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Introduction

Summary

Myasthenia gravis (MG) and experimental autoimmune MG (EAMG) are
T cell-dependent, antibody-mediated autoimmune diseases. A dual altered
peptide ligand (APL) that is composed of the tandemly arranged two
single amino acid analogues of two myasthenogenic peptides, p195-212
and p259-271, was demonstrated to down-regulate in vitro and in vivo
MG-associated autoreactive responses. The aims of this study were to
investigate the possible role of Fas—FasL-mediated apoptosis in the down-
regulatory mechanism of the dual APL. We demonstrate here the effect of
the dual APL on expression of key molecules involved in the Fas—FasL
pathway, in a p195-212-specific T cell line, in mice immunized with Tor-
pedo acetylcholine receptor and in mice afflicted with EAMG (induced
with the latter). In vitro and in vivo results show that the dual APL
up-regulated expression of Fas and FasL on the CD4 cells. Expression of
the pro-apoptotic molecules, caspase 8 and caspase 3, was significantly
up-regulated, while anti-apoptotic cFLIP and Bcl-2 were down-regulated
upon treatment with the dual APL. The dual APL also increased phos-
phorylation of the mitogen-activated protein kinases, c-Jun-NH2-terminal
kinase and p-38, known to play a role in the regulation of FasL expres-
sion. Further, in the T cell line incubated with the dual APL as well as in
mice of the SJL inbred strain immunized with the myasthenogenic peptide
and treated concomitantly with the dual APL, the percentage of apoptotic
cells increased. Results strongly indicate that up-regulation of apoptosis
via the Fas—FasL pathway is one of the mechanisms by which the dual
APL reverses EAMG manifestations in C57BL/6 mice.

Keywords: apoptosis; dual APL; experimental autoimmune myasthenia
gravis (EAMG); Fas—FasL; immunosuppression

tive MG patients responded by either proliferation or
interleukin-2 (IL-2) secretion to the peptides emphasi-

Myasthenia gravis (MG) and its experimental animal
model, experimental autoimmune myasthenia gravis
(EAMG), are T cell-dependent autoimmune disorders
characterized by muscular weakness and excessive fatig-
ability due to antibodies against acetylcholine receptor
(AChR) of skeletal muscles that cause decreased func-
tional efficiency of the neuromuscular junction."” It was
demonstrated previously by this laboratory that two
sequences of the o-subunit of the human AChR,
namely, peptides p195-212 and p259-271, discriminated
significantly between MG patients and healthy controls
based on proliferation of peripheral blood lymphocytes.’
Furthermore, peripheral blood lymphocytes of seronega-
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zing the importance of T cells in MG.* The two pep-
tides were found to be immunodominant T cell
epitopes in SJL (p195-212) and BALB/c (p259-271)
inbred mice.” T cell lines specific to pl195-212 and
p259-271 that were inoculated into SJL and BALB/c
mice, respectively, were found to be pathogenic and to
induce EAMG manifested by the presence of anti-self
AChR antibodies and compound muscle action — poten-
tial decrements.®

A dual altered peptide ligand (APL) composed of the
tandemly arranged two single amino acid substituted
analogues, designated Lys-262-Ala-207, was demonstrated
to inhibit efficiently the proliferation of T cell lines
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specific to the myasthenogenic peptides and of lymph
node cells that were primed in vivo to either of the myas-
thenogenic peptides.” Most importantly, the dual APL,
when administered orally, could reverse EAMG mani-
festations, either induced (in BALB/c mice) by the
pl95-212-specific T cell line’ or by immunization (of
C57BL/6 mice) with the multideterminant Torpedo AChR
(TAChR)® as assessed by the clinical score, grip strength
and electromyography. The inhibitory activity of the dual
APL was demonstrated to be associated with a down-
regulation of the Thl type cytokines, namely, IL-2 and
especially interferon-gamma (IFN-y), which is known to
be pathogenic in MG and EAMG and an up-regulation
of the immunosuppressive Th3 cytokine, transforming
growth factor-f (TGF-B).° In addition, Faber-Elmann
et al.'™" showed that the dual APL acts as a partial agon-
ist by inhibiting phospholipase C (PLC) activity induced
by myasthenogenic T cell epitopes and immunomodulat-
ing T cell migration ability. Splenocytes of mice adminis-
tered with the dual APL inhibited significantly and
specifically the proliferation to Torpedo AChR,” indica-
ting that the suppressor activity of the dual APL can be
transferred by cells. The dual APL was shown to induce
CD4" CD25" T regulatory cells'? that are known to play
a critical role in the maintenance of peripheral toler-
ance.!** These cells were shown further to express
CD45Rb™", CTLA-4, intracellular TGF-p and forkhead
box p3 (Foxp3)'™'® markers that are characteristic to the
CD4" CD25" regulatory cell lineage."*

