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Abstract
Objectives: This study investigated serum IFN-α2 as a putative marker of disease activity and predictor of disease flares in juvenile systemic lu
pus erythematosus (jSLE).
Methods: A total of 222 serum samples were analysed, including 28 healthy controls (HCs), 88 jSLE (159 samples) and 35 juvenile idiopathic ar
thritis (JIA) patients. IFN-α2 levels were determined using single-molecule array (Simoa). Cross-sectionally, median IFN-α2 levels were com
pared between patient groups and disease activity state sub-groups. Time to flare was analysed by linear regression. Longitudinally, the ability 
of the IFN-α2 and other traditional biomarkers (erythrocyte sedimentation rate/ESR, low C3 and anti-dsDNA antibodies) to detect and predict 
flares was assessed via a generalised linear mixed model.
Results: Cross-sectional analysis showed higher median IFN-α2 levels in the active/intermediate group (median 3185 fg/ml, IQR 48–13 703) 
compared with the LDAS (571 fg/ml, IQR 57–1310 fg/ml, P¼0.04) and remission sub-groups (271 fg/ml, IQR 3–56, P<0.001). IFN-α2 was 
higher in all JSLE patients (median 587 fg/ml, IQR 11–2774) as compared with JIA patients (median 7 fg/ml, IQR 3–236, P¼0.0017) and HCs 
(P¼ 0.017). JSLE patients in remission or LDAS with abnormal IFN-α2 levels had a shorter time to flare over the subsequent six months com
pared with those with normal IFN-α2 levels (P¼0.022). Longitudinally, multivariable analysis demonstrated high IFN-α2 to be the only predictor 
of an ongoing flare (P¼ 0.028).
Conclusion: Serum IFN-α2 levels associate with disease activity and can predict ongoing and future flares in jSLE. These findings suggest that 
quantification of IFN-α2 may support risk stratification and disease monitoring in these patients.
Keywords: jSLE, type I IFN, Simoa, disease activity, biomarker, flare. 

Introduction
Systemic lupus erythematosus (SLE) is a severe, chronic, sys
temic autoimmune/autoinflammatory disease characterized by 
intermittent and widespread inflammation [1, 2]. Juvenile- 
onset SLE (jSLE), defined by symptom onset before the age of 
18 years, accounts for �15–20% of all SLE patients. When 
compared with adult-onset disease, jSLE presents generally 

with a more severe phenotype, higher disease activity and 
more organ damage, requiring more aggressive immunosup
pressive treatments [1, 2]. Overall standardized mortality rates 
(SMR) are higher in SLE as compared with the general popula
tion (SMR 2.2 across all ages), and in patients under the age 
of 18 years, the SMR is three times higher than in adult-onset 
SLE (SMR 6.5) [3]. Therefore, timely identification of disease 
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activity and the prediction of flares are critically important to 
guide therapeutic interventions and to limit organ damage, 
improving long-term prognosis and ultimately reduc
ing mortality.

Despite the routine use of conventional biomarkers, includ
ing anti-double stranded DNA (dsDNA) antibodies, comple
ment levels and erythrocyte sedimentation rates (ESR), to 
monitor disease activity of SLE patients, none of these have 
demonstrated sufficient reliability to base therapeutic deci
sion making solely on laboratory parameters [4]. Although 
the pathogenesis of SLE is complex and still incompletely 
elucidated [5], the role of type I interferon (IFN), especially 
IFN-α2, has been established [6].

Direct quantification of IFN is challenging, due to low serum 
concentrations (even associated with disease flares) that are not 
detectable by the currently available immunoassays [7, 8]. To 
overcome this, indirect measurement of IFN pathway activation 
has been proposed by evaluating the messenger RNA (mRNA) 
expression of interferon-stimulated genes (ISGs) in peripheral 
blood cells, known as the IFN signature [9]. Notably, the pre
dominance of type I IFN activation is more pronounced in jSLE 
than in adult-onset SLE, as 95% of pediatric patients display a 
pathological type I IFN signature in peripheral blood mononu
clear cells, as compared with 50–80% of adult-onset SLE 
patients [10]. However, to date, the IFN signature has not yet 
become a common tool in routine laboratory settings, due to 
the relative complexity of the technique, lack of standardization 
and its limited availability [7]. A novel ultra-sensitive digital im
munoassay known as single-molecule array (Simoa), able to de
tect extremely low protein concentrations, has overcome those 
challenges, allowing direct quantification of this cytokine [11]. 
Studies in adult-onset SLE cohorts demonstrated that the mea
surement of IFN-α2 with Simoa exhibits similar sensitivity 
when compared with IFN signatures [12–14]. Notably, in 
adult-onset SLE, an association between elevated serum IFN-α2 
levels and disease activity was demonstrated, and IFN-α2 
levels predict future flares in patients who experience clinical 
remission [12].

