
Abstract. The effect of intranasal (IN) administration of
Semliki Forest virus (SFV) recombinant particles expressing
interferon-ß [IFN-ß, a partially effective treatment for multiple
sclerosis (MS)] on the progression of experimental auto-
immune encephalomyelitis (EAE, a murine model for MS)
was investigated. The murine IFN-ß gene was cloned from
SFV-infected mouse brain by RT-PCR into an SFV-enhanced
expression vector, pSFV10-E, from which IFN-ß-expressing
recombinant particles (rSFV10-E-IFN-ß) were prepared.
Expression studies using immunohistochemistry and viral
inhibition assay in BHK and murine L929 cells confirmed
increased expression of IFN-ß. High level expression in the
central nervous system (CNS) following IN inoculation was
confirmed by the excision of olfactory bulbs, brain and spinal
cord, and the detection of IFN-ß levels in homogenised tissue
by ELISA. rSFV10-E-IFN-ß particles were administered IN
to C57/Bl6 mice that had been induced for EAE using the
encephalogenic peptide myelin oligodendrocyte glycoprotein
(MOG) 35-55. The progression of EAE was measured by
clinical score, weight loss and pathology. As previously
shown, treatment with empty rSFV10-E particles moderately
exacerbated EAE, as did continuous treatment with rSFV10-
E-IFN-ß particles. Inhibition of disease with rSFV10-E-
IFN-ß particles was dependent on the number and timing of
treatments. Fewer treatments, administered before the effector
stage, led to an improvement in clinical and pathology score.

In conclusion, the timing and frequency of IN administration
of rSFV10-E-IFN-ß particles are critical to disease outcome,
with treatment prior to the effector stage being most effective.

Introduction

Semliki Forest virus (SFV) is a positive-strand enveloped RNA
virus that has been developed into a prototype vector for
vaccine construction and cancer therapy (1,2). Due to its ability
to penetrate the central nervous system (CNS) following both
intranasal (IN) and peripheral inoculation, SFV has also been
developed as a gene therapy agent for the CNS (3-6). After IN
inoculation, the virus reaches the CNS via the olfactory bulb.
Once there, it infects neurons and oligodendrocytes and travels
through the limbic pathways to further infect other areas of the
brain (7,8).

The SFV split helper system, based on the SFV4 strain of
SFV, has also been employed as a means of therapeutic
delivery to the CNS. In this system, the viral structural gene
open reading frame is replaced with a multiple cloning site
(MCS) to allow insertion and expression of a foreign gene.
Structural genes are supplied in trans from two separate
helper vectors, the helper spike and the helper capsid. On co-
transfection of all three vectors into BHK cells, defective
recombinant particles, capable of one round of virus multi-
plication only upon infection of susceptible cells, are produced
and released from the cells. In the process, the cloned foreign
gene is expressed transiently but at a high level (9).

Administration of recombinant SFV particles expressing
the reporter gene EGFP showed that high level EGFP expres-
sion could be detected in incoming axons from receptor cells
in the olfactory epithelium, which terminate in the glomerular
area of the olfactory bulbs. Unlike previous studies with this
and other vectors, which have used the invasive IC route
(10-12), the IN route is non-traumatic. Expression occurred in
the olfactory bulb as early as 1 day after IN inoculation, and
continued for up to 10 days with no detectable damage. Vector
RNA was detected in the nasal passage of infected animals
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only, indicating that the viral vector does not enter the CNS.
These findings also suggest that transcription and/or replication
of vector RNA occurs in the cells of the olfactory mucosa,
which have the capability to regenerate, while only the recom-
binant protein enters the CNS. Similarly high expression of a
cloned cytokine, IL-10, was shown in the nasal mucosa and
olfactory bulbs of mice for up to 7 days after IN inoculation
with rSFV-IL-10 vector particles. It is therefore probable that,
following IN administration of recombinant particles, only
the protein product of the cloned gene enters the CNS (5).

