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of Central Nervous System and Suppresses Experimental
Autoimmune Encephalomyelitis1
Bing Zhu,2 Liqing Luo, Yongliang Chen, Donald W. Paty, and Max S. Cynader

M

yelin basic protein (MBP)3-induced experimental autoimmune encephalomyelitis (EAE) in Lewis rats is a
well-characterized model for acute CNS autoimmune
inflammation (1). Between the onset and the peak of clinical EAE,
numerous T cells and macrophages cross the blood-brain barrier
and accumulate in the meningeal and perivascular areas. Many
cells also infiltrate into the CNS parenchyma. CNS inflammation,
which is prominent in lumbosacral spinal cord (LSSC), parallels
the EAE symptoms in both time course and severity. The recovery
from acute EAE is correlated with the apoptosis of inflammatory
cells and the recession of inflammation in CNS (2).
In immunoprivileged sites, multiple local mechanisms suppress
in situ the development of immunogenic inflammation (3). The
CNS is a relatively immunoprivileged site. Although both the afferent and the efferent limbs of a CNS-targeting immune response
are suppressed by local CNS mechanisms (4), grafts with significant histocompatibility differences are rejected from CNS (5), and
inoculation of a high dose of bacillus Calmette-Guérin into the
brain parenchyma also results in CNS inflammation (6). EAE is
another example suggesting that strong immune responses to CNS
Ags can overwhelm the protection from CNS immunoprivilege.
The initiation of autoimmune inflammation in CNS has been
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alitogenic T cells are transferred into the host circulation, they first
randomly distribute throughout the body. Some transferred cells
can be detected in CNS within a few hours (7). However, the
homing of hundreds to a thousand times more encephalitogenic T
cells and the recruitment of numerous host T cells and macrophages into the CNS, which directly result in pathological CNS
inflammation, start only hours before the EAE onset (8, 9). During
the preclinical period, which lasts for 3– 4 days, major events occur
at the CNS perivascular space. Those initially infiltrating T cells
make contact with perivascular macrophages (10) and small numbers of infiltrating macrophages (11), which may present CNS Ags
released during normal turnover. This Ag-specific recognition not
only retains the infiltrating T cells (7), but also results in the production of proinflammatory cytokines and chemokines, which are
responsible for the later large-scale homing and recruitment of
inflammatory cells into the CNS (12, 13). We hypothesized that
elimination of initially infiltrating Ag-specific T cells and activated
macrophages in CNS during this preclinical period could prevent
the homing and recruitment of inflammatory cells, and therefore
suppress acute EAE.
The local expression of Fas ligand (FasL) is essential for maintaining immunoprivilege in the eye (14), the testis (15), and the
placenta (16) through the deletion of early infiltrating inflammatory cells. In relation to this, FasL is essential for activationinduced T cell death (17–19). In some experimental conditions,
activated macrophages, B cells, and neutrophils are also vulnerable
to FasL-induced apoptosis (20 –22). In models of autoimmune arthritis (23) and thyroiditis (24), overexpression of FasL in tissues
targeted by autoimmunity greatly reduced disease severity. However, transplantation of grafts that overexpress FasL sometimes
resulted in neutrophil infiltration and accelerated rejection (25),
suggesting a proinflammatory effect of FasL. An immunosuppressive microenvironment, as represented by the presence of TGF-␤,
may be necessary for FasL to fully express its anti-inflammatory
functions (26).
In the recovery phase of EAE, infiltrating T cells, macrophages,
and activated microglia up-regulate Fas and FasL expression, and
0022-1767/02/$02.00
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Fas ligand (FasL) is an essential molecule strongly expressed in some immunoprivileged sites, but is expressed at very low levels
in normal CNS. In this study, acute experimental autoimmune encephalomyelitis (EAE) was induced in Lewis rats with guinea pig
myelin basic protein. Intrathecal infusion of recombinant FasL before EAE onset dose dependently suppressed acute EAE and
alleviated pathological inflammation in lumbosacral spinal cord. This treatment greatly increased apoptosis in CNS inflammatory
cells, but did not inhibit systemic immune response to myelin basic protein. Systemic administration of a similar dose of rFasL was
ineffective. In vitro, encephalitogenic T cells were highly sensitive to rFasL-induced cell death, and activated macrophages were
also susceptible. In addition, in vitro rFasL treatment potentiated the immunosuppressive property of rat cerebrospinal fluid. We
conclude that intrathecal infusion of rFasL eliminated the initial wave of infiltrating T cells and macrophages, and therefore
blocked the later recruitment of inflammatory cells into CNS. Although Fas receptor expression was observed on spinal cord
neurons, astrocytes, and oligodendrocytes, no damage to these cells or to the myelin structure was detected after rFasL
infusion. The Journal of Immunology, 2002, 169: 1561–1569.
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are highly prone to apoptosis (2, 27). This suggests that up-regulation of Fas/FasL system in CNS may be an endogenous mechanism to resolve CNS autoimmune inflammation. However, this
up-regulation occurs when CNS inflammation is fully blown, and
is not able to inhibit the initiation and progression of EAE. In
contrast to other immunoprivileged sites, constitutive FasL expression is very low in CNS (28). Nevertheless, multiple immunosuppressive mechanisms of the normal CNS may provide an ideal
environment for exogenously administered FasL to exert its antiinflammatory function. We have studied whether intrathecal infusion of rFasL before EAE onset could potentiate CNS immunoprivilege and suppress acute EAE.

