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Abstract

Background Elevated levels of interferons (IFNs) are a characteristic feature of systemic autoimmune rheumatic dis-
eases (SARDs) and may be useful in predicting impending symptomatic progression in anti-nuclear antibody-positive
(ANAT) individuals lacking a SARD diagnosis. Typically, these are measured by their effect on gene expression in the
blood, which has limited their utility in clinical settings. Here, we assessed whether the measurement of serum IFN-a
or selected IFN-induced cytokines accurately mirrors IFN-induced gene expression in ANAY individuals and investi-
gated their utility as biomarkers of clinical progression.

Methods A total of 280 subjects were studied, including 50 ANA™ healthy controls, 160 ANAT individuals without

a SARD diagnosis (96 asymptomatic, 64 with undifferentiated connective tissue disease), and 70 SARD patients.
IFN-induced gene expression was measured by nanoString and cytokine levels by ELISA or Simoa. ANAY individu-

als lacking a SARD diagnosis who had the new onset of SARD criteria over the subsequent 2 years were defined as
progressors.

Results Measurement of IFN-a levels by high-sensitivity ELISA or Simoa correlated much better with IFN-induced
gene expression than measurement of CXCL-10 or Galectin-9 levels. Despite this, high CXCL-10 and Galectin-9 levels
were better predictors of subsequent progression in ANAY individuals than measures of IFN-a or IFN-induced gene
expression with the optimal combination of predictive cytokines (CXCL-10 and IFN-a as measured by ELISA), resulting
in a specificity and positive predictive value of 100%.

Conclusion Easily performed ELISA assays for CXCL-10 and IFN-a can be used to predict ANAT individuals at high risk
of imminent symptomatic progression.
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Background
The systemic autoimmune rheumatic diseases (SARDs),
including systemic lupus erythematosus (SLE), Sjogren’s
syndrome (SS), and systemic sclerosis (SSc), have over-
lapping clinical features and are thought to have a simi-
lar etiopathogenesis. One of the characteristic immune
abnormalities in these conditions is the presence of anti-
nuclear antibodies (ANAs), which can be produced many
years in advance of clinical disease onset. For example,
ANAs are seen up to 9 or 18 years prior to the diagno-
sis of SLE or SS, respectively [1-4]. While these findings
suggest that ANAs might be useful for early detection
of SARD, ANAs are also prevalent within the general
population (~20% of women) [5], with only a minority
of these individuals (<10%) going on to develop SARD in
their lifetime based upon the prevalence of these condi-
tions. Since the clinical onset of SARD is associated with
significant morbidity, and occasionally irreversible tis-
sue damage, biomarkers that accurately predict disease
development could improve patient outcomes by allow-
ing for the initiation of treatment prior to this damage.
Elevated levels of interferons (IFNs) are a characteris-
tic feature of SARD [6—10]. These elevations are also seen
in a subset of ANA™ individuals that lack a diagnosis of
SARD [5, 11-13] and in some studies have been shown
to be associated with an enhanced risk of progression to
SARD. In a study of ANA™ individuals, most of whom
had at least one baseline symptom of SARD, elevated
levels of IFN-induced gene expression in the peripheral
blood were predictive of progression to SLE or SS over
the subsequent year [13]. Studies in our laboratory have
shown that the levels of IFN-induced gene expression are
higher in asymptomatic ANA™ individuals that devel-
oped new SARD criteria on follow-up within the next
2 years than those who did not [14]. While these stud-
ies suggest that elevated IFN levels may act as a predic-
tive biomarker for SARD progression, the techniques
required for the measurement of IFN have limited their
clinical utility. Recently, serum levels of Galectin-9 and
CXCL-10 were found to be elevated in patients with SLE
or the antiphospholipid syndrome and were shown to
strongly correlate with IFN-induced gene expression in
the peripheral blood [15], suggesting that measurement
of these cytokines can be used as surrogate markers for
IFN-induced gene expression. In addition, technical
advances in the measurement of IFN-qa, one of the major
IFNs that promotes the elevated IFN-induced gene
expression in SARD, have enabled the measurement of
this cytokine in ranges that were previously undetectable.
In this study, we assessed the correlation between these
new measures of IFN and those used in our previous
studies in a well-characterized cohort of ANA™ individu-
als with and without a SARD diagnosis and evaluated
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their ability to predict symptom progression in a subset
of ANAY individuals lacking a SARD diagnosis followed
longitudinally.

