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Enzyme-Linked Immunosorbent Assay Quantification
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Objective. No simple or standardized assay is available to quantify interferon-a (IFNa) in routine clinical practice.
Single-molecule array (Simoa) digital enzyme-linked immunosorbent assay (ELISA) technology enables direct IFNa
quantification at attomolar (femtogram per milliliter [fg/ml]) concentrations. This study was undertaken to assess IFNa
digital ELISA diagnostic performances to monitor systemic lupus erythematosus (SLE) activity.

Methods. IFNa concentrations in serum samples from 150 consecutive SLE patients in a cross-sectional study were de-
termined with digital ELISA and a functional biologic activity assay (bioassay). According to their Safety of Estrogens in Lupus
Erythematosus National Assessment version of the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) flare com-
posite scores, patients were divided into groups with inactive SLE (SLEDAI score of <4 or clinical SLEDAI score of Q) or active
SLE (SLEDAI score of >4 or clinical SLEDAI score of >0), and into groups with no flare or mild/moderate flare or severe flare.

Results. Based on serum samples from healthy blood donors, the abnormal serum IFNa level threshold value was
136 fg/ml. Next, using receiver operating characteristic curves for an SLE patient series that was widely heterogene-
ous in terms of disease activity and organ involvement, the threshold IFNa value associated with active disease was
determined to be 266 fg/ml. The digital ELISA—assessed serum IFNa level was a better biomarker of disease activity
than the Farr assay because its specificity, likelihood ratio for positive results, and positive predictive value better dis-
cerned active SLE or flare from inactive disease. The digital ELISA was more sensitive than the bioassay for detecting
low-abnormal serum IFNa concentrations and identifying patients with low disease activity.

Conclusion. Direct serum IFNa determination with a highly sensitive assay might improve monitoring of clinical

SLE activity and selection of the best candidates for anti-IFNa treatment.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease of unknown etiology characterized by the presence
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of antinuclear autoantibodies and inflammation in a wide spec-
trum of organs (1,2). The survival of SLE patients has plateaued
since the middle 1990s (3). To date, anti-double-stranded DNA
(anti-dsDNA) antibody titration, best achieved with the standard
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Farr assay, has been used to monitor global disease activity and
SLE renal involvement (4-7). However, because associations
with disease characteristics are at best modest, clinicians and
researchers still lack reliable biomarkers of SLE activity (4-7). At
present, many authors consider the dysregulation of interferons
(IFNs) to be a central cause of the immunologic abnormalities
observed in SLE (8-14).

Early studies showed elevated serum IFNa levels in SLE
patients to be associated with disease activity and severity
(15-17). More recently, transcriptome analysis using microar-
ray technology revealed up-regulation of numerous IFN-
stimulated genes (ISGs) in the peripheral blood mononuclear
cells of patients with SLE, constituting an overall “IFN signa-
ture” (18,19). That signature is found in almost all pediatric
patients and 50-80% of adults with SLE (20). Thus, the close
association between IFNa overexpression and SLE activity
suggests that monitoring this cytokine might help physicians
better evaluate disease activity (21-25). Knowing the IFNa
concentration might also help select the best candidates for
anti-IFNa treatment (26,27). Unfortunately, no reliable, sim-
ple, or standardized assays to quantify IFNa in routine clin-
ical practice are available; notably, enzyme-linked immuno-
sorbent assays (ELISAs) to detect IFNa in human sera have
been hindered by low sensitivity and low specificity (28), and
assays based on detecting IFNa biologic activity are difficult
to standardize (15-17). Alternatively, quantification of the
expression of different ISGs as “IFN scores” can be used as
a surrogate to monitor IFN activity in SLE (29-31). Not sur-
prisingly, IFN scores have been associated with SLE activity
(29,32-34). However, the low availability and high complexity
of transcriptome—-microarray technology means that the IFN
scores, as well, are not standardized and cannot be used in
routine practice.

