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Autoimmunity gene expression portrait: specific signature that intersects or
differentiates between multiple sclerosis and systemic lupus erythematosus
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SUMMARY

Autoimmune diseases are either tissue-specific like multiple sclerosis (MS) or multisystemic like sys-
temic lupus erythematosus (SLE), although clinically both exhibit common features. To gain insight into
the properties of the genes involved in each disease we have investigated the gene expression signature
of peripheral blood mononuclear cells (PBMC) in MS and SLE in comparison to healthy subjects. Total
RNA was purified, hybridized to Genechip array and analysed in 36 subjects (13 relapsing-remitting MS
patients, five SLE patients and 18 age-matched healthy subjects that served as controls). Additional
blood samples from 15 relapsing-remitting MS patients, 8 SLE patients and 10 healthy subjects were
used for confirmation of microarray gene expression findings by ELISA and RT-PCR. MS and SLE
patients demonstrated a common gene expression autoimmune signature of 541 genes which differen-
tiated them from healthy subjects. The autoimmune signature included genes that encode proteins
involved in apoptosis, cell cycle, inflammation and regulation of matrix metalloproteinase pathways.
Specifically, decreased TIMP1 gene expression in the autoimmunity signature suggests increased MMP
activity in target tissues as a result of the lack of feedback mechanism. An additional different disease
specific signature identified the gene expression pattern for MS (1031 genes), mainly associated with
over-expression of adhesion molecules and down-expression of heat shock proteins; the SLE specific
signature (1146 genes) mainly involved DNA damage/repair pathways that result in production of
nuclear autoantibodies.

These results provide insights into the genetic pathways underlying autoimmune diseases, and iden-
tify specific disease-associated signatures that may enable targetted disease-related specific therapies to

be developed.
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INTRODUCTION

Autoimmune diseases occur in 3-5% of the population [1], as a
result from a myriad of genetic and environmental factors that
lead to altered immune reactivity [2,3]. The alterations in the
immune system initiated by a loss of immunological tolerance to
self-antigens, lead to the development of autoreactive phenom-
ena that can be detected in the peripheral blood. Defining specific
pathogenic mediators that may trigger the development or pro-
gression of an autoimmune disease remains a focus of increasing
investigative efforts. Factors initiating or promoting an autoim-
mune disease may not be identical to factors that influence the
severity or progression of the same disease. Identifying the spe-
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gene expression

cific mRNA transcript profile that is common to autoimmune
diseases may suggest a group of genes universally involved with
clinically distinct forms of autoimmune disease, while the specific
disease related signature might provide clues about the disease
pathogenesis and define disease severity or progression.

In here we focus on two autoimmune diseases, multiple scle-
rosis (MS) a chronic autoimmune inflammatory disease limited
to the brain and spinal cord and systemic lupus erythematosus
(SLE) a chronic autoimmune inflammatory disease that typically
affects multiple systems including the skin, joints, kidney, lung,
and central nervous system (CNS). In MS, autoreactive activated
T-cells invade the CNS and initiate an inflammatory response that
leads to myelin destruction and significant neurological disability
[4]. The typical immune abnormalities in SLE result in the ability
to produce pathogenic autoantibodies, impaired T- and B-lym-
phocyte regulation, and defective clearance of autoantigens and
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immune complexes. The majority of autoantibodies found in SLE
are targeted at intracellular nucleoprotein particles, 98% of
patients possess antinuclear antibodies and antidouble-stranded
DNA antibodies are found in 50-80% of patients [5]. As SLE and
MS share several common clinical features such as an appearance
in young adults, a high female/male ratio, an unpredictable wax-
ing and waning course and beneficial response to steroid treat-
ment, they could share a common gene expression signature.
Recently, using microarray analysis in several autoimmune dis-
eases a common expression signature was described [6]. These
authors emphasized that autoimmune expression pattern was
unrelated to the normal immune response profile after immuni-
zation with influenza vaccine. In the present study we applied
gene microarray to PBMC of untreated patients with MS and
SLE in order to identify universal common autoimmune signa-
ture restricted from normal population and to distinct gene
expression signatures that characterized each disease.

