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ABSTRACT. Background: Type I interferons, which play an important role in the pathogenesis of various autoimmune 
diseases such as systemic lupus erythematosus (SLE), are expressed at very low levels under physiological conditions. 
In this study, we focused on IFN-beta (IFN-β) for its potential use as a biomarker of SLE activity and compared 
three different technologies for its quantification in the serum of healthy donors and patients with SLE. Methods: A 
total of 93 serum samples from healthy donors and 463 serum samples from lupus patients were tested using either 
ELISA, digital ELISA based on Single Molecule Array (Simoa®) technology, or a novel ultrasensitive immunoassay 
(S-Plex®) based on electrochemiluminescence. Results: Circulating IFN-β levels were detected in 1.3%, 6.7%, and 
100% of healthy donors by Simoa, ELISA, and S-Plex technology, respectively. In patients with SLE, circulating 
IFN-β levels were detected in 7.5%, 18.8%, and 98.3% by Simoa, ELISA, and S-Plex technology, respectively, 
demonstrating the utility of the S-Plex technology for quantifying this cytokine in serum. S-Plex-determined serum 
IFN-β concentrations were higher in patients with SLE than in healthy donors (median, 0.297 pg/mL vs 0.205 pg/
mL, p=0.0004, respectively), in patients with active SLE compared to those with inactive SLE (0.389 pg/mL vs 0.243 
pg/mL, p=0.0013, respectively), in patients with severe flare compared to those without flare (0.462 pg/mL vs 0.244 
pg/mL, p=0.0009, respectively), and in patients not in remission compared to those in remission (0.374 pg/mL vs 
0.239 pg/mL, p=0.0027, respectively). However, according to ROC curve analyses, S-Plex- determined serum IFN-β 
levels demonstrated poor diagnostic performances for distinguishing disease clinical status in SLE. Conclusion: Using 
S-Plex technology, circulating IFN-β levels are quantifiable in the serum of healthy donors and are significantly 
higher in patients with SLE. They increase significantly in patients with clinically active disease. Although IFN-β 
is a biomarker of SLE activity, its serum levels in patient groups show considerable overlap, making it difficult to 
reliably distinguish between different states of disease activity.
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I nterferons (IFNs) are a family of cytokines iden-
tified by Isaacs and Lindenmann in 1957 through 
their antiviral properties [1]. IFNs are critical medi-

ators in the immune system, providing a rapid response 
to viral infections and facilitating the development of a 
more targeted and sustained adaptive immune response. 
IFNs have also a role in antitumor and immunomodu-
latory responses. There are three distinct IFN families. 