Methods

Subjects and data collection

From July 2013 to May 2019, individuals referred for
rheumatologic assessment due to a recently discovered
positive ANA test were serially recruited and consented,
at the Toronto Western and Mount Sinai Hospitals. All
demographic and clinical information was recorded on
a standardized data retrieval form. The ANA was re-
measured by immunofluorescence (IF), at the Univer-
sity Health Network laboratory, and individuals with
an ANA > 1:160 were stratified into 3 groups: (1) indi-
viduals lacking ANA-associated SARD criteria (the 1997
ACR criteria for SLE [16], the 2013 ACR-EULAR cri-
teria for SSc [17], or the 2016 ACR-EULAR criteria for
SS [18]), termed ANATNS (1 = 96); (2) individuals with
> 1 SARD criteria, but insufficient criteria for a SARD
diagnosis (n = 64, undifferentiated connective tissue dis-
ease, UCTD); or (3) early (within 2 years of diagnosis)
untreated (except anti-malarials) SARD patients (1 = 70).
Healthy controls (n = 50, ANATHC) were confirmed to
be ANA negative (< 1:40) by immunofluorescence (IF)
and using the Bioplex® 2200 ANA Screening System
(Bio-Rad Laboratories, Hercules, CA), with those with a
positive test being reclassified into the ANATNS group.
For ANATNS and UCTD individuals recruited after July
2015, yearly follow-up, with an extensive clinical evalu-
ation, measurement of autoantibodies by Bioplex®, and
banking of blood for research, was offered. Individuals
who developed new ANA-associated SARD criteria dur-
ing the subsequent 2 years were considered clinical pro-
gressors. The study was approved by the Research Ethics
Boards of both recruiting hospitals.

Measurement of autoantibodies

ANAs were quantified by indirect IF using the Kall-
estad® HEp-2 kit (Bio-Rad Laboratories) in the Uni-
versity Health Network laboratory. The Bioplex® 2200
ANA Screening System was used to measure the serum
levels of 11 specific autoantibodies (anti-dsDNA, anti-
chromatin, anti-Ro, anti-La, anti-Sm, anti-SmRNP,
anti-RNP, anti-Jo-1, anti-Scl-70, anti-centromere, and
anti-ribosomal P), with a positive test being deter-
mined using the company’s cut-offs (antibody index >
1). The levels of anti-Ro52 antibodies were measured
using a custom autoantigen array, as previously pub-
lished [19]. Briefly, Ro52 (Diarect, Surmodics IVD,
Eden Prarie, MN) was spotted in duplicate onto two-
pad FAST nitrocellulose coated slides (GVS, Sanford,
ME) using a VersArray Chipwriter Pro Microarrayer
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(Virtek, Canada). After drying, the slides were blocked
overnight at 4°C in PBS with 5% fetal calf sera and
0.1% Tween-20 and then incubated with serum sam-
ples diluted 1:100 in blocking buffer for 1 h at 4°C.
After washing, slides were probed with Cy3-labeled
goat anti-human IgG (Jackson ImmunoResearch, West
Grove, PA; diluted 1:2000 in blocking bufter) for 45 min
at 4°C, washed again, and dried by centrifugation. Every
batch had negative (PBS) and positive (human serum
with known reactivity to ribosomal PO; Immunovision,
Springdale, AZ) controls. Fluorescent intensities were
quantified using an Axon 4200A microarray scanner
(Molecular Devices, Sunnyvale, CA) and net fluores-
cent intensities (NFI) were calculated from raw data by
subtracting local background. Samples were performed
in duplicate and the replicates were combined to gen-
erate a mean NFIL. To control for batch effects, the
positive control was used to generate a normalization
factor.

Measurement of IFN-induced gene expression

Gene expression in total RNA isolated from whole
peripheral blood archived in Tempus tubes (Applied Bio-
systems, Waltham, M A, USA) was quantified using a cus-
tom array (NanoString Technologies, Seattle, WA, USA),
as previously described [5]. Log, normalized expres-
sion levels of 5 interferon (IFN)-induced genes (EPSTII,
IFI44L, LYGE, OAS3, RSAD2) were summed to generate a
composite IFN5 score.

