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Glatiramer acetate induces pro-apoptotic
mechanisms involving Bcl-2, Bax and
Cyt-c in peripheral lymphocytes from
multiple sclerosis patients

Abstract Apoptotic deletion of
autoreactive T-cells is defective in
patients with multiple sclerosis
(MS). Glatiramer acetate (GA)
treatment seems to restore apopto-
sis of detrimental T-cells. We ana-
lyzed the mitochondria membrane
pro- (Bax) and anti-apoptotic (Bcl-
2) and cytosolic pro-apoptotic
(Cyt-c, APAF-1) proteins expres-
sion in peripheral lymphocytes
from relapsing-remitting (RR) MS
patients during GA treatment.
Blood samples were collected from
8 healthy controls (HCs) and from
8 RR MS patients prior to and
every three months during the 9
months of GA treatment. Periph-
eral blood mononuclear cells
(PBMNCs) Bcl-2, Bax, Cyt-c and
APAF-1 were quantified by western
blot followed by densitometric
scanning and Bax/Bcl-2, cytosolic
Cyt-c/Bcl-2 and APAF-1/Bcl-2 ra-

tion by a respirometric analysis.
Bax/Bcl-2, cytosolic Cyt-c/Bcl-2
and APAF-1/Bcl-2 ratios in un-
treated MS patients were signifi-
cantly (p <0.05) lower than in HCs.
Bax/Bcl-2 ratio increased (p =0.03)
and Cyt-c/Bcl-2 ratio showed a
trend to increase during the 9
months of GA treatment in MS pa-
tients. A reduction of 58 % and

59 % in oxygen consumption by
PBMNCs was evident after GA
treatment in vitro or when GA
treated patients’ cells were com-
pared with those from HCs, respec-
tively. Our findings suggest that GA
exerts a regulatory effect on pe-
ripheral T lymphocytes through
pro-apoptosis mechanisms involv-
ing mitochondria and cytosolic
proteins.
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trast, the stimulus of death activates a cascade of events
that orchestrate the cell destruction. The process of
apoptosis is basically mediated by receptor-induced
death mechanisms, which include the surface receptor
Fas (CD95) and other members of the tumor necrosis
factor receptor family [14], and mitochondria-mediated
mechanisms, which include the family of Bcl-2 proteins,
cytocrome-c (Cyt-c) and apoptotic protease-activating
factor-1 (APAF-1) [5]. The Bcl-2 family comprises the
eponymous Bcl-2 protein, which has anti-apoptotic ac-

There is emerging evidence that apoptotic deletion of
autoreactive lymphocytes is defective in multiple scle-
rosis (MS) patients and this defect permits these cells to
perpetuate a continuous cycle of inflammation within
the Central Nervous System (CNS) [15, 25].

Cell death occurs by necrosis or apoptosis. These two
mechanisms have distinct histological and biochemical
signatures. In necrosis, the stimulus of death is itself of-
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tivity in a variety of cell types including lymphocytes,
and the Bax protein, which has pro-apoptotic properties
[9].

Unlike necrosis, which is a pathologic process, apop-
tosis is part of normal development and tissue home-
ostasis, including that of the immune system, since it
regulates the balance between susceptibility and resist-
ance of activated T lymphocytes to cell death [7, 12].
However, the apoptotic process may result altered in a
variety of diseases.

Although the cause of this lymphocyte resistance to
cell death in MS is not fully understood, it does appear
to involve apoptotic defects at multiple cellular levels:
increased serum levels of soluble CD95 [26], known to
inhibit CD95-induced apoptosis, and heightened ex-
pression of intracellular apoptosis-protective molecules
such as inhibitors of the apoptosis (IAP) family, FLIP
(Fas-associated domain-like interleukin-1beta-convert-
ing enzyme inhibitory protein) and Bcl-X; [16-18].

Based on these findings, it is likely that the induction
of peripheral immune cell apoptosis may represent a
therapeutic target in MS.

Interferon Beta (IFNB) is able to enhance lympho-
cyte apoptosis [4, 6, 19], by upregulating the expression
of the death receptor Fas on antigen-specific T lympho-
cytes [25] and downregulating the anti-apoptotic FLIP
[19] and IAP proteins [21] in T cells. Moreover IFNB
may well regulate anti-apoptotic Bcl-2 expression,
though results from different reports are still discordant
[4,19,23].

