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Evidence that Fas and FasL Contribute to the Pathogenesis
of Experimental Autoimmune Encephalomyelitis

BonNIE N. DITTEL*
Section of Immunobiology, Yale School of Medicine, New Haven, CT, USA

Abstract. The well established and characterized animal model for the human demyelinating autoimmune disease
multiple sclerosis (MS) is known as experimental autoimmune encephalomyelitis (EAE)®. EAE is clinically
characterized by focal areas of inflammation and demyelination and an infiltrate composed of large numbers of
lymphocytes and macrophages, often found in a perivascular localization but also throughout the central nervous
system (CNS)?*. Active immunization of mice with several different protein components of myelin, including
myelin basic protein (MBP), proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG), are
capable of eliciting an immune response resulting in the quintessential symptoms of EAE: ascending paralysis
involving the tail and then the limbs. Depending on the mouse strain and myelin antigen utilized, the disease
course can be acute or chronic relapsing, characterized by a rapid onset of hind limb weakness that commonly
progresses to paralysis, followed by spontaneous remission starting 7-10 days after the initial appearance of
symptoms. EAE can also be induced passively by the adoptive transfer of in vitro activated CD4* T cell clones
or lines, typicaly of the Thl phenotype, into irradiated susceptible recipients’. The mechanisms involved in the
cellular pathogenesis leading to paralysis and demyelination have been extensively studied and are primarily
mediated by CD4" T cells of the Thl phenotype, with specificity for myelin antigens. Following activation, Thl
CD4 T cells produce in abundance the inflammatory cytokines TNF-a, IFN-y and lymphotoxin o (LT-a, aso
know as TNF-B3). IFN-y production is highly correlated with encephalitogenicity and may contribute to disease
by up-regulation of adhesion molecules on endothelia cells, facilitating migration of lymphocytes into the CNS;
by induction of major histocompatibility complex (MHC) class | and MHC class II molecules on astrocytes,
microglia cells and brain endothelium, facilitating antigen (Ag) presentation in the CNS; and by activation of
macrophages, leading to production of nitric oxide, a potent cytotoxic molecule. TNF-a and LT-a are both
members of the TNF family of molecules and cause cell death by apoptosis following interaction with their
counter-receptors, the TNFR1 and TNFR2, leading to a cascade of proteolytic events culminating in the blebbing
of the cytoplasmic membrane, nuclear condensation and DNA fragmentation> 2. Consequently, the production
of TNF-a and LT-a by Thl clones has been correlated with encephalitogenic potential®® and antibodies (Abs) to
both prevents EAE upon transfer of encephalitogenic clones™. Even though substantial evidence exists for the
role of inflammatory cytokines in the pathogenesis of EAE, other mechanisms of myelin destruction are thought
to exist. To date, many reports have implicated a role for the cell death-inducing ligand pair Fas and Fas-ligand
(FasL).
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Fas and FasL in CD4* T Cdl-Mediated Cellular
Cytotoxicity

In addition to effector functions of CD4" T cells
mediated through the production of cytokines, CD4*
T cells aso have the capacity to mediate the cytotox-
icity of appropriate targets. This cytotoxicity was re-
cently shown to be primarily mediated by the interac-
tion of Fas on the target cell with the FasL on the CD4*
T cell, leading to the apoptotic cell death of the Fas-ex-
pressing cell* 15 17. 1822 Fas (APO-1, CD95) is amem-
ber of the TNF-receptor superfamily®® and was first
identified with the use of a monoclona antibody (mADb),
which induced apoptosis upon binding to some tumor
cells® “2, FasL has also recently been cloned and is
atype Il membrane protein with homology to members
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of the TNF family®’. Resting CD4* T cells do not ex-
press FasL on the cell surface, but activation either by
antigen (peptide/MHC class 1) or nonspecifically with
anti-CD3, ConA or PMA/ionomycin leads to the rapid
appearance of cell surface FasL™ *17 %, Using Thi,
Th2 and ThO clones bearing identical T cell receptors
(TCR)¥, we were able to demonstrate up-regulation of
FasL following stimulation with PMA/ionomycin on all
three types of Th clones (Fig. 1). Our findings are con-
sistent with other reports demonstrating that some Th2
clones can express FasL (Fig. 1) * 3¢, Although cy-
totoxicity mediated by Fas/FasL is primarily afunction
of Thl and ThO cells, severa reports have described
killing by Th2 cells* %, Utilizing the same ThO, Thl
and Th2 clones, we demonstrate antigen-specific killing
of atarget cell by all three clones (Fig. 2). At least one
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Fig. 1. Expression of FasL after activation with PMA/ionomycin and antigen stimulation. Expression of cell surface FasL was analyzed
by a three-step indirect immunofluorescence staining and flow cytometry. The D10. TCR Th2 (A, B), Thl (C, D) and ThO (E, F) clones
were incubated with anti-FasL (10 pg/ml) (PharMingen, San Diego, CA) followed by a second incubation with anti-mouse 1gG-biotin and
concluded with a third incubation with strepavidin-PE. Antibody incubations were carried out on ice with two washes following each step
and the cells were fixed in 1% paraformaldehyde and analyzed using CellQuest on a FACScan® (Becton Dickinson, Mountain View,
CA). Negative controls consisted of cells incubated with anti-mouse 1gG-biotin followed by strepavidin-PE. Expression of the FasL was
measured after a 6-hour incubation at 37°C with medium aone or in the presence of PMA (10 ng/ml) and ionomycin (1 mM) in six-well

