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High levels of circulating interferons type I,

type II and type III associate with distinct
clinical features of active systemic lupus
erythematosus
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Abstract

Background and aim: Interferons (IFNs) are considered to be key molecules in the pathogenesis of systemic lupus
erythematosus (SLE). We measured levels of type I, II and III IFNs in a large cohort of patients with systemic lupus
erythematosus (SLE) and controls and explored associations among high levels of different IFN types and distinct
SLE features.

Methods: Four hundred ninety-seven well-characterized SLE patients and 322 population controls were included.
Disease activity was assessed by SLE Disease Activity Index (SLEDAI) and Systemic Lupus Activity Measure (SLAM).
Functional type I IFN activity was estimated by a WISH reporter cell assay. Levels of IFN-γ were estimated by MSD
30-plex assay. IFN-α and IFN-λ1 were measured by ELISA. Values above the third quartile of patients’ measurements
were defined as high. Associations among high IFN results and SLE features were investigated by nominal regression
analysis.

Results: All IFN measurements were higher in SLE patients than in controls. High type I IFN activity correlated with levels
of IFN-γ and IFN-α and associated with active SLE in most domains: weight loss, fatigue, fever, rash, lymphadenopathy,
arthritis, nephritis and haematological manifestations. Specific SLE subsets were linked to the upregulation of different
subtypes of circulating IFNs: high IFN-γ to arthritis, nephritis and anti-Ro60 antibodies and high IFN-α to mucocutaneous
engagement and anti-Ro52 and anti-La antibodies. Isolated high IFN-λ1 was coupled to anti-nucleosome antibodies and
less severe SLE.

Conclusions: High functional type I IFN activity captures active SLE in most domains, but more distinct patterns of organ
involvement are associated with profiles of circulating IFNs. High IFN-γ as well as high functional type I IFN activity is a
characteristic of severe SLE with nephritis and arthritis, while elevated levels of IFN-α associate with active mucocutaneous
inflammation and a more benign cardiovascular profile. IFN-λ1 in isolation is associated with milder disease. Our findings
suggest that IFNs contribute to the heterogeneity of clinical manifestations in SLE, and measuring circulating IFNs could
assist in designing clinical trials with therapies targeting IFN pathways.
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Background
Systemic lupus erythematosus (SLE) is an autoimmune
disease that can affect many organ systems. A common
hallmark of the disease is the presence of autoantibodies
against nuclear antigens (ANA). ANA may target different
intranuclear molecules, including double-stranded DNA
(dsDNA). It is observed that different autoantibody pat-
terns may associate with distinct clinical manifestations.
Anti-dsDNA, anti-nucleosome and anti-Sm antibodies are
associated with lupus nephritis, while anti-Ro and anti-La
are more common among patients with cutaneous lupus
(CLE) and/or secondary Sjögren’s syndrome [1, 2].
Iatrogenic, IFN-α and IFN-γ-induced SLE cases have

been reported [3, 4], and many studies thereafter have dem-
onstrated the importance of IFNs in SLE [5, 6]. Type I IFNs
include multiple subtypes of IFN-α, IFN-β, IFN-к, IFN-τ
and IFN-ω, while IFN-γ is the only type II IFN. There are
four members in the type III IFN’s (IFN-λ) family [7]. Type
I and III IFNs serve in antiviral protection, and IFN-γ is a
key molecule in the immune responses against a range of
pathogens [7].
High serum levels of type I (IFN-α), II (IFN-γ) and III

(IFN-λ1) IFNs are observed in SLE patients and have been
associated with high disease activity [8–11]. Furthermore,
many genetic risk factors for SLE are located along the type
I IFN pathway and elevated type I IFN levels have been ob-
served in SLE family members, supporting that enhanced
type I IFN activity is a heritable risk factor [12, 13]. On the
other hand, levels of IFN-γ increase years before the SLE
diagnosis, while autoantibodies and increased type I IFN ac-
tivity are later features, detected in the more immediate
pre-disease timeframe [9]. Much of the functional type I
IFN activity in SLE sera depends on IFN-αs, but also IFN-β
is present and may play a role [12]. Taken together, multiple
IFN types are of importance in SLE pathogenesis.
Measurements of circulating IFN-α by ELISA have

been complicated by poor sensitivity and specificity [14].
IFN-α detection by dissociation-enhanced lanthanide
fluoro-immunoassay (DELFIA) is more accurate, but la-
borious and not widely available technique [8]. Recently,
a novel single-molecule array digital ELISA technique
has been developed for detection of IFN-α [15]. Many
earlier investigators have relied on alternative methods,
such as estimating upregulation of IFN-regulated genes
in patient-derived cells, the so-called IFN signature [16,
17]. Importantly, some investigators reported that type I
and type II IFN signatures may overlap [18], which
might be a limitation of the IFN signature method. An-
other commonly used method is the functional activity
assay, where reporter cells are exposed to serum and the
upregulation of type I IFN genes is used as a readout [2,
12]. Specificity can be ensured by blocking IFNs sequen-
tially and by choosing cell lines that are not responsive
to other IFN types [12, 19].
Given the pathological importance of several IFNs in
SLE, therapeutic approaches which target IFNs are
under evaluation. Clinical trials targeting type I IFN have
thus far been challenging, but data supports subset
effects [20–22]. These studies have blocked one type of
IFN, but it seems likely that SLE patients have simultan-
eous upregulation of multiple IFNs, which may explain
the observed incomplete responses to date. We have ad-
dressed this question in the present study via simultan-
eous measurement of peripheral levels of all three IFN
subtypes. We have also investigated associations between
IFN subtypes and various SLE manifestations, and we
identified that certain organ manifestations are associ-
ated with distinct IFN subtypes.
Patients and methods
Study population
The study was designed in a cross-sectional manner. Dur-
ing the period 2004–2010, 497 patients were included at
Karolinska University in Stockholm. All patients fulfilled at
least four of the 1982 revised American College of Rheuma-
tology (ACR) classification criteria for SLE [23]. Exclusion
criteria were age under 18 and current pregnancy. Popula-
tion controls (n = 322) were individually matched for age,
gender and geographical region to the first 322 SLE pa-
tients. An SLE diagnosis was the only exclusion criterion
for the controls. All participants underwent a structured
examination by a rheumatologist. ACR SLE criteria were
tabulated [23]. Disease duration was defined as the time
(years) from the first time document SLE diagnosis in the
patient records until inclusion into the cohort. Disease
activity was assessed by the SLE Disease Activity Index
(SLEDAI), a qualitative measure of active versus inactive
disease in major organs, and also by Systemic Lupus Activ-
ity Measure (SLAM), a graded measure of activity in
affected organs. Organ damage was assessed by Systemic
Lupus International Collaborating Clinics/ACR Damage
Index (SDI) [24–26]. Active organ manifestations complied
with definitions of the SLAM and SLEDAI instruments,
with slight modifications, as defined below [26, 27].
Total mucocutaneous activity was defined as a positive