Experimental autoimmune encephalomyelitis (EAE) is a
well-characterised animal model of human multiple sclerosis
(MS). Like MS, it is an inflammatory demyelinating disease of
the CNS. A classical CD4+ autoimmune disease, EAE is caused
by myelin-specific CD4+ T helper (Th1) cells infiltrating
the brain and attacking the myelin sheath (13,14). The other
CD4+ MHC class II restricted cells, Th2 cells, are associated
with disease recovery (13-17). The type of EAE induced is
dependent on the immunization protocol, the animal strain
and the antigen used. Myelin oligodendrocyte glycoprotein
(MOG)-induced EAE, utilised in this study, consists of an
initial induction phase, an effector phase at which T-cell
response to the encephalitogenic peptide has fully developed
but T-cell accumulation in the CNS has not yet occurred
(days 12-17 in this study) (5) and a recovery phase (14).

Previous research has concentrated on the treatment of
EAE using immunomodulators such as cytokines (18,19), or
used plasmid-based DNA vectors and viral vectors expressing
cytokines (10,11,20,21). We used a recombinant SFV vector
expressing IL-10 to treat EAE induced in C57/Bl6 mice with
MOG 35-55. The rSFV-IL-10 vector was shown to signifi-
cantly reduce disease severity and retard the onset of disease,
as shown by improved clinical score and weight gain. In
addition, milder and less frequent brain and spinal cord lesions
were observed in the rSFV-IL-10-treated animals (5).

In this study, we utilised the same SFV particle vector
system to express interferon-ß (IFN-ß), a cytokine known to be
partially effective in the treatment of relapsing remitting MS.
The vector used, rSFV10-E, shows increased protein pro-
duction due to the presence of a capsid translational enhancer
region adjacent to the MCS (9,22,23). This capsid enhancer
region consists of 34 amino acids of the SFV capsid protein
followed by an FMDV2A peptide. The enhancer region
increases expression of the cloned gene, and the FMDV
peptide is responsible for cleaving the foreign protein from
the capsid enhancer. We previously used this vector to express
IL-12 in the treatment of metastasizing cancer in mice (23).

Previous studies have shown that successful treatment of
EAE and indeed MS with IFN-ß is time and dose dependent.
When the long-term dose received by MS patients was
reduced from 250 μg every 48 h to 30 μg every week, only
23% remained relapse-free compared to 79% at the higher
dose and frequency (24). Similarly, SC administration of
rIFN-ß dose dependently inhibited EAE in Lewis rats,
provided the treatment was continued for three weeks (25). A
previous study utilised a retroviral viral vector expressing
IFN-ß to successfully treat EAE induced in Biozzi ABH mice
by injection of spinal cord homogenate. In this study, the
vector was encapsulated in a DNA-liposome complex and
administered by IC inoculation (26). 

A previous study showed that IN administration of IFN-ß
to non-EAE rats was capable of bypassing the blood-brain
barrier to target the CNS and cervical lymph nodes, suggesting
a non-invasive treatment strategy for EAE and MS (27). The
present study involved IN administration of an IFN-ß-
expressing SFV recombinant particle vector to mice, a tech-
nique based on our previous study for IL-10 (5). Although
treatments were administered during the induction, effector and
recovery stages of EAE, it was found that only those treatments
given immediately before the effector period postponed disease
progression.

Materials and methods

SFV expression vectors. SFV expression vectors pSFV1 and
pSFV10-E and split-helper vectors pSFV-Helper S2 and
pSFV-Helper CS219A were a gift from Professor P. Liljeström,
Karolinska Institute, Sweden. Plasmids were transformed and
grown in E. coli DH5α cells and extracted using the Qiagen
Mini Prep Kit (Qiagen, UK).

Cell culture. The BHK-21 cell line was obtained from the
American Type Culture Collection (ATCC). The sBHK cell
line was a gift from Professor P. Liljeström. Both cell lines
were grown in BHK medium supplemented with 5% (v/v)
fetal bovine serum (FBS), 5% (v/v) tryptose phosphate broth,
2% (v/v) 1 M HEPES and 1% (v/v) penicillin-streptomycin-
L-glutamine. The murine cell line L929 was obtained from
the European Collection of Cell Cultures (ECACC) and was
grown in DMEM supplemented with 10% (v/v) FBS and 1%
(v/v) penicillin-streptomycin-L-glutamine.