microtiter plates. Histograms represent fluorescence intensity on the horizontal dixiedadive cell number on the vertical axis. The

background staining is depicted in each histogram as a solid line and FasL specific staining is shown as a dotted line
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Fig. 2. Antigen specific cytotoxicity by the D10. TCR Th2, Thl and ThO clones stimulated with the antigenic peptide CA134-146 from
the antigen hen egg conalbumin to which the D10. TCR is restricted in the context of 1-AK, Mitomycin-c inactivated D10. TCR clones
were cocultured with CH27 cells (I-Ak) in the presence of 1:3 dilutions of CA134-146 from 0.012 to 1 pM. After 16-18 h the cultures
were pulsed with 1 pCi [SH] TdR and harvested after an additiona 4 h of incubation. Data for the Th2 clone is shown in A, for the Thl
clonein B and for the ThO clone in C. Data is presented as % inhibition of CH27 growth calculated as follows: (1 — CPM in presence of
peptide: CPM in absence of peptide) x 100]
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Fig. 3. Up-regulation of cell surface Fas following antigen stimulation. The D10. TCR Th2 (A, B), Thl (C, D) and ThO (E, F) clones
were stimulated with 100 pM CA 134-146 (second column) or with medium alone (first column) using B10.BR spleen cellsas APC. After
48 h, Fas was detected by direct immunofluorescence with anti-mouse Fas-PE (PharMingen, San Diego, CA). Histograms represent
fluorescence intensity on the horizontal axis and relative cell number on the vertical axis. The background staining is depicted in each
histogram as a solid line and Fas specific staining is shown as a dotted line
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report has shown that Th2 cells can be encephalitogenic
under specific conditions®. Thus, athough EAE is pri-
marily thought to be a consequence of pathogenicity
mediated by Thl cells, the role for Th2 cells either in
pathogenicity, or in protection/recovery due to produc-
tion of Th2 cytokines, such as IL-4 and IL-10, has yet
to be firmly established” 4.

The potential importance for Fas/FasL-mediated
cell death in the regulation of homeostasis within the
immune system is demonstrated by dysregulation of
T cell populations leading to lymphadenopathy, spleno-
megaly and autoimmune disorders®® . In addition to
T cells killing target cells in an antigen-specific man-
ner, several reports have shown that activated Thl cells
expressing FasL can lyse Fas-expressing targets in the
absence of TCR ligation® %6 3, Thisnonspecific killing
has been shown by several groups to include fratricidal
T cell killing™ * and T cell suicide™ 8 6 22, Since Fas
is expressed by both Thl and Th2 cells (Fig. 3), sdlf-
-reactive T cell populations in EAE could potentially
be controlled either in the periphery or in the CNS by
promoting death of Thl or Th2 cellsfollowing up-regu-
lation of FasL, leading to cell death by fratricide and/or
suicide.