The new single-molecule array (Simoa) assay, also called dig-
ital ELISA, based on counting individual enzyme-labeled immu-
nocomplexes of proteins captured on beads in single-molecule
arrays, enables direct IFNa quantification at attomolar (femto-
gram per milliliter [fg/ml] or 5 x 107"° moles/ml) concentrations
(85-37), corresponding to a 5,000-fold increased sensitivity over
commercial ELISAs. We hypothesized that serum IFNa levels
determined with this new standardized assay would represent a
better biomarker of SLE activity than the Farr assay. Therefore,
the primary objective of this study was to characterize the rela-
tionship between digital ELISA—-determined serum IFNa concen-
trations and clinically assessed SLE activity. We also compared
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that assay to a functional sensitive biologic assay (bioassay),
based on IFNa antiviral properties, that has been used routinely
in our institution for 30 years (38-40).

PATIENTS AND METHODS

Study design, patients, and controls. Serum samples
were obtained from 150 consecutive patients (139 women, 11
men) diagnosed as having SLE according to the 1997 updated
American College of Rheumatology criteria for SLE classification
(41). SLE patients were referred to our National Referral Center
for SLE. SLE clinical characteristics, the Safety of Estrogens in
Lupus Erythematosus National Assessment (SELENA) version
of the Systemic Lupus Erythematosus Disease Activity Index
(SLEDAI) (42-44), and the therapeutic regimen were recorded
on the day blood was drawn (day 0). The class of lupus nephri-
tis, according to the International Society of Nephrology/Renal
Pathology Society 2003 classification (45), was recorded, and
the serum sample was obtained within 3 days before or after
the renal biopsy. Routine testing to determine anti-dsDNA anti-
body titers using the Farr assay (cutoff value 9.0 IU/ml) (Trinity
Biotech) and anti-RNP antibody levels (anti-Sm, anti-SSA/Ro60,
anti-Ro 52/TRIM21, and anti-SSB) (Luminex FIDIS; Theradiag)
was conducted, and laboratory analyses to determine C3 and
C4 levels (Optilite; The Binding Site), complete blood cell counts,
serum creatinine levels, and presence of proteinuria and hema-
turia were performed.

According to their SELENA-SLEDAI scores, patients were
divided into groups of inactive SLE (SLEDAI score <4; n = 68)
or active SLE (SLEDAI score >4; n = 82). The presence of a
severe or mild/moderate lupus flare was recorded according to
the SELENA-SLEDA flare instrument (see Supplementary Meth-
ods, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40792/abstract) (43,44).
For logistic regression analyses, the domains of activity were
assigned by the SELENA-SLEDAI scores in those domains.
Serum samples from 68 age- and sex-matched healthy donors
(Etablissement Frangais du Sang, Tle-de-France, Pitié-Salpétriére
Hospital) were collected during the same time period.

The primary objective of the study was to assess the diag-
nostic performance of the IFNa digital ELISA to monitor SLE
activity. The secondary goal was to compare the performances
of the digital ELISA and the bioassay. Exclusion criteria were 1)
known or suspected infection on day O, or 2) increased hydroxy-
chloroquine, prednisone, and/or immunosuppressant dose(s)
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during the 4 weeks preceding day 0. The study was approved by
the local ethics committee (no. 30052012), and informed consent
was provided by all participants. The research was carried out in
compliance with the Helsinki Declaration.

IFNa bioassay. Serum IFNa biologic activity (in IU/ml) was
determined by assessing the protection afforded by each patient’s
serum to cultured Madin-Darby bovine kidney cells infected with
vesicular stomatitis virus, as described previously (38,46-48)
(see Supplementary Methods, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40792/abstract). Bioassay sensitivity (the lower limit of detec-
tion) was 2 IU/ml. Serum IFNa activity in healthy individuals is
undetectable at a level of <2 IU/ml (39,49).

IFNa digital ELISA. Serum IFNa concentrations (in fg/mi)
were determined with an IFNa digital ELISA technology reagent kit
(Simoa; Quanterix), which is based on a 3-step protocol using an
HD-1 Analyzer (Quanterix) (35) (see Supplementary Methods, availa-
ble at http://onlinelibrary.wiley.com/doi/10.1002/art.40792/abstract).

