduction

pathways is a major component of osteoarthritis

susceptibility. This is an exciting observation since signal

transduction pathways are malleable and therefore

potentially amenable to intervention and modification.
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Introduction
There has long been a perception in the primary osteoar-

thritis research community that a major proportion of the

genetic susceptibility for this common disease is acting

through non-synonymous variation in genes encoding car-

tilage extracellular matrix (ECM) structural proteins [1].

The logic is that amino acid substitution in cartilage ECM

structural proteins, such as type II collagen, subtly affects

the capacity of these proteins to provide adequate phys-

ical resilience for the cartilage. This belief principally

evolved from an extrapolation of the genetic causes of the

rare chondrodysplasias. These Mendelian diseases often

present with severe, early onset osteoarthritis as one of

their phenotypic components. De-novo missense muta-

tions within cartilage ECM structural protein genes are

often the cause of these diseases [2–5]. The hypothesis,

therefore, is that amino acid substitution that has a less

severe effect on the functioning of the structural protein

could be a risk factor for common, late-onset primary os-

teoarthritis. Considerable effort has been exercised in

testing the cartilage ECM structural protein genes for

linkage and for association to osteoarthritis. Although some

successes have been reported [6], most reports have pro-

vided little or no evidence to support a major role for amino

acid substitutions in these genes as risk factors for osteo-

arthritis [7,8]. This has led to a rethink on what genes are

likely to encode for susceptibility to primary osteoarthri-

tis. Many investigators are now focusing their efforts on

genes that encode for proteins responsible for the devel-

opment and maintenance of articular cartilage: there has

been a shift away from genes encoding proteins with struc-

tural function towards genes encoding proteins that have

a cartilage regulatory function. This has proven to be a

fruitful move and this review concentrates on three of

the more compelling recent finds: an association to the se-

creted frizzled-related protein 3 (SFRP3) gene, FRZB; an
association to the asporin gene, ASPN; and, finally, an as-

sociation to the calmodulin 1 gene, CALM1. These reports
highlight that polymorphism in signal transduction is a ma-

jor component of osteoarthritis genetic susceptibility.
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FRZB
In 2000, a UK group reported a linkage to chromosome 2q

[9], with subsequent finer mapping narrowing the linkage

to an 8.6 cM interval [10]. The linkage was restricted to

affected sibling pair families concordant for hip osteo-

arthritis, with the ascertainment criteria being the need

for elective hip replacement surgery due to primary osteo-

arthritis. The linkage encompassed eight candidate genes:

the tumor necrosis factor a-induced protein 6 gene,

TNFAIP6 (chromosome 2q23.3); the activin A receptor

gene, ACVR1 (2q24.1); the fibroblast activation protein

a gene, FAP (2q24.2); the integrin alpha 6 gene, ITGA6
(2q31.1); the activating transcription factor 2 gene, ATF2
(2q31.1); the integrin alpha 4, ITGA4 (2q31.3); the SFRP3
gene, FRZB (2q32.1); and the integrin alpha V gene, ITGAV
(2q32.1). The candidates were chosen based on reports of

expression in joint tissue during development or in the

adult. Polymorphic microsatellite markers within or near

to each candidate were genotyped in the 378 probands

from the hip families that had provided the finer linkage

and in 760 age-matched controls. All probands and con-

trols were UK Caucasians. Those microsatellites targeting

TNFAIP6, ITGA6 and FRZB were associated at P < 0.05

[11••]. The TNFAIP6 association was in males and females

whereas the ITGA6 and FRZB associations were restricted

to females. Subsequent database searches identified a nonsy-

nonymous single nucleotide polymorphism (SNP) in

TNFAIP6, two nonsynonymous SNPs in ITGA6 and two non-
synonymous SNPs in FRZB. Initial tests revealed that the

TNFAIP6 and FRZB SNPs were genuine, whereas the ITGA6
SNPs were not real. Genotyping of the TNFAIP6 and FRZB
SNPs in the probands and in the controls revealed associa-

tion to one of the two FRZB SNPs, with a P value of 0.04 in

the female probands. An additional cohort of 338 female hip

cases also showed association to this SNP (P = 0.04). The

FRZB SNPs encode for the substitution of highly conserved

arginine residues. The first SNP is in exon 4 and is a C to T

transition coding for Arg200Trp. The second SNP is in exon

6 and is a C to G transversion coding for Arg324Gly. It was

the G-allele of the exon 6 SNP that was associated with os-

teoarthritis. Females who possessed a copy of both

substituted arginines were at an increased osteoarthritis risk,

with an odds ratio of 3.6 (95% confidence interval [CI] 1.6–

8.3). This risk increased slightly in those females who had

both arginines substituted in the same protein molecule,

with an odds ratio of 4.1 (95%CI 1.6–10.7). A re-examination

of the linkage data revealed that those families harbouring

arginine-substitutedFRZB alleles accounted for the chromo-

some 2q linkage. The investigators had therefore identified

a convincing association of nonsynonymous SNPs in FRZB
with female hip osteoarthritis.

FRZB codes for SFRP3, an antagonist of extracellular Wnt

ligands [12–14]. Wnts are secreted glycoproteins that bind

to membrane-spanning frizzled receptors. The Wnt

signalling pathway has a crucial role in chondrogenesis

[15–17] and SFRP3, which is synthesized by adult artic-

ular chondrocytes, has been shown to control chondrocyte

maturation [18]. Wnt signalling regulates the accumula-

tion of cytoplasmic b-catenin. In the absence of Wnt,

the b-catenin is phosphorylated, ubiquitylated and finally

degraded in proteasomes, whereas in the presence of Wnt,

the b-catenin accumulates, is translocated to the nucleus

and instigates gene transcription. To assess whether the

two FRZB SNPs had any impact on the functioning of

SFRP3, the investigators compared the ability of wild type

SFRP3 and of the Arg200Trp and Arg324Gly substituted

proteins to antagonize Wnt-signalling by the transient

transfection of HEK293 cells [11••]. The wild type pro-

tein efficiently inhibited Wnt activity. However, the

Arg324Gly substitution and the Arg200Trp/Arg324Gly

double substitution showed diminished activity. Further-

more, HEK293 cells transfected with the plasmid con-

taining the Arg324Gly substitution required higher levels

of expressing plasmid to modestly decrease cytosolic and

nuclear levels of b-catenin. These results clearly demon-

strated that the conserved arginines are functionally im-

portant, with their substitution reducing the ability of

SFRP3 to antagonize Wnt signalling.

ANetherlands group very recently genotyped the two FRZB
SNPs in a sample of 1,369 subjects from a population-based

cohort scored for radiographic osteoarthritis in the hip,

hand, spine and knee and in a patient population of 191

affected sibling pairs with symptomatic osteoarthritis at

multiple sites [19••]. Neither SNP demonstrated associ-

ation in subjects with hip osteoarthritis. The G-allele of

the Arg324Gly SNP, however, was associated (P < 0.05)

in individuals with a generalized osteoarthritis phenotype.

This phenotype constituted osteoarthritis in at least two of

four joint sites (hand, knee, hip and spine). This is poten-

tially a very important report, as it represents an independent

replication, albeit in generalized osteoarthritis rather than in

hip osteoarthritis, of the original FRZB association. Replicat-

ing associations for complex traits is extremely important in

that it not only helps to distinguish true positives from false

positives but also provides information regarding the global

relevance of a reported find.

ASPN
Asporin is an ECM protein belonging to the small leucine-

rich proteoglycan (SLRP) family, other members of which

include decorin, biglycan, fibromodulin, epiphycan and

chondroadherin [20–23]. SLRP family members are able

to bind to other structural components of the ECM, such

as collagen. These protein–protein interactions appear to

be mediated by the leucine-rich repeat [24]. Some

SLRPs, such as decorin and biglycan, are also able to bind

to growth factors that reside in the ECM, including trans-

forming growth factor b (TGFB) [20,23]. Based upon

amino acid sequence and gene organization, the SLRPs
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have been subdivided into four classes [25,26]. Asporin is

most similar to decorin and biglycan and is therefore con-

sidered to be a member of class I. Asporin is expressed in

a number of tissues, including adult articular cartilage, and

is coded for by the gene ASPN, which resides on chromo-

some 9q22.31. This region of the genome has not previ-

ously been reported to harbour osteoarthritis

susceptibility in any of the osteoarthritis genome-wide

linkage scans [27•]. Based purely on the functional prop-

erties of asporin and without any prior genetic information

regarding a role for ASPN in osteoarthritis susceptibility,

a Japanese group tested ASPN for association to osteoar-

thritis [28••].

The group initially demonstrated that ASPN was ex-

pressed in osteoarthritis articular cartilage. They then se-

quenced the eight ASPN exons and its flanking regions.

Twenty-one DNA variants were detected, eight of which

had frequencies greater than 5% and were therefore con-

sidered common and potentially able to code for osteo-

arthritis susceptibility. The 8 common variants were

genotyped in a population-based cohort of 371 Japanese

individuals, 137 of whom were diagnosed as having radio-

graphic knee osteoarthritis (mean age of 75.3, 72% fe-

male) whilst 234 were diagnosed as radiographically

unaffected (mean age of 73.6, 61% female). One of the

variants demonstrated association; a triplet repeat within

exon 2 coding for a polymorphic stretch of aspartic acid

residues in the amino-terminal region of asporin. This re-

peat polymorphism was titled the D-repeat after the one-

letter code for aspartic acid and had ten alleles encoding

10–19 D residues. The D14 allele was more common in

the knee osteoarthritis individuals than the unaffecteds

(10.9% versus 4.7% respectively, P = 0.0013, odds ratio =

2.29, 95% CI 1.4–4.4). The D-repeat was subsequently

genotyped in a Japanese case-control cohort of 393 cases

with knee osteoarthritis (mean age of 72.5, 84% female)

and 374 controls (mean age of 28.8, 56% female). The

D14 allele was again associated with osteoarthritis (7.8%

in cases versus 4.8% in controls, P = 0.018, odds ratio =

1.66, 95% CI 1.1–2.5). Combining the two cohorts gen-

erated a P value of 0.00024 (odds ratio = 1.87, 95% CI

1.3–2.6). The investigators finally genotyped the D-re-

peat in 593 Japanese individuals with hip osteoarthritis

(mean age of 58.3, 93% female), which revealed that

the D14 allele was also associated with hip disease (P =

0.0078, odds ratio = 1.70, 95% CI 1.1–2.5). As well as

the association to D14, the investigators also noticed that

allele D13, which has one aspartic acid residue less than

D14, was under-represented in the knee osteoarthritis

and in the hip osteoarthritis individuals. An osteoarthri-

tis-susceptibility allele (D14) and an osteoarthritis-protec-

tive allele (D13) at ASPN had therefore been detected.

The investigators next set out to determine what effect

the D14 and D13 alleles had on the activity of asporin.

They initially demonstrated that asporin inhibited the ex-

pression of the aggrecan gene AGC1 and of the type II col-

lagen gene COL2A1: aggrecan and type II collagen are the

principal structural components of cartilage. The investi-

gators also demonstrated that TGFb induces transcription

of AGC1 and COL2A1 and that asporin interacts with and

inhibits TGFb signalling. This inhibition was particularly

strong for asporin coded for by a D14 allele and signifi-

cantly less so for asporin coded for by a D13 allele. These

functional studies provided a model of how the D-repeat

could influence osteoarthritis susceptibility: asporin natu-

rally inhibits TGFb signalling and therefore regulates the

synthesis of aggrecan and type II collagen, critical struc-

tural components of articular cartilage; this inhibition is

strongest for the D14-coded asporin, leading to insufficient

quantities of aggrecan and type II collagen and therefore

a structurally compromised cartilage; D13-coded asporin

has a weakened TGFb inhibitory effect resulting in a more

structurally resilient cartilage. An important question that

emerges from the Japanese study is whether asporin mod-

ulates the signalling of other members of the TGFb super-

family, such as the bone morphogenetic proteins. These

proteins also regulate cartilage development and can influ-

ence the maintenance of joint tissues [29–32]. Another

outstanding issue, which the Japanese investigators high-

light, is how exactly does the size of the D-repeat influence

asporin activity? Is the effect mediated by alterations in the

conformational structure of the protein or does the repeat

itself bind directly to TGFb?