Materials and Methods
EAE induction and observation

Intrathecal infusion in Lewis rats
Fourteen-day osmotic minipumps (ALZA, Mountain View, CA) were each
filled with 200 l artificial cerebrospinal fluid (CSF) (29) supplemented
with 20 g gentamicin. The pumps were connected to a 6.5-cm PE-10 tube
(BD Biosciences, Sparks, MD) through an infusion switch that is included
in the brain infusion kit (ALZA). To implant pumps, a small opening was
made in the subarachnoid matter covering cisterna magna, and the PE-10
tube was inserted caudally into the subarachnoid space. The tip of PE-10
tube was close to T12 of rat spinal cord. The minipumps were then embedded s.c. between the scapulae. Most animals started to regain weight
3– 4 days after surgery. On the sixth day after surgery, animals were immunized with MBP/CFA. At 7 dpi, the original 14-day minipumps were
changed to 3-day minipumps to infuse either rFasL (Upstate Biotechnology, Lake Placid, NY) or control solution between 7 and 10 dpi. rFasL is
a recombinant protein corresponding to the entire extracellular domain of
human FasL (aa 103–281) plus a FLAG tail. For rFasL infusion, the 100 l
solution contained 125–700 ng rFasL, 0.14 trypsin inhibitory unit aprotinin
(to inhibit rFasL degradation), 80 g rat albumin (as a carrier protein), and
10 g gentamicin in artificial CSF. For control infusion, the 100 l solution was the same, only without rFasL.

Morphological techniques
Animals were sacrificed by i.p. Euthanyl injection, and transcardially perfused with 300 ml PBS. LSSC was dissected out and cut into nine segments
roughly corresponding to the L1 to S3 segments of the spinal cord. These
segments were immersed in TissueTek in a cryomold and were oriented
with the rostral ends toward the bottom. They were fresh frozen in liquid
nitrogen, and 10-m frozen sections were prepared. Luxol fast blue staining, toluidine blue staining, and immunostaining were performed following
the established protocols (30). ED1, OX-42, OX-19, and W3/13 Abs were
obtained from Serotec (Oxford, U.K.). Rip Ab was from Developmental
Studies Hybridoma Bank at University of Iowa (Iowa City, IA). SMI-32
Ab was from Sternberger Monoclonals (Lutherville, MD). Fas (A20) and
glial fibrillary acidic protein (GFAP) (C-19) Abs were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). TUNEL staining was performed
according to the protocol supplied by Oncogene Research Products (San
Diego, CA). To quantitate inflammation, the total numbers of inflammatory
foci were counted in H&E-stained sections from all nine different levels of
LSSC. An inflammatory focus was defined as the presence of a cluster of
20 or more aggregated mononuclear cells (31). The numbers of immunostaining and TUNEL staining positive cells were also quantitated in LSSC
sections. Under ⫻400 magnification (the diameter of the view field was
0.375 mm), the view field was focused on the most medial ventral white
matter area of the right side of spinal cord without including the meninges
and the anterior medium fissure, and the total numbers of positively stained

cells were counted from nine levels of LSSC. Spinal cord neurons were
counted in the right side of the gray matter from nine levels of LSSC after
SMI-32 immunostaining.

Cell culture
MBP-specific T cell lines were established according to the standard protocol (32). Briefly, monocytes from the draining lymph nodes of MBPimmunized Lewis rats were isolated on 9 dpi, and were stimulated in vitro
with 20 g/ml MBP for 72 h. The viable lymphoblasts were purified by
Ficoll density centrifugation, and expanded with IL-2 (Sigma-Aldrich) for
5 days. Cells were maintained through additional cycles of MBP stimulation in the presence of gamma-irradiated syngenic thymocytes, followed by
expansion with IL-2. After the second and third round of MBP stimulation,
1–2 ⫻ 106 T line cells were sufficient to transfer 30 EAE in naive animals.
Inflammatory peritoneal macrophages were obtained according to the reported protocol (33). Briefly, 5% proteose peptone (Sigma-Aldrich) in saline (5 ml/100 g body weight) was injected i.p. into Lewis rats. The cells
in peritoneal exudates were collected after 72 h. After 2-h incubation, nonadherent cells were removed by rinsing. Over 90% of adherent cells were
identified as macrophages by Giemsa staining.