Type I IFN family is a multi-gene group encoding in 
humans 17 cytokines, including 13 partially homolo-
gous IFN-α subtypes, and single gene products for IFN-
β, IFN-ω, IFN-ε, and IFN-κ. Most cell types produce 
IFN-β, whereas predominant producers of IFN-α are 
haematopoietic cells, particularly plasmacytoid den-
dritic cells. Type II IFN consists of a single gene prod-
uct, IFN-γ, which is produced predominantly by T and 
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NK cells. The third class of IFNs is the type III IFN 
family consisting of four IFN-λ subtypes (IFN-λ1, 2, 3, 
and the newly discovered IFN-λ4). Type III IFNs 
exhibit functions akin to type I IFNs but demonstrate 
restricted mucosal activity due to predominantly epi-
thelial cell receptor expression. Even though they bind 
to distinct receptors, all IFN cytokines signal through 
the Janus kinase (JAK) signal transducer and activator 
of transcription (STAT) pathway [2].
Physiological levels of circulating IFNs in biological 
fluids are dissimilar among the distinct subtypes. IFN-γ 
is reliably quantifiable in the serum of healthy donors 
by highly sensitive enzyme-linked immunosorbent 
assays (ELISA), while type I and III IFNs are predom-
inantly undetectable due to their very low serum levels 
under standard conditions. As type I IFNs play a role 
in autoimmune diseases like systemic lupus erythema-
tosus (SLE), their serum levels could serve as a bio-
marker of disease activity [3]. Therefore, ultra-sensitive 
technologies capable of precisely detecting low-abun-
dance cytokines, like type I IFNs, are essential to 
address this challenge.  
Recently, digital ELISA methods, such as Single 
Molecule Arrays (Simoa®), have achieved remarkable 
advancements in sensitivity, enabling the detection of 
proteins at subfemtomolar concentrations. The princi-
ple of this technology is based on the isolation of a single 
magnetic bead carrying enzyme-linked immunocom-
plexes into femtoliter-sized wells. Fluorescence is 
measured in hundreds of thousands of microwells 
simultaneously, and the counting of positive and nega-
tive wells generates a digital signal, reflecting the pres-
ence or absence of fluorescence, thereby enabling high 
sensitivity at extremely low concentration levels [4, 5].
A commercial Simoa® IFN-α assay developed by 
Quanterix™ allows the detection of this cytokine in a 
proportion of healthy donors with a sensitivity as low 
as 5 femtogram per milliliter (fg/mL) [6]. A pan-IFNα 
digital ELISA has also been developed with human 
monoclonal antibodies (mAbs) isolated from patients 
with autoimmune polyendocrinopathy candidiasis ecto-
dermal dystrophy (APECED) with relatively higher 
sensitivity [7, 8]. Serum IFN-α levels, measured by dig-
ital ELISA, correlated strongly with SLE disease activ-
ity [6] and type I IFN gene scores, offering a streamlined 
approach to assess IFN-I expression in clinical practice 
[7, 9].
Meanwhile, Meso Scale Discovery® (MSD®) has devel-
oped an ultrasensitive assay platform offering also detec-
tion limits in the low fg/mL range. The principle of the 
latter technology is based on electrochemiluminescence 
(ECL). The improved sensitivity of the S-Plex assays rely 
into the combination of a TURBO-TAG™ with an anti-
body labeled with TURBO-BOOST™ reagents, gener-
ating more signal than other ECL assays [10, 11].
Both digital Elisa and S-Plex assays report relatively 
similar performances for serum IFN-α quantification 
[12], with low limits of quantification (LLOQ), around 
16 and 29 fg/mL, for the Simoa® IFN-α Advantage Kit 
from Quanterix™, and the S-PLEX® Human IFN-α2a 
Kit from MSD®, respectively.  
To date, mostly correlations between IFN-α and SLE 
disease activity have been reported [3] and it remains 
unclear whether IFN-β might also represent a useful 

biomarker for SLE diagnosis and monitoring [13]. 
Moreover, quantification of IFN-β has remained a sig-
nificant challenge to date.
Here, we compared the performance of three distinct 
technologies: (i) a high-sensitivity ELISA, (ii) a home-
made digital ELISA based on Single Molecule Array 
(Simoa®), and (iii) a newly developed ultrasensitive 
assay based on ECL signals, for their ability to quantify 
IFN-β proteins in human serum. These methods were 
tested on serum samples from healthy donors and SLE 
patients.