Cytokine measurement

Archived samples (never thawed, stored at —80 °C) were
used for all cytokine measurements. Levels of IFN-a
were determined in the serum using a high-sensitiv-
ity VeriKine human IFN-a ELISA Kit (PBL Assay Sci-
ence, Piscataway, NJ, USA), which detects all 12 human
IFN-a subtypes (dynamic range 1.95-125 pg/mL), and
were also quantified using a Simoa HD-1 instrument
with the Simoa® IFN-a Advantage Kit HD-1/HD-X
(Quanterix Corp., Billerica, MA, USA), which has a lin-
ear range from 0 to 60 pg/mL and an LLOQ = 0.016
pg/mL. Levels of Galectin-9 and CXCL-10 (IP-10) were
measured in diluted serum (1/5 dilution) using DuoSet
ELISA Kkits (R&D Systems, Minneapolis, MN, USA), with
dynamic ranges of 93.8—6000 pg/mL and 31.2-2000 pg/
mL, respectively. The levels of IFN-y in neat serum were
determined using a Quantikine High Sensitivity ELISA
kit (R&D Systems), following the manufacturer’s instruc-
tions (dynamic range 0.5-30 pg/mL). Except for some of
the Simoa assays, all measurements were performed in
duplicate.
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Statistical analysis

Statistically significant differences between groups were
determined by the Mann-Whitney U test (for 2 groups)
and the Kruskal-Wallis test followed by Dunn’s post-
test for multiple comparisons (> 3 groups). The asso-
ciation between measurements of different cytokines
was determined using Spearman’s rank correlation
coefficient. A multivariable regression model was used
to assess the impact of sex and ethnicity on the levels
of cytokines between different groups. To assess the
relative ability of elevated levels of CXCL-10, Galec-
tin-9, and/or IFN-« alone or in combination to predict
progression, a logistic regression model was used with
the cut-offs determined by Youden’s index, calculated
by comparing progressors and non-progressors. All p
values were 2-sided and a p < 0.05 was considered to
be statistically significant. Statistical analyses were per-
formed using GraphPad Prism version 8.3.1 (GraphPad
Software, San Diego, CA, USA) and version 9.4 of the
SAS system for Windows (Copyright © 2002—-2012 SAS
Institute Inc., Cary, NC, USA).

Results

Cytokine levels were measured on a total of 280 sub-
jects; 151 overlapped with our previous study in
which we measured IFN-induced gene expression
(Table 1) [5]. Most of the study subjects were female
and of Caucasian ethnicity, with a greater propor-
tion of males and a lower proportion of Caucasians in
the ANA"HC, as compared to the other ANA™ par-
ticipant subsets. Fifty-five of the ANA™ individuals
lacking a SARD diagnosis that were followed longitu-
dinally had completed 2 years of follow-up at the time
of the study, 13 of which developed new SARD crite-
ria during this period. The new clinical criteria that
developed and resulting diagnoses for the progressors
are outlined in Additional file 1: Suppl. Table 1. For
both progressors and non-progressors, the majority
of individuals were female and Caucasian. Progressors
had significantly more autoantibody specificities, as
measured by Bioplex, than non-progressors and were
more likely to be of South Asian ancestry. The pro-
portion of UCTD patients within the subset of ANA™
individuals lacking a SARD diagnosis that demon-
strated progression (37.7%) was not significantly dif-
ferent from that in non-progressors (53.8%, p = 0.33),
with similar clinical features being present at baseline
in both groups (Additional file 1: Suppl. Table 2) and
similar proportions of individuals receiving antima-
larial therapy (23% in progressors and 16.7% in non-
progressors, p = 0.68).
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IFN-induced gene expression and several of the cytokine
measures were elevated in patients with a SARD diagnosis
Figure 1 shows the levels for the various assays used to
assess IFN or its effects in all study subjects. As pre-
viously shown by ourselves and others, peripheral
blood IFN-induced gene expression, as determined
by the IFN5 score, was significantly elevated in SARD
patients and in ANA" individuals lacking a SARD diag-
nosis, although not to the same extent as that seen in
SARD. IFN-a, as measured by a high-sensitivity ELISA,
was also significantly elevated in SARD patients. How-
ever, for a considerable number of study participants,
the IFN-a levels were below the lower limit of detec-
tion of this ELISA. To better capture differences in this
lower range, we measured serum IFN-a by Simoa. As
expected, this improved the ability to detect IFN-a in
more subjects, permitting the identification of elevated
levels of IFN-a not only in SARD patients, but also in
both subsets of ANA™ individuals lacking a SARD diag-
nosis, relative to ANATHC. In contrast to these more
direct measures of type I IFN, the levels of CXCL-
10 did not differ from ANA“HC in any of the ANA*
groups and significantly elevated levels of Galectin-9
were only seen for SARD patients. Similar findings

IFN5 Score
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were also obtained for IFN-y, which was not elevated in
any of the ANA™ groups.