Statistical analysis. Qualitative variables are expressed
as the number (percentage), and quantitative parameters as
the mean = SD or median (range), as appropriate. Differences
between patient groups were tested with the Mann-Whitney U
test or Student’s t-test for continuous data, and Fisher’s exact
test or chi-square test for categorical data. Spearman’s corre-
lation coefficients were computed for quantitative values. The
diagnostic performances of the Farr assay, IFNa digital ELISA,
and the bioassay to detect SLE disease activity were investigated
by analyzing receiver operating characteristic (ROC) curves,
with the SELENA-SLEDAI-assessed clinical activity as the gold
standard for those analyses. Because the SELENA-SLEDAI
measure includes the Farr assay among the domains scored,
we used for this analysis the clinical SELENA-SLEDAI that refers
to symptoms, signs, and routine laboratory testing, disregarding
the points that can be given for the presence of anti-DNA anti-
bodies and/or low complement levels (50). The areas under the
ROC curves (AUCs) to differentiate active versus inactive SLE
and an SLE flare versus no flare according to the digital ELISA,
bioassay, and Farr assay were compared using a nonparametric
approach (51). The optimal thresholds were determined using
a compromise among the maximum correct classification rate,
the minimum distance to the upper left corner of the ROC curve,
the minimum sensitivity — specificity difference, and the Youden
index. Sensitivities, specificities, likelihood ratios, positive pre-
dictive values, and negative predictive values were calculated.
McNemar’s test for paired proportions was used to compare
sensitivities and specificities. No statistical analyses were per-
formed on likelihood ratios and predictive values.

To identify SLE parameters independently associated
with the absence of detectable serum IFNa in patients with

active disease, variables significantly associated with the false-
negative rate in bivariable analyses were entered into a mul-
tivariable logistic regression model with stepwise selection of
variables (P = 0.30 for entry and P = 0.10 for exit). Alternatively,
to identify SLE parameters independently associated with bio-
assay- or digital ELISA-detected abnormal IFNa levels, univar-
iable and multivariable logistic regression analyses using back-
ward stepwise variable elimination were performed (with the
variable exit threshold set at P > 0.10). All potential explanatory
variables included in the multivariable analyses were subjected
to collinearity analysis with a correlation matrix. None of these
variables were associated with each other. Model goodness-
of-fit was assessed with the determination coefficient (R%). All
tests were 2-sided, and P values less than 0.05 were con-
sidered significant. Statistical analyses were performed using
GraphPad Prism (version 5.0), IBM SPSS Statistics (version
22.0), and SAS 9.4 software.

RESULTS

Patient characteristics. The baseline characteristics
of the patients are described in Table 1. Approximately half of
the patients had SELENA-SLEDAI-defined active SLE (score
>4) or a SELENA-defined flare. Immunosuppressant therapy
was mycophenolate mofetil for 18 patients, methotrexate for 13

patients, and azathioprine for 6 patients.

Serum IFNa concentrations in SLE patients. Digital
ELISA-determined serum IFNa concentrations in patients with
active SLE (median 1,396 fg/ml [range 0-53,000]) were signifi-
cantly higher than those in patients with inactive SLE (median 14
fg/ml [range 0-4,328]) (P < 0.0001) and healthy controls (median
0 fg/ml [range 0-269)) (P < 0.0001). Concentrations also differed
significantly between patients with inactive SLE and healthy con-
trols (P < 0.0001) (Figure 1).

The IFNa digital ELISA positivity threshold was 136 fg/ml,
which is 3 SD above the mean serum IFNa concentration calcu-
lated from the serum samples from the 68 healthy blood donors.
Using that cutoff value, the digital ELISA was able to detect abnor-
mal serum IFNa concentrations (>136 fg/ml) in 78 SLE patients
(52%).