Overall, the asporin study is genetically and functionally

highly compelling. The association was replicated in inde-

pendent Japanese cohorts and the subsequent studies in

to the activity of D14-coded and D13-coded asporin pro-

vided a logical model through which the ASPN gene can

influence osteoarthritis risk.

CALM1
The group that conducted the asporin study have also car-

ried out a genome-wide association analysis to identify hip

osteoarthritis susceptibility loci in the Japanese popula-

tion [33••]. They initially genotyped and tested for asso-

ciation 71,880 SNPs in 94 individuals with symptomatic

hip osteoarthritis and 633 controls. Two thousand two

hundred and nineteen SNPs demonstrated association

at P<0.01. These positive SNPs were subsequently geno-

typed in an independent cohort of 334 hip cases and 375

controls. Several SNPs demonstrated strong association,

including a SNP located in intron 3 of the calmodulin 1

gene CALM1 (chromosome 14q24-q31). Calmodulin is

an intracellular protein that binds to Ca2+ and interacts

with a number of cellular proteins [34,35]. The associa-

tion at the intron 3 SNP was particularly significant in

those hip cases that had inherited two copies of the asso-

ciated allele (i.e. a recessive effect), with a P value of

0.00065 and an odds ratio of 2.40 (95% CI 1.43–4.02).
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The association was present in both male and female cases,

although most of the cases (94%) were female. The inves-

tigators subsequently analyzed all other common variants

within CALM1 to assess whether the intron 3 SNP was in

linkage disequilibrium with other polymorphisms. This

revealed that the SNP was in strong linkage disequilib-

rium with four other SNPs: an SNP in the core promoter

region of CALM1, two SNPs in intron 1 and a SNP in the

3#UTR. All these SNPs demonstrated strong association

(P # 0.00065) to hip osteoarthritis.

Of the 5 associated SNPs that were in linkage disequilib-

rium, the core promoter SNP was considered the most

likely to have a functional effect on calmodulin 1. The

investigators initially demonstrated that CALM1 was

expressed in human articular chondrocyte. They also

showed higher levels of CALM1 expression in osteoarthri-

tis cartilage compared with normal cartilage. The investi-

gators subsequently assessed the effect that the 2 alleles

of the core promoter SNP had on the expression of

CALM1. This revealed that the associated allele (the T

allele) resulted in reduced transcriptional activity relative

to the unassociated allele (the C allele). The investigators

then demonstrated that calmodulin 1 increases the ex-

pression of the aggrecan gene, AGC1, and of the type II

collagen gene, COL2A1. These functional studies provide

a model of how the core promoter SNP of CALM1 could

influence osteoarthritis susceptibility: calmodulin 1 natu-

rally increases the synthesis of aggrecan and type II col-

lagen in articular cartilage; this synthesis is reduced for

the T-allele, particularly in those individuals who are

TT homozygotes, leading to insufficient quantities of ag-

grecan and type II collagen and therefore a structurally

compromised cartilage.

Because calmodulin 1 and asporin both regulate the ex-

pression of AGC1 and COL2A1, the investigators finally

assessed whether the associated allele at CALM1 (the T

allele of the core promoter SNP) and the risk allele at

ASPN (the D14 allele of the D-repeat) had a combinatorial

effect. This revealed that individuals who had inherited

two copies of the T allele and at least one copy of the

D14 allele were at a particularly high risk of developing

hip osteoarthritis, with an odds ratio of 13.16 (95% CI

1.66–104.06). This makes sense, since both the T allele

of CALM1 and the D14 allele of ASPN lead to a reduction

in expression of AGC1 and COL2A1.

Conclusion
Identifying genes that encode for susceptibility to com-

plex traits is a daunting task, especially for very common

and clinically heterogeneous diseases such as primary os-

teoarthritis; however, a number of breakthroughs have oc-

curred in recent years. This review has focused on three.

What distinguishes these three from other reports is that

the genetic results have been supported by functional

studies. Nevertheless, it is important that each result

be tested in additional cohorts to assess more accurately

the contribution each gene is making to osteoarthritis risk

and to determine whether this risk is restricted to partic-

ular ethnic groups. For FRZB, there has been a second

positive report. It will be particularly interesting to deter-

mine whether the ASPN and CALM1 associations detected
in Japanese have a role in osteoarthritis development out-

side of Asia. The osteoarthritis community is fortunate in

that a number of cohorts have been collected throughout

the world [36•]. It is a priority that each association be

tested in each cohort.

An important factor that links FRZB, ASPN and CALM1 is
that these osteoarthritis susceptibility genes are mediat-

ing their effects through signal transduction pathways.

It is time, therefore, for the research community to update

its thoughts regarding the genetic basis of primary osteo-

arthritis: polymorphisms in genes whose proteins regulate

the development and maintenance of joint tissue are ma-

jor components of osteoarthritis genetic risk. This is an ex-

citing observation since signal transduction pathways are

amenable to modification, opening the door to new treat-

ment development.
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Exercise as a treatment for osteoarthritis
Kim Bennell and Rana Hinman

Purpose of review

This review highlights recent important research, future

directions, and clinical applications for exercise and

osteoarthritis. It focuses on knee osteoarthritis because of

its prevalence and the dearth of research involving other

joint osteoarthritis. The review covers exercise prescription

for symptomatic relief, and its potential role in reducing

development and slowing progression of osteoarthritis.

Recent findings

Meta-analyses support recommendations that exercise is

important in osteoarthritis management. Benefits appear to

be additive when exercise is delivered with other

interventions such as weight loss. Mode of exercise delivery

has cost implications and may influence overall outcome. It

appears that supervised exercise sessions are superior to

home exercises for pain reduction. The challenge remains

to increase the proportion of patients exercising. Areas of

emerging interest are exercise to prevent disease or slow

its progression and recognition of patient subgroups that

may respond differently to treatment. Based on studies

showing a relation between weaker quadriceps strength

and increased risk of developing knee osteoarthritis,

particularly in women, strength training may be able to

prevent knee osteoarthritis. Novel exercise programs that

strengthen hip muscles or alter impairments in knee

neuromuscular control may also influence disease

progression.

Summary

Future studies must identify cost-effective exercise modes,

strategies to maximize exercise compliance and optimal

treatment combinations. The role of muscle strength and

altered neuromuscular control in the prevention and

development of osteoarthritis must be evaluated with the

view to devising and testing novel exercise interventions.
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Introduction
Osteoarthritis is a chronic joint disorder with the knee

most frequently affected [1]. Patients often report pain,

muscle weakness, stiffness, and instability, as well as re-

duced physical functioning. Ultimately, these lead to a loss

of independence and a reduction in quality of life. In the

past, studies have evaluated the role of exercise as a tertiary
prevention strategy (treating pain and disability) but more

recently, its potential role in primary (reducing disease in-

cidence) and secondary (slowing progression to serious dis-

ease) prevention is receiving increasing attention.

The purpose of this review is to highlight recent impor-

tant research, future directions, and the clinical applica-

tion of research findings in the area of exercise and

osteoarthritis. This review focuses on knee osteoarthritis

because of its prevalence [1] and the dearth of research

involving hip and other joint osteoarthritis. This review

will cover: exercise prescription for symptomatic relief

of osteoarthritis, the role of exercise in reducing develop-

ment of osteoarthritis, and the role of exercise in slowing

disease progression.

Exercise prescription for symptomatic relief
of osteoarthritis
As there is currently no cure for osteoarthritis, most re-

search continues to evaluate the use of exercise as a treat-

ment to alleviate symptoms of the disease. Recent

common themes in the literature will be explored in this

section, and the results of studies discussed in relation to

clinical practice.

Clinical guidelines and meta-analyses

Clinical guidelines have been developed by leading bodies

(American College of Rheumatology and the European

League Against Rheumatism) to aid health practitioners

in treating osteoarthritis [2,3]. These recommend exer-

cise therapy to reduce pain and improve function, based

largely on expert opinion and the results of large random-

ized controlled trials evaluating exercise [4–6].

Recent meta-analyses support these recommendations

[7–9]. Two published in 2004 focus specifically on the ef-

ficacy of strengthening [8•] and aerobic exercise [9•] for
osteoarthritis. Twenty-two trials of strengthening exercise

were identified and included isometric, isotonic, isoki-

netic, concentric, concentric–eccentric, and dynamic mo-

dalities. Improvements in strength, pain, function, and

quality of life were noted with muscle strengthening;
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however, there was no evidence that the type of strength-

ening exercise influences outcome. Findings suggest that

the effectiveness of joint-specific strengthening is maxi-

mized when combined with general strength, flexibility,

and functional exercises. Regarding aerobic exercise, 12

trials were identified including walking programs, aquatic

exercises, jogging in water, yoga, and T’ai Chi. Results in-

dicated that aerobic exercise alleviates pain and joint ten-

derness, and promotes functional status and respiratory

capacity. While strengthening appears superior to aerobic

exercise in the short-term for specific impairment-related

outcomes (e.g. pain), aerobic exercise appears more effec-

tive for functional outcomes over the longer term. Differ-

ent exercise types have different effects; thus, an

individualized approach to exercise prescription is recom-

mended, based on presenting symptoms, problems and

the needs of the patient.

Roddy et al. [10••] published evidence-based recommen-

dations for exercise in managing hip and knee osteoarthri-

tis. These recommendations are unique in that they

combine and differentiate expert opinion and research

evidence, as well as address important clinical questions

such as adherence, predictors of response, need for indi-

vidualized exercise prescription, and mode of exercise de-

livery. Recommendations include the following:

(1) Both strengthening and aerobic exercise can reduce

pain and improve function and health status.

(2) There are few contraindications to prescription of

strengthening or aerobic exercise.

(3) Prescription of both general (aerobic fitness train-

ing) and local (strengthening) exercises is an essen-

tial, core aspect of management.

(4) Exercise therapy should be individualized and pa-

tient-centered taking into account factors such as

age, co-morbidity, and overall mobility.

(5) To be effective, exercise programs should include

advice and education to promote a positive life-

style change with an increase in physical activity.

(6) Group exercise and home exercise are equally effec-

tive and patient preference should be considered.

(7) Adherence is the principle predictor of long-term

outcome from exercise.

(8) Strategies to improve and maintain adherence

should be adopted.

(9) Effectiveness of exercise is independent of presence

or severity of x-ray findings.

(10) Improvements in muscle strength and propriocep-

tion gained from exercise programs may reduce

the progression of osteoarthritis.

Unfortunately, many of the recommendations proposed by

expert opinion have not been researched; however, they

provide a valuable framework to guide clinical practice

and future research directions.

Developing specific and novel exercise programs

Osteoarthritis is heterogeneous with regards to associated

symptoms, impairments, and changes in the local mechanical

environment [11]. This has implications for the develop-

ment of novel exercise programs and for tailoring stan-

dardized programs to suit specific patient subgroups.

Traditionally, exercise therapy for knee osteoarthritis has

centered on quadriceps strengthening; however, it appears

that such an exercise strategy may not be the optimal

choice for all patients. For example, functional instability,

the symptom of buckling, slipping, or giving way of the

knee during functional activities, has recently been iden-

tified as a problem in a significant proportion of individ-

uals with knee osteoarthritis. In a cohort of 105 people,

44% reported instability that affected their ability to func-

tion [12•]. Instability is likely to be multifactorial,

resulting from factors such as passive joint laxity, struc-

tural damage, muscle weakness, pain, and altered neuro-

muscular control. Further research needs to examine the

extent these factors contribute to the symptom of insta-

bility in knee osteoarthritis as this will influence treat-

ment strategies utilized. Fitzgerald et al. [13] suggest an

agility and perturbation training program may be effective

by exposing the individual to potentially destabilizing

loads in a controlled manner allowing the neuromuscular

system to adapt to such conditions. The effect of such an

exercise program requires formal evaluation before wide-

spread implementation clinically.