score in any of SLAM items 4–7. Only severe fatigue,
limiting normal activity (SLAM score 2) was included in
the analysis. In addition, renal activity was graded
according to British Isles Lupus Assessment Group
(BILAG) definitions: active nephritis (BILAG A-B),
inactive (BILAG C-D, on dialysis or transplanted) and
non-nephritis (BILAG E) [28]. There were 189 (40%) pa-
tients who had ever been diagnosed with lupus nephritis
(LN), and BILAG classification was available in 154
cases. Definition of vascular event (VE) included any
objectively verified arterial and/or venous event, as
previously described [29].
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Sera and plasma samples were collected after over-
night fasting at inclusion, aliquoted and stored at − 70 °C
until analysis. The study was carried out in compliance
with the Declaration of Helsinki. Participants received
oral and written information about the study, and all
subjects provided informed written consent to partici-
pate in the study.

Laboratory methods
Routine chemistry analyses were performed at inclusion
according to standard procedures at the internationally
certified laboratory at Karolinska University Hospital. ANA
were analysed by indirect immunofluorescence (IFL) on
Hep-2 cells (Immunoconcepts, Sacramento, CA, USA).
Following autoantibody tests were performed at recruit-
ment: ANA including sub-specificities, anti-dsDNA, anti-
cardiolipin (aCL) IgG and anti-β2-glycoprotein1 (aβ2GP1)
IgG antibodies, all were analysed by multiplexed bead tech-
nology (Luminex) using BioPlex 2200 system (Bio-Rad,
Hercules, CA, USA). The cutoff for aCL and aβ2GP1
fulfilled the 99th percentile as described [30]. Lupus anti-
coagulant (LA) was determined by the modified Russel
Viper Venom method (Biopool, Umea, Sweden) using Bio-
clot LA. ACL, β2-GP1 and LA are together referred to as
antiphospholipid antibodies (aPL).

Detection of IFNs
Functional assay for serum type I IFN activity
Serum type I IFN activity (IFN activity) was measured
in vitro by a reporter cell assay, described elsewhere [12,
31]. In brief, WISH reporter cells (ATCC #CCL-25) were
exposed to patient sera (50%) for 6 h. Afterwards, the cells
were lysed, and cDNA was made from total cellular
mRNA. Canonical type I IFN-induced gene expression
MX1, EIF2AK2 and IFIT1 was measured by qPCR. The
relative expression of three genes was standardized to
healthy donor sera and summed to a score reflecting the
ability of sera to upregulate IFN-induced gene expression
(functional type I IFN activity) [12]. This assay does not
detect type II or type III IFNs [32], and IFN-κ has not
been detected in SLE sera [19].

Measurement of circulating IFNs
Plasma levels of IFN-γ were measured using the Meso-
scale Discovery (MSD) multiplex analysis of cytokines,
MSD V-PLEX™ Human Cytokine 30-plex kit (K15054D;
Mesoscale Discovery, Gaithersburg, MD) according to
the manufacturer’s instructions, as described before [33].
The limit of quantification was 2.5 pg/ml.
Measurements of IFN-α and IFN-λ1 were performed

by commercial ELISA in 261 SLE patients and as many
population controls and have been reported in our
earlier study [11].
IFN-αs were measured by pan IFN-α ELISA detecting
kit, and the detected IFN-α subtypes were 1/13, 2, 4, 5, 6,
7, 8, 10, 14, 16 and 17 (product code 3425-1A-20, Mabtech
AB, Nacka, Sweden). Our analysis detected 12 subtypes of
IFN-α (except IFN-α21), but for simplicity reasons, we will
further refer to our findings as IFN-α. Mouse monoclonal
anti-IFN-λ1 IgG2A capture antibody (catalogue number
MAB15981, R&D Systems, Minneapolis, MN, USA) and
affinity-purified goat polyclonal IgG (catalogue number
BAF1598, R&D Systems) were used for coating and detec-
tion, respectively. ELISAs were performed as indicated by
the manufacturer. The detection limits were set according
to the manufacturer’s recommendation: at 36 pg/ml for
IFN-α and 300 pg/ml for IFN-λ1.
For further analysis, patients were stratified to those

with “high” levels, according to the IFN measurements,
by estimating the third quartile of IFN values in the
patient group.
The limits for “high” were defined as follows: score 5.5

for type I IFN activity, 70 pg/ml for IFN-α, 19.5 pg/ml
for IFN-γ and 628 pg/ml for IFN-λ1 (Fig. 1).

Statistical analysis
Depending on the data and the distribution, we used
Student’s t test, Mann-Whitney or Kruskal-Wallis tests
to compare continuous and ordinal data between
groups. Proportions were compared by the two-tailed
Fisher exact test or the Pearson chi-square test. Correla-
tions were calculated by Spearman’s rank correlation
analysis. Multivariable analysis was performed using the
nominal logistic regression model and complemented
with Wald test. p values < 0.05 were considered signifi-
cant. JMP software (SAS Institute, Carey, NC, USA) was
used for all statistical analyses.

Results
Correlation between IFN activity and IFN-γ levels
Basic characteristics of the cohort are presented in
Table 1. Functional type I IFN activity and IFN-γ levels
were higher in SLE than in controls (Table 1 and Fig. 1).
IFN activity correlated with serum concentrations of

IFN-γ and IFN-α and weakly with IFN-λ1 (Table 2 and
Additional file 1: Figure S1).

