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Abstract
Objective—Systemic lupus erythematosus (SLE) is a complex autoimmune disease characterized
by unpredictable flares of disease activity and irreversible damage to multiple organ systems. An
earlier study showed that SLE patients carrying an interferon gene expression signature in blood
have elevated serum levels of interferon (IFN)-regulated chemokines. These chemokines were
associated with more severe and active disease and showed promise as SLE disease activity
biomarkers. This study was designed to validate IFN regulated chemokines as biomarkers of SLE
disease activity in 267 longitudinally-followed SLE patients.

Methods—To validate the potential utility of serum chemokine levels as biomarkers for disease
activity, we measured serum chemokine levels – CXCL10 (IP-10), CCL2 (MCP-1), and CCL19
(MIP-3B) – in an independent cohort of 267 SLE patients followed longitudinally over one year
(1166 total visits).

Results—Serum chemokine levels correlated with current visit lupus activity (p=2×10−10), rising
at flare (p=1×10−3) and decreasing as disease remitted (p=1×10−3), and performed better than
currently available laboratory tests. Chemokine levels measured at a single baseline visit in
patients with SLEDAI ≤4 were predictive of lupus flare over the ensuing year (p=6×10−4).

Conclusion—Monitoring serum chemokine levels in SLE may improve assessment of current
disease activity, the prediction of future flare, and overall clinical decision-making.

Systemic lupus erythematosus (SLE) is a chronic, inflammatory autoimmune disease
defined by autoantibodies to nuclear components, immune complex deposition, and
systemic vasculitis (1). Many organ systems are targeted, including the skin, joints, blood
cells, kidneys, and nervous system. The disease affects 0.1 percent of the US population
with a striking 9:1 female predominance. The factors contributing to the onset and
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progression of SLE are not well understood; however, genetic, environmental and hormonal
factors are likely important.

SLE disease activity can be difficult to monitor, and flares are unpredictable in both
frequency and severity. Certain clinical laboratory tests, including anti-double-stranded
DNA antibodies (anti-dsDNA), complement factor levels, and the erythrocyte sedimentation
rate (ESR) are often measured as potential indicators of disease activity. However, there is
significant uncertainty regarding the utility of these tests in accurately assessing SLE
activity, and several longitudinal studies have failed to establish these as reliable markers
(2–8). Additional studies examining other potential markers of SLE activity have been
inconclusive, and no biomarker for disease activity has been validated (3).

The type 1 interferon (IFN) pathway is dysregulated in SLE, and is a source of potential
lupus biomarkers (9). We and others identified a group of type 1 IFN responsive genes (the
‘IFN gene signature’) that was upregulated in the peripheral blood cells of over 50% of adult
lupus cases and the majority of pediatric SLE patients (10–12). The IFN gene signature
correlates with current visit disease activity and severe complications including renal,
central nervous system, and immunologic disease (10,13,14).

In a recent study of 30 SLE patients, we identified several IFN-regulated chemoattractant
cytokines (chemokines) that were present at increased concentrations in lupus serum(15).
Levels of these chemokines were significantly correlated with disease activity scores and
clinical laboratory tests (ESR, low complement, anti-dsDNA, low leukocyte counts, etc.)
and provided a more sensitive indicator of IFN pathway activation than the gene expression
signature.(15) Other groups have similarly observed increased levels of these chemokines in
SLE blood(16–18). In the current study, we utilized multiplexed sandwich-based
immunoassays to measure the levels of three IFN-regulated chemokines, CCL2 (MCP-1),
CCL19 (MIP-3B), and CXCL10 (IP-10), in serum samples from an independent group of
267 SLE patients followed longitudinally for approximately one year (total clinic
visits=1166), to prospectively test the hypothesis that serum chemokine levels are
biomarkers of SLE disease activity.

