Fas-mediated apoptosis in clinical remissions
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PLP139-51-induced experimental autoimmune encephalomyelitis (R-EAE) displays a relapsing-remit-
ting paralytic course in female SJL mice. We investigated the role of apoptosis/activation-induced cell
death (AICD) in the spontaneous recovery from acute disease. Clinical EAE was significantly enhanced
in Fas (CD95/APO-1)-deficient SJL Ipr/lpr mice, which displayed significantly increased mean peak clin-
ical scores, reduced remission rates, and increased mortality when compared with their SJL +/Ipr litter-
mates. PLP139-151-specific proliferative responses were fairly equivalent in the 2 groups, but draining
lymph node T cells from SJL lpr/lpr mice produced dramatically increased levels of IFN-y. Central nerv-
ous system (CNS) Fas and FasL mRNA levels in wild-type SJL (H-2*) mice peaked just before spontaneous
disease remission and gradually declined as disease remitted. We applied the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay to detect apoptosis in situ in spinal cords
of mice atvarious clinical stages of EAE. Most TUNEL' cells were found during active periods of inflam-
mation: the acute, peak, and relapse time points. Significantly fewer apoptotic cells were observed at pre-
clinical and remission time points. Collectively, these findings indicate that Fas-mediated
apoptosis/AICD plays a major role in the spontaneous remission after the initial acute inflammatory

episode and represents an important intrinsic mechanism in regulation of autoimmune responses.

J. Clin. Invest. 105:223-231 (2000).

Introduction

Experimental autoimmune encephalomyelitis (EAE) is
a CD4* Thl cell-mediated inflammatory, demyelinat-
ing disease of the central nervous system (CNS) that
can be induced by immunization of susceptible female
SJL mice with PLP139-151, the immunodominant epi-
tope on the proteolipid protein (1). This leads to a char-
acteristic relapsing and remitting paralytic disease (2).
Histological examination of the CNS reveals the pres-
ence of both a rich inflammatory mononuclear cell
infiltrate and demyelination resulting from bystander
activation of resident microglia and recruited, infil-
trating monocytes/macrophages (3, 4). Disease pro-
gression is associated with the process of epitope
spreading, wherein T cells primed to endogenous
myelin epitopes are primarily responsible for mediat-
ing clinical relapses (5, 6). Based on the shared similar-
ities in the disease course and histology, EAE has been
used extensively as an animal model for the human dis-
ease multiple sclerosis (MS).

Although many of the salient features of the proin-
flammatory events of this autoimmune model have been
elucidated, the exact mechanisms of disease remission
remain poorly understood. A number of potential, non-
mutually exclusive, mechanisms exist that may con-
tribute to disease remission. A “cytokine switch” from a

proinflammatory Th1 to an anti-inflammatory Th2 envi-
ronment in the CNS has been postulated to immediate-
ly precede or coincide with remission from the acute clin-
ical episode of disease. A large body of evidence from a
number of laboratories (7-16), including ours (17), has
shown cyclical expression of mRNA in the CNS encoding
Th1 and Th2 cytokines during relapsing-remitting dis-
ease. Although it has been hypothesized that Th2
cytokines may play important roles in the downregula-
tion of EAE, studies examining the potential regulatory
role of Th2 cytokines have not always proved convincing
(reviewed in ref. 18). Conflicting results on the protective
roles of anti-inflammatory cytokines in EAE have been
observed using mice carrying targeted deletion of various
Th2 cytokines, transgenic mice overexpressing Th2
cytokines, and mice treated with recombinant Th2
cytokines (19-21). Although immune deviation may con-
tribute to the intrinsic regulation of EAE, the process is
likely to be tightly regulated and extremely complex.
Other experiments have described the existence of
immunoregulatory cells that are able to directly or indi-
rectly downregulate disease-initiating Th1 effector cells.
Recovery from disease in acute, self-limiting EAE in Lewis
rats and PL/J mice depends on the presence of regulato-
ry T cells that are apparently able to downregulate ongo-
ing inflammatory autoimmune response (22, 23). Such
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cells have been reported to be specific for either the dis-
ease-initiating antigen or for T-cell receptor (TCR) detet-
minants expressed on the autoreactive Th1 effector cells
(24-26). These regulatory cells may simply be Th2 in
nature, as it has been shown that CD4* regulatory T cells
from Lewis rats recovered from acute EAE produce TGF-
B to inhibit IFN-yand TNF/lymphotoxin (TNF/LT) pro-
duction (27, 28). However, Th2-like cells are not always
efficient in regulating the effector activity of differentiat-
ed autoimmune Th1 effector cells and may even be capa-
ble of causing CNS pathology (29, 30).