Using this highly sensitive digital immunoassay, this study 
investigated the ability of serum IFN-α2 levels to discern jSLE 
patients from controls [juvenile idiopathic arthritis (JIA) 
patients and healthy participants], and jSLE patients with ac
tive disease from those in a low disease activity state (LDAS) 
and/or remission [15–18]. Furthermore, we interrogated 
whether IFN-α2 levels, alone or combined with conventional 
laboratory-based biomarkers, could detect ongoing disease 
flare, predict the risk of flare and estimate time to a subse
quent flare.

Patients, materials and methods
Study design and participants
This study included jSLE and JIA patients, and healthy partic
ipants enrolled in the UK JSLE Cohort Study [19]. Patients 
fulfilled a minimum of four ACR-1997 classification criteria 
for SLE and had a minimum of 1-year longitudinal follow-up 
data recorded (to enable assessment of subsequent flare oc
currence at 6 and 12 months post serum IFN-α2 quantifica
tion). Although most jSLE patients were recruited at the time 
of diagnosis, enrolment in the UK JSLE Cohort Study was 
open to patients at any stage of their disease course. Serum 
samples were collected between November 2010 and 
November 2019, after the commencement of jSLE treatment. 

Data on clinical features, demographics, including ethnicity 
according to the UK National Census categorizations [20], 
treatments, standardized disease activity measures [British 
Isles Lupus Assessment Group (BILAG) 2004 disease activity 
index [21] and Systemic Lupus Erythematosus Disease 
Activity Index 2000 (SLEDAI-2k)] were collected alongside 
each serum sample. Laboratory data collected included anti- 
dsDNA antibody titres (cut-off value representing anti- 
dsDNA positivity: 20 IU/ml), complement component 3 levels 
(C3, cut-off for low: 0.90 g/dl), full blood count (FBC) and 
erythrocyte sedimentation rate (ESR, normal if below 10 mm/ 
h, mildly to moderately raised if between 10 and 50 mm/h 
and highly raised if above 50 mm/h).

JSLE patients were divided into four sub-categories includ
ing remission [fulfilling any of the four original adult-onset 
SLE Definition of Remission in SLE (DORIS) 2017 frame
work remission criteria [16]], LDAS [meeting any of the 
adult-onset SLE Lupus Clinical Trials Consortium (LCTC 
LDAS), Asia Pacific Lupus Collaboration Lupus Low Disease 
Activity State (LLDAS) and Toronto definitions of LDAS [15, 
17, 18]]; having intermediate disease active state (SLEDAI-2k 
score between 5–9); or active disease (SLEDAI-2k score ≥10) 
(Supplementary Table S1, available at Rheumatology online). 
Disease flare at 6 and 12 months after IFN-α2 measurement 
was defined according to the BILAG-2004 flare index as a 
new A or B score in at least one BILAG-2004 domain [22].

Patients with JIA had peripheral blood samples collected 
alongside basic demographic information and International 
League Against Rheumatism (ILAR) sub-type classification 
for JIA [23]. Children <16 years without a past medical his
tory of inflammatory or recent infectious disease were 
recruited as healthy controls (HC), and peripheral blood sam
ples and demographic information were collected.

Single-molecule array (Simoa)
Serum IFN-α2 levels, expressed in femtogram per milliliter 
(fg/ml), were determined by Simoa technology using a com
mercial kit for IFN-α2 quantification (QuanterixTM, 
Lexington, MA, USA) at the University of Edinburgh follow
ing manufacturer’s instructions. The lower limit of detection 
of this immunoassay was 5 fg/ml, and the upper limit of 
quantification 52 200 fg/ml. In this study, IFN-α2 values be
low the lower limit of detection were assigned a standard 
value equal to 3.53 fg/ml (lower limit of detection/�2) [24]. 
All serum samples were analysed in duplicate, and mean, me
dian, standard deviation (SD) and coefficient of variation 
(CV) were calculated. All samples with a CV >20 were ex
cluded. Healthy control IFN-α2 level mean and SD were cal
culated after removing three extreme outliers with IFN-α2 
mean values >1000 fg/ml.

Statistical analysis
Categorical variables were expressed as numbers (percentage, 
%), and quantitative variables as the mean±SD or median 
and interquartile range (IQR), as appropriate. P-values 
<0.05 were considered statistically significant.

