B B 3L B BREM L Microarray analysis identifies IFNB-regulated genes m MS (FFH)

3. Results

3.1. Identification of IFN B-regulated genes in T cell and non-T cell fractions of MS patients
treated with IFNf

Among 1,263 genes examined, 21 genes showed a statistically significant change in the level of
expression in the T cell fraction, non-T cell fraction, or both derived from the 13 MS pauents at 3
or 6 months after starting IFNP treatment (Table 1 and Fig. 1). Of notc, 9 of the 21 genes
contained an IFN-responsive promoter element that has been charactenzed previously (No. 1~5,
8~10, and 17 in Table 1). Other 5 genes (No. 6,7, 11,12, and 18) werce known to respond to [FNs,
although a regulatory promoter element is not described in the hiterature . Northern blot analysis
indicated that a 4 to 24 hour-exposure of unfractionated PMBC to 100 ng/ml IFNf3 markedly
up-regulated the expression of IFN regulatory factor 7A (IRF7; No.1 in Table 1,2.0 kband 2.6
kb transcripts), IFN-induced 15-kDa protein (ISG15; No.2, 0.7 kb transcript), and [FNa-
inducible cDNA 6-16 (IFI6-16; No.3, 0.9 kb transcript) (Fig. 2, panels a-c, lanes 2,6), supporting
the validity of cDNA microarray analysis for screening of differential gene expression. A 4 to 24
hour-exposure of PBMC to 1FNy also elevated the mRNA levels of IRF7, ISG15, and [Fl6-16,
but to a smaller extent for the latter two genes (Fig. 2, panels a-c, lanes 3.7). The similar results
were obtained from a set of the experiments performed at a different tme (data not shown). As
such, the 21 genes identified were enriched i those known to respond to IFNf (14 out of 21
genes; 67%). Although the remaining 7 genes (No. 13~16, 19~21) werc not previously shown
to be IFN-responsive, they could be also regarded as novel IRGs. Although 16 of the 21 IRGs
(No. 1~16) were up-regulated, five (No. 17~21) were down-regulated in the pauents treated
with IFNP.

Among the up-regulated genes, IFN-induced protein 60 (IF160; No.5), IFNy-inducible protein
30 (IF130; No.6), activating transcription factor 3 (ATF3; No.12) and toll-like receptor 5 (TLR5;
No.13) were elevated exclusively in T cells. In contrast, [IFNa-inducible protein 27 (IFI127; No.7),
IFN-induced protein 17 (IF117; No.8), ATP-binding cassette transporter TAP1 (TAPI; No.9),
TNFa-induced protein 6 (TNFAIP6; No.10), TGFf-sumulated protein TSC-22 (TSC22; No.
11). sulfotransferase family 1C member 1 (SULTICI; No.14), 39-kDa RNA polymcrase I11-
specific subunit (RPC39; No. 15), and ras family member Rablla (RABI11A; No. 16) were up-

regulated only in non-T cells. Regarding the timing for the up-regulation of the gene, although two
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of the four T cell-exclusive genes were significantly elevated at 6 (but not at 3) months after IFN
treatment, all the eight non-T cell-exclusive genes were significantly elevated at 3 months (Table 1).
Three of them were persisiently elevated until at 6 months, but five had declined by 6 months. The
expression of [RF7 (No.1), ISG15 (No.2), IF16-16 (No.3), and IFN-induced 56-kDa protein
(IFI56; No.4) was elevated in both T and non-T cell fractions. This group of the genes was
induced at 3 months and the significant up-regulation could be detected also at 6 months except
for IRF7 in non-T cells and ISG151n T cells.

The remaining five gencs had been down-regulated after starting IFNf therapy. Among these,
interleukin-3 (I1.-3; No.19) was repressed in both T and non-T cells, but the others were
suppressed only in T cells. Whereas protein kinase A-anchor protein 4 (AKAP4; No.20) and
guanine nucleotide-binding protein a13 (GNA13; No.21) were suppressed at 3 and 6 months, the
others were found to be down-reguiated at 6 months, but not at 3 months. Representative panels of

the gene expression profile are shown in figure.