Animals and virus strains. Specific pathogen-free female 40-
to 60-day-old BALB/c and C57/Bl6 mice were obtained from
the BioResources Unit, Trinity College Dublin and Harlan
(Bicester, UK) respectively, and maintained under pathogen-
free conditions with food and water provided in accordance
with the principles set down in SI 17/94 of the European
Union. A working stock of the avirulent A7 strain of SFV
was propagated in BHK-21 cells from plaque-purified seed
stock and titrated by plaque assay on BHK-21 cells. For virus
infection, BALB/c mice were inoculated IP with 106 plaque-
forming units of A7 virus in 500 μl phosphate-buffered
saline (PBS). Mice were anesthetised with halothane, and
brains and spleens were removed at days 2, 4 and 7 post
infection.

Amplification and cloning of the IFN-ß gene. Total-RNA was
isolated from the brains and spleens of SFV A7-infected mice,
and RT-PCRs were performed as previously described (5). The
following primers, incorporating an XmaI restriction site (bold)
and a ribosomal binding site (underlined), were designed to
amplify and clone murine IFN-ß (GenBank sequence) from
cDNA as pSFV1 lacks a Kozak element: murine IFN-ß F
5'-AATCCCGGGGCACCATGAACAACAGGTGGA-3'
and murine IFN-ß R 5'-GCGCCCGGGTCTTCAGTTTTG
GAAGTTTCT-3'. Negative control reaction mixes using PBS
mock-infected brains were included in each RT-PCR reaction
set. Internal controls for the reaction included mixes lacking
RNA or the RT enzyme. RT-PCR products were purified using
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the Qiagen PCR purification protocol. Purified IFN-ß product
and cloning vector pSFV1 were cut at their unique XmaI
restriction site (NEB). Digested IFN-ß was pooled and gel
extracted using Qiagen Gel Extraction Kit, and digested pSFV1
was cleaned with a Qiagen Nucleotide Removal Kit. Linearised
pSFV1 and digested product were mixed at a ratio of 1:10 in a
20-μl ligation mixture containing 1 unit Quick T4 Ligase and
10X ligase buffer (NEB), and incubated for 5 min at room
temperature. This ligation mixture was transformed into E. coli
DH5α cells, and colonies were screened by digestion with the
XmaI restriction enzyme. Positive clones were confirmed by
sequencing. For pSFV10-E cloning, the IFN-ß gene was
amplified from the rSFV1-IFN-ß plasmid using a new forward
primer lacking the Kozak element, 5'-AATCCCGGGATG
AACAACAGGTGGA-3' and the same reverse primer, and
then ligated with XmaI linearised pSFV10-E as described
above, but overnight using T4 high efficiency DNA ligase and
buffer (Promega). Positive clones were confirmed using the
same sequencing primers.

IFN-ß expression. Expression of IFN-ß from the rSFV10-E-
IFN-ß vector was detected by electroporating RNA from
1.5 μg of in vitro transcribed linearised plasmid into BHK-21
cells (BioRad gene pulser) as previously described (5,9). The
rSFV10-E-IFN-ß plasmid was linearised with the NruI
restriction enzyme. Linearised empty SFV plasmids were
in vitro transcribed and electroporated into BHK-21 cells as
negative controls. PBS mock electroporated cells were also
included. Following electroporation, cells were grown on
22x22 mm coverslips in a 6-well plate for 18-20 h at 37˚C.
After fixation in 4% paraformaldehyde and permeabilization
in acetic acid:ethanol (1:2) at -20˚C, endogenous peroxidase
activity was blocked with 3% (vol/vol) H2O2 in PBS. Non-
specific binding sites were blocked with 10% (v/v) normal
goat serum (NGS) in PBS for 20 min at 37˚C. To detect IFN-ß,
cells were incubated with rabbit anti-mouse IFN-ß polyclonal
antibody (1:100 dilution, PBL, UK) for 1 h at 37˚C, then
with biotinylated secondary antibody (1:200 dilution in NGS
blocking buffer) for 30 min at RT, and finally with avidin-
biotin-peroxidase complex (Vectastain Elite ABC Reagent) for
30 min at room temperature. Staining was visualised using
diaminobenzidine chromagen (Sigma), and the cells were
counterstained with Harris haematoxylin (BDH) and ammonia
water.