Patients with high levels of different IFN types have
different SLE features
We hypothesized that high levels of the different IFNs
could have different manifestations of active SLE. We
thus identified patients with the highest levels of each
measurement (over the third quartile) and grouped
accordingly: those with high type I IFN activity or high
IFN-γ (Fig. 1). Data on IFN-α and IFN-λ1 has been pub-
lished before, but is included in Additional file 2: Tables
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Fig. 1 Type I IFN activity and levels of IFN-α, IFN-γ and IFN-λ1 in SLE patients and population controls. Type I IFN activity in vitro (a) and IFN-γ
levels (b), IFN-α (c) and IFN-λ1 (d) were all higher in SLE patients then population controls (Mann-Whitney U test). The dashed boxes indicate
individuals with high levels (> 75th percentile of patient measures) of each investigated IFN
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S1 and S2 to allow comparison. In the statistical analysis,
each group was compared to the rest of the patients.
High type I IFN activity and high IFN-γ associated

with active SLE (SLEDAI > 6 and SLAM > 6) and cor-
related positively with disease activity scores (Table 2
and Additional file 2: Table S1). High type I IFN ac-
tivity was associated with younger age, shorter disease
duration and less disease damage (Additional file 2:
Table S1).
Constitutional symptoms, including weight loss, severe

fatigue and fever, were also associated with high type I IFN
activity. Lymphadenopathy, arthritis and active lupus neph-
ritis (LN) were all more common among those with either
high type I IFN activity or high IFN-γ measurement (Add-
itional file 2: Table S1).
Overall mucocutaneous involvement (SLAM items 4–7)

was associated with type I IFN activity and high levels of
circulating IFN-α. Even separate parameters such as new
rash, mucosal-acute cutaneous LE (ACLE), discoid LE
(DLE) and alopecia (Additional file 2: Table S1), all were
more common among those with high functional type I
IFN activity.
Severe neuropsychiatric SLE (NPSLE, as defined sei-

zures or psychosis (ACR 1982 criteria [23])) was some-
what less common among those with high type I IFN
activity (Additional file 2: Table S1).

Patients with high levels of different IFN types have
different autoantibody profiles and laboratory features
Haematological manifestations, including anaemia,
leukopenia, lymphopenia, thrombocytopenia and high
erythrocyte sedimentation rate (ESR), all associated with
high type I IFN activity, as well as with high IFN-γ. Low
complement was linked to high type I IFN activity and high
levels of circulating IFN-α and IFN-γ (Additional file 2:
Table S2).
High type I IFN activity associated with the classical SLE

autoantibodies against dsDNA, nucleosomes, Sm, SmRNP,
RNP68, Ro52, Ro60 and La. All, except anti-nucleosomes
and anti-La, were also more common among the IFN-γ



Table 1 Characteristics of the cohort

Characteristics SLE, n = 497 Population controls, n = 322 p value

Age, M (SD) 46 (15) 47.8 (14.7) ns

Gender (male/female) 67/429 26/296 ns

Caucasians 89% 97% < 0.0001

Current smoking 18.5% 14% ns

Malar rash 48.5% –

Discoid rash 18% –

Photosensitivity 63% –

Oral ulceration 34% –

Arthritis 82% –

Serositis 40% –

Nephritis 42% –

Neuropsychiatric (NPSLE) 11.5% –

Leukopenia 48% –

Lymphopenia 54% –

Thrombocytopenia 20% –

Haemolytic anaemia 6% –

Positive ANA, ever 99% nd

Positive anti-dsDNA, ever 67% nd

SLAM > 6 49% –

SLEDAI > 6 26% –

SDI > 0 64% –

Arterial events 11% 1.25% < 0.0001

Venous thromboembolic events 16.5% 1.25% < 0.0001

Any vascular events 24% 2.5% < 0.0001

Prednisolone dose^, M (SD) 9 (45) mg na

Prednisolone 10mg or more 25% na

Mean and standard deviation of the
measurements

Type I IFN activity 12.1 (36) 1.3 (1.5) < 0.0001

IFN-α pg/ml 161.4 (161) 45.1 (69) 0.0002

IFN-γ pg/ml 25.9 (79) 13.5(69) 0.02

IFN-λ1 pg/ml 811.2 (1989) 472.3 (1208) 0.01

Proportions of the groups with high
IFN levels

Type I IFN activityH (score > 5.5) 25% 2% < 0.0001

25% 6.5% < 0.0001

IFN-αH 25% 14.5% 0.003

IFN-γH (> 19.5 pg/ml) 25% 6.5% < 0.0001

IFN-λ1H 25% 13.5% 0.0009

Characteristics of SLE, as defined by 1982 ACR SLE classification criteria, if ever observed [23]. Student t test and Mann-Whitney tests were used for comparison
SLAM, systemic lupus activity measure; SLEDAI, SLE Disease Activity Index; SDI, SLE disease damage index; arterial events, objectively verified coronary heart disease
or stroke; venous thromboembolic events, pulmonary or/and deep venous thrombosis, any vascular events include history of either arterial or venous events, or
both; nd, not done, na, not applicable
HPatients with IFN levels over the third quartile were defined as high expressers
^Prednisolone dose or bioequivalent steroid dose
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Table 2 Correlation between serum IFN activity; levels of IFN-α,
IFN-γ and IFN-λ1; disease activity and damage

Parameter IFN activity (ρ) p value IFN-γ (ρ) p value

IFN-α 0.25 < 0.0001 0.2 0.009

IFN-γ 0.4 < 0.0001 – –

IFN-λ1 0.12 0.04 0.05 ns

SLAM 0.3 < 0.0001 0.08 ns

SLEDAI 0.3 < 0.0001 0.14 0.005

SDI − 0.13 0.003 − 0.02 ns

Prednisone dose 0.07 ns − 0.06 ns

Statistical analysis was performed by Spearman rank correlation test. Results
are presented as Spearman rank correlation coefficient (ρ)
SLAM Systemic Lupus Activity Measure, SLEDAI SLE Disease Activity Index, SDI
SLE disease damage index
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high group. High IFN-α associated positively with anti-
Ro52, anti-Ro60 and anti-La autoantibodies, but negatively
with aPL specificities (Additional file 2: Table S2), while
only anti-nucleosome antibodies were more common
among IFN-λ1 high’s.
There were no associations between aPL, secondary

APS or history of vascular events (VE) neither with type I
IFN activity nor with IFN-γ levels, though fewer patients
were on warfarin treatment in the IFN-γ high group.
History of vascular events was less common in the IFN-α
high group. Interestingly, the frequency of vascular events,
LA, triple positivity for aPL and warfarin prescription
were numerically more common among those with high
IFN-λ1, but did not reach statistical significance (Fig. 3).
Raynaud’s phenomenon associated positively with high
IFN activity (Additional file 2: Tables S1 and S2).