3.2. Cytokine gene expression profile of RRMS patients did not support a Th2 shift after
IFNB treatment

Several previous reports suggested that IFNf exerts preventive effects against MS via inducing
a shift of the Thl-biased immune balance towards Th2 (Hall et al., 1997; Karp et al., 2000).
However, the IRGs disclosed in the present study did not include the genes encoding the cytokine
markers charactenstic of esther Thl or Th2 cells or those potentially involved in induction of either
population. We vestigated the possibility that T cells from the IFNf-treated patients might show
a trend for Th2 polarization, even though the Th2 shift is not large enough to be staustically
significant. To venify this possibility, we carefully analyzed the microarray data of additional 31
genes that could be regarded as Thl- or Th2-associated genes. Contrary 10 our expectations, we
did not Iind a trend for a Th2 shift, but rather observed a trend for down-regulation of Th2
cytokines such as TL-4 and [L-10 predominantly in T cell fraction (data not shown), consistent
with a trend for Th1 bias. There was also a trend for up-regulation of CCR5 1n both T and non-T
cells (data not shown), a putative marker for Th1 cells. Thus, the cytokine gene expression profile
of T cell samples did not support a Th2-shifted immune response, but rather suggested a partially
Thl-shifted profile. Howezer, the study of a larger number of samples is required 10 make

conclusive remarks on the Th1/Th2 balance altered by [FN§ therapy, because all of the changes
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observed in the expression of Thl- or Th2-associated genes did not reach the levels of statistical

significance.
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4, Discussion

By using ¢cDNA microarray, we here analyzed gene expression profiles of CD3* T cells and
CD3 non-T cells derived from 13 RRMS patients recetving IFNB 1b. This systemic analysis has
idenufied 21 IRGs, whose expression 1s either stimulated or repressed by [FNP treatment in vivo.
Although previous studies have mainly analyzed the total PBMC, we here used isolated T cells and
non-T cells, which cnabled us to reveal that the IRGs are differentially expressed in distinct
fractions. Among these IRGs, IRF7, ISG15, IFI56, IFi6-16, IF160, IF117, TAP1, TNFAIP and
MIG are regarded as prototype ISGs, since previous studies showed that the promoter regions of
these genes have IFN-responsive elements (Reich et al., 1987; Porter el al., 1988; Reid el al., 1989;
Beck etal, 1992; Lec et al., 1993; Bluyssen et al., 1994; Wong et al., 1994; de Veer et al., 1998;
Taniguchi and Takaoka, 2002), and {urthermore, Northern blot analysis venfied IFNB-stmulated
expression ol a set of the genes described above. Although IFN-responsive promoter clements
have not yet been characterized, an IFN-induced expression of IFI30, [FI27, TSC22, ATF3, or
SLC7AI 1n cell lines or primary cells was reported previously (Luster et al., 1988; Rasmusscn et
al., 1993; Drysdale et al., 1996; Ohta et al., 1996; Simmons et al., 1996). The rehability and
relevance ol our observations are further supported by a previous study that human fibrosarcoma
cell line exposed to IFNf up-regulaies the expression of 6 of the 21 genes (ISG15, IF156, IF16-
16,1F160,IFI17 and TAP1) assessed on microarray (Der et al., 1998). Of note, the 21 genes that
we have 1dentified tncluded a set of heretofore unreported IRGs. Among these, TLRS, SULTICI,
RPC39 and RABI1A were up-regulated, whereas 1L-3, AKAP4 and GNAI13 were down-
regulated in the specific lymphocyte fractions. Since detailed information on these genes is
avarlable from vartous sources, we focus on the changes that might be relevant for understanding

the therapeutic effects of IFN.

4.1. Up-regulation of known IRGs possibly accounting for the effect of IFN-$

Among the known IRGs (table), TNFAIP rewards special attention. This gene encodes a 39-
kDa secreted glycoprotein designated as tumor necrosis factor-a-stimulated gene-6 (TSG-6), that
1s highly homologous to CD44 (Lee et al., 1993; Wisniewski ct al., 1996; Bardos ct al., 2001).
Proinflammatory cytokines such as TNFo and IL-1 can rapidly induce expression of TSG-6 in

vitro (Lee et al., 1993). Consistently, TSG-6 expression is up-regulated in the inflamed tissues
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such as arthritic joint (Bardos et al., 2001). TSG-6 forms a stable complex with inter-a-inhibitor
(Ial) that has a serine protease inhibitory activity (Wisniewski et al., 1996). The protease
inhibitory activity of lal is elevated more than 100-fold after making the TSG-6/lal complex,
which then blocks serine proteases involved in the plasmin/plasminogen activation. Recombinant
TSG-6 protein exhibits a potent anti-inflammatory effect in murine models of inflammation or
experimental arthritis (Wisniewski et al., 1996; Bardos et al., 2001). Of note, the plasmin system is
tightly linked with activation of matrix metalloprotease (MMP)-9 (Bardos et al., 2001 Legrand et
al., 2001), and IFN{ treatment reduces MMP-9 and MMP-7 mRNA expression in PMBC of
RRMS patients (Yong et al., 1998; Galboiz et al., 2001). Therefore, the possibliity exists that
IFNP suppresses the disease activity of MS by up-regulating TSG-6 levels in non-T cells such as
macrophages/microglia, leading to the blockade of the protease cascade involved in progression of
inflammatory demyelination. Another interesting gene is IFI17, which encodes a membrane
protein implicated in the control of cell growth (Deblandre et al., 1995) Although it remains an
open question if the function of autoimmune T cells is significantly modulated by IFI17, this

might somehow contribute to the anti-proliferative effects mediated by IFNP.