T cell proliferation assay and delayed-type
hypersensitivity (DTH)
T cell proliferation assays were performed as described (32) in monocytes
from draining lymph nodes, and [3H]thymidine incorporation was measured 3 days after stimulation with 20 g/ml MBP. DTH tests were performed on 12 dpi. A total of 50 l MBP solution (0.75 g/l) was injected
intradermally at the dorsal aspect of the right ear. The thickness of the right
ear was measured five times both before injection and 24 h after injection.
The averaged increase in ear thickness after injection was recorded as the
DTH response to MBP. The injection of 50 l saline solution as controls
did not result in any thickness increase after 24 h.

Cell death assays
MTT assays were performed by adding 5 mg/ml MTT to cell cultures at
1/10 dilution. After incubation at 37°C for 3 h, the cells were collected. The
purple crystals were dissolved in 200 l isopropanol, and the cell debris
was removed. MTT results represent the differences in absorption between
560 and 690 nm read on a microplate reader. Annexin V-FITC/propidium
iodide (PI) staining was performed according to the BD PharMingen (San
Diego, CA) protocol, and the samples were analyzed by flow cytometry
within 1 h.

CSF collection from Lewis rats
Under anesthesia, the subarachnoid matter covering cisterna magna was
exposed by dissection. The tip of a 30-gauge needle attached to a syringe
was inserted into the subarachnoid space, and ⬃150 –200 l clear CSF was
collected from each animal. The albumin levels in pooled CSF were lower
than 1/1000 of rat serum albumin level.

Statistics
Data are presented in mean ⫾ SEM. Two-sample t tests were used to
compare the mean values between two groups. Values of p ⬍ 0.05 were
regarded as statistically significant.

Results
Intrathecal infusion of rFasL suppresses clinical EAE and
alleviates pathological inflammation in LSSC
The clinical manifestations of EAE with various treatment protocols are summarized in Table I. Starting from 10 or 11 dpi, nontreated and control-infused rats all developed severe EAE symptoms. There were no significant differences in EAE onset, peak
EAE severity, or weight loss between the two groups. Therefore,
the procedure of intrathecal infusion as well as the ingredients in
control infusion did not interfere with EAE development. In contrast, intrathecal infusion of 175–700 ng rFasL between 7 and 10
dpi dose dependently reduced EAE incidence. In those rFasL-infused animals that developed EAE symptoms, the onset was significantly delayed, and most of them only had difficulty in tail
movement for 1–3 days. The weight loss was also much milder.
Interestingly, none of 10 Lewis rats infused with 700 ng rFasL
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Male Lewis rats with a body weight between 175 and 200 g were obtained
from Charles River Canada (St. Constant, Quebec, Canada). The protocols
for animal experiments were approved by the Animal Care Center, University of British Columbia. To actively induce EAE, each rat was immunized s.c. close to the inguinal lymph nodes with 100 l MBP/CFA emulsion, which contained 50 g guinea pig MBP (Sigma-Aldrich, St. Louis,
MO) and 500 g heat-inactivated mycobacteria tuberculosis (Difco, Detroit, MI). The rats were weighed and scored for EAE severity daily over
20 days postimmunization (dpi). The degrees of EAE severity were scored
as follows: 0, no clinical symptoms; 0.5, incomplete tail paralysis; 1, complete tail paralysis; 2, unsteady gait or incomplete paraplegia; 3, complete
paraplegia.
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Table I. Intrathecal infusion, but not systemic administration of rFasL, suppresses acute EAE in Lewis rats

Groupsa

No. of Animals

% EAE
Incidence

EAE Onset
(dpi)b

Peak EAE
Scoreb

Weight Loss
(g)b

Nontreated
Control infusion i.t.
rFasL 175 ng i.t.
rFasL 350 ng i.t.
rFasL 700 ng i.t.
rFasL 175 ng ⫻ 4 i.m.
rFasL 175 ng ⫻ 4 i.v.