Multivariable analysis demonstrates that high IFN levels
associate with different SLE features
Next, we performed multivariable analysis on four pa-
tient groups, grouped by high levels of each IFN meas-
urement as a covariate in order to identify what SLE
features are associated with high levels of circulating
IFNs. In our cohort, there were altogether 248 SLE cases
in whom all four IFN measurements were performed.
We hypothesized that high levels of different IFN

subtypes may associate with distinct patterns of organ
involvement. In Fig. 3a–d, we demonstrate how IFN mea-
surements distribute among patients with different SLE
manifestations, and stratified nominal regression analysis
with statistical results is presented in Table 3.
Stratified analyses of nominal logistic regression models

confirmed that high functional type I IFN activity was posi-
tively associated with active disease, including arthritis,
nephritis and lymphadenopathy. The associated serologic
parameters included positivity for anti-dsDNA, anti-nucl
eosome, anti-Sm, anti-SmRNP and anti-RNP68 autoanti-
bodies; low complement; high ESR and majority haemato-
logical manifestations, excluding thrombocytopenia. Weak
negative associations were found for photosensitivity
(Table 3 and Fig. 3).
High levels of IFN-γ were associated with high disease

activity, and clinical features such as active arthritis,
anti-Ro60 and low complement, as well as active neph-
ritis (Table 3, Fig. 3 and Additional file 2: Table S1).
Prescription of warfarin had a weak negative association,
as well as lower OR for past vascular events.
Elevated IFN-α levels were coupled to active mucocu-

taneous disease, anti-Ro52 and anti-La. Further, we ob-
served that the IFN-α high group had lower OR for the
presence of aPLs, history of vascular events and warfarin
treatment (Table 3 and Fig. 3).
High IFN-λ1 associated positively with anti-nucl

eosome antibodies, while ORs for fever, photosensitivity
and musculoskeletal damage were lower in this subset
(Table 3). A numerical, but non-significant association
with aPL autoantibodies was observed (Fig. 3).

Clinically relevant overlaps among upregulated IFNs
High levels of several IFN types were observed among
subsets of patients with different characteristics, indicating
that a variety of IFNs could have roles (Figs. 2 and 3). A
proportion of patients with active SLE (12% with SLAM >
6 and 28.5% with SLEDAI > 6) had simultaneously high
type I IFN activity and high IFN-γ (Fig. 2).
We sorted out patients displaying active disease by each

particular manifestation and investigated proportions of
the upregulated IFNs. Data is presented in Venn diagrams
(Additional file 1: Figure S2). Only patients in whom all
four IFN measurements were available were included in
the analysis (n = 248). There were 30 patients who had
simultaneously high IFN activity and high IFN-γ; they
comprised 38.5% of those with active nephritis (Fig. 3 and
Additional file 1: Figure S2). A separate nominal regres-
sion analysis was run on three subgroups: double IFN
activity and IFN-γ high, IFN-α and IFN-λ1 highs three
co-variates. The double high group had higher OR for
active nephritis (7.4, CI 2.8–19.2). Besides, the overlap
between high IFN activity and IFN-γ was observed among
patients with arthritis (27%) and low complement (25%)
and carrying anti-dsDNA (16%), anti-Sm (33%) or anti-
Ro60 (17.5%) antibodies (Additional file 1: Figure S2).

Discussion
Here, we present the first comparative study on functional
type I IFN activity measured in vitro by WISH reporter
cell assay, a method often used as a golden standard in
estimating IFN signature in SLE, and measurements of
circulating type I, type II and type III IFNs. Our study is
unique as we measured all three IFN types in a large and
very well-characterized SLE cohort. This approach allowed
us to determine how different IFN subtypes associate with
each other and with clinical SLE subsets.



Table 3 The associations among high IFN levels and SLE manifestations (stratified analyses of nominal regression models)

The analysis was run on 248 patients, in whom all four IFN measurements were available
NPSLE neuropsychiatric SLE, LN lupus nephritis, ESR erythrocyte sedimentation rate, Hb haemoglobin, WBC white blood cells, PLT platelets, AVE any vascular event,
aCL anti-cardiolipin, B2GP1 beta 2 glycoprotein 1, LA lupus anticoagulants, aPL antiphospholipid abs, U-alb/krea urine albumin kreatinine ratio
*Definition by Systemic Lupus Activity Measure (SLAM)
□Definition by SLE Disease Activity Index (SLEDAI)
^Definition by 1982 ACR SLE classification criteria, if ever observed, disease damage was defined by SLE disease damage index (SDI)
°p values based on Wald test
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Fig. 2 The distribution of the proportions of patients with high levels of each IFN measurement. The Venn diagram depicts how patient groups
with high levels of different IFNs distribute and overlap in the cohort (a), and among those with active SLE as scored by SLAM (b) and SLEDAI (c).
Only patients in whom all four measurements were available are included in the analysis (n = 248). The number outside diagram indicates the
number of patients who had none of the IFNs expressed at a high level (> 75th percentile of patient measures)
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We found that type I IFN activity correlates with cir-
culating levels of type I and type II IFNs, but only weakly
with type III IFN, which to our knowledge has not been
observed before. It has been known that levels of IFN-γ
increase years before the SLE diagnosis. The observed
correlation between IFN activity and IFN-γ implicates
that the role of IFN-γ might be as important as type I
A