An additional possibility to explain remission in R-EAE
is the apoptosis/activation-induced cell death (AICD) of
inflammatory CD4* Th1 cells specific for the disease-
inducing epitope. There are multiple pathways that can
lead to the activation of a death signal. Many of these
pathways involve the participation and activation of evo-
lutionarily conserved genes. One such gene, fas, encodes
for the Fas receptor protein. Fas (CD95/APO-1) is a mem-
ber of the TNF receptor superfamily of type 1 membrane
proteins, with other family members including the low-
affinity nerve growth factor (NGF) receptor, CD27,
CD30, CD40, and the p55 and p75 components of the
TNEF receptor (31). Fas is expressed on activated T cells,
microglia, oligodendrocytes, and astrocytes (32-33).
Studies using Fas-deficient [pr mice have indicated a role
for Fas in peripheral T-cell tolerance/deletion (36-38).
Interestingly, apoptotic elimination of encephalitogenic
T cells has also been associated with recovery from EAE
in the acute Lewis rat model of disease (39, 40). On the
basis of these observations, we sought to investigate
whether Fas-mediated apoptosis played any role in dis-
ease remission in PLP139-151-induced R-EAE in the SJL
mouse. Our results clearly indicate that Fas-mediated
apoptosis/AICD represents an important intrinsic mech-
anism for regulation of ongoing autoimmune responses.

Methods

Antigens and mice. Six- to 7-week-old female SJL (H-2°)
mice were purchased from Harlan Laboratories (Indi-
anapolis, Indiana, USA) and used at 8-10 weeks of age.
SJL Ipr/Ipr mice were generated in the animal facility of
Alexion Pharmaceuticals (New Haven, Connecticut,
USA), with the MRL Ilpr/lpr mutation having been
backcrossed onto the SJL background for 4 genera-
tions. These mice have been shown to develop a nor-
mal acute phase of PLP139-151-induced R-EAE (41).
A breeding colony was established and maintained in
the Center for Experimental Animal Research at
Northwestern University (Chicago, Illinois, USA), and
the mice were backcrossed 2 additional generations.
Usually F6 SJL Ipr/lpr males were crossed with SJL +/Ipr
females to yield progeny that were 50% SJL +/Ipr and
50% STL Ipr/Ipr.

Peptides. PLP139-151 (HSLGKWLGHPDKF) and
PLP178-191 (NTWTTCQSIAFPSK) were synthesized
using an ABI Synergy Peptide Synthesizer (Applied
Biosystems, Norwalk, Conneticut, USA). Purity (> 97%)
of these peptides was confirmed by mass spectroscopy at

the University of North Carolina Peptide Synthesis Core
(Chapel Hill, North Carolina, USA).

Active and passive induction of EAE. For active PLP139-
151-induced R-EAE, each mouse received 100 PL of a
CFA emulsion containing 200 Ug of Mycobacterium tuber-
culosis H37Ra (Difco Laboratories, Detroit, Michigan,
USA) and 50 pg of PLP139-151 distributed subcuta-
neously over 3 spots on the dorsal flanks on day 0. For
adoptive R-EAE induction, donor SJL mice were primed
in a similar fashion as for active EAE. Ten days after
immunization, the inguinal, brachial, and axillary lymph
nodes were removed from sensitized donors, and single-
cell suspensions were prepared. The cells were adjusted to
8 x 10%/mL in T75 flasks in complete DMEM (Sigma
Chemical Co., St. Louis, Missouri, USA) supplemented
with 10% FCS, 100 U/mL penicillin, 100 pg/mL strepto-
mycin, 1 mM glutamine, 1 mM nonessential amino acids,
and 5 x 10~ M 2-mercaptoethanol (GIBCO-BRL, Grand
Island, New York, USA) containing 20 Jlg/mL PLP139-
151 in a total volume of 30 mL/flask and incubated at
37°C in a humidified atmosphere containing 5% CO,.
Four days later, the cells were washed twice with complete
media and counted, and 3 X 10° blast cells were trans-
ferred intraperitoneally to recipient SJL mice. Clinical
scores were assessed on a 0-5 scale as follows: 1 = limp tail
or hind limb weakness (legs fall through the cage top), 2
=limp tail and hind limb weakness, 3 = partial hind limb
paralysis, 4 = total hind limb paralysis, and 5 = moribund.
A relapse was defined as an increase in at least 1 clinical
grade sustained for at least 2 consecutive days after the
animal had previous improved at least a full clinical score
and had stabilized.