Glatiramer acetate (GA) has also been shown to mod-
ulate in vitro apoptosis susceptibility of T-helper lym-
phocytes [1] and to induce [13] a significant enhance-
ment of the apoptosis rate in CD4+ T cells. However, the
GA effects on the different mechanisms of apoptosis had
never been investigated until the present work.

In this study we analyzed the mitochondria mem-
brane pro- (Bax) and anti-apoptotic (Bcl-2) and cytoso-
lic pro-apoptotic (Cyt-c, APAF-1) proteins expression in
peripheral lymphocytes from RR MS patients during 9
months of GA treatment.

Methods

Patients and controls

Eight patients with RR MS [10] (Table 1) were enrolled into the study.
Patients had to be without any immunomodulatory treatment at least
6 months prior to study entry. For each patient, blood samples were
obtained at baseline (untreated) and every three months during GA
(Copaxone® - Aventis) treatment (20 mg s. c./day) for a period of 9
months. At these times all patients also underwent complete neuro-
logical examinations with EDSS evaluation. None of the patients re-
lapsed at any time during the study period. Written informed consent
was obtained from each individual before the start of the study.

Blood samples were also collected from 8 sex and age matched
healthy controls (HCs) (Table 1).

Table1 Demographic and clinical characteristics of MS patients on start of treat-
ment and HCs

MS (no. 8) HCs (no. 8)
Age (years) 39.4+5.5 35.12+83
Gender ratio (M/F) 3/5 4/4
Disease duration (years) 7.9+5.7 /
EDSS score 28+13 /

Cell preparation

Peripheral blood mononuclear cells (PBMNCs) were isolated from
K3-EDTA blood by centrifugation on a Ficoll-Hypaque density gra-
dient (density: 1.077 g/ml; Pharmacia Biotech, UK), washed twice and
resuspended in culture medium (RPMI-1640 with 10 % FCS; GIBCO,
Karlsruhe, Germany).

Digitonin was used to obtain membranes and cytosol after incu-
bation in ice and centrifugation at 10000 rpm for 10 minutes. These
samples were then frozen at -80°C until protein dosage with Bradford
method.

To concentrate proteins, samples were incubated in ice, with 12 %
TCA (Trychloracetic acid) for 10 minutes and then centrifuged at
13000 g. Pellets were resuspended in reducing Laemli buffer and put
in boiling water. Cellular lysates equivalents of 30 pg of protein were
loaded on a 12 % SDS-PAGE. After run, cellular contents of Bax, Bcl-2,
cytosolic Cyt-c and APAF-1 were analysed in T-cell lysates by West-
ern-blotting.

Western blot analysis

After run, gels were equilibrated in transfer buffer (Methanol, Tris,
Glycine, ph 8.5) for 30 minutes and electroblotted onto nitrocellulose
membrane for 30 minutes.

After blotting, nitrocellulose membranes were transferred in
TTBS (Nacl, Tris, Tween 20, ph 7.4) and incubated overnight with spe-
cific antibodies against Bax, Bcl-2, cytosolic Cyt-c and APAF-1 diluted
1:500. Following washing in TTBS, membranes were incubated with
secondary antibody anti-rabbit HRP (Horse Radish Peroxidase)-con-
jugated diluted 1:2000 for 4 hours.

Immunoreactive bands were detected by ECL (Enhanced Chemi-
luminescence Reagent) and apparent molecular weights (MWs) were
assigned to the specific bands using pre-stained standards MW's (Bio-
Rad). Finally, bands were quantified by a computerized densitometer
(BIORAD System).

We then normalized the pro-apoptotic protein activities by re-
porting their ratios with the anti-apoptotic Bcl-2, and then calculated
Bax/Bcl-2, cytosolic Cyt-c/Bcl-2 and APAF-1/Bcl-2 ratios.

Respirometry

Cells assayed for oxygen utilization were collected by centrifugation
at 2000 rpm and pellets resuspended in 0.2ml of the same culture
medium. Oxygen utilization was measured in 650 ml of air-saturated
culture medium at 37 °C with constant mixing using an oxygen-
sensitive electrode and dual oxygen electrode amplifier (INSTECH
Model 203). The rate of oxygen uptake driven by endogenous cellular
substrates was recorded for 5 minutes. In order to test the effect of GA
on oxygen consumption, non toxic concentrations of GA (50 ng/ml)
were added for 24 hours to cultured PBMNCs from 5 consecutive MS
patients. Moreover, GA treated patients’ cells (3 MS) were compared
with those from HCs (3 HCs).