Down-regulation of T cell responses to the myastheno-
genic peptide p195-212 was shown further to be correla-
ted with an up-regulation in c-Jun-NH2-terminal kinase
(JNK) activity and an elevation in Fas- and Fas ligand
(FasL)-expressing cells in the dual APL-treated mice.'®
Interaction between the Fas and FasL molecules provides
the key signal to maintaining apoptosis and Fas—FasL-
mediated apoptosis, or activation-induced cell death
(AICD) of antigen-specific T cells, is a major mechanism
of peripheral tolerance induction and of immune home-
ostasis.'” The importance of the Fas death pathway in
immune homeostasis is illustrated by the massive accu-
mulation of T cells and the development of systemic
autoimmunity in mice and humans deficient in Fas and
FasL.!® In the simplest scheme understood so far, bind-
ing of FasL to Fas induces trimerization of the Fas
receptor, and Fas-associated death domain (FADD)
binds to the trimerized Fas cytoplasmic region. Proca-
spase 8 is then recruited to FADD and this death-indu-
cing signalling complex activates procaspase 8 (FLICE).
The active caspase 8 then cleaves and activates the
downstream caspase 3 resulting in characteristic apopto-
sis.' Two subfamily members of the mitogen-activated
protein kinase (MAPK) family, c-Jun-NH2-terminal kin-
ase (JNK) and p-38 MAPK have also been implicated in
apoptosis, as they commit T cells to apoptosis through
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the regulation of FasL expression.'” The whole process
of apoptosis is regulated tightly by a number of gene
products that block (such as Bcl-2 and cFLIP) cell death
at different stages.'”

Apoptosis mediated via the Fas—FasL pathway serves as
a defence against autoimmunity by deleting autoreactive
cells in the periphery.'” Because the progress of MG and
development of advanced stages has been attributed to a
down-regulation of apoptosis,”®>* in the present study
we investigated the possible role of the Fas—FasL-mediated
pathway in the dual APL-induced suppression of myas-
thenogenic-associated T cell responses. To this end we
utilized a T cell line specific for the myasthenogenic pep-
tide, p195-212, as well as C57BL/6 mice immunized with
the whole macromolecule of Torpedo AChR and mice
afflicted with EAMG induced by the latter. We demon-
strate here the effect of the dual APL on the expression of
key apoptotic molecules involved in the Fas—FasL-medi-
ated pathway and most importantly, we show that the
Fas—FasL pathway is one of the mechanisms by which the
dual APL down-regulates an already established EAMG in
C57BL/6 mice.

Materials and methods

Mice

SJL (The Jackson Laboratory, Bar Harbor, Maine, ME)
and C57BL/6 (Harlan Breeders, Indianapolis, IN) female
mice were used at the age of 8—12 weeks. The study was
approved by the Animal Care and Use Committee of The
Weizmann Institute of Science.

TACHR and peptide analogues

AChR was purified from Torpedo californica as des-
cribed®” and was used for immunizations and in vitro
studies. Peptide p195-212 (DTPYLDITYHFVMQRLPL)
was synthesized and characterized as described.” The dual
APL, Lys-262-Ala-207 (VIVKLIPSTSSAVDTPYLDITY
HFVAQRLPL) was synthesized (97% purity) by UCB-
Bioproducts (Brussels, Belgium). A peptide synthesized in
the reversed order (reversed peptide) of the dual APL
(LPLRQAVFHYTIDLYPTDVASSTSPILKVIV) was used as
control.”

Establishment of a p195-212-specific T cell line

Lymph node (LN) cells were harvested from SJL mice
10 days after their immunization with p195-212 [10 pg
per mouse in complete Freund’s adjuvant (CFA; Difco,
Detroit, MI)]. The LN cells (5 x 107) were cultured
in 25-ml flasks in 5 ml of enriched RPMI-1640 medi-
um supplemented with 1% normal mouse serum and
5 pg/ml p195-212. After 4 days of incubation, cells were
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washed and resuspended in 5 ml of enriched RPMI-1640
medium supplemented with 10% fetal calf serum (FCS)
and 2 ng/ml of recombinant murine IL-2 (PeproTech,
Rocky Hill, NJ). Cells were exposed to the stimulating
peptide (5 pg/ml) presented on irradiated (3000 rad) syn-
geneic spleen cells every 14 days*® and were maintained
between stimulations in enriched medium containing
IL-2. For all the experiments, cells of the line were harves-
ted 7 days after antigenic stimulation and stimulated with
the peptide with or without the dual or the reversed dual
APL, for 24 hr in the presence of irradiated syngeneic
spleen cells as antigen-presenting cells (APC).

Immunization of mice and in vivo inhibition of priming
of LN cells by the dual APL

SJL mice or C57BL/6 mice were injected with 10 pg per
mouse of p195-212 or Torpedo AChR (TAChR), respect-
ively, in CFA (Difco) and popliteal LN cells were harves-
ted 10 days later. For in vivo inhibition of priming, the
dual APL or its reversed form (used as a specificity con-
trol) was administered subcutaneously [(s.c.), 200 pg/
0-2 ml phosphate-buffered saline (PBS)], concomitant
with the immunization.