MATERIALS AND METHODS

Study participants

After written informed consent, blood was obtained from 13
relapsing-remitting MS patients (9 females, 4 males, mean age
40-7 £ 3-4 years, mean disease duration 6-6 +2-3 years), five SLE
patients (4 females, 1 male, mean age 42-8 £ 12-6 years, mean dis-
ease duration 84 +5-6 years) and 18 age-matched healthy sub-
jects (16 females, 2 males). All patients were free of cytotoxic
agents or immunomodulatory drugs for at least 30 days before
blood was withdrawn. All participants had peripheral blood
counts within the normal range. The 13 MS patients and the 18
healthy controls were a part of our previous study related to gene
transcriptional signatures of MS related disease activity [7].

RNA isolation and microarrays hybridization

Peripheral blood mononuclear cells (PBMC) were separated
from heparinized blood by centrifugation on Ficol-Hypaque gra-
dient. Total RNA was purified, labelled, and 10 ug were hybrid-
ized to Genechip array (U95Av2) and scanned (Hewlett Packard,
GeneArray-TM scanner G2500A) according to the manufac-
turer’s protocol (Affymetrix Inc, Santa Clara, CA, USA). MAS5
software (Affymetrix Inc.) was used to analyse the scanned
arrays. All data was normalized by dChip software [8].

Data processing and statistical analysis

Data were analysed using Scoregene statistical package (http:/
compbio.cs.huji.ac.il/scoregenes). Genes were scored by the clas-
sic parametric #-fest, and the nonparametric tests: (i) The thresh-
old number of misclassifications (TNoM) method and (ii) the Info
score [9,10]. TNoM score counts the number of classification
errors that occur between compared groups for each gene of the
dataset. The best threshold (TNoM = 0) implies that no errors
have been counted and the distinction between the analysed
groups in relation to the expression level of a specific gene is max-
imal. Info score is a defined version of TNoM that measures the
misclassifications made by a simple threshold in terms of the
information lost (or entropy) of the labels of samples in each side
of the threshold. Analysis was performed between MS patients
and healthy subjects, between SLE patients and healthy subjects
and between MS patients and SLE patients, for each gene of the
dataset. Fold ratios were calculated for each gene in the samples
against the geometric mean of controls and log (base 2) trans-

formed. We filtered probes that did not have an expression value
of 100 in at least one of the arrays. This resulted in a file with 9225
probes, the raw transcript data is demonstrated in http:/
www.sheba.co.il/sclerosis

The hybridization of the arrays was done in eight batches. To
control for artifacts of batches, we fitted a multiple effect model
for each gene, where we model the log-ratio measurement as a
sum of contributions of (a) batch (b) subject state (control, MS,
SLE), and (c) array specific noise. We fitted the model to mini-
mize the least sum of squares of the errors. We created a cleaned
log-ratio file by removing from each log-ratio the associated batch
effect parameter. The most informative differentially expressed
genes were defined as those that pass 95% confidence interval on
all three statistical tests (¢-test, TNoM and Info), while top score
genes were defined as genes that in addition have at least 1-5 fold
change in comparison to the controls in either direction. We
included in the common signature the most informative genes
from both diseases with a fold change greater than 1-5 versus
healthy subjects in at least one disease.

Consistency of the data

In order to determine consistency of the data we performed the
leave-one-out-cross-validation (LOOCYV) test [10]. The LOOCV
statistical test simulates removal of a single sample from the
dataset every trial and trains on the rest. The procedure is
repeated until each sample is left out once and the number of cor-
rect and incorrect predictions is counted. According to LOOCV
test, each dataset was re-arrayed and tested in an independent
manner.

Microarray results verification

PBMC from additional 15 relapsing-remitting MS patients, 8 SLE
patients and 10 healthy subjects were used for confirmation of
microarray gene expression findings. Verification was performed
for the top score genes by quantitative RT-PCR using commercial
Applied Biosystems Tagman® Assay-on Demand™ Gene
Expression products. GAPDH was used as an internal control.
The reaction was carried out in ABI PRISM 7900 Sequence
Detector (Applied Biosystems, Forster City, USA). Protein levels
were measured in supernatant of PBMC short-term (24 h) cul-
tures by commercial ELISA kits (Quantikine, R & D Systems,
Inc, Minneapolis, USA).