T-cell proliferation and cytokine assays. Ten days after immu-
nization, draining lymph node (LN) cells and splenocytes
were isolated as already described here. For T-cell prolifer-
ation, 5 X 10° cells resuspended in DMEM-10 were acti-
vated with PLP139-151 and PLP178-191 in vitro in 96-well

—0— SJL Ipr/ipr (n = 27)
—&— SJL +pr(n=30)

Mean clinical score

0 7 14 21 28 35 42 49 56 63 70 77
Days post-disease induction

Figure 1

Clin

ical course of PLP139-151-induced EAE in SJL Ipr/Ipr and SJL

+/Ipr mice. EAE was induced by immunization with 50 pug PLP139-

151

in CFA supplemented with 200 pg M. tuberculosis. Mice were

monitored and graded for clinical disease as described in Methods.
Data represent cumulative results from separate experiments. In a

few

experiments SJL +/+ mice were also tested and showed a disease

course similar to their SJL +/Ipr littermates.
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plates at varying concentrations. The cells were pulsed at
72 hours with 1 PCi [3H]thymidine and harvested at 96
hours. The results are expressed as A CPM = mean CPM
of antigen-containing cultures — mean CPM of control
cultures, and as stimulation index (SI) = mean CPM of
antigen-containing cultures/mean CPM of control cul-
tures. For cytokine assays, 5 X 106 cells were activated in
the presence or absence of PLP139-151 in vitro in 24-well
plates. Supernatants were collected after 48 hours. The
concentrations of IL-2, IL-4, IL-5, and IFN-y present in
these supernatants were quantitated with indirect ELISA
assays (Endogen Inc., Woburn, Massachusetts, USA).

Histologic evaluation of demyelination. Mice were anes-
thetized and sacrificed by total body perfusion through
the left ventricle using chilled 3% glutaraldehyde in PBS
(pH 7.4). Spinal cords were dissected out and cut into 1-
mm-thick segments and post-fixed in OsO4, dehydrated,
and embedded in Epon (Electron Microsopy Sciences,
Fort Washington, Pennsylvania, USA). Toluidine
blue-stained sections from 10 segments per mouse were
read and scored blinded by M. Dal Canto at Northwest-
ern University as follows: /-, mild inflammation without
demyelination; 1%, inflammation with focal demyelina-
tion; 2*, inflammation with multiple foci of demyelina-
tion; 3%, marked inflammation with bilateral converging
areas of demyelination; and 4*, extensive bilateral areas of
demyelination and remyelination.

Detection of Fas and Fas ligand by PCR. At various stages of
clinical disease, mice were anesthetized and sacrificed by
total body perfusion with PBS (pH 7.4) through the left
ventricle. Spinal cords were isolated by intrathecal hydro-
static pressure and homogenized by passing over a wire
mesh. After washing with sterile BSS, the spinal cord
homogenate was lysed with 4M guanidinium isothio-
cyanate (Life Technologies, Gaithersburg, Maryland,
USA). Total RNA was isolated from the bulk spinal cords
homogenate using cesium chloride extraction. After total
RNA was calculated using Aje0/Asso ratios, 2 g poly A
mRNA was reversed transcribed into cDNA using oligo
(dt) primers (CLONTECH Laboratories Inc., Palo Alto,
California, USA). Detection of Fas and Fas ligand signals
was accomplished using the following protocol: 40 cycles
of 94°C for 30 seconds, of 52°C for 30 seconds, and of
72°C for 30 seconds. The primers used were as follows:
Fas 3', ATGATATTAGATAAAATGAT; Fas 5', ATGATGATA-
GATAGAT; Fas ligand 3', ATGCCATTAGCAAA,; Fas ligand
5', TAGCACCTGAA. PCR products were electrophoresed
on 2% agarose gels containing ethidium bromide and
viewed by ultraviolet (UV) fluorescence. These signals
were semiquantitatively determined after densitometric
scanning. No signals were observed using control RNA.