Given the large differences in age between some of the
groups, we performed a multivariable analysis incorporat-
ing age as a predictor to determine the impact it had on the
results, and for cytokines that were significantly impacted
by age, we did an age-adjusted analysis of the statistical
differences between groups. The only cytokine measure-
ments that varied significantly with age were IFN-a meas-
ured by ELISA (p=0.002) and Simoa (p=0.021), where
an age-adjusted analysis led only to a loss of significance
between ANA“HC and ANATNS or UCTD for Simoa, but
no other comparisons between groups.

We also assessed whether the duration of storage at
—80° C affected the levels of cytokines detected by per-
forming a linear regression analysis and found no associ-
ation between the age of the sample and cytokine levels.

IFN-a is a good surrogate marker of the IFN signature,
whereas CXCL-10 and Galectin-9 reflect both type | IFN

and IFN-y elevations

To further explore the interrelationship between
the various surrogate markers of IFN-induced gene
expression and the IFN5 score, as well as each other,

IFN-a (Simoa)

*kkk

IFN-o. (pg/mL)

102

IFN-y (pg/mL)
3

Fig. 1 Cytokine levels in the ANA™ participant subsets. Scatterplots showing the results for the IFN5 score and the cytokines, IFN-a measured by
high-sensitivity ELISA, IFN-a measured by Simoa, CXCL-10, Galectin-9, and IFN-y (all shown using logarithmic scales). From left to right are shown
results for healthy controls (ANA™HC), asymptomatic ANAT individuals (ANATNS), undifferentiated connective tissue disease (UCTD) patients, and
systemic autoimmune rheumatic disease (SARD) patients. Results to the right of the dashed line are those for the individual SARD conditions, SLE,
SS, and SSc. Each circle represents a single subject, with the bars indicating the median for the subjects and error bars denoting the interquartile
range. Significant differences between ANA™HC and the ANA™ groups are indicated with asterisks, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001, and those between SARD and the other ANAT subsets indicated with cross hatches, using the same scale
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we examined their correlation in all study subjects
(Table 2). There was a moderate to strong correlation
between the IFN5 score and IFN-a measured by ELISA
or Simoa, which was strongest for Simoa. In contrast,
there was only a weak correlation between the IFN5
score and serum levels of CXCL-10, Galectin-9, and
IFN-y.

Given the discordance between our results and those
previously reported in the literature for predominantly
SLE patients [15], we questioned whether the correlation
between these cytokines and the IFN5 score varied based
on the diagnosis. In ANATNS, there was no correlation
between either CXCL-10 or Galectin-9 and the IFN5
score, whereas there was a weak correlation for Galec-
tin-9 with the IFN5 score in UCTD and SARD patients (p
= 0.29 and 0.25, respectively, both p < 0.05). In contrast,
there was a moderate to strong correlation between IFN-
a, regardless of how it was measured, and the IFN5 score
for all 3 ANA™ groups (p = 0.52-0.71, all p < 0.0001).

Previous reports have suggested that CXCL-10 and
Galectin-9 are predominantly driven by IFN-y [20, 21].
When all subjects were included, there was a weak cor-
relation between these two cytokines and IFN-y, which
approximated that seen for the IFN5 score and IFN-a,
with no marked differences observed between ANAY
individuals with and without symptoms. These findings
raise the possibility that the production of these cytokines
in ANAT individuals is not solely induced by IFN-y. Nev-
ertheless, the levels of CXCL-10 and Galectin-9 strongly
correlated with each other (Table 2), suggesting that they
may arise from similar pathogenic mechanisms.