Fas Expression in the CNS is Important
for the Development of EAE

Therole of Fas/FasL interactions in EAE have been
facilitated by the presence of mice carrying autosomal
recessive mutations in the genes encoding Fas (Ipr) and
FasL (gld)?®. Fas is disrupted in Ipr mice by an en-
dogenous retrovirus insertion carrying a poly(A) ade-
nylation signal on the long terminal repeats, leading to
truncation of the mRNAZ, In gld mice, the gene encod-
ing FasL has a point mutation in the cytoplasmic region
of the protein that disrupts interaction with Fas®. Sev-
eral independent reports suggested a role for the cell
death-inducing molecules Fas and FasL in the pa
thogenesis of EAE® 32 %0, |n these studies, mice defi-
cient in Fas or FasL were immunized with myelin anti-
gens and assessed for clinical signs of EAE. The study
by SaseLko et a.* utilized guinea pig (gp) MBP-im-
munized B10.PL-Ipr mice and showed almost complete
protection from the paralytic clinica symptoms of
EAE. Of interest was the similar T cell infiltrate ob-
served in the spina cords of Fas-deficient mice and
wild-type (wt) mice, suggesting that Fas and FasL do
not contribute to the process of T cell migration into
the CNS. Severa groups investigated active EAE in-
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duction using MOG35-55 in C57BL/6 mice carrying
the lpr or gld mutations with contrasting results. WaLD-
NErR et a.* reported almost complete protection for
EAE in both B6-gld and B6-Ipr mice, with wt mice
exhibiting a relapsing-remitting disease course. Simi-
larly, areport by Okupa et a. 2 also showed protection
in C57BL/6-Ipr mice immunized with MOG35-55. In
contrast, the study performed by MaLiperO et al.?
showed only partial protection in disease severity, with
lpr and gld mice exhibiting a monophasic disease
course and the wt mice exhibiting a chronic disease
course. The discrepancies in these two studies may be
reflected by the more aggressive disease induction
protocol employed by the Malipiero group, using
a higher concentration of pertussis toxin and boosting
with Ag 1 week following primary Ag challenge. The
protection reported by the Waldner group may partially
reflect disease induced in older male mice that are less
susceptible to disease than female mice.

Therelative role of Fas/FasL in the pathogenesis of
EAE seemsto be affected either by the antigen used or
by the strain of mouse the experiments are being carried
out on, or both. This is evident from a recent study by
SuvANNAVEH et al.® in which EAE induced in SIL
mice deficient in Fas following active immunization
with a peptide from PLP resulted in chronic progressive
disease of greater severity as compared to the relapsing-
-remitting disease course observed in their heterozygote
littermates. Although no differences were observed in
the acute phase of disease, the chronic disease in the
SJL-Ipr mice was accompanied by an increase in mono-
nuclear cells infiltrating the spinal cord®. These data
suggest that Fas/FasL play arole in recovery from EAE
in the SIL mouse, presumably by eliminating the self-
-reactive T cell population in the CNS.

The active induction of EAE in gld or Ipr mice as
performed in the above studies does not definitively
reveal the cell populationsin which the presence of Fas
and FasL are important in EAE. To test whether Fas
and FasL expression are important on the T cell or in
the CNS, we performed adoptive transfer experiments
to passively induce EAE, targeting the deficiency in Fas
and FasL to the transferred T cells, the recipient or
both®. These experiments revealed that B10.PL-Ipr
mice deficient in Fas were protected against EAE in-
duction following adoptive transfer of an activated Thl
T cell line generated from a TCR transgenic mouse
specific for a peptide of MBP comprised of the first 11
amino acids (Acl-11). In comparison, B10.PL mice
adoptively transferred with the same T cell line suc-
cumbed to disease with symptoms appearing around
day 8 and peaking around day 15 with an acute mono-



B. N. Dittel: Fas and FasL in Autoimmune Encephalomyelitis

phasic disease course characterized by hind limb
paresis and paralysis’. Recovery from disease symp-
toms was observed around day 24 following T cell
transfer®. We attribute the protection observed in the
Fas deficient recipients to a blockage of Fas-induced
cell death because of the absence of functional Fas ex-
pression in the CNS. This conclusion is supported by
the reverse experiment, showing no disease protection
when Fas-deficient T cells are transferred into wt reci-
pients. Thus, protection was only observed when Fas
was deficient in the CNS. The role for Fas expression
in the CNS in EAE was aso demonstrated by SaseL-
ko-DownEs et a.* using similar adoptive transfer pro-
cedures.