Detection of in situ apoptosis by the terminal deoxynucleotidyl
transferase—mediated dUTP nick-end labeling assay. EAE mice
induced by the adoptive transfer method were sacrificed
by total body perfusion with PBS (pH 7.4). Once spinal
cords were dissected out, they were cut roughly into 8
uniform blocks about 1-mm long, embedded in OCT,
and snap frozen in liquid nitrogen. Five-micron-thick
frozen sections were cut on a cryostat, placed on Super-

Figure 2

Histological examination of spinal cords from representative SJL +//pr
and SJL Ipr/Ipr mice 48 days after immunization. (a) SJL +/Ipr histol-
ogy shows a demyelinated area with little evidence of residual inflam-

matory activity. Few lymphoid cells are seen in the overlying

lep-

tomeninges. (b) SJL Ipr/Ipr histology shows a demyelinating lesion
accompanied by a striking inflammatory response. Sections are 1T im

thick, Epon-embedded, and stained with toluidine blue. x220.

frost Plus slides (Fisher Scientific, Pittsburgh, Pennsylva-
nia, USA), and stored at -70°C. Terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) was carried out according to manufacturer’s
(Boehringer Mannheim GmbH, Mannheim, Germany)
recommendations. Briefly, sections were fixed in 4%
paraformaldehyde for 30 minutes, and permeabilized for
2 minutes in a 0.1% Triton X-100 in a 0.1% sodium citrate
solution. After blocking for endogenous peroxidase activ-
ity with 0.3% hydrogen peroxide, a TUNEL reaction mix-
ture was applied for 60 minutes at 37°C. An anti-fluo-
rescein peroxidase-conjugated antibody (POD) solution
was used to detect the incorporation of dUTP, and slides
were developed using SG (Vector Laboratories,
Burlingame, California, USA) as a substrate. All washes
were performed with PBS. Slides were dehydrated in iso-
propanol and coverslipped in Accumount. TUNEL*
immunoreactivity was detected and counted under light
microscopy.

Statistical analyses. Comparison of the percentage of ani-
mals showing clinical disease or relapses between any 2
groups of mice was done by X? using Fisher’s exact prob-
ability. Comparisons of the mean day of onset of relapse
and mean peak disease severity between any 2 groups of
mice were analyzed by the Student’s ¢ test. P values less
than 0.05 were considered significant.
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Results

EAE is enhanced in Fas-deficient SJL mice. We first compared
the pattern of PLP139-151-induced clinical disease in SJL
Ipr/Ipr mice and control SJL +/Ipr littermates. SJL +/Ipr
mice are highly susceptible to PLP139-151-induced R-
EAE, exhibiting a characteristic relapsing-remitting dis-
ease course thatis very reproducible (Figure 1). However,
SJL Ipr/lpr displayed a chronic progressive clinical disease
course that was significantly more severe than the con-
trol SJL +/Ipr littermates (Figure 1). Both groups under-
went a similar acute phase of disease; however, unlike the
SJL +/Ipr controls, Fas-deficient SJL mice generally failed
to remit from the acute clinical disease episode. This sep-
aration in the 2 disease courses remained evident for as
long as 80 days after priming and was observed in 3 sep-
arate experiments.

The enhanced postacute clinical disease in Fas-deficient
SJL mice became more evident when additional disease
parameters were examined (Table 1). Although the dis-
ease incidence was slightly reduced in SJL Ipr/Ipr mice
compared with heterozygous littermates (21/27 [78%]
versus 29/30 [97%]; P = 0.047), of those mice that dis-
played clinical disease, the mean peak clinical score was
significantly worse in [pr/Ipr mice (4.05 vs. 3.03; P < 0.001),
and this difference was sustained throughout the 82-day
observation period. More striking was the fact that the
number of mice remitting from acute disease was dra-
matically decreased in Fas-deficient animals compared
with +/- littermates (7/21 [33%] vs. 29/29 [100%]; P <
0.001), and the mortality rate was significantly increased
(12/21 [57%] vs. 1/29 [3%]; P < 0.001).

Histological analysis performed 7 weeks after immu-
nization reveals an interesting difference in CNS histol-
ogy between SJL Fas-deficient mice and their Fas het-
erozygote littermates of chronically affected mice.

+/lpr spleen

Ipt/lpr spleen

+ipr LN

(9.0)

Ipt/lpr LN
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Figure 3

Myelin  peptide-specific proliferative responses of PLP139-
151-primed SJL +/Ipr and SJL Ipr/Ipr mice. A total of 5 x 10° splenic
and draining LN cells harvested 15 days after immunization from the
indicated groups were stimulated in vitro with 50 UM PLP139-151,
PLP178-191, or PBS. Cultures were pulsed with [*H]TdR at 72 hours
and harvested 24 hours thereafter. Numbers in parentheses repre-
sent PLP139-151-specific stimulation indices (SI). Sl values greater
than 3.0 are considered significant.