Bioassay-determined serum IFNa levels were significantly
higher in patients with active SLE (median 5 IU/ml [range 0-200])
than those with inactive disease (median O IU/ml [range 0-12])
(P < 0.0001) (Figure 1). The bioassay was able to detect abnor-
mal serum IFNa levels (>2 IU/ml) in 56 SLE patients (37%).

Sensitivity of digital ELISA versus the bioassay to
detect abnormal serum IFNa levels. Although the digital
ELISA- and bioassay-determined serum IFNa levels were sig-
nificantly correlated (Spearman’s rank r = 0.77 [95% confidence



Table 1. Baseline characteristics and disease parameters in SLE
patients (n = 150)*

Women 139(92.7)
Age, mean = SD years 36.2+12.5
Disease duration, mean + SD years 9.8 £91
SELENA-SLEDAI score, median (range) 4 (0-36)
SELENA-SLEDAI score >4 82 (54.7)
Mild/moderate flaret 21 (14)
Severe flaret 53 (35.3)
Fever 31(20.7)
Weight loss or anorexia 18(12)
Lymphadenopathy 21 (14)
Active cutaneous lupus 37 (24.7)
Active lupus serositis 17 (11.3)
Active lupus arthritis 44 (29.3)
Active lupus nephropathy 20(13.3)
Active neuropsychiatric lupus 6 (4)
Hydroxychloroquine use 124.(82.7)
Prednisone use 90 (60)
Prednisone >10 mg/day 38(25.3)
Immunosuppressive agent uses 37 (24.7)
Positive Farr assay 87 (58)
Positive for anti-RNP antibodies 53(35.3)
Positive for anti-Sm antibodies 28 (18.7)
Positive for anti-Ro/SSA 52 antibodies 48 (32)
Positive for anti-Ro/SSA 60 antibodies 64 (42.7)
Positive for anti-La/SSB antibodies 20(13.3)
Low C3 level 54/147 (36.7)8

* Except where indicated otherwise, values are the number (%).
SLE = systemic lupus erythematosus; SELENA-SLEDAI = Safety of
Estrogens in Lupus Erythematosus National Assessment version of
the Systemic Lupus Erythematosus Disease Activity Index.

t Defined using the SELENA flare instrument.

t Excluding antimalarials and prednisone.

§ Value shown is the number of positive assay results/number of
patients assessed (%).