Table 2 Correlations between cytokines for all subjects
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Sex and ethnicity affect cytokine levels

Given the difference in the proportion of males between
ANA™HC and the ANA™" subject groups, and previous
work by ourselves and others suggesting that ethnic-
ity may affect cytokine levels, we questioned whether
these demographic factors could have an impact on
cytokine levels. To address this question, a multivari-
able analysis was performed incorporating sex and eth-
nicity as covariates. This analysis demonstrated that
sex was a contributing factor to the variation in levels
of Galectin-9 (p = 0.003) and IFN5 score (p = 0.035),
whereas ethnicity affected the levels of IFN-a measured
by ELISA (p < 0.0002).

The differences in cytokine levels between males
and females and between Caucasian and non-Cau-
casian subjects for each subject group are shown in
Additional file 1: Suppl. Figs. 1 and 2, respectively.
Differences between male and female subjects were
mostly seen in the ANATHC group, with elevated
levels of Galectin-9 and other IFN-y-associated
cytokines being significantly higher in males than
females. In contrast, the differences between Cau-
casian and non-Caucasian subjects were predomi-
nantly restricted to the ANA™ groups, with not only
IEN-a, as measured by ELISA, but also other meas-
ures of IFN-a showing variably significant increases
in non-Caucasians in these groups. This finding is
consistent with previous studies by ourselves and oth-
ers showing elevated levels of measures of type I IFN
in non-Caucasian, as compared to Caucasian, ANA™T
individuals [5, 22, 23].

Cytokine With cytokine Correlation
IFN5 CXCL-10 0.12378
IFN5 Galectin-9 0.29788
IFN5 IFN-a by ELISA 0.54516
IFN5 IFN-a by Simoa 0.70824
IFN5 IFN-y 0.12436
CXCL-10 Galectin-9 0.74356
CXCL-10 IFN-a by ELISA 0.18992
CXCL-10 IFN-a by Simoa 0.15592
CXCL-10 IFN-y 0.28330
Galectin-9 IFN-a by ELISA 0.30807
Galectin-9 IFN-a by Simoa 0.23755
Galectin-9 IFN-y 0.27885
IFN-a by ELISA IFN-a by Simoa 0.59586
IFN-a by ELISA IFN-y 009315
IFN-a by Simoa IFN-y 0.04034

95% Cl p value
0.001679 0.241790 0.0466
0.182062 0404577 <0.0001
0.454252 0.623581 <0.0001
0.640511 0.763888 <0.0001
0.002743 0.241896 0.0447
0.683753 0.792397 <0.0001
0.070689 0.303147 0.0019
0.033657 0.273010 0.0125
0.167120 0.390802 <0.0001
0.194242 0412745 <0.0001
0.117934 0.349549 0.0001
0.162421 0.386702 <0.0001
0510414 0.668379 <0.0001
—0.027377 0.210669 0.1290
—0.082748 0.162064 0.5209

Spearman’s correlation coefficient for the association between the indicated cytokines, together with the 95% confidence interval (Cl). Significant p values are bolded
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Serum levels of IFN-induced cytokines can be used

to predict disease progression in ANA* individuals

To examine the ability of the different cytokine meas-
ures to predict progression in ANA™ subjects lacking a
SARD diagnosis, the levels of each measure were com-
pared between clinical symptom progressors (n=13)
and non-progressors (n=42), who had completed 2 years
of follow-up (Fig. 2). The mean levels of Galectin-9 and
CXCL-10 were significantly elevated in progressors com-
pared to non-progressors (p = 0.0074 and p = 0.0052,
respectively), and there was a trend to increased levels
of IFN-q, as measured by a high-sensitivity ELISA (p =
0.059). To determine whether measurement of these
cytokines could be used to predict clinical disease pro-
gression in ANA™ subjects lacking a SARD diagnosis,
receiver operating characteristic curves for each cytokine
measure were produced and the optimal cut-off for pro-
gression determined by calculating Youden’s index, com-
paring progressors and non-progressors (see Additional
file 1: Suppl. Fig. 3).