Table 1
Comparison of clinical scores between SJL Ipr/Ipr and SJL +/Ipr mice
primed with PLP139-151/CFA

Genotype

Disease parameter® SJL +/Ipr SJL Ipr/Ipr
Disease incidence 29/30 21/278
Mean peak clinical score 3.03+0.14 4.05+0.28¢
Mean clinical score

at end of the experiment 1.37+0.21 2.67 £0.45¢
Remission incidence 29/29 7/21¢
Mortality incidence 1/29 12/21¢

ADisease parameters are defined as follows: disease incidence = number of
clinically affected animals/total number of immunized mice; mean peak clin-
ical score = mean clinical score for affected animals at the peak of disease;
remission incidence = number of mice exhibiting a clinical remission/total
number of affected mice; and mortality incidence = number of mice
dying/total number of affected mice. 8P < 0.05, P < 0.001.

Although representative spinal cord sections from both
SJL +/Ipr and [pr/Ipr mice demonstrated equal demyeli-
nation, there was a tremendous increase in the number
of inflammatory mononuclear cells in the spinal cords of
Fas lpr/Ipr mice (Figure 2,a and b).

Collectively, these results indicate that Fas-mediated
mechanisms play a relatively minor contributory role in
mediating acute clinical disease symptoms in the SJL
mouse. However, the results clearly indicate that Fas-
mediated apoptosis plays a major role in interactions
leading to the intrinsic regulation of ongoing inflamma-
tory disease in relapsing-remitting EAE.

Comparison of PLP139-151—specific immune responses in SJL
+/lpr and SJL lpr/Ipr mice. To address whether the exacer-
bated chronic disease course in Fas-deficient mice might
be due to a qualitative or quantitative difference in myelin
peptide-specific cellular responses, in vitro proliferative
assays and cytokine ELISA assays were performed. Drain-
ing LN cell and splenocyte populations isolated from
PLP139-151-primed SJL Ipr/Ipr mice and their +/Ipr lit-
termates showed equivalent proliferative responses 15
days after sensitization (Figure 3). Responses directed
toward a secondary but non-cross-reactive PLP178-191
epitope involved in epitope spreading in this model (5)
were not significantly above background values at this
early point in disease. Supernatants from these PLP139-
151-stimulated cultures were also analyzed for the pres-
ence of Th1 and Th2 cytokines. With the exception of
slightly enhanced production by splenocytes isolated
from +/Ipr mice, IL-2 levels as detected by ELISA were
found to be comparable (Figure 4a). Of particular inter-
est, IFN-y production from draining LN cells of Ipr/Ipr
mice was significantly higher than those levels found in
the other groups (Figure 4b). Excessive production of
IFN-y may contribute to the increased severity of chron-
ic EAE observed in SJL lpr/lpr mice. IL-4 and IL-5 were not
detected from any of the cultures (data not shown).

CNS Fas and FasL mRNA expression and TUNEL*
immunoreactivity correlate with relapsing-remitting disease pro-
gression. To attempt to assess what role, if any, apoptosis
might play in remission in R-EAE in wild-type SJL mice,
we examined CNS levels of Fas and FasL mRNA expres-
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sion at various stages of clinical disease. Semiquantitative
RT-PCR revealed that Fas and FasL mRNA expression
reached a maximal level in mice undergoing acute clini-
cal disease, and then gradually declined to low levels as
the disease progressed through to remission (Figure 5).
Fas L mRNA expression declined more quickly than did
the expression of Fas message. Nevertheless, mRNA lev-
els of both proapoptotic molecules always remained
detectable. To evaluate the degree of apoptosis occurring
in situ in the CNS, TUNEL assays were performed on
spinal cord samples taken during various clinical stages
of disease (Table 2, Figure 6). Preclinically, little apopto-
sis was detected (Figure 6a); yet, as animals began to show
symptoms of clinical disease, TUNEL" cells became read-
ily apparent, remaining high at the peak of acute clinical
disease (Figure 6b). The numbers of apoptotic cells were
quite substantially decreased as animals underwent dis-
ease remission, but then increased to high levels at the
peak of the primary relapse, just before entering the sec-
ond remission (Table 2). These results suggest that peak
apoptotic activity precedes remission from both the acute
disease and the primarily relapse by 3-4 days and is con-
sistent with a role for AICD of effector Th1 cells in medi-
ating intrinsic regulation of the progressive autoimmune
disease process. As expected, very few TUNEL* cells were
evident in the spinal cord of SJL Ipr/Ipr mice with chron-
ic EAE (Table 2, Figure 6¢).

