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ABSTRACT

Objectives: The interferon (IFN) signature (IS) in
patients with systemic lupus erythematosus (SLE)
includes over 100 genes induced by type | IFN pathway
activation. We developed a method to quantify the IS
using three genes—the IS metric (ISM)—and
characterised the clinical characteristics of patients with
SLE with different ISM status from multiple clinical trials.
Methods: Blood microarray expression data from a
training cohort of patients with SLE confirmed the
presence of the IS and identified surrogate genes.

We assayed these genes in a quantitative PCR (qPCR)
assay, yielding an ISM from the IS. The association of
ISM status with clinical disease characteristics was
assessed in patients with extrarenal lupus and lupus
nephritis from four clinical trials.

Results: Three genes, HERC5, EPSTI and CMPK2,
correlated well with the IS (p>0.96), and composed the
ISM gPCR assay. Using the 95th centile for healthy
control data, patients with SLE from different studies
were classified into two ISM subsets—ISM-Low and
ISM-High—that are longitudinally stable over 36 weeks.
Significant associations were identified between ISM-
High status and higher titres of anti-dsDNA antibodies,
presence of anti extractable nuclear antigen
autoantibodies, elevated serum B cell activating factor of
the tumour necrosis factor family (BAFF) levels, and
hypocomplementaemia. However, measures of overall
clinical disease activity were similar for ISM-High and
ISM-Low groups.

Conclusions: The ISM is an IS biomarker that divides
patients with SLE into two subpopulations—ISM-High
and ISM-Low—uwith differing serological manifestations.
The ISM does not distinguish between high and low
disease activity, but may have utility in identifying
patients more likely to respond to treatment(s) targeting
IFN-c.

Clinicaltrials.gov registration number:
NCT00962832.
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» A three-gene surrogate (interferon signature
metric, ISM) for the interferon signature in
patients with systemic lupus erythematosus (SLE)
has a distinct bimodal profile that is similar across
different interventional clinical SLE studies.

» The ISM profile distinguishes patients with SLE
on serological characteristics but not on clinical

phenotype.
» Patients with an ISM-High status have elevated

anti-dsDNA and ENA autoantibodies, hypocom-
plementaemia, and elevated serum BAFF levels.

INTRODUCTION
Systemic lupus erythematosus (SLE) is a
chronic autoimmune disease of unknown
aetiology. It is characterised by the presence
of pathogenic autoantibodies to nuclear anti-
gens, elevated immune complexes (ICs), and
immunological abnormalities, including lym-
phopenia, elevated immunoglobulin and
autoantibody levels, complement activation,
and abnormal activation of the innate and
adaptive immune system, and often leads to
multisystem organ damage.'™

Development of novel therapies to manage
SLE has been hampered by several challenges,
including poorly understood pathogenesis, the
heterogeneity of disease activity across and
within patient populations, and difficulties
conducting interventional studies.* ° One
approach for development of successful ther-
apies may follow from efforts to identify useful
biomarkers that can classify patients with SLE
into more homogenous subsets for use in clin-
ical trials and clinical practice.
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Activation of the type I interferon (IFN) pathway has
been implicated in the initiation of SLE and perpetu-
ation of the resultant clinical disease.® Elevated levels of
IFN-o are associated with disease activity, flares and tissue
injury, especially of the skin, kidney and nervous
system.” © Genetic association studies show polymorph-
isms in SLE associated with kinase cascade signalling
genes for type I IFNs and in IFN-regulated genes
(IRGs).? ' Further, gene expression profiling studies
have identified an IFN signature (IS), or a prominent
upregulation of mRNA transcripts encoded by IRGs, in a
subset of patients with SLE and other autoimmune dis-
eases.'”" It has been hypothesised that dysregulation of
the type I IFN signalling pathway could override immune
tolerance mechanisms, leading to formation of autoreac-
tive antibodies.'” Therefore, blockade of the type I IFN
pathway, especially of IFN-0, may be a strategy for select-
ive immunosuppression in patients with SLE with ele-
vated IS expression whose pathophysiology of disease is
driven by IFN dysregulation.14

We previously described an application of a quantita-
tive reverse transcription PCR (qPCR biomarker assay to
accurately measure the IFN signature in patients with
SLE using a three-gene surrogate called the IS metric
(ISM)."® Here, we describe the development of the ISM
assay, its validation in multiple SLE clinical trial cohorts,
and characterise the clinical and serological features
associated with the ISM-Low and ISM-High subsets of
patients with SLE.

PATIENTS AND METHODS

Cohorts of patients with SLE

All patients met the American College of Rheumatology
criteria for SLE. This trial is registered (NCT00962832)
on the ClinicalTrials.gov website. For purposes of execut-
ing clinical trials with different end points, patients with
SLE are characterised predominantly as patients with
extrarenal lupus (ERL) or as patients with lupus nephritis
(LN). The following cohorts were evaluated: 61 patients
with ERL in the University of Michigan observational
cohort, 60 patients with mild ERL enrolled in the rontali-
zumab Phase I trial,'® 185 patients with moderate-severe
ERL in the EXPLORER rituximab trial,17 80 patients with
moderate-severe LN in the LUNAR rituximab trial'® and
238 patients with moderate-severe ERL in the ROSE ron-
talizumab  (anti-IFN-o.  monoclonal antibody) trial.'?
Further descriptions are in the online supplementary
methods. Healthy control subjects (n=85) were recruited
by the Genentech blood donation programme for
research use of blood samples, and were age matched
and gender matched to the lupus trial patients.

Blood RNA extraction and microarray analysis

Detailed methodology is presented in the online supple-
mentary methods. RNA from SLE cohorts was isolated
from peripheral blood mononuclear cells (PBMCs) and/
or PAXgene whole blood samples. Genome-wide

expression data were obtained using Affymetrix Human
Genome U133 Plus V.2.0 expression microarrays, and
data analysis was performed using Bioconductor R
packages.”’ Microarray ISM scores were derived from the
scaled geometric mean across included genes for each
sample subjected to exponentiation by 2. Microarray data
have been submitted to the gene expression omnibus
(GEO) repository under the accession number

GSE50772.

Development of the ISM PCR assay

The qPCR assays were developed with primers and fluor-
escent dye-labelled probes for IRGs and housekeeping
genes and run on the Agilent Mx2500P and the Applied
Biosystems 7900HT platforms. The three-gene ISM score
was calculated using expression values from the gene
complementary DNAs (cDNAs) CMPK2, EPSTII,
HERC5S, and normalised using the housekeeping gene
TFRC. The ISM score was calculated from the mean of
the CMPK2, EPSTI1 and HERC) cycle threshold (Ct)—
TFRC C, (ACt) values and multiplied by —1 to give the
correct directionality of relative loge-scaled expression.
Baseline ROSE trial samples were assessed using this
assay developed on the Cobas 4800 platform (Roche
Molecular Systems) as a prototype diagnostic test.

Measurement of serum analytes

Levels of serum creatine were determined with Roche
Modular Analysers using a modified Jaffe reaction. Levels
of complement C3 and C4 components were determined
using standard immunonephelometry methods. Anti-
dsDNA, anti-SSA/Ro, anti-SSB/La, anti-ribonucleoprotein
(RNP) and anti-Sm were measured using a bead-based
immunoassay (AtheNA Multi-Lyte antinuclear antibodies
Test System). Serum concentrations of B cell-activating
factor of the tumour necrosis factor family (BAFF) were
determined by an ELISA using monoclonal antibodies
developed at Genentech, with a standard curve using
recombinant human BAFFE Serum bioactivity was deter-
mined using U-937 cells stably transfected with the
pGlL4.14 vector containing a 1.5 kb fragment of the myxo-
virus influenza resistance 1 promoter,”’ where samples
were added to reporter cells for 24 h alongside a standard
curve of recombinant IFN-o for quantification. Luciferase
levels were measured by Luminometer instrumentation.