Materials and Methods
Research participants, clinical data, and sample collection

Consenting SLE patients from the Hopkins Lupus Cohort (19) were enrolled in the
Autoimmune Biomarkers Collaborative Network (ABCoN) study (see Supplementary
Information). All research protocols were approved by institutional review boards at the
University of Minnesota, Johns Hopkins University, and The Feinstein Institute. The current
study includes serum samples from 267 SLE patients followed longitudinally for one year
(1166 total visits; average of ~4.5 visits per patient; Supplementary Figure S1). Samples
were collected at regularly scheduled quarterly intervals, and also when patients were seen
at interim visits due to flare or other complications. The patient group was 56% North
Americans of European descent, 37% African Americans, and 7% other ethnicity, with an
average age of 42 years (standard deviation = 12 years). Eighty-seven percent of the patients
were female. All patients were examined by the same rheumatologist (MP) at each visit.

Clinical data included a comprehensive medical history, medication profile, clinical
laboratory tests, and several validated disease activity measures, including a revision of the
SLE Disease Activity Index (SLEDAI) (20) from the Safety of Exogenous Estrogens in
Lupus Erythematosus National Assessment (SELENA) study (21) as well as the Physician’s
Global Assessment (PGA) (see Supplementary Information). Current visit clinical data were
available for 99% of visits (n=1152). Anti-double stranded DNA (anti-dsDNA) antibodies
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were measured by Crithidia luciliae immunoassay. Serum C3 and C4 levels were
determined by the Johns Hopkins Hospital Diagnostic Immunology Laboratory (Baltimore,
MD). The majority of patients received treatment for lupus during the observation period,
including hydroxychloroquine (70%), immunosuppressive therapies (40%; including
Cytoxan, CellCept, Immuran, Methotrexate, and Chlorambucil), and oral prednisone (63%).

Peripheral blood was collected by venipuncture and sera were isolated in serum-separator
Vacutainer tubes (Becton-Dickinson). A protease inhibitor (aprotinin, 1 ug/ml) was added
and aliquots were immediately frozen at −80°C.

Serum chemokine measurement
SearchLight (Pierce, Woburn, MA) chemiluminescent sandwich-based immunoassays were
used to quantitate the serum levels of CXCL10 (IP-10), CCL2 (MCP-1) and CCL19
(MIP-3B) at the University of Minnesota Cytokine Reference Laboratory. These
chemokines are IFN-regulated, and exhibited the strongest correlations with disease activity
in our initial report (15) (see also Supplementary Information and Supplementary Figure
S2). Concentration values (pg/ml) were obtained using seven-point standard curves
generated with recombinant protein. Each sample was run in duplicate. To permit
normalization of slight differences in intensity readings between plates, two SLE samples
were repeated on each plate (see Supplementary Information). For quality control, we also
included samples from the 30 patients that were previously assayed on another platform
(Supplementary Table S1) (15). Chemokine measurements were highly reproducible
between the two platforms (r=0.88, p=0.0001; see Supplementary Information). All data
analysis in the current study was performed by authors Bauer and Baechler. The distribution
of chemokine values was non-normal, therefore non-parametric tests were utilized for
analyses of chemokine measurements. Laboratory test values and disease activity measures
were normal, allowing parametric tests to be used.

Chemokine score calculation
In order to use the information derived from the 3 chemokine measurements in a simplified
manner, we calculated a normalized composite chemokine score. For each chemokine,
concentrations above the 95th percentile value were assigned a value of 1.0. The remaining
concentration values were then scaled to the 95th percentile value, and these scaled values
for each chemokine were summed to derive the final score (possible range 0–3). The
chemokine scores for all SLE patient visits were transformed to a 100 point scale. Patient
visits were classified by chemokine score as either chemokine-low (bottom quartile; score
≤24), chemokine-high (top quartile; score ≥47), or chemokine-intermediate (middle two
quartiles).