Surprisingly, we saw no protection when Fas-defi-
cient T cells were transferred into Fas-deficient reci-
pients’. We attribute this result to the loss of homeos-
tatic regulation of the transferred T cell population by
Fas and FasL*. Thus, the absence of Fas on the trans-
ferred T cell population may disrupt cell death of the
activated T cells, allowing the T cells to accumulate in
sufficient numbers to cause EAE by a mechanism that
is clearly unrelated to Fas/FasL. To examine the possi-
bility that the lack of protection is due to accumulation
of the Fas-deficient T cells, we measured the percent-
age of transgenic T cellsin the CD4" T cell population
in the spleens and lymph nodes 7 and 14 days follow-
ing adoptive transfer (Table 1). On day 7 following
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As shown in Table 1, smilar results were observed in
lymph node CD4 T cell populations. Interestingly, on
day 14 the percentage of transgenic T cellsin the mice
that received wt T cells increased, while the mice trans-
ferred with Ipr T cells had reduced numbers of trans-
genic T cells. Overal, these data suggest that the lack
of protection following transfer of Ipr T cells into Ipr
recipients may partially be due to the accumulation of
T cells in the periphery, generating a greater pool of
T cells with encephalitogenic potential.

Interestingly, in the study by SaBeLko-DowNEs et
al.®, protection from EAE was observed when lpr
T cells were transferred into Ipr recipients. This group
also examined preferential elimination of transferred wt
T cells into Ipr recipients and saw no difference as
compared to controls on days 3 and 5%. However, to
conduct this analysis the authors used allogeneic T cells
and did not assess the levels of Fas on the cell surface
of the transferred T cell population. The discrepancy
between our study and that of SaseLko-Downes et al.®
could be attributed to the differences in generation of
the T cdl lines. In our study, the T cells were fully
differentiated Th1l effector cells, having been rested for
7-10 days before reactivation and transfer®. In the Sa-
BELKO-DowNEs et a.*® study, the T cells were stimu-
lated with antigen for 4 days before transfer with no
rest. This activation protocol may have been too short
in duration to allow differentiation of the naive T cells

transfer of wt T cellsinto Fas-deficient recipients, 26%
of the splenic CD4* T cell population were transgenic.
This number was reduced to 16% when the T cells

into polarized Th1l effectors cells. In addition, the auth
ors did not analyze the cytokine profiles of the trans
ferred cells. In our study, we showed that the trans

were transferred into an Ipr recipient. These data sug-
gest that the transferred T cell population is eliminated
in the periphery, perhaps by host Fas-deficient lympho-
cytes, which have been reported to express enhanced
levels of FasL®. In contrast, the transfer of Fas-deficient
T célls into either wt or Ipr mice resulted in elevated
numbers of transgenic T cells, with more than 80% of
the CD4" splenocytes being of donor origin (Table 1).

ferred T cell populations expressed high levels of the
Thl inflammatory cytokines IFN; TNF-a and LT-a
and low levels of the Th2 cytokines IL-4, IL-5 and
IL-10°. If high levels of I1L-4 and IL-10 were produced
by the transferred T cell population in the SaBeLko-
-DowneEs et a.* study, this could have contributed to
protection, as both these cytokines have been impli-
cated in protection from EAE.

Table 1. Percentage of CD4* cells that express the MBP TCR transgene in the spleen and lymph nodes of B10.PL and B10.PL-1pr mice

adoptively transferred with MBP-wt or MBP-lpr T cells

. Day 7 Day 14
Adoptive transfer?
spleen (%) lymph node® (%6) spleen (%) lymph node (%)
MBP-wt into B10.PL 26° 31 25
MBP-wt into Ipr 16 28 26
MBP-Ipr into B10.PL 81 37 37
MBP-Ipr into Ipr 83 40 43

3 1 x 10° CD4" T cdlsisolated from MBP TCR transgenic mice with or without the Ipr mutation werei. v. transferred into irradiated
(600 rads) B10.PL or B10.PL-Ipr mice 4 days following antigen specific activation.

b Lymph node cells include cells from the popliteal, auxiliary and inguinal lymph nodes.

¢ The percentage of total CD4" T cells isolated from the spleen or lymph nodes of B10.PL or B10.PL-Ipr recipient mice that express
the MBP TCR as assessed by staining with a mAb specific for V38.2, the TCR( chain expressed by the MBP TCR.
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FasL Expresson on the Encephalitogenic T Cell
Population is Important in the Regulation of EAE