Induction of EAMG and treatment of mice

C57BL/6 mice were immunized and boosted 1 month
later with 20 pug per mouse TAChR in CFA enriched with
2-5 mg/ml Mycobacterium tuberculosis H37 Ra (Difco). A
second group was injected with an emulsion of CFA/PBS.
The mice were observed for clinical manifestations on a
daily basis and graded as follows: grade 0, no definite
muscular weakness after exercise; grade 1, moderate mus-
cular weakness after exercise; grade 2, weakness at rest;
and grade 3, severe muscle weakness, paralysis, dehydra-
tion, moribund. Mice that showed clinical manifestations
of EAMG were divided randomly into two groups. One
group was treated with the dual APL twice a week
(200 pg/mouse) and the second group was given the vehi-
cle, PBS. The mice were treated for a period of 4 weeks.

Antibodies

The following antibodies were used in the study: anti-
CD4-phycoerythrin (PE) (GK1-5), anti-CD25/IL-2R-fluo-
rescein isothiocyanate (FITC) (7D4), and their matched
isotype controls (Southern Biotechnology Associates,
Birmingham, AL); hamster anti-mouse-Fas-PE (Jo2),
hamster anti-mouse CD178 (FasL, CD95 ligand)-PE
(MFL3) and rat anti-mouse CD4-allophycocyanin (L3T3)
antibody (clone 1B8) and their matched isotype controls
(Pharmingen, San Diego, CA); annexin V/FITC and pro-
pidium iodide (PI)-PE (IQ Products, Groningen, The
Netherlands); anti-JNK2 (Serotec, Raleigh, NC) and anti-
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phosphorylated-JNK, p-JNK (Serotec), anti-phosphor-
ylated p38 (p-p38, Thrl80/Tyr182, sc-17852-R) and
anti-p38 (C-20) (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-rabbit IgG-horseradish peroxidase and anti-
mouse IgG-horseradish peroxidase (Jackson Immuno-
Research Laboratories, West Grove, PA).

Fluorescence staining of LN cells

Cells (1 x 10% from LN of tested mice or cells of the p195—
212-specific T line (5 X 10°) were washed with 10% FCS in
PBS, incubated with the relevant antibody, washed again
and analysed by fluorescence activated cell sorter (FACS;
Becton Dickinson, Franklin Lakes, NY). For intracellular
staining, cells were first incubated with a fixation solution,
washed and resuspended in permeabilization solution
(Serotec) in the presence of their respective antibodies.

Preparation of cell lysates and Western blot analysis

Cells (50 x 10°) from LN of mice or peptide-specific T
cells (5% 10°) were incubated in lysis buffer, pH 7-2
[containing 50 mm Hepes, 150 mm NaCl, 1-5 mm MgCl2,
1 mm ethyleneglycol tetraacetic acid (EGTA), 1% ethylene-
diamine tetraacetic acid (EDTA), 1% Triton X-100, 10%
glycerol, 1 mm Na-orthovanadate, 30 mm Na-pyrophos-
phate, 1 mM phenylmethylsulphonyl fluoride (PMSF),
10 pg/ml leupeptin and 10 pg/ml aprotinin] for 10 min
on ice. Supernatants were collected and protein concen-
trations were determined by Bradford reagent (Bio-Rad,
Hercules, CA). Lysates were boiled in sample buffer and
equal amounts of protein were separated on 10% sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membrane.
Following blocking, the membrane was reacted with the
relevant antibody and further with the secondary antibody
coupled to horseradish peroxidase (HRP). Detection was
carried out by the enhanced chemiluminescence method.
Protein expression was determined by photodensitometry
using the National Institutes of Health MAGE program.

Determination of mRNA levels

Levels of mRNA were analysed by quantitative real time
reverse transcription—polymerase chain reaction (RT—
PCR) using LightCycler (Roche, Mannheim, Germany).
Reverse transcription into complementary DNA was per-
formed using Molony murine leukemia virus reverse tran-
scriptase (Promega, Madison, WI). Real time PCR was
performed according to the manufacturer’s instructions.
Briefly, 20 pl of reaction volume contained 3 mm MgCl,,
LightCycler HotStart DNA SYBR Green I mix (Roche),
specific primer pairs and 5 pl of cDNA. PCR cycling con-
ditions were 10 min at 95° followed by 45 cycles at
95° for 15 seconds, 60° for 15 seconds and 72° for 15
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seconds. The following primers, forward and reverse,
were used: caspase 8, 5-ACATAACCCAACTCCGAA-3'
and 5-GTGGGATAGGATACAGCAGA-3; caspase 3,
5'-TCTCGCTCTGGTACGG-3' and 5-GGCAGTAGTCG
CCTCT-3; cFLIP, 5-GTTCGCCGATATGCAAG-3' and
5'-CTGGCTACCTAACGACT-3'; Bcl-2, 5-GCATAGGTT
GTCAACACT-3' and 5-AAGCACGATATGATGCC-3;
B-actin, 5'-GACGTTGACATCCGTAAAG-3’ and 5'-GGC
CGGACTCATCGTA-3'.

