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Abstract
Biomarkers have an important influence on the clinical decision-making processes involved in
diagnosis, assessment of disease activity, allocation of treatment, and determining prognosis. The
clinical usefulness of a biomarker is dependant on demonstration of its validity. Ideally,
biomarkers should provide information not available from currently available tests and should be
tested as they would be used in clinical practice; however, potential biomarkers could be affected
by many different clinical or patient variables—such as disease activity, therapeutic intervention,
or the presence of comorbidities—and validation studies might not include all the design features
that are required to ensure that the biomarker is a true measure of the clinical process it is intended
to reflect. In this Review, we appraise studies that have been conducted to validate six promising
new biomarkers for diagnosis, disease activity assessment, or prognosis in patients with systemic
autoimmune diseases. We discuss the validity of these six biomarkers with particular reference to
the features of the studies that lend weight to or distract from their findings. The intent of this
discussion is to draw attention to elements of validation study design that should be considered
when evaluating the robustness of a biomarker, which differ according to the marker's intended
use.

Introduction
Biomarker discovery is one of the major areas of emphasis in translational research.
Biomarkers, defined as charac teristics that are objectively measured and evaluated as
indicators of normal and pathogenic biological processes or pharmacologic responses,1 can
be used to help diagnose diseases, to assess disease activity and response to treatment, or to
predict prognosis. The value of biomarkers in diagnosis, patient evaluation, and prognosis is
dependant on demonstration of the validity of their association with a specific disease, or a
particular manifesta tion of that disease.2,3 Biomarkers reflect biological processes, which
often vary naturally with age, gender or other patient characteristics; for example, therefore,
in investi gating whether a biomarker can be used as a diagnostic test, matching patients
with the disease with healthy controls on the basis of age and sex could be important.
Medications might also influence biomarker expression, and tests of biomarker validity
should investigate whether the differences observed between patients and controls are the
result of therapeutic intervention rather than being directly related to the disease itself. Thus,
validation studies should include treatment-naive patients or demonstrate a similar
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correlation between the biomarker and the disease process in subsets of patients receiving
different treatments. Alternatively a literature reference should be provided in the validation
study report regarding associations between the potential biomarker and any medication.
Accurate diagnostic biomarkers should also provide the opportunity to identify patients with
the disease regardless of the level of disease activity, and not miss patients with inactive
disease.4 This requirement makes it uncommon for a single biomarker to show validity as
both an accurate diagnostic tool and a reliable measure of disease activity. Indeed, a key
aspect of diagnostic tests is stability over time and under different clinical conditions,
whereas the most important feature of bio markers of disease activity is their ability to
reflect changes in clinical status. Longitudinal studies that investigate the same variables in
the same individuals over a long period of time are, therefore, critical for the evaluation of
bio-markers of disease activity and also prognosis. Important pre requisites of biomarker
validation are the reliability and accuracy of biomarker testing under conditions experi
enced in the clinic, feasibility of the measurement pro cedure, and reproduci bility.2

Variations among centers in assay performance and standardization might contribute to
divergent evaluation of biomarker validity.

We previously found that fewer than half of the translational research studies investigating
potential bio-markers had study design features that would allow valid interpretation of their
clinical utility.5 In this Review, we evaluate several promising new biomarkers of diag
nosis, disease activity, and prognosis that have progressed beyond initial testing in patients
with systemic auto-immune disease, and examine the validity of the clinical associations
reported to date for these biomarkers. We chose to examine selected biomarkers that hold
pro mise for clinical application, and used established considera tions of confounding and
information bias as the basis for our evaluations.2–6

Biomarkers for diagnosis
Diagnostic tests are judged by their ability to accurately distinguish individuals with the
disease in question from those who do not have the disease. Proper testing of bio-markers as
diagnostic tools requires that factors that could confound the association between the
biomarker and disease status, such as age, are similar in the group of patients with the
disease and the control population without the disease to which they are being compared.5

Although initial evaluations of diagnostic tests usually use healthy individuals as the
unaffected controls, these comparisons typically overestimate the test's sensitivity and
specificity.6 A more appropriate and realistic assessment of the clinical utility of a
diagnostic test results from comparisons in which individuals with conditions that mimic or
that could be confused with the disease in question are enrolled as controls. Study designs
should also ensure that medications do not influence assessments of the effective ness of the
diagnostic biomarker, as we have described. Ideally, the test should perform similarly in
different subsets of patients, including those with recent-onset disease and longstanding
disease, and in indivi duals with active disease or inactive disease. Fulfilling this
requirement helps ensure that the bio-marker is indicative of the presence of the disease
itself, and is not instead a measure of the stage of disease, organ damage, or disease activity.
In the following sections we discuss these elements of study design in the context of studies
conducted to assess the validity of two promising diagnostic biomarkers: agonistic
antibodies to platelet-derived growth factor receptor (PDGFR) in systemic sclerosis (SSc),
and serum pro calcitonin as a marker of infection in patients with autoimmune disease.