Discussion
We investigated the potential role of apoptosis/AICD of
myelin epitope-specific T cells as a mechanism for disease
remission in relapsing-remitting EAE in the SJL mouse.
The data clearly indicate that the disease course of EAE in
clinically affected Fas-deficient SJL mice was dramatically
enhanced when compared with Fas +/Ipr littermate con-
trols. The incidence of disease remission in Fas-deficient
mice was significantly decreased (33% vs. 100%; P < 0.001)
compared with controls, and, at the same time, the inci-
dence of mortality from progressive disease was signifi-
cantly greater (57% vs. 3%; P < 0.001) than the control mice
(Table 1). Collectively, these findings suggest that the
absence of Fas allows activated myelin-specific, disease-ini-
tiating cells to escape peripheral and/or CNS deletion, to
remain in the CNS target organ, and to cause prolonged
and enhanced inflammation. This was evident by histo-
logical analysis of spinal cords from SJL Ipr/Ipr mice,
which revealed persistent inflammation that is distinc-
tively unusual for such a late time point (Figure 2) and by
the finding of few apoptotic cells in the CNS of these mice
(Figure 6, Table 2). This possibility is also supported by the
enhanced levels of IFN-y produced by PLP139-151-spe-
cific draining LN T cells of Fas-deficient mice (Figure 4).
To determine the potential role of Fas-mediated apop-
tosis in the intrinsic regulation of R-EAE in wild-type SJL
mice, we examined the pattern of Fas and FasL mRNA
expression in the CNS of mice at varying stages of the
relapsing-remitting disease process. Neither message was
detected in spinal cord samples before disease onset.
However, both messages could be detected during disease

a

+/lpr spleen

lpr/ipr spleen

+/lpr LN

lpr/lpr LN

1 1 I 1 1 1 1 I 1
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Ipr/ipr LN
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Bl FLri39-151
Figure 4

PLP139-151-specific proinflammatory cytokine secretion from SJL
+/Ipr and SJL Ipr/Ipr mice at day 15 after immunization. Culture
supernates of PLP139-151 stimulated splenic and draining LN cells
were collected at 48 hours after culture initiation, and the levels of
IL-2 (a) and IFN-y (b) were determined by ELISA. [L-4 and IL-5 were
not detected from any of the cultures (data not shown).

onset and remained detectable as the disease progressed
through the peak of acute clinical phase and then fell dra-
matically as mice entered full remission from acute dis-
ease. TUNEL immunohistochemical analysis was used to
determine further the relationship between the level of
apoptosis occurring in situ in the CNS target tissue and
remission. High numbers of apoptotic foci were detected
during the inflammatory period surrounding the peak of
acute disease, then dropped off dramatically as the mice
entered remission, and increased again as the animals

Table 2
TUNEL quantitation of apoptotic foci in T4 and L1 spinal cord sec-
tions during the progression of EAE in SJL mice

Clinical stage® No. of apoptotic foci®
Preclinical 1.2+£0.5
Onset/acute 74.2+11.9
Peak of acute 62.9+6.2

Early remission 36.8+12.5

Late remission 36.5+15.2
Relapse 73.3+19.7
Ipr/Ipr chronic 6.17 3.1

ADisease stages are defined as indicated in the legend to Table 1. BMean num-
ber of TUNEL® cells was determined for 4-6 sections of the T4 and L1 spinal
cord regions.
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Figure 5

Expression of Fas and FasL mRNA in the spinal cord of
wild-type SJL mice at various stages of clinical course of
R-EAE by RT-PCR. R-EAE was induced by the intraperi-
toneal adoptive transfer of 3 X 106 PLP139-151-spe-
cific SJL T-cell blasts into naive wild-type SJL mice.
Spinal cords from at least 2 animals were harvested at
the indicated disease stages, and 2 pig total mMRNA was
reverse transcribed into cDNA. A total of 5 L cDNA

was

gene, and Fas; 10 UL cDNA was used for FasL. The 2
early remission time points shown correspond to 1 and
2 days after the peak of acute disease.

228

HEAT

loaded for detection of HPRT, a housekeeping

Fasl

underwent the initial clinical relapse. These data also
indicate a correlation between apoptosis and disease
remission. It could be argued that if Fas-mediated apop-
tosis is a major intrinsic mechanism regulating EAE,
AICD should be most evident during remission. Howev-
er, viewing AICD in light of its role in maintaining
immune homeostasis, it is more logical for apoptosis to
occur during acute inflammatory periods when there are
many activated T cells expressing Fas in the CNS
parenchyma (33). Clinical remission, the manifestation
of any peripheral and/or CNS inflammatory cell deletion
that may take place would not become clinically evident
until several days later. Interestingly the greatest number
of apoptotic cells in myelin basic protein-induced (MBP-
induced) EAE in the Lewis rat is also found at the peak of
acute disease (39). Collectively, these findings suggest, in
the SJL mouse, that Fas-mediated apoptotic events are
most prevalent during periods of CNS inflammatory
damage and primarily serve to limit the degree of inflam-
mation via AICD of autoreactive T cells. It is relevant that
we have reported a dramatic downregulation of mRNA
for the Th1-derived proinflammatory cytokines IFN-y,
TNF-a, and LT in the CNS that ensues shortly after the
peak of apoptosis (17).