Muscle strengthening is a key component of exercise for

osteoarthritis because of the relation between muscle

weakness and pain and function [14,15]. However, tradi-

tional muscle strengthening exercises may be inadequate

in the subgroup of patients whose strength loss is largely

because of central-mediated or reflex-mediated inhibi-

tion [16]. Instead, more specialized interventions may

be needed to supplement volitional exercise programs.

Identifying muscle inhibition is currently difficult in

a clinical setting; it may be worth considering other inter-

ventions if strength gains with exercise are not as great as

would be expected.

Evaluating the interaction of exercise with

other interventions

Clinical practice generally implements more than one

treatment concurrently for patients with osteoarthritis.

Past research has tended to evaluate exercise therapy in

isolation or in combination with other treatments. How-

ever, for the latter, study design precludes the elucidation

of interaction effects. It is likely that exercise, when com-

bined with other efficacious treatments, maximizes clini-

cal outcome. This is supported by the recent 18-month

randomized, single-blind ADAPT trial [17••]. The re-

sults in 316 overweight and obese individuals with knee

osteoarthritis showed that the combination of modest

dietary weight loss and moderate exercise (aerobic and
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strengthening exercise three times per week) provides

better overall improvements in function, pain, and mobil-

ity than either intervention alone. A similar study design

evaluating exercise and drug therapies in particular is

required.

Mode of delivery

Rising healthcare costs necessitate delivering exercise in

the most cost-effective and efficacious method. A Cochrane

Review compared the effect size of exercise delivered as

individual treatments, supervised group classes, and home

exercise [18]. For pain, comparable medium effect sizes

were observed with individual treatments and group classes,

while a small effect size was evident for home exercise.

Small effect sizes were reported for all modes of delivery

regarding physical function. This suggests that supervised

group or individual treatments are superior to indepen-

dent home exercise.

A ‘minimalist’ approach to exercise intervention seems

ineffective in patients with hip and knee osteoarthritis

[19•]. In a large study, rheumatologists randomly deliv-

ered one of four interventions: patient-administered as-

sessment tools, home exercise, patient-administered

assessment tools plus home exercise, or usual care.

The exercise program aimed to improve joint mobility

and increase muscle power. The rheumatologist pro-

vided an oral explanation of the importance of exercise

and a booklet illustrating the exercises as well as a video-

tape. There was a limited capacity to expand the exer-

cise program. There was no difference in outcome

between interventions. Numerous factors likely contrib-

ute to the ineffectiveness of exercise in this study.

Patients were poorly compliant (only 29–33% met the

specified criterion of adherence) and a standardized ex-

ercise program and dosage was used that may have been

ineffective for such a heterogenous patient group. While

a videotape demonstration of the exercises was pro-

vided, it would appear that technology is no substitute

for personal demonstration and instruction in correct ex-

ercise technique. It is quite possible that many patients

were performing the exercises incorrectly, further reduc-

ing their effectiveness.

Others have studied the effects of supplementing home

exercise with a class-based program [20•]. Patients were
taught home exercises with their intensity individualized

at baseline and reassessed and increased at 4-week and

8-week reviews. In addition, half of the patients were

randomly allocated to undertake an 8-week physiotherapist-

supervised class exercise program. Results demonstrated

that supplementation of a home program with exercise

classes lead to greater improvements in pain and locomo-

tor function at 12 months follow-up. Importantly, this

study demonstrates that the short-term addition of exer-

cise classes to an ongoing home exercise program results in

significant symptomatic benefits in the longer term. Eco-

nomic analyses demonstrated that the additional cost of

the group exercise classes was offset by reductions in re-

source use elsewhere in the healthcare system [21]. Thus,

exercise class supplementation represents a relatively cost-

effective method of maximizing the benefits of a home ex-

ercise program that would otherwise result in only small

benefits of questionable clinical effectiveness.

Improving uptake of exercise in the

osteoarthritis population

Despite evidence of the benefits of exercise in osteoar-

thritis, the challenge remains to increase the proportion

of patients exercising. While there are many barriers to

the uptake of exercise in the osteoarthritis population,

two are of particular importance: recommendation of ex-

ercise to patients by medical practitioners and appropriate

referral to exercise professionals, and compliance by

patients with prescribed exercise programs.

Exercise is under-used by medical practitioners as a treat-

ment strategy for osteoarthritis. A French study surveyed

3,000 general practitioners as to their treatment of a hypo-

thetical knee osteoarthritis patient. [22•]. Less than 15%

of general practitioners reported that they would prescribe

exercise as a first-line therapeutic approach. Perhaps even

more alarming is the finding that bed rest was recom-

mended (2% of general practitioners for less severe oste-

oarthritis and 24% for more severe disease), despite the

lack of evidence for this outdated treatment method. A

survey of osteoarthritis patients in Canada revealed that

only one-third had been advised to use exercise for their

condition [23]; however, 73% reported that they had tried

exercise in the past. Given the large number of patients

who chose to try exercise independently, it is possible that

many failed to consult a professional regarding the most

appropriate exercise to commence. Thus, it is likely that

many patients selected inappropriate exercise programs or

dosages. Coupled with the risk of incorrect technique,

many patients may have failed to achieve any therapeutic

benefit from exercise.

Patient compliance is a key factor in determining outcome

from exercise therapy in osteoarthritis patients. Ettinger

et al. [4] demonstrated a dose-response relation between

compliance and exercise effects. The strongest and most

consistent predictor of compliance in this study was exer-

cise behavior in the previous months of the trial [24], sug-

gesting that the ‘habit’ of exercise is important in

determining future exercise behavior. Similarly, effect

sizes with home exercise drop from medium to small as

self-reported adherence falls [25]. Unfortunately, the ben-

eficial effects of exercise in osteoarthritis last only as long

as the patient exercises, as demonstrated in a follow-up

of 183 patients 6 months after completion of a 12-week

exercise program [26]. Although exercise resulted in
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significant improvements in pain and disability, these

effects were lost 6 months after the exercise program

had ceased.

Another study evaluated the factors that motivate

patients with knee osteoarthritis to join a 12-month trial

comparing strength training and flexibility exercise [27].

Results indicated that social support, the presentation

of an organized exercise opportunity conducted by profes-

sionals, having a partner exercise alongside the patient,

familiarity with the exercise task, and having positive out-

come expectations of exercise were all important. Camp-

bell et al. [28] interviewed knee osteoarthritis patients

who had participated in a physiotherapy trial consisting

largely of home-based strengthening exercises. Patients

were most compliant in the initial period while still seeing

the physiotherapist. However, compliance declined once

therapist contact ceased. Reasons cited as affecting moti-

vation to comply included attitude towards exercise, per-

ceived severity of symptoms (those with more severe

symptoms were most likely to comply), ideas about the

cause of arthritis (those who thought arthritis was the re-

sult of age or ‘wear and tear’ were less compliant) and the

perceived effectiveness of the intervention (high levels of

continued compliance were related to the perception that

physiotherapy is effective and an improvement in symp-

toms was experienced).

The role of exercise in preventing
disease development
Whether exercise can prevent osteoarthritis is unclear but

from a public health perspective, primary prevention is an

area worthy of investigation. It is thought that contraction

of the quadriceps muscle helps to absorb shock at heel

strike [29]. A direct link between impact loading and de-

velopment of osteoarthritis has only been shown in animal

models [30,31]. A potential relation between muscle

strength and disease development was first reported by

Slemenda et al. [32] who found that in women, but not

men, stronger quadriceps muscles reduced the risk of

developing radiographic knee osteoarthritis. Two recent

studies support these results. Hootman et al. [33•] evalu-
ated 3081 community-dwelling adults free of osteoarthri-

tis, joint symptoms, and injuries. Women with a moderate

to high isokinetic quadriceps strength had a 55% and

64% reduced risk of developing hip or knee osteoarthritis,

respectively. The results were less conclusive for men. The

relationships between body composition measured using

dual energy x-ray absorptiometry, and changes in tibial car-

tilage volume over 2 years weremeasured bymagnetic reso-

nance imaging (MRI) in 86 healthy middle-aged adults

[34]. Increased muscle mass was strongly associated with

medial tibial cartilage volume as well as a reduction in the

loss of both medial and lateral tibial cartilage volume.

Body fat was not an independent risk factor for cartilage

loss. These results are consistent with another study also

showing a positive association between muscle size and

knee-cartilage volume [35]. However, co-inheritance

rather than local muscle hypertrophy arising from exercise,

may explain these relationships. In fact, a common genetic

link for these parameters was established in a recent sib-

pair study [36]. Furthermore, in the study by Cicuttini

et al. [34] the relation between tibial cartilage volume

and muscle mass was significant for multiple sites (the

lower limbs, all four limbs, and total body muscle mass)

rather than being isolated to a particular limb that would

support a co-inherited mechanism. Randomized con-

trolled trials are needed to establish whether exercise

interventions designed to increase muscle mass do, in fact,

protect against future hip and knee osteoarthritis.

Role of exercise in slowing
disease progression
Knee load plays a role in disease progression. The external

knee adduction moment generated during walking forces

the knee laterally into varus, compressing the medial joint

compartment. It is one of a few factors known to predict

progression of osteoarthritis in humans [37]. Therapeutic

exercise could have a disease-modifying effect by altering

Figure 1. Suggested algorithm for prescription and delivery of

exercise to patients with osteoarthritis
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knee joint load but whether this effect is positive or neg-

ative is unclear as only indirect evidence exists.

A potential effect of strengthening exercise on disease pro-

gression was first explored in 1999. However, this longitu-

dinal cohort study failed to find a relation between quadriceps

strength and disease progression possibly because of lim-

ited statistical power [38]. Controversy was later triggered

by the unexpected results of another study [39] where

higher baseline quadriceps strength was associated with

a greater risk of disease progression in knee osteoarthritis

patients with malalignment and laxity. In neutrally aligned

and stable knees, there was no relation between strength

and progression. This suggests that exercise may have dif-

ferential effects depending on patient presentation and

highlights the need for specificity of exercise prescription.

Though the focus has been on quadriceps strength, it may

be that other muscles also influence knee load and hence

disease progression. During walking, the abductor and

adductor muscles stabilize the pelvis on the hip joint

and thus weakness may influence pelvic level or toe out

angle during gait thereby increasing the knee adduction

moment [40]. An abstract of a longitudinal cohort study

found that those with a lower external hip adduction mo-

ment (indicating less use of the hip abductor muscles)

had more rapid knee osteoarthritis progression [41].

Greater toe out is associated with a lower adduction mo-

ment and reduces the odds of radiographic progression

[42]. Less is known about the hip adductor muscles in re-

lation to knee osteoarthritis but they may assist in

resisting the knee AM, particularly in a varus malaligned

knee. By virtue of their attachment to the distal medial

femoral condyle, the adductors could eccentrically re-

strain the tendency of the femur to move into further

varus. Yamada et al. [43] found that patients with knee

osteoarthritis had stronger hip adductors compared with

age-matched controls, and that those with more-severe

osteoarthritis had even stronger adductors than their less-

severe counterparts. They hypothesized that this increased

strength may be because greater use of the hip adductors

in an attempt to lower the knee adduction moment. Given

that hip mechanics can alter knee load, hip strengthening

could be a novel intervention for rehabilitation of knee

osteoarthritis patients. This requires further evaluation.