Agonistic antibodies to PDGFR in SSc
In 2006, Baroni and colleagues7 reported the presence of autoantibodies directed against the
PDGFR in each of 46 patients with SSc but not in any of 20 healthy controls or 54 patients
with either primary Raynaud phe nomenon, systemic lupus erythematosus (SLE),
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rheumatoid arthritis (RA), or idiopathic pulmonary fibrosis included in the study. These
results indicate both a sensitivity and a specificity of 1.0 for this test. Importantly, the auto-
antibodies associated with SSc were a distinct subset of agonistic antibodies, directed
against a conformational epitope of PDGFR, and detected by their ability to induce
fibroblasts to generate reactive oxygen species (ROS) in an in vitro bioassay.7 This test
differs from simple detection of the level of auto antibodies to PDGFR (as achieved using an
ELISA, for example), which would probably measure multiple auto antibodies subsets
including those that are not PDGFR agonists and that might have different associations with
SSc. Interestingly, generation of ROS is enhanced in patients with SSc, and is known to
stimulate collagen production and fibroblast proliferation.8 Therefore, these agonistic
autoantibodies might be pathogenic, and their discovery provides an intriguing link between
the autoimmune and fibrotic aspects of SSc. The study by Baroni et al.7 fulfilled all the
criteria for initial testing of bio marker validity (Table 1). Importantly, however, the same
researchers reported that agonistic antibodies to PDGFR were also universally present in
patients with extensive chronic graft-versus-host disease, a disease with features similar to
SSc.9 This finding affects the specificity of this autoantibody as a diagnostic test for SSc.

Two subsequent studies have failed to confirm the presence of stimulatory anti-PDGFR
antibodies in 37 patients10 and 49 patients11 with SSc, respectively. Com menting on the
validity of these studies is difficult in the absence of detectable antibodies of interest (Table
1). The inability of these studies to replicate the findings of Baroni and co-workers might be
the result of technical differences in the assays, which highlights the importance of reliable
measurement techniques as a pre requisite for testing biomarker validity.12 Two further
studies reported the presence of autoantibodies against PDGFR in patients with SSc and
controls, but the researchers did not specifically test for the subset of agonistic antibodies
and, therefore, these data are not directly relevant to discussion of this biomarker.13,14

Serum procalcitonin in bacterial infection
Procalcitonin, a precursor of the hormone calcitonin, is present in the serum of healthy
individuals at concentrations of several picograms per milliliter;15 how ever, this
concentration is increased several thousand-fold in the presence of certain neuroendocrine
tumors and also in the setting of trauma, surgery, pneumonitis, pan creatitis, or bacterial
infections. In bac terial infec tions, pro calcitonin is thought to be released by non-endocrine
cells in multiple tissues in response to lipopoly saccharide and other inflammatory
mediators.15 Measurement of procalcitonin levels as an early and sensitive diagnostic test
for bacterial infection has been investigated in several studies, with a meta-analysis
reporting a sensitivity of 0.88 and a specificity of 0.81 for discrimination of patients with
bacterial infection from those with noninfectious causes of inflammation on the basis of
elevated serum procalcitonin levels.16 The increases in serum procalcitonin levels surpassed
those of C-reactive protein in the same studies.16 A second meta-analysis reported lower
accuracy for elevated serum procalcitonin levels in the diagnosis of sepsis in the intensive
care setting, with both a sensitivity and a specificity of 0.71.17

Fever and other constitutional symptoms are common to infection, active SLE and systemic
vasculitis. Patients with SLE or systemic vasculitis are often treated with
immunosuppressive medications, making infection a common concern; therefore, having an
accurate diagnostic test that could quickly distinguish infection from noninfectious
inflammation in patients with these diseases would help expedite treatment. Several studies
have examined the accuracy of serum procalcitonin for the diagnosis of bacterial infections
in patients with systemic autoimmune diseases. Eberhard and colleagues18 retrospectively
compared serum procalcitonin levels between periods of infection and no infection in 35
patients with anti-neutrophil cytoplasmic antibody-associated vasculitis, and found elevated
levels consistently during infection, but rarely during periods without infection. Importantly,
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elevated serum procalcitonin levels were associated with infection even in a subset of
patients with active vasculitis; in this group, biomarker validity might have been expected to
be confounded by elevated levels of procalcitonin related to vasculitis-associated
inflammation. Assessment of the validity of these comparisons is difficult because the study
analyzed multiple, rather than one, samples per patient, and, therefore, diagnostic
performance characteristics could not be calculated.

The study by Eberhard et al.18 also included patients with SLE, but because no infections
were observed in these patients, the performance of serum procalcitonin testing in this group
could not be assessed. Nevertheless, the authors did report that procalcitonin levels were not
associated with SLE activity, suggesting that elevated procalcitonin levels might be a
reliable marker of infection in patients with this disease. However, two small studies in
patients with SLE provided conflicting results. Shin et al.19 reported a statistically
significant elevation in serum procalcitonin levels in 9 patients with SLE who were
hospitalized with bacterial or fungal infection, compared with 7 patients with fever relating
to SLE flares, 3 patients with SLE and viral infection, and 11 patients with inactive SLE,
suggesting high sensitivity and specificity. By contrast, the second study by Lanoix et al.20

demonstrated that 5 patients with bac terial or fungal infections had serum procalcitonin
levels within the normal range, and these levels were similar to those detected in patients
with active SLE. The type of infection and timing of assessment could account for the dif
ferent findings reported, but the small number of patients included in both studies precludes
drawing any definite conclusions regarding the utility of serum pro calcitonin in diagnosing
infections in patients with SLE. Levels of serum procalcitonin have been reported to be
elevated in patients with active granulo matosis with polyangiitis (GPA, formerly Wegener's
granulomatosis), suggesting some limitation in the specificity of this test for diagnosis of
infections in these patients, although these studies did not compare infected and uninfected
states—only patients without infection were enrolled.21–23