Statistical analyses and graphs were performed using R 
software packages (dplyr, stats, survival, foreign, glmnet, 
FSA, gee, lme4, coxme) version 4.2.0 and GraphPad Prism 
software version 9.5 (GraphPad Software, San Diego, 
CA, USA).
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Cross-sectional analyses
Only one sample per participant was included in the cross- 
sectional analyses. Where multiple samples were available for 
a participant, the one with the lowest CV was included. 
Median IFN-α2 levels were compared between patient groups 
(HCs, JIA and jSLE patients) and jSLE patient sub-groups 
(active/intermediate, LDAS or remission). In addition, a sen
sitivity analysis was conducted to assess IFN-α2 levels across 
different disease activity states in jSLE patients, incorporating 
all patient visit data, using a Generalized Linear Mixed 
Model (GLMM).

Cross-sectional data were utilized for comparing IFN-α2 
levels between HCs, JIA and jSLE patients, due to the absence 
of longitudinal data for the first two groups. A cross- 
sectional approach was taken when investigating potential 
differences in IFN-α2 levels among jSLE patient sub-groups 
defined according to sex, ethnicity, disease activity states and 
prednisolone dosage, due to the limited availability of jSLE 
patients with more than one visit (Supplementary Table S2, 
available at Rheumatology online). Student’s t test and 
Mann–Whitney U test were used in pairwise comparisons of 
parametric and nonparametric continuous data, respectively, 
and Fisher’s exact or χ2 test for categorical data. One-way 
ANOVA followed by Tukey’s post hoc test and Kruskal– 
Wallis followed by Dunn’s post hoc tests with Benjamini– 
Hochberg P-value correction method were used when com
paring more than two groups in normally distributed and 
non-normally distributed data, respectively. Differences in 
time to disease flare within 6 and 12 months for jSLE patients 
in the cross-sectional analyses were assessed by comparing 
time to flare between those with normal and abnormal IFN- 
α2 levels using t tests and linear regression. Patients who did 
not experience a flare within these periods were excluded 
from the analyses.

Longitudinal analyses
As data on serial serum IFN-α2 measurements were available 
for some jSLE patients (Supplementary Table S2, available at 
Rheumatology online), longitudinal analyses including all 
available samples were also performed. To investigate the 
ability of IFN-α2 levels and other traditional jSLE biomarkers 
(anti-dsDNA antibodies, low C3 levels, ESR) to detect an on
going flare and to predict a flare at the following visit, uni
variable and multivariable GLM models were used. Time to 
flare was assessed using Cox models with cluster effects to ac
count for repeated measures from the same participant. 
Patients who did not experience a flare during these time
frames were appropriately censored, with their survival time 
set to the maximum analysis duration of 168 (time to flare 
within 6 months) and 365 days (time to flare within 
12 months). Both univariable analyses, including a covariate 
to represent each biomarker in turn, and multivariable analy
ses, including all biomarkers in a single model, 
were undertaken.

Results
Participant characteristics
A total of 291 serum samples from 196 participants were 
analysed, including 95 jSLE, 52 JIA patients and 49 HCs. 
After the exclusion of 69 samples with a CV >20 between 
duplicate analyses, 222 samples were included in the statisti
cal analysis from 88 jSLE (159 samples), 35 JIA patients and 

28 HCs (Table 1). A median of one sample per jSLE patient 
was available (IQR 1–2, range 1–6, Table 1). Supplementary 
Table S2, available at Rheumatology online, illustrates visit/ 
sampling visitation patterns among the jSLE patients studied, 
showing that 64% had only one visit, while the remaining 
36% had more than one visit. Samples from JIA patients and 
HCs were one per individual. Among all jSLE visits, 71 
(45%) were in active or intermediate disease activity state, 65 
(41%) in LDAS and 23 (14%) in remission.

Cross-sectional analyses
Demographics
Comparing demographics of study participants included in 
the cross-sectional analyses, jSLE patients and HCs were 
comparable in terms of their age at the time of serum sample 
collection (median 15.7 years, IQR 14.0–18.4 vs median 
16.0 years, IQR 15.7–16.6; P¼0.7), while jSLE patients 
were significantly older as compared with JIA patients (me
dian 12.9 years, IQR 11.1–14.8; P< 0.001). The three groups 
were comparable in terms of sex distribution (P¼0.29). 
Ethnicity distribution was significantly different among the 
three study sub-cohorts, with the jSLE group including a 
higher percentage of individuals of Black African/Caribbean 
and Asian ethnicity compared with HCs (P¼0.007) and JIA 
patients (P< 0.001) (Table 1).