B

Fig. 3 Distribution of IFN-high subsets among SLE patients with different c
distribute among patients with active SLE manifestations (a), past manifesta
parameters (d) (presented in %) as assessed at inclusion. Abbreviations: LN
classified by 1982 ACR criteria, seizures or psychosis), aCL anti-cardiolipin, B
sedimentation rate, WBC white blood cells, PLT platelets. Only patients in w
analysis (n = 248)
IFNs in SLE. Consequently, IFN-γ could also be an im-
portant target for therapeutic strategies. Further, multi-
variable nominal regression models allowed us to
identify phenotypic SLE subsets associated with high
levels of different IFN subtypes.
We report a novel observation that active LN associ-

ates with both high IFN activity, but also high levels of
C

D

haracteristics. The figure illustrates how subsets of different IFN types
tions and events (b), positivity for autoantibodies (c) and laboratory
lupus nephritis, NPSLE neuropsychiatric SLE (*at inclusion, NPSLE was
2GP1 β2glycoprotein-I, LA lupus anticoagulant, ESR erythrocyte
hom all four measurements were available are included in the
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circulating IFN-γ. Among cases with lupus nephritis (ei-
ther active or past), we observed a proportion of patients
with overlapping elevation of IFN activity, IFN-γ and
serum IFN-α, as reported before [10, 32]. Thus, our
findings extend previous knowledge that renal flares as-
sociate with a combined IFN-α and IFN-γ gene signature
[32, 33]. Besides IFN-γ, other IFN types seem to be of
importance. A study from the Asian population reported
that also high IFN-λ1 levels are associated with LN [34].
We could not confirm this association, possibly due to
the fact that some patients were already on induction
therapy at recruitment; nevertheless, in our earlier study,
we found that high levels of IFN-λ1 were linked to poor
renal outcomes [11]. Interestingly, in our cohort, high
serum IFN-α levels associated with better preserved
renal function, and this observation remained after age
adjustment [11].
SLE arthritis was linked to both high type I IFN activ-

ity and high IFN-γ. Previously, we reported that arthritis
was associated with the upregulation of IP-10/CXCL-10
[11]. Altogether, our observations suggest that arthritis
in SLE is associated with several cytokines within the
IFN pathways [11].
In line with other investigators, our data demonstrate

that mucocutaneous involvement associates with high
type I IFN activity in vitro and with high levels of circu-
lating IFN-α [8, 35], suggesting that this subgroup might
benefit from IFN-α blocking agents [20].
We also observed that autoantibody patterns are

coupled to different IFN subtypes.
Type I IFN activity aligned with the majority of ANA

sub-specificities as reported before [8, 31, 32, 35]. In
multivariable analysis, we identified a novel association
that high IFN-γ is most strongly linked to anti-Ro60.
We confirm previous data on IFN-α, known to be
coupled to anti-Ro52 and anti-La [8].
Few studies have investigated the relationship between

IFNs and vascular outcomes in SLE [36]. Earlier reports
from broader ethnic populations observed an association
of aPL and high type I IFN activity in certain ancestral
groups [37]. In the current, mainly Caucasian cohort, mul-
tivariable analysis demonstrated lower likelihoods for vas-
cular events, aPL and warfarin prescription for those with
isolated high IFN-α. Also, the IFN-γ high group seemed
to have slightly lower frequency of vascular events, as pre-
scription of anticoagulant treatment was less common.
High IFN-λ1 was linked to anti-nucleosome autoanti-
bodies, and numerically, but not significantly, with higher
frequencies of aPL, vascular events and warfarin use. Our
findings suggest that in this Caucasian population, type I
and type II IFNs are primarily coupled to autoreactivity to
intracellular auto-antigens, but not to aPLs, that target
non-nuclear structures such as plasma proteins and mem-
brane phospholipids [30]. To our knowledge, associations
between cardiovascular morbidity and levels of peripheral
levels of IFNs type II and III have not been reported
before.
It has been known that high type I IFN activity is asso-

ciated to haematological manifestations [35]. Our report
adds novel information that haematological manifesta-
tions are also associated with elevated IFN-γ. As ex-
pected, we confirm that low complement levels follow
high type I IFN activity, and also high IFN-α and IFN-γ
levels [2, 9, 28, 29].
A substantial proportion of earlier investigators relied

on estimations of IFN-gene upregulation and their asso-
ciations with SLE disease activity [32, 37, 38]. However,
every investigator chose to measure different
IFN-regulated genes, and therefore, studies are difficult
to compare. Another complicating factor in the estima-
tion of IFN signature is that the same genes can be regu-
lated by several IFN types. Our findings demonstrate
that active SLE patients have high levels of circulating
type I, type II and type III IFNs and that different organ
involvement seems to be coupled to different IFN types.
The presented data suggest that measuring circulating
IFN levels is more informative that estimating IFN sig-
nature and could have a role for identifying patients who
will benefit from anti-IFN therapies in SLE.
We demonstrate that several major clinical manifesta-

tions associate with a dominating IFN type, but still pro-
portions of patients also have other upregulated IFN
types. It would be of interest if our observations could
be confirmed in other cohorts. In clinical practise, it
would be of importance to measure all three IFN types
and identify a dominating one in order to tailor directed
therapy. Further, our findings indicate that compounds
blocking several IFN pathways within the cell would be
a more promising therapeutic approach rather than
monoclonal antibodies blocking a single circulating IFN
or its receptor [20, 39].
Activation of type I IFN-regulated pathways is thought

to be a key mechanism in SLE pathogenesis [40], but
emerging evidence demonstrate that also IFN type II
and the Th17 cytokine axis have important roles [9, 11,
41]. A phase 2 trial on ustekinumab, antibodies blocking
IL-12/IL-23 pathway, in SLE was recently published with
positive and promising results [42]. Good response to
ustekinumab was associated with declining IFN-γ levels,
while type I IFN signature scores did not decline. We
previously reported that high levels of IL-23 and IL-17
are associated to treatment-resistant LN with poor out-
comes [10, 36, 37]. Altogether, accumulating evidence
supports a role for IFN-γ and the Th17 axis in SLE, sug-
gesting that severe manifestations, including LN, could
benefit from IFN-γ- and/or Th17-blocking agents.
IFN-β is an important member of the type I IFN fam-

ily. Unfortunately, we did not measure circulating levels
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of IFN-β. It is possible that some of the discordance in
our results between the functional type I IFN assay and
the IFN-α ELISA are due to the fact that the functional
assay also measures IFN-β. While this could be an ex-
planation, it has been shown that IFN-α is the major cir-
culating type I IFN in most SLE sera [12]. Thus, it seems
likely that the functional assay is more sensitive than the
ELISA for overall IFN-α measurement [14].
We observed that patients with high IFN activity had

slightly higher ORs for prednisolone doses over 10 mg,
but did not observe any other associations between IFN
levels and immunomodulating therapies. The design of
the presented study was cross-sectional, and patients
with highly variable disease activity scores as well as dif-
ferent treatments were included. This fact could have
limited our possibility to analyse how different treat-
ments could influence IFN levels. A prospective longitu-
dinal study would be a better option to study these
questions.