Two larger studies that examined patients with diverse inflammatory rheumatic diseases
have provided additional useful information regarding the validity of procalcitonin as a
diagnostic biomarker for infection in systemic autoimmune disease. In a study that
compared 29 patients with bacterial infection with 70 patients with inflammatory disease
flares, Tamaki et al.24 reported that elevated serum procalcitonin levels had a sensiti vity of
0.53 and a specificity of 0.97 for infection, using a cut-off point of 0.5 ng/ml as the indicator
of an elevated procalcitonin level. Furthermore, this study included all criteria for
assessment of validity (Table 1), which enhances confidence in the conclusions drawn. A
sensitivity of 0.73 and a specificity of 0.89 were calculated in the second study,25 with the
caveat that patients with adult-onset Still's disease had elevated levels of procalcitonin in the
absence of infection,25,26 and were excluded in this calculation. Elevated procalcitonin
levels might still be diagnostic of infection in adult-onset Still's disease, but it has been
proposed that a higher cut-off point of 1.4 ng/ml be adopted in patients with this disease.26

This evidence suggests that the performance of serum procalcitonin measurement in the
diagnosis of infection in patients with systemic autoimmune diseases is probably similar to
that demonstrated in individuals without auto-immune disease, but larger studies are needed
to provide a more definitive confirmation of validity.

Biomarkers for disease activity assessment
Researchers are engaged in a constant search for improved biomarkers that can accurately
assess disease activity or predict future flares, and consequently guide therapeutic
intervention in patients with autoimmune diseases.27,28
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In order to demonstrate validated clinical associations for these biomarkers, studies should
report whether the patients with active and inactive disease enrolled were matched for age,
gender and race (or whether statistical adjustment for these factors was performed), whether
associations between the potential biomarker and treatment were examined, and whether the
biomarker was assessed longitudinally.5 Cross-sectional studies compare the expression of
biomarkers between patients with active and inactive disease, whereas longitudinal studies
provide important and unique information regarding the change in biomarker expression (or
absence of change) in relation to variation in disease activity. Longitudinal studies are thus
necessary for testing biomarkers of disease activity because detection of change is their
primary function in clinical practice. They might, for example, be used to monitor response
to treatment or to predict whether a patient's disease is progressing, which might result in
development of a particular complication. In addition to these study design criteria,
validated disease activity measures should be used as standards to which the performance of
the potential biomarker should be compared, and patients representing a wide range of
disease activity should be evaluated to ensure that associations are not overlooked. Next we
examine recent studies investigating the interferon (IFN) gene signature or cell-bound C4d
as biomarkers of disease activity in SLE, in terms of these study design features.

The IFN pathway and SLE disease activity
The IFN gene signature—The type I IFN pathway is dysregulated in SLE and has been
identified as a source of potential biomarkers of the disease.28 Several studies examining
gene expression in peripheral blood mononuclear cells collected from patients with SLE
have found increased expression of genes induced by type I IFN (termed the ‘IFN gene
signature’) compared with the levels detected in individuals with other diseases or healthy
controls.29,30 These findings have been extended in translational studies that aimed to test
the potential of the IFN gene signature as a biomarker of disease activity in SLE.

In a study by Baechler and co-workers,31 the IFN gene signature was correlated with severe
SLE manifestations such as renal, central nervous system and hematological involvement
(Table 2). Four subsequent studies showed that the IFN gene signature correlated
significantly with disease activity in patients with SLE.32–35 These studies all used validated
measures of disease activity and included a wide range of disease activity scores, in all but
one the effects of treatment were controlled for,32,33,35 half reported adjustment for age,33,35

and one for gender (although studies in patients with SLE are ‘automatically’ controlled for
gender to some extent because the vast majority of individuals with the disease are
women).33 All studies had a cross-sectional design, but one study also evaluated the
expression of the candidate biomarker longitudinally in one patient (Table 2).33

Landolt-Marticorena et al.36 described an association between the expression levels of IFN-
inducible genes and SLE flares, but poor correlation with longitudinal changes in disease
activity during 1 year of follow-up. Landolt-Marticorena and colleagues incorporated all but
one (matching of demographic characteristics) of the design features important for the
proper evaluation of potential biomarkers of disease activity into their study (Table 2).
Longitudinal follow-up of the expression levels of IFN-inducible genes in larger studies is
warranted to determine their utility as measures of disease activity in SLE.

IFN-regulated chemokines—In addition to the IFN gene signature, elevated serum
levels of IFN-regulated chemokines have been associated with SLE disease activity in a
number of studies. These chemokines are a group of soluble mediators that promote
recruitment of leukocytes to target tissues and whose synthesis by neutrophils, macrophages
and other immune cells is induced by IFN. Increased serum levels of IFN-regulated
chemokines37,38 and IFN-inducible chemokine gene expression scores39 have been
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identified in patients with SLE compared with healthy and disease control groups and
correlated with SLE activity.