Statistical analysis

Demographics and key baseline patient characteristics
were compared using descriptive statistics, that is, differ-
ences between ISM-Low and ISM-High patients in mean
values. Statistical testing was performed using the
Wilcoxon rank-sum test or the Fisher’s exact test as
appropriate. No adjustments for multiple comparisons
were performed for individual statistical tests. The longi-
tudinal stability of the ISM was evaluated in patients who
received placebo, and data were used to establish the
probability of reproducibility (P,.,) of ISM-Low or
ISM-High categorisation (range 0-100%) when samples
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were measured from the same patient at baseline, Week
2 on treatment and monthly visits through Week 36. Py,
was derived as the average proportion of times that the
ISM status observed at baseline was maintained across all
available time points. The effect of rontalizumab treat-
ment on the ISM was evaluated with a longitudinal
mixed-effects linear model with an autoregressive covari-
ance matrix. The model included the fixed effects of
treatment, visit, baseline ISM score and baseline ISM
score-by-treatment interaction. Multivariate model selec-
tion for determining covariates associated with the ISM
score at baseline was performed using stepwise selection
with PROC GLMSELECT in Statistical Analysis System
(SAS) V.9.2 (SAS Institute, Cary, North Carolina, USA).

RESULTS

Derivation of the ISM biomarker

Using unsupervised hierarchical clustering of samples and
probe sets derived from expression microarray analysis of
PBMCs in the University of Michigan SLE cohort, we
observed that patients with SLE (n=61) and control
patients (n=20) had distinct gene expression at the
genome-wide level (see online supplementary figure S1).
A cluster of 128 genes had high representation of IRGs,
relating to the previously described IS, which was elevated
in ~50% of patients with SLE (figure 1A and see online
supplementary table S4). Composites of only a few genes
could yield scores that were highly correlated to the score
calculated from the 128-gene cluster (figure 1B).
Quantitative PCR of whole blood RNA samples obtained
from the same patients in this training cohort for a three-
gene combination (HERCbH, EPSTI1 and TYKI/CMPK2)
was a robust surrogate for the original 128-gene IS
observed in the matching PBMC RNA samples (figure 1C)
—defined hereafter as the ISM. Therefore, the magnitude
of the microarray IS that was originally identified by micro-
array analysis of PBMC RNA samples could be measured
accurately using a three-gene qPCR assay of corresponding
whole blood RNA samples.

ISM profile in healthy controls and different lupus

populations

The ISM scores were generated from whole blood RNA
samples from a cohort of 85 additional healthy control sub-
jects and pretreatment samples from patients enrolled in
the Phase I trial of rontalizumab (anti-IFN-) in mild SLE,
the EXPLORER trial of rituximab (anti-CD20) in
moderate-severe ERL and from the LUNAR trial of rituxi-
mab in moderate-severe LN (see Methods). Consistent
with the Michigan SLE cohort data, a subset of patients
with ERL and LN had significantly elevated ISM scores
while other patients had ISM scores that overlapped those
of healthy control subjects (figure 2A). The lupus popula-
tions exhibited a strong bimodal ISM separation, indicating
two distinct patient subsets. A threshold for the ISM score
at the 95th centile of the healthy subject ISM scores was cal-
culated to be at an ISM score of 1, separating patients with

lupus into ISM-Low and ISM-High subsets. Compared with
the ISM-Low subjects, whose median ISM score of —0.8
overlapped with the control population, the ISM-High
subset had a median ISM score >2.3, corresponding to
>eightfold higher expression of the ISM genes (figure 2B)
in ISM-High versus ISM-Low subsets. The bimodal distribu-
tion and elevation of ISM was consistent in patients from
the ROSE Phase II trial (figure 2C), with the median for
ISM-High patients indicating >sevenfold higher IS expres-
sion than in ISM-Low patients (figure 2D).

Baseline demographics by ISM across four SLE populations

In a mild ERL population enrolled in a Phase I study,'®
the ratio of ISM-Low to ISM-High patients was approxi-
mately 1:1. In contrast, in a moderate-to-severe ERL popu-
lation (EXPLORER) and an LN population (LUNAR),
70-75% of patients were ISM-High (table 1) at baseline.
Furthermore, 76% of patients in the ROSE
moderate-to-severe SLE trial were designated ISM-High.
Gender did not differ between ISM-Low and ISM-High
patients in any of the cohorts. However, in the Phase I
EXPLORER and LUNAR trials, the ISM-Low patients
tended to be older than the ISM-High patients—a trend
that was also seen in the ROSE trial—with a 5-year mean
difference between the groups. While there was a trend
for increased representation of the African-American eth-
nicity in ISM-Low versus ISM-High subsets of the ERL
cohorts, the prevalence of such patients in the studies was
low and the trend was not observed in the LUNAR trial.

Clinical disease activity by ISM across four lupus cohorts
Within each SLE trial, global disease activity did not
differ between ISM-Low and ISM-High patient subsets as
defined by the British Isles Lupus Assessment Group
(BILAG) activity index, Safety of Estrogen in Lupus
Erythematosus-National Assessment (SELENA)—Systemic
Lupus Erythematosus Disease Activity Index (SLEDAI)
score, or Physician Global Assessment (table 1). Within the
context of enrolment criteria based on SELENA-SLEDAI
or BILAG measures and/or renal impairment, disease
activity at baseline did not differ between ISM-Low and
ISM-High patients with SLE. Furthermore, mucocutaneous
involvement did not differ between the two ISM subsets
across the four studies. There was a consistent trend for
increased musculoskeletal involvement in the ISM-Low
versus ISM-High patients, but this was not statistically
significant.

In addition, data was collected in the ROSE trial for
Cutaneous Lupus Erythematosus Disease Area and
Severity Index (CLASI) as well as for the Functional
Assessment of Chronic Illness Therapy (FACIT) meas-
urement system of fatigue. Of note, we observed a sig-
nificant association between ISM-High status and the
CLASI damage score; ISM-High (n=180) mean 2.1, SD
5.7, versus ISM-Low (n=58) mean 0.3, SD 1.0, Wilcoxon
p=0.0209. However, we did not see a significant associ-
ation between ISM status and the CLASI activity score;
ISM-High mean 5.8 (SD 6.5) versus ISM-Low mean 7.0
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Figure 1

Derivation of the blood interferon signature (IS) using a small subset of interferon-regulated genes (IRGs).

(A) Visualisation of the 128 IRG cluster after unsupervised hierarchical clustering of genome-wide microarray expression data
derived from peripheral blood mononuclear cell (PBMC) samples in either the University of Michigan systemic lupus erythematosus
(SLE) cohort or healthy controls. SLE or control samples are indicated by the top colour bar. The heat map colour scale reflects
z-score values of gene expression levels (colour bar on left). (B) Spearman’s correlations between the whole 128-gene interferon
signature metric (ISM) and ISMs calculated from subsets of these 128 genes of sizes ranging from 1 to 128, showing that small
numbers of genes yield ISMs very similar to the 128-gene ISM. The genes that compose a subset of size n were selected by first
calculating each of the 128 genes’ correlation with the 128-gene ISM, and then picking the genes defining n with the highest
correlations to the whole 128-gene ISM. (C) ISM from the microarray expression data of 128 interferon signature genes correlates
highly with the gPCR ISM generated from whole blood RNA samples using three selected genes. p is from Spearman’s correlation.