Results

The dual APL up-regulates expression of Fas and
FasL on cells of the p195-212-specific line

In order to determine the possible role of the Fas—FasL-
mediated pathway in the mechanism of action of the dual
APL we utilized a T cell line specific for p195-212 that was
established from LN cells of SJL mice 10 days after their
immunization with the peptide. The phenotype of the T
cell line as analysed by FACS was 96% CD4" T cells'”. As
the dual APL-induced CD4" CD25" regulatory cells were
primarily the CD45Rb™" cells while the CD45Rb"" were
expressed on the autoreactive cells of the p195-212-specific
T cell line,"” we determined the effect of the dual APL on
the expression of Fas and FasL on the CD45Rb isoforms
by FACS analysis. To this end, cells of the line were stimu-
lated with the peptide with or without the dual/reversed
dual APL for 24 hr. Figure 1 shows the percentage expres-
sion of Fas and FasL on CD45Rb™&" and CD45Rb"" pop-
ulation of cells. The cut-off settings for CD45Rb high and
low cells were determined from histogram plot of CD45Rb
stained cells (figure not shown) which yielded two peaks
corresponding to CD45Rb"" and CD45Rb™". As seen in

p195-212+Rev.Dual
APL

p195-212

Fig. 1, Fas expression on CD45Rb™E" cells of the dual
APL-treated p195-212-specific T cells increased to 59-02%
from 39:17% on the untreated cells or 29-5% on the
reversed dual APL-treated cells. The dual APL also
increased FasL expression (by about twofold) on the
CD45Rb"&" when compared to the untreated cells. It is
noteworthy that while the expression of Fas on the
CD45Rb™" cells was slightly down-regulated in the dual
APL-treated cells, FasL expression was up-regulated by
almost threefold when compared to the untreated or the
reversed dual APL-treated cells. Levels of the latter were
similar to those on the CD45Rb™&" cells. No prominent
effect was observed in the reversed dual APL-treated cells.

The effect of the dual APL on pro-apoptotic and
anti-apoptotic molecules on cells of the T cell line

We next determined the expression of downstream key
molecules of apoptosis. mRNA levels of caspase 8, caspase
3, cFLIP and Bcl-2 were determined for the treated and
untreated p195-212-specific T cells of the line. To this
end, total RNA was prepared from cells of the line that
were stimulated with p195-212 for 24 hr with or without
the dual/reversed dual APL. Levels were normalized to
B-actin and presented as a percentage of the levels in
untreated cells (accounted as 100%). As seen in Fig. 2, a
very significant increase in caspase 8 was observed in the
dual APL-treated cells. The dual APL also increased the
levels of caspase 3 by about 2-5-fold when compared to
the untreated or the reversed dual APL-treated cells. On
the other hand, expression of the anti-apoptotic mole-
cules, cFLIP and Bcl-2 was significantly reduced in cells
treated with the dual APL when compared to the
untreated T cell line. Levels of phosphorylated MAPK,
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Figure 2. Effect of the dual altered peptide ligand (APL) on the
expression of apoptotic molecules by a p195-212-specific T cell line.
T cells (5 x 10°) of the line were stimulated with p195-212 with or
without the dual or the reversed dual APL for 24 hr. Total RNA was
extracted, and real time polymerase chain reaction (PCR) was per-
formed for caspase 8, caspase 3, cFLIP and Bcl-2 as described in
Materials and methods. Results are expressed as the mean percentage
of the gene expression of triplicate samples + SD values. *P < 0-05,
**P < 0-0005, when gene expression in the presence of the dual APL
was compared with that in the absence of the dual APL. Shown is
one of two experiments performed.
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Figure 3. The dual altered peptide ligand (APL) up-regulates phos-
phorylation of pJNK and p-38 in p195-212-specific T cells. T cells
(5 x 10°) of the line were stimulated with p195-212 with or without
the dual or the reversed dual APL for 24 hr. Whole-cell lysates were
prepared, separated on sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to a nitrocellulose
membrane that was later blotted with anti-p-JNK or anti-p-38 or
their respective totals. Results are expressed as densitometry units
(measured with National Institutes of Health 1MAGE software).

Shown is one of two experiments performed.

reported to play a role in the regulation of Fas and
FasL expression, were measured. Phosphorylated pJNK
and p-38 were determined for cell lysates of the
p195-212-specific T cell line stimulated with the peptide
for 24 hr with or without the dual/reversed dual APL. As
seen in Fig. 3, phosphorylated pJNK levels increased by
more than threefold and those of p-38 increased by 1-5-
fold when the line cells were incubated with the dual APL
compared to the untreated cells. The control peptide did
not have any effect on the cells of the line when com-
pared to the untreated cells.
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Figure 4. The dual altered peptide ligand (APL) up-regulates annexin
V positive cells in a p195-212-specific cell line. Cells (10° per ml) of
the line were stimulated with p195-212 (5 pg per ml) with or without
the dual or reversed dual APL (500 pg per ml) for 24 hr. Cells were
double-stained for annexin V-fluorescein isothiocyanate (FITC) and
PI-PE. The results are presented after reduction of background
obtained with unstained cells. Percentage of annexin V positive and PI
negative cells are depicted in the lower right quadrant. Shown is one of
two experiments performed.