10
15
8
15
10
9
4

100 (10/10)
100 (15/15)
63 (5/8)
20 (3/15)
0 (0/10)
100 (9/9)
100 (4/4)

10.5 ⫾ 0.3
10.6 ⫾ 0.2
12.2 ⫾ 0.4c
12.3 ⫾ 0.3c
N/A
10.1 ⫾ 0.5
10.7 ⫾ 0.5

2.8 ⫾ 0.2
2.9 ⫾ 0.2
1.3 ⫾ 0.3c
0.8 ⫾ 0.1c
N/A
2.7 ⫾ 0.2
2.8 ⫾ 0.3

42.1 ⫾ 2.5
44.5 ⫾ 2.1
28.0 ⫾ 4.6c
22.3 ⫾ 6.1c
N/A
40.4 ⫾ 4.1
47.0 ⫾ 7.1

a
The rats in all groups were immunized with MBP/CFA, and observed over 20 dpi. Intrathecal infusion (i.t.) was given
between 7 and 10 dpi. The i.m. and i.v. injections of rFasL (175 ng each time) were given twice daily on both 8 and 9 dpi.
b
Data regarding EAE onset, EAE severity, and weight loss were obtained from animals that developed clinical EAE.
c
p ⬍ 0.001 compared with the data from nontreated animals.

tory focus could be observed at 10 dpi after rFasL infusion, and the
numbers of inflammatory foci were reduced by an average of 90%
at 12 dpi after rFasL infusion.
T lymphocytes and macrophages/activated microglia represent
most of the inflammatory cells in this EAE model (34). To examine whether rFasL infusion preferentially reduced one cell type, we
performed immunostaining with multiple markers in LSSC sections from normal, control-infused, and rFasL-infused animals
(Fig. 1D). ED1 Ab mainly stains for macrophages and activated
microglia, but also weakly stains granulocytes. OX-42 Ab stains
for microglia and some macrophages. OX-19 (anti-rat CD5) and
W3/13 (anti-rat CD43) are markers mainly for T cells, but also
stain some B cells and polymorphonuclear cells, respectively. Although no ED1, OX-19, or W3/13 positive cells were observed in
normal LSSC sections, many OX-42⫹ and Fas⫹ cells were
present. When the net increase in positive cell numbers from normal levels was compared between control-infused and rFasL-infused animals, we found that rFasL infusion reduced ED1⫹, OX42⫹, OX-19⫹, W3/13⫹, and Fas⫹ cells by 93, 95, 86, 90, and 93%,
respectively. Because double immunostaining showed that both
ED1⫹ and OX-19⫹ cells strongly express Fas receptors (data not
shown), the reduction of Fas⫹ cells is consistent with the reduction
of infiltrating T cells and macrophages. Taken together, these data
indicate that intrathecal infusion of rFasL greatly reduced the infiltration of inflammatory cells into the LSSC, and both T cells and
macrophages were reduced to a similar level.
Intrathecal infusion of rFasL increases apoptosis in CNS
inflammatory cells, but does not inhibit systemic immune
response to MBP

FIGURE 1. Intrathecal infusion of 350 ng rFasL between 7 and 10 dpi
greatly alleviates pathological inflammation in LSSC at both 10 and 12 dpi.
H&E staining in LSSC sections obtained at 12 dpi shows meningeal/parenchymal inflammation and many inflammatory foci (marked by arrows)
in control-infused animals (A), but no obvious inflammation in rFasL-infused animals (B). Scale bar in A and B ⫽ 180 m. Quantitation (C) shows
that rFasL infusion, but not control solution, significantly reduced the numbers of inflammatory foci in LSSC at both 10 and 12 dpi. Quantitation of
ED1, OX-42, OX-19, W3/13, and anti-Fas immunostaining (D) shows that
rFasL infusion significantly reduced the infiltration of both T cells and
macrophages/activated microglia, as well as Fas⫹ cells, in LSSC obtained
at 12 dpi. LSSC tissues from three to four animals were included in each
group of C and D (ⴱ, p ⬍ 0.001).