Conclusions
We demonstrate that high functional type I IFN activity
in vitro correlates with circulating levels of IFN-γ, as
well as IFN-α. We confirm that high type I IFN activity
associate with active SLE in the majority domains. Fur-
ther, high levels of IFN-γ associate with nephritis and
arthritis, while high levels of IFN-α associate with muco-
cutaneous disease, thus suggesting that specific organ in-
volvements associate with different IFN subtypes. These
observations are of major importance for understanding
disease mechanisms and for individual tailoring of
IFN-targeting therapies in SLE.

Additional files

Additional file 1: Figure S1. Scatter plots of correlations among type I
IFN activity and IFN-α (A), IFN-γ (B) and IFN-λ1 (C). Figure S2. Clinically
relevant overlaps among upregulated IFNs. Each Venn diagram depicts
patient group with a certain SLE manifestation (as defined in the
“Methods” section) and what numbers of patients within the group had
high measurement of each IFN. Only patients in whom all four measure-
ments were available were included in the analysis (n = 248). On the left
side of Venn diagrams, the number indicates in how many patients none
of the IFNs were expressed at high level (> 75th percentile of patient
measures). N- indicates how many patients out of 248 had the certain
manifestation. Abbreviations: H high, SDI SLE disease damage index,
NPSLE neuropsychiatric SLE, *classified according to 1982 ACR criteria
seizures and/or psychosis, APL antiphospholipid antibodies.
(PDF 1436 kb)

Additional file 2: Table S1. High IFN activity and high levels of IFN-α,
IFN-γ and IFN-λ1 associate with different clinical manifestations of active
SLE. Table S2. High IFN activity and high levels of IFN-α, IFN-γ and IFN-λ1
associate with different serologic and laboratory findings, and steroid and
warfarin prescription. (DOCX 44 kb)

Acknowledgements
We are grateful to Eva Jemseby for management of blood samples, to Jill
Gustafsson, Susanne Pettersson and Sonia Möller for coordination and blood
sampling and to Johanna Gustafsson, Ola Börjesson and Marika Kvarnström
for inclusion of patients and controls. Authors thank Marie Wahren-Herlenius
for providing access to the laboratory equipment and Susanna Brauner for
assistance with ELISA.

Funding
This work was supported by Karolinska Institutet - Mayo Clinic collaboration grant,
Swedish Heart-Lung foundation, Swedish research council, Stockholm County
Council (ALF), King Gustaf Vs 80th Birthday Fund, Swedish Rheumatism Association,
Swedish Society of Medicine, Ingegerd Johansson’s foundation, The Fund for Renal
research, Signe and Reinhold Sunds foundation, Karolinska Institutet’s Foundations,
Colton Center for Autoimmunity, National Institutes of Health (AR060861, AR057781,
AR065964, AI071651), Rheumatology Research Foundation, the Mayo Clinic
Foundation and the Lupus Research Foundation.

Availability of data and materials
Not applicable

Authors’ contributions
VO designed the study, performed ELISA on IFN-α and IFN-λ1, analysed the
data and drafted manuscript. IG designed the study, included the subjects,
analysed the data and critically revised the manuscript. JD performed the
WISH assay, analysed the data and critically revised manuscript. SE run the
IFN-γ measurements, analysed the data and critically revised the manuscript.
AZ designed the study, included the subjects, analysed the data and critically
revised the manuscript. TN supervised the WISH assay, designed the study,
analysed the data and critically revised the manuscript. ES designed the
study, included the subjects, analysed the data and critically revised the
manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
The study was approved by Regional Ethical Review Board, Stockholm,
Sweden. All participants gave informed written consent. The study was
performed in accordance with Declaration of Helsinki.

Consent for publication
Not applicable

Competing interests
SE is an employee at Astra Zeneca. The other authors declare that they have
no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Rheumatology Unit, Department of Medicine, Karolinska Institutet, Karolinska
University Hospital, SE-171 76 Stockholm, Sweden. 2Division of
Rheumatology and Department of Immunology, Mayo Clinic, Rochester, MN,
USA. 3Cardiovascular, Renal and Metabolism, IMED Biotech Unit, AstraZeneca,
Integrated Cardio Metabolic Centre, Karolinska Institutet, Huddinge, Sweden.
4Colton Center for Autoimmunity, New York University School of Medicine,
New York, NY, USA.

Received: 22 January 2019 Accepted: 26 March 2019

References
1. Bengtsson AA, Sturfelt G, Truedsson L, et al. Activation of type I interferon

system in systemic lupus erythematosus correlates with disease activity but
not with antiretroviral antibodies. Lupus. 2000;9:664–71. https://doi.org/10.
1191/096120300674499064.

2. Weckerle CE, Franek BS, Kelly JA, et al. Network analysis of associations
between serum interferon-α activity, autoantibodies, and clinical features in
systemic lupus erythematosus. Arthritis Rheum. 2011;63:1044–53. https://doi.
org/10.1002/art.30187.

3. Rönnblom LE, Alm GV, Oberg KE. Autoimmunity after alpha-interferon
therapy for malignant carcinoid tumors. Ann Intern Med. 1991;115:178–83.

4. Machold KP, Smolen JS. Interferon-gamma induced exacerbation of
systemic lupus erythematosus. J Rheumatol. 1990;17:831–2.

https://doi.org/10.1186/s13075-019-1878-y
https://doi.org/10.1186/s13075-019-1878-y
https://doi.org/10.1191/096120300674499064
https://doi.org/10.1191/096120300674499064
https://doi.org/10.1002/art.30187
https://doi.org/10.1002/art.30187


Oke et al. Arthritis Research & Therapy          (2019) 21:107 Page 11 of 11
5. Teruel M, Alarcón-Riquelme ME. The genetic basis of systemic lupus
erythematosus: what are the risk factors and what have we learned. J
Autoimmun. 2016;74:161–75. https://doi.org/10.1016/j.jaut.2016.08.001.