(SD 8.0), p=0.32. Further, there was a trend observed for
elevated FACIT fatigue scores in ISM-High patients;
ISM-High mean 27.5 (SD 1.43) versus ISM-Low mean
24.3 (SD 13.7), p=0.074.

Increased serological manifestations in ISM-High patients

with lupus

In the ERL trials, the ISM-High subset had decreased
levels of C3 and C4 complement components relative to

the ISM-Low subset, and these differences were consist-
ent in the ROSE trial (table 2). In contrast, C3 and C4

levels did not differ in the ISM subpopulations in the
LUNAR LN trial. ISM-High status was associated with ele-
vation of anti-dsDNA titres (figure 3A) and increased
incidence of positive extractable nuclear antigen anti-
body status (figure 3B) as compared with ISM-Low
patients with ERL. Levels of these autoantibodies did not
significantly differ between ISM-High and ISM-Low
patients with LN. Serum BAFF levels were elevated in the
ISM-High versus ISM-Low subsets in patients with ERL
and LN (figure 3C, table 2). In patients with ERL, type I
IFN serum bioactivity was also elevated in the ISM-High
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Figure 2 Comparison of the interferon (IFN) signature metric (ISM) magnitude and distribution in healthy controls versus
patients with systemic lupus erythematosus (SLE). (A) Distribution of pretreatment ISM values in the previously described healthy
control cohort versus bimodal ISM distributions in a cohort of patients with mild-SLE (rontalizumab Phase | trial), the rituximab
EXPLORER SLE trial and the rituximab LUNAR lupus nephritis (LN) trial. The dashed line indicates cut-off used for ISM-Low
versus ISM-High patients and incidences of ISM values across the patient cohorts are plotted as densities. (B) Median, IQRs,
and 5th and 95th centile values for the pretreatment ISM in a healthy control cohort (n=85), and in ISM-Low versus ISM-High
patient subsets in a moderate-to-severe extrarenal lupus (ERL) cohort (rituximab EXPLORER trial, n=131) and a moderate-to-
severe LN cohort (rituximab LUNAR trial, n=80). (C) Bimodal ISM distribution observed in the moderate-to-severe SLE cohort
(ROSE rontalizumab Phase Il trial, n=238) with cut-off value indicated with dashed line. (D) Median, IQRs, and 5th and 95th

centile values for the pretreatment ISM in the ROSE trial (n=238).

patients relative to ISM-Low patients (figure 3D); this was
not assessed in patients with LN. We further assessed C
reactive protein (CRP) levels between ISM-High and
ISM-Low patients, and noted that while CRP levels were
elevated in ISM-High patients in the ROSE trial;
ISM-High mean 0.81 mg/dL (SD 1.43) versus ISM-Low
0.42 mg/dL (SD 0.6), p=0.019, there were no significant
elevations in CRP levels between ISM-High patients
versus ISM-Low patients across the other trials (table 1).
It was further noteworthy that across the four trials, total
leucocyte counts and lymphocyte, neutrophil, monocyte
and eosinophil counts were consistently lower in
ISM-High patients (see online supplementary table S2).

Multivariate analysis of the ISM score
Absolute counts of CD4, anti extractable nuclear antigen
status, levels of BAFF and anti-dsDNA, and SLE disease

duration were independently associated with the
ISM score (see online supplementary table S3). Longer
disease duration was the only non-serological component
of the model associated with lower ISM scores. A statistic-
ally non-significant trend for an association between the
ISM score and age at baseline was noted.

Determination of longitudinal stability of the ISM

Patients receiving placebo (n=61) had a 94% probabil-
ity of being consistently categorised in the same ISM
subset throughout the 36-week period (see online sup-
plementary table S4). Patients with an ISM score closer
to the cut-off of 1 (>—0.5 to <2, n=17) had a lower like-
lihood (81% to 85%) of maintaining their ISM status,
while patients with ISM scores further from the cut-off
(£-0.5 or >2, n=44) had a higher (97% to 100%)
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Table 1 Demographics and clinical baseline characteristics by ISM status of patients in four lupus studies
Phase | rontalizumab trial-mild SLE EXPLORER trial—moderate-to-severe SLE
Parameter ISM-Low (n=32) ISM-High (n=28) Total (N=60) ISM-Low (n=40) ISM-High (n=95) Total (N=135)
Age (years), mean (SD) 48.2 (9.7) 46.5 (10.5) 47.4 (10.0) 42.8 (11.4) 38.8 (10.9) 39.9 (11.2)
SLE duration (years), mean (SD) 7.5 (5.6) 10.4 (7.1) 8.8 (6.4) 8.2 (7.9) 9.2 (8.0) 8.9 (7.7)
Female, % 97 93 95 100 92 94
Race/ethnicity, %
Black 125 42.9 26.7 12.5 29.5 24.4
Hispanic* 0 71 83 12.5 16.8 15.6
White 87.5 50 70 72.5 49.5 56.3
Other 0 0 0 25 4.2 3.7
BILAG index global, mean (SD) N/A N/A N/A 13.1 (4.7) 15.2 (5.2) 14.5 (5.2)
SELENA-SLEDAI, mean (SD) 4.1 (2.6) 2.9 (2.7) 3.6 (2.7) 9.3 (5.2) 9.2 (8.0) 10.9 (6.4)
PGA, mean (SD) 25.5 (15.1) 17.3 (17.6) 21.7 (16.7) 50.5 (20.4) 55.7 (15.3) 54.1 (17.0)
Musculoskeletal involvement, %7 37.5 28.6 33.3 92.5 80.0 83.7
Mucocutaneous involvement, %t 84.4 64.3 75.0 60.0 81.1 74.8
Proteinuria (>0.5 g), % 0.0 0.0 0.0 0.0 2.1 15
Serum creatine (mg/dL), mean (SD) 0.8 (0.1) 0.9 (0.2) 0.8 (0.2) 0.8 (0.2) 0.7 (0.2) 0.7 (0.2)
Serum C reactive protein (mg/dL), mean (SD) 0.59 (0.71) 0.34 (0.35) 0.47 (0.58) 0.89 (1.33) 0.79 (1.44) 0.81 (1.41)
Phase Il Rontalizumab ROSE Trial—Moderate-to-Severe
LUNAR Trialt—LN SLE
ISM-Low (n=21) ISM-High (n=59) Total (N=80) ISM-Low (n=58) ISM-High (n=180) Total (N=238)
Age (years), mean (SD) 31.4 (10.9) 30.0 (9.1) 30.4 (9.6) 42.6 (11.8) 37.6§ (10.9) 38.8 (11.3)
SLE duration (years), mean (SD) 6.2 (6.7) 4.7 (4.6) 5.1 (5.2) 7.2(7.7) 6.2 (5.8) 6.5 (6.3)
Female, % 81 93 90 97 93 94
Race/ethnicity, %
Black 19.1 20.3 20 8.6 16.1 14.3
Hispanic* 57.1 40.7 45 25.9 36.1 33.6
White 23.8 37.3 33.8 55.2 43.3 46.2
Other 0 1.7 1.3 10.3 4.4 5.9
BILAG index global, mean (SD) 15.8 (5.8) 14.3 (6.5) 14.7 (6.3) 11.9 (4.9) 11.0 (4.6) 11.2 (4.7)
SELENA-SLEDAI, mean (SD) N/A N/A N/A 9.2 (2.6) 10.0 (3.5) 9.8 (3.3)
PGA, mean (SD) 51.6 (24.2) 49.4 (21.2) 50.0 (21.9) 521 (17.2) 57.5 (16.0) 56.2 (16.4)
Musculoskeletal involvement, %7 28.6 18.6 21.3 98.3 95.6 96.2
Mucocutaneous involvement, %t 38.1 32.2 33.8 77.6 75.6 76.1
Proteinuria (>0.5 g), % 100 94.9 96.3 0.0 1.7 1.3
Serum creatine (mg/dL), mean (SD) 1.0 (0.4) 1.0 (0.6) 1.0 (0.5) 0.8 (0.2) 0.8 (0.2) 0.8 (0.2)
Serum C reactive protein (mg/dL), mean (SD) 0.4 (0.56) 0.63 (1.08) 0.57 (0.97) 0.42 (0.6) 0.81 (1.43) 0.71 (1.29)