Narumi et al.40 reported that serum levels of 10 kDa IFNγ-inducible protein (IP-10, also
known as CXCL10) correlated with anti-double stranded DNA (dsDNA) antibody and
complement levels (Table 3). No validated disease activity indices were used in this cross-
sectional study, however, patients with a wide range of anti-dsDNA antibody or complement
levels were included, and patients with active SLE and inactive SLE were matched for age,
gender, race and prednisone dosage.40 In all but one of five subsequent studies (Table 3),
serum levels of several IFN-regulated chemokines correlated with disease activity scores
and clinical test results (erythrocyte sedimentation rate [ESR], hypocomplementemia, anti-
dsDNA anti bodies or leukopenia).38,39,41–43 Bauer et al.41 also showed that a chemokine
score—an integrated index of the serum levels of several chemokines—was more closely
correlated with disease activity, as measured by SLE Disease Activity Index (SLEDAI),
Systemic Lupus Activity Measure-Revised (SLAM-R), ESR, and anti-dsDNA antibodies
levels, than the IFN gene expression score—calculated based on 82 IFN-inducible
transcripts. Four of the five studies had a cross-sectional design,38,39,41,42 four assessed
patients with a wide range of disease activity,38,39,41,43 three controlled for treatment
effects,39,42,43 and two studies included patients with active and inactive disease who were
matched for age and gender.38,43 To validate the potential utility of these chemokines as
biomarkers of disease activity, Bauer and co-workers43 followed the serum levels of three
IFN-regulated chemokines in 267 patients with SLE longitudinally for 1 year. Serum
chemokine levels correlated with the SLEDAI, and changes in the SLEDAI were
accompanied by considerable changes in chemokine levels. Interestingly, IFN-regulated
chemo kine levels also seemed to predict future disease flares. This study fulfilled all cri
teria for testing the validity of biomarkers for disease activity assessment and, therefore,
suggests that the IFN-regulated chemokine score is valid for this purpose.

Erythrocyte-bound or reticulocyte-bound C4d
Measurement of serum C3 and C4 complement proteins has been used for decades to
monitor SLE disease activity. Early studies suggested that elevated levels of complement
cleavage products, which are produced upon activation of the complement cascade, reflect
dis ease activity more accurately than conventional measure ments of complement, and
indicated that these complement fragments might be useful in the prediction of impending
disease flares.44 The findings of subsequent studies of soluble and cell-bound complement
activation products hold promise for achieving this goal.45

C4d a cleavage product of C4, and is stable and readily detectable covalently bound to
various cells, mainly erythrocytes, but also reticulocytes and platelets. Erythrocyte-bound
C4d has been proposed as a sensitive diagnostic marker for SLE that might also serve as a
biomarker of disease activity.46 Manzi et al.47 found that patients with SLE had higher
levels of erythrocyte-bound C4d than patients with other diseases or healthy controls. This
group also demonstrated that erythrocyte-bound C4d levels examined on different days in
the same patient varied considerably, suggesting that these changes might reflect
fluctuations in disease activity.47

In the time since erythrocyte-bound C4d was first recog nized as a biomarker in SLE, Singh
and colleagues48 found that erythrocyte C4d had a low but posi tive correlation with the
Safety of Estrogens in Lupus Erythematosus: National Assessment (SELENA) ver sion of
SLEDAI (SELENA-SLEDAI); however, the assay method used might have differed from
that used in other studies (Table 4). Moreover, Yang et al.49 showed that erythrocyte-bound
C4d levels were correlated with the SELENA-SLEDAI in a subgroup of patients without
hemolytic anemia but not in those with hemolytic anemia. These studies had cross-sectional
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designs and did not provide any information about matching for age and gender, or
controlling for treatment (Table 4).

In a study published in 2010, erythrocyte-bound C4d levels were observed to be higher in
patients with ‘more active’ and ‘most active’ SLE compared with those with less active
disease.50 In addition to cross-sectional analysis, this study demonstrated, using longitudinal
linear mixed-effects model analysis of disease activity in 156 patients over 5 years, that
erythrocyte-bound C4d measure ments were associated with the SLAM and SELENA-
SLEDAI, even after adjusting for serum levels of C3, C4 and anti-dsDNA antibodies.50

In another study that included both cross-sectional and longitudinal arms, erythrocyte-bound
C4d was investigated as a potential biomarker for diagnosis of SLE, but with more focus
placed on C4d bound to immature erythro cytes called reticulocytes (Table 4).51

Reticulocytes are a short-lived cell type that circulate in the blood stream for only 0–2 days,
and, therefore, C4d bound to these cells might provide a better snapshot of complement
activation than erythrocyte-bound C4d. Patients with reticulocyte-bound C4d levels in the
highest quartile, compared with those in the lowest quartile, had notably higher SELENA-
SLEDAI and SLAM scores in the cross-sectional comparison.51 When followed over time
in the longitudinal arm of the study, reticulocyte-bound C4d levels seemed to change
promptly with the clinical course in individual patients.51 In addition to the investigations
involving erythrocyte-bound and reticulocyte-bound C4d, a cross-sectional study by
Navratil et al.52 demonstrated that C4d can also be deposited on human platelets, and that
this deposition is highly specific for SLE and correlated with the SLEDAI.

Although the biomarkers for assessing disease activity in SLE that we have described are
promising, they still need to be tested further in long-term studies. Valid interpretation of
their clinical associations also depends on control or adjustment for demographic
characteristics or treatment effect, which has often been omitted from studies performed to
date.

Biomarkers for predicting prognosis
In addition to controlling or adjusting for demographic and clinical characteristics that might
confound the associ ation between the biomarker and disease outcome, studies of
biomarkers for prognosis should use validated outcome measures and test the predictive
ability of the biomarker in a longitudinal fashion.5 Prognostic bio-markers are most valuable
if they are so tightly linked to the outcome that they can act as surrogate measures of it in
tests of medication efficacy or treatment response. Here we examine studies of two
biomarkers of bone and cartilage turnover, collagen C-telopeptides I and II, as predictors of
structural damage in patients with RA.