Reductions in muscle strength and proprioception, and

abnormal gait patterns are well described in knee osteoar-

thritis [44–46]. However, there is growing recognition that

other aspects of neuromuscular control, such as muscle ac-

tivation strategies, are also altered. Recent cross-sectional

electromyographic studies have identified differences in

both the timing and amplitude of muscle activity in

patients with knee osteoarthritis compared with healthy

controls [47•, 48, 49••,50•]. Childs et al. [47] found that

the lower limb muscles were activated for 1.5 times longer

in osteoarthritis compared with controls during walking

and stair ascent and descent. Greater muscle co-activation

between the vastus lateralis and the medial hamstrings

was also evident in the osteoarthritis group. Others have

similarly reported increased levels of co-contraction with

greater activation of the hamstrings [49,50]. Lewek et al.
[49] reported that differences in co-contraction levels

comparing osteoarthritis patients and controls were con-

fined to the medial side with similarly high levels of lateral

muscle co-contraction in the two groups. This was associ-

ated with greater medial joint laxity, a higher adduction

moment and more self-reported instability in the osteoar-

thritis group compared with controls. The authors suggest

that frontal plane laxity is localized to the medial side of

the joint in osteoarthritis and that the greater medial co-

contraction is an attempt at stabilization. However, this

strategy is likely to result in greater medial joint compres-

sive loads and thus may hasten disease progression.

These neuromuscular alterations in knee osteoarthritis rep-

resent coping strategies to combat pain, weakness, or local

mechanical changes including joint laxity. While such strat-

egies may have short-term benefits, they may have long-

term negative consequences by altering the distribution

and increasing the magnitude of load and potentially speed-

ing disease progression. This has led to the recommendation

that novel exercise approaches designed to reduce levels

of co-contraction should be developed to address these

neuromuscular changes [47•,50•]. Further research is

needed to identify the patient subgroups most likely to

present with these changes, how these changes can be iden-

tified in the clinical setting, and to develop and test novel

interventions.

Conclusion
To maximize overall patient outcome, an exercise program

incorporating strengthening and aerobic elements together

with other specific exercises based on individual require-

ments is most appropriate. In the future, it is likely that

novel exercise regimes will be developed to address recently

identified neuromuscular changes and impairments associ-

ated with osteoarthritis and having the potential to influ-

ence disease progression. Maximizing compliance is a key

element dictating success of exercise therapy. This could

be enhanced by the use of supervised exercise sessions (pos-

sibly in class format) in the initial exercise period to allow

appropriate patient education regarding benefits of exer-

cise, ensure safe and correct exercise technique, and pro-

vide a supportive social environment for exercise (Fig. 1).

At this early stage, prescription and instruction in tailored

home exercises by a suitably trained professional is also

important. Bringing patients back for intermittent consul-

tations with the exercise practitioner, or attendance at

‘refresher’ group exercise classes may assist long-term

compliance.
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Biomarkers in osteoarthritis
Virginia Byers Kraus

Purpose of review

Biomarker discovery and validation for osteoarthritis have

accelerated over the past several years, coincident with an

evolving understanding of joint tissue molecules and their

complex interactions, and the compelling need for

improved osteoarthritis outcome measures in clinical trials.

This review highlights advances in osteoarthritis-related

biomarker research within the past year.

Recent findings

The studies in the past year involving biochemical markers

in humans can be assigned to one of four categories: new

approaches and new biomarkers, exploratory studies in

specialized disease subsets, large cross-sectional

validation studies, and longitudinal studies, with and

without an intervention.

Summary

Most these studies have examined the association of

a biomarker with some aspect of the natural history of

osteoarthritis. As illustrated by the six studies reviewed here

that included therapeutic interventions, however, several

biomarkers are emerging that display credible association

with disease modification. The expanding pool of

informative osteoarthritis-related biomarkers is expected to

positively impact the development of therapeutics for this

disease and, it is hoped, ultimately clinical care.
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Introduction
The availability of useful biomarkers for osteoarthritis de-

tection and monitoring is dependent on successful discov-

ery and successful validation. The discovery component,

long delayed due to the challenges related to cartilage bio-

chemistry [1], has accelerated over the past several years,

coincident with the slow deciphering of joint tissue mol-

ecules and their complex interactions. The merits and

utility of a biomarker are commensurate with the precision

and clinical relevance of the gold standard criteria used to

validate it. The current standard criteria are radiographic

and are generally regarded as inadequate for biomarker

validation [2••]. Therefore, new tools and criteria for diag-

nosing and measuring the progression of osteoarthritis are

currently under investigation [3], in particular, magnetic

resonance imaging (MRI) modalities [4]. The deve-

lopment of alternative diagnostic technologies is being

impelled by the urgent need arising from efforts to de-

velop therapeutic agents for osteoarthritis [5]. For this

reason, it is not yet possible to fully appreciate the poten-

tialities of biomarkers for osteoarthritis, although steady

progress is apparent.

Although a biomarker is classically thought of as a compo-

nent of a single protein, the genomics revolution has ex-

panded this vision to include RNA, DNA, their fragments,

or a combination or multiplicity of these, to form a distinct

‘fingerprint’ of a disease state. The osteoarthritis-related

biomarker studies in humans in the past year primarily re-

flect a diversity of protein markers, but increasingly it is to

be expected that new candidate biomarkers will arise from

complex proteomic and microarray approaches [6]. For

each osteoarthritis-related biomarker study highlighted

here, the specific number of osteoarthritis patients included

(n), is provided to convey the general scope of the study.

New approaches and new markers
Several studies in the past year are noteworthy for

approaching osteoarthritis biomarker discovery and valida-

tion in a novel way. The various approaches used include

metabolomics, proteomics, quantification of post-translational

modifications, evaluation of autoantigenicity of cartilage-

related proteins, principal-components analysis (a form of

multivariate analysis), and validation against osteoarthritis

features by MRI.

In an approach termed metabolomics, a profile of urinary

metabolites specific to individuals with knee and hip

osteoarthritis (n = 45) has been discerned using nuclear

MR spectra coupled with principal-component discrimi-

nant analysis [7••]. This technique demonstrated lower

concentrations of histidine and methylhistidine, and
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elevations in urinary hydroxybutyrate, pyruvate, creatine/cre-

atinine and glycerol, suggesting altered energy utilization

in osteoarthritis.

In a study using a proteomics approach in which osteoar-

thritis (n = 23) was designated the ‘control’ condition

and compared with rheumatoid arthritis, the S100A8/A9

heterocomplex (referred to also as ‘calprotectin’) distin-

guished rheumatoid arthritis from osteoarthritis patients

[8]. Plasma levels of this inflammatory protein complex

from neutrophils were higher in rheumatoid arthritis

and only in osteoarthritis synovial fluids were synovial

fluid to plasma ratios <1.

In evaluations of post-translational protein modifications,

the glycosylation patterns of two acute-phase proteins,

a1-acid-glycoprotein and a1-antichymotrypsin, have been

shown to differ in patients with active (n = 37) vs inactive
(n = 24) osteoarthritis, although the bases for this clinical

distinction were not reported [9•]. The total concentra-

tions of these two acute-phase glycoproteins did not differ

between the two groups, however. The glycosylation of

these acute-phase glycoproteins takes place in the liver

and is a process controlled by cytokines. Taken together,

these data suggest that the microheterogeneity of acute-

phase glycoproteins, which reflects a difference in glyco-

sylation patterns, is potentially a more sensitive indicator

of systemic inflammatory activity than the absolute con-

centration of these proteins.

Another novel approach has been to look for antibodies to

cartilage-related proteins [10••]. Using whole cell lysates

from articular chondrocytes, a total of 19 autoantigens

unique to osteoarthritis (n = 20) and 22 autoantigens

common to osteoarthritis and rheumatoid arthritis were

detected. One of the autoantigens unique to osteoarthritis

was identified as a triosephosphate isomerase glycolytic

enzyme. Serum antibodies to triosephosphate isomerase

were five times more common in osteoarthritis (n = 93,

25% antibody prevalence) than in rheumatoid arthritis,

systemic lupus erythematosus, or control patients. The

presence of anti-triosephosphate isomerase antibodies

was associated with lower radiographic grades of osteoar-

thritis, suggesting that these autoantibodies were related

to early phases of the disease. Moreover, the presence of

antibodies in synovial fluid appeared to be unique to os-

teoarthritis. This is a very promising study of autoimmune

profiles in osteoarthritis samples and warrants further in-

vestigation of extracellular matrix proteins, in addition to

the intracellular chondrocyte proteome probed here.

In a subset of the ECHODIAH cohort of hip osteoarthritis

patients (n = 376), principal-component analysis of base-

line data was effectively used to identify independent

clusters of osteoarthritis-related biomarkers [11••]. The
10 biomarkers segregated into five different clusters,

which the authors speculated were representative of dif-

ferent pathophysiologic processes in osteoarthritis: carti-

lage degradation and bone turnover (urinary C-terminal

cross-linking telopeptide of collagen type II or uCTX-II,

N-propeptide of collagen type I, and urinary C-terminal

cross-linking telopeptide of collagen type I); synovitis

(cartilage oligomeric matrix protein or COMP, N-propeptide

of collagen type III, and hyaluronan); systemic inflam-

mation (high-sensitivity C-reactive protein or hsCRP,

and serum human cartilage glycoprotein 39 or YKL-40);

matrix metalloprotease-1; and matrix metalloprotease-3.

In addition, pain was significantly associated with

uCTX-II and hsCRP, joint inflammation with COMP,

and uCTX-II with radiographic signs of joint damage. This

type of approach has been used successfully in osteoarthri-

tis model systems previously [12] and, as illustrated here,

offers an effective approach to using biomarkers in combi-

nation in studies in humans.

King et al. [13•] investigated associations of structural

characteristics of articular cartilage by MRI and bio-

markers. COMP was negatively associated with cartilage

volume, and serum collagenase-generated neoepitope of

type II collagen (C2C) was positively correlated with car-

tilage T2 (a measure of cartilage network organization and

water content). Although it was a small pilot study of knee

osteoarthritis patients (n = 16), it suggests a relation of

these osteoarthritis-related biomarkers and the molecular

processes of cartilage degeneration. It also surely heralds

many more studies to come assessing alternatives to plain

radiography.

New markers

Three new markers, all related to collagen II, are high-

lighted here: coll2-1 and its nitrated form [14,15•], uri-
nary type II collagen helical peptide (HELIX-II) [16•],
and serum procollagen type IIA amino terminal propep-

tide (PIIANP) [17•,18]. In a study of knee osteoarthritis

patients (n = 75), an increase in urinary collagen II epitope

and its nitrated form over 1 year correlated negatively with

the 3-year change in medial joint space width, although the

mean values for osteoarthritis and controls were not given

[14]. The nitrated form of collagen II epitope in serum of

osteoarthritis patients (n = 217) correlatedwith hsCRP, sug-

gesting that this marker may reflect systemic inflammation.

Overall, these studies provide a comprehensive example of

the evaluation of the performance metrics of a biomarker

[15•]. The new HELIX-II peptide biomarker, indicative of

type II collagen degradation, was increased 56% in patients

with knee osteoarthritis (n = 90) compared with healthy

controls [16•]. Patients with increased levels of both urinary

HELIX-II and uCTX-II had the highest risk of progression

in a parallel rheumatoid arthritis group (odds ratio 17.5).

A third collagen biomarker for which a specific immunoas-

say has been recently developed is PIIANP, which reflects
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synthesis of a collagen II splice variant expressed in fetal

cartilage, fracture callus, and osteophytes. Recent studies

of this biomarker (n = 43) [17•,18] confirmed previous

indications [19] of a state of low collagen II synthesis in

knee osteoarthritis patients compared with controls.