To examine the mechanisms by which rFasL infusion suppresses
clinical EAE and pathological inflammation in LSSC, we performed TUNEL staining to study whether rFasL infusion induced
apoptosis in CNS-infiltrating inflammatory cells. Because there are
great differences in the numbers of inflammatory cells in LSSC
between control-infused and rFasL-infused animals, it is important
to compare the percentages of apoptotic inflammatory cells between the two groups. In various EAE models, most apoptotic cells
in the CNS are either T cells or macrophages/activated microglia
(27, 35–37). In contrast, apoptosis of neurons, oligodendrocytes, or
astrocytes in EAE is very rare. As detailed later, we could not
detect any cytotoxicity to neurons, oligodendrocytes, or astrocytes
in LSSC after rFasL infusion either morphologically or quantitatively. Therefore, most apoptotic cells should be T cells and macrophages/activated microglia in both control-infused and rFasLinfused animals. We counted the numbers of OX-19⫹, ED1⫹, and
TUNEL⫹ cells in serial LSSC sections, and calculated the percentages of apoptotic CNS inflammatory cells. As shown in Table
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developed any EAE signs over 20 dpi. They moved actively, and
their body weight increased similarly as in normal animals. Therefore, intrathecal infusion of rFasL before the expected EAE onset
is able to suppress acute EAE in Lewis rats.
Pathological examinations were performed in animals that were
nontreated, infused with control solution, and infused with 350 ng
rFasL. H&E staining shows that control-infused and nontreated
animals at the EAE peak (12 dpi) developed severe inflammation
in LSSC (Fig. 1A). In contrast, minimal inflammation was observed in LSSC from rFasL-infused animals at 12 dpi (Fig. 1B). In
animals that were infused with rFasL and developed mild EAE, the
degree of inflammation in LSSC was also much milder, correlating
well with the alleviated EAE symptoms. Because most inflammatory cells infiltrate into CNS between EAE onset and EAE peak,
we quantitated the numbers of inflammatory foci in LSSC at both
10 and 12 dpi (Fig. 1C). Although no significant changes were
observed at either time point after control infusion, no inflamma-
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Table II. rFasL infusion increased apoptosis in CNS inflammatory cells
Groupsa

OX-19⫹b

ED1⫹b

TUNEL⫹b

TUNEL⫹ (%)c

Control infusion (10 dpi)
rFasL infusion (10 dpi)
Control infusion (12 dpi)
rFasL infusion (12 dpi)

123.7 ⫾ 7.8
9.7 ⫾ 2.7
280.0 ⫾ 16.3
38.0 ⫾ 4.9

171.7 ⫾ 9.6
6.3 ⫾ 2.4
746.3 ⫾ 54.2
51.3 ⫾ 2.0

23.4 ⫾ 3.5
8.0 ⫾ 2.6
166.0 ⫾ 3.5
38.7 ⫾ 3.2

8.0 ⫾ 1.2
49.4 ⫾ 2.7d
16.3 ⫾ 0.7
43.5 ⫾ 3.6e

a

In each group, LSSC tissues were obtained from three animals at 10 or 12 dpi, as indicated. The dose of rFasL infusion was 350 ng.
The numbers of positively stained cells were counted, as described in Materials and Methods, in serial sections.
c
The percentage of TUNEL⫹ cell numbers among combined numbers of OX-19⫹ and ED1⫹ cells.
d
p ⬍ 0.001.
e
p ⫽ 0.0017.
b

In vitro rFasL treatment induces death in encephalitogenic T
cells and activated macrophages, and potentiates the
immunosuppressive property of rat CSF
There are controversial results regarding whether activated T cells
and macrophages are susceptible to FasL-induced apoptosis (39,
40) and whether soluble FasL is efficient in inducing apoptosis (41,
42). We studied in vitro whether encephalitogenic T cells and ac-

FIGURE 2. Intrathecal infusion of 350 ng rFasL does not suppress systemic immune response to MBP. No significant differences were found in
comparing MBP-induced T cell proliferation between control-infused and
rFasL-infused animals at either 10 or 12 dpi (A), or in comparing MBPinduced DTH responses among nontreated, control-infused, and rFasLinfused animals at 12 dpi (p ⬎ 0.05).