Collagen C-terminal crosslinked telopeptides
C-terminal crosslinked telopeptide of type I collagen (CTX-I), a carboxy-terminal peptide
fragment of collagen type I, is released during bone resorption and is detectable at
quantifiable levels in serum or urine.53 CTX-I is not a specific marker of bone degradation,
but because bone represents the largest repository of type I collagen, CTX-I levels
principally reflect bone catabolism. Bone erosions and osteoporosis both occur as
consequences of RA; therefore, CTX-I levels have been examined as prognostic biomarkers
in patients with RA. However, joint involvement in RA might be more directly reflected by
cartilage damage; thus, C-terminal crosslinked telo peptide of type II collagen (CTX-II),
which is a biomarker of breakdown of calcified articular cartilage,54 could represent a more
useful prognostic biomarker in patients with RA.
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Most studies of the prognostic value of CTX-I for radio-graphic damage in RA were
conducted longitudinally and used validated outcome measures (Table 5).55–62 The weight
of evidence suggests little associ ation between CTX-I levels and progression of
radiographic damage, although differences might be evident after extended follow-up, or in
a subset of patients with early RA and no baseline joint damage. By contrast, increased
CTX-II levels have been consistently associated with more rapid progression of joint
damage, particularly in studies that monitored changes over 2 years or more (Table
6).56,57,59,62–69 Trials in which Larsen scores were used seem less likely to demonstrate
associ ations between CTX-II and joint damage than those using modified Sharp scores,
which probably reflects better sensitivity to change of the modified Sharp score. Most
studies of both CTX-I and CTX-II examined and adjusted for potential confounding factors,
although adjustment for treatment effects was less comprehensive. In doing so, these studies
appropriately emphasized that to be clinically useful, new prognostic biomarkers should
supply information beyond that provided by risk factors already available and currently used
in the prediction of disease outcomes.70 Despite being conducted before the release of the
latest expert panel recom mendations for assessment of biomarkers for damage endpoints,71

the studies of CTX-I and CTX-II listed in Table 5 and Table 6 largely met the
recommendations subsequently made for patient enrollment, study design, consideration of
treatment, measurement of RA dis ease activity, and duration.However, sample handling and
assay fidelity were i dentified as areas needing further investigation.70

Conclusions
Biomarker validation is the last stage in a long process of discovery, testing, refinement, and
evaluation, but validation is itself an ongoing process. Each assessment in which a
biomarker performs as predicted represents an additional validation. In studies of the six
promising biomarkers discussed in this Review, we found mixed results concerning the
extent to which potential threats to the validity of clinical associations were attended to. For
studies of biomarkers for diagnosis, greater attention to potential confounding factors would
help ensure accuracy. When examining biomarkers of disease activity, more emphasis
should be placed on evaluating these markers longitudinally. In investigations pertaining to
biomarkers of prognosis, longitudinal design and the use of validated outcome measures
provide results in which we can have confidence. At present, each of the examined bio
markers remains a research tool. An important criteria for all categories of biomarkers is
how their performance compares to that of tests currently used in clinical practice. The value
of any new biomarker is best shown by how well it outperforms currently available tests.

Acknowledgments
This work was supported in part by the Intramural Research Program, National Institute of Arthritis and
Musculoskeletal and Skin Diseases, NIH, USA.

References
1. Atkinson AJ Jr, et al. Biomarkers and surrogate endpoints: preferred definitions and conceptual

framework. Clin. Pharmacol. Ther. 2001; 69:89–95. [PubMed: 11240971]

2. Muñoz A, Gange SJ. Methodological issues for biomarkers and intermediate outcomes in cohort
studies. Epidemiol. Rev. 1998; 20:29–42. [PubMed: 9762507]

3. Illei GG, Tackey E, Lapteva L, Lipsky PE. Biomarkers in systemic lupus erythematosus. I. General
overview of biomarkers and their applicability. Arthritis Rheum. 2004; 50:1709–1720. [PubMed:
15188346]

4. Ward MM. Evaluative laboratory testing. Assessing tests that assess disease activity. Arthritis
Rheum. 1995; 38:1555–1563. [PubMed: 7488275]

Tektonidou and Ward Page 8

Nat Rev Rheumatol. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Tektonidou MG, Ward MM. Validity of clinical associations of biomarkers in translational research
studies: the case of systemic autoimmune diseases. Arthritis Res. Ther. 2010; 12:R179. [PubMed:
20875104]

6. Sackett DL, Haynes RB. The architecture of diagnostic research. BMJ. 2002; 324:539–541.
[PubMed: 11872558]

7. Baroni SS, et al. Stimulatory autoantibodies to the PDGF receptor in systemic sclerosis. N. Engl. J.
Med. 2006; 354:2667–2676. [PubMed: 16790699]

8. Gabrielli A, et al. Stimulatory autoantibodies to the PDGF receptor: a link to fibrosis in scleroderma
and a pathway for novel therapeutic targets. Autoimmun. Rev. 2007; 7:121–126. [PubMed:
18035321]

9. Svegliati S, et al. Stimulatory autoantibodies to PDGF receptor in patients with extensive chronic
graft-versus-host disease. Blood. 2007; 110:237–241. [PubMed: 17363728]

10. Classen JF, et al. Lack of evidence of stimulatory autoantibodies to platelet-derived growth factor
receptor in patients with systemic sclerosis. Arthritis Rheum. 2009; 60:1137–1144. [PubMed:
19333949]

11. Loizos N, et al. Lack of detection of agonist activity by antibodies to platelet-derived growth factor
receptor α in a subset of normal and systemic sclerosis patient sera. Arthritis Rheum. 2009;
60:1145–1151. [PubMed: 19333919]