6. Karonitsch T, Feierl E, Steiner CW, et al. Activation of the interferon-gamma
signaling pathway in systemic lupus erythematosus peripheral blood
mononuclear cells. Arthritis Rheum. 2009;60:1463–71. https://doi.org/10.
1002/art.24449.

7. Hertzog P, Forster S, Samarajiwa S. Systems biology of interferon responses.
J Interf Cytokine Res. 2011;31:5–11. https://doi.org/10.1089/jir.2010.0126.

8. Bengtsson AA, Sturfelt G, Truedsson L, et al. Activation of type I interferon
system in systemic lupus erythematosus correlates with disease activity but
not with antiretroviral antibodies. Lupus. 2000;9:664–71.

9. Munroe ME, Lu R, Zhao YD, et al. Altered type II interferon precedes
autoantibody accrual and elevated type I interferon activity prior to
systemic lupus erythematosus classification. Ann Rheum Dis. 2016;75:2014–
21. https://doi.org/10.1136/annrheumdis-2015-208140.

10. Rana A, Minz RW, Aggarwal R, et al. Gene expression of cytokines (TNF-α,
IFN-γ), serum profiles of IL-17 and IL-23 in paediatric systemic lupus
erythematosus. Lupus. 2012;21:1105–12. https://doi.org/10.1177/
0961203312451200.

11. Oke V, Brauner S, Larsson A, et al. IFN-λ1 with Th17 axis cytokines and IFN-α
define different subsets in systemic lupus erythematosus (SLE). Arthritis Res
Ther. 2017;19:139. https://doi.org/10.1186/s13075-017-1344-7.

12. Niewold TB, Hua J, Lehman TJA, et al. High serum IFN-alpha activity is a
heritable risk factor for systemic lupus erythematosus. Genes Immun. 8:492–
502. https://doi.org/10.1038/sj.gene.6364408.

13. Ghodke-Puranik Y, Niewold TB. Genetics of the type I interferon pathway in
systemic lupus erythematosus. Int J Clin Rheumtol. 2013;8:657–69. https://
doi.org/10.2217/ijr.13.58.

14. Jabs WJ, Hennig C, Zawatzky R, Kirchner H. Failure to detect antiviral activity
in serum and plasma of healthy individuals displaying high activity in ELISA
for IFN-alpha and IFN-beta. J Interf Cytokine Res. 1999;19:463–9. https://doi.
org/10.1089/107999099313901.

15. Rodero MP, Decalf J, Bondet V, et al. Detection of interferon alpha protein
reveals differential levels and cellular sources in disease. J Exp Med. 2017;
214:1547–55. https://doi.org/10.1084/jem.20161451.

16. Baechler EC, Batliwalla FM, Karypis G, et al. Interferon-inducible gene
expression signature in peripheral blood cells of patients with severe lupus.
Proc Natl Acad Sci U S A. 2003;100:2610–5. https://doi.org/10.1073/pnas.
0337679100.

17. Crow MK. Type I interferon in the pathogenesis of lupus. J Immunol. 2014;
192:5459–68. https://doi.org/10.4049/jimmunol.1002795.

18. El-Sherbiny YM, Psarras A, Md Yusof MY, et al. A novel two-score system for
interferon status segregates autoimmune diseases and correlates with clinical
features. Sci Rep. 2018;8:5793. https://doi.org/10.1038/s41598-018-24198-1.

19. Harley ITW, Niewold TB, Stormont RM, et al. The role of genetic variation
near interferon-kappa in systemic lupus erythematosus. J Biomed
Biotechnol. 2010:1–11. https://doi.org/10.1155/2010/706825.

20. Furie R, Khamashta M, Merrill JT, et al. Anifrolumab, an anti-interferon-α
receptor monoclonal antibody, in moderate-to-severe systemic lupus
erythematosus. Arthritis Rheumatol. 2017;69:376–86. https://doi.org/10.1002/
art.39962.

21. Werth VP, Fiorentino D, Sullivan BA, et al. Brief report: pharmacodynamics,
safety, and clinical efficacy of AMG 811, a human anti-interferon-γ antibody,
in patients with discoid lupus erythematosus. Arthritis Rheumatol. 2017;69:
1028–34. https://doi.org/10.1002/art.40052.

22. Chen P, Vu T, Narayanan A, et al. Pharmacokinetic and pharmacodynamic
relationship of AMG 811, an anti-IFN-γ IgG1 monoclonal antibody, in
patients with systemic lupus erythematosus. Pharm Res. 2015;32:640–53.
https://doi.org/10.1007/s11095-014-1492-2.

23. Tan EM, Cohen AS, Fries JF, et al. The 1982 revised criteria for the classification
of systemic lupus erythematosus. Arthritis Rheum. 1982;25:1271–7.

24. Liang MH, Socher SA, Roberts WN, Esdaile JM. Measurement of systemic lupus
erythematosus activity in clinical research. Arthritis Rheum. 1988;31:817–25.

25. Bombardier C, Gladman DD, Urowitz MB, et al. Derivation of the SLEDAI. A
disease activity index for lupus patients. The Committee on Prognosis
Studies in SLE. Arthritis Rheum. 1992;35:630–40.

26. Urowitz MB, Gladman DD. Measures of disease activity and damage in SLE.
Baillieres Clin Rheumatol. 1998;12:405–13.

27. Strand V, Gladman D, Isenberg D, et al. Outcome measures to be used in
clinical trials in systemic lupus erythematosus. J Rheumatol. 1991;26:490–7.
28. Gladman DD, Goldsmith CH, Urowitz MB, et al. Sensitivity to change of 3
systemic lupus erythematosus disease activity indices: international
validation. J Rheumatol. 1994;21:1468–71.

29. Gustafsson JT, Gunnarsson I, Källberg H, et al. Cigarette smoking,
antiphospholipid antibodies and vascular events in systemic lupus
erythematosus. Ann Rheum Dis. 2015;74:1537–43. https://doi.org/10.1136/
annrheumdis-2013-205159.

30. Miyakis S, Lockshin MD, Atsumi T, et al. International consensus statement
on an update of the classification criteria for definite antiphospholipid
syndrome (APS). J Thromb Haemost. 2006:295–306.