interval 0.69-0.83)) (P < 0.0001), the digital ELISA was able to
identify 29 SLE patients with a serum IFNa concentration of >136
fg/ml (Figure 2) and negative biologic activity (data not shown),
thereby indicating the digital ELISA’'s higher sensitivity than the
bioassay to detect abnormal serum IFNa concentrations. We
also compared digital ELISA IFNa measurements with the ISG
score of samples from 22 SLE patients (see Supplementary
Figure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40792/abstract).
We used an ISG score, described previously by Rice et al, based
on quantitative polymerase chain reaction assessment of 6 ISGs
(562,53). In this test, the median fold change of the ISGs when
compared with the median in healthy controls is used to create
an IFN score. Serum IFNa levels were highly positively correlated
with the ISG scores (r = 0.74, P < 10¥). Only 2 patients showed
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Figure 1. Serum interferon-a (IFNa) concentrations according to
systemic lupus erythematosus (SLE) activity assessed with digital
enzyme-linked immunosorbent assay (ELISA) (left) or functional
bioassay (right). Patients were divided into groups with inactive
SLE (iSLE; Systemic Lupus Erythematosus Disease Activity Index
[SLEDAI] score of <4) or active SLE (aSLE; SLEDAI score of >4). The
IFNa digital ELISA positivity threshold (solid lines) was 3 SD above
the mean of the 68 serum samples from healthy control (HC) blood
donors, i.e., 136 fg/ml. The lower limits (broken lines) and upper
limits (dotted lines) of quantification were 5-52,200 fg/ml for the
digital ELISA and 2-200 IU/ml for the functional bioassay. Symbols
represent individual subjects; bars show the median. Statistical
analyses were conducted using the Mann-Whitney U test.
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Figure 2. Correlation between the interferon-a (IFNa) digital enzyme-
linked immunosorbent assay (ELISA- and bioassay-determined
concentrations. The IFNa digital ELISA positivity threshold (solid line), the
upper limit of quantification (dotted line), and the lower limit of detection
(oroken lines) are shown. The IFNa cutoff concentration of 1,130 fg/ml
gave the best agreement between the digital ELISA and the bioassay
(see Supplementary Figure 1 and Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40792/abstract). Symbols represent individual
patients. Statistical analyses were conducted using Spearman’s rank
correlation coefficient. 95% Cl = 95% confidence interval.
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Figure 3. Receiver operating characteristic (ROC) curves of interferon-a (IFNa) concentrations to discern active systemic lupus erythematosus
(SLE). A-C, The diagnostic performances of the serum IFNa digital enzyme-linked immunosorbent assay (ELISA) (A), bioassay (B), and Farr
assay (C) to detect SLE activity (active versus inactive) were investigated by analyzing ROC curves, with the Safety of Estrogens in Lupus
Erythematosus National Assessment (SELENA) version of the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI)-assessed clinical
activity score serving as the gold standard. D, The area under each ROC curve (AUC) is given for the digital ELISA (blue), the Farr test (green),
and the bioassay (red). The optimal cutoff point represented for each ROC curve was determined using the maximum correct classification rate,
the minimum distance to the upper left corner of the curve, the minimum sensitivity — specificity difference, and Youden’s index score. In A-D
(left), patients were divided into groups with inactive (clinical SLEDAI score of 0) or active SLE (clinical SLEDAI score of >0). In A=D (right), using
the SELENA flare identifier, patients were divided into groups with no flare or experiencing a flare.

a positive ISG score and a serum IFNa level below the positivity
threshold for the digital ELISA (<136 fg/ml).

Digital ELISA and bioassay diagnostic performances
to discriminate active SLE. The ROC AUC for the IFNa digital
ELISA to differentiate between active and inactive SLE was 0.83,
better than that of the Farr assay (0.69; P = 0.007) (Figure 3). The
ROC AUC for the IFNa digital ELISA to differentiate between an
SLE flare and no flare was 0.84, better than that of the Farr assay
(0.70; P = 0.006). The ROC AUC for the IFNa bioassay was 0.79
to differentiate between active and inactive SLE (P = 0.04 versus
the Far assay) and 0.78 to differentiate between an SLE flare and
no flare (P = 0.09 versus the Farr assay).

The optimal thresholds to distinguish between patients with
active SLE and those with inactive SLE or between patients with a
flare and those without a flare were identical, equal to 266 fg/ml for
the digital ELISA, 2 IU/ml for the bioassay, and 14.3 IU/ml for the
Farr assay. Using ROC curve—-defined thresholds, the IFNa digital
ELISA and the IFNa bioassay had significantly better specificity
than the Farr assay to differentiate between active and inactive

SLE and between a flare and no flare (Table 2). The IFNa digital
ELISA and the IFNa bioassay also had a better likelihood ratio
for positive results and positive predictive value to identify active
disease and flare than the Farr assay.

Sensitivity of IFNa digital ELISA versus IFNa bioassay
to identify patients with active SLE. The IFNa digital ELISA
had significantly better sensitivity than the IFNa bioassay to differ-
entiate between an SLE flare and no flare. Supplementary Table
2 (available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40792/abstract)  reports
positivity rates of the IFNa digital ELISA, bioassay, and Farr test
according to SLE activity. The digital ELISA was able to identify a
subset of 20 SLE patients with serum IFNa levels between 266
fg/ml (the cutoff associated with active SLE) and 1,130 fg/ml (the
cutoff associated with the best agreement between the digital
ELISA and the bioassay). In this subset of patients the median
SLEDAI score was slightly, but significantly, higher than that in the
subset of patients with serum IFNa levels below normal (4 versus
2; P = 0.01) (see Supplementary Figure 3, at http://onlinelibrary.