*Hispanic defined as a person of self-declared race other than black or white, and self-declared ethnicity Hispanic or Latino.

TBILAG index scores of A, B or present on SELENA-SLEDAI.
FLUNAR patients missing an ISM score were not included.

§P=0.0042, ISM-Low versus ISM-High.

BILAG, British Isles Lupus Assessment Group; ISM, interferon signature metric; LN, lupus nephritis; N/A, not applicable; PGA, Physician Global Assessment; SELENA, Safety of Estrogen in
Lupus Erythematosus-National Assessment; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index.
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Table 2 Baseline serological characteristics versus ISM status for patients from the Rontalizumab Phase |, rituximab EXPLORER, rituximab LUNAR and rontalizumab Phase ||
ROSE studies

Phase | Study EXPLORER Study
ISM-High
Serology parameter ISM-Low (n=32) ISM-High (n=28) Total (N=60) Serology Parameter ISM-Low (n=40) (n=95) Total (N=135)
C3 (mg/dL), mean (SD) 133.5 (29.6) 120.6 (36.1) 128.7 (28.1)  C3 (mg/dL), mean (SD) 120.6 (36.1) 92.7 (30.9)  100.9 (34.9)
C4 (mg/dL), mean (SD) 25.3 (7.7) 21.2 (9.1) 23.4 (7.4) C4 (mg/dL), mean (SD) 20.2 (9.1) 13.6 (7.2) 15.5 (8.3)
Anti-dsDNA (IU/mL), median (IQR) 12 (12-15) 15 (12-45) 12 (12-28)  Anti-dsDNA (IU/mL), median (IQR) 12 (12-79) 71 (29-239) 44 (13-224)
Anti-dsDNA+ (>30 U/mL), % 9.4 32.1 20.0 Anti-dsDNA+ (>30 U/mL), % 35.0 72.6 61.5
Anti-ENA+, %* 6.3 60.7 31.7 Anti-ENA+, %* 10.0 59.6 44.8
Anti-SSA/Ro52+ (>120 1U/mL), % 3al 46.4 23.2 Anti-SSA/Ro52+ (>120 IU/mL), % 7.5 41.5 31.3
Anti-SSB/La+ (>120 IU/mL), % 0.0 71 8318 Anti-SSB/La+ (>120 IU/mL), % 0.0 17.0 11.9
Anti-RNP+ (>120 IU/mL), % 3.1 214 11.7 Anti-RNP+ (>120 IU/mL), % 25 26.6 19.4
Anti-Sm+ (>120 1U/mL), % 0.0 10.7 5.0 Anti-Sm+ (> 120 IU/mL), % 25 23.4 17.2
BAFFt (IU/mL), median (IQR) 1782 2542 1975 BAFFt (IlU/mL), median (IQR) 2085 3750 2870
(1468-2202) (1842-3031) (1589-2862) (1630-2735) (2250-6690)  (2000—4960)
LUNAR study ROSE study
ISM-Low ISM-High ISM-Low ISM-High
Serology parameter (n=21) (n=59) Total (N=80) Serology Parameter (n=58) (n=180) Total (N=238) p Valuet
C3 (mg/dL), mean (SD) 77.7 (32.0)  75.0 (30.2) 75.7 (30.5) C3 (mg/dL), mean (SD) 121.7 (30.7) 95.8 (32.6) 102.1 (34.0) <0.0001
C4 (mg/dL), mean (SD) 13.7 (8.4) 14.3 (7.8) 14.2 (7.9) C4 (mg/dL), mean (SD) 21.4 (8.5) 14.5 (9.9) 16.2 (10.0) <0.0001
Anti-dsDNA (IU/mL), median (IQR) 66 (23-209) 154 (57-347) 116 (39-303) Anti-dsDNA (1U/mL), 12 (12-36) 91 (24-273) 53 (14-193) <0.0001
median (IQR)
Anti-dsDNA+ (>30 U/mL), % 571 84.4 77.5 Anti-dsDNA+ (> 30 U/mL), % 34.5 70.9 62.0 <0.0001
Anti-ENA+, %* 52.4 57.6 56.3 Anti-ENA+, %* 19.0 73.3 60.1 <0.0001
Anti-SSA/Ro52+ (>120 IU/mL), %  23.8 25.4 25.0 Anti-SSA/Ro52+ 13.8 49.4 40.8 <0.0001
(> 120 IU/mL), %
Anti-SSB/La+ (>120 1U/mL), % 9.5 8.5 8.8 Anti-SSB/La+ 5.2 16.1 13.4 0.0443
(> 120 IU/mL), %
Anti-RNP+ (>120 1U/mL), % 23.8 35.6 32.5 Anti-RNP+ (> 120 IlU/mL), % 8.6 37.8 30.7 <0.0001
Anti-Sm+ (>120 IU/mL), % 28.6 30.5 30.0 Anti-Sm+ (>120 IU/mL), % 0.0 28.3 21.4 <0.0001
BAFFt (IU/mL), median (IQR) 1860 3550 3010 BAFF (IU/mL), median (IQR) 1935 2990 2660 <0.0001
(1590-2940) (2330-5700)  (1960-5080) (1565—2590) (2180-4120) (1940-3890)

ENA, extractable nuclear antigen; ISM, interferon signature metric; IU, international unit.
*Positive for two or more autoantigen reactivities of the following: SM+, RNP+, SSA+, SSB+.
1For Phase |, BAFF data are available for n=28 patients (14 ISM-Low, 14 ISM-High).