Exploratory studies

To date, attempts to differentiate specialized disease sub-

populations of osteoarthritis patients using biomarkers

have met with varied success. These studies are generally

small and lack assessment of statistical power with which

to judge the veracity of negative results. In addition, few

of these studies account for confounding of biomarker

levels by osteoarthritis at other sites. Conrozier et al.
[20] readily assert these limitations in their study show-

ing no difference in serum biomarkers (hsCRP, COMP, tis-

sue inhibitor of matrix metalloproteinase-1, hyaluronan,

Type-1 procollagen or CP-1, serum c-terminal cross-linking

telopeptide of type N collagen or S-CTX-I, and matrix

metalloproteinase-1) in atrophic (n = 25) compared with

hypertrophic (n = 25) hip osteoarthritis. Silvestri et al.
[21] compared erosive and nonerosive hand osteoarthritis

(n = 59), and although erosive osteoarthritis showed

wider variation in degenerative biomarkers (Col2-3/4 short

and C2C) and a narrower range of a repair epitope (CS846)

compared with nonerosive disease, differences between

subsets were not significant. Although the patients were

free of clinical hip or knee osteoarthritis, osteoarthritis

of the spine was not assessed. Similar problems are en-

countered in a recent study of temporomandibular joint

osteoarthritis (n = 12) demonstrating a higher pyridino-

line/deoxypyridinoline ratio in osteoarthritis patients [22],

but no association of these bone turnover biomarkers with

bilaterality of disease or specific disease features. Although

systemic osteoarthritis was said to be excluded, the criteria

on which exclusions were based were not given.

Cross-sectional studies

Several well-controlled cross-sectional studies, estab-

lishing solid relationships of particular biomarkers with

various aspects of osteoarthritis, have been published

[23••,24••,25•,26•] or reviewed [27•] in the past year.

These studies demonstrate the importance of assessing

a biomarker for osteoarthritis in a diverse population to

evaluate effects of age, gender, and ethnicity as well as os-

teoarthritis status. A role for serum hyaluronan as a poten-

tial biomarker of radiographic changes was recently

supported in a population-based study (n = 455) [23••].
In addition to associations with osteoarthritis, serum hya-

luronan levels varied by ethnicity, sex, and age and were

not explained by radiographic osteoarthritis, body mass in-

dex, or comorbidities.

Studies of uCTX-II in patients with advanced osteoar-

thritis (n = 88) confirmed elevated levels due to knee

osteoarthritis and, for the first time, elevated levels due

to hip osteoarthritis compared with clinically unaffected

elderly controls [25•]. This study is a nice demonstration

of the use of receiver operator characteristic curves for

establishing optimal biomarker cutoff values, demonstrat-

ing that the sensitivity and specificity of uCTX-II were

higher in the hip osteoarthritis group. Another uCTX-II

study illustrated the impact of the total body burden of

osteoarthritis on the levels of a systemic biomarker,

uCTX-II (n = 267) [24••]. Although hip osteoarthritis

was not quantified, osteoarthritis in each of three other

sites — lumbar disks, the knees, and hands— contributed

independently and additively to uCTX-II levels. This

study establishes the potential for additive contributions

of different joint sites to the levels of a biomarker and illus-

trates the potential for improvement in biomarker valida-

tion provided by precisely accounting for the total body

burden of osteoarthritis.

Severity of pain, but not extent of osteoarthritis, was as-

sociated with higher hsCRP levels in a group of patients

with advanced osteoarthritis (n = 770), although use of

nonsteroidal anti-inflammatory drugs (NSAIDs) was very

common in this cohort [26•] and may have influenced car-

tilage degeneration, as shown in a study by Gineyts et al.
[28••]. Although, hip, knee, and hand radiographs were

obtained, the spine was not assessed and may have con-

founded the biomarker analyses.

Longitudinal studies

No interventional longitudinal trials can provide valuable

insights regarding the natural history of osteoarthritis pro-

gression and the dynamic range of a biomarker. Interven-

tional trials provide information on the potential for

change in a biomarker and its relation to a primary out-

come measure. Several biomarkers have been associated

with osteoarthritis progression including hsCRP, hyalur-

onan, COMP, and collagen II fragments (reviewed by

Lohmander and Felson [29]). Studies in the past year that

have contributed to this understanding are highlighted

here.

The population-based Rotterdam study convincingly estab-

lished that high uCTX-II levels were associated with the

prevalence and progression of hip (n = 123) and knee

(n = 237) osteoarthritis tracked over an average of

6.6 years in the context of a population-based study

(n = 1235) [30•]. A second study of knee osteoarthritis

patients (n = 115), in which COMP was measured seri-

ally every 6 months, provided evidence for episodic rather

than linear progression of osteoarthritis [31••]. The

authors showed that the probability of knee osteoarthritis

progression increased as the mean of two COMP values,

obtained 6 months apart, also increased. They suggested

that baseline COMP data could provide an indication of

likely progression over the next few years. In addition,
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COMP levels rose dramatically and remained elevated for

up to 1 year following joint replacement surgery (n = 16).

Although characterized as unexpected, this finding may

have reflected enhanced expression of COMP by osteo-

blasts, cells known to express COMP [32], during the

course of bone remodeling and healing. A third study mea-

sured biochemical markers in the serum (hyaluronan,

COMP, pentosidine, YKL-40, matrix metalloproteinase-13,

matrix metalloproteinase-9, and tissue inhibitor of matrix

metalloproteinase-1) in knee osteoarthritis patients

(n = 89) twice over an average of 2.9 years. This study

demonstrated that baseline serum hyaluronan and pento-

sidine correlated with joint space narrowing [33•].

Nonpharmacologic intervention

The Arthritis, Diet, and Activity Promotion Trial (ADAPT)

included evaluation of serum leptin [34••] and other serum

biomarkers [35••] during the course of an 18-month inter-

vention in overweight or obese individuals with knee oste-

oarthritis (n = 316) [36••]. This carefully done, randomized

controlled clinical trial demonstrated improvement in

function, pain, and mobility in response to diet-induced

weight loss and exercise [36••]. Baseline serum leptin

level predicted weight loss, and the lower the baseline

leptin level, presumably indicating less leptin resistance,

the greater the subsequent weight loss in response to

the intervention. Moreover, the amount of weight loss

correlated with the magnitude of change in serum

leptin. Significant reductions were also noted for hsCRP,

interleukin-6, and soluble tumor necrosis factor receptor 1

in response to the weight loss or weight loss and exercise

interventions. None of the biomarkers changed in re-

sponse to exercise alone, illustrating the inherent diffi-

culty of finding the appropriate biomarkers for a particular

intervention. The fact that ‘one size does not fit all’ points

out the necessity of understanding the treatment pathway

to develop appropriate biomarkers of response.

In a naturally occurring intervention, human T-lymphotropic

virus-1 carriers with knee osteoarthritis (n = 22) demon-

strated increased inflammatory activity in synovial fluid

relative to noncarriers (n = 58), including elevations in

C-terminal parathyroid hormone-related peptide, soluble

interleukin-2 receptor, interleukin-6, and deoxypyridinoline

[37]. It was not possible to determine whether the synovial

fluid biomarkers originated from the joint or the circulation.

Because symptoms were not reported, it was not possible to

assess the clinical relevance of these biomarker alterations.

Pharmacologic intervention

The current hope is that biomarkers will facilitate the pro-

cess of drug development by providing cost-effective and

sensitive early indicators of a drug’s effectiveness. High-

lighted here are four recent trials incorporating biomarkers

as secondary outcomes.

In a glucosamine trial for knee osteoarthritis (n = 212),

there was no significant difference in the uCTX-II re-

sponse in the placebo and glucosamine-treated groups

[38•]. A considerable overlap (extent not reported) in

uCTX-II values between knee osteoarthritis patients

and healthy controls was attributed to probable subclinical

osteoarthritis in the control group despite lack of clini-

cal symptoms. Patients defined as high risk (uCTX-II

levels 1 SD above the mean of a control group), however,

showed the greatest diminution in uCTX-II over a 3-year

period in response to glucosamine. In another study, albeit

in rheumatoid arthritis patients, early diminution in

uCTX-II in response to therapy reflected the long-term

preservation of hyaline cartilage [39]. These studies indi-

cate that an osteoarthritis biomarker may facilitate the iden-

tification of patients with high cartilage turnover and the

potential for a greater therapeutic response to disease-

modifying agents.

In a second trial, supplementation with soy protein for

3 months, compared with milk protein, decreased knee

osteoarthritis (n = 135) pain and limitation to exercise,

decreased serum YKL-40, and increased serum insulin-

like growth factor-1 [40•]. These responses were confined
pto the men, who comprised half the study partici-

pants. These interesting biomarker alterations lent cre-

dence to the subjective clinical outcomes and provided

objective evidence in support of further studies of this

intervention.

Although NSAIDs have not necessarily been considered

disease-modifying agents for osteoarthritis, a 6-week trial

of ibuprofen (2400 mg) prevented significant elevations

in uCTX-II compared with placebo treatment for knee os-

teoarthritis (n = 201) [28••]. A similar trend was observed

for the urinary biomarker, Glc-Gal-pyridinoline, reflecting

synovial degradation. It was not possible to determine

whether the ability of NSAIDs to prevent uCTX-II eleva-

tions resulted from a direct effect on joint tissue metab-

olism, or an alteration of synovial or systemic clearance, or

a combination of both mechanisms. These findings under-

score the potential for significant alterations in a least one

osteoarthritis-related biomarker by commonly prescribed

NSAID therapy, suggesting that NSAID therapy may be

a potential confounder in clinical trials testing other ther-

apeutic agents for osteoarthritis.

Finally, a fourth trial evaluated biomarkers proximal to the

signal osteoarthritis joint by measuring synovial fluid bio-

markers in response to intra-articular injections of hyalur-

onic acid [41]. The injections reduced synovial fluid

levels of both intercellular adhesion molecule-1 and

vascular cell adhesion molecule-1 in patients with knee

osteoarthritis (n = 40), providing a possible rationale for

anti-inflammatory effects of hyaluronan therapy in knee

osteoarthritis [41].
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Conclusion
The advent of improved and novel diagnostic technolo-

gies, and the insights provided by osteoarthritis-related

biomarker studies, constitute a paradigm shift in the

method of defining osteoarthritis. The burgeoning of a rich

osteoarthritis-related biomarker pool is cause for optimism

that biomarkers will be able to facilitate the validation of

therapeutic interventions in clinical trials and speed the

approval and adoption of new therapies.
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Nutritional factors and osteoarthritis: recent developments
Timothy E. McAlindon and Beth Anne Biggee

Purpose of review

The role of nutrition and nutritional supplements in the

development and progression of osteoarthritis is now

a topic of considerable public, industry, and academic

interest. This review focuses on how the evidence for a role

of nutritional factors or nutritional supplements in the

management of knee osteoarthritis has been changed by

recent research.

Recent findings

Recent studies include clinical trials of weight loss and

exercise as interventions for osteoarthritis of the knee, the

elucidation of mechanisms of oxidative stress on the

chondrocyte genome, further study of vitamin C

supplementation in an animal with spontaneous

osteoarthritis, and further clinical and pharmacodynamic

evaluations of glucosamine and chondroitin sulfate.

Perplexing findings among these studies include the

deleterious effects of vitamin C on osteoarthritis in the

Hartley guinea pig, the low levels of glucosamine achieved

in serum after an oral dose, recent negative clinical studies

of glucosamine, and the heterogeneity of results among

glucosamine trials.

Summary

With an intensification of research in this field come new

clinical and basic science data, sometimes with surprising

results. These confirm the considerable potential for a role

of nutritional interventions for osteoarthritis, but they

emphasize the need for systematic scientific evaluation of

the claims made for such products.
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Introduction
There is enormous public interest in the relation between

diet and arthritis. The over-the-counter consumption of

nutritional remedies remains substantial, with glucos-

amine and chondroitin together ranking third among all

top-selling nutritional products in the United States,

and annual sales amounting to $369 million [1]. At the

same time, there has been considerable development of

the research agenda with progress in diverse fields ranging

from the clinical efficacy of weight loss to the genomic

effects of oxidative stress in chondrocytes.