tivated macrophages are susceptible to rFasL-induced cell death.
We established MBP-specific T cell lines and found that encephalitogenic T cells obtained after MBP stimulation with gammairradiated thymocytes are highly susceptible to rFasL-induced cell
death. After 16 h of treatment with rFasL ranging from 0 to 25, 50,
100, and 200 ng/ml, the percentages of T cells double negative for
Annexin V-FITC and PI staining among T cells/thymocytes decreased monotonically from 36.9 to 13.0, 6.1, 3.3, and 1.8% (Fig.
3A–H). The blockade of rFasL-induced T cell death by Fas-Fc
fusion protein suggests that the effect of rFasL is specific (Fig. 3I).
In addition, rFasL-treated T cells showed the characteristic morphology of apoptosis (Fig. 3, J and K). Although 1–2 ⫻ 106 nontreated T line cells were sufficient to transfer 30 EAE in a naive rat,
200 ng/ml rFasL-treated T cells with even a doubled pretreatment
cell number could not transfer EAE at all (data not shown).
We next examined whether activated macrophages were susceptible to rFasL-induced cell death. Peritoneal inflammatory macrophages were first activated with 100 U/ml IFN-␥ for 48 h, and
then triggered with 200 ng/ml LPS. Because macrophages activated with this protocol are able to produce TNF-␣, IL-12, and
NO, and to exhibit tumoricidal activity in vitro (43, 44), they belong to the activated effector cells. rFasL, either alone or with the
anti-FLAG Ab, was added at the same time as LPS. MTT assays
show that rFasL treatment for 16 h dose dependently induced cell
death in activated macrophages (Fig. 4). An average of 44% of
macrophages was killed by 200 ng/ml rFasL treatment. When an
anti-FLAG Ab (1.5 g/ml; Upstate Biotechnology) was added together to cross-link rFasL via the FLAG tail, enhanced effects were
observed, and ⬃72% of activated macrophages was eliminated
with 200 ng/ml rFasL. These results suggest that while activated
macrophages are not as sensitive as encephalitogenic T cells, a
large proportion of activated macrophages is susceptible to rFasLinduced cell death.
In this study, we focus on testing our hypothesis that infusion of
rFasL into the normal CSF before EAE onset could create a hostile
environment for CNS Ag-directed T cells and macrophages to initiate CNS autoimmune inflammation. Because there was minimal
inflammation in LSSC after intrathecal rFasL infusion, we think
the CSF environment in which rFasL produced effect was close to
the normal CSF. To mimic the in vivo situation, we examined how
normal rat CSF, alone or in combination with rFasL, would affect
MBP-induced proliferation of encephalitogenic T cells in vitro
(Fig. 5). Different percentages (v/v) of CSF or HBSS (as controls)
were included from the beginning of T cell proliferation experiments.
Although 10 –50% HBSS had no significant effect, the inclusion of
10 –50% CSF dose dependently inhibited T cell proliferation. The
inclusion of 50% CSF inhibited 76% of T cell proliferation. In addition, treatment with rFasL ranging from 25 to 100 ng/ml markedly
enhanced the antiproliferative property of rat CSF. These data suggest
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II, although the absolute numbers of TUNEL⫹ cells were lower in
rFasL-infused animals due to a great reduction in inflammation,
rFasL infusion significantly increased the percentages of apoptotic
inflammatory cells from 8.0 ⫾ 1.2% to 49.4 ⫾ 2.7% at 10 dpi, and
from 16.3 ⫾ 0.7% to 43.5 ⫾ 3.6% at 12 dpi. These data indicate
that rFasL infusion greatly induced apoptosis in infiltrating inflammatory cells in CNS. Although double labeling of TUNEL⫹ cells
with various cell markers would be meaningful, we found that
TUNEL staining, which requires the pretreatment with proteinase
K for best results, markedly reduced positive cell numbers in the
following immunostaining.
To determine whether intrathecally infused rFasL might drain
out of the CNS and directly affect systemic immune function, we
tested whether systemic administration of a similar dose of rFasL
could suppress EAE (Table I). When a total of 700 ng rFasL was
injected either i.m. or i.v. on 8 and 9 dpi, no significant changes in
EAE manifestations were observed. This suggests that infused
rFasL acted locally within the CNS to suppress EAE development.
However, it is possible that a local effect of rFasL may induce
systemic immune deviation (38), which suppresses EAE. We compared MBP-induced T cell proliferation and DTH responses in
rFasL-infused and control-infused animals (Fig. 2). No significant
differences were observed in T cell proliferation at either 10 or 12
dpi, or in DTH responses at 12 dpi. Therefore, it is unlikely that
systemic immune deviation or other tolerance mechanisms were
responsible for the suppression of acute EAE after rFasL infusion.
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that while CSF has a strong immunosuppressive function, exogenous
FasL can greatly potentiate this suppression.
rFasL infusion does not damage neural cells or myelin in LSSC

nostaining of an anti-Fas Ab with SMI-32, Rip, and anti-GFAP
Abs, we found that neurons, oligodendrocytes, and astrocytes in
normal rat spinal cord constitutively express Fas receptors (Fig. 6,

Fas receptors have been detected on oligodendrocytes, astrocytes,
and neurons in the normal CNS (36, 37). Applying double immu-

FIGURE 4. rFasL treatment dose dependently induces cell death in activated macrophages in vitro. Peritoneal inflammatory macrophages were
primed with 100 U/ml IFN-␥ for 48 h and then triggered with 200 ng/ml
LPS. rFasL, either alone or in combination with anti-FLAG Ab (1.5 g/
ml), was added at the same time with LPS. MTT assay was performed 16 h
later. rFasL alone dose dependently induced death in macrophages, and an
enhanced effect was observed when rFasL was combined with anti-FLAG
Ab. Anti-FLAG Ab alone did not show any cytotoxicity (data not shown).
The results were typical for three separate experiments.