METHODS

Study design and patients

This retrospective longitudinal study was conducted 
from February 2011 to October 2019 at the Reference 
Center for Rare Systemic Autoimmune and 
Autoinflammatory Diseases of Adults in Ile-de-France, 
Paris, France, regrouping out- or inpatients with active 
or quiescent, untreated or treated SLE. Blood samples 
were randomly obtained from patients diagnosed with 
SLE according to the 1997 American College of 
Rheumatology criteria for SLE classification or the 
2019 European League Against Rheumatism/American 
College of Rheumatology classification criteria for SLE 
[14, 15]. Known or suspected infection on day 0, or 
increased doses of hydroxychloroquine, prednisone 
and/or immunosuppressants within 4 weeks prior to day 
0 were considered exclusion criteria. The Safety of 
Estrogens in Lupus Erythematosus National Assessment 
(SELENA) version of the Systemic Lupus Erythematosus 
Disease Activity Index (SLEDAI), [16-18] the 
SLEDAI-2K, [19] and the therapeutic regimen were 
recorded on the day blood was drawn. The term “clin-
ical” SLEDAI (cSLEDAI) refers to symptoms, signs 
and routine laboratory testing and disregards only 
scores contributed by the presence of anti-dsDNA anti-
bodies and/or low complement [20]. We defined patient 
subgroups based on disease activity using different defi-
nitions. According to their cSLEDAI scores, patients 
were divided into groups with inactive (cSLEDAI=0) 
or active SLE (cSLEDAI≥1 or suffering from clinical 
manifestations related to SLE, but not recorded in the 
SLEDAI [e.g. acute transverse myelitis, autoimmune 
hemolytic anemia…]). The presence of a severe or mild/
moderate lupus flare was recorded according to the 
SELENA-SLEDAI flare instrument [17, 18]. Alternatively, 
two disease activity statuses were defined, according to 
the definition of remission in SLE (DORIS) [21] without 
physician global assessment (PGA) [22], serum 50%  
hemolytic complement activity (CH50) and C4 analysis: 

–	 patients in remission: cSELENA-SLEDAI and 
cSLEDAI-2K=0, no clinical manifestations re-
lated to SLE and not recorded in the SLEDAI 
score [e.g., myelitis, hepatitis, scleritis, autoim-
mune hemolytic anemia…], prednisone ≤5  mg/
day. Immunosuppressant and hydroxychloro-
quine were allowed;

–	 patients not in remission: cSELENA-SLEDAI 
or cSLEDAI-2K>0 or clinical manifestations 
related to SLE but not recorded in the SLEDAI 
score and/or prednisone >5mg/day.
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Based on these definitions, serum IFN-β levels were 
analyzed in patients with SLE depending on (i) whether 
the disease was active or inactive, (ii) the presence or 
absence of a flare, and (iii) the classification of the remis-
sion status.
Blood samples from 93 age- and sex-matched healthy 
donors (Etablissement Français du Sang, Île-de-France, 
Hôpital Pitié–Salpêtrière) collected during the same 
period were included in the study.
Blood was centrifuged at 3,000 rpm for 10 minutes and 
serum was separated and conserved at -80°C until anal-
ysis. The study was approved by the hospital ethics 
committee (CPP 30052012) and the ethical committee 
of Sorbonne Université (CER2021-099), and informed 
consent was obtained from all participants. The research 
was carried out in compliance with the Helsinki 
Declaration.

Simoa IFN-β development

Serum IFN-β concentrations were quantified by digital 
ELISA using the Simoa® HD-1 Analyser and 
Quanterix™ Homebrew kits, developed as previously 
reported [23], with minor modifications. The 710669-9 
mouse monoclonal antibody (PBL Assay Science) was 
used as a capture antibody coated on paramagnetic 
beads at 0.2 mg/mL, and the 710323-9 mouse monoclo-
nal antibody (PBL Assay Science) was biotinylated (bio-
tin/antibody ratio = 40/1) and used as the detector 
antibody at 3 µg/mL in a two steps assay, in combination 
with 50% Simoa Helper Beads and 50 pM of streptavi-
din-β-galactosidase (SBG). The human IFN-β1a mam-
malian recombinant protein (PBL Assay Science) was 
used as calibrator, and 100  µL of 1:4 dilution of serum 
in Simoa® Homebrew sample diluent B were used to 
quantify IFN-β concentrations. We determined that the 
limit of detection (LOD) of the assay, defined by the 
mean blank average enzyme per bead + 2.5 SD of all 
runs, was 157 fg/mL and that the lower limit of quanti-
fication (LLOQ), determining the concentration at 
which the coefficient of variation (CV) of the measure-
ment is < 20%, was 304 fg/mL. Therefore, considering 
the 1:4 serum dilution, the analytical LOD and LLOQ 
were 0.628 and 1.216 pg/mL, respectively. The dynamic 
range of the assay was 1.2 – 200 pg/mL, and the concen-
tration of each sample was calculated based on the 
four-parameter logistic fitting model generated with the 
standards. This test was subsequently referred to as 
“Simoa” throughout the manuscript. It should be noted 
that the antibody pair used in this assay is the same as 
that used in the IFN-β ELISA described below.