Statistical analysis

Differences in Bcl-2, Bax, cytosolic Cyt-c and APAF-1 protein expres-
sions and in Bax/Bcl-2, cytosolic Cyt-c/Bcl-2 and APAF-1/Bcl-2 ratios
between MS patients and HC were evaluated using the non-paramet-
ric Mann-Whitney test. Changes in protein expression, in ratios and
in EDSS score in MS patients during treatment were evaluated using
the non-parametric Friedman test followed by Dunn’s post-hoc test.

Results

At baseline, Bcl-2 and APAF-1 protein expressions were
similar between untreated MS patients and HCs. Bax
and Cyt-c protein expressions were significantly lower
in untreated MS patients compared to HCs (Table 2).

Bcl-2 protein expression declined, Bax increased, cy-
tosolic Cyt-c showed a trend to increase whereas APAF-
1 expression did not change during GA treatment in MS
patients (Table2). In Fig. 1, an example of western blot
analysis for each protein in a single MS patient is re-
ported.

When examining pro-/anti-apoptotic proteins ratios,
we observed that Bax/Bcl-2, cytosolic Cyt-c/Bcl-2 and
APAF-1/Bcl-2 ratios in untreated MS patients were sig-
nificantly lower than those in HCs (Fig. 2).

Bax/Bcl-2 ratio increased during the 9 months of GA
treatment in MS patients (Fig. 3 and Table 2). But, at the
same time, the longitudinal analysis showed that cy-
tosolic Cyt-c/Bcl-2 and APAF-1/Bcl-2 ratios did not sig-
nificantly change during GA time course, even though
an increase after nine months for the former and after
three months for the latter was evident (Table 2).

The EDSS score did not change during the time of
treatment.

To validate the in vivo effects of GA therapy on Bcl-2,
Bax, cytosolic Cyt-c and APAF-1 proteins, we analysed,
in vitro, by a respirometric analysis, the oxygen con-
sumption in 24 hours cultured, without and with the ad-

Fig.2 Bax/Bcl-2, cytosolic Cyt-c/Bcl-2 and APAF-
1/Bcl-2 ratios (median, quartiles and extremes) in HCs
and MS patients at baseline
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Fig.1 WesternBlotanalysis of Bcl-2 (A), Bax (B), APAF-1(C) and cytosolic Cyt-c (D)
in one representative MS patient during 9 months of GA treatment and one HC.
Lane E shows the mitochondria membrane Cyt-c protein expression in the time
course

dition of GA, in PBMNCs from 5 consecutive MS pa-
tients (Fig.4A). A reduction of 58% in oxygen con-
sumption was observed in cells cultured in presence of
GA. Moreover, a respirometric analysis was investigated
in PBMNCs from 3 GA treated patients and 3 HCs
(Fig.4B). A similar reduction (59%) in oxygen con-
sumption was observed in GA treated patients cells
compared to those from HCs. A higher degree of oxygen
consumption in untreated MS (black line in Fig.4A)
compared with that of HCs (black line in Fig.4B) was
also evident.
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Table2 Median and range of Bcl-2, Bax, APAF-1, cy-

tosolic Cyt-c proteins and Bax/Bcl-2, cytosolic Cyt- protein/ratio  *HCs Baseline 39month  6"month 9™ month Friedman test
¢/Bcl-2 and APAF-1/Bcl-2 ratios in HCs and MS pa- P
tients at baseline and during 9 months of GA
Bcl-2
treatment )
median 589 48 14 26 235 0.006**
range 55.2-61.5 21-102 6-32 6-39 8-66
Bax
median 80.15 19 12 39 48 0.02%*
range 74.1-97.5 11-92 5-80 11-115 29-122
Cyt-c
median 69.1 17 1 235 53 0.07
range 62.1-71 0-22 6-31 15-25 46-76
APAF-1
median 102.6 43 40 46 40 0.6
range 99.8-110.1  28-118 20-43 27-110 22-44
Bax/Bcl-2
median 1.36 0.63 2.45 1.64 2.21 0.03**
range 1.26-1.63 0.22-1.44 0.84-8.90 1.03-6.40 1.47-8.13
Cyt-c/Bdl-2
median 1.19 0.11 1.06 1.1 4.45 0.1
range 1.01-1.22 0-0.22 1-1.11 0.92-1.28 3.83-5.07
APAF-1/Bcl-2
median 1.75 1.09 4.2 1.53 1.83 0.1
range 1.66-1.9 0.44-1.23 2.22-6.33 1.50-1.77 1.22-2.93
* Mann-Whitney test, HCs vs. MS at baseline for:
Bcl-2p =0.3; Bax p = 0.01; Cyt-cp = 0.01; APAF-1p = 0.1; Bax/Bcl-2 p = 0.04; Cyt-¢/Bcl-2 p = 0.02; APAF-1/Bcl-
2p=0.02
** Dunn'’s post-hoc test for:
Bcl-2 baseline vs. 3 month p < 0.01; Bax 34 vs. 9 month, p < 0.05; Bax/Bcl-2 n.s.
10 + an insufficient immunological control of these autoreac-
o tive T-cells [11, 27].
g [ We find lower Bax and cytosolic Cyt-c protein ex-