Comparison of chemokine levels in active vs. inactive SLE
We chose one visit from each patient with active SLE (SLEDAI ≥6; n=76) and one visit
from each patient in an independent group of inactive cases (SLEDAI ≤2 and PGA=0;
n=105). If patients had multiple active or inactive visits, the earliest available visit was
selected. Nonparametric Mann-Whitney U-tests were used to compare chemokine levels and
the chemokine score between active and inactive SLE. Categorical data were evaluated with
Fisher’s exact test. Heat maps were generated using CLUSTER and visualized by Treeview
(22).

Comparison of disease activity in chemokine-high vs. -low patients
The selection of chemokine-high and -low patients for this analysis is described in detail in
the Supplementary Information. Briefly, from the full set of chemokine-high and -low visits,
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we selected only those visits that had current clinical data available. There were 286 visits in
the chemokine-high group (127 total patients) and 302 visits in the chemokine-low group
(116 total patients). Sixteen patients were excluded from the chemokine-low group because
they had one or more visits that fell into the chemokine-high category. From these groups,
we selected the earliest available visit from each patient. SLEDAI scores were compared
between the chemokine-high (n=127) and chemokine-low (n=100) groups using Student’s
unpaired t-test.

The presence of organ-specific manifestations was defined by Lupus Activity Index (LAI)
(23) subscores ≥1. Student’s unpaired t-tests were used to compare continuous variables
while Fisher’s exact tests were used for categorical data.

Longitudinal analysis of changes in disease activity
We selected paired, consecutive visits from patients who had either a flare in disease activity
(6) (increase in SLEDAI ≥3; n=62 pairs; average time between visits, 88.3 days) or
attenuation of activity (decrease in SLEDAI ≥3; n=73 pairs; average time between visits,
87.8 days). Paired Wilcoxon tests were used to compare chemokine levels at consecutive
visits, either (1) before and during flare, or (2) before and during attenuation. Standard
laboratory tests were analyzed by paired Student’s t-test.

Prediction of future disease activity
We selected all available patients who had a baseline visit with inactive or less active
disease (SLEDAI ≤4) and ≥3 total visits (n=222 patients). These patients were then
stratified by baseline chemokine score (chemokine-high, n=44; chemokine-intermediate,
n=108; chemokine-low, n=72). We identified patients who flared (increase in SLEDAI ≥3)
and recorded the number of days from baseline to flare. The same patient group was used to
determine whether serum chemokine levels could specifically predict future renal activity,
with renal flares defined as an increase in the renal SLEDAI subscore from 0 to 4+. In
addition to the clinical data that was collected concurrently with serum sampling, we also
had available longitudinal clinical data for 384 patient visits that lacked a matched blood
sample for serum chemokine measurement. The clinical data from these visits was included
in these analyses. The Physician’s Global Assessment (PGA) was also used for an alternate
definition of flare (increase in PGA≥1).(24) Patients who did not flare were selected only if
they completed at least 9 months of the study. Kaplan-Meier plots were used to compare the
percentage of patients who remained flare-free in the three groups.

Using the same set of 222 patients, univariate and multivariate Cox regression analyses were
used to identify variables with power to predict future flare. The tested variables included
chemokine levels and laboratory tests measured at the baseline visit. Variables were kept in
the model if p<0.1 using stepwise regression. For Cox regression analysis, all variables were
continuous; the chemokine score was also tested as a binary variable (chemokine-high vs. -
intermediate/low). To facilitate interpretation of hazard ratios, continuous variables were
dichotomized; hazard ratios are relative to a 100 pg/ml change in chemokine level and 10
units for all clinical laboratory test results and the chemokine score.

Results
The current validation cohort was comprised of 267 SLE patients followed longitudinally
for one year. The distribution of disease activity across all visits, as determined by the SLE
Disease Activity Index (SLEDAI) or physician’s global assessment (PGA), is shown in
Figure 1 (A,B). Most patients received treatment for lupus during their ABCoN observation
period, including hydroxychloroquine (70%), immunosuppressive therapies (40%), and oral
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prednisone (63%) (Figure 1C). The most common clinical signs of SLE were arthritis
(46%), followed by renal (35%), skin (19%) and hematologic (9%) manifestations (Figure
1D). The demographic and clinical features of these 267 patients were largely similar to
those of the 30 patients from the previous study, although the patients in the earlier study
had more active disease (Supplementary Table S1).