High sensitivity IFN-β ELISA 

The VeriKine-HS Human Interferon Beta Serum 
ELISA Kit (PBL Assay Science) was used according to 
the manufacturer’s instructions. The absorbance was 
measured at 450 nm on a Multiskan EX plate reader 
(Thermo Scientific). The estimated LOD of the assay 
was 0.8 pg/mL, the LLOQ sensitivity 1.2 pg/mL, and 
the dynamic range 1.2 – 150 pg/mL. The concentration 
of each sample was calculated based on the four-param-
eter logistic fitting model generated with the calibrators. 

This test was subsequently referred to as “ELISA” 
throughout the manuscript. 

S-PLEX® Human IFN-β Kit

S-PLEX is an ultra-sensitive assay platform developed 
by Meso Scale Disovery®. The assay was performed 
according to manufacturer’s protocol. Briefly, streptavi-
din-coated S-PLEX plates were incubated with the 
biotinylated capture antibody before calibrators and 
samples addition in a blocking solution. In a third step, 
the TURBO-BOOST antibody solution was added into 
each well, before incubation with the enhance solution. 
Next the plate was incubated with the TURBO-TAG 
detection solution at 27 °C for 1 hour. Finally, MSD 
GOLD Read Buffer B was added and ECL signals were 
detected by MESO™ QuickPlex SQ 120 plate reader 
(MSD®), kindly provided by MSD, and analyzed with 
Discovery Workbench Software (v4.0, MSD). 
According to the manufacturer’s data, the LOD of the 
assay was 17 fg/mL, the LLOQ sensitivity 64 fg/mL, 
and the dynamic range 0.064 – 81 pg/mL. The concen-
tration of each sample was calculated based on the 
four-parameter logistic fitting model generated with the 
standards (concentration was determined according to 
the certificate of analysis provided by MSD). This test 
was subsequently referred to as “S-Plex” throughout 
the manuscript.

Statistical analysis

Quantitative parameters are expressed as the mean ± 
SD or median (range), as appropriate. Statistical differ-
ences between groups were tested with the Mann-
Whitney U test. Spearman’s correlation coefficients 
were computed for quantitative values. Values below 
the LOD were arbitrarily assigned as the LOD value 
for graphical representations and statistical analyses. 
The diagnostic performances of the S-Plex–determined 
serum IFN-β concentrations to detect SLE disease clin-
ical status were investigated by analyzing receiver oper-
ating characteristic (ROC) curves, with clinical assessed 
disease activity as the gold standard for those analyses. 
The following activity status were successively analyzed: 
lupus in remission vs. lupus not in remission, clinically 
inactive lupus vs. active lupus, and lupus without flare 
vs. lupus with a flare. The areas under the ROC curves 
(AUCs) were calculated to differentiate SLE in remis-
sion vs. not in remission, inactive SLE vs. active SLE, 
SLE without flare vs. no flare, according to the S-Plex–
determined serum IFN-β concentrations. 
All tests were 2-sided, and p values less than 0.05 were 
considered significant. Statistical analyses were per-
formed using GraphPad Prism software (v8.0.1). 

RESULTS

Comparison of IFN-β detection by SIMOA, ELISA 
and S-Plex in healthy controls

Out of 93 healthy control (HC) samples, 80, 45, and  
76 were assayed using Simoa, ELISA, or S-Plex assay, 
respectively. Serum IFN-β levels were tested 
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simultaneously with the three assays in 38 samples. 
Results are shown in table 1 and figure 1. 
Aberrant serum IFN-β concentrations (5.083 and 
5.215 pg/mL) were measured by ELISA and S-Plex, 
respectively, in one healthy control sample that was 
considered an outlier and was discarded from subse-
quent analyses. Serum IFN-β levels were above limits 
of detection (LOD) of Simoa, ELISA or S-Plex in 1 
(1.3%), 3 (6.7%) and 76 (100%) HC samples, 
respectively. 