Weight loss
Excessive body weight places people at considerably in-

creased risk for osteoarthritis, especially in the knee joints

[2]. Although much of the risk is likely to be mediated by

biomechanical factors, there are data to suggest that other

systemic effects, perhaps dietary or metabolic, may medi-

ate some of this association [3,4].

On the basis of these observations, weight loss is consid-

ered to be a priority in the management of overweight

individuals with osteoarthritis; however, relatively few

rigorous studies have tested weight loss as a therapeutic

intervention. The recent Arthritis, Diet, and Activity Pro-

motion Trial is therefore significant in examining whether

long-term exercise and dietary weight loss are effective

interventions for functional impairment, pain, and de-

creased mobility in older overweight individuals with knee

osteoarthritis [5••]. It showed that diet-induced weight

loss needs to be combined with exercise as an effective

intervention for knee osteoarthritis.

The investigators recruited 316 adults with knee osteoar-

thritis and a body mass index of at least 28 kg/m2, and ran-

domized them to one of four interventions: healthy lifestyle,

diet only, exercise only, and diet plus exercise. The primary

outcome was self-reported physical function as measured by

the Western Ontario and McMaster Universities Osteoar-

thritis Index (WOMAC). Secondary outcomes included

weight loss, 6-minute walk distance, stair-climb time, and

WOMAC pain and stiffness scores. In all, 80% of the partic-

ipants completed the 18-month study. Adherence ranged

from 60% (exercise only) to 73% (exercise plus diet). The

main finding of the trial was that only the combination of

dietary weight loss with exercise resulted in significant

long-term benefits for pain and physical function. The diet-

only group lost more weight than did the exercise-plus-

diet group (4.9% compared with 1.2%) but did not improve

more on the functional or mobility measures.
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A more recent study by Christensen et al. [6••] contrasts
with the Arthritis, Diet, and Activity Promotion Trial in

both its design and its conclusions. On the basis that

weight loss might relieve knee osteoarthritis symptoms

through both biomechanical effects and influences on

body fat, these authors set out to test the effectiveness

of a rapid diet-induced weight loss intervention on over-

weight individuals with knee osteoarthritis [7]. They en-

rolled 96 people (mostly women) with knee osteoarthritis

into a comparison of a low-energy diet intervention (3.4MJ/day)

with a control diet (5 MJ/day). The low-energy-diet inter-

vention consisted of a nutrition powder taken as six daily

meals. The control intervention consisted of a traditional

hypo-energetic high protein diet. The low-energy group

also had weekly dietary sessions, whereas the control

group was given a booklet describing weight loss practices.

The primary outcome was self-reported pain and physical

function limitation measured by the WOMAC index. The

authors also examined changes in body weight and body

composition as independent predictors of changes in knee

osteoarthritis symptoms.

There were 9 dropouts, mainly resulting from noncompli-

ance; however, this seemed to be nondifferential, so the

authors performed an analysis based on completers. The

low-energy-diet group lost considerably more weight than

did those in the control group (11.1 compared with 4.3%),

with a mean difference of 6.8% (95% CI 5.5–8.1%). The

low-energy diet group also loss 2.2% more body fat

(95% CI 1.5–3.0%).

These results demonstrated substantially greater falls in

WOMAC scores among the low-energy intervention

group. The mean between-groups difference for the total

WOMAC index was 219.3 mm (P = 0.005). Oddly, this

was not reflected in the Lequesne Index assessment,

which detected no between-groups difference. In subsid-

iary analyses the authors estimated that the ‘Number

Needed to Treat’ to obtain an improvement in WOMAC

score of 50% or greater in at least one patient was 3.4.

They also found that the changes in WOMAC score were

best predicted by reduction of body fat, with a 9.4%

improvement in WOMAC score for each percent of body

fat reduced (P = 0.0005).

These results indicate that rapid and substantial weight

loss may, by itself, translate into reduced pain and improved

function in overweight patients with knee osteoarthritis;

however, some caution needs to be exerted in interpreting

the results. The long-term effectiveness of this short-term

intervention is uncertain. The participants were very heavy

(mean body mass index 36 kg/m2), and the results may not

be generalizable to a less overweight population. The effect

of censoring from the analysis the participants who discon-

tinued the intervention is also uncertain, notwithstanding

the authors’ assertion that the groups remained balanced.

The study was also essentially unblinded, which may also

have led to between-groups biases.

Nevertheless, these data are of considerable interest and

underscore a need for further research into potential ben-

efits from more extreme weight reduction interventions.

For example, preliminary results from a study of musculo-

skeletal symptoms among morbidly obese patients under-

taking gastric bypass surgery showed a 52% reduction in

the number of symptomatic sites, and an approximately

50% reduction in WOMAC score, 6 to 12 months after

the procedure [8•].

Antioxidants
Recent work on the impact of oxidative stress on cartilage

has also added insights into the biologic mechanisms of

osteoarthritis progression. Yudoh et al. [9] studied this

issue from the viewpoint of genomic instability and repli-

cative senescence in human chondrocytes. They isolated

chondrocytes from the articular cartilage of patients with

knee osteoarthritis and measured oxidative damage histo-

logically by immunohistochemistry for nitrotyrosine. They

then assessed cellular replicative potential, telomere in-

stability, and glycosaminoglycan production both under

conditions of oxidative stress and in the presence of an an-

tioxidant (ascorbic acid). Similarly, in the tissue cultures

of the articular cartilage explants, they measured the pres-

ence of oxidative damage, chondrocyte telomere length,

and loss of glycosaminoglycans in the presence or absence

of reactive oxygen species, or ascorbic acid.

They found lower antioxidative capacity and stronger

staining of nitrotyrosine in the osteoarthritic regions than

in the normal regions within the same cartilage explants.

This correlated with the severity of histologic damage.

During continuous culture of the chondrocytes, the telo-

mere length, replicative capacity, and glycosaminoglycan

production were all decreased in the presence of oxidative

stress. By contrast, treatment with ascorbic acid resulted

in greater telomere length and replicative lifespan in the

cultured chondrocytes. In the tissue cultures of the car-

tilage explants, chondrocyte telomere length and glycos-

aminoglycan production in the cartilage tissue subjected

to oxidative stress were lower in than in the control

groups. Conversely, chondrocytes cultured with ascorbic

acid showed a tendency to maintain the chondrocyte telo-

mere length and glycosaminoglycan production. These

results suggest that oxidative stress induces chondrocyte

telomere instability and catabolic changes in cartilage ma-

trix structure and composition. This may be a contributory

process in the development or progression of osteoarthritis.

Vitamin C
There are numerous reasons to expect that vitamin C

might have beneficial effects in osteoarthritis, so the
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results of a recent study of the effects of ascorbic acid sup-

plementation on the expression of spontaneous osteoarthritis

in the Hartley guinea pig are surprising [10•]. This rigorous
investigation tested the effects of three doses of ascorbic

acid on the in-vivo development of histologic knee osteoar-

thritis. The low dose represented the minimum amount

needed to prevent scurvy. The medium dose was the

amount present in standard laboratory guinea pig chow

and resulted in plasma levels comparable with those

achieved in a person consuming five fruits and vegeta-

bles daily. The high dose was the amount shown in a pre-

vious study of the guinea pig to slow the progression of

surgically induced osteoarthritis.

The authors found a positive association between ascorbic

acid supplementation and the severity of spontaneous os-

teoarthritis. In fact, there was a dose-dependent increase

in all elements of the knee joint histologic scores across

the three arms of the study. Furthermore, there was a sig-

nificant correlation of histologic severity score with plasma

ascorbate concentration (r= 0.38, P= 0.01). They found

a positive correlation of osteoarthritis severity with syno-

vial fluid cartilage oligomeric matrix protein (a cartilage

biomarker) and with collagen content. Transforming

growth factor (TGF)-b is implicated in the pathophysiol-

ogy of osteoarthritis, and ascorbate may function on an

activator of this cytokine; therefore, the authors also

immunostained the histologic sections by use of a TGF-b–

specific antibody. There was evidence of active TGF-b,

predominantly expressed in marginal osteophytes.

Thus, there was a deleterious effect of prolonged ascorbic

acid exposure in the Hartley guinea pig model of sponta-

neous osteoarthritis, possibly mediated by TGF-b. The

authors suggest that ascorbic acid intake in humans should

not be supplemented above the currently recommended

dietary allowance (90 mg/day for men and 75 mg/day for

women) [10•].

Although these findings are compelling, it remains uncer-

tain to what extent they can be generalized to the human

situation. It is paradoxical that an apparently beneficial ef-

fect of dietary vitamin C was found in the Framingham co-

hort study, notwithstanding the problems associated with

such observational studies [11]. Also, the effects observed

in this experiment may be unique to vitamin C and do not

preclude the possibility of a therapeutic role for other

antioxidants. Thus, the situation predicates a need for fur-

ther studies of antioxidants and vitamin C in humans.

Vitamin D
Bone is not structurally normal in osteoarthritis. The peri-

articular bone exhibits increased turnover, decreased bone

mineral content and stiffness, and decreased numbers of

trabeculae. The increased turnover of collagen is reflected

in alterations in biomarkers and bone mineral density.

High bone mineral density at nonjoint sites is associated

with an increased risk of osteoarthritis; however, low bone

mineral density and high bone turnover seem to be asso-

ciated with more rapid progression [12].

These factors predicated a recent study of the relation of

antiresorptive drug use to structural findings and symp-

toms of knee osteoarthritis [13]. This study examined

the cross-sectional association between use of medica-

tions that have a bone antiresorptive effect with structural

features and symptoms of knee osteoarthritis among par-

ticipants in the Women in the Health, Aging and Body

Composition Study. The investigators found that the

use of alendronate, estrogen, or both was associated with

decreased structural lesions and lower pain scores [13]. As

pointed out by Demarco and Constantinescu [14], how-

ever, they did not discuss in the original report what influ-

ence vitamin D supplement use had on these associations.

Carbone et al. [15] therefore reanalyzed their results to

adjust for a possible effect of vitamin D. They did not

include serum 25(OH)D levels, however, and were there-

fore confined to an analysis of vitamin D supplement use

as the exposure variable. This variable was not associated

with structural changes of osteoarthritis or pain severity,

nor did its inclusion as a covariate in the statistical models

change the formerly observed associations.

Thus, despite a fairly compelling biologic rationale, there

are conflicting results from observational studies about

the role of vitamin D in osteoarthritis progression. There-

fore, a clinical trial of a vitamin D intervention for knee

osteoarthritis will commence at Tufts-New England Med-

ical Center in the fall of 2005.

Glucosamine and chondroitin
Glucosamine and chondroitin sulfate are cartilage extra-

cellular matrix components that are widely promulgated

as a remedy for osteoarthritis. The mechanisms by which

they might act remain something of a conundrum, how-

ever, especially in the absence of quantitative data on

the extent to which either substance enters the human

circulation after the recommended oral dose. Preliminary

data from two recent studies indicate that levels of ap-

proximately 1600 ng/ml are achieved after standard oral

dosing [16••,17]. Given that this concentration seems in-

compatible with the original supposition that glucosamine

acts as a substrate for cartilage biosynthesis, researchers

now need to demonstrate the biologic effects of this com-

pound at appropriate concentrations. Current explorations

include its effects on inflammatory mediators such as

interleukin-1 [18].

The body of evidence concerning the clinical efficacy of

glucosamine has also been altered by the publication of
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several independently funded clinical trials that had null

results.

Primarily as a test of an internet-based clinical trial approach,

McAlindon et al. [19] performed a prototypical 12-week,

double-blind, randomized, placebo-controlled trial of glu-

cosamine among 205 individuals with knee osteoarthritis

who were recruited and monitored entirely over the inter-

net. The primary outcome measure was the pain subscale

of the WOMAC questionnaire, completed online every 2

weeks. This study found no difference between groups in

terms of change in any of the outcomes (e.g. pain subscale

2.0 ± 3.4 compared with 2.5 ± 3.8, P = 0.4). Stratification

by osteoarthritis severity, glucosamine product, and use of

a nonsteroidal antiinflammatory drug, as well as exclusion

of opiate users, did not alter the results. The number and

type of adverse events reported were similar between the

groups. The authors concluded that glucosamine seems to

be no more effective than placebo in treating the symp-

toms of knee osteoarthritis.