We first addressed the extent to which chemokine levels correlated with SLEDAI, a
validated clinical index of current SLE disease activity. The levels of CXCL10 (IP-10) and
CCL19 (MIP-3B), but not CCL2 (MCP-1), were significantly higher in patients with active
SLE (defined as SLEDAI ≥6, n=76) compared to inactive SLE (SLEDAI ≤2 and PGA=0,
n=105; Figure 2A and B). A composite chemokine score was significantly higher in active
patients (mean ± SD chemokine score, 48 ± 18) than inactive patients (mean score 32 ± 12,
p=2×10−10). In order to examine the pattern of chemokine expression across the full
spectrum of disease activity, including patients with intermediate activity (those who did not
meet the above criteria for either active or inactive SLE), we compared chemokine levels in
the first visits of all patients. Chemokine scores were significantly elevated in active SLE
patients when compared to patients with intermediate (p<0.0001) and low disease activity
(p=0.0001). However, chemokine scores were not different between patients with
intermediate and low disease activity (p=0.46; Supplementary Table S2).

To further explore the relationship between chemokine levels and disease activity, we
examined single visits from patients who were either chemokine-high (n=127) or
chemokine-low (n=100). The chemokine-high group had a significantly higher fraction of
active SLE cases (SLEDAI ≥6) as compared to the chemokine-low group (p=2×10−4;
Figure 3). Chemokine-high patients also had higher absolute levels of disease activity as
measured by the SLEDAI compared to chemokine-low patients (p=8×10−8, Supplementary
Table S3). Furthermore, the chemokine-high group showed higher ESR (p=8×10−5), higher
anti dsDNA antibody titers (p=2×10−4), lower complement C3 levels (p=0.03), and lower
leukocyte counts (p=6×10−4) than the chemokine-low group (Supplementary Table S3). In
order to compare disease activity across the full range of chemokine scores, including
patients with intermediate chemokine levels, we examined activity scores in the first visits
of all patients. SLEDAI scores were significantly elevated in chemokine-high patients as
compared to chemokine-intermediate (p=3.8×10−5) and chemokine-low patients
(p=1.0×10−7), but SLEDAI scores were similar between chemokine-intermediate and
chemokine-low patients (p=0.06; Supplementary Table S4).

To determine whether the relationship between the chemokine score and disease activity
extended beyond these indicators of serologic activity, we performed a similar analysis
using a modified SLEDAI (mSLEDAI) which lacks the anti-dsDNA and complement
components (20,23). The chemokine-high group had significantly higher mSLEDAI scores
compared to the chemokine-low group (p=1×10−3, Supplementary Table S3). Furthermore,
the chemokine score was significantly correlated with mSLEDAI (p<0.0001), as were anti-
dsDNA, complement components, and lymphocyte count (p<0.0001), ESR (p=0.0004), and
WBC count (p=0.003; Supplementary Table S5). The only organ-specific manifestation that
was significantly enriched in the chemokine-high group was skin involvement (p=0.02,
Supplementary Table S6). Based on these data, we conclude that serum IFN-regulated
chemokine levels serve as biomarkers of current SLE disease activity.

We next examined whether chemokine levels were altered in patients treated with high dose
prednisone (10+ mg/day) or immunosuppressive drugs (see Methods). In order to control for
disease activity, we compared chemokine levels separately in active and inactive SLE
patients. In patients with active disease, chemokine levels were not significantly different
between patients receiving high dose prednisone and those who were not taking prednisone
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(p=0.16; Supplementary Table S7). Furthermore, active patients treated with
immunosuppressive drugs (cytotoxic +) had similar chemokine levels as patients who were
not being treated with immunosuppressants (cytotoxic −) (p=0.84). In patients with inactive
disease, chemokine levels were not significantly different between cytotoxic + and cytotoxic
− patients (p=0.49). However, inactive patients receiving high dose prednisone had
significantly lower levels of chemokines as compared to inactive patients who were not
taking prednisone (p=0.0002; Supplementary Table S7). Further prospective studies are
needed to fully elucidate the effects of medication usage on serum chemokine levels.