Though our data indicate that the numbers of apop-
totic foci correlate positively with acute inflammatory
stages of disease just before clinical remission, we have
yet to determine, quantitatively or qualitatively, the
exact nature of the cells undergoing apoptosis. It has
been reported that effector CD4* T cells but not target
cells, e.g., oligodendrocytes, bear markers of apoptosis
in the CNS of mice with adoptive EAE (33). However, it
has been reported that oligodendrocytes in active MS
lesions express Fas (42). and microglia have been report-
ed to be particularly susceptible to apoptosis (43). Our
preliminary experiments using double-label immuno-
fluorescence indicate that CD4* T cells and F4/80*
macrophages/microglia constitute the majority of
apoptotic cells in the CNS parenchyma of SJL mice.
Nevertheless, it will be important to identify accurately
and to quantitate all cell populations undergoing apop-
tosis in the CNS, i.e., resident microglia, infiltrating
macrophages, locally activated or recently recruited T
cells, oligodendrocytes, and astrocytes, which are able to
process and present neuroantigens to T cell lines and
hybridomas in vitro (44).

PR
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There have been con-
flicting observations rele-
vant to the potential role
of Fas in autoimmune dis-
ease. Mice carrying the [pr
mutation, including the
SJL strain used in these
studies, develop obvious
signs of spontaneous
autoimmunity as
denced by enlarged lymph
nodes, splenomegaly, the
presence of circulating
autoantibodies, and an abnormal accumulation of
CD3*CD4CD8" double negative (DN) T cells (45). This
accumulation of DN T cells appears to arise from a defect
in peripheral deletion that is Fas mediated (37, 38, 46, 47).
Conceivably, Fas-mediated apoptosis may play contradic-
tory roles in inflammatory autoimmune diseases. On one
hand, as suggested by its critical role in peripheral T-cell
deletion and in apoptotic death of activated T cells (48),
Fas may play a downregulatory role in clinical remission
of autoimmune disease. This view is supported by the cur-
rent results that indicate that Fas-mediated AICD of acti-
vated autoreactive myelin-specific T cells and/or
macrophages/microglia that have infiltrated the CNS
plays a major role in intrinsic regulatory mechanisms used
by the SJL host to limit autoimmune CNS destruction. A
growing body of evidence points to a potential downreg-
ulatory role for apoptosis. In MBP-induced EAE in the
Lewis rat, which undergoes an acute, self-limiting clinical
paralytic disease, apoptotic elimination of CNS-infiltrat-
ing encephalitogenic V[38.2* MBP-specific T cells has been
shown to correlate with the resolution of inflammation
and onset of clinical recovery (39, 49). Also, Chen et al. (50)
have also reported that that deletion of MBP-specific
encephalitogenic T cells in the brain, using a transgenic
model of acute EAE, is associated with recovery. And,
finally, it has recently been shown that infiltrating CD4*
T cells in adoptive EAE exhibit a significant increase in Fas
and FasL expression (33) (also our unpublished results)
making them especially prone to apoptosis.

Alternatively, Fas may play an important role in medi-
ating autoimmune tissue destruction. Upregulation of
FasL on activated autoreactive T cells, together with
upregulation of Fas on resident cells in the target organ
of an autoimmune disease induced by exposure to Th1-
derived proinflammatory cytokines, may lead to direct
target destruction. Thus, Fas may play a crucial role in
mediating the destructive aspects of T cell-mediated
autoimmunity, and one would predict that Fas-deficient
mice may show reduced autoimmune tissue destruction.
A potential role for Fas-mediated tissue destruction in
autoimmune diabetes and MS/EAE is supported by sev-
eral recent studies. Two separate reports have established
that Fas-deficient NOD Ipr/Ipr mice are resistant to both
spontaneous and adoptively transferred diabetes (51, 52).
In addition, a positive correlation between pancreatic 3-
cell destruction and Fas expression has been reported
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using a syngeneic islet transplant model (53). More rele-
vant to the current data, recent reports have also shown
that clinical symptoms of EAE were significantly reduced
in both Fas- and FasL-deficient B10.PL (H-2%) and
CS7BL/6 (H-2Y) when compared with wild-type controls
(54, 55). Both disease incidence and severity, as well as
mean peak clinical disease scores, were significantly
diminished in these animals. Although the present
results and an earlier study (41) observed a slight, but sig-
nificant, decrease in disease incidence in Fas-deficient SJL
mice (77% vs. 100% in +/- littermates), our results do not
support a major role for Fas-mediated effector events in
mediating clinical disease in the SJL mouse. Preliminary
studies examining the pathogenesis of Theiler’s murine
encephalomyelitis virus-induced demyelinating disease
(TMEV-IDD), a CD4" T cell-dependent virus model of
MS, in Fas-deficient SJL mice also show enhanced clini-
cal disease (unpublished observations). Other reports
also support our hypothesis. Fas-deficient C57BL/6
Ipr/lpr mice are fully susceptible to adoptive EAE induced
by the transfer of wild-type encephalitogenic T-cell clones
(56). Collectively, these findings suggest that Fas/FasL-
mediated cell death in the CNS does not play an integral
role in the effector phase of acute EAE.