Comparison of IFN-β quantification by SIMOA, 
ELISA and S-Plex in patients with SLE

A total of 463 patients (416 women, 47 men, mean±SD 
age of 39.6±12.9 years) were included. Serum IFN-β 
levels were assessed in 454, 128, and 290 sera by using 
Simoa, ELISA, or the S-Plex assay, respectively. Results 
are shown in table 2 and figure 2. IFN-β was detected 
above LOD in 7.5%, 18.8% and 98.3% of samples when 
measured by Simoa, ELISA and S-Plex, respectively. 
IFN-β was reliably quantified above LLOQ in 4.6%, 
14.8% and 95.5% of samples, when assayed by Simoa, 
ELISA and S-Plex, respectively.
For samples above LLOQ, S-Plex–determined serum 
IFN-β concentrations were correlated with those meas-
ured by ELISA (n=15, r=0.69, p=0.005) but not with 
those measured by Simoa (n=14, r=0.32, p=0.260). 
Seventy-three sera were assessed simultaneously for 
IFN-β levels by the three assays. Cytokine concentra-
tions above the LLOQ were detected concurrently by 
all three assays in only five samples (figure 2C). 
Altogether, the S-Plex assay proved to be the most effec-
tive method for measuring IFN-β levels in the serum of 
healthy controls and patients with SLE, when compared 
to the Simoa and ELISA assays employed in this study.

Increased serum IFN-β levels in patients with SLE

S-Plex-determined IFN-β levels were then compared in 
patients with SLE (n=290) and healthy subjects (n=75). 
The baseline characteristics of the patients are described 
in table 3. Approximately 40 % of the patients had a 
clinically active SLE. 

Serum IFN-β concentrations in patients with SLE 
(median 0.297 pg/mL, [IQR: 0.183–0.624]) were signif-
icantly higher than those in healthy controls (median 
0.205 pg/mL [0.123–0.371]; p=0.0004) (figure 3A). Using 
the S-Plex assay, a positivity threshold was established 

Figure 1
Detection of serum IFN-β in healthy controls. A) Black dotted 

lines indicate lower limits of quantification (LLOQ) using 
Simoa (1.216 pg/mL), ELISA (1.200 pg/mL) or S-Plex (0.064 

pg/mL) assays, while grey dotted lines indicate limits of 
detection (LOD: 0.628, 0.800 and 0.017 pg/mL, respectively). 
Red bars indicate median values. LOD value was used when 

IFN-β was undetectable. B) Thirty-eight sera were tested 
simultaneously using the three assays. Each triangle, circle, or 

square represents a serum sample.
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Table 1.  
Descriptive statistics of IFN-β levels in the serum of healthy 

controls.

Assay Simoa ELISA S-Plex

Limit of detection 
(LOD), pg/mL

0.628 0.800 0.017

Lower limits of 
quantification (LLOQ), 
pg/mL

1.216 1.200 0.064

Number of samples 
assessed, n

80 45 76

Detected, n (%) 1 (1.3) 3 (6.7) 76 (100)
Outlier, n 0 1 1
Median, pg/mL   <LOD <LOD 0.204

Range, pg/mL <LOD-0.733 <LOD-2.563 0.065-1.816

LOD, limit of detection

Table 2.  
Descriptive statistics of IFN-β levels in the serum of patients 

with SLE.

Assay Simoa ELISA S-Plex

Number of samples 
assessed, N

454 128 290

Detected (%) 34 (7.5) 24 (18.8) 285 (98.3)

Median (pg/mL)   <LOD <LOD 0.297

Range (pg/mL) <LOD-54.297 <LOD-54.400 <LOD-11.451
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based on the mean concentration in the serum of healthy 
controls plus 2.5 times the standard deviation, yielding 
a value of 1.069 pg/mL (0.3044+2.5×0.3058=1.069 pg/
mL). Using that cutoff value, the S-Plex assay was able 
to measure “elevated” serum IFN-β concentrations (i.e., 
>1.069 pg/mL) in 2.7% (2/75) of HCs, and 15.2% 
(44/290) of patients with SLE (figure 3A).