pressions and lower Bax/Bcl-2, cytosolic Cyt-c/Bcl-2 and
APAF-1/Bcl-2 ratios in untreated MS patients than in
6 1 HCs. This is consistent with previous reports showing
lower Bax/Bcl-2 ratio in MS compared to HCs [20] and
in active MS compared to stable MS and HCs [22].

This study is the first to investigate the effect of GA
treatment on the expression of proteins such as Bcl-2,
Bax, Cyt-c and APAF-1 which are involved in the alter-
native pathway of apoptosis, in MS patients. The analy-
sis of cytosol and mitochondria membranes from MS
PBMNCs shows a significant increase in Bax/Bcl-2 ratio
and a trend to increase of cytosolic Cyt-c protein (but
not of Cyt-c/Bcl-2 ratio) whereas APAF-1/Bcl-2 ratio
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Fig.3 Bax/Bcl-2 ratios (median, quartiles and extremes) in MS patients during the

9 months of GA treatment does not significantly change during GA treatment. It is
stated that the formation of Bax dimers at the mito-
chondria membrane level is needed for the exit of Cyt-c

Discussion from mitochondria into the cytosol in order to induce

Autoreactive T lymphocytes are believed to mediate the
disease process in MS. These cells are eliminated by
apoptosis either in the periphery or in the CNS [25]. An
impaired regulation of apoptotic pathways may lead to

and to bind with APAF-1 in the apoptosome complex.
Although we are now still evaluating the mitochondria
membrane Cyt-c expression, Fig. 1 (lane E) shows a de-
crease during the treatment time of one patient. If this
tendency is confirmed in the other patients, it may sug-



Fig.4 Cellular oxygen consumption measurement. A
107 cells were resuspended in 620 pl of respiration
medium. CCCP (carbonyl-cyanide-m-chloro-phenyl-
hydrazione) was added to the cell cultures as a de-
coupling agent phosphorylation and respiration. Af-
ter 5 minutes of registration, Rotenone was added in
order to block respiration. Differences were observed
(R) between cells treated with GA (50 ng/ml; grey
line) and those untreated (black line) and (B) be-
tween cells from GA treated patients (grey line) and
those from HCs (black line)
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gest that GA induces upregulation of Bax and favours
the exit of Cyt-c.

In two reports [1,13] evidence of a modulation in pe-
ripheral T-cell apoptosis during treatment with GA has
been also provided. Aktas and colleagues [1] showed
that T-cells apoptosis, after in vitro stimulation with GA,
declined under the baseline and was equal in treated pa-
tients and controls. Hence the authors demonstrate a
general involvement of GA in the compensation of al-
tered apoptosis in T helper cells. More recently, Rieks
etal. [13] showed a GA-induced apoptosis of CD4+ T
cells together with an increase in activated and IL-4-pro-
ducing T cells. It is widely accepted that GA induces a
rather protective Th2-biased cytokine phenotype and a
depletion of Thl proinflammatory cells in MS patients.
Considering apoptosis as a tightly regulated biochemi-
cal process that depends on the ability of cells to self-de-
struct by activation of an intrinsic suicide program and
as a mechanism for the homeostasis of the immune sys-
tem [8, 24], GA therapy may foster the elimination of
detrimental T-cells since it restores a correct balance in
the process of apoptosis.