rSFV particle production and titration. rSFV10-E-IFN-ß or
empty particle controls were prepared as previously
described (5,23). Briefly, sBHK cells were co-transfected by
electroporation with rSFV RNA and the helper capsid and
envelope RNAs, and cells were incubated at 33˚C in 5% CO2

for 36-40 h. After incubation, the cell culture medium was
clarified 3x by centrifugation at 4˚C in a Beckman SW34
rotor for 15 min at 18,000 rpm. Particles were concentrated
by ultracentrifugation through a 20% (w/v) sucrose cushion
in a Beckman SW28 rotor at 25,000 rpm for 2 h at 4˚C. Virus
pellets were re-suspended in TNE buffer (50 mM Tris-HCl
pH 7.4, 100 mM NaCl, 0.1 mM EDTA), and aliquots were
snap frozen in liquid N2 and stored at -70˚C until use. To deter-
mine the titer of the stocks, sBHK cells were grown on
22x22 mm coverslips in 6-well plates, infected with serial

dilutions of viral particles and monitored for expression of
IFN-ß by indirect immunofluorescence; rSFV10-E-IFN-ß
particles were titrated with rabbit anti-mouse IFN-ß antibody.
Empty particles were titrated in the same way using an
antibody specific for the nsP4 protein of SFV.

Viral inhibition assay. This assay was carried out to confirm
the biological activity in cell culture of the IFN-ß expressed
by rSFV10-E-IFN-ß particles. BHK-21 and murine L929 cells
were infected with rSFV10-E-IFN-ß particles and rSFV10-E
empty particles at a multiplicity of infection (MOI) of 1, 10 and
100, and incubated at 37˚C in 5% CO2 for 24 h. Supernatants
were then centrifuged at 14,000 rpm for 5 min at 4˚C to remove
cell debris, aliquoted and frozen at -70˚C for subsequent assay
for IFN-ß. L929 cells were seeded in 96-well plates at 3x104

cells/well and grown overnight at 37˚C. Standard IFN-ß
(1x106 U of activity/ml; PBL, UK) was serially 10-fold diluted
in DMEM, and 50 μl of each dilution was added to duplicate
wells at a starting concentration no greater than 50 U/well.
Samples were serially diluted 2-fold, and 50 μl was added to
each well. The plate was incubated at 37˚C for 18-24 h, then
the samples were removed and the cells infected with SFV
A7 (MOI=1) for 1 h. The virus inoculum was removed, fresh
medium was added and the plate was incubated for 48 h.
CellTiter 96 Reagent (10 μl) containing MTS tetrazolium
compound (Promega) was added to each well, and the plate
was further incubated for 2-3 h. Absorbance was read at
492 nm on a Multiskan RC plate reader. Controls included
infected untreated cells and mock-infected treated cells.

Expression in mice. Three groups of 9 C57/Bl6 mice were
inoculated IN with 107 IU of rSFV10-E-IFN-ß and rSFV10-E
particles in 20 μl TNE and with TNE alone by the placement
of a droplet on each nostril. Three mice from each group were
sampled 24, 48 and 72 h post inoculation, and their olfactory
bulbs, brains and spinal cords were removed, pooled and
homogenised in 2 ml of Tris-HCl pH 8.0 buffer. Supernatants
were clarified by centrifugation (3500 rpm, 10 min, 4˚C) and
stored at -70˚C. IFN-ß levels were measured by capture
ELISA (PBL, USA) according to the manufacturer's protocol.
The total protein concentration of each sample was measured
using Bradford Reagent (Sigma) to express cytokine levels/mg
of total protein. Two way ANOVA and Bonferroni post-tests
were used for statistical comparison between treatment
groups.

EAE induction, clinical assessment and treatment with
rSFV10-E-IFN-ß particles. Disease was induced in C57/Bl6
mice using the encephalitogenic peptide MOG 35-55 (MEV
GWYRSPFSRVVHLYRNGK, Genemed Synthesis, USA) as
previously described (5). From the first day of disease onset
(day 8/9 post immunization) animals were weighed and graded
using the following neurological scale: 0, no clinical sign; 1,
limp tail and feet; 2, impaired righting reflex; 3, partial hind
limb paralysis; 4, complete hind limb paralysis; 5, moribund;
6, death. Animals were scored 0.5 less than the indicated grade
when they exhibited signs less than the maximum severity.
Progression of the disease was expressed as the mean daily
EAE score for each group after induction of the disease. Due
to ethical restrictions, the animals were not allowed to relapse;
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therefore, the disease was monitored for up to 30 days only.
In all treatments with rSFV10-E particles, animals received
107 IU of rSFV particles in 20 μl TNE IN. A droplet placed
on the end of each nostril was inhaled by the animal. 