We next leveraged the longitudinal aspect of this collection to ask whether chemokine levels
rise during flares of disease activity. All pairs of consecutive visits from patients who had a
lupus flare (increase in SLEDAI ≥3; n=62 pairs) were identified to assess the ability of these
chemokines to serve as dynamic biomarkers reflecting changes in activity. Strikingly,
chemokine levels generally increased in patients between their pre-flare and flare visits
(chemokine score, p=2×10−3; Figure 4A). Flares marked by a corresponding increase in
chemokine levels affected a variety of organ systems, but were most commonly associated
with increased renal (n=16), musculoskeletal (n=13), and skin (n=12) SLEDAI subscores.
Importantly, standard clinical laboratory tests did not exhibit consistent changes concurrent
with flare (range p=0.58 to p=0.91; Figure 4B).

We also examined paired, consecutive visits from patients who exhibited a reduction in
disease activity (decrease in SLEDAI ≥3; n=73 pairs). Chemokine levels generally dropped
at the time of disease activity reduction (chemokine score, p=1×10−3; Supplementary Figure
S3). Standard clinical laboratory tests did not perform as well as the chemokine levels, with
complement C4 showing the only significant result (p=0.03; Supplementary Figure S3).
Together, these results provide evidence supporting the utility of IFN-regulated chemokines
as biomarkers of lupus activity.

We next examined the ability of serum chemokine levels to predict future SLE disease
activity. We first selected all patients with low disease activity at their baseline visit
(SLEDAI ≤4), and separated them based on chemokine score (chemokine-high, n=44;
chemokine-intermediate, n=108; chemokine-low, n=79). We then used Kaplan-Meier plots
to visualize time to flare (increase in SLEDAI ≥3) for each group (Figure 5A). Interestingly,
patients with high baseline chemokine levels were at increased risk for future SLE flares
(36% of chemokine-high patients flare-free at 1 year vs. 72% of chemokine-low patients;
p=0.0001). Patients in the chemokine-intermediate group were at similar risk compared to
the chemokine-low group (p=0.48), but were significantly less likely to flare than the
chemokine-high group (p=0.001). Strikingly, the difference in flare rates between
chemokine-high and chemokine-low patients becomes significant as early as 100 days after
the baseline visit (p=0.02), with an increase in significance at 200 days post-baseline
(p=0.005). When the PGA was used as an alternative disease activity instrument for
identifying flares, the chemokine-high group was again most likely to flare, although this
trend was not significant (Supplemental Figure S4). These results suggest that clinically
inactive patients with high serum chemokine levels are at increased risk for future lupus
flares.

Of the 79 chemokine-low patients depicted in Figure 5A, 19 patients (24%) had a flare
within one year despite having low serum chemokine levels at their baseline visit. We next
asked whether chemokine levels in these 19 patients rose over time as they approached flare
by examining their chemokine levels at interim visits (between the baseline visit and the
flare) and at the flare visit. On average, these patients had a 42% increase in chemokine
scores at an interim visit (p-value = 0.009 by paired Wilcoxon test for the comparison of
baseline chemokine score vs. interim chemokine score). Furthermore, these patients had an
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average increase in chemokine levels of 53% at the flare visit (p = 0.0002, baseline visit vs.
flare visit). As another approach to this question, we determined the number of patients from
this group who transitioned from their baseline chemokine-low state to a chemokine-high or
- intermediate state either before or during the flare. Of these 19 patients, 13 individuals
transitioned to chemokine-high or - intermediate status at either an interim visit (n=10) or at
the flare visit (n=3). These data suggest that most of the patients who were chemokine-low
at their baseline visit, but still flared within one year, had increasing levels of serum
chemokines as they approached the flare event.