Cibere et al. [20•] performed an innovative glucosamine

withdrawal trial in 137 people with knee osteoarthritis

who were already using the product and reported at least

moderate benefit. The design was a four-center, 6-month,

randomized, double-blind, placebo-controlled glucos-

amine discontinuation trial in which enrollees were ran-

domly assigned to continue taking glucosamine sulfate,

or to placebo.

The primary outcome was the proportion of disease flares

among the groups analyzed according to an intent-

to-treat analysis. Secondary outcomes included time to

flare, analgesic use, severity of flare; and changes in pain,

stiffness, function, and quality of life. Ultimately, disease

flares occurred in 28 (42%) of the placebo arm and 32

(45%) of the glucosamine arm (difference �3%; 95%

CI 19–14). In the Cox regression analysis, after adjust-

ment for sex, study site, and osteoarthritis radiographic

severity, time to disease flare was not significantly differ-

ent in the glucosamine group than in the placebo group

(hazard ratio of flare = 0.8; 95% P = 0.4). At the final

study visit, acetaminophen was used in 27% and 21%

of placebo and glucosamine patients, respectively (P =

0.4), nonsteroidal antiinflammatory drugs in 29% and

30% (P = 0.9), and both in 20% and 21% (P = 0.8).

No differences were found in severity of disease flare

or other secondary outcomes between the placebo and

glucosamine patients. Thus, in patients with knee oste-

oarthritis and at least moderate subjective improvement

with previous glucosamine use, this study provides no

evidence of symptomatic benefit from continued use

of glucosamine sulfate. The same authors also analyzed

samples for type II collagen degradation biomarkers as

a proxy for osteoarthritis progression but found no statis-

tically significant effect of glucosamine sulfate on type II

collagen fragment levels over the 6-month observation

period [21].

This study represents an interesting and innovative ap-

proach to testing such products and is subject to a new

set of potential flaws and limitations. For example, if

the duration of effectiveness of glucosamine is prolonged,

the period of follow-up in the above study might have

been insufficient. Also, the heterogeneity of glucosamine

products on the market could have biased any differences

to the null.

Michel et al. [22] recently reported the results of a 2-year

randomized, double-blind, controlled trial of 800 mg chon-

droitin sulfate or placebo once daily among 300 patients

with knee osteoarthritis. The primary outcome was joint

space loss over 2 years as assessed by a posteroanterior

radiograph of the knee in flexion, a better-validated tech-

nique. Secondary outcomes included pain and function.

The participants in the placebo arm showed a mean cu-

mulative joint space loss of 0.14 mm compared with no

change in the chondroitin arm. In the intent-to-treat anal-

ysis, the between-groups difference in mean joint space

loss was 0.14 ± 0.57 mm; P= 0.04. By contrast, the differ-

ences in the symptom outcomes between the groups were

trivial and nonsignificant. Chondroitin was well tolerated,

however, with no significant differences in rates of adverse

events between the two groups. Although the authors

inferred evidence of structure damage modification by

chondroitin, vexing questions remain about the internal

validity of joint space width as a measure of cartilage loss,

and its relevance to the clinical state of the patient with

knee osteoarthritis, especially in the absence of any overt

impact on symptomatic outcomes.

Motivated in part by the heterogeneity of glucosamine

trial results, Towheed et al. [23••] recently updated the

Cochrane review of available data with the intent of inves-

tigating what might predicate the differences. Interest-

ingly, an analysis restricted to the eight studies that

reported adequate allocation concealment showed no ben-

efit of glucosamine for pain and WOMAC function. Col-

lectively, however, the pooled data from 20 eligible

studies favored glucosamine over placebo with a 28% im-

provement in pain and a 21% improvement in function

according to the Lequesne index. The results were not

uniformly positive, however, and the reasons for this re-

main unexplained. For example, the WOMAC pain, func-

tion, and stiffness outcomes did not reach statistical

significance. In the subset of trials that tested the Rotta

preparation of glucosamine (n = 10), glucosamine was su-

perior for pain and function according to the Lequesne in-

dex. The pooled results for pain and function according to

the WOMAC index in those trials in which a non-Rotta

preparation of glucosamine was compared with placebo

did not reach statistical significance. In the four trials in
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which the Rotta preparation was compared with a nonste-

roidal antiinflammatory drug, glucosamine was superior in

two and equivalent in two. The authors concluded that

studies that tested a non-Rotta preparation, or used inad-

equate allocation concealment procedures, failed to show

benefit in pain and WOMAC function, whereas those eval-

uating the Rotta preparation showed benefit in the treat-

ment of symptomatic osteoarthritis. It should be noted,

however, that the WOMAC outcomes of pain, stiffness,

and function did not show superiority of glucosamine over

placebo for either Rotta or non-Rotta preparations [23••].

Another issue about glucosamine, recently highlighted in

a report from the Institute of Medicine, is the uncertainty

about its potential for adverse effects on insulin regulation

among individuals predisposed to such problems. These

concerns are based on the known ability of glucosamine

to bypass the glutamine:fructose-6-phosphate amidotrans-

ferase step of hexosamine biosynthesis and desensitize

glucose transport [24]. The issue is especially pertinent

for individuals with osteoarthritis because they often share

the factors that put them at risk for insulin resistance and

diabetes. Although the effects of glucosamine have been

well documented in animal models, less is known about its

effects on glucose metabolism in humans. Preliminary

studies have been reassuring, but their interpretation

has been limited by the considerable variability in meas-

ures and the small numbers of participants [25,26].

Resveratrol
Resveratrol is a phytoalexin found in high concentrations

in the skins of grapes and redwines that has anti-inflammatory

and antioxidant properties. Elmali et al. [27] tested the

effects of daily intra-articular injections of this product

over 2 weeks using a cruciate ligament transection rabbit

model of osteoarthritis. Histologic evaluation showed re-

duced cartilage destruction (score of 1.7 compared with

2.8, P = 0.02) and proteoglycan loss, but no difference

in synovial inflammation. A characteristic parameter in

arthritis is the progressive loss of articular cartilage. The

authors suggest that intra-articular resveratrol at the onset

of osteoarthritis may protect from further cartilage dam-

age; however, these results should be viewed as highly

preliminary [27].

S-adenosylmethionine
Trials of S-adenosylmethionine also have had apparently

positive results, albeit somewhat limited by adverse

effects and high dropout rates [28–32]. Najm et al. [33]
recently compared its efficacy with that of celecoxib,

a cyclooxygenase-2 inhibitor, in a 16-week randomized

double-blind crossover study among 61 individuals with

osteoarthritis of the knee. The celecoxib arm experienced

greater pain reduction than the S-adenosylmethionine

group during the first month, but by the second month,

there was no significant difference between the groups.

The authors inferred that S-adenosylmethionine has

a slower onset of action but is as effective as celecoxib

in the management of symptoms of knee osteoarthritis.

An alternative explanation is that the benefits of celecoxib

decayed over time in such a manner that the groups

converged.

Conclusion
Over the last few years, there has been a gratifying inten-

sification of research into potential nutritional interven-

tions for osteoarthritis. This has included two recent

clinical trials that demonstrated benefits from weight loss

and exercise, and further elucidation of mechanisms of ox-

idative stress on the chondrocyte genome. Other investi-

gations have resulted in more perplexing conclusions,

such as the deleterious effects of vitamin C on osteoar-

thritis in the Hartley guinea pig, and the low levels of glu-

cosamine achieved in serum following an oral dose. The

diversity of such findings illustrate the importance and

need for continuing research in this field.
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Footwear alterations and bracing as treatments for

knee osteoarthritis
Kelly Krohn

Purpose of review

The biomechanical aspects of gait and the impact of

alignment have been recognized as important in the

development and progression of knee osteoarthritis.

Improving malalignment and altering the dynamic forces on

the involved compartment of the knee during gait have the

potential to improve the symptoms of knee osteoarthritis.

This review examines the use of foot orthoses and knee

braces to change the biomechanical forces on the knee

joint and to reduce pain and improve function in patients

with existing symptomatic knee osteoarthritis.

Recent findings

Malalignment has been shown to have an impact on the

development and progression of knee osteoarthritis.

Patients with medial compartment knee osteoarthritis who

have a visible varus thrust will also progress at a more rapid

rate than patients without a varus thrust. Lateral wedge foot

orthoses have been shown in biomechanical studies

and clinical studies to reduce the load on the medial

compartment and improve the symptoms of medial

compartment knee osteoarthritis. Knee braces that stabilize

the knee joint and provide a valgus stress have been shown

to improve pain and function in patients with medial

compartment knee osteoarthritis.

Summary

The development of symptomatic knee osteoarthritis

and the progression of joint space loss is in part a

biomechanical process. To improve patients’ function and

possibly reduce disease progression, a biomechanical

approach should be included in the treatment plan for

patients with knee osteoarthritis. Foot orthoses and knee

braces have been shown in selected patients to have a role

in the management of unicompartmental knee

osteoarthritis.

Keywords

biomechanics, foot orthoses, gait, knee braces,

malalignment, osteoarthritis, unicompartmental knee

osteoarthritis
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Introduction
Symptomatic knee osteoarthritis is found in approximately

10% of the population over age 65. In addition to the grow-

ing population of elderly patients with knee osteoarthritis,

an increasing number of former athletes with previous

knee injuries experience post-traumatic knee osteoarthritis.

Patients with previous complete meniscectomies or par-

tial meniscectomies are at higher risk for the development

of osteoarthritis in the involved knee compartment. Youn-

ger patients with early to moderate knee osteoarthritis of-

ten express an interest in continuing their participation in

lifetime sports and an active lifestyle. Elderly patients

with knee osteoarthritis are often not candidates for sur-

gery because of comorbid illness. Patients are interested in

nonpharmacologic approaches to help manage their knee

osteoarthritis symptoms. An understanding of the biome-

chanical aspects that lead to the development and progres-

sion of knee osteoarthritis is important for the clinician

taking care of these patients.

Many patients present clinically with unicompartmental

knee osteoarthritis, usually of the medial compartment.

A strategy to improve their symptoms is to reduce the load

on the diseased medial compartment and redistribute some

of the load to the lateral compartment. A similar approach

can be applied to patients with isolated lateral compartment

disease. It is important to understand that this approach of

attempting to shift the load from one compartment to

another does not work if patients have significant involve-

ment of both the medial and lateral compartments. Pa-

tients with patellofemoral involvement and anterior knee

pain may benefit from improvement of the femoral-tibial

alignment. Patellar stabilizing sleeves may be worn in ad-

dition to foot orthoses or knee braces for patients with

mildly symptomatic anterior knee pain.

Surgical approaches to unicompartmental knee osteoar-

thritis include tibial and femoral osteotomies. These pro-

cedures are fairly technically demanding and are associated

with defined morbidities such as infection, nerve injury,

nonunion, and the risks of anesthesia. If the patient goes

on to have a total knee arthroplasty in the future, it may be

a more difficult procedure compared with the same surgery

on a knee that has not undergone osteotomy. Unicompart-

mental knee replacements have become more popular

again after being nearly abandoned for many years because

of early failure. Unicompartmental knee replacements

may be associated with some of the known surgical com-

plications of knee surgery.
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Nonsurgical approaches to change the alignment and bio-

mechanical forces on the knee joint include foot orthoses

and knee bracing. In many respects, the ideal patient for

surgery such as osteotomy or unicompartmental knee re-

placement may be the ideal patient to try a knee brace,

foot orthoses, or both.