In the continuous treatment experiment, EAE was induced
in a total of 42 C57/Bl6 mice. The animals were divided into
three groups of 14, and were treated with rSFV10-E-IFN-ß
particles, rSFV10-E particles or TNE buffer alone on days 3,
6, 9, 12, 15, 18, 21, 24 and 27 post disease induction (PDI).
In both effector stage experiments, EAE was induced in 30
animals; three groups of 10 received five rSFV10-E-IFN-ß,
rSFV10-E and TNE treatments on days 5, 8, 11, 13 and 17 in
one experiment and four treatments on days 12, 15, 16 and
17 in another. In the pre-effector stage treatments, EAE was
induced in 30 animals; three groups of 10 received four IN
treatments on days 5, 8, 11 and 12 PDI. This experiment was
repeated using three groups of 12 animals, 36 in total. Statis-
tical analysis of the different treatment groups was carried
out using the Mann-Whitney non-parametric ranking test (5).

Histological studies. For the continuous treatment experiment,
two mice from each group were sacrificed at day 28 PDI. Mice
were anesthetised with halothane and perfused via the left
ventricle with PBS followed by 10% formal saline for 5 min.
Carcasses were left in fixative overnight prior to removal of
brains and spinal cords. Fixed tissues were processed in paraf-
fin wax, and 4-μm sections were stained with hematoxylin
and eosin (H&E). Brains and spinal cords were examined in
a blinded manner and assigned an estimated score for the
parameters of EAE (i.e. myelin vacuolation, axonal degener-
ation, leukocytic infiltration and glial activation). The severity
and distribution of lesions were evaluated using a five-point
grading system. Grade 1 lesions were small and isolated in the
spinal cord; grade 5 lesions were diffuse and involved brain
stem areas and the spinal cord. From the experiment involving
pre-effector phase treatment, 3 mice from each of the groups
were sacrificed at day 22 PDI. Tissues were processed in the
same fashion and graded according to the same parameters as
above. In the repeat experiment, 3 mice from each group were
sacrificed and perfused at day 15. Tissues were processed and
lesions graded as above.

Results

IFN-ß expression. The IFN-ß gene was amplified from mouse
brain RNA at day 2 post infection (DPI) and cloned into the
pSFV vector. Positive clones were confirmed by restriction
digestion and sequencing, and IFN-ß expression by immuno-
histochemical staining of BHK-21 cells electroporated with
transcribed RNA. Diffuse brown cytoplasmic staining was
evident at 24 h post electroporation (Fig. 1A). No staining was
evident in the control cells electroporated with TNE buffer
(Fig. 1B) or rSFV10-E empty particles (not shown). Infection
of BHK and L929 cells with rSFV10-E empty particles
produced low levels of IFN-ß at MOIs of 10 and 100 compared
to rSFV10-IFN-ß particles, which increased expression
10,000-fold (p<0.01). L929 cells showed greater IFN-ß
expression at these MOIs than BHK-21 cells, with levels
reaching 108 U/ml (Fig. 1C, note that scale is logarithmic).
Mock-infected cells produced no IFN-ß.

To examine IFN-ß expression in mice, animals were
inoculated IN with rSFV10-E empty particles, rSFV10-E-
IFN-ß particles and TNE buffer alone. After 24, 48 and 72 h,
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Figure 1. Expression of IFN-ß from the rSFV10-E-IFN-ß vector in BHK-21
and L929 cells. BHK-21 cells were electroporated with RNA in vitro
transcribed from linearised rSFV10-E-IFN-ß particle vector (A) and PBS (B).
Cells were fixed and stained for the presence of IFN-ß after 24 h. (C) BHK-21
and murine L929 cells were infected with rSFV10-E-IFN-ß and rSFV10-E
empty particle controls at MOIs of 1, 10 and 100, and mock-infected with
buffer alone. Supernatant samples were harvested and assayed for the presence
of IFN-ß after a 24-h incubation. Note the log scale on the y-axis; bars repre-
sent triplicates of a single experiment. Two way ANOVA and Bonferroni
post-tests were used for statistical comparison between treatment groups. No
IFN-ß was detected in the buffer-treated cells.