Since flares of lupus nephritis (LN) are among the most feared complications of lupus, we
next tested the ability of chemokine levels to specifically predict renal flare. We selected
patients who had no evidence for active LN at their baseline visit (renal SLEDAI subscore =
0) and compared LN flare rates (defined as a renal SLEDAI subscore ≥4 at the renal flare)
among chemokine-high (n=45), chemokine-intermediate (n=100), and chemokine-low
patients (n=70). Chemokine-high patients were at significantly increased risk for renal flares
as compared to both chemokine-low (p=2×10−3) and chemokine-intermediate patients
(p=9×10−4) (Figure 5B). Renal flare rates were not significantly different between
chemokine-low and chemokine-intermediate patients (p=0.88). These data suggest that
patients with elevated serum chemokine levels are at increased risk for lupus flares affecting
the kidneys.

Since chemokine levels appear to distinguish patients likely to flare, we next tested whether
standard laboratory measures could improve the prediction of lupus flares. We first
performed univariate Cox proportional hazards regression to identify variables with
significant ability to predict flare (increase in SLEDAI ≥3; Table 1). As expected, the
chemokine score was significantly associated with flare, both as a binary variable
(chemokine-high vs. chemokine-intermediate/low; p=0.0001), and as a continuous variable
(p=0.0002). The individual chemokine levels for CXCL10 (IP-10) and CCL19 (Mip-3B)
were also significant (p=0.0001 and p=0.03, respectively). Of interest, none of the common
laboratory test results (ESR, complements, dsDNA abs) were significant predictors of flare,
although ESR showed a positive trend (p=0.07).

Next, we used multivariate Cox proportional hazards regression to determine whether
laboratory test results could further enhance the predictive ability of the chemokine score.
Using a stepwise approach, the only variable that was included in the model was the
chemokine score (p=0.0001; hazard ratio=2.5). These data suggest that monitoring serum
chemokine levels could greatly improve the identification of patients at risk for flare and
would provide a significant advancement over laboratory tests currently used to guide SLE
management decisions.

Discussion
Here we provide data that validate serum IFN-regulated chemokine levels as biomarkers for
disease activity in SLE. Serum chemokine levels correlated with SLE disease activity as
measured by the SLEDAI, and changes in SLEDAI were accompanied by significant
changes in chemokine levels. IFN-regulated chemokines also appear to serve as predictive
markers of future lupus flare. Importantly, although chemokine levels and clinical laboratory
tests (e.g. anti-dsDNA, serum complements, and ESR) demonstrated similar correlations
with disease activity in some cross-sectional analyses, the levels of these chemokines
significantly outperformed the clinical laboratory tests in longitudinal analyses. Serum
chemokine levels may thus be clinically useful as an objective indicator of activity, and have
the potential to improve disease management and therapeutic decision-making.
Development of new SLE therapies has proven difficult, in part due to the lack of clearly
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defined, validated outcome measures for use in clinical trials (25). Our data suggest that
measurement of IFN-regulated chemokines could potentially serve as a surrogate endpoint
for SLE clinical trials of novel therapeutics.