4.2. Down-regulation of known IRGs possibly accounting for the effect of IFN-$

The present observations suggest that down-regulation of monokine induced by IFNy (MIG;
No.17) in the T cell samples might have significant implications. MIG encodes a chemokine of the
CXC subfamily produced chiefly by monocytes/macrophages, acting as a chemoattractant for
memory T cells by interacting with a receptor CXCR3 exclusively expressed on activated T cells
(Liao et al., 1995). Notably, MIG and the receptor CXCR3 are over-expressed on macrophages, T
cells and reactive astrocytes in active demyelinating lesions of MS (Simpson et al., 2000). These
results suggest that down-regulation of MIG by IFNP would lead to amenolation of the
inflammatory process in MS.

Down-regulation of SLC7AI in the T cell samples may be also relevant. SLC7A1 encodes a
68-kDa membrane cationic amino acid transporter termed CAT-1, homologous to the murine
ecotropic retroviral receptor (Yoshimoto et al., 1991). Up-regulated expression of CAT-1 in rat
cardiac myocytes by exposure to IFNy increases uptake of L-arginine and sumulates production
of nitric oxide (NO) (Simmons et al., 1996), whose involvement in inflammatory demyelination

been suggested (Liu et al.,2001). On the other hand, IFNP inhibits IFNy-induced expression of
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the inducible NO synthase (iNOS) in cultured human astrocytes (Hua et al., 1998). Ii’ CAT-1
regulates NO production in human T cells, reduced expression of CAT-1 might represent a
mechanism for [FNB-mediated down-regulanon of NO production in inflammatory

demyelinating lesions of MS.
4.3. Down-regulation of newly identified IRGs possibly accounting for the effect of IFN-8

Down-regulation of 1L-3, AKAP4 or GNAI13 needs further evaluation with regard to the
therapeutic effects of IFN on MS. Overexpression of 1L-3 in astrocytes induces multifocal
demyelination, accompanied with accumulation of activated macrophages/microglia, suggesting a
role of IL-3 as a mediator of inflammatory demyelination (Chiang et al., 1996). These
observations, together with our own, suggest that IL-3 could provide a promising target for
therapeutic intervention in MS.

AKAP4 encodes a 82-kDa phosphoglycoprotein expressed exclusively in sperm. This
molecule is suggested to regulate sperm motility by anchoring protein kinase A 1o the sperm
fibrous sheath (Mohapatra et al., 1998). It remains unknown whether AKAP4 1s also involved in
the control of T cell moulity. It is worthy to note that the male transgenic mice overexpressing
IFNB gene are sterile because of degeneration of sperm cells (Iwakura et al., 1988). These
observations suggest that IFNf acis as a regulator of sperm function during spermatogenesis and
raise the question as to if IFN therapy may induce male infertility.

GNA13 encodes a component of G-protein a subunit (Ga ;). Go,;-deficient mice are lethal
durtng embryogenesis because of defectine angiogenesis (Offermanns et al., 1997). The
fibroblasts 1solated from these muce show an impaired migratory response to thrombin,
suggesting a functional role of Ga, ; in cellular movement to specific ligands. These observations

raise the possibility that Ga, , is involved in transmigration of activated T cells across the BBB.
4.4. Cytokine and chemokine gene expression

The cytokine gene expression profile showed a trend for down-regulation of both 1L-4 and
IL-10 genes, and concomitant upregulation of [FNy, TNFa and CCRS genes in specific

lymphocyte fractions after IFNf treatment, suggesting a partially Thl-shifted profilc in the

IFN[-treated patients. Consistent with our observations, a previous study showed a transient

inlel



BEESLRISER Microarray analysis identifies IFNB-regulated genes in MS ($2faH)

increase in numbers of IFNy-secreting PBMC in MS patients during the {irst two months ol
IFNP treatment (Dayal et al., 1995). The expression of CCRS5 genc 1s elevated 1n unfractionated
lymphocytes of MS patients receiving IFN (Wandinger et al., 2001). A microarray analysis
identified up-regulation of IFNy, MIG, TAP1 and CCRS genes in purifted human Thl cells
(Rogge et al., 2000). All of these obsenations suggest that IFNf3 might reset an immunological
imbalance between T cells and non-T celis of MS patients via more complex mechanisms than a
simple Th2-shifted 1mmune response. It does not necessanly contradict the previous
documentation that MBP-reactive autoimmune T cell lines selected from the IFNf}-treated patients
are Th2 biased. However, our results would indicate that primary targets of IFNp are a battery of

the genes with the specific machinery for responding to IFNs.