1p Value represents ISM-Low versus ISM-High.
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Figure 3 Association of pretreatment interferon (IFN) signature metric (ISM) status with serum autoantibodies, BAFF levels and
type | IFN bioactivity. Patients with extrarenal lupus (ERL) from the rontalizumab Phase | and Phase Illa ROSE trials and from the
rituximab EXPLORER trial were pooled and stratified by ISM-Low (n=118) or High (n=307) status. Patients with renal lupus from
the rituximab LUNAR trial were also examined (ISM-Low n=21; ISM-High n=59). (A) Levels of anti-dsDNA antibodies plotted as
median, IQRs, and 5th and 95th centiles. Statistical significance was determined using the Wilcoxon test. (B) Presence or
absence of extractable nuclear antigen (ENA) antibodies plotted as percentages of the patient subgroups. Statistical significance
was determined using Fisher’s exact test. (C) Levels of serum BAFF plotted as median, IQRs, and 5th and 95th centiles.
Statistical significance was determined using the Wilcoxon test. (D) Levels of serum myxovirus influenza resistance 1 (MX1)-
induced bioactivity in ROSE patients with ERL are plotted as median, IQRs, and 5th and 95th centiles. Statistical significance

was determined using the Wilcoxon test.

likelihood of maintaining their status over the same
period of time.

Decrease in ISM score after dosing of patients with SLE with
rontalizumab (anti-IFN-or)

Treatment with rontalizumab decreased the ISM score
relative to placebo during the 24-week treatment period
based upon a longitudinal model incorporating all of
the time points that demonstrated an intercept that was
statistically significantly lower for the rontalizumab
groups versus the placebo groups (p<0.01), reflecting a
pharmacodynamic response for IFN-oo blockade.
Application of a mixed-effect model also supported an
interaction between baseline ISM score and treatment
group (p<0.01), where differences between active treat-
ment and placebo were greater for patients with lower

versus higher baseline ISM scores. Despite this pharma-
codynamic response, treatment of ISM-High patients
with rontalizumab did not decrease the ISM-High scores
down to the levels observed in ISM-Low patients
(figure 4).

DISCUSSION

In this study, we confirmed the presence of an
IFN-inducible gene expression signature (IS) in the per-
ipheral blood of patients with SLE and developed a
novel and simplified qPCR-based biomarker (ISM) test
to quantitate the IS. Importantly, we showed that the
magnitude of the ISM biomarker was highly similar
between PBMCs and whole blood RNA samples
obtained from the same subjects. At baseline, patients
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Figure 4 Decreased interferon (IFN) signature metric (ISM)
magnitude after dosing patients with systemic lupus
erythematosus (SLE) with rontalizumab (anti-IFN-o). Patients
with SLE enrolled in the ROSE trial were dosed over
24 weeks with rontalizumab or placebo (see Methods) and
ISM values were determined from pretreatment and
post-treatment blood RNA samples collected at monthly
frequencies. Blood ISM scores were calculated for
pretreatment and post-treatment time points and plotted
versus time as mean+SEM for the ISM-High (n=55 for
placebo and 120 for rontalizumab) and ISM-Low (n=24 for
placebo and 33 for rontalizumab) patient groups as
determined at baseline. The ISM scale (y axis) is split
between 0 and 2 for clarity, and data from the intravenous
(750 mg every 4 weeks) and subcutaneous (300 mg every
2 weeks) dose arms for rontalizumab versus the
corresponding placebo arms were pooled for this analysis.
Assessment of statistical differences between placebo and
rontalizumab groups was based upon a longitudinal model
assessing all time points.

with SLE from four different clinical trials consistently
fall into one of two subsets—ISM-High and ISM-Low
and the bimodal distribution of patients with SLE by the
ISM agrees with previous reports.' '’

The bimodal distribution expression of the IRG in
ISM-Low and ISM-High patients with SLE is a distinct
feature of this biomarker. High-ISM patients with SLE
had markedly elevated IRG expression, while patients in
the ISM-Low subset had a distribution of gene expres-
sion that overlapped with the predominantly unimodal
ISM measured in healthy subjects, despite the presence
of active disease. The relative distribution of patients
who are ISM-High or ISM-Low varied, in part, with
disease activity based on BILAG or SELENA-SLEDAI
measures, but this appears to be a consequence of the
trial inclusion criteria. Thus, ISM status across SLE trial
populations varied from an incidence of ~50%
ISM-High scores in a mild disease population in a Phase
I study'® to ~75% in moderate-to-severe SLE disease

populations in Phase II/III studies that represent
patients with ERL and LN.

Despite an apparently increased incidence of ISM-High
patients in Phase II/III trials in populations with
moderate-to-severe disease activity compared with Phase I
studies in populations with mild disease activity, the ISM
status within each trial’s cohorts did not correlate with dif-
ferences in disease activity. Our observations are based on
the consistent use of a platform—the qPCR-based ISM—
across different trial populations, in contrast to reports of
IS associations with increased SLE disease activity based on
differing methods applied across different cohorts to
measure the IS." ' '* For example, in the Phase 1T ROSE
study with patients with moderate-to-severe SLE, ISM status
did not correlate with differences in mean measures of
disease activity assessed by BILAG or SELENA-SLEDAL '’
Further, the skewed incidence of ISM-High patients in
moderate-to-severe disease was fairly similar in the ERL
and LN populations, indicating that the ISM distribution is
not broadly specific with end-organ activity in most
patients with SLE. In the EXPLORER'” and ROSE'
studies, we did not observe consistent correlations between
mucocutaneous disease manifestations and ISM status,
and we observed only a modest trend in elevated musculo-
skeletal disease manifestations in ISM-Low compared with
ISM-High patients across the four trials. Of note, we did
observe increased CLASI damage scores, but not CLASI
activity scores, in the ROSE trial where this instrument was
used that suggests the possibility of an association of the
ISM biomarker with aspects of cutaneous disease. We also
observed a trend for elevated FACIT fatigue scores in
ISM-High patients in the ROSE trial. The possibility still
remains, however, that there are distinct clinical SLE
pathotypes within the ISM subsets that have not yet been
identified. We did observe that the ISM-High subset was
slightly younger overall across the trials and, in at least the
ERL populations, had a lower frequency of white patients,
consistent with previous observations.'’

ISM status does correlate with serological differences
between the two subpopulations across multiple trial
cohorts with extrarenal SLE. The presence of characteris-
tic SLE autoantibodies, hypocomplementaemia, cytokine
production and serum IFN bioactivity varied between
ISM-High and ISM-Low patients with lupus. These find-
ings are consistent with previous reports' '’ '® and under-
score the role of type I IFNs in systemic immune
activation, including extrafollicular differentiation of
autoreactive B cells to antibody-secreting plasmablasts via
regulation of toll-like receptors (TLRs) and increased sur-
vival via BAFF-induced signalling.6 Thus, the ISM could
be a biomarker of systemic immune activation that
comanifests with serological abnormalities. Indeed, our
multivariate analysis confirmed independent association
of ISM magnitude with T cell counts, autoantibodies,
cytokine levels and disease duration parameters.