Evaluating the risk of future flare is a major clinical challenge in SLE. Our data show that
quiescent patients with high serum chemokine levels are much more likely to flare within
one year compared to patients with low chemokine levels. Interestingly, flare rates in
patients with intermediate chemokine levels were similar to the chemokine-low group,
suggesting that increased risk of future flare may be largely restricted to patients with
marked elevation of serum chemokines. Although some patients who were chemokine-low
at baseline still flared within one year, most of these patients exhibited increasing
chemokine levels as they approached the flare event, suggesting that frequent monitoring of
chemokine levels may be useful in identifying patients who are progressing towards flare. In
addition, the separation between flare rates for chemokine-high and chemokine-low
individuals becomes significant at 100 days after the baseline visit, suggesting that
chemokine levels may be useful for predicting flare over an even shorter time window. Our
data indicate that commonly-used laboratory test results are not significant predictors of
SLE flare, and these tests do not further enhance the predictive ability of serum chemokines
in multivariate analyses. These data suggest that monitoring chemokine levels in SLE could
give physicians an important tool to estimate the likelihood of future flares in patients who
are clinically inactive. At a minimum, patients with elevated chemokine levels could be
monitored more frequently.

Many studies have implicated type I IFN pathway activation in human lupus,(10–12,26) and
the IFN regulatory factor IRF5 was recently identified as a major risk gene for SLE (27,28).
Type I IFNs can stimulate B-cell proliferation and differentiation into antibody-secreting
plasma cells, and differentiation of immature monocytes into antigen presenting dendritic
cells. These dendritic cells can activate autoreactive lymphocytes and promote autoantibody
production (29). These functions of type I IFN, coupled with impaired clearance of apoptotic
debris in SLE patients, promote formation of immune complexes, which are potent inducers
of type I IFN (30). Inappropriate IFN production and/or an inability to dampen IFN
responses thus may initiate a positive feedback loop, resulting in perpetuation of the
autoimmune response.

Another important link between IFN pathway activation and lupus may involve the
upregulation of chemokines. Chemokines direct the migration of leukocytes throughout the
body and thus orchestrate the inflammatory response. Type 1 IFN-dependent upregulation of
chemokines in peripheral tissues may result in the inappropriate recruitment of autoreactive
lymphocytes to sites of inflammation (15,31,32). Alternatively, systemic elevation of
chemokines may desensitize chemokine receptors expressed on activated leukocytes,
resulting in loss of normal homing mechanisms and consequently global inflammatory
responses. Although the precise mechanism is unknown, IFN-regulated chemokines may be
markers for the relevant underlying pathophysiology in SLE (discussed in (15)).

Progress in the discovery and validation of novel biomarkers for SLE has been hampered by
the lack of suitable biorepositories. A significant strength of the current study is that samples
comprising the ABCoN biorepository were collected by the same clinical laboratory and
processed using a strict protocol to minimize variability and sample degradation. Additional
strengths of the current study include the fact that several ethnic groups are represented, and
all patients were examined and treated by the same rheumatologist, eliminating the
confounding effect of inter-observer variability in assessment of disease activity.
Furthermore, the large size of the ABCoN repository allowed us to conduct this prospective
validation study based on an hypothesis generated in an earlier pilot study.
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Here, we measured the three chemokines – CXCL10 (IP-10), CCL2 (MCP-1), and CCL19
(MIP-3B) – that showed the strongest correlations with disease activity in the pilot study. A
potential limitation of the current study is that other proteins dysregulated in lupus serum,
but not tested here, may improve the predictive ability of the composite chemokine
biomarker. In addition, since cases in the current study were selected from a single cohort, it
will now be important to determine whether the findings of this study translate to additional
SLE cohorts. Clearly, attention to sample collection protocols and assay development will
be important for these future studies. It should also be noted that CXCL10 (IP-10) was
consistently the most strongly associated chemokine with current and future disease activity,
raising the possibility that serum CXCL10 (IP-10) levels may be a stand-alone biomarker of
SLE activity. Further studies are required to determine exactly which combination of
markers will have the greatest clinical utility.