FIGURE 5. rFasL potentiates the immunosuppressive property of rat
CSF. MBP-specific T line cells collected after IL-2 expansion were stimulated with 20 g/ml MBP and gamma-irradiated thymocytes. A total of
0 –50% (v/v) rat CSF or HBSS was included from the start of T cell proliferation experiment. rFasL was added 24 h later. [3H]Thymidine was
added after another 24 h, and cells were harvested 16 h later. Although
10 –50% HBSS had no significant effect on T cell proliferation, the inclusion of 10 –50% CSF dose dependently inhibited T cell proliferation. In
addition, rFasL ranging from 25 to 100 ng/ml markedly enhanced the suppressive effect of rat CSF. The results were representative for three separate
experiments.

Downloaded from http://www.jimmunol.org/ by guest on September 21, 2017

FIGURE 3. rFasL treatment in vitro induces apoptotic death in MBP-specific encephalitogenic T line cells. T line cells were obtained during the second
or third round of MBP stimulation with gamma-irradiated thymocytes. rFasL treatment started after 24 h of MBP stimulation and lasted for 16 h. Annexin
V-FITC/PI staining and flow cytometry show that rFasL dose dependently induced cell death in MBP-activated T blasts (A–H). Although T blasts in
nontreated cultures could be distinguished from thymocytes in a forward scatter/side scatter plot, setting a gate specific for T cells was not feasible after
rFasL treatment, as many dying or dead T cells moved out from the gated area and became mixed with thymocytes (data not shown). Because virtually
all gamma-irradiated thymocytes were PI positive after 40 h in culture (A), most PI-negative cells in coculture were T blasts (B), which have similar cell
size with T line cells collected after IL-2 expansion and then stimulated with 2 g/ml Con A for 40 h (C). With the doses of rFasL ranging from 0 to 25,
50, 100, and 200 ng/ml, the percentages of MBP-stimulated T cells that were double negative for Annexin V-FITC and PI staining in T cell/thymocyte
coculture decreased from 36.9 to 13.0, 6.1, 3.3, and 1.8% (D–H). When 5 g/ml Fas-Fc fusion protein was added 0.5 h before 200 ng/ml rFasL treatment,
rFasL-induced cell death was largely blocked. I, Under microscope, nontreated T blasts (J) were normal in morphology, but most cells treated with rFasL
(K) were dead or dying. Many showed typical apoptotic morphology. These results were typical for three separate experiments.
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A–C). We therefore examined the potential cytotoxicity of infused
rFasL in these neural cells, even though rFasL-infused rats appeared normal in behavior. In tissues obtained from 700 ng rFasLinfused animals at 12 dpi, Luxol fast blue staining shows normal
even myelin staining in the white matter, and toluidine blue staining on semithin LSSC sections shows that myelin sheaths are intact and the myelin thickness is normal (Fig. 6, D and E). In addition, morphological examination (data not shown) and
quantitation (Fig. 6F) of positively stained oligodendrocytes, neurons, astrocytes, and microglia in LSSC sections from rFasL-infused animals reveal no significant differences from normal animals (see Fig. 1D for microglia data). In conclusion, no toxic effect
in spinal cord neural cells or the myelin structure was detected
after the infusion of 700 ng rFasL.

Discussion
In this study, we found that MBP-specific encephalitogenic T line
cells are highly sensitive to rFasL-induced cell death in vitro.
Treatment with 200 ng/ml rFasL killed over 90% of these cells in
16 h. Soluble FasL includes the short form, which is shed from
membrane-bound FasL by metalloprotease digestion, and the long
form, which contains the entire extracellular domain of membranebound FasL (45). Although the short form soluble FasL retains
little proapoptotic activity (41), the long form soluble FasL may be
functional, especially when used at higher doses (42, 45). Our
results show that rFasL, which belongs to the latter category, has
a significant proapoptotic effect in encephalitogenic T cells. In addition, we found that the sensitivity of T line cells to rFasL depends on the MBP stimulation, because T line cells from the IL-2
expansion phase were resistant to rFasL (data not shown). This is
consistent with reports showing that TCR occupancy is required
for FasL-induced T cell death (46). It suggests that in vivo infiltrating encephalitogenic T cells may be deleted by rFasL when
they are further activated by perivascular/infiltrating macrophages
or by activated microglia in CNS.
Activated macrophages are the principal effector cells in EAE
(47). In the preclinical period, macrophages are important APCs
for T cells, and upon activation their production of proinflammatory cytokines and chemokines is important for the recruitment of