12. Gabrielli A, Moroncini G, Svegliati S, Avvedimento EV. Autoantibodies against the platelet-
derived growth factor receptor in scleroderma: comment on the articles by Classen et al. and
Loizos et al. Arthritis Rheum. 2009; 60:3521–3522. [PubMed: 19877075]

13. Balada E, et al. Anti-PDGFR-α antibodies measured by non-bioactivity assays are not specific for
systemic sclerosis. Ann. Rheum. Dis. 2008; 67:1027–1029. [PubMed: 18272670]

14. Kurasawa K, et al. Autoantibodies against platelet-derived growth factor receptor alpha in patients
with systemic lupus erythematosus. Mod. Rheumatol. 2010; 20:458–465. [PubMed: 20490598]

15. Becker KL, Nylén ES, White JC, Müller B, Snider RH Jr. Clinical review 167: procalcitonin and
the calcitonin gene family in inflammation, infection, and sepsis: a journey from calcitonin back to
its precursors. J. Clin. Endocrinol. Metab. 2004; 89:1512–1525. [PubMed: 15070906]

16. Simon L, Gauvin F, Amre DK, Saint-Louis P, Lacroix J. Serum procalcitonin and C-reactive
protein levels as markers of bacterial infection: a systematic review and meta-analysis. Clin.
Infect. Dis. 2004; 39:206–217. [PubMed: 15307030]

17. Tang BM, Eslick GD, Craig JC, McLean AS. Accuracy of procalcitonin for sepsis diagnosis in
critically ill patients: systematic review and meta-analysis. Lancet Infect. Dis. 2007; 7:210–217.
[PubMed: 17317602]

18. Eberhard OK, et al. Usefulness of procalcitonin for differentiation between activity of systemic
autoimmune disease (systemic lupus erythematosus/systemic antineutrophil cytoplasmic antibody-
associated vasculitis) and invasive bacterial infection. Arthritis Rheum. 1997; 40:1250–1256.
[PubMed: 9214425]

19. Shin KC, et al. Serum procalcitonin measurement for detection of intercurrent infection in febrile
patients with SLE. Ann. Rheum. Dis. 2001; 60:988–989. [PubMed: 11589181]

20. Lanoix JP, et al. Serum procalcitonin does not differentiate between infection and disease flare in
patients with systemic lupus erythematosus. Lupus. 2011; 20:125–130. [PubMed: 20937623]

21. Moosig F, Csernok E, Reinhold-Keller E, Schmitt W, Gross WL. Elevated procalcitonin levels in
active Wegener's granulomatosis. J. Rheumatol. 1998; 25:1531–1533. [PubMed: 9712096]

22. Schwenger V, Sis J, Breitbart A, Andrassy K. CRP levels in autoimmune disease can be specified
by measurement of procalcitonin. Infection. 1998; 26:274–276. [PubMed: 9795783]

23. Zycinska K, Wardyn KA, Zielonka TM, Tyszko P, Straburzynski M. Procalcitonin as an indicator
of systemic response to infection in active pulmonary Wegener's granulomatosis. J. Physiol.
Pharmacol. 2008; 59(Suppl. 6):839–844. [PubMed: 19218712]

24. Tamaki K, et al. Diagnostic accuracy of serum procalcitonin concentrations for detecting systemic
bacterial infection in patients with systemic autoimmune diseases. J. Rheumatol. 2008; 35:114–
119. [PubMed: 18050369]

25. Scirè CA, et al. Diagnostic value of procalcitonin measurement in febrile patients with systemic
autoimmune diseases. Clin. Exp. Rheumatol. 2006; 24:123–128. [PubMed: 16762145]

Tektonidou and Ward Page 9

Nat Rev Rheumatol. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



26. Chen DY, et al. Diagnostic value of procalcitonin for differentiation between bacterial infection
and non-infectious inflammation in febrile patients with active adult-onset Still's disease. Ann.
Rheum. Dis. 2009; 68:1074–1075. [PubMed: 19435724]

27. Griffiths B, Mosca M, Gordon C. Assessment of patients with systemic lupus erythematosus and
the use of lupus disease activity indices. Best Pract. Res. Clin. Rheumatol. 2005; 19:685–708.
[PubMed: 16150398]

28. Liu CC, Ahearn JM. The search for lupus biomarkers. Best Pract. Res. Clin. Rheumatol. 2009;
23:507–523. [PubMed: 19591781]

29. Kirou KA, et al. Coordinate overexpression of interferon-α-induced genes in systemic lupus
erythematosus. Arthritis Rheum. 2004; 50:3958–3967. [PubMed: 15593221]

30. Baechler EC, Gregersen PK, Behrens TW. The emerging role of interferon in human systemic
lupus erythematosus. Curr. Opin. Immunol. 2004; 16:801–807. [PubMed: 15511676]

31. Baechler EC, et al. Interferon-inducible gene expression signature in peripheral blood cells of
patients with severe lupus. Proc. Natl Acad. Sci. USA. 2003; 100:2610–2615. [PubMed:
12604793]

32. Bennett L, et al. Interferon and granulopoiesis signatures in systemic lupus erythematosus blood. J.
Exp. Med. 2003; 197:711–723. [PubMed: 12642603]

33. Kirou KA, et al. Activation of the interferon-α pathway identifies a subgroup of systemic lupus
erythematosus patients with distinct serologic features and active disease. Arthritis Rheum. 2005;
52:1491–1503. [PubMed: 15880830]

34. Feng X, et al. Association of increased interferon-inducible gene expression with disease activity
and lupus nephritis in patients with systemic lupus erythematosus. Arthritis Rheum. 2006;
54:2951–2962. [PubMed: 16947629]