We also examined the role of FasL in the CNS and
on the transferred T cell population. In agreement with
SaBeLko-DowneEs et al.*, we found that the expression
of FasL on the transferred T cell population is import-
ant for the development of EAE. This was demon-
strated by protection from EAE when FasL was defi-
cient on the transferred T cells® 3, while no protection
was observed when wt T cells were transferred into gld
recipients, of interest is the enhanced disease observed
under these experimental conditions® *. We observed
this enhancement as an earlier onset of disease and
a longer, more severe disease course, suggesting that
FasL expression in the recipient animal is involved in
the regulation of the encephalitogenic T cell popula
tion®. This hypothesis was more fully examined by Sa-
BELKO-DownEs et al.*, who also observed more severe
EAE of longer duration in gld recipients by examining
spina cord infiltrates in wt and gld mice. Infiltrates
during the early/acute phase of disease (day 23) were
similar in the two groups of mice®. However, differen-
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ces were observed during the late/chronic stage of dis-
ease, with diminished infiltration in wt mice as com-
pared to clusters of CD4" cells observed in the gld
recipients®. The observation of groups of T cells re-
maining late after transfer suggests that the FasL defi-
cient host is unable to effectively eliminate the infiltrat-
ing encephalitogenic T cells.

Although Fas/FasL have been shown to beinvolved
in the pathogenesis of EAE, no role for either molecule
has been demonstrated in the migration of T cells into
the CNS. This was demonstrated following active in-
duction of EAE in lpr mice where disease was sup-
pressed, but the infiltration observed into the CNS 10
days following immunization was comparable to wt
mice®. However, reduced levels of apoptotic cellswere
observed in the lesions of the Ipr mice, again suggesting
arole for Fasin the apoptosis of cellsin the CNS. The
cells undergoing apoptosis in the CNS have yet to be
definitively identified, but alogical target cell would be
the myelin-producing oligodendrocyte. Fas expression
has been generally demonstrated in the CNSin patients
with MS" and specifically on the oligodendrocyte
popul ation®,
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Fig. 4. Model for the role of Fas and FasL in the pathogenesis of EAE in the CNS. Priming of naive CD4* T cells (light purple) with
self-antigen in the peripheral lymph nodes by dendritic cells as antigen-presenting ch#isrrestivated Thl T cells expressing FasL
(green) with the capacity to migrate across the blood-brain barrier. The first self-antigéic-Speells to enter the CNS secrete

inflammatory cytokines, up-regulating adhesion molecules and MHC class || moleculedodineéom and resident microglial cells in

the CNS and potentially Fas (blue) on oligodendrocytes. The self-antigen-specific T cells expressing FasL interact with Fas expressed by
oligodendrocytes that form alayer of mydin (orange) around the neuronal axon, causing cell death of the oligodendrocytes. Myelin antigens

released following the apoptotic death of oligodendrocytes are taken up by antigen-presaisti(possibly microglia), processed and

presented to the infiltrating T cells. The T cells are reactivated, resulting in renewed proliferation leading to an expansion of Th1 T cells,
allowing for local accumulation of the Thl cytokines (TMFFN-y and LT-a) at high levels. This loca accumulation of cytokine
production leads to a full-blown inflammatory response and could also result in further apoptotic cell death of oligodendrocytes through

the TNFRs
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Conclusion

The evidence accumulating from multiple labora-
tories using different mouse strains, thus utilizing dif-
ferent myelin antigens, has clearly demonstrated a role
for Fas/Fas ligand not only in the pathogenesis of EAE
in the CNS, but in the regulation of the encephali-
togenic T cell population as well. In keeping with the
subtle differences in the data from various |aboratories,
a mechanism for the role of Fas and FasL in EAE is
shown in Fig. 4. As shown in Fig. 4, the early pa-
thogenesis in the CNS is most likely mediated by
asmall number of CD4* T cells that express FasL. We
found that the adoptive transfer of a large number of
T cells could circumvent the protection observed in
Fas-deficient mice™. FasL expressed by activated
T cdls infiltrating the CNS would interact with Fas on
oligodendrocytes, presumably up-regulated by |FN-y> 2
produced by the Thl encephalitogenic T cells, leading
to apoptotic death of oligodendrocytes. This early cell
destruction would then lead to a full inflammatory re-
sponse and the recruitment of additional autoreactive
T cells, macrophages and other cdll types to the site of
immune attack, forming an inflammatory lesion. The
ensuing myelin destruction would provide ample Ag
for the continued activation and expansion of the
autoreactive T cell pool. As the autoreactive Thl cells
accumulate, the local production of the pathogenic Thl
cytokines, IFN-y, TNF-a and LT-a, would also in-
crease, resulting in continued apoptotic death of oli-
godendrocytes and demyelination. Macrophages in the
lesion may contribute to oligodendrocyte destruction by
the production of nitric oxide®. The escalating inflam-
matory response could then be dampened by any num-
ber of proposed mechanisms, including T cell apoptosis
by Fas/FasL and the emergence of a Th2 response”’.
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