This review of the literature on alignment and knee oste-

oarthritis will include the biomechanical and gait labora-

tory studies as well as some of the recent clinical trials

using foot orthoses and knee braces. Also, some practical

pearls will be given about patient selection and the pro-

cess of getting the proper foot orthoses or knee brace

for patients.

Normal gait, malalignment, and
previous trauma
During normal gait, the medial compartment of the knee

is loaded more than the lateral compartment. It is esti-

mated that 60 to 80% of the load during the midstance

phase of gait is distributed to the medial compartment

in a normal knee [1]. This is due to the external varus mo-

ment (or adductor moment), which is the torque gener-

ated from the ground reaction force during stance phase

as a result of the body’s center of gravity falling medial

to the knee joint. This, in part, is why medial compart-

ment osteoarthritis is more prevalent than lateral compart-

ment disease. A visible varus thrust during gait increases

the odds of progression among varus-aligned osteoarthritis

knees [2]. One theoretic reason why osteoarthritis knee

braces and lateral wedge orthoses may help patients with

medial compartment disease is a reduction in the external

varus moment.

Malalignment has been associated with the progression of

radiographic joint space loss and deterioration in function

[3]. Varus alignment increases the risk of medial osteoar-

thritis progression, and valgus alignment increases the risk

of lateral osteoarthritis progression [4]. An alignment of

more than 5� (in either direction) in both knees at base-

line is associated with significantly greater functional de-

terioration than an alignment of 5� or less in both knees,

after adjustment for age, sex, body mass index, and pain

[3]. The effect of obesity as determined by body mass in-

dex on the progression of knee osteoarthritis is limited to

knees in which moderate malalignment exists, presum-

ably because of the combined impact of the increased load

from malalignment and the excess load from increased

weight [5•]. Varus and valgus malalignment will influence

the risk for the development of patellofemoral osteoarthri-

tis and which compartment of the patellofemoral joint

is involved [6]. Changes in the alignment of the knee

may have the potential to reduce the symptoms of knee

osteoarthritis and theoretically may affect the rate of

progression.

Complete meniscectomy in animal models is associated

with development of knee osteoarthritis [7]. Previous

meniscectomy in patients has been associated with pre-

mature development of osteoarthritis in the involved knee

compartment [8]. Partial meniscectomy may also be asso-

ciated with the development of osteoarthritis, depending

on the type of tear and the degree of resection [9–11].

Patients with previous meniscal injuries and surgical pro-

cedures may be good candidates for knee bracing or shoe

orthotics because they often have unicompartmental knee

osteoarthritis with a fairly normal asymptomatic contralat-

eral compartment.

Foot orthoses and knee osteoarthritis
Lateral heel wedges or lateral-wedge insoles have been

shown to be effective in reducing the symptoms of medial

compartment knee osteoarthritis [12•,13,14]. A review of

the published literature on the efficacy of laterally wedged

foot orthotics for improving these symptoms indicates

a strong scientific basis for applying wedged insoles in

an attempt to reduce pain in patients with medial com-

partment knee osteoarthritis [15•]. Subtalar elastic strap-
ping in addition to the standard lateral-wedge insole may

have an additional impact on the valgus correction of the

femorotibial angle and the symptomatic improvement at

6 months, compared with a lateral-wedge insole alone

[12•,16]. The degree of change in femorotibial angle with

the insole with subtalar strapping was affected by the tilt

of the lateral wedge. The higher tilt resulted in more im-

provement of the femorotibial angle but also resulted in

more adverse events reported by patients.

Biomechanical gait laboratory studies were done on the

effects of lateral-wedged insoles on the gait and medial

compartment load of 17 healthy individuals. Three-

dimensional gait analysis was performed for each individ-

ual with and without wearing a 5� lateral-wedged insole.

The external varus moment and estimated medial com-

partment load at the knee were reduced significantly with

the addition of the lateral-wedged insole [17]. These re-

sults suggest that the pain relief and improvement in func-

tion reported by patients with osteoarthritis using lateral-

wedged insoles may be achieved by a reduction in external

varus moment and medial compartment load.

In another gait study, patients with medial compartment

knee osteoarthritis were studied while they walked wear-

ing their comfortable shoes with a 5� lateral wedge com-

pared with a nonwedged, 1/8-inch, even-thickness control

insole; and with a 10� lateral wedge compared with a non-

wedged 1/4-inch, even-thickness control insole. In compari-

son with no insole, the 5� wedge reduced the peak knee

varus torque values by approximately 6%, and the 10� wedge
reduced the peaks by approximately 8%. The thicker non-

wedged insole and the 10� wedge were associated with vary-

ing degrees of discomfort [18].
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The summary of these clinical and gait laboratory data

suggest that there is a role for the use of lateral wedge or-

thoses for medial compartment knee osteoarthritis. Both

the efficacy at the knee and the foot discomfort associated

with wearing the orthoses seems to have dose effects as

determined by the angle (or height) of the lateral wedge.

Knee braces in osteoarthritis
The basic rationale for a knee brace for unicompartmental

knee osteoarthritis is to improve function by reducing

the patient’s symptoms. This can be accomplished, in

theory, by reducing the biomechanical load on the affected

compartment of the knee, by reducing the external varus

moment and by improving the patient’s perception of in-

stability. Some patients with osteoarthritis have true in-

stability (e.g. a torn anterior cruciate ligament), and an

osteoarthritis knee brace may provide some functional sta-

bility in a fashion similar to that of the typical sports-

medicine functional knee brace used in athletes with

ligamentous injuries. Most companies that manufacture

osteoarthritis knee braces will have a similar line of func-

tional knee braces that are used primarily in younger ath-

letes with ligamentous injuries. Functional braces are used

to improve function of the injured knee and to protect the

ligamentous repair postoperatively. The major difference

between functional knee braces and osteoarthritis knee

braces is the addition of a valgus angle (for medial com-

partment osteoarthritis) or a varus angle (for lateral com-

partment osteoarthritis). Most osteoarthritis knee braces

will have a mechanism for adjusting the angle of the hinge

for patient comfort.

In a survey of 105 individuals with knee osteoarthritis,

63% reported knee instability during activities of daily liv-

ing, and 44% reported that instability affected their ability

to function [19•]. Exercises designed to improve the feel-

ing of instability, and orthotics devices like knee braces

that improve proprioception and provide mechanical sup-

port, may improve the feeling of instability that often

accompanies knee osteoarthritis.

Gait laboratory studies have shown that osteoarthritis brac-

ing can reduce the net varus moment about the knee and

the estimated medial compartment load [20]. Increasing

valgus alignment with the adjustable hinge had a greater

effect on the medial compartment load than did increas-

ing the strap tension, but both were important for the

three-point design of this brace. Another brace design

was studied by looking at varus moments for the braced

and unbraced knees compared during gait at 15%, 20%,

25%, and 30% of stance. This brace significantly reduced

the varus moment at 20% and 25% of stance [21]. Gait

symmetry was significantly improved when patients with

unicompartmental medial osteoarthritis of the knee wore

a valgus brace, as measured by analysis of time spent on

each limb during gait [22]. The joint space (condylar

separation) can be visible and objectively measured by a

fluoroscopic digital radiograph performed during the gait

cycle. The average change in condylar separation was

1.2 mm when patients with medial compartment osteoar-

thritis wore an off-loading knee brace [23]. The nice ra-

diographic images provided by this study support the

concept that a properly designed osteoarthritis knee brace

can change the alignment of the limb and reduce the load

on the medial compartment enough to result in radio-

graphic separation of the medial femoral-tibial joint space.

Clinical trials are generally small and difficult to ade-

quately control because of the nature of knee braces

and the difficulty in designing a trial with a true placebo.

Simple neoprene sleeves, which have no significant bio-

mechanical effect, may have efficacy for knee osteoarthri-

tis because of changes in proprioception. Hinged rigid

osteoarthritis braces have also been shown to improve pro-

prioception, which may account for a small amount of their

perceived clinical benefit [24]. The largest osteoarthritis

knee brace study published to date (n = 119 total in three

groups) showed that a neoprene sleeve is superior to sim-

ple analgesics. The group with the valgus knee brace ex-

perienced significant improvement, compared with the

neoprene sleeve group, in standard pain and functional

outcome measures [25]. Several additional small trials

have shown improvements in pain and function with var-

ious brace designs [21,23,26–29].

A review of the published literature on knee bracing for

osteoarthritis points out some of the limitations of the

clinical trials to date but acknowledges the limited evi-

dence for improvement in pain and function in patients

using osteoarthritis braces compared with medical treat-

ment or neoprene sleeves [30].

A comprehensive summary of the knee bracing literature

for both clinical and gait analysis studies by Pollo et al.
[31••] reviews the individual knee brace trials and will

be published in 2005. Hillstrom et al. [32] have reviewed

both foot orthoses and knee bracing alone as well as in

combination for the treatment of knee osteoarthritis.

Conclusion
With the growing evidence for the role of malalignment in

the development and progression of knee osteoarthritis,

foot orthoses and knee braces are potentially an important

modality to improve function and theoretically affect dis-

ease progression. Patients are interested in nonpharmaco-

logic approaches to managing their knee osteoarthritis.

There are very few well-controlled clinical studies in this

field to date. More than 10 companies manufacture and

promote osteoarthritis knee braces. Each brace has a

unique design and may have features that make it more

or less acceptable to the patient. Many of the braces have

the ability to adjust the angle of the hinge and provide the
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orthotist and patient with some flexibility in the varus or

valgus angulation. Clinical trials done with one brace de-

sign may not be applicable to all osteoarthritis knee braces.

The fitting of the brace and the instruction to the patient

on the proper donning of the brace are crucial to the suc-

cess of the osteoarthritis brace. The orthotist is a vital part

of the team and must understand knee osteoarthritis and

the basic biomechanics of the knee. The orthotist must

also be familiar with each brace’s proper fitting and adjust-

ment protocols. The patient must be motivated to avoid

surgery and minimize the use of pharmacologic therapies.

It is helpful to have the patient see an example of the

brace and determine whether he or she would wear it be-

fore ordering one. Considerable work needs to be done to

further validate the effectiveness of osteoarthritis knee

braces and to assist the clinician in choosing the correct

patient to order a knee brace. Custom knee braces can

be relatively expensive ($1000–1500). If a patient does

well with the brace, however, the cost can often be amor-

tized over several years and may be less expensive than

surgery or pharmacologic therapy. Newer brace designs

and materials are being developed, and less expensive

off-the-shelf braces ($400–1000) are becoming consider-

ably better than a few years ago. Clinicians should be

aware of these nonpharmacologic treatments for some of

their patients with knee osteoarthritis.
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677 Outcome and mortality in systemic
lupus erythematosus

678 Neuropsychiatric lupus

678 Miscellaneous

Pediatric and heritable disorders

679 Outcome in juvenile onset systemic
lupus erythematosus

679 Imaging in juvenile arthritis

679 Genomics of juvenile rheumatoid
arthritis

680 Familial autoinflammatory diseases:
genetics, pathogenesis and
treatment

681 Recent developments in
immunomodulatory peptides in
juvenile rheumatic disease: from
trigger to dimmer?

681 Familial and sporadic granulomatous
arthritis in children

681 Update on the pathogenesis and
treatment of systemic onset juvenile
rheumatoid arthritis

682 Pathogenesis and treatment of
Kawasaki’s disease

682 Genetics of heritable bone diseases
of childhood

682 Miscellaneous

Osteoarthritis

684 The sources of pain in
knee osteoarthritis

686 The genetics of osteoarthritis
including insights into Frizzle proteins

687 Exercise as a treatment
for osteoarthritis

691 Biomarkers in osteoarthritis

694 Nutritional factors and osteoarthritis:
recent developments

695 Footwear alterations and bracing as
treatments for knee osteoarthritis

696 Surgical interventions in
osteoarthritis

697 Miscellaneous

657



Systemic lupus erythematosus
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