Table 2. Sensitivity and specificity of the IFNa digital ELISA, bioassay, and Farr assays to detect active SLE or flare*

Sensitivity, % Specificity, %

(95% Cl) (95% Cl) PLR NLR PPV, % NPV, %

Active SLET

Digital ELISAT 68.7 (57.6-78.4) 85.1(74.3-92.6)8 4.6 0.37 85.1 68.7

Bioassay| 62.7 (51.3-73.0) 94.0 (85.4-98.4)# 10.5 0.40 929 67.0

Farr assay** 63.9 (52.6-74.1) 67.2 (54.6-78.2) 1.9 0.54 70.7 60.0
SLE flarett

Digital ELISAT 73.0 (61.4-82.7)+F 82.9(72.5-90.6)8 43 0.32 80.6 75.9

Bioassayf| 63.5 (51.5-74.4) 88.2 (78.7-94.4)88 5.4 0.41 83.9 71.3

Farr assay** 67.6 (55.7-78.0) 67.1 (55.4-77.5) 2.0 0.48 66.7 68.0

* No statistical analyses were performed on likelihood ratios and predictive values. IFNa = interferon-a; ELISA = enzyme-linked
immunosorbent assay; 95% Cl = 95% confidence interval; PLR = positive likelihood ratio; NLR = negative likelihood ratio; PPV =
positive predictive value; NPV = negative predictive value.

t Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA) version of the Systemic Lupus Erythematosus Dis-
ease Activity Index (SLEDAI)-defined groups were classified as having inactive systemic lupus erythematosus (SLE; clinical SLEDAI

score of 0) or active SLE (clinical SLEDAI score of >0).

¥ The chosen positivity threshold for this assay was 266 fg/ml.
§ P < 0.05 versus Farr assay.

9 The chosen positivity threshold for this assay was 2 1U/ml.
# P <0.001 versus Farr assay.

** The chosen positivity threshold for this assay was 14.3 IU/ml.

t1 Defined using the SELENA flare instrument.
++ P <0.05 versus bioassay.
8§ P < 0.01 versus Farr assay.

wiley.com/doi/10.1002/art.40792/abstract). The vast majority of
the subset of patients with serum IFNa levels of 266-1,130 fg/
ml (17 of 20) had negative results on the bioassay. Thus, the
digital ELISA was more sensitive than the bicassay to detect
low-abnormal serum IFNa concentrations and patients with low
disease activity.

Characteristics of digital ELISA false-negatives.
Patients with a digital ELISA false-negative result (active SLE but
with a serum IFNa concentration of <266 fg/ml), as compared to
patients with a true-positive result (active SLE and a serum IFNa
concentration of >266 fg/ml), were more likely to be treated with
hydroxychloroquine, have more frequent arthritis without other
organ involvement, lower anti-RNP antibody rates, and lower

SELENA-SLEDAI activity scores (Table 3).

Patient characteristics associated with abnormal
serum IFNa levels. According to multivariable analyses, abnor-
mal digital ELISA—determined IFNa concentrations were signifi-
cantly associated with SLE-specific fever, active mucocutaneous
lupus, active lupus nephritis, and anti-Sm antibodies, but no other
anti-RNP antibodies (anti-Ro/SSA 52, anti-Ro/SSA 60, anti-La/
SSB, and anti-RNP) (see Supplementary Table 3, at http://onlineli-
brary.wiley.com/doi/10.1002/art.40792/abstract). Similar results
were obtained with the bioassay except that abnormal IFNa lev-
els were significantly associated with the presence of anti-RNP
antibodies, while anti-Ro/SSA 52, anti-Ro/SSA 60, anti-La/SSB

and anti-Sm antibodies were not (see Supplementary Table 4,
at http://onlinelibrary.wiley.com/doi/10.1002/art.40792/abstract).