RESULTS

We identified gene expression distinct signatures that distinguish
MS and SLE patients from healthy subjects. Strikingly, both MS
and SLE patients showed a common autoimmune gene expres-
sion signature that differentiated them from healthy subjects in
addition to a specific MS or SLE related gene profile.

Autoimmunity specific signature

The universal common autoimmunity signature, which intersects
between the SLE and MS signatures and differs from the healthy
subjects’ gene expression, contains 541 genes (represented by 589
probes). There were 322 genes (339 probes) over-expressed and
219 genes (250 probes) down-expressed. All transcripts passed
95% confidence level on t-test, info and TNoM statistical scores.
Further analysis identified 187 (207 probes) top score genes, 67
(69 probes) over-expressed and 120 (138 probes) down-
expressed, all with at least 1-5-fold change difference in expres-
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Fig. 1. Top score gene expression profile of PBMC from 13 MS patients, 5 SLE patients and 18 healthy controls. All shown gene transcripts
passed 95% confidence level on #-test, info and TNoM statistical scores and 1-5 fold change in two directions. Increased genes are shown in
progressively brighter shades of yellow, and decreased genes are shown in progressively darker shades of purple.

Table 1. Functional groups of genes contributing to the common autoimmunity, MS and SLE signatures

Expressio
Function n Common MS SLE
Apoptosis Up TRAFS, CASP8 CTLA1 OA48-18, AHR, TIAL1
Down BCL2A, CIASL, IL1B, MYBL2, IER3 NFKB1,NFKBIA, BIRC2, TNFSF9
TNFAIP3, SERPINB2 BIRC3
Proliferation Up CTBP1 IL15 CDC25B, v-MYC
Down KLF4, VEGF, OSM, BTG1, BTG2, TOB1, ZFP36L2
AREQG, INSIG1, FOSL2, FOSB
Inflammatory response Up DEFA3, NFATC3, PTGS2 BAT1, IF116
Down NR4AL1, PTX3, SCYA20 ILIRN, CEBPB CEBPD, CLECSF2
Immune response Up CD24
Down CD83 AQP9Y
Adhesion Up PKP4, SCYE1L, PNN ITGAL,ITGA®6, LY75 NELL2, EED, CCR2,TSC1
Down OLR1,SCYA4, CXCR4 TNFAIP6, SCYA2, SCYA3
Cell cycle Up BTG3, NXP2, TOPBP1
Down CCNH, CDKNI1A, SCYA8 CCND2, MAPK6, MCM6
Signalling Up ADM, EREG, TIP3, NR4A2, MADH7, IL8, GRO3, GNA1S5 SMAP, FNTA, TNFS10,
Down GNA13, PTGER4, RGS1, PBEF IL7, GPR65
Heat-Shock Up SAFB
Down HSPA1A, HSPA1B, HSPAS DNAIJBI1
Immune cell receptors Up IL11RA, CD19 CD1D EGFLS
Down IL1R1, PLAUR, TIMP1 CD69, PTGER4, TRD
DNA damage/repair Up ATR, PMS1 POLS, MBD4, ERCC2, MSH3
Down GADD45B, TARBP1 FANCC, GADD45A, DDIT3
Cell growth Up DDX17
Down NR4A3, MAP3K, DTR GO0S2 DBY, GDF11, PTPRE, YESI
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sion in each direction, Fig. 1. The autoimmunity top-score signa-
ture revealed transcripts mainly associated with genes involved in
immune surveillance, including genes related to apoptosis path-
ways (TRAFS, CASP8, BCL2A, IER3 and IL1B), genes that
encode proteins involved in stimulation of inflammation, prolif-
eration and immune response (CTBP1, IL11RA, VEGF, BTG1
and 2, AREG and CD19), Table 1.

The most prominent cluster in the autoimmunity signature
contained several genes associated with the MMP regulation
pathways (TIMP1, JUN, FOS and Oncostatin M), Table 2.