The greatest discriminative ability, as indicated by
the highest area under the curve, was seen for Galec-
tin-9, CXCL-10, and IFN-a measured by high-sensitivity
ELISA, with IEN-y and IFN-a measured by Simoa show-
ing little or no discriminative ability. Using univariate
logistic regression, we determined that ANA™ individu-
als with elevated levels of Galectin-9 (p = 0.008, OR =
6.34, 95% CI 1.62-24.80), CXCL-10 (p = 0.0017, OR =
9.6, 95% CI 2.34—39.42), or IEN-a (p = 0.011, OR=5.83,
95% CI 1.50-22.71) are more likely to progress within
the next 2 years. To determine whether a combination of
these cytokines offered an improved ability over the indi-
vidual cytokine measures to predict progression, their
sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) were contrasted
(Table 3). While the individual cytokines tended to have
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higher sensitivity, in general, the specificity and PPV
improved with combinations of cytokines. Notably, the
combination of elevated levels of CXCL-10 and IFN-«
was strongly predictive of progression, with a specificity
and PPV of 100%. Although the area under the curve for
the IFN5 score was only slightly less than that for IFN-a
measured by high-sensitivity ELISA and using the opti-
mal cut-off for progression had a comparable specificity
and PPV to IFN-a (either alone or in combination with
other cytokines), it had a significantly reduced sensitivity
and NPV (Additional file 1: Suppl. Table 3).

We previously examined the ability of 144 autoanti-
bodies, as measured by an autoantigen array, to predict
progression and found that only elevated levels of anti-
Ro52 antibodies were associated with an increased risk
of development of new SARD criteria over the subse-
quent 2 years (PPV 46%, NPV 89%) [19]. We therefore
investigated whether the measurement of this antibody
improved the ability of the cytokine measures to predict
progression, using our previously established cut-off.
The presence of elevated levels of anti-Ro52 antibod-
ies resulted in very modest increases in the specificity
and PPV when combined with the individual cytokine
measures, but offered a minimal improvement over the
combinations of cytokines. Because we previously noted
a moderate correlation between the IFN5 score and the
presence of anti-Ro52 antibodies [19], we questioned
whether elevated levels of anti-Ro52 antibodies offered
the same discriminative ability between progressors and
non-progressors as IFN-a. Although the presence of ele-
vated anti-Ro52 antibody levels in tandem with elevated
levels of CXCL-10 or Galectin-9 improved the sensitivity
of detection of progressors, as compared to the presence
of elevated levels of the same cytokine with increased
IEN-a levels, it resulted in a significant decrease in the
specificity and especially the PPV.

Galectin-9

CXCL-10 (pg/mL)
Galectin-9 (pg/mL)
IFN-y (pg/mL)

Fig. 2 Cytokine levels in longitudinally followed ANAY subjects lacking a SARD diagnosis stratified for the presence or absence of clinical

progression over the subsequent 2 years. Levels of the various cytokines in clinical progressors (n = 13) and non-progressors (n = 42). Scatterplots
showing the results for the IFN5 score and the cytokines, IFN-a measured by high-sensitivity ELISA, IFN-a measured by Simoa, CXCL-10, Galectin-9,
and IFN-y (all shown using logarithmic scales). Each circle represents a single subject, with the bars indicating the median for the subjects and error
bars denoting the interquartile range. Significant differences between progressors and non-progressors are indicated by asterisks, ** p < 0.01
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Table 3 Comparison of various combinations of cytokines as predictors of clinical progression in ANAT subjects lacking a SARD

diagnosis

Cytokine combination Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Galectin-9 (> 2914 pg/mL) 69.23 73.81 45.00 88.57
CXCL-10 (= 689 pg/mL) 61.54 85.71 57.14 87.80
IFN-a (> 0.91 pg/mL) 53.85 8333 50.00 85.37
CXCL-10 and Galectin-9 53.85 88.10 5833 86.05
Galectin-9 and IFN-a 46.15 97.62 85.71 8542
CXCL-10 and IFN-a 46.15 100.00 100.00 85.71
RO52 (> 11.87 NFI) 75.00 71.79 45.00 90.32
RO52 and Galectin-9 5833 9231 70.00 87.80
RO52 and CXCL-10 50.00 92.31 66.67 85.71
RO52 and IFN-a 5833 87.18 58.33 87.18
RO52 and CXCL-10 and Galectin-9 50.00 94.87 75.00 86.05
RO52 and Galectin-9 and IFN-a 50.00 97.44 85.71 86.36
RO52 and CXCL-10 and IFN-a 46.15 100.00 100.00 85.71
RO52 and CXCL-10 and Galectin-9 and IFN-a 46.15 100.00 100.00 85.71

Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for clinical progression in the subsequent 2 years. Only those cytokine or
antibody measures that individually were significantly associated with progression are included in the table. All IFN-a measurements were done by high-sensitivity
ELISA. Optimal cut-offs were determined by Youden'’s index, calculated by comparing progressors and non-progressors

None of the progressors or non-progressors had a
dense fine speckled pattern on their ANA and there was
no difference in the proportion of subjects with any of
the remaining ANA patterns between progressors and
NON-Progressors.