The dual APL up-regulates annexin V-positive cells

Apoptosis of cells of the p195-212-specific line was quan-
tified by phosphatidyl serine exposure, determined by
annexin V/FITC binding and FACS analysis coupled with
propidium iodide staining to exclude necrotic cells. To this
end, cells of the line were stimulated with the peptide for
24 hr in the presence or absence of the dual or reversed
dual APL. As seen in Fig. 4, a prominent fourfold increase
in levels of apoptotic cells was measured in the dual APL-
treated peptide-specific T cells when compared to the
untreated cells. Levels of apoptosis were also determined
for splenocytes and lymph node cells of SJL mice that were
either injected with PBS or p195-212 in CFA or were
immunized with p195-212 and administered concomit-
antly with the dual APL. Because the suppressive effects
of the dual APL in association with an increase in
CD4" CD25" cells were best observed at day 10 after
immunization,'” we determined the apoptotic effects that
possibly correlate with the down-regulatory effect of the
dual APL at the same time-point in the present study.
Figure 5(aii—iv and bii-iv) demonstrates the CD4" cells
stained for annexin-v out of PI negative cells (Fig. 5a, bi).
A reduction in the apoptotic CD4" cells was determined
in mice immunized with p195-212 (Fig. 5a, biii), whereas
treatment with the dual APL up-regulated the population
of apoptotic CD4" cells (Fig. 5a, biv). Figure 5(a, bv)
shows the mean percentages of apoptotic CD4" cells deter-
mined in the three experiments performed (four mice per
group) compared to cells of PBS immunized mice (consid-
ered 100%). It can be seen that treatment with the dual
APL up-regulated significantly the apoptotic CD4" cells.

The effect of the dual APL on the Fas/FasL pathway
in cells of mice immunized with TAChR

We determined the expression levels of Fas and FasL on
lymph node-derived CD4" cells of C57BL/6 mice that
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Figure 5. The dual altered peptide ligand (APL) up-regulates annexin V positive cells in lymph node (LN) derived CD4" cells of SJL inbred mice
immunized with p195-212. SJL mice were either immunized with p195-212 [10 pg per mouse in complete Freund’s adjuvant (CFA)] and concom-
itantly administered subcutaneously (s.c.) with the dual APL [200 pg per mouse in phosphate-buffered saline (PBS)] or immunized with p195-212
or PBS alone. Ten days after immunization, spleen cells (a) and popliteal LN cells (b) were harvested. Cells were stained for CD4, annexin V and
PI and analysed by fluorescence activated cell sorter (FACS). (a, bi) Staining for PI and annexin-V. Percentages in the upper left and right quad-
rants represent PI-stained necrotic cells while that in the lower right quadrant indicates annexin V positive apoptotic cells. (a, bii—iv) Percentage of
CD4" cells out of the gated annexin-V positive and PI negative cells. Shown is one of three experiments performed. (a, bv) Results are also
expressed as the mean percentage of CD4 cells positive for annexin in the three experiments performed + SD values. Percentage of apoptotic CD4"
cells of PBS immunized mice was considered as 100%. *P < 0-05 when compared with the group immunized with the peptide alone.

were immunized with TAChR and concomitantly admin- CD4" CD25 cells, the FasL was up-regulated on the
istered with the dual APL or were immunized with CD4" CD25" cells of the dual APL-treated mice as com-
TAChR alone. We have demonstrated previously that pared to the untreated group. Further, mRNA expression
the dual APL up-regulates expression of the CD4" levels of the downstream apoptotic molecules, caspase 8,
CD25" T regulatory cells in mice immunized with caspase 3, cFLIP and Bcl-2 in the LN cells of the tested
TAChR (Aruna et al. unpublished data). We therefore C57BL/6 mice was determined by real time RT-PCR
determined the expression of Fas and FasL on gated and normalized to B-actin. As seen in Fig. 7(a), the dual
CD4" CD25" and CD4" CD25  cells in C57BL/6 mice APL significantly up-regulated the expression of the pro-
10 days postimmunization. As seen in Fig. 6, an apoptotic caspase 8 and caspase 3 while down-regulating
approximately 2-3% increase in levels of both Fas and the expression of the anti-apoptotic cFLIP and Bcl-2
FasL was observed on the CD4" cells of C57BL/6 mice molecules when compared to the untreated mice. We
immunized with TAChR and treated concomitantly with next determined the effect of the dual APL in mice
the dual APL. The dual APL up-regulated Fas expression immunized with the whole macromolecule of Torpedo
on the CD4" CD25  cells while that on CD4" CD25" AChR on the phosphorylation of MAP kinases by West-
cells of the treated mice was slightly down-regulated ern blot analysis of whole cell lysates. Levels of pJNK
when compared to the untreated mice. In contrast, while and p-p38 that have been normalized to their respective
a minor down-regulation of FasL was observed on the totals are shown in Fig. 7(b). It can be seen that both
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Figure 6. The dual altered peptide ligand (APL) up-regulates Fas and FasL expression in mice immunized with Torpedo acetylcholine receptor

(TAChR). C57BL/6 mice were either immunized with TAChR [10 pg per mouse in complete Freund’s adjuvant (CFA)] and concomitantly

administered subcutaneously (s.c.) with the dual APL/reversed dual APL [200 pg per mouse in phosphate-buffered saline (PBS)] or immunized

with TAChR alone. Ten days after immunization, popliteal lymph node (LN) cells were harvested. LN cells were stained for CD4, CD25, and Fas

or FasL and analysed by fluorescence activated cell sorter (FACS). The results presented are after reduction of the background staining obtained

with the matched isotype controls. Shown is one of three experiments performed.