Serum IFN-α2 in jSLE, JIA and healthy controls
IFN-α2 concentrations were higher in jSLE (median 587 fg/ 
ml, IQR 11–2744) as compared with JIA patients (median 7 
fg/ml, IQR 3–236, P¼0.0017) and HCs (29 fg/ml, IQR 3– 
277; P¼0.017) (Fig. 1A, Supplementary Table S3, available 
at Rheumatology online), cross-sectionally. No differences in 
serum IFN-α2 levels were observed between JIA patients and 
HCs (P¼ 0.581). Serum IFN-α2 levels did not differ between 
JIA sub-types (oligoarticular, polyarticular, psoriatic, sys
temic JIA) (Supplementary Table S4, available at 
Rheumatology online). When analysing IFN-α2 levels by sex, 
no significant differences were found between male and fe
male individuals in any of the patient groups or HCs 
(Supplementary Table S5, available at Rheumatology online).

Patients of Black African/Caribbean ethnicity had higher 
median serum IFN-α2 levels (1326 fg/ml, IQR 647–7503) 
compared with White individuals (134 fg/ml, IQR 3–1255, 
P¼ 0.028), while the levels were similar between Black 
African/Caribbean and Asians participants (686 fg/ml, IQR 
3–2258, P¼ 0.102), and Asian and White patients 
(P¼ 0.390) (Supplementary Table S6, available at 
Rheumatology online). The distribution of disease activity 
states did not differ across the three ethnic groups 
(Supplementary Table S6, available at Rheumatology online). 
Additionally, no differences could be seen in IFN-α2 levels 
according to prednisolone dosage (Supplementary Table S7, 
available at Rheumatology online).

Cross-sectionally, among jSLE patients, median serum 
IFN-α2 levels were higher in the combined active/intermedi
ate group (median 3185 fg/ml, IQR 48–13 703) as compared 
with both the LDAS (571 fg/ml, IQR 57–1310 fg/ml, adjusted 
P¼ 0.041) and remission (271 fg/ml, IQR 3–56; adjusted P<
0.001) sub-groups. Serum IFN-α2 levels in LDAS and remis
sion were comparable (P¼0.05), as were median IFN-α2 lev
els between jSLE patients in remission and HCs (P¼0.37) 
(Fig. 1B, Supplementary Table S8, available at Rheumatology 
online). A significant difference in serum IFN-α2 levels was 
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observed in jSLE patients who flared at 12 months (median 
1189 fg/ml, IQR 335–7601) compared with those who did 
not flare (median 222 fg/ml, IQR 46–1283; P¼0.036). 
However, no significant difference in IFN-α2 levels was 
found between patients who flared or did not flare at 
6 months (P¼ 0.058) (Supplementary Table S9, available at 
Rheumatology online).

Abnormal serum IFN-α2 levels predict time to flare
Abnormal IFN-α2 levels were defined as >960 fg/ml. This is 
equivalent to the average serum IFN-α2 concentration in 
HC’s plus three standard deviations, in accordance with pre
vious studies [12]. In the cross-sectional cohort of jSLE 
patients, time to flare (over the following 6 months) was sig
nificantly shorter in patients with abnormal IFN-α2 levels 
(median 91 days to flare, IQR 77–126) compared with those 
with normal IFN-α2 levels (median 128 days to flare, IQR 
126–137, P¼0.022, Table 2). Within 12 months after IFN- 

α2 measurement, an equal proportion (50%) of those with 
abnormal and normal IFN-α2 levels experienced a disease 
flare (P¼1), with no significant differences in the time to 
flare between groups (P¼0.2, Table 2).

Longitudinal analyses
Longitudinal analyses included data from 88 jSLE patients with 
a total of 159 serum IFN-α2 measurements over the follow-up 
visits. The distribution of visits per patient is detailed in 
Supplementary Table S2, available at Rheumatology online.

Comparison of serum IFN-α2 levels in jSLE patients 
stratified for disease activity state
Using GLM modelling, we analysed serum IFN-α2 levels 
across disease activity states in jSLE patients, incorporating 
measurement from all 159 samples. Patients with active or in
termediate disease activity (serving as reference group) dis
played numerically higher median serum IFN-α2 levels 

Table 1. Demographic information of study participants

All jSLE (n¼ 88) JIAa (n¼35) HCs (n¼28) P-valueb

Gender, n (%) 71 F (81), 17 M (19) 24 F (69), 11 M (31) 23 F (82), 5 M (18) NS
Age at diagnosis, years (median [IQR]) 12.5 [9.5, 14.0] — — NA
Age at sample collection, years (median [IQR]) 15.7 [14.0, 18.4] 12.9 [11.1, 14.8] 16.0 [15.7, 16.6] <0.0001c