31. Hua J, Kirou K, Lee C, Crow MK. Functional assay of type I interferon in
systemic lupus erythematosus plasma and association with anti-RNA
binding protein autoantibodies. Arthritis Rheum. 2006;54:1906–16. https://
doi.org/10.1002/art.21890.

32. Feng X, Wu H, Grossman JM, et al. Association of increased interferon-
inducible gene expression with disease activity and lupus nephritis in
patients with systemic lupus erythematosus. Arthritis Rheum. 2006;54:2951–
62. https://doi.org/10.1002/art.22044.

33. Idborg H, Eketjäll S, Pettersson S, et al. TNF-α and plasma albumin as
biomarkers of disease activity in systemic lupus erythematosus. Lupus Sci
Med. 2018;5:e000260. https://doi.org/10.1136/lupus-2018-000260.

34. Wu Q, Yang Q, Lourenco E, et al. Interferon-lambda1 induces peripheral
blood mononuclear cell-derived chemokines secretion in patients with
systemic lupus erythematosus: its correlation with disease activity. Arthritis
Res Ther. 2011;13:R88. https://doi.org/10.1186/ar3363.

35. Rose T, Grützkau A, Hirseland H, et al. IFNα and its response proteins, IP-10
and SIGLEC-1, are biomarkers of disease activity in systemic lupus
erythematosus. Ann Rheum Dis. 2013;72:1639–45. https://doi.org/10.1136/
annrheumdis-2012-201586.

36. Somers EC, Zhao W, Lewis EE, et al. Type I interferons are associated with
subclinical markers of cardiovascular disease in a cohort of systemic lupus
erythematosus patients. PLoS One. 2012;7:e37000. https://doi.org/10.1371/
journal.pone.0037000.

37. Iwamoto T, Dorschner J, Jolly M, et al. Associations between type I
interferon and antiphospholipid antibody status differ between ancestral
backgrounds. Lupus Sci Med. 2018;5:e000246. https://doi.org/10.1136/lupus-
2017-000246.

38. Kirou KA, Lee C, George S, et al. Activation of the interferon-alpha pathway
identifies a subgroup of systemic lupus erythematosus patients with distinct
serologic features and active disease. Arthritis Rheum. 2005;52:1491–503.
https://doi.org/10.1002/art.21031.

39. Khamashta M, Merrill JT, Werth VP, et al. Sifalimumab, an anti-interferon-α
monoclonal antibody, in moderate to severe systemic lupus erythematosus:
a randomised, double-blind, placebo-controlled study. Ann Rheum Dis.
2016;75:1909–16. https://doi.org/10.1136/annrheumdis-2015-208562.

40. Rönnblom L, Eloranta M-L. The interferon signature in autoimmune
diseases. Curr Opin Rheumatol. 2013;25:248–53. https://doi.org/10.1097/BOR.
0b013e32835c7e32.

41. Zickert A, Amoudruz P, Sundström Y, et al. IL-17 and IL-23 in lupus nephritis
- association to histopathology and response to treatment. BMC Immunol.
2015;16:7. https://doi.org/10.1186/s12865-015-0070-7.

42. van Vollenhoven RF, Hahn BH, Tsokos GC, et al. Efficacy and safety of
ustekinumab, an IL-12 and IL-23 inhibitor, in patients with active systemic
lupus erythematosus: results of a multicentre, double-blind, phase 2,
randomised, controlled study. Lancet. 2018;392:1330–9. https://doi.org/10.
1016/S0140-6736(18)32167-6.

https://doi.org/10.1016/j.jaut.2016.08.001
https://doi.org/10.1002/art.24449
https://doi.org/10.1002/art.24449
https://doi.org/10.1089/jir.2010.0126
https://doi.org/10.1136/annrheumdis-2015-208140
https://doi.org/10.1177/0961203312451200
https://doi.org/10.1177/0961203312451200
https://doi.org/10.1186/s13075-017-1344-7
https://doi.org/10.1038/sj.gene.6364408
https://doi.org/10.2217/ijr.13.58
https://doi.org/10.2217/ijr.13.58
https://doi.org/10.1089/107999099313901
https://doi.org/10.1089/107999099313901
https://doi.org/10.1084/jem.20161451
https://doi.org/10.1073/pnas.0337679100
https://doi.org/10.1073/pnas.0337679100
https://doi.org/10.4049/jimmunol.1002795
https://doi.org/10.1038/s41598-018-24198-1
https://doi.org/10.1155/2010/706825
https://doi.org/10.1002/art.39962
https://doi.org/10.1002/art.39962
https://doi.org/10.1002/art.40052
https://doi.org/10.1007/s11095-014-1492-2
https://doi.org/10.1136/annrheumdis-2013-205159
https://doi.org/10.1136/annrheumdis-2013-205159
https://doi.org/10.1002/art.21890
https://doi.org/10.1002/art.21890
https://doi.org/10.1002/art.22044
https://doi.org/10.1136/lupus-2018-000260
https://doi.org/10.1186/ar3363
https://doi.org/10.1136/annrheumdis-2012-201586
https://doi.org/10.1136/annrheumdis-2012-201586
https://doi.org/10.1371/journal.pone.0037000
https://doi.org/10.1371/journal.pone.0037000
https://doi.org/10.1136/lupus-2017-000246
https://doi.org/10.1136/lupus-2017-000246
https://doi.org/10.1002/art.21031
https://doi.org/10.1136/annrheumdis-2015-208562
https://doi.org/10.1097/BOR.0b013e32835c7e32
https://doi.org/10.1097/BOR.0b013e32835c7e32
https://doi.org/10.1186/s12865-015-0070-7
https://doi.org/10.1016/S0140-6736(18)32167-6
https://doi.org/10.1016/S0140-6736(18)32167-6

	Abstract
	Background and aim
	Methods
	Results
	Conclusions

	Background
	Patients and methods
	Study population
	Laboratory methods
	Detection of IFNs
	Functional assay for serum type I IFN activity
	Measurement of circulating IFNs

	Statistical analysis

	Results
	Correlation between IFN activity and IFN-γ levels
	Patients with high levels of different IFN types have different SLE features
	Patients with high levels of different IFN types have different autoantibody profiles and laboratory features
	Multivariable analysis demonstrates that high IFN levels associate with different SLE features
	Clinically relevant overlaps among upregulated IFNs

	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