PINK and p-p38 were up-regulated in the immunized
and concomitantly dual APL-treated mice compared to
untreated or control peptide-treated groups.

The dual APL up-regulates Fas expression on the
CD4"CD25" cells and FasL on the CD4" CD25" cells
in C57BL/6 mice with EAMG with an increase in
caspase 8 and a decrease in cFLIP expression

For the induction of EAMG, C57BL/6 mice were primed
and boosted with the Torpedo AChR in CFA. Mice in
which EAMG manifestations were determined were trea-
ted with either the dual APL (200 pg/mouse, twice a week
administered s.c.) or PBS for a period of 4 weeks. At the
end of treatment, LN cells were harvested from four mice
of either of the treatment groups and were tested for the
expression of Fas and FasL. Figure 8(a) shows the clinical
score of the tested mice, before and after treatment.
It can be seen that while the dual APL-treated mice did
not exhibit any clinical symptoms, PBS-administered mice
had clinical manifestations at the end of treatment.
Figure 8(b) shows that the dual APL up-regulated the lev-
els of both Fas and FasL on the CD4 cells of the treated
mice. It was of interest to determine the expression of Fas

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 413-424

and FasL on each of the CD4" CD25" and CD4" CD25~
T cell populations. Figure 8(b) also shows an analysis of
Fas and FasL expression on the gated CD4" CD25" and
CD4" CD25™ cells of the dual APL/PBS-treated C57BL/6
mice with EAMG. The dual APL markedly increased Fas
expression on the CD4" CD25~ (38-5-94-8%), while that
on the CD4" CD25" was down-regulated twofold when
compared to cells of mice treated with PBS. FasL expres-
sion was increased on CD4" CD25" cells, while about
twofold down-regulation (46-3-17-7%) was observed on
cells of dual APL-treated CD4" CD25" mice compared to
the PBS-treated mice. It is noteworthy that Fas and FasL
on the CD4 CD25"¢" population of cells exhibited the
same pattern of expression as observed on the whole
CD4" CD25% population of cells (data not shown).
Expression levels of caspase 8 and cFLIP were determined
using mRNA prepared from LN cells of C57BL/6 mice
with EAMG, 4 weeks after treatment with either the dual
APL or with PBS. Similar to observations in mice that
were immunized with TAChR and treated concomitantly
with the dual APL, mRNA expression of caspase 8
increased significantly, whereas the anti-apoptotic cFLIP
decreased in mice with EAMG that were treated with the
dual APL compared to the PBS-treated mice (Fig. 9).
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Figure 7. Effect of the dual altered peptide ligand (APL) on the
expression of apoptotic markers in lymph node (LN) cells of C57BL/

6 mice immunized with Torpedo acetylcholine receptor (TAChR).
C57BL/6 mice were either immunized with TAChR [10 pg per
mouse in complete Freund’s adjuvant (CFA)] and concomitantly
administered subcutaneously (s.c.) with the dual APL/reversed dual
APL [200 pg per mouse in phosphate-buffered saline (PBS)] or
immunized with TAChR alone. Ten days after immunization, popli-
teal LN cells were harvested. (a) Total RNA was extracted from LN
cells and real time polymerase chain reaction (PCR) was performed
for caspase 8, caspase 3, cFLIP and Bcl-2 as described in Materials
and methods. Results are expressed as the mean percentage of the
gene expression of triplicates + SD values. *P < 0-05, **P < 0-001
when gene expression in the presence of the dual APL was compared
with that in the absence of the dual APL. (b) Lysates were prepared
from LN cells, separated on sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose
membrane that was later blotted with anti-p-c-Jun-NH2-terminal
kinase (JNK) or anti-p-38 or their respective totals. Results are
expressed as densitometry units (measured with National Insti-
tutes of Health 1MAGE software). Shown is one of two experiments
performed.

Discussion

The main findings of the present study are that the
Fas—FasL pathway-mediated apoptosis is one of the
mechanisms by which the dual APL down-regulates
myasthenogenic-associated T cell responses. The latter
conclusion is based on results of in vitro studies using
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a T cell line specific for the myasthenogenic peptide,
p195-212 and also on in vivo studies in mice immun-
ized with p195-212 or with the whole Torpedo AChR
(TAChR) molecule. Most importantly, we show that the
amelioration of EAMG manifestations by the dual APL
is in association with the up-regulated expression of the
key apoptotic molecules that are involved in the Fas—
FasL pathway.