In summary, the data suggest that longitudinal measurement of IFN-regulated serum
chemokines in SLE may prove useful in the clinical management of SLE, providing a tool to
evaluate current disease activity and identify patients at risk for future flares. Furthermore,
these results provide additional evidence implicating type I IFN in SLE pathogenesis and
suggest that therapies targeting the IFN pathway may prove effective in modulating disease
activity in lupus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinical profile of ABCoN SLE patient visits
The distribution of disease activity as measured by SLEDAI (panel A) and a physician’s
global assessment (PGA, panel B) for 267 SLE patients followed longitudinally for one year
(1152 total visits). The percentage of patients taking specific medications or exhibiting
organ-specific manifestations at any time during the one year study are shown in panels C
and D, respectively. HCQ - hydroxychloroquine, Pred - prednisone, mg/d - milligrams per
day, Heme - hematologic, Cytotoxic − Imuran, Cytoxan, Chlorambucil, Methotrexate, and/
or CellCept.
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Figure 2. Active SLE patients have elevated IFN-regulated chemokine levels
A. Chemokine (CK) levels were compared between a group of single visits from active SLE
patients (SLEDAI ≥6; n=76) and an independent group of inactive SLE patients (PGA=0
and SLEDAI ≤2; n=100). Chemokine scores and individual chemokine levels were
compared using Mann-Whitney U-tests. Bars represent mean ± standard deviation. B.
Individual chemokine levels were normalized to the average of the inactive patients and
log2-transformed. Chemokine scores were visualized on 100 point scale.
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Figure 3. Patients with high chemokine levels are more likely to have elevated SLE disease
activity
The percentage of patients with active SLE (SLEDAI ≥6) were compared between patients
with high levels of chemokines (chemokine score ≥47, n=127) and an independent group of
patients with low levels of chemokines (chemokine score ≤24, n=100). P-values were
determined by Fisher’s exact test.
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Figure 4. IFN-regulated chemokines as biomarkers for disease flares
Chemokine levels and standard laboratory tests were measured in 62 paired pre-flare and
flare visits. Flares were defined as an increase in SLEDAI ≥3. Heat maps depict the
magnitude and direction of the change in chemokine levels (A) or laboratory results (B)
from the pre-flare to the flare visit. Nonparametric paired Wilcoxon tests were used to
generate p-values for chemokine levels while paired Student’s t-tests were used for classic
laboratory tests. *Changes in complement levels (C3 and C4) are reported inversely, so that
a decrease in complement components appears yellow on the heat map. Chemokine levels
generally increased with flare, although about 10% of flares were associated with ≥ 25%
decrease in chemokine levels.
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Figure 5. High baseline chemokine levels identify patients with elevated risk for future SLE
flares
SLE patients with low baseline disease activity (SLEDAI <4) were followed for one year. A.
Patients who had a flare in any organ system (increase in SLEDAI ≥3) were recorded.
Kaplan-Meier plots show the percentage of patients who remained free of flare in any organ
system. B. Renal flares were defined as an increase in the renal SLEDAI subscore from 0 to
4+. Plots show the percentage of patients in each group who remained free of renal flares.
Vertical tick marks along each curve represent patients who remained flare-free but did not
have a full year of clinical follow-up (censored data).
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Table 1

Univariate and multivariate Cox proportional analysis to identify variables with power to predict flares in 222
SLE patients (77 with flare, 145 without). Bold type indicates significant variables (p<0.05). Chemokine score
was tested both as a continuous variable and as a binary variable (chemokine-high vs. -low/intermeidiate).

Univariate

Variable p-value Hazard ratio 95% CI

CXCL10 (IP-10) 0.0001 1.16 1.08 to 1.25

CCL2 (MCP-1) 0.2973 1.02 0.99 to 1.05

CCL19 (MIP-3b) 0.032 1.08 1.00 to 1.17

CK score (continuous) 0.0002 1.25 1.11 to 1.41

CK score (binary) 0.0001 2.57 1.61 to 4.10

ESR 0.071 1.08 1.00 to 1.18

C3 0.8106 1.00 0.94 to 1.07

C4 0.5475 0.95 0.74 to 1.23

DNA 0.4509 1.01 0.99 to 1.03

Multivariate

p-value Hazard ratio 95% CI

CK score (binary) 0.0001 2.52 1.63 to 4.09
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