MS specific signature

The specific MS gene expression signature included 1031 unique
genes (1105 probes); 594 genes (653 transcripts) down-expressed
and 437 genes (442 probes) over-expressed, all passed 95% con-
fidence level on all three statistical scores used. The top score
genes (with at least 1-5 fold change, Fig. 1) included 14 genes
(14 probes) over-expressed and 51 genes (55 probes) down-

Table 2. MMPs associated genes in the common autoimmunity expres-
sion signature

expressed. This signature revealed down regulation of cell death
related genes (NFKB1, NFKBIA, BIRC2 and 3), heat shock pro-
teins (HSPA1A, HSPAS, HSPA1B), and signal transduction (IL8,
GRO3, CNA15). On the other hand over-expressed genes within
the signature were associated with inflammation (CD24, IL15,
DEFA3, NFATC3, and PTGS2), antigen recognition (CD1D),
and adhesion (ITGA6, ITGAL, and LY75).

SLE specific signature

The SLE signature that differs from healthy subjects contains
1146 genes (1185 probes); 723 genes (750 probes) over-expressed
and 423 gene (435 probes) down-expressed. All these genes
passed 95% confidence level on all three statistical scores used.
The top score genes (with at least 1-5 fold change, Fig. 1) included
106 over-expressed genes (112 probes) and 62 down-expressed
genes (63 probes). SLE expression patterns included mainly up-
regulated genes associated with inflammation (IFI16, BAT1),
DNA damage or repair inducible genes (POLS, MBD4, ERCC2,
MSH3), adhesion (NELL2, EED, CCR2, TSC1), genes responsi-
ble for negative regulation of proliferation (DDX17) and antiap-
optosis pathways (TIAL1), Table 1.

Specifically, we identified SLE related genes previously
reported to be involved in autoantigen production relevant to
SLE pathogenesis. These include over-expression of genes known
to encode antigens that serve as target for autoantibody: NXP2
(encodes for an antigen that leads to antinuclear matrix protein)

Identifier Symbol Name and TOPBP1 (encodes for antigen for DNA topoisomerase 11
D11139 TIMP1 Tissue inhibitor of metalloproteinase 1 jautoantibodies) and IFIl‘6 (interfer(.)n inducible gene that is local-
X89750 TGIF TGFB-induced factor ized to the nucleus and is able to bind DNA).
X04500 IL1B Interleukin 1, beta
M63978 VEGF VEGF Consistency of the data
U27467 BCL2A1 BCL2-related protein Al The results of LOOCV analysis of our data demonstrated an
X56681 JUND Jun D proto-oncogene impressive 0 classification error between MS and SLE groups,
X51345 JUNB Jun B proto-oncogene between MS and control groups, and between SLE and control
JO4111 JUN V-jun avian sarcoma virus 17 oncogene groups, using minimal set of 163, 19, 343 genes, respectively, with

hom(’lg . P-value < 0:001 for INFO statistical test. This low error rate sug-
L49169 FOSB FBJ murine osteosarcoma viral . . .

gests that the gene expression signatures found are reliable and

oncogene homolog B .
X16706 FOSL2 FOS-like antigen 2 ensure consistency of data.
U35113 MTA1 Metastasis associated 1
M27288 OSM Oncostatin M Verification of microarray results
AB000734 SSI-1 JAK binding protein Gene expression patterns measured by microarray analysis were

verified by RT-PCR for the following top score selected genes:
Table 3. Verification of gene expression microarray results
Microarray analysis Verification

Log fold TNOM Info t-test Log fold t-test
Gene Symbol change P-value P-value P-value change P-value Method
1520_s_at IL1B* —2:04522 3-01E-07 1-36E-07 3-59E-09 —3-473931188 0-03 ELISA
35372_r_at IL8* —1-93409 4-36E-05 6-01E-05 9-86E-06 —0-785875195 0-03 ELISA
280_g at NR4A1* —1-34086 4-51E-06 2-80E-06 4-22E-07 —1-514573173 0-04 RT-PCR
38567_at CD1D* 0-922984 0-0016476 0-00047093 6-45E-05 0-584962501 0-03 RT-PCR
36845_at NXP2#* 0-655707 0-00136705 0-00035662 2-86E-05 3232660757 0-01 RT-PCR
1456_s_at IFI16%* 0-598806 5-94E-05 5-94E-05 3-50E-05 4-87774425 0-02 RT-PCR
38834_at TOPBP1#* 0-755485 5-94E-05 5-94E-05 1-32E-06 3-857980995 0-01 RT-PCR
39936_at CCR2#* 1-44088 0-00136705 0-00136705 0-00120518 3-182692298 0-04 RT-PCR

*MS versus Controls; ** SLE versus Controls
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CCR2, CD1D, NR4A1, TOPBP1, IFI16, and NXP2. Protein
secretion levels were performed for IL1B, and IL8 genes. Both
methods correlated with microarray results and demonstrated sig-
nificant difference in expression level between MS or SLE
patients and healthy subjects, Table 3.