DISCUSSION

The contribution of IFNa as a biomarker of SLE activity has
been limited so far by the absence of a simple and standard-
ized sensitive assay to quantify this cytokine routinely. The new
ultrasensitive digital ELISA Simoa technology enabled direct IFNa
quantification, with a 5,000-fold increased sensitivity over com-
mercial ELISAs (35,36). Recent findings described by Rodero
et al suggested that this assay would enhance our understand-
ing of IFNa biology and potentially improve the diagnosis and
stratification of pathologies associated with IFNa dysregulation
(37). Based on a large series of SLE patients, we confirmed that
routine, highly sensitive IFNa quantification is feasible and of
interest for monitoring SLE activity. First, using serum samples
from healthy blood donors, we calculated that the threshold for
abnormal serum IFNa levels was 136 fg/ml. Next, by studying
a series of patients with widely ranging SLE activity and organ
involvement, we determined that the threshold associated with
active disease in the patients was 266 fg/ml. Finally, according
to ROC curve analysis, we demonstrated that the digital ELISA-
determined serum IFNa concentration was a better biomarker of
SLE activity than concentrations measured with the Farr assay.

To date, anti-dsDNA antibody titration, better achieved
with the Farr assay, has been used to monitor global disease



Table 3. Baseline characteristics of and SLE features in patients with active disease according to detection of IFNa with digital

ELISA*
IFNa I[FNa not
detectable, detectable,
true-positive false-negative
(n=57) (n=25) PT P OR (95% Ch¥

Age, mean £ SD years 30.1+£9.7 36.1+£12.2 0.021 NS -
Disease duration, mean + SD years 6.4+6.3 85+74 0.19 = =
Hydroxychloroquine use 35(61.4) 24 (96) 0.001 0.04 13.0(1.1-148.3)
Prednisone use 42 (73.6) 15 (60) 0.22 - -
Immunosuppressive agent uses 20 (35.1) 8(32) 0.79 - -
Positive Farr assay 43 (75.4) 17 (68) 0.48 - -
Positive for anti-RNP antibodies 38(66.7) 5(20) <0.001 0.008 0.2 (0.1-0.6)
Positive for anti-Sm antibodies 21 (36.8) 2(8) 0.007 NS -

Low C3 level 40/56 (71.4)9 9 (36) 0.003 ND -
SELENA-SLEDAI score, median (range)# 10 (4-36) 6 (4-20) <0.001 ND -
SELENA-SLEDAI score >8# 43 (75.4) 7(28) <0.001 0.046 0.3(0.1-0.9)
Flare# 54(94.7) 19 (76) 0.012 ND -
Active cutaneous lupus 30 (52.6) 6 (24) 0.016 NS -
Active serositis 13 (22.8) 4(16) 0.48 - -
Active arthritis 29 (50.8) 15 (60) 0.45 - -
Active arthritis (no other organ 7(12.2) 10 (40) 0.004 0.034 5.5(1.1-26.4)

involvement)

Active nephropathy 16 (28.1) 4(16) 0.24 - -
Active neuropsychiatric lupus 5(8.8) 1(4) 0.44 - -

* Except where indicated otherwise, values are the number (%). Systemic lupus erythematosus (SLE) was defined as active based
on a Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA) version of the Systemic Lupus Erythematosus
Disease Activity Index (SLEDAI) score of >4. ELISA = enzyme-linked immunosorbent assay; OR = odds ratio; 95% Cl = 95% confi-

dence interval; NS = not significant; ND = not done.

T Bivariable analysis (Mann-Whitney U test for continuous variables and chi-square test for categorical variables).

1 Multivariable analysis (stepwise logistic regression model with P for entry = 0.3 and P for exit = 0.1). Using bivariable analysis,
low C3 level, SELENA-SLEDAI score, SELENA-SLEDAI score of =8, and flare were associated with the detection of IFNa. These 4
items were clearly linked and interdependent. We therefore chose to include in the multivariable analysis only the items that
seemed the most relevant and the most significant in bivariable analysis (i.e., SELENA-SLEDAI score >8).