Ethnicity, n (%) <0.0001d

White 35 (44) 34 (100) 24 (86)
Asian 29 (36) — 2 (7)
African/Caribbean 16 (20) — 2 (7)
NA 8/88 1/35 —
Prednisolone dosage, mg (median [IQR]) 0.0 [0.0–5.0] NA NA NA
Number of visits per patient [IQR; range] 1 [1, 2; 1–6] 1 1 NA

a JIA sub-types: 11 oligoarticular JIA, 16 polyarticular JIA, 3 juvenile psoriatic arthritis, 5 systemic-onset JIA.
b Comparison of proportions across participant groups (Kruskal–Wallis test).
c Dunn’s post hoc tests with Benjamini–Hochberg P-value correction method: HCs vs JIA P¼0.0002; JIA vs jSLE P<0.0001.
d Dunn’s post hoc tests with Benjamini–Hochberg P-value correction method: jSLE vs JIA P<0.0001; jSLE vs HCs P¼ 0.007.

F, females; HCs, healthy controls; IQR, interquartile range; JIA, juvenile idiopathic arthritis; jSLE, juvenile systemic lupus erythematosus; LDAS, low disease 
activity state; M, males; NA, not available/applicable; NS, not significant.

Figure 1. Cross-sectional analysis of serum IFN-α2 in jSLE (according to disease activity), JIA patients and HCs . (A) Comparison of serum IFN-α2 levels in 
jSLE (n ¼ 88), JIA (n ¼ 35) and HCs (n ¼ 28). (B) Comparison of serum IFN-α2 levels in jSLE patients (n¼ 88) stratified for disease activity state. 
Statistically significant post-hoc adjusted P-values are displayed. �P ≤0.05; ��P ≤0.01; ���P ≤0.001. HCs: healthy controls; IFN-α2: interferon-alpha2; JIA: 
juvenile idiopathic arthritis; jSLE: juvenile systemic lupus erythematosus; LDAS: low disease activity state 
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(median 1583 fg/ml, IQR 100–7850), compared with 
patients in LDAS (median 228 fg/ml, IQR 3–1278) or remis
sion (median 11 fg/ml, IQR 3–291), though these reductions 
did not reach statistical significance (P¼ 0.099 for LDAS; 
P¼ 0.089 for remission) (Supplementary Table 10, available 
at Rheumatology online).

Comparison of time to flare in jSLE patients with normal and 
abnormal IFN-α2 levels
Cox proportional hazards with cluster effects modelling in
corporating data from all longitudinal jSLE patient visits irre
spective of disease activity state was used to compare time to 
flare (within 6 and 12 months) in jSLE patients with normal 
and abnormal IFN-α2 levels. Patients with abnormal IFN-α2 
levels exhibited a significantly higher risk of experiencing a 
shorter time to flare within 6 months (median 91 days, IQR 
70–126) as compared with those with normal levels (median 
128 days, IQR 119–168, P¼0.041), with a hazard ratio 
(HR) of 2.1 (95% CI 1.0–4.2, Supplementary Table S11, 
available at Rheumatology online).

Ability of serum IFN-α2 and traditional biomarkers to detect 
an ongoing disease flare and predict a future flare in jSLE
Incorporating data from all longitudinal jSLE patient visits, 
the ability to detect an ongoing flare and to predict a flare at 
the following visit according to abnormal serum IFN-α2 lev
els and traditional laboratory biomarkers (positive anti- 
dsDNA autoantibodies, low C3 levels and raised ESR) was 
investigated using GLMM. Univariable GLMM analyses 
demonstrated that abnormal IFN-α2 was the only marker 
able to detect ongoing disease flares at the time of the visit 
(OR 4.80 [95% CI 1.59–14.54], P¼ 0.005). Within the mul
tivariable analysis, elevated serum IFN-α2 continued to be 
the only variable associated with being currently in a flare 
(OR 3.84 [95% CI 1.15–12.80], P¼ 0.028) (Table 3).

In univariable analyses, abnormal serum IFN-α2 levels pre
dicted subsequent disease flares, with an OR of 2.57 (95% CI 
1.02–6.46, P¼ 0.045), suggesting a potential association. 