A
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B
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the level of IFN-ß in the olfactory bulbs, brains and spinal
cords was measured using a mouse IFN-ß ELISA kit. TNE-
and rSFV10-E particle-inoculated mice produced low levels of
IFN-ß in all tissues. Mice receiving rSFV10-E-IFN-ß particles
expressed significantly more IFN-ß in the olfactory bulbs at
24 h post inoculation than did TNE- and rSFV10-E particle-

inoculated mice (Fig. 2, p<0.001). After 48 h, significantly
more IFN-ß was present in the brains of rSFV10-E-IFN-ß-
inoculated mice than in the brains of TNE- and rSFV10-E
particle-inoculated mice (p<0.01). A significant increase was
also observed in the level of IFN-ß present in the spinal cord
of rSFV10-E-IFN-ß-inoculated mice at 48 h post inoculation
(p<0.001), with levels reaching 60 pg/mg of total protein. By
72 h post inoculation, IFN-ß levels in the tissues from rSFV10-
E-IFN-ß-inoculated mice had dropped to the same levels as in
the tissues from rSFV10-E particle- and TNE-inoculated
mice.

Effect of treatment on the course of EAE. After EAE induc-
tion, mice were treated IN with IFN-ß-expressing particles,
rSFV10-E empty particles and TNE buffer. Disease progres-
sion was monitored by clinical score and weight loss. The
experiments carried out to optimise treatment are summarised
in Table I. Continuous treatment (days 3, 6, 9, 12, 15, 18, 21,
24, 27) with rSFV10-E-IFN-ß particles did not ameliorate the
disease, but rather enhanced its severity from day 19 as shown
by the significant increase in disease clinical score compared to
the TNE-treated mice (p<0.05). These results were confirmed
by the significantly greater weight loss of rSFV10-E-IFN-ß-
treated mice (p<0.001) than of TNE-treated mice (Fig. 3).
Treatment with rSFV10-E empty particles also significantly
exacerbated the disease compared to TNE-treated mice
(p<0.05), but the weight loss observed was not significant.
Treatment with IFN-ß-expressing particles immediately prior
to and throughout the effector stage (days 5, 8, 11, 13 and 17)
provided some improvement in disease clinical score.
However, this improvement was significant only when
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Figure 2. Expression of IFN-ß in the CNS following intranasal inoculation with
rSFV10-E-IFN-ß particles. Three groups of 9 C57/Bl6 mice were inoculated
IN with rSFV10-E-IFN-ß particles, rSFV10-E empty particles and TNE buffer
alone, and sacrificed 24, 48 and 72 h after infection. The olfactory bulbs, brain
and spinal cord were isolated, each tissue was pooled and homogenised, and
levels of IFN-ß were measured by ELISA and expressed as pg/mg of total
protein. Each pg of IFN-ß equals 12 units of specific activity. Two way
ANOVA and Bonferroni post-tests were used for statistical comparison
between treatment groups.

Table I. Comparison of rSFV10-E-IFN-ß administration regimes in the treatment of EAE.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Mean ± SEMe p-value vs. p-value vs. control
––––––––––––––––––– control (up to day 20)

Treatment Experimental EAE Maximum Day of ––––––––––––––––––––– ––––––––––––––––––––
days group mice Mortality EAE score onset TNEa Empty particle TNEa Empty particlea

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
3, 6, 9, 12, 15, TNE 9/14 3 2.3±0.7 16.6±1.09 NA 0.0400b NA NS
18, 21, 24, 27 rSFV10-E-IFN-ß 10/14 2 3.2±0.5 15.2±0.93 0.0400b NS NS NS

rSFV10-E 12/14 0 2.8±0.3 14.0±0.65 0.0400b NA NS NA

5, 8, 11, 13, 17 TNE 8/10 0 1.7±0.5 16.6±0.84 NA NS NA NS
rSFV10-E-IFN-ß 9/10 0 1.7±0.1 16.2±1.29 NS 0.0480b NS NS
rSFV10-E 8/10 0 2.0±0.4 16.6±0.87 NS NA NS NA