§ Excluding antimalarials and prednisone.

€ Value shown is the number of positive assay results/number of patients assessed (%).

# Defined using the SELENA flare instrument.

activity in SLE (4-7). Indeed, anti-DNA antibody positivity is
associated with overall SLE activity and can be useful in mon-
itoring that activity. However, the sensitivity and specificity of
that association are relatively low, both ~66% (6), which is in
good accordance with our results. Clearly, some SLE popula-
tions have persistently elevated anti-DNA antibody titers but
not active disease (54,55). The latter observation implies that
positivity for anti-DNA antibodies will have limited impact on
the pretest likelihood of active disease for a given SLE patient
(6). That discordance might be overcome by using the IFNa
digital ELISA, which has better specificity, likelihood ratio
for positive results, and positive predictive value to identify
active disease and a flare than the Farr assay. Importantly, the
bioassay-assessed serum IFNa level, already used routinely in

our institution, was also a better biomarker of disease activity
than the Farr assay. However, the ability of the digital ELISA
to detect low-abnormal serum IFNa concentrations and low
disease activity was more sensitive than the bioassay. Further-
more, it is important to note that bioassays based on IFNa
antiviral properties are difficult to standardize, which could limit
the generalization of the data presented in this study.
Considering the unprecedented number of new agents being
developed to treat SLE via targeting of IFN signaling, having an
ultrasensitive, valid, easy-to-use, and standardized assay to directly
assess IFNa expression in SLE patients will certainly help guide
physicians’ treatment choices. Whether the direct IFNa determi-
nation can be used to predict an SLE flare in the ensuing weeks
after assessment remains to be tested. IFN scores have been dis-



appointing for that purpose, with several studies showing a lack
of association between the IFN signature and longitudinal disease
activity changes or risk of SLE flare (34,56). Despite that lack of
association, the possibility that IFNa-related biomarkers could pre-
dict future flares was highlighted by the monitoring of IFN-regulated
chemokine levels in SLE patients (24). In that study, serum lev-
els of CXCL10, CCL2, and CCL19 chemokines were linked with
SLE activity and performed better as biomarkers than the currently
available laboratory tests to predict a flare over the following year
(24). However, monitoring of those 3 chemokines remains difficult
in routine practice. We are currently studying the abilities of the
IFNa digital ELISA and bioassay to predict a lupus flare.

Using an ultrasensitive assay may also contribute to improv-
ing our understanding of SLE pathogenesis. Indeed, with the dig-
ital ELISA, abnormal IFNa levels were significantly associated with
the presence of anti-Sm antibodies, but not with other anti-RNP
antibodies tested. That finding contrasts with the biocassay analy-
sis and other previous studies that used different cytokine dosage
methods and showed abnormal IFNa levels to be associated with
other anti-RNP antibodies, such as anti-RNP or anti-Ro/SSA anti-
bodies (29,32-34,57,58). Whether this new information is impor-
tant in SLE pathogenesis remains to be elucidated.

Our study has certain limitations. We compared the IFNa dig-
ital ELISA measurements with the ISG score and found a highly
positive correlation between the 2 parameters, suggesting that
the digital assay may be used in assignment of patients to anti-
IFN drugs (26). According to a recent study, for some patients an
ISG score could be more sensitive than a digital assay to detect
low IFNa concentrations (<5 fg/ml) (37). However, because our
calculated threshold associated with active disease was 266 fg/
ml, which is far above the lower limit of detection of the digi-
tal ELISA, a very low IFNa concentration might not contribute to
identifying patients with clinically active SLE. Furthermore, unless
the digital ELISA results are compared directly to ISG scores in a
larger panel of patients, it will not be possible to determine their
clinical value in patient assignment to anti-IFN treatment. More-
over, these results must be validated in other independent cohorts.

In conclusion, our data support the notion that direct serum
IFNa determination with a highly sensitive, easy-to-standardize
assay might be useful for clinical monitoring of SLE activity and
the selection of the best candidates for anti-IFNa treatment.
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