The more evident oxygen consumption in untreated
MS than in HCs seems to confirm the Bax/Bcl-2 ratio
data between the two groups. Moreover, the in vivo evi-
dence of a GA-linked improvement in the pro-apoptotic
Bax/Bcl-2 ratio in MS PBMNCs seems to be also con-
firmed in vitro since, in presence of GA or in GA treated
patients, the oxygen consumption by PBMNCs clearly
decreases as a consequence of the increased rate of cell
death.

We report that the increased expression of pro-apop-
totic Bax/Bcl-2 ratio in MS PBMNCs occurs early on (af-
ter 3 months of treatment) and remains for the rest of
the GA studied time course. This seems to be discordant
with a previous report [13] showing a certain delay (24
to 30 weeks) in the CD4+ apoptosis induction after the
beginning of GA treatment but also with previously
published studies showing that the beneficial effect of
GA as detected by clinical and MRI requires several

TIME (min)

v

TIME (min)

months to develop [2,3]. This apparent discrepancy may
be explained because we investigated the effects of the
treatment on the single proteins, effects that may occur
early on, rather than the whole apoptotic phenomenon
and the clinical and MRI manifestations.

We have examined Bcl-2, Bax, cytosolic Cyt-c and
APAF-1 proteins expression in unfractioned lympho-
cytes. Examination of isolated T-cell subsets and B-cells,
however, may provide information on cell death as re-
sultant of interactions amongst different cell popula-
tions. It could be of interest to investigate whether GA
therapy differentially modulates anti- and pro-apop-
totic protein expression in different T-cell subsets and B-
cells separately. Indeed, as far as T-cells are concerned,
apoptosis in pro-inflammatory Th-1, including those
specific reactive to myelin antigens, may be induced dif-
ferently from regulatory T cells.

It is likely that the observed changes in the proteins
involved in the alternative pathway of apoptosis do not
represent a primary therapeutic mechanism of GA. Nev-
ertheless, these results provide new insights into the
therapeutic effects of GA and since these proteins cer-
tainly represent additional immunological variables in
MS, they could become possible targets of intervention
to modify MS pathology and the corresponding clinical
course. But, even if of interest, the present findings need
to be confirmed in further experiments and in a larger
number of patients.

Finally, we do not find any correlation between bio-
logical and clinical findings since the EDSS did not
change, nor were clinical relapses observed during the
follow-up study. It is clear that the clinical score is not
sensitive enough to be influenced by such biological
changes. Therefore, the correlations between these bio-
logical findings and conventional and non-conventional
MRI parameters of disease activity and progression may
be worth evaluating in future studies.

Acknowledgements The authors thank Mr. Brian Molloy for the re-
vision of the manuscript.



References

Aktas O, Ari N, Rieks M, Hoffmann V,
Schimrigk S, Przuntek H, Pohlau D
(2001) Multiple Sclerosis: modulation
of apoptosis susceptibility by glati-
ramer acetate. Acta Neurol Scand
104:266-270

Comi G, Filippi M, Wolinsky JS and the
European/Canadian Glatiramer
Acetate Study Group (2001) European/
Canadian multicenter, double-blind,
randomized, placebo-controlled study
of the effects of glatiramer acetate on
magnetic resonance imaging-mea-
sured disease activity and burden in
patients with relapsing multiple
sclerosis. Ann Neurol 49:290-297
Filippi M, Rovaris M, Rocca MA,
Sormani MP, Wolinsky JS, Comi G and
the European/Canadian Glatiramer
Acetate Study Group (2001) Glatiramer
acetate reduces the proportion of new
MS lesions evolving into “black holes”.
Neurology 57:731-733

Gniadek P, Aktas O, Wandinger KP,
Strobl JB, Wengert O, Weber A, von
Wussow P, Obert HJ, Zipp F (2003)
Systemic IFN-beta treatment induces
apoptosis of peripheral immune cells
in MS patients. ] Neuroimmunol
137:187-196

Green DR, Reed JC (1998). Mitochon-
dria and apoptosis. Science 281:
1309-1312

Kaser A, Deisenhammer F, Berger T,
Tilg H (1999) Interferon-beta 1b
augments activation-induced T-cell
death in multiple sclerosis patients.
Lancet 353:1413-1414

Krammer PH (2000) CD95’s deadly
mission in the immune system. Nature
407:789-795

Lenardo MJ, Chan FK, Hornung F,
McFarland HF, Siegel R, Wang J, Zheng
L (1999) Mature T lymphocyte apopto-
sis - Immune regulation in a dynamic
and unpredictable antigenic environ-
ment. Annu Rev Immunol 17:221-253
Martinou J-C, Green DR (2001) Break-
ing the mitochondrial barrier. Nat Rev
Mol Cell Biol 2:63-67

10.