We found no significant differences between the
ISM-Low and ISM-High subpopulations in autoantibody
presence or titre in patients with LN, and observed

Kennedy WP, Maciuca R, Wolslegel K, et al. Lupus Science & Medicine 2015;2:¢000080. doi:10.1136/lupus-2014-000080 9

ybuAdoo Aq paraslold 1senb Aq £20z ‘6 1dy uo /wod lwg sndnj/zdny woly papeojumod "STOZ YoIBN 0E U0 080000-7T0Z-sndnj/9eTT 0T Se paysiignd 1suy :ps 19S sndn


http://lupus.bmj.com/

Lupus Science & Medicine 8

comparable levels of hypocomplementaemia in these
subpopulations. So, although immune-serology differ-
ences exist between ISM-High and ISM-Low patients with
ERL, additional drivers of the IS likely exist in patients
with LN, giving rise to a bimodal ISM distribution. This
suggests that the regulation of the IRGs could be due in
part to an amplification loop where, upon reaching a
threshold, genes could be upregulated by additional
upstream signals. These signals may include, but are not
limited to, nucleic acid-containing IC activation of endo-
somal TLR7 and TLR9 nucleic acid sensors®® ** or activa-
tion of cytosolic nucleic acid sensors such as the retinoic
acid-inducible gene I-like receptors, nucleotide oligomer-
isation domain-like receptors, and cyclic GMP-AMP syn-
thase, which lead to type I IFN expression.® ** #

Although our analysis was not designed to address the
stability of the ISM on a particular background of immu-
nosuppressants, it appears that the most frequently used
immunosuppressants (ie, hydroxychloroquine and oral
corticosteroids) in lupus management do not significantly
impact the ISM status of patients with SLE. In contrast,
others have shown that high-dose, pulse intravenous corti-
costeroids markedly and transiently attenuate the IS in
patients with SLE.'? 26 Further, blockade of IFN-o. with
rontalizumab in patients with ERL'? only leads to a partial
reduction in ISM score by 2—4 weeks of treatment. This is
consistent with observations in patients with SLE treated
with a different anti-IFN-o. antibody, sifalimumab.?’

One potential contributing factor to this partial ISM
decrease could include suboptimal dosing of patients with
ant-IFN-o. antibodies, and treatment of patients with
higher amounts of this therapy could result in a greater
magnitude of decrease of the ISM score. It is also import-
ant to consider the complexity of the genome-wide gene
expression profile, and the potential limitations of our
approach to derive a simplified biomarker that integrates
the magnitude of a large number of genes. Indeed, a
recent study using modular transcriptional analysis has
demonstrated that different a priori-defined IFN-inducible
modules have differential associations with disease activity
such as SELENA-SLEDAI scores, serology and presence of
flare.”® Further, the different IFN-inducible modules had
varying degrees of longitudinal stability, and likely reflected
differential contributions of IFN-f and IFN-y in addition to
IFN-o.. Clearly, therefore, the IS in patients with SLE is
driven by factors beyond IFN-o signalling and may include
overlapping Jak-Stat signalling mechanisms used by other
cytokines®™ and/or sustained IC derived from pre-existing
plasma cells. In this regard, it has recently been reported
that blockade of the Lymphotoxin/LIGHT pathway using
baminercept, a lymphotoxin-f receptor-immunoglobulin
fusion protein, reduced the IFN signature in the blood of
patients with rheumatoid arthritis with elevated baseline
signatures™ suggesting a role of the Lymphotoxin/LIGHT
pathway as an upstream modulator of IFNs in RA and
potentially SLE. Furthermore in this study, patients with RA
and SLE had lymphopenia associated with elevation of
blood IFN signature, and treatment of patients with RA

with baminercept subsequently increased lymphocyte
counts. Consistent with this observation, it was noteworthy
that the ISM-High patients within the trials examined in
this study also had reduced circulating leucocyte counts
including lymphocytes, monocytes, neutrophils and eosino-
phils as compared with ISM-Low patients. These data are
consistent with a role for IFN signalling in retaining
immune cells in tissues during inflammatory disease and
therefore contributing to lymphopenia. Additional mech-
anistic studies are warranted to investigate upstream signals
that can specifically induce genes also induced by type I
IFNs.

In conclusion, we have characterised the ISM as a sur-
rogate of the peripheral blood global IS, first identified
in patients with SLE."*""* The method identifies distinct
ISM-Low and ISM-High SLE populations, and has the
potential to provide a useful approach to identify and
stratify the heterogeneous SLE population in the
context of randomised control clinical trials and clinical
practice. The correlation of baseline ISM status and clin-
ical response has recently been evaluated in the ROSE
Phase II randomised, controlled trial of the safety and
efficacy of rontalizumab in extrarenal lupus.19
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SUPPLEMENTAL METHODS
SLE patient cohorts
University of Michigan SLE cohort

SLE patients (n=61) were enrolled at the University of Michigan into an observational
cohort. Patient enrollment and sample collection were carried out under the supervision of the
Institutional Review Board of the University of Michigan Medical School (IRBMED: protocol
reference 2002-0339). Demographics and baseline disease characteristics are summarized in
Supplemental Table 1. Healthy control subjects (n=20) were age-matched.

Rontalizumab Phase | trial*

Results of the trial have been published and are present on ClinicalTrials.gov (ldentifier
NCT00541749). Sixty patients were enrolled with mild disease activity as defined by SELENA-
SLEDAI, and continued their pre-enrollment background medications, including nonsteroidal
anti-inflammatory drugs (NSAIDs), anti-malarials, and steroids up to 20 mg/day prednisone
equivalent, for lupus management.

EXPLORER: Assessment of flares in lupus patients enrolled in a Phase II/Ill study of rituximab®’

Patients had moderate to severe active extra-renal lupus (ERL), with active disease
defined according to the British Isles Lupus Disease Activity Group (BILAG) index, and stable
use of 1 immunosuppressive drug at entry. Patients with severe central nervous system or
organ-threatening lupus were excluded.

LUNAR: Lupus Nephritis Assessment with Rituximab®®

Patients had Class IIl/IV LN according to the 2003 International Society of
Nephrology/Renal Pathology Society criteria determined by renal biopsy within previous 12
months and presence of proteinuria.

ROSE: ROntalizumab Phase Il Trial in Systemic lupus Erythematosus™®

The trial is registered on ClinicalTrials.gov (identifier NCT00962832). Patients had
moderate to severe active ERL (active disease defined according to the BILAG index; 1 BILAG
A or 2 BILAG B domains of disease involvement and severity), and positive antinuclear antibody
(ANA). Patients were excluded if they had lupus nephritis (LN), unstable neuropsychiatric SLE,
or a recent history of severe anti-phospholipid antibody syndrome.

Blood RNA extraction and microarray analysis

Samples of RNA from all SLE cohorts were extracted from peripheral blood
mononuclear cells (PBMCs) isolated by Ficoll gradient and/or from whole blood samples
collected in PAXgene tubes using the RNeasy Mini Kit (Qiagen, Valencia, CA). PBMC RNA
samples from the University of Michigan cohort were profiled on Affymetrix Human Genome
U133 Plus 2.0 expression microarrays. The microarrays were MAS 5.0 normalized in R 3.0.0;
then probe sets were filtered using the default settings of the featureFilter function in the
geneFilter Bioconductor package® to result in one probe set per gene. Samples and filtered
probe sets were hierarchically clustered using a Euclidean distance metric and Ward linkage
method using hclust (R stats package). Twenty clusters were derived using cutree (k=20) on the
probe set dendrogram. Heatmap plots were generated in R. Probe sets were mapped to genes
using the hgu133plus2.db (v. 2.9.0) Bioconductor annotation package. Differential expression of
genes was assessed by linear modeling via the Limma package (Bioconductor). Moderated t-
statistics from modeling were used to calculate the adjusted p values, using the Benjamini-
Hochberg correction. Differential expression was defined as gene expression greater than 1.5-
fold and the adjusted p value for the difference in gene expression was less than 0.2. Microarray



data have been deposited in the Gene Expression Omnibus data repository (GEO accession
number GSE50772).