In summary, we found that less than 2% of the examined genes (21 out of 1263 genes)
showed a stausucally significant change in expression in the T or non-T samples obtained from
IFNB-treated MS patients and that the IRGs are dominated by the genes with IFN responsive
promoter element. Some of these changes is relevant for understanding the therapeutic effects or
possible side effects of I[FNB treatment. It remains to be further investigated whether the IRGs
provide a clinically useful marker to monitor and predict the effectiveness of IFNf in MS

patients.
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Figure Legends

Fig. 1. Gene expression profile of IFNB-regulated genes whose expression is
significantly changed in T cell and non-T cell fractions of MS patients during a 6
month-treatment with IFNf. By using a cDNA microarray containing 2,881 genes, the gene
expression profile was studied in both CD3" T cell fraction and CD3 non-T cell fraction isolated
from 13 patients with RRMS, before starting [FNf treatment designated Pre, at 3 months and at 6
months after the treatment. The results expressed as box and whisker plots represent the following
genes: (a) IFN regulatory factor 7A (IRF7) in T cells, (b) IFN-induced 15-kDa protein (ISG15) in
non-T cells, (¢) IFNa-inducible cDNA 6-16 (IF16-16) in T cells, (d) TGFp-stimulated protein
(TSC22) in non-T cells, (e) toll-like receptor 5 (TLRS) in T cells, (f) sulfotransterase family 1C
member 1 (SULT1CI1} in non-T cells, (g) monokine induced by [FNy (MIG) in T cells, and (h)
interleukin-3 (IL-3) in T cells. The longitudinal axis indicates the gene expression level (GEL) as
described in the Methods section. The p value of the gene regulation index (GRI) for individual
genes is listed in Table 1.

Fig. 2. Northern blot analysis of IRF7, ISG15, and IF16-16 mRNA expression in
peripheral blood mononuclear cells exposed to IFNB or IFNy. Unfractionated PBMC
isolated from a healthy subject were incubated for 4 to 24 hours in the culture medium
supplemented with 100 ng/ml of IFNf, IFNy, or both, and then processed for RNA preparation.
Four ug of total RNA was separated on a 1.5% agarose-6% formaldehyde gel and transferred
onto a nylon membrane. The membranes were hybridized with the DIG-labeled DNA probe
specific for IRF7 (panel a), and rehybridized with the probe specific for ISG15 (panel b) or the
probe specific for IF16-16 (panel c). The ethidium bromide staining of the corresponding gel is
shown in the panel d. The lanes (1-8) represent the following; the cells (1) untreated for 4 hours,
treated with (2) IFNf for 4 hours, (3) IFNy for 4 hours, (4) IFNP plus IFNy for 4 hours, (5)
untreated for 24 hours, treated with (6) IFN for 24 hours, (7) IFNy for 24 hours, and (8) [FNf
plus IFNy for 24 hours.
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Table 1