Table 2. Cross sectional analysis comparing time to flare (within 6 and 12 months) in jSLE patients in remission or LDAS with normal and abnormal 
IFN-α2 levels

Outcome variable
All patients in remission  

or LDAS (n¼ 53)

Patients in remission  
or LDAS with abnormal  

IFN-α2 (n¼17)

Patients in remission  
or LDAS with normal  

IFN-α2 (n¼36) P-value t test P-value

Time to flare within 6 months of IFN-α2 quantification (days)
Mean (SD) 120.9 (31.1) 98.0 (26.6) 137.3 (23.4) 0.022a (−39.29 days) 0.029
Median (Q1, Q3) 126.0 (101.5, 131.0) 91.0 (77.0, 126.0) 128.0 (126.0, 137.3)
Min, Max 70.0, 168.0 70.0, 126.0 150.0, 168.0
Flare, n (%) 12 (32) 5 (36) 7 (29) 0.728b NA
No flare, n (%) 26 (68) 9 (64) 17 (71)
NA, n 15 3 12
Time to flare within 12 months of IFN-α2 quantification (days)
Mean (SD) 157.4 (59.9) 134.0 (65.3) 171.1 (54.7) 0.201a (−37.08 days) 0.232
Median (Q1, Q3) 140.0 (126.0, 196.0) 126.0 (84.0, 171.5) 168.0 (127.5, 196.0)
Min, Max 70.0, 308.0 70.0, 231.0 105.0, 308.0
Flare, n (%) 19 (50) 7 (50) 12 (50) 1.000b NA
No flare, n (%) 19 (50) 7 (50) 12 (50)
NA, n 15 3 12

a Linear regression model.
b Fisher’s exact test. N¼number of patients/samples. IFN-α2, interferon-alfa2; jSLE, juvenile systemic lupus erythematosus; LDAS, low disease activity 

state; Max, maximum; Min, minimum; NA, not available; Q1, first quartile; Q3, third quartile; SD, standard deviation.
Bold values in the P-value columns indicate statistically significant results (P < 0.05).

Table 3. Longitudinal analyses investigating the ability of IFN-α2 and 
standard clinical biomarkers to detect an ongoing disease flare in jSLE

GLMM OR  
(95% CI)

GLMM  
P-value

Univariable analyses

IFN-α2 levels, fg/mL (n 5 159)
Normal (n¼93)
Abnormal (n¼ 66) 4.80 (1.59, 14.54) 0.005
Anti-dsDNA abs, IU/mL (n 5 155)
<20 (n¼62)
≥20 (n¼93) 1.17 (0.42, 3.26) 0.765
C3 levels, g/dL (n 5 158)
≥0.90 (n¼ 89)
<0.90 (n¼69) 0.93 (0.35, 2.50) 0.894
ESR, mm/h (n 5 157)
Normal <10 (n¼ 69)
Mildly to mod raised 10–50 (n¼64) 1.24 (0.44, 3.49) 0.676
High >50 (n¼24) 3.78 (0.72, 19.78) 0.115

Multivariable analysis (n 5 153)

IFN-α2 levels, fg/mL
Normal
Abnormal 3.84 (1.15–12.80) 0.028
Anti-dsDNA abs, IU/mL
<20
≥20 0.82 (0.24–2.81) 0.751
C3 levels, g/dL
≥0.90
<0.90 0.79 (0.26-2.42) 0.678
ESR, mm/h
Normal <10
Mildly to mod raised 10–50 0.90 (0.28, 2.95) 0.865
High >50 2.98 (0.43, 20.48) 0.266

N ¼ number of measurements for which laboratory data were 
available. Bold values in the P-value columns indicate statistically 
significant results (P < 0.05).
anti-dsDNA abs: anti-double stranded DNA antibodies; CI: confidence 
interval; ESR: erythrocyte sedimentation rate; g/dL: grams per deciliter; 
GLMM: generalised linear mixed model; IFN-α2: interferon-alfa2; IU/mL: 
international units per milliliter; jSLE: juvenile systemic lupus 
erythematosus; mm/h: millimeters per h; OR: odd ratio; SD: 
standard deviation.
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However, this association was not confirmed in the multivar
iable analysis, where abnormal serum IFN-α2 levels did not 
reach statistical significance for flare prediction, showing an 
OR of 2.40 (95% CI 0.87–6.62, P¼ 0.089). None of the tra
ditional laboratory biomarkers displayed an association with 
the risk of flare at the next visit (Table 4). No biomarkers 
demonstrated a significant ability to predict time to flare 
analyses utilizing longitudinal data (Supplementary Table 
S12, available at Rheumatology online).

Discussion
This is the largest study to date directly assessing IFN-α2 lev
els in jSLE, using the Simoa digital immunoassay. It is unique 
by including both an inflammatory control group (JIA 
patients) and HCs. The study demonstrated that serum IFN- 
α2 levels are elevated in jSLE patients as compared with JIA 
patients and HCs. Furthermore, serum IFN-α2 levels associ
ate with disease activity states in jSLE patients and predict fu
ture flares.