35. Nikpour M, Dempsey AA, Urowitz MB, Gladman DD, Barnes DA. Association of a gene
expression profile from whole blood with disease activity in systemic lupus erythematosus. Ann.
Rheum. Dis. 2008; 67:1069–1075. [PubMed: 18063674]

36. Landolt-Marticorena C, et al. Lack of association between the interferon-α signature and
longitudinal changes in disease activity in systemic lupus erythematosus. Ann. Rheum. Dis. 2009;
68:1440–1446. [PubMed: 18772188]

37. Kaneko H, et al. Circulating levels of beta-chemokines in systemic lupus erythematosus. J.
Rheumatol. 1999; 26:568–573. [PubMed: 10090164]

38. Lit LC, Wong CK, Tam LS, Li EK, Lam CW. Raised plasma concentration and ex vivo production
of inflammatory chemokines in patients with systemic lupus erythematosus. Ann. Rheum. Dis.
2006; 65:209–215. [PubMed: 15975968]

39. Fu Q, et al. Association of elevated transcript levels of interferon-inducible chemokines with
disease activity and organ damage in systemic lupus erythematosus patients. Arthritis Res. Ther.
2008; 10:R112. [PubMed: 18793417]

40. Narumi S, Takeuchi T, Kobayashi Y, Konishi K. Serum levels of IFN-inducible protein-10 relating
to the activity of systemic lupus erythematosus. Cytokine. 2000; 12:1561–1565. [PubMed:
11023674]

41. Bauer JW, et al. Elevated serum levels of interferon-regulated chemokines are biomarkers for
active human systemic lupus erythematosus. PLoS Med. 2006; 3:e491. [PubMed: 17177599]

42. Vilá LM, et al. Association of serum MIP-1α, MIP-1β, and RANTES with clinical manifestations,
disease activity, and damage accrual in systemic lupus erythematosus. Clin. Rheumatol. 2007;
26:718–722. [PubMed: 16924394]

43. Bauer JW, et al. Interferon-regulated chemokines as biomarkers of systemic lupus erythematosus
disease activity: a validation study. Arthritis Rheum. 2009; 60:3098–3107. [PubMed: 19790071]

44. Buyon JP, Tamerius J, Belmont HM, Abramson SB. Assessment of disease activity and impending
flare in patients with systemic lupus erythematosus. Comparison of the use of complement split
products and conventional measurements of complement. Arthritis Rheum. 1992; 35:1028–1037.
[PubMed: 1418018]

45. Calano SJ, et al. Cell-bound complement activation products (CB-CAPs) as a source of lupus
biomarkers. Adv. Exp. Med. Biol. 2006; 586:381–390. [PubMed: 16893085]

Tektonidou and Ward Page 10

Nat Rev Rheumatol. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



46. Manzi S, Ahearn JM, Salmon J. New insights into complement: a mediator of injury and marker of
disease activity in systemic lupus erythematosus. Lupus. 2004; 13:298–303. [PubMed: 15230282]

47. Manzi S, et al. Measurement of erythrocyte C4d and complement receptor 1 in systemic lupus
erythematosus. Arthritis Rheum. 2004; 50:3596–3604. [PubMed: 15529364]

48. Singh V, Mahoney JA, Petri M. Erythrocyte C4d and complement receptor 1 in systemic lupus
erythematosus. J. Rheumatol. 2008; 35:1989–1993. [PubMed: 18709693]

49. Yang DH, Chang DM, Lai JH, Lin FH, Chen CH. Usefulness of erythrocyte-bound C4d as a
biomarker to predict disease activity in patients with systemic lupus erythematosus. Rheumatology
(Oxford). 2009; 48:1083–1087. [PubMed: 19553377]

50. Kao AH, et al. Erythrocyte C3d and C4d for monitoring disease activity in systemic lupus
erythematosus. Arthritis Rheum. 2010; 62:837–844. [PubMed: 20187154]

51. Liu CC, et al. Reticulocytes bearing C4d as biomarkers of disease activity for systemic lupus
erythematosus. Arthritis Rheum. 2005; 52:3087–3099. [PubMed: 16200588]

52. Navratil JS, et al. Platelet C4d is highly specific for systemic lupus erythematosus. Arthritis
Rheum. 2006; 54:670–674. [PubMed: 16447243]

53. Garnero P. Biomarkers for osteoporosis management: utility in diagnosis, fracture risk prediction,
and therapy monitoring. Mol. Diagn. Ther. 2008; 12:157–170. [PubMed: 18510379]

54. Garnero P, Rousseau JC, Delmas PD. Molecular basis and clinical use of biochemical markers of
bone, cartilage, and synovium in joint diseases. Arthritis Rheum. 2000; 43:953–968. [PubMed:
10817547]

55. Garnero P, Jouvenne P, Buchs N, Delmas PD, Miossec P. Uncoupling of bone metabolism in
rheumatoid arthritis patients with or without joint destruction: assessment with serum type I
collagen breakdown products. Bone. 1999; 24:381–385. [PubMed: 10221550]

56. Garnero P, et al. Association of baseline levels of markers of bone and cartilage degradation with
long-term prognosis of joint damage in patients with early arthritis. The COBRA study. Arthritis
Rheum. 2002; 46:2847–2856. [PubMed: 12428224]

57. Landewé R, et al. Markers for type II collagen breakdown predict the effect of disease- modifying
treatment on long-term radiographic progression in patients with rheumatoid arthritis. Arthritis
Rheum. 2004; 50:1390–1399. [PubMed: 15146408]