Analyses of T cell responses to various antigens have
confirmed that Fas (CD95) plays a dominant role in acti-
vation-induced cell death (AICD) of CD4" T cells.!”
Indeed, by enhancing the expression of Fas on the auto-
reactive CD45Rb™8" cells'® of the p195-212-specific
T cell line as well as on CD4" CD25 cells of C57BL/6
mice, the dual APL has rendered them susceptible to
transduction of apoptotic signal. Fas antigen is known to
play an important role in autoimmunity.>> Abnormalities
in apoptosis and Fas gene expression of thymocytes of
MG patients have been related to the pathogenesis and
progression of MG.>® Further, Fas- or FasL-deficient mice
(Ipr and gld mice) are susceptible to EAMG because their
T cells cannot undergo apoptosis due to Fas or FasL
mutation.”” Thus the increase in sensitivity, by the dual
APL, of the autoreactive CD4" CD25™ cells to Fas-medi-
ated apoptosis may be an important regulation mechan-
ism that limits the expansion of activated cells. Results
show that Fas is also expressed by the CD4" CD25" regu-
latory cells of the dual APL-treated mice. However, regu-
latory CD4" CD25" T cells have been reported to be
resistant/defective to Fas-induced apoptosis, contrary to
CD4" CD25™ T cells. Further, these T regulatory cells do
not produce IL-2, and IL-2 was shown to potentiate Fas-
mediated AICD.”®* Thus resistance of the dual APL-
induced regulatory T cells to apoptosis may, in turn, be
an important mechanism maintaining a permanent popu-
lation of regulatory T cells that can control and eventually
suppress activated T cells.”” CD95L or FasL, which is the
natural ligand for CD95, is known to have an immuno-
suppressive function and permits the T cells expressing
them to eliminate the neighbouring CD95-positive
cells."”?® As AICD results from interaction between Fas
and FasL, up-regulation by the dual APL of FasL on the
CD4" CD25" may cause the latter to deliver a death sig-
nal to the Fas expressing CD4" CD25™ autoreactive T cells
and hence may contribute to the maintenance as well as
the induction of peripheral tolerance. In support of this
finding, a CD4" CD25" T cell line, derived from mice
immunized with a peptide containing a major T cell epi-
tope of a common allergen, was shown to exert Fas/FasL-
mediated cytotoxic properties on APC and bystander T
cells.’® Tt has been suggested that a partial peripheral dele-
tion driven by Fas/FasL interaction could have occurred
in the latter model. In another report Cavinato et al.,>* in
their studies on the formation of T regulatory cells for
maintenance of tolerance to organ transplantation, also
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Figure 8. Effect of the dual altered peptide ligand (APL) on the expression of Fas, FasL by lymph node (LN) cells of C57BL/6 mice with experi-
mental autoimmune myasthenia gravis (EAMG). (a) EAMG was induced in C57BL/6 mice by immunization and boost with Torpedo acetylcho-
line receptor (TAChR). Mice were treated for 4 weeks with either phosphate-buffered saline (PBS) (vehicle) or the dual APL (see Materials and
methods). Mice were graded before and after treatment as follows: grade 3, severe muscle weakness, paralysis, dehydration, moribund; grade 2,
weakness at rest; grade 1, moderate muscular weakness after exercise; and grade 0, no definite muscular weakness after exercise. (b) At the end of
treatment, popliteal LN cells were harvested, stained for CD4, CD25, and Fas or FasL and analysed by fluorescence activated cell sorter (FACS).
The results are from pooled samples (LN cells) of mice with EAMG that were treated with the dual APL or of diseased mice that were adminis-
tered with PBS (as shown in a). Results presented are after reduction of the background staining obtained with the matched isotype controls.

Shown is one of two experiments performed.

showed that FasL mRNA was up-regulated in tolerant
CD4" cells when compared with naive CD4" cells. In fur-
ther support of the above, Watanabe et al.*> demonstra-
ted CD4" CD25" cells that expressed FasL and were
shown to behave like cytotoxic T cells. It is widely repor-
ted that cytokines such as IL-4 and IL-10 increase cell
surface expression of FasL and hence enhances FasL-

© 2006 Blackwell Publishing Ltd, Immunology, 118, 413-424

mediated cytotoxicity.”>° It is possible that the levels of
IL-4 and IL-10 shown to be elevated as a result of the
ameliorating effects of the dual APL’ might be associ-
ated with the increased expression of FasL on the
CD4" CD25" cells of the dual APL-treated mice when
compared to the CD4" CD25™ cells. Lundy and Boros®
showed further that maximum expression of FasL on
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Figure 9. Effect of the dual altered peptide ligand (APL) on the
expression of apoptotic markers by lymph node (LN) cells of
C57BL/6 mice with experimental autoimmune myasthenia gravis
(EAMG). EAMG was induced in C57BL/6 mice by immunization
with Torpedo acetylcholine receptor (TAChR). After 4 weeks of
treatment with either phosphate-buffered saline (PBS) (vehicle) or
the dual APL, popliteal LN cells were harvested of four mice of each
of the treatment groups. Total RNA was extracted from lymph node
cells and real time polymerase chain reaction (PCR) was performed
for caspase 8 and cFLIP expression as described in Materials
and methods. Results are expressed as mean percentage gene expres-
sion of triplicates + SD values. *P < 0-001, **P < 0-005 when gene
expression of the dual APL-treated mice was compared with that of
PBS-administered mice.