The observation that jSLE patients have higher IFN-α2 lev
els than JIA patients and HCs, and that those levels are linked 

to disease activity and flare occurrence, aligns with the estab
lished role of this cytokine in the pathogenesis of SLE [6]. 
This is further corroborated by the efficacy of inhibition of 
type I IFN signalling in jSLE patients, including Janus kinase 
(JAK) inhibitors [25], IFN antibodies (e.g. rontalizumab, sifa
limumab) [26, 27] and type I IFN receptor blockers (e.g. ani
frolumab) [28]. Increased type I IFN expression in SLE 
involves a complex interplay between genetic contributors 
and immune responses to tissue damage. Genetic variants af
fecting the clearance of cytoplasmic nucleic acids and apopto
tic material or enhancing the activation of cytoplasmic acid 
sensors contribute to type I IFN production [6, 29]. In this 
context, increased genetic burden in the paediatric popula
tion may (at least partially) explain the more pronounced 
IFN expression observed in jSLE, potentially contributing to 
the more severe clinical phenotype in children when com
pared with adult patients [30]. Additionally, tissue damage 
secondary to several stimuli (e.g. infections, ultraviolet radia
tion, mechanical stress, etc), results in the accumulation of 
cellular debris and nuclear material in the extracellular com
partment, activation of TLR3/7 pathways, and, ultimately, 
IFN production [31, 32].

Notably, within this jSLE cohort, serum IFN-α2 levels 
were significantly higher in patients of African/Caribbean de
scent compared with White and Asian participants, regard
less of disease activity state. The association between elevated 
serum IFN-α2 levels and African/Caribbean ethnicity has pre
viously been reported [33]. This could be related to genetic 
contributing factors and/or the more severe phenotype ob
served in these patients, with more tissue damage and higher 
mortality [34]. In line with previous reports demonstrating 
limited ability of glucocorticoids to influence the type I IFN 
pathway [35, 36], we found no significant association be
tween IFN-α2 levels and glucocorticoid treatment dosage.

In adult-onset SLE, elevated serum IFN-α2 levels measured 
by Simoa associate with high disease activity and may repre
sent an independent predictive biomarker of disease flare in 
patients clinically in remission [12, 14]. Notably, Simoa- 
assessed serum IFN-α2 levels outperformed anti-dsDNA anti
bodies in identifying active disease and predicting future 
flares in patients in remission [12, 14]. In both pediatric and 
adult-onset patients, recent studies showed that IFN-α2 levels 
quantified with Simoa and IFN signatures are equally able to 
characterize specific disease activity states [37, 38]. However, 
the majority of previous studies have predominantly investi
gated the ISG score as a means to assess IFN-pathway activa
tion (rather than directly quantifying serum IFN-α2 levels), 
despite its use in clinical practice not being validated [13]. 
Studies investigating the correlation between ISG score or 
surrogate markers of type I IFN (e.g. CXCL10, galectin-9) 
and disease activity in SLE patients have yielded inconsistent 
results, with some showing a correlation with ISG score or 
IFN surrogates [44] and others finding no such association 
[39, 40]. This may be partly because IFN scores are based on 
genes that could be induced not only by different IFNs (IFN- 
α, IFN-β and IFN-γ subtypes) but also by additional cyto
kines, such as TNF-α, thus limiting its specificity [19, 41]. 
While the Simoa platform is initially moderately expensive, 
its high sensitivity, specificity and low per-sample cost make 
it cost-effective for large-scale studies [42]. In this context, di
rect quantification of serum IFN-α2 levels using Simoa may 
represent an additional valuable, cost-effective high- 

Table 4. Longitudinal analyses investigating the ability of IFN-α2 and 
standard clinical biomarkers to predict jSLE flare risk at the following visit

GLMM OR  
(95% CI)

GLMM  
P-value

Univariable analyses

IFN-α2 levels, fg/mL (n 5 150)
Normal (n¼90)
Abnormal (n¼ 60) 2.57 (1.02, 6.46) 0.045
Anti-dsDNA abs, IU/mL (n 5 147)
<20 (n¼89)
≥20 (n¼ 58) 1.34 (0.52, 3.45) 0.540
C3 levels, g/dL (n 5 149)
≥0.90 (82)
<0.90 (67) 1.13 (0.47, 2.75) 0.778
ESR, mm/h (n 5 148)
Normal <10 (n¼ 68)
Mildly to mod raised 10–50 (n¼57) 0.76 (0.29, 1.96) 0.573
High >50 (n¼23) 2.07 (0.51, 8.33) 0.306