58. Jansen LM, et al. Serological bone markers and joint damage in early polyarthritis. J. Rheumatol.
2004; 31:1491–1496. [PubMed: 15290726]

59. Forsblad d'Elia H, et al. Hormone replacement therapy, calcium and vitamin D3 versus calcium
and vitamin D3 alone decreases markers of cartilage and bone metabolism in rheumatoid arthritis:
a randomized controlled trial [ISRCTN46523456]. Arthritis Res. Ther. 2004; 6:R457–R468.
[PubMed: 15380045]

60. Syversen SW, et al. Cartilage and bone biomarkers in rheumatoid arthritis: prediction of 10-year
radiographic progression. J. Rheumatol. 2009; 36:266–272. [PubMed: 19132792]

61. Wisłowska M, Jakubicz D, Stepień K, Cicha M. Serum concentrations of formation (PINP) and
resorption (Ctx) bone turnover markers in rheumatoid arthritis. Rheumatol. Int. 2009; 29:1403–
1409. [PubMed: 19219607]

62. van Tuyl LH, et al. Baseline RANKL:OPG ratio and markers of bone and cartilage degradation
predict annual radiological progression over 11 years in rheumatoid arthritis. Ann. Rheum. Dis.
2010; 69:1623–1628. [PubMed: 20525836]

63. Christgau S, et al. Collagen type II C-telopeptide fragments as an index of cartilage degradation.
Bone. 2001; 29:209–215. [PubMed: 11557363]

64. Garnero P, Gineyts E, Christgau S, Finck B, Delmas PD. Association of baseline levels of urinary
glucosyl-galactosyl-pyridinoline and type II collagen C-telopeptide with progression of joint
destruction in patients with early rheumatoid arthritis. Arthritis Rheum. 2002; 46:21–30. [PubMed:
11817593]

65. Young-Min S, et al. Biomarkers predict radiographic progression in early rheumatoid arthritis and
perform well compared to traditional markers. Arthritis Rheum. 2007; 56:3236–3247. [PubMed:
17907159]

Tektonidou and Ward Page 11

Nat Rev Rheumatol. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



66. Marotte H, Gineyts E, Miossec P, Delmas PD. Effects of infliximab therapy on biological markers
of synovium activity and cartilage breakdown in patients with rheumatoid arthritis. Ann. Rheum.
Dis. 2009; 68:1197–1200. [PubMed: 18713784]

67. Hashimoto J, et al. A combination of biochemical markers of cartilage and bone turnover,
radiographic damage and body mass index to predict the progression of joint destruction in
patients with rheumatoid arthritis treated with disease-modifying anti-rheumatic drugs. Mod.
Rheumatol. 2009; 19:273–282. [PubMed: 19452245]

68. Christensen AF, et al. Differential association of the N-propeptide of collagen IIA (PIIANP) and
collagen II C-telopeptide (CTX-II) with synovitis and erosions in early and longstanding
rheumatoid arthritis. Clin. Exp. Rheumatol. 2009; 27:307–314. [PubMed: 19473573]

69. Christensen AF, et al. Uncoupling of collagen II metabolism in newly diagnosed, untreated
rheumatoid arthritis is linked to inflammation and antibodies against cyclic citrullinated peptides.
J. Rheumatol. 2010; 37:1113–1120. [PubMed: 20436079]

70. Maksymowych WP, et al. Reappraisal of OMERACT 8 draft validation criteria for a soluble
biomarker reflecting structural damage endpoints in rheumatoid arthritis, psoriatic arthritis, and
spondyloarthritis: the OMERACT 9 v2 criteria. J. Rheumatol. 2009; 36:1785–1791. [PubMed:
19671813]

71. Maksymowych WP, et al. Proposal for levels of evidence scheme for validation of a soluble
biomarker reflecting damage endpoints in rheumatoid arthritis, psoriatic arthritis, and ankylosing
spondylitis, and recommendations for study design. J. Rheumatol. 2009; 36:1792–1799. [PubMed:
19671814]

Tektonidou and Ward Page 12

Nat Rev Rheumatol. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Key points

■ Biomarkers are important for making informed decisions in the clinic, including
those concerning diagnosis and allocation of treatment, as well as for assessing
disease activity and prognosis

■ The clinical usefulness of any biomarker depends on the demonstration of its
validity for a particular purpose

■ In the validation of biomarkers intended to aid diagnosis, greater attention needs
to be placed on controlling or adjusting for the demographic and clinical
characteristics of the disease being studied

■ Longitudinal studies are essential in the assessment of validity for biomarkers
relating to disease activity and prognosis

■ New biomarkers of the greatest value are those that provide information that
cannot be gained from existing tests
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Review criteria

We searched for original full-text articles published in English from 1966 through June
1st 2011 using PubMed. Study selection was based on our previously used inclusion and
exclusion criteria.5 The search terms used were: “platelet-derived growth factor receptor
antibody” AND “scleroderma [OR systemic sclerosis]”; “serum procalcitonin” AND
“systemic lupus erythematosus [OR vasculitis]”; “interferon gene expression [OR
interferon gene signature]” AND “systemic lupus erythematosus” AND “disease
activity”; “interferon-related chemokines” AND “systemic lupus erythematosus” AND
“disease activity”; “erythrocyte-bound C4d [OR reticulocyte- bound C4d]” AND
“systemic lupus erythematosus” AND “disease activity”; and “collagen telopeptide [OR
CTX-I OR CTX-II] AND “rheumatoid arthritis.” We also included relevant articles,
selected based on the authors’ knowledge of the literature.
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