DISCUSSION

In the current study we found that gene expression profiles of
PBMC from MS and SLE patients differ from healthy subjects.
This suggests that MS and SLE are highly related and represent
a common autoimmune portrait that is distinct from healthy
individuals. These results have a clinical ground, taking into
consideration the similar clinical course with exacerbations and
remissions, the increased incidence among women, the familial
occurrence and the favourable effect of steroid or cytotoxic treat-
ments in both diseases. The most notable findings in the common
autoimmunity signature were genes relevant to basic autoimmune
mechanisms, impaired apoptosis and proliferative advantage of
immune activated cells. Imbalance of pro- and anti-apoptosis sig-
nals was demonstrated by up regulation of TRAF5 and CASPS8
and down-expression of BCL2A, IER3 and nuclear receptor sub-
family 4, group A, 1 and 2 (NR4A1 and NR4A?2). The last group
of genes is known to mediate T cell receptor-induced apoptosis
through Fas ligand and TNFa or through early response of TCR-
induced apoptosis of thymocytes [11]. Over expressed genes
included immune cell receptors like interleukin 11 receptor alpha
(IL11RA) which acts as an antagonist of IL11 mediated anti-
inflammatory effects [12] and CD19 that is known to lower the
threshold for antigen receptor stimulation on B lymphocytes and
influence the balance between immunity and autoimmunity [13—
16]. Transgenic mice that over express CD19, generate spontane-
ous antinuclear antibodies, rheumatoid factor and autoantibodies
for ssDNA, dsDNA and histone by augmenting antigen receptor
signalling [16]. The common autoimmunity signature also demon-
strated over expression of adhesion molecules like PKP4, SCYE1
and PNN which may be associated with facilitation of the on
going inflammation of the autoimmune process.

Down expressed genes within the autoimmunity signature
were found to be associated with negative regulation of prolifer-
ation, and include TARBP1, CDKN1A (p21), GADD45B and
BTG1. Transfection experiments using NIH 3T3 cells indicated
that BTG1 negatively regulates cell proliferation [17].

One of the interesting finding in the autoimmunity signature
was the aberrant expression of MMPs pathways. These pathways
enhance trafficking of activated lymphocytes through the endot-
helial barrier and the extracellular matrix to damage the end
organ in each disease. MMPs activity is controlled by specific tis-
sue inhibitors (TIMPs), and especially TIMP1 inhibits the activity
of most known MMPs. Inhibition of TIMP1 enhances cellular
migration through collagen I in endothelial cells and affects
programmed cell death [18]. Our findings of decreased TIMP1
expression in the autoimmunity signature, suggest increased
MMP activity in target tissues as a result of lack of feedback
mechanism. Similarly to our findings, reduced TIMP1 expression
was also recently reported in MS patients using gene microarray
of PBMC [19]. The lack of feedback inhibition by TIMP1 is sup-
ported by additional studies that demonstrated increased levels of
MMP-9 and MMP-2 in both SLE and MS patients [20,21]. More-
over, the expression of MMPs and TIMPs is regulated by many
cytokines particularly IL-15 and TGF-f, and TIMP-1 specifically

is regulated by cytokines such as IL-6, VEGF and oncostatin M
(OSM). Members of the proto-oncogenes JUN and FOS are also
involved the activation/regulation of TIMP1 [22,23]. All these
genes were found to be involved in the MMPs pathways within
the autoimmunity portrait (Table 2). Recently, it was demon-
strated that TIMP-1 protein level was augmented during IFN-f
therapy in MS patients [24]. Taken together with our findings, we
suggest that targeted therapy of enhanced TIMP-1 activity could
shift the balance of MMPs/TIMP-1, in favour of reduced damage
within the inflamed tissues.