Supplemental Figure 1: Unsupervised hierarchical clustering of microarray expression
data from the University of Michigan SLE cohort. Filtered microarray probes generated from
microarray analysis of 20 healthy control subjects and 61 SLE patients underwent unsupervised
clustering. The left sided figure bar is the heatmap color scale and refers to z-score values. The
location of the Interferon Regulated Gene cluster is demarcated with an open box. The bar
above the heatmap refers to diagnosis (SLE in yellow, healthy control in green) for each subject
sample (pertaining to each column of the heatmap).
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Supplemental Table 1: Demographics and clinical characteristics of the University of

Michigan SLE observational cohort

University of Michigan SLE cohort

Parameter ISM-Low ISM-High Total
(n=28) (n=33) (N=61)
Age (years), mean (SD) 39 (9.7) 37.6 (11.05) 38.2 (10.4)
SLE duration (years), mean (SD) 8.2 (8.3) 11.6 (8.3) 9.7 (8.3)
Female, % 96 97 97
Race/Ethnicity, %
Black 29 33 31
Hispanic 4 0 2
White 64 67 66
Other 3 0 1
SELENA-SLEDAI, mean (SD) 5.8 (3.1) 5.6 (3.2) 5.7 (3.1)
Proteinuria (> 0.5g ), % 13.6 14.3 14
Serum creatinine (mg/dL), mean (SD) 1.03 (0.43) 0.85 (0.28) 0.94 (0.37)
Prednisone usage (mg), mean (SD) 20.3 (21.3) 18.7 (17.7) 19.4 (19.3)




Supplemental Table 2: Baseline peripheral blood populations in SLE trials stratified by

ISM status
Parameter Trial ISM-Low ISM-High p-value
White Blood Cell
Count (x109/L) LUNAR Trial (N=80) 9.88 (2.6) 7.07 (3.6) 0.0012
EXPLORER Trial (N=135) 9.04 (4.2) 6.47 (3.5) 0.0003
ROSE Trial (N=238) 7.20 (2.8) 5.54 (2.5) <0.0001
Phase | Rontalizumab Trial
(N=60) 6.37 (2.2) 5.26 (1.9) 0.0323
Lymphocytes
(absolute counts
xlOQ/L) LUNAR Trial (N=80) 2.46 (1.7) 1.37 (0.9) 0.0158
EXPLORER Trial (N=135) 1.54 (1.0) 1.09 (0.6) 0.0154
ROSE Trial (N=238) 1.76 (0.8) 1.15 (0.6) <0.0001
Phase | Rontalizumab Trial
(N=60) 1.99 (0.8) 1.59 (0.6) 0.0608
Neutrophils
(absolute counts
x10°/L) LUNAR Trial (N=80) 6.78 (1.8) 5.22 (3.0) 0.0107
EXPLORER Trial (N=135) 7.02 (3.9) 4,99 (3.2) 0.0036
ROSE Trial (N=238) 4.94 (2.6) 4.0(2.2) 0.0087
Phase | Rontalizumab Trial
(N=60) 3.87 (1.6) 3.19 (1.5) 0.0781
Monocytes (absolute
counts x109/L) LUNAR Trial (N=80) 0.45 (0.19) 0.34 (0.2) 0.0149
EXPLORER Trial (N=135) 0.34 (0.2) 0.30 (0.3) 0.0341
ROSE Trial (N=238) 0.34 (0.1) 0.28 (0.2) 0.0007
Phase | Rontalizumab Trial
(N=60) 0.32(0.1) 0.32 (0.1) 0.81
Eosinophils
(absolute counts
x109/L) LUNAR Trial (N=80) 0.09 (0.08) 0.08 (0.07) 0.5662
EXPLORER Trial (N=135) 0.08 (0.08) 0.04 (0.06) 0.001
ROSE Trial (N=238) 0.10 (0.07) 0.07 (0.06) <0.0001
Phase | Rontalizumab Trial
(N=60) 0.14 (0.11) 0.11 (0.09) 0.14

Data shown as mean (SD) for baseline values as defined by last pre-treatment value. P values

calculated using the Wilcoxon test.




Supplemental Table 3: Multivariate linear model for the ISM
Intercept refers to the free term of the linear regression model:
Predicted ISM = -4.045 -0.0013 * CD4 + 0.810 * (anti-ENA status = Positive) + 0.706*Ln (BAFF)

+ 0.205*Ln (anti-dsDNA) - 0.049 *(SLE duration)

Coefficient

Parameter Estimate t statistic p-value
Intercept -4.045 -2.68 0.0079
CD4 counts (/ul) -0.0013 -4.48 <0.0001
anti-ENA status (Positive vs.

Negative) 0.810 3.71 0.0003
Ln(BAFF (IU/mL)) 0.706 3.86 0.0002
Ln(anti-dsDNA (IU/mL)) 0.205 3.10 0.0022
SLE duration (years) -0.049 -3.16 0.0018

The t-statistic equals the coefficient estimate divided by the standard error used to derive a p-
value for each coefficient.



Supplemental Table 4: Reproducibility of ISM® categorization over 36 weeks in the
placebo arm of the ROSE study

ISM Value Patients (n) Prep %
<-05 11 97
>-0.5<1 6 81
>1to<2 11 85
>2to<3 19 98
>3 14 100

. 94
All patients 61 (95% CI: 91 to 97)

Cl, confidence interval; P, probability of reproducibility
® Data generated using a research-grade assay



Supplemental Table 5: Identity of Affymetrix probes for 128 Interferon-regulated gene
cluster identified in the University of Michigan SLE cohort PBMC microarray analysis

Gene .

Probe Set ID Symbol Gene Title
1552623 at | HSH2D hematopoietic SH2 domain containing
;?55251—61— OTOF otoferlin
1556643 at | oor 2007 | uncharacterized LOC100507535
1568592 _at | TRIM69 tripartite motif containing 69

proteasome (prosome, macropain) activator subunit 1
200814 _at PSME1 (PA28 alpha)
200887_s at | STAT1 signal transducer and activator of transcription 1, 91kDa
200923 _at :;GALSBB lectin, galactoside-binding, soluble, 3 binding protein
200986 _at ‘?ERPING serpin peptidase inhibitor, clade G (C1 inhibitor), member 1
201315 x_at | IFITM2 interferon induced transmembrane protein 2
201641_at BST2 bone marrow stromal cell antigen 2
201649 at UBE2L6 ubiquitin-conjugating enzyme E2L 6

proteasome (prosome, macropain) activator subunit 2
201762_s _at | PSME2 (PA28 beta)
201786_s_at | ADAR adenosine deaminase, RNA-specific

myxovirus (influenza virus) resistance 1, interferon-
202086 _at MX1 inducible protein p78 (mouse)
202145 _at LY6E lymphocyte antigen 6 complex, locus E

transporter 1, ATP-binding cassette, sub-family B
202307_s_at | TAP1 (MDR/TAP)
202411_at IFI27 interferon, alpha-inducible protein 27
202446 s at | PLSCR1 phospholipid scramblase 1
202688 _at TNFSF10 | tumor necrosis factor (ligand) superfamily, member 10
202869 _at OAS1 2'-5'-oligoadenylate synthetase 1, 40/46kDa
203153 _at IFIT1 interferon-induced protein with tetratricopeptide repeats 1
203236_s_at | LGALS9 lectin, galactoside-binding, soluble, 9
203258 _at DRAP1 DR1-associated protein 1 (negative cofactor 2 alpha)
203595 s at | IFIT5 interferon-induced protein with tetratricopeptide repeats 5
203773 _x_at | BLVRA biliverdin reductase A
203882_at IRF9 interferon regulatory factor 9
203964 _at NMI N-myc (and STAT) interactor
204279 _at PSMBO proteasome (prqsome, me_lcropaln) subunit, beta type, 9