To determine further the exact role for Fas in regulat-
ing the relapsing-remitting disease in SJL mice, we are
currently performing adoptive transfer experiments
involving reciprocal transfers of PLP139-151-specific T
cells from wild-type and SJL lpr/Ipr donors into wild-type
and SJL [pr/Ipr recipients. On the basis of the current find-
ings in active R-EAE, we might expect that EAE in SJL
mice to be exacerbated in disease initiated by lpr/lpr T
cells. The recent literature again reveals some uncertain-
ly regarding the contribution of Fas in EAE. Sabelko-
Downes et al. have recently reported that although EAE
could be induced by both the transfer of wild-type B10.PL
MBP-specific T cells into B10.PL lpr/lpr recipients and by
the transfer of MBP-specific Ipr/Ipr cells into wild-type
recipients, the diseases in both cases were significantly
reduced in incidence and severity (57). These results sug-
gest that Fas may be critical in the induction and pro-
gression of EAE. Interestingly, these authors also found
that the transfer of MBP-specific FasL-deficient B10.PL
gld cells into gld recipients resulted in a dramatic exacer-
bation of disease. Similar results have also been reported
by Dittel et al., whereby MBP-specific wild-type TCR
transgenic cells mediated an exacerbated disease when
transferred into gld recipients (58). These 2 findings illus-
trate a potential role for FasL in both disease pathogene-
sis and disease recovery. These apparently contradictory
results indicate that more work remains to be done to
elucidate the exact role of Fas/FasL interactions in EAE.

Although the disparate effects of the [pr mutation in
EAE in the different mouse strains may be due to the
particular immunizing neuroantigens that were used
(MOG35-55 and guinea pig MBP versus PLP139-151
in our studies), as well as the use of pertussis toxin (not
used in our experiments), it is probable that the main
reason for the apparent disparate outcomes between

our findings and the results reported by others is the
genetic differences in the strains of mice used, i.e.,
B10.PL (H-2%) and B6 (H-2%) versus SJL(H-2°). Indeed, it
has been reported that multiple background genes
influence the incidence and severity of lymphoaccu-
mulation and histopathologic manifestations of sys-
temic autoimmunity in mice homozygous for the [pr
mutation (59). SJL mice are highly autoimmune-prone
mice and redundant apoptotic-initiating stimuli, i.e.,
TNF/TNF-receptor-mediated apoptosis and/or non-
apoptotic mechanisms of tissue destruction, may play

Figure 6

TUNEL analysis of in situ apoptosis in spinal cords of wild-type and
SJL Ipr/Ipr mice. Sections show representative sections of the upper
lumbar region and were viewed at x10 by light microscopy: (a) sec-
tion from a wild-type SJL mouse during the preclinical stage of dis-
ease showing few TUNEL* cells; (b) section from a wild-type SJL
mouse at the peak of acute disease showing considerable numbers
of TUNEL" cells; and (c) section from an SJL Ipr/Ipr mouse during

chronic-progressive EAE showing few TUNEL" cells.
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the major effector role in CNS demyelination in this
mouse strain.

In summary, our results support the hypothesis that
apoptosis/AICD, involving the Fas-FasL system, is criti-
cally involved in mediating clinical remission in relaps-
ing-remitting EAE. It is likely that Fas-FasL interactions
lead to the deletion of disease-initiating, autoreactive T
cells in the CNS and/or the peripheral immune system.
Thus, these findings may be important in gaining a fuller
understanding of some of the intrinsic immunoregula-
tory mechanisms involved in MS and may help in the
design of therapeutic agents or protocols for treatment
of this disease.
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