Serum IFN-β is a marker of disease activity.

S-Plex–determined serum IFN-β concentrations in 
patients with SLE not in remission (n=142, median 
0.374 pg/mL [0.195–0.875]) were significantly higher 
than those in patients in remission (n=148, median 
0.239 pg/mL [0.161–0.453]) (p=0.0027), and healthy 
controls (p<0.0001). Concentrations also differed sig-
nificantly between SLE patients in remission and 
healthy controls (p=0.038). Increased IFN-β levels (i.e., 
above the positivity threshold value) were found in 8.8% 
(13/148) of patients in remission and 21.8% (31/142) of 
patients not in remission (figure 3B). The area under the 
receiver operating characteristic curve (ROC AUC) for 
the S-Plex–determined serum IFN-β levels to differen-
tiate between SLE in remission and SLE not in remis-
sion was 0.60 (figure 4A). 

S-Plex–determined serum IFN-β concentrations in 
patients with active SLE (n=120, median 0.389 pg/mL 
[0.196–1.029]) were significantly higher than those in 
patients with inactive SLE (n=170 median 0.243 pg/mL 
[0.163–0.485]) (p=0.0013) and healthy controls 
(p<0.0001). Concentrations also differed significantly 
between patients with inactive SLE and healthy controls 
(p=0.026). Increased IFN-β levels were found in 8.8% 
(15/170) of patients with inactive SLE and 24.2% 
(29/120) with active SLE (figure 3C). The ROC AUC 
for the S-Plex–determined serum IFN-β levels to differ-
entiate between active and inactive SLE was 0.61 
(figure 4B).  
S-Plex–determined serum IFN-β concentrations in 
patients with SLE with severe flare (n=73, median 0.462 
pg/mL [0.189–1.260]) were significantly higher than 
those in patients without flare (n=180, median 0.244 pg/
mL [0.165–0.501]) (p=0.0009) and healthy controls 
(p<0.0001). S-Plex–determined serum IFN-β concen-
trations in SLE patients with mild or moderate flare 
(n=37, median 0.351 pg/mL [0.203–0.613]) were not 
significantly higher than those in patients without flare 
(p=0.135) but significantly higher than those in healthy 
controls (p=0.0024). Finally, elevated IFN-β levels were 

Figure 2
Detection of serum IFN-β in patients with SLE. A) Black dotted lines indicate lower limits of quantification (LLOQ) using Simoa 

(1.216 pg/mL), ELISA (1.200 pg/mL) or S-Plex (0.064 pg/mL) assays, while grey dotted lines indicate limits of detection (LOD: 0.628, 
0.800 and 0.017 pg/mL, respectively). Red bars indicate median values. LOD value was used when IFN-β was undetectable. Each 

triangle, circle, or square represents a serum sample. B) Correlation of IFN-β levels in serum of patients with SLE when quantified by 
Simoa and ELISA (upper panel), by Simoa and S-Plex (middle panel), and by ELISA and S-Plex (lower panel). The dotted lines 

represent the limit of quantification of the assays. C) Seventy-three sera tested simultaneously using the Simoa, the ELISA and the 
S-Plex assays. Each triangle, circle, or square represents a serum sample. Black dotted lines indicate LLOQ.   
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found in 8.9% (16/180) of patients without flare, 13.5% 
(5/37) with mild or moderate flare, and 31.5% (23/73) 
with severe flare (figure 3D). The ROC AUC for the 
S-Plex–determined serum IFN-β levels to differentiate 
between an SLE flare from no flare was 0.61 
(figure 4C).

DISCUSSION

It is now established that under homeostatic 
conditions, type I IFNs are constitutively secreted at 
a baseline level, and that lower or higher expression 
might have pathologic consequences. Patients with 
type I IFN deficiency are at risk for severe viral 
infection, and those with prolonged elevated levels 
exhibit overactivation of the immune response 
resulting in tissue damage and chronic inflammation 
[24, 25]. Moreover, type I IFNs are widely implicated 
in the pathogenesis of autoimmune diseases, foremost 
among which are SLE, Sjögren’s disease, systemic 
sclerosis, autoimmune myositis, rheumatoid arthritis, 
and type 1 diabetes [26]. 