Discussion

IFNs have been shown to play an important patho-
genic role in SARD [24-26], and there is some evidence
that their measurement may be useful in predicting the
ANA™ individuals who lack a SARD diagnosis that are
at high risk for subsequent SARD development [13, 14].
However, the measurement of IFN levels in these stud-
ies was largely performed by assessing IFN-induced gene
expression in the peripheral blood or performing IFN
activity assays, which are not easily adapted to clinical
use. In this study, we assessed whether the measurement
of serum IFN-a levels or IFN-induced cytokines could
provide comparable information to the measurement of
the IFN signature. We show that serum IFN-a levels cor-
relate much better than the measurement of CXCL-10 or
Galectin-9 with IFN-induced gene expression, as meas-
ured by the IFN5 score. Despite this, measurements of
CXCL-10 and Galectin-9 were better at predicting sub-
sequent development of new SARD criteria in ANA™
individuals lacking a SARD diagnosis than measures
of IFN-a, with the optimal combination of predictive
cytokines being CXCL-10 and IFN-a, as measured by
high-sensitivity ELISA, resulting in a specificity and PPV
of 100%.

Previous work has shown that the IFN-induced genes
that are upregulated in SLE fall into 3 groups, a group
that is readily induced by IFN-a, a group that requires
a stronger stimulus for induction, such as IFN-p, and a
group that is proposed to also require IFN-y for optimal
induction [27, 28]. All of the genes in the IFN5 score fall
into the first of these groups, and therefore, it is not sur-
prising that they correlate most strongly with the serum
levels of IFN-a. We have previously shown that there is a
moderate correlation between serum IFN-a, as measured
by high-sensitivity ELISA, and IFN-induced gene expres-
sion, with serum IFN-«a levels only being detectable by
this technique when very high levels of IFN-induced gene
expression are present [5]. Here, we reproduce these find-
ings in a larger group of ANA™ individuals and show that
serum IFN-a, as measured by Simoa, demonstrates an
even stronger correlation with IFN-induced gene expres-
sion in the blood. It is likely that the increased strength
of this correlation results from Simoa’s improved ability
to detect low levels of serum IFN-q, as the two assays for
IFN-a correlate well with each other in the higher range of
detection. Despite this stronger correlation, measurement
of IFN-a by Simoa did not improve the ability to discrimi-
nate between progressors and non-progressors, as the
high levels of IFN-a that discriminate between these two
groups were easily detectable by high-sensitivity ELISA.

In contrast to the previous study that formed the basis
for our current investigation [15], we detected only a poor
correlation between CXCL-10 and Galectin-9 serum levels
and IFN-induced gene expression. This was not the result
of variation in the association between these cytokines and
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the IFN5 score in the different ANA™T disease states, as no
difference in the strength of association was seen between
ANATNS or SARD, nor was it the result of differences in
the types of IFN-induced genes that were used for com-
parison, since for both studies the genes that were used
to detect the IFN signature were from the cluster of genes
that is readily induced by IFN-«, with 2 of 5 genes over-
lapping between the studies. While the origin of the differ-
ences remains unclear, this may result from differences in
the extent of disease activity of the SLE patients between
the two studies, with those previously studied having
well-established disease and substantial disease activity,
whereas those in our study had very early untreated dis-
ease which was generally milder in severity.

Despite the lack of correlation between CXCL-10 and
Galectin-9 with the IFN signature, elevated levels of these
cytokines appeared to be good markers of impending
clinical progression in ANA™ individuals lacking a SARD
diagnosis. The relationship between these cytokines and
imminent progression suggests that the immune mecha-
nisms leading to their production may play an important
role in this process. As outlined previously, the produc-
tion of CXCL-10 and Galectin-9 can be induced by IFN-y
[20, 21], and therefore, it is possible that immune events
that trigger IFN-y production promote the transition to
symptomatic disease. The observation that elevations in
the levels of IFN-y are seen prior to disease onset in SLE
patients is compatible with this concept [29]. Additional
support for this concept comes from a longitudinal study
of ANA™ individuals, most of whom had UCTD, where an
IEN score that contained genes that are thought to require
IFN-y for their induction better predicted imminent clini-
cal progression than a score containing genes that are eas-
ily induced by IFN-a [13].