inflammation cells into CNS. Our results show that a large portion
of effector macrophages is susceptible to rFasL-induced cell death,
although these cells are less sensitive than encephalitogenic T
cells. We found that macrophages that were primed with IFN-␥
only were resistant to rFasL (data not shown), suggesting that the
susceptibility of macrophages to rFasL is also associated with their
activation state and is correlated with their acquisition of effector
functions. Because the interaction and mutual activation between
infiltrating Ag-specific T cells and macrophages in CNS perivascular areas play a central role in the preclinical period, these data
support our in vivo results showing intrathecal infusion of rFasL is
able to stop the initiation of CNS autoimmune inflammation.
Accumulating evidence suggests that local suppression of the
effector mechanisms of a CNS-directed immune response contributes to the CNS immunoprivilege. T cells infiltrating into CNS
may lose the ability to produce IL-2 or to proliferate (48), and
frequently undergo apoptosis (35, 49). Our results show that natural CSF from normal rats dose dependently suppressed MBPinduced T line cell proliferation in vitro. TGF-␤ and vasoactive
intestinal peptide, which are present in normal CSF at effective
concentrations (50), are able to suppress T cell proliferation (51,
52). Although TGF-␤ may be present in a latent form in CSF (50),
a specific effect of TGF-␤ on Ag-presenting macrophages was
demonstrated in the natural CSF (53). These macrophages may
possibly generate a lower pH in the adjacent medium around them,
and then activate the latent TGF-␤ in situ (54). A similar process
may function to suppress T cell proliferation. There may be additional molecules in CSF, such as ␣-melanocyte-stimulating hormone (50), that also suppress T cell function. However, the suppression of T cell proliferation by normal CSF may be more
restricted to Th1 cells. Natural CSF from normal humans and rabbits was found to enhance mycobacteria tuberculosis-induced proliferation of primed lymph node cells, although IFN-␥ production
in these cells was greatly reduced (50). It will be interesting to
examine whether Th2 cells would respond to natural CSF by enhanced proliferation and cytokine secretion. Because CSF constantly communicates with perivascular space and meningeal areas, the strategic sites in which autoimmune T cells orchestrate the
CNS autoimmune inflammation, and molecules smaller than 70
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FIGURE 6. Intrathecal infusion of 700 ng rFasL does not damage myelin structure or neural cells in LSSC. Double immunostaining of an anti-Fas Ab
with SMI-32 (A), Rip (B), and anti-GFAP (C) Abs shows that Fas receptors are constitutively expressed in neurons, oligodendrocytes, and astrocytes in
normal spinal cord. Luxol fast blue staining in LSSC sections from rFasL-infused animals at 12 dpi (D) shows normal even myelin staining in white matter.
Toluidine blue staining on semithin LSSC sections from rFasL-infused animals at 12 dpi (E) shows intact myelin structure and normal myelin thickness.
Scale bars in A–E ⫽ 36, 18, 72, 72, and 18 m, respectively. Quantitation of cells positive for Rip, SMI-32, and GFAP immunostaining in LSSC obtained
at 12 dpi shows no significant changes in their numbers after rFasL infusion (F). There were three animals in each group (p ⬎ 0.05).
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serve any cytotoxicity in neural cells after rFasL infusion. In EAE,
FasL is highly expressed on CNS inflammatory cells, but apoptosis
is only observed in some activated microglia among CNS neural
cells (27, 36). This suggests that other CNS neural cells may resist
the cytotoxicity of FasL even in an inflammatory milieu. However,
more studies will be needed to define exactly whether FasL may be
cytotoxic to CNS neural cells in certain conditions.
Further study is also required to determine whether rFasL infusion can induce brain-associated immune deviation (69) after acute
EAE is suppressed, and secondly, whether rFasL infusion can suppress EAE when neutrophils are involved in CNS inflammation.
Recently, there has been strong interest in developing gene therapy
strategies to allow the long-term expression of cytokines in CNS
through the CSF route (70, 71). Overexpression of FasL in allograft endothelium (72) and thyroid follicular cells (73) by genetic
approaches has been reported to effectively prevent the immune
attacks on these target tissues. It would be important to examine
whether the long-term expression of rFasL in CSF might prevent
or reduce the relapses of CNS autoimmune inflammation. Although we observed a substantial effect of intrathecal rFasL infusion in suppressing acute EAE, the time window of this treatment
appears critical. Our preliminary data suggest that intrathecal infusion of rFasL (700 ng/animal) either during the incubation period (0 –3 dpi) or right after EAE onset (10 –13 dpi or 11–14 dpi)
was largely ineffective (data not shown). This may be explained by
the high sensitivity of encephalitogenic T cells to rFasL and the
essential role of these T cells in initiating CNS autoimmune inflammation during the preclinical effector phase. However, experiments with higher rFasL doses, or the combination with potent
protease inhibitors may reveal the role of rFasL infusion in treating
ongoing CNS autoimmune inflammation.
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