Type I IFN levels in biological fluids have been first 
assessed indirectly according to their antiviral potency, 
by quantifying the induced protection of virus-infected 
cells against death [27, 28]. Type I IFN family members 
can also be evaluated ex vivo by measuring mRNA 
expression by quantitative real-time PCR (qRT-PCR) 
in PBMCs or whole blood, thus reflecting expression of 
their respective proteins [29]. 
Another way to assess type I IFNs is to study interferon 
stimulated genes (ISGs) in blood. Several hundred gene 
transcripts define this IFN signature, and their expres-
sion levels are highly correlated. Thus, quantification 
of a small number of transcripts by qRT-PCR provides 
a good evaluation of the functional activity of type I 
IFNs in vivo [30]. However, although very sensitive, this 
technique is not specific of one subtype among type I 
IFNs [31]. 
Detection of low concentrations of biomarkers in 
healthy donors by non-invasive intervention is key to 
identify those implicated in pathological situation. 
Thereby, detection of low-expressed cytokines at the 
physiological state allows to define threshold in healthy 
controls allowing the identification of pathological or 
abnormal, disease-associated, levels. As an example, 
measurement of IFN-α by digital ELISA allowed the 
definition of its basal expression in a healthy popula-
tion [6] and a prediction of a risk of relapse in lupus 
patients [32].
Thus, elevated circulating IFN-α levels are associated 
with increased clinical severity of viral infections and 
certain autoimmune diseases. Unfortunately, except for 
IFN-α, sensitive detection of other type I IFNs is not 
yet possible. Indeed, the current detection thresholds 
for IFN-κ, IFN-ω, and IFN-ε using standard ELISA 
exceed 10 pg/mL, which is significantly higher than the 
expected physiological levels. Therefore, it is essential 
to deploy ultra-sensitive technologies for the reliable 
detection of such weakly expressed biomarkers.
IFN-β was undetectable in serum of all healthy donors 
tested, using a homemade digital ELISA and in most 
of them using the highly sensitive ELISA distributed by 
PBL Assay Science (figure 1A), consistent with previous 
reports [23, 33, 34]. The lack of sensitivity of the digital 
ELISA might be relative to the low affinity of the anti-
bodies used in this sandwich immunoassay. In this 
regard, Rules-Based Medicine (RBM) company devel-
oped an immunoassay based on the Simoa® bead tech-
nology to quantify IFN-β levels (RBM IFN beta 
- SIMOA) with an improved LLOQ as compared to the 
home-made digital ELISA described in this work (0.160 
and 1.2 pg/mL, respectively). We did not test this new 
immunoassay under our experimental conditions.
In this study, by using the high-sensitive S-Plex assay 
from MSD® (LLOQ=0.064 pg/mL), IFN-β levels were 
measured in a cohort of 75 healthy donors, allowing the 
establishment of a threshold (1.069 pg/mL) above which 
circulating IFN-β levels can be considered above base-
line secretion of this cytokine (figure 3A). In fact, the 
distribution of IFN-β concentrations in the serum of 
healthy controls is very broad, and its basal secretion 
[range: 0.043–1.816 pg/mL] is nearly 10 times higher 
than that of IFN-α previously determined by digital 
ELISA [range: 0–0.269 pg/mL] [6]. Conversely, the 

Table 3.  
Baseline characteristics and disease parameters in  

SLE patients.