In addition to the distinct autoimmune signature, we found a
different specific gene expression profile which is unique to each
disease, SLE or MS.

The MS specific disease signature was characterized by
impairment in apoptosis related pathways, demonstrated by aber-
rant expression of NFKB and BIRC group of genes, over expres-
sion of adhesion related genes (ITGAL, ITGA6 and LY75), and
of antigen presenting molecule (CD1D). Down expression of
transcripts for the heat shock protein 70 (HSP70) including HSP-
A1A, HSP-A1B and HSPAS was unique to the MS signature.
HSP70 was proved to be the most significant discriminator of MS
versus controls by Bomprezzi et al. [19]. HSPs are involved in the
presentation of endogenous antigens by MHC class I molecules
and required for efficient antigenic epitope processing [25]. It is
conceivable that a lower expression of MHC class-I on autoreac-
tive T cells enable these cells to escape the censured regulation by
CDS8 cells that recognize autoimmune idiotypes [26]. Another
specific finding in MS was the elevated expression of IL15. Over
expression of IL15 affects T cells by up regulation of natural killer
cells transcript 4 (NK4), and is required for memory T cells divi-
sion [27]. The finding of over-expression of CD24 within the MS
specific expression signature is in accordance with the fact that
CD24 has been proven to be essential for the induction of exper-
imental autoimmune encephalomyelitis (EAE) in mice [28] and
with a recent report suggesting that CD24 is a possible genetic
modifier for the risk and progression of MS [29].The current find-
ings are in agreement with our previous results in MS patients [7].
We identified a unique transcriptional signature of PBMC from
MS patients using oligonucleotide microarrays, irrespective of
disease activation state or immunomodulatory treatment.

SLE patients are characterized by the constant presence of
autoimmunity to nucleoproteins, particularly to chromatin and
small nuclear RNA-protein that mediate premessenger RNA pro-
cessing. Compatible with these features, we found that the SLE
specific signature is characterized by aberrant expression of genes
associated with replication, elongation, and maintenance and reg-
ulation of proliferation of nucleic acids. Specifically, DNA dam-
age or repair inducible genes such as GADD45A, POLS, MBD4,
ERCC2, MSH3, and FANCC were dysregulated. The FANCC
gene (Fanconi anaemia complementation group C), which was
found to be down-expressed, is known to be mutated in patients
suffering from Fanconi anaemia, a congenital disease with impair-
ments in DNA repair [30]. As FANCC gene is responsible for
DNA repair, its under expression may lead to abnormal DNA
fragments and result in appearance of antinuclear antibodies
characterizing SLE. Similarly, the specific SLE signature included
over expression of genes known to induce additional autoanti-
bodies production against nuclear antigens in SLE patients like
TOPBPI1, NXP2 and IFI16 [31-33].

Other interesting genes found in the specific SLE signature
included adhesion molecules (NELL2, EED, CCR2 and TSCI),
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different from those found in the MS specific signature (mainly
characterized by integrins); and down expression of the G protein
coupled receptor 65 (GPR65) also known as T cells death-
associated gene 8 (TDAGS), involved in activation of caspase-9,
-8,-3 and its low transcriptional expression may lead to prolonged
survival of self reactive clones of T- lymphocytes [34,35].

The SLE signature mainly involved DNA damage/repair
pathways. The impairment in these pathways may result in the
exsistence of abnormal DNA fragments that will initiate produc-
tion of nuclear autoatibodies. Similarly to our findings Baechler
and his colleagues [36], found gene expression patterns that dif-
ferentiated SLE patients from healthy subjects. Their main
observation was related to dysregulation of genes related to IFN
pathway, as the IFN signature also served as a marker for a more
severe disease.

To summarize, identification of common and specific disease
associated gene expression signatures is of importance to better
understand the pathogenic mechanisms involved in autoimmune
diseases and to enable tailoring of different therapeutic strategies.
These strategies will target the common functional groups of
genes contributing to the development of autoimmunity as well
as the disease related distinct specific genes, as the common
autoimmune signature reflects genetic susceptibility for impaired
response to self-antigens and the unique part of gene expression
reflects specific end-organ vulnerability.
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