Multivariable analysis (n 5 145)

IFN-α2 levels, fg/mL
Normal
Abnormal 2.40 (0.87, 6.62) 0.089
Anti-dsDNA abs, IU/mL
<20
≥20 1.12 (0.37, 3.42) 0.842
C3 levels, g/dL
≥0.90
<0.90 0.96 (0.37, 2.51) 0.938
ESR, mm/h
Normal <10
Mildly to mod raised 10–50 0.54 (0.19, 1.59) 0.265
High >50 1.37 (0.26, 7.18) 0.711

N ¼ number of measurements for which laboratory data were 
available. Bold values in the P-value columns indicate statistically 
significant results (P < 0.05).
anti-dsDNA abs: anti-double stranded DNA antibodies; CI: confidence 
interval; ESR: erythrocyte sedimentation rate; fg/mL: femtograms per 
milliliter; g/dL: grams per deciliter; GLMM: generalised linear mixed 
model; IFN-α2: interferon-alfa2; IU/mL: international units per milliliter; 
jSLE: juvenile systemic lupus erythematosus; mm/h: millimeters per h; 
OR: odd ratio; SD: standard deviation.
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throughput tool to detect and predict disease flares and iden
tify patients who may benefit from targeted therapies.

International recommendations for both jSLE and adult- 
onset SLE [43, 44] support the implementation of a T2T ap
proach for patient management. Indeed, observational stud
ies demonstrate that remission or LDAS target attainment 
associate with reduced damage accrual and flare frequency, 
glucocorticoid sparing, improved quality of life and survival 
[45, 46]. However, because of the aforementioned difficulties 
in measuring disease activity, current T2T clinical targets 
may not fully capture ‘biological’ disease activity. Thus, in
corporating more objective measures that reflect subclinical 
systemic inflammation, such as serial IFN-α2 monitoring, 
may also prove valuable to predict future flares. However, 
validation of these reported findings in larger, independent 
and prospective cohorts is necessary.

While this study indicates potential for IFN-α2 as a mea
sure of disease activity and predictor of flares, this study has 
limitations. Despite representing a relatively large cohort for 
jSLE, the sample size remains limited in comparison to previ
ous studies in adult-onset SLE cohorts. Although multiple vis
its per patient (1–6 visits) were available, the majority of the 
jSLE cohort had only one recorded visit, reducing statistical 
power and impacting use of more complex models utilizing 
longitudinal data. In future studies it would be useful to mea
sure IFN-α2 levels at diagnosis (pre-treatment) and to track 
these longitudinally. Furthermore, a relatively high variation 
of IFN-α2 results in some experimental duplicates (23% of 
samples) was observed using Simoa. This was more marked 
for values near the lower limit of detection (5 fg/ml), impact
ing especially on IFN-α2 values observed in patients with JIA 
and in HCs. Auto-antibodies directed against IFN-α2 have 
been shown to be present in up to a quarter of SLE patients 
[47] and could theoretically interfere with quantification of 
IFN-α2 via the Simoa assay [47], potentially limiting the reli
ability of this assay in some patients. Other potential limita
tions of the Simoa assay could include antibody specificity, 
cross-reactivity, standardization and limitations in the assays 
dynamic range with loss of quantitative accuracy for samples 
with very high IFN-α2 levels. Thus, additional work is re
quired to further improve IFN-α2 quantification prior to its 
introduction into clinical practice. Furthermore, data on dis
ease activity in JIA patients were not available. Therefore, we 
cannot exclude that the differences observed between jSLE 
and JIA may also be (partially) due to variable disease activity 
states between disease groups. Finally, we were not able to 
assess the potential use of serum IFN-α2 as a predictor of dis
ease onset in children with suspected jSLE, as samples from 
individuals without overt jSLE were not available. Further 
studies on longitudinally followed cohorts of healthy individ
uals may help to define if increased IFN-α2 levels may be ob
served before disease onset, similarly to what has been 
described for autoantibodies in adult-onset SLE patients [48].

Conclusions
Observations from this study suggest that quantification of 
IFN-α2 may support monitoring of disease activity in jSLE 
and predicting future flares. Further research, including 
larger independent cohorts from prospective studies is 
warranted to confirm findings and, possibly, to evaluate if 
IFN-α2 is able to predict disease onset in individuals with sus
pected early disease. Additionally, establishing whether this 

cost-effective, high-throughput and sensitive digital immuno
assay could support T2T strategies in jSLE is a crucial 
next step.
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