Characteristic
Patients 
(n=290)

Women 261 (90.0)

Age, yr, mean±SD 38.2±11.9

Disease duration, yr, mean±SD 10.0±8.4

Disease in remission 148 (51.0)

SELENA–SLEDAI score, median (range) 2 (0–36)

SELENA–SLEDAI score ≥4 128 (44.1)

Clinically active SLE 120 (41.4)

Mild/moderate flare* 37 (12.8)

Severe flare* 73 (25.2)

Fever 30 (10.3)

Weight loss or anorexia 17 (5.9)

Lymphadenopathy 24 (8.3)

Active cutaneous lupus 51 (17.6)

Active lupus serositis 24 (8.3)

Active lupus arthritis 68 (23.4)

Active lupus nephropathy 34 (11.7)

Active neuropsychiatric lupus 6 (2.1)

Hydroxychloroquine use 248 (85.5)

Prednisone use 163 (56.2)

Prednisone ≥10 mg/day 49 (16.9)

Immunosuppressive agent use† 80 (27.6)

Positive Farr test 155/289‡ (53.6)

Positive anti-RNP Abs 99 (34.1)

Positive anti-Sm Abs 51 (17.6)

Positive anti-Ro/SSA 52 Abs 79 (27.2)

Positive anti-Ro/SSA 60 Abs 119 (41.0)

Positive anti-La/SSB Abs 32 (11.0)

Low C3 82/283‡ (29.0)
Values are expressed as n (%), unless stated otherwise.
* Defined using SELENA flare instrument. 
† Excluding antimalarials and prednisone. 
‡ Positive assay/number of patients assessed.
SD, standard deviation; SELENA–SLEDAI, Safety of Estrogens in Lupus 
Erythematosus: National Assessment version of the Systemic Lupus Erythe-
matosus Disease Activity Index.
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distribution of serum IFN-β levels in patients with SLE 
[range: 0.017–11.450 pg/mL] is narrower compared to 
that of IFN-α [range: 0.005–>53 pg/mL] [6] (spanning 
3 logs versus 4 logs, respectively). This difference may 
explain why using a cutoff value based on elevated 
serum IFN-β levels as a biomarker, to discriminate 

patients with active SLE, is less effective compared to 
the measurement of IFN-α [6]. Indeed, IFN-β levels are 
readily detected in the sera of lupus patients who are in 
remission, inactive, or without flares. They rise signifi-
cantly in SLE cases not in remission, with active disease, 
or in patients experiencing flares, indicating that IFN-β 
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Figure 3
S-Plex-determined serum IFN-β levels in HCs and patients with SLE. A) Comparison of serum IFN-β levels in HCs and SLE patients, 
B) in SLE patients in remission or not in remission, C) in patients with inactive or active SLE, and D) in SLE patients without flare, 
with mild/moderate flare or with severe flare. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Red bars indicate median values. Each 

circle represents an individual. The grey dotted lines represent IFN-β positivity threshold calculated as 2.5×SD above the mean of 
serum IFN-β concentration from 75 healthy controls.
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is a biomarker of SLE activity. However, according to 
ROC curve analyses, where AUC values were low, 
S-Plex-determined serum IFN-β concentrations demon-
strated poor diagnostic performances for distinguishing 
disease status in SLE. Thus, the levels of this cytokine 
in patients, whether in remission or not, active or not, 
in the absence or presence of flares are too overlapping 
to reliably discriminate the different states of SLE activ-
ity (figure 3). This expression pattern of IFN-β may be 
explained by the fact that IFN-β exhibits distinct gene 
expression patterns as compared to IFN-α [29]. IFN-β 
has also higher affinity than other type I IFNs for the 
binding to the type I IFN receptor [35] and may also 
regulate the internalization of the receptor in a different 
way [36].
To our knowledge, it is the first time that IFN-β con-
centrations can be measured using an ultrasensitive 
immunoassay in the serum of HCs and compared to 
those of patients with SLE, allowing determination of 
the baseline IFN-β secretion at the protein level. This 
work highlights the need of ultrasensitive techniques to 
the measurement of low expressed biomarkers to dif-
ferentiate abnormal expression levels. Although serum 
IFN-β levels are elevated in patients with lupus, further 
studies are needed to refine associations of serum IFN-β 
levels with organ damage and other biomarkers, such 
as other IFNs, not only in SLE but also in other auto-
immune diseases. 
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