B lymphocytes is dependent on antigenic stimulation and
the production of IL-4 and IL-10. Although expression
of Fas and FasL were shown to be similar in C57BL/6
mice 10 days following immunization and at the end
of a 4-week treatment in mice afflicted with EAMG,
differences in expression levels between PBS- and dual
APL-treated groups were much greater in mice with
EAMG. This could possibly be attributed to differences in
the kinetics of expression of Fas and FasL under the two
different experimental conditions, or because at the dis-
ease state, treatment with the dual APL is much more
effective.

Interaction between Fas and FasL is known to lead fur-
ther to subsequent activation of the cell death proteases,
caspase 8 and caspase 3, resulting in cellular fragmenta-
tion and death.'” Upon treatment with the dual APL, the
increase in expression of caspase 8 and caspase 3 observed
with the up-regulation of Fas and FasL suggests the apop-
totic link between these molecules. Caspase 8 has been
linked to homeostatic regulation of the immune system
and mutations in caspase 8 have reported to lead to auto-
immunity.”® Further, the parallel increase in the annexin
V reactivity observed with the dual APL-treated p195-
212-specific T cells as well as in SJL mice immunized
and treated concomitantly with the dual APL indi-
cates strongly that the dual APL promotes apoptosis by
up-regulating the expression of Fas.

422

Bcl-2 and cFLIP, observed to be down-regulated by the
dual APL treatment, are known to inhibit FasL indu-
ced apoptosis and prolong cell survival of autoreactive
thymocytes.”»* Thus the dual APL appears to promote
apoptosis by down-regulating the expression of the
anti-apoptotic molecules. It has been reported that Bcl-2
protein is up-regulated in MG thymuses and it has been
indicated to suppress thymocytic apoptosis, allowing MG
autoreactive T cells to escape elimination.”** cFLIP
appears to prevent early death receptor-mediated T cell
apoptosis and over-expression of cFLIP also supports the
accumulation of autoreactive lymphocytes.*® In addition,
high levels of cFLIP expression may shift death receptor
signalling from apoptosis induction towards cell-activa-
ting signals and enhanced proliferation through activation
of nuclear factor kappa-b (NF-xB).*>*° Thus, in addition
to enhancing death receptor-mediated apoptosis, down-
regulation of cFLIP by dual APL treatment in T cells may
also limit the proinflammatory activating effect of death-
receptor signalling. Further, the absence of autocrine IL-2
production in the CD4" CD25" T regulatory cells is
known to favour the expression of anti-apoptotic proteins
and apoptosis inhibitors, while autocrine IL-2 produc-
tion in CD4" CD25™ T cells may up-regulate the expres-
sion of pro-apoptotic proteins and suppress inhibitor
expression.*®*’

Phosphorylation of the MAPKs, JNK and p38 of the
p195-212-specific T cells of the line and the LN cells of
C57BL/6 mice were significantly up-regulated by the dual
APL. These two MAPKs are integral mediators of Fas/
FasL signalling. p-38 MAPK plays a pivotal role in T cell
AICD by initiating FasL expression, which then leads to
the Fas—FasL-dependent activation of caspases and JNK.
JNK functions downstream of caspases and together with
p38 MAPK up-regulates FasL expression and elicits
caspase-mediated AICD in T cells'®. Thus, the up-regula-
tion of phosphorylated MAPKs in parallel to activation of
the pro-apoptotic caspases by the dual APL suggests the
apoptotic link between them in the Fas—FasL-mediated
pathway. It was demonstrated recently that a neurotro-
phic factor withdrawal by a JNK-dependent mechanism is
essential for activation of FasL transcription.*’ JNK acti-
vation was also demonstrated to be facilitated by TGF-B
via the adaptor protein, Daxx.*’ Ben-David et al.'®
showed the up-regulation of TGF-B in SJL mice upon
treatment with the dual APL to be associated with
increased activation of JNK. Also, TGF-f is reported
to activate the p38 MAPK kinase pathway to induce
apoptosis.*?

Failure to undergo AICD is an important underlying
cause of many autoimmune diseases. Studies have repor-
ted that apoptosis plays a critical role in T cell develop-
ment within the thymus and is probably the mechanism
that underlies deletion of autoreactive T cell precursors.'”
Thus the progress of MG and development of advanced

© 2006 Blackwell Publishing Ltd, Immunology, 118, 413-424
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stages have been attributed to possible lower inhibition of
apoptosis that lead to enhanced cell survival, and this
may be one of the mechanisms through which the auto-
reactive cell promoters exert their effect.”” By enhancing

the myasthenogenic response-associated T cells’ own sui-
cide mechanism by the Fas—FasL pathway, the dual APL
may provide an efficient therapy for the treatment of
autoimmune diseases such as MG.
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