The genes regulated by IFN B in T cells and non-T cells of MS patients

" [FN- Induction
Genbank Average of the gene regulation index (GRI) a1 3 .
No Gene Entrez defition accession Cell months (3 me; p value} ar § months {5 mo, p value) Tespansive  prefesentially Presumned function
aurmber fcoons Pre promoter  bytypelor
tlements  type HIFN
The upregulated genes
. . a transcription factor that regulaies the
1 IR¥ TFN regulatary factor TA Us383 T +4.7 (3 mo; 1.69E.05), +3.6 {6 mo; 2.03E-06) +) typel amsonpen |
non-T +3.9 (3mo; 2.63E-06)
2 ISG15  [FN-induced 15kDaprotein  M13755 T +4.3 (3 mo0, 206E-06) ) type 1> type IT z;:;_eutgwwmm omologous 1o
non-T +6 3 (3mo; 1.12E-11), +2.9 (6 mo; 3.09E-04)
1 IFI% IFN-induced 56-kDa protein~ X03557 T +4,5(3mo; 1.92B-05), +3.8 (6 mo; 1 205.04) ) peLiypell 2 '-‘F“i’gnl“m"’ protein of unknown
non T +73(3mo, 3,63E0T, 48,1 (6 mo; 387E-05)
4 IFI616  IFNoonducble cDNA 616 X02492 T +51(3mo, L9SEQS), 43.5 (6 mo; T.6SE0T) Q) type | a protein of unksown fmction
non-T +55(3 mo, 3.09E-06), 44.5 (6 mo; 7.27E-05)
5 IFI60 IFN-induced protein 60 AFOS34C T +43(6mo, 414E0T) o) type | 1 protemn of unknown function
a lysoscmal Thud reductase involved in
6 IFI3 [FNy-inducible protein 30 103909 T +1 5(3mo, 5.92E-02#) ND typel<type 1 class [T MHC - 1estricted antigen
preseqtation
. . - | . a nuclear merntsane protein of
7 vt [FNa-inducible protein 27 X67325 non T +5.4(3mo; 5.55E-15), +7.0 (6 mo; 4.34E-09) ND type 1 DKE Fnton
. " i , a mepabrane protemn involved n
s IFI17 IFN-induced protein 17 104164 non-T +2.3 (3mo; 3.84E-04) ) type I >1ype Il inhibiticn of rell growth
5 an ATP-binding cassette trRnsporter
> TAp1  ATPbindugassene X57522 T +2.5(3mo, 273E 04) ) typeLtypell  invalved in ciass | MHC-restricted
transporte antigen presemation
a secretory proten boamologous to
10 TNFAIPS TNFo-induced proten 6 M31165 non-T  +3.4 (3 mo; 245E-04) ) NI CD44 presentuig with an anti-
inflammatory activity
TGFp-stimulated protein . . a transcription factor that tegulates the
11 TSC22 TSC-22 U35048 non T +2.7 (3 mo; 1 92E-03), +2.6 (6 mo; 6.86E-04) ND type II Crtype matruretic de gene
12 ATF3 ;ctwanng ransenpion factor | 1ggn T +2.4 (3 mo; 5.T7E-04) ND type I :ﬂ ATF/CREE tamily of transcription
o1
a teceptar for bactena) flagellin
13 TLRS toli-like receptor 5 183331 T +2.6 (6o, 4.13E-03) ND ND siglal?ng through activation of NF- kB
14 SULTIC) SUfomsskrese AmilyIC yesazs nonT 428 (3mo; D.34E-06), 42.4 (6 mao; 202E-04) ND ND 2 cytoplastnue sulfotransfecase
RPCY 39-kIDa RNApalymerase [T1- : a subunut of KMNA palymerase TII
13 specific suhlm:Ptm L3865 nonT 34 (3mo, 1L4E05) ND ND invetved in transcriptional initiation
2 member of RAS family small GTP-
16 RABIIA  ras family member Rabila AFDO0231 non-T +2.4 (3 mo; 1.89E-04) ND ND binding proteuwn wvolved in membrane
trafficking
The downregulated genes
1 member ot CXC family chemokine.
17 MIG monckine induced by IFN v X72755 T -23 (6 me;, 8.48E-07) ] type i presenting with a T-cell
chemoatiractars activity
N . 1 cationic anun acki ransporter
18 BLCTA1  Soluse carmier family 7 NM 003045 T -3.2{6 mo; 1.55E-04) ND type It homeiogaus to the mouse ecotropic
member 1 .
Tetroviral receptor
19 IL-3 interleukin-3 M17115 T -1.9 {6 mo; 1.75E-04) ND ND a multi-colony stimulating factar
noa-T 2.1 {6 mo, 1L25E-05)
protein kinase A-anchor § . 0%, . . a testis-specific proten wvolved m
26 AKAP4 protein 4 NM_003886 T 6 0 (3 mo, 2.07E-05), -5.3 (6 mo; 1.36E-05) ND ND s motility
" - a G-protein «x subunit involved in
21 GNAL 5;‘:;‘;“‘3‘;‘;‘”“"""““’"‘8 L2075 T 6.5 {3 o; 1.06E-06), -6.5 (6 mo, 1.09E-08) ND ND tegulation of exll movement and

developmental angjogenests

The genes whose mRNA expression levels changed significantly i T cells or non-T cells of MS patients after IFN
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B treatment are listed. ND; not descnbed previously
The p value of GRI (the sumberE-x) represents the number X 10-x #The p value of logGRI for IF130 at 3 mo is 1.34E-04.
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BEDRREHICEERAEEZR-TEHER alternate days)BASSHEI(Pre) - &5 3 THG
XN B IFN & B 7B (FN-responsive  mo) * 6 J A (6 mo)RFIZ K1 % HEL L |

genes; IRG)ZFET S8, IFNBIE#EAI%E  Ficoll-Paque T Y 2 /X IR (peripheral blood
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