11.

12.

13.

14.

15.

16.

17.

18.

McDonald W1, Compston A, Edan G,
Goodkin D, Hartung HP, Lublin FD,
McFarland HF, Paty DW, Polman CH,
Reingold SC, Sandberg-Wollheim M,
Sibley W, Thompson A, van den Noort
S, Weinshenker BY, Wolinsky JS (2001)
Recommended diagnostic criteria for
multiple sclerosis: guidelines from the
International Panel on the diagnosis of
multiple sclerosis. Ann Neurol 50:
121-127

Pender MP (1998) Genetically deter-
mined failure of activation-induced
apoptosis of autoreactive T cells as a
cause of multiple sclerosis. Lancet
351:978-981

Rathmell JC, Thompson CB (1999) The
central effectors of cell death in the
immune system. Annu Rev Immunol
17:781-828

Rieks M, Hoffmann V, Aktas O, Juschka
M, Spitzer I, Brune N, Schimrigk S,
Przuntek H, Pohlau D (2003) Induction
of apoptosis of CD4+ T cells by im-
munomodulatory therapy of Multiple
Sclerosis with Glatiramer Acetate. Eur
Neurol 50:200-206

Sabelko DKA, Russell JH, Cross AH
(1999) Role of Fas - FasL interactions
in the pathogenesis and regulation of
autoimmune demyelinating disease.

] Neuroimmunol 100:42-52

Segal BM, Cross AH (2000) Fas(t) track
to apoptosis in MS-TNF receptors may
suppress or potentiate CNS demyelina-
tion. Neurology 55:906-907

Sharief MK (2000) Increased cellular
expression of the caspase inhibitor
FLIP in intrathecal lymphocytes from
patients with multiple sclerosis. ] Neu-
roimmunol 111:203-209

Sharief MK, Semra YK (2001) Height-
ened expression of surviving in acti-
vated T lymphocytes from patients
with multiple sclerosis. ] Neuroim-
munol 119:358-364

Sharief MK, Semra YK (2001) Upregu-
lation of the inhibitor of apoptosis
proteins in activated T lymphocytes
from patients with multiple sclerosis.
Neuroimmunol 119:350-357

19.

21.

22.

23.

24.

25.

26.

27.

Sharief MK, Semra YK, Seidi OA,
Zoukos Y (2001) Interferon-beta ther-
apy downregulates the anti-apoptosis
protein FLIP in T cells from patients
with multiple sclerosis. ] Neuroim-
munol 120:199-207

Sharief MK, Douglas M, Noori MA,
Semra YK (2002) The expression of
pro- and anti-apoptosis Bcl-2 family
proteins in lymphocytes from patients
with multiple sclerosis. ] Neuroim-
munol 125:155-162

Sharief MK, Noori MA, Zoukos Y
(2002) Reduced expression of the in-
hibitor of apoptosis proteins in T cells
from patients with multiple sclerosis
following interferon-f3 therapy. ] Neu-
roimmunol 129:224-231

Sharief MK, Matthews H, Noori MA
(2003) Expression ratios of the Bcl-2
family proteins and disease activity in
multiple sclerosis. ] Neuroimmunol
134:158-165

Spets H, Georgii-Hemming P, Siljason
J, Nilsson K, Jemberg-Wiklund H
(1998) Fas/APO-1 (CD95)-mediated
apoptosis is activated by interferon-
gamma and interferon-alpha in inter-
leukin-6 (IL-6)-dependent and IL-6-
independent multiple myeloma cell
lines. Blood 92:2914-2923

Van Parijs L, Abbas AK (1998) Home-
ostasis and self-tolerance in the im-
mune system: turning lymphocytes
off. Science 280:243-248

Zipp F (2000) Apoptosis in multiple
sclerosis. Cell Tissue Res 301:163-171
Zipp F, Otzelberger K, Dichgans ], Mar-
tin R, Weller M (1998) Serum CD95 of
relapsing remitting multiple sclerosis
patients protects from CD95-mediated
apoptosis. ] Neuroimmunol 86:
151-154

Zipp E, Krammer PH, Weller M (1999)
Immune (dys)regulation in multiple
sclerosis: role of the CD95/CD95
ligand system. Immunol Today 20:
550-554