(large multifunctional peptidase 2)
204415 at IFI6 interferon, alpha-inducible protein 6
204439 _at IFl144L interferon-induced protein 44-like
204698 at 1ISG20 interferon stimulated exonuclease gene 20kDa




204804 _at TRIM21 tripartite motif containing 21

204858 s at | TYMP thymidine phosphorylase

204972_at OAS2 2'-5'-oligoadenylate synthetase 2, 69/71kDa

204994 at MX2 myxovirus (influenza virus) resistance 2 (mouse)
205098 _at CCR1 chemokine (C-C motif) receptor 1

205126 _at VRK2 vaccinia related kinase 2

205241 _at SCO2 SCO cytochrome oxidase deficient homolog 2 (yeast)
205483_s_at | ISG15 ISG15 ubiquitin-like modifier

205569 at LAMP3 lysosomal-associated membrane protein 3
205660_at OASL 2'-5'-oligoadenylate synthetase-like

206513 at AIM2 absent in melanoma 2

207777_s_at | SP140 SP140 nuclear body protein

208436 _s at | IRF7 interferon regulatory factor 7

208966 x_at | IFI16 interferon, gamma-inducible protein 16

209417 _s at | IFI35 interferon-induced protein 35

209546 s at | APOL1 apolipoprotein L, 1

209568 s at | RGL1 ral guanine nucleotide dissociation stimulator-like 1
209593 s at | TOR1B torsin family 1, member B (torsin B)

209762_x_at | SP110 SP110 nuclear body protein

210873_x_at ﬁPOBEC3 zlggI(;/IIiopeopEirgée_zliir?< EBrRRNA editing enzyme, catalytic
211012 s at | PML promyelocytic leukemia

211138 _s at | KMO kynurenine 3-monooxygenase (kynurenine 3-hydroxylase)
211267 _at HESX1 HESX homeobox 1

212203 _x_at | IFITM3 interferon induced transmembrane protein 3

212380 _at FTSJD2 FtsJ methyltransferase domain containing 2
212657_s _at | ILARN interleukin 1 receptor antagonist

213051_at ZC3HAV1 | zinc finger CCCH-type, antiviral 1

213261 at TRANK1 | tetratricopeptide repeat and ankyrin repeat containing 1
213293 s at | TRIM22 tripartite motif containing 22

213294 at EIF2AK2 | eukaryotic translation initiation factor 2-alpha kinase 2
213361_at TDRD7 tudor domain containing 7

214022 s at | IFITM1 interferon induced transmembrane protein 1
214453 s at | IFl44 interferon-induced protein 44

214511 x _at | FCGR1B | Fc fragment of IgG, high affinity Ib, receptor (CD64)
217933_s _at | LAP3 leucine aminopeptidase 3

217986_s at | BAZ1A bromodomain adjacent to zinc finger domain, 1A
218076_s_at i‘s HGAP Rho GTPase activating protein 17

218231 at NAGK N-acetylglucosamine kinase

218400 _at OAS3 2'-5'-oligoadenylate synthetase 3, 100kDa
218429 s at | C190rf66 | chromosome 19 open reading frame 66




218543 s at | PARP12 poly (ADP-ribose) polymerase family, member 12
218943 s at | DDX58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 58
218986_s at | DDX60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60
219014 at PLACS placenta-specific 8
219062_s at | ZCCHC2 | zinc finger, CCHC domain containing 2
219209 at IFIH1 interferon induced with helicase C domain 1
219211 at USP18 ubiquitin specific peptidase 18
219352 _at HERC6 :?gi(;;l’ faalr:gilsl;n%%%rgfgl containing E3 ubiquitin protein
219356 _s at | CHMP5 charged multivesicular body protein 5
219364 _at DHX58 DEXH (Asp-Glu-X-His) box polypeptide 58
219371 s at | KLF2 Kruppel-like factor 2 (lung)
219519 s at | SIGLEC1 | sialic acid binding Ig-like lectin 1, sialoadhesin
219684 at RTP4 receptor (chemosensory) transporter protein 4
219863_at HERCS :i_|gEaCs:-er gnd RLD domain containing E3 ubiquitin protein
220146 _at TLRY toll-like receptor 7
221680 _s at | ETV7Y ets variant 7
221816_s_at | PHF11 PHD finger protein 11
221827 at RBCK1 RanBP-type and C3HC4-type zinc finger containing 1
222154 s at | SPATS2L | spermatogenesis associated, serine-rich 2-like
222986 s at | SHISAS shisa homolog 5 (Xenopus laevis)
223220 _s at | PARP9 poly (ADP-ribose) polymerase family, member 9
223322_at RASSF5 Ras association (RalGDS/AF-6) domain family member 5
223501 _at ;NFSFB tumor necrosis factor (ligand) superfamily, member 13b
223599 at TRIM6 tripartite motif containing 6
224701 _at PARP14 poly (ADP-ribose) polymerase family, member 14
225076_s_at | ZNFX1 zinc finger, NFX1-type containing 1
225291 at PNPT1 polyribonucleotide nucleotidyltransferase 1
225344 at NCOA7 nuclear receptor coactivator 7
225415 at DTX3L deltex 3-like (Drosophila)
225636_at STAT2 signal transducer and activator of transcription 2, 113kDa
226603 _at SAMDIL | sterile alpha motif domain containing 9-like
226702 at CMPK2 cytidine mo'nophosphate (UMP-CMP) kinase 2,

— mitochondrial
226748_at LYSMD2 | LysM, putative peptidoglycan-binding, domain containing 2
226757_at IFIT2 interferon-induced protein with tetratricopeptide repeats 2
227609 _at EPSTI1 epithelial stromal interaction 1 (breast)
228152 s at | DDX60L DEAD (Asp-Glu-Ala-Asp) box polypeptide 60-like
228230_at PRIC285 Eg;g;;zgrgggprohferator activated receptor A interacting
228439 at BATF2 basic leucine zipper transcription factor, ATF-like 2




228531 at SAMD9 sterile alpha motif domain containing 9

228617 at XAF1 XIAP associated factor 1

229350 _x_at | PARP10 poly (ADP-ribose) polymerase family, member 10
229450 at IFIT3 interferon-induced protein with tetratricopeptide repeats 3
230166_at KIAA1958 | KIAA1958

230405 _at C5orf56 chromosome 5 open reading frame 56

231455 at I;INCOO48 long intergenic non-protein coding RNA 487
231577 _s at | GBP1 guanylate binding protein 1, interferon-inducible
231747 _at CYSLTRL1 | cysteinyl leukotriene receptor 1

231769 _at FBXO6 F-box protein 6

232222 at C180rf49 | chromosome 18 open reading frame 49

236285_at KLHDC7B | kelch domain containing 7B

238327_at ODF3B outer dense fiber of sperm tails 3B

238439 _at ANKRD22 | ankyrin repeat domain 22

242020_s _at | ZBP1 Z-DNA binding protein 1

242625 at RSAD2 radical S-adenosyl methionine domain containing 2
32069 _at N4BP1 NEDD4 binding protein 1

35254 at TRAFD1 TRAF-type zinc finger domain containing 1

38269 _at PRKD2 protein kinase D2
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