Alternatively, the immune events leading to the produc-
tion of CXCL-10 and Galectin-9 may be more complex,
involving multiple IFNs, rather than just IFN-y. This is
supported by our observation that there was only a weak
correlation between the serum levels of CXCL-10 or
Galectin-9 and IFN-y. While it is possible that the serum
levels of IFN-y do not accurately reflect those produced
in the tissues, there is some evidence that other IFNs can
act coordinately with IFN-a to induce these cytokines.
For example, in the skin, keratinocytes produce CXCL-10
in response to IFN-« [30]. SLE patients and some ANA™
individuals lacking a SARD diagnosis have increased lev-
els of IFN-«x in their skin [31], which amplifies the IFN-a
response [32]. I[FN-« is also known to increase STAT1
expression, which could act more generally to amplify
IFN-y signaling in the cells of multiple tissues [33].

It is likely that the elevated levels of CXCL-10 or
Galectin-9 in ANA" progressors indicate the presence
of sub-clinical tissue inflammation, which can pre-date
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the onset of clinical symptoms by months. Although,
as outlined above, it is possible that CXCL-10 can be
elaborated in the skin in the absence of obvious inflam-
mation, elevations of Galectin-9 are not reported to
occur in this setting and are typically seen when there
is chronic inflammation or infection [34]. Both CXCL10
and Galectin-9 are produced by a variety of cells that
variably include lymphocytes, monocytes, macrophages,
dendritic cells, fibroblasts, neutrophils, endothelial cells,
and epithelial cells (keratinocytes for CXCL-10 and
gastrointestinal for Galectin-9) [34, 35]. Importantly,
once CXCL-10 is produced, it attracts monocytes, mac-
rophages, T cells, NK cells, and dendritic cells to the site
of inflammation that can further augment the inflamma-
tory process, eventually resulting in sufficient inflamma-
tion to produce clinical disease [36]. It is possible that
the increased specificity and PPV for CXCL-10 as com-
pared to Galectin-9 for progression, either alone or in
combination with IFN-a, reflects a more important role
for CXCL-10 in disease progression; however, further
study is required to address this possibility.

Surprisingly, the levels of Galectin-9, CXCL-10, and
IEN-y were significantly elevated in male, as compared
to female, ANATHC. The reason for these elevations in
otherwise healthy males is unknown. In general, the data
reported in the literature on these cytokines has not strati-
fied the results with regard to sex, so it is not clear whether
this is a sex-determined difference or whether it results
from a covariate that we have not been able to identify.
However, it is unlikely that a recent infection could account
for these findings, since healthy controls with a recent viral
infection or immunization were excluded from recruit-
ment. Despite the elevations of these cytokines in male
healthy controls, elevated levels of CXCL-10 and Galec-
tin-9, alone or in tandem with IFN-a, appeared to be simi-
larly predictive in males and females, as 1 of 2 ANAT males
that progressed had elevations of both these cytokines
which was not seen in either of the 2 male non-progressors.

Our study has several limitations. First, the follow-up
period for our longitudinally followed pre-clinical ANAY
subjects is still relatively short, and therefore, the value of
these cytokines in predicting progression beyond 2 years is
unknown. Second, as we have not measured these cytokines
over time, we do not know how far in advance of progres-
sion these cytokine changes can be seen. Third, there was
a relatively small number of progressors in our study and
validation of our findings in a larger cohort of patients is
required.

Conclusions

There is growing interest in identifying ANA™ individuals
at high risk for the development of SARD; however, bio-
markers that are strongly predictive of imminent disease
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progression and that can easily be performed on a screen-
ing basis are lacking. Our study indicates that easily per-
formed ELISA assays can be used for this purpose and that
elevated levels of CXCL-10 and IFN-a are strongly predic-
tive of imminent symptomatic progression. If validated, our
findings could pave the way to the use of disease-delaying
therapies, such as anti-malarials, and therapeutic trials of
potentially preventative therapies prior to disease onset
in high-risk individuals, which if successful could prevent
much of the tissue damage that occurs early in disease.

Abbreviations

SARD Systemic autoimmune rheumatic disease
SLE Systemic lupus erythematosus
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NPV Negative predictive value

IFN Interferon
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