12, 15, 16, 17 TNE 7/10 0 1.7±0.5 13.3±0.90 NA NS NA NS
rSFV10-E-IFN-ß 8/10 0 1.6±0.3 13.4±1.10 NS 0.0060c NS NS
rSFV10-E 7/10 0 2.4±0.4 13.6±0.78 NS NA NS NA

5, 8, 11, 12 TNE 9/10 0 1.8±0.4 13.5±0.75 NA 0.0008d NA NS
rSFV10-E-IFN-ß 10/10 0 1.6±0.3 15.0±0.80 NS 0.0003d 0.046b 0.0080c

rSFV10-E 10/10 0 2.3±0.5 14.3±0.86 0.0008d NA NS NA

5, 8, 11, 12 TNE 10/12 0 1.9±0.3 15.0±0.89 NA 0.0086c NA NS
(replicate) rSFV10-E-IFN-ß 10/12 0 1.4±0.4 16.4±1.57 NS 0.0002d 0.050b 0.0077c

rSFV10-E 9/12 0 2.7±0.4 13.1±0.92 0.0086c NA NS NA
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aThe probability of mean EAE scores of groups treated with rSFV10-E-IFN-ß was compared to that of the TNE buffer and rSFV10-E empty particle controls:
bp≤0.05, cp<0.01, dp<0.001; NA, not applicable; NS, not significant. eStandard error of the mean.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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compared with rSFV10-E empty particle-treated mice (p<0.05)
and not with control TNE-treated mice. Treatment with
rSFV10-E-IFN-ß particles throughout the effector stage (days
12, 15, 16 and 17) prevented disease progression between days
16-26. However, again this improvement was significant only
compared to rSFV10-E empty particle-treated mice (p<0.01).
Treatment with rSFV10-IFN-ß particles immediately prior to
the effector stage (days 5, 8, 11 and 12) prevented disease
progression between days 12-20 as compared to the TNE-
treated mice (p<0.05) and the rSFV10-E empty particle-treated
mice (p<0.01). This was confirmed by a gradual weight gain
in these mice after an initial weight loss (p<0.001, Fig. 4).
The rSFV10-E empty particle-treated mice showed significant
exacerbation of disease clinical score as compared to the TNE-
treated mice (p<0.001). Discontinuation of treatment led to
progression of the disease, but at a gradual and less severe
rate. A repeat of the experiment confirmed this result (data
not shown).

Histological analysis. The correlation between the clinical
and pathological scores of the mice was consistent with the
more severe EAE lesions occurring in the mice with higher
disease clinical scores. As expected for this EAE model,
lesions were more common and severe in the spinal cord than
in the brain, and lesions were invariably severe (grade 4) when
both the spinal cord and brain were affected. EAE lesions were
localised to white matter areas and characterised by myelin
vacuolation, axonal degeneration, astrocytic proliferation and
infiltrates of lymphocytes, macrophages and neutrophils. 

In the continuously-treated groups, where disease severity
was enhanced, examination of brain sections from mice
sacrificed on day 28 showed little difference in lesion severity
between rSFV10-E-IFN-ß expressing particle-, rSFV10-E
empty particle- and TNE-treated mice. All mice exhibited high
EAE grades and severe lesions in the brain and spinal cord. In
the groups treated immediately prior to the effector stage, at
which time disease progression was halted, the brain and spinal
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Figure 3. Effect of continuous rSFV10-E-IFN-ß treatment on the EAE disease score (A) and weight gain (B). Arrows represent treatment times. Continuous
treatment exacerbated the disease from day 19 onwards. Statistical analysis was carried out using the Mann-Whitney non-parametric ranking test.

A B

Figure 4. Effect of four rSFV10-E-IFN-ß treatments before the effector stage on EAE score (A) and weight (B). Arrows represent treatment times. Treatment
with rSFV10-E-IFN-ß particles on days 5, 8, 11 and 12 significantly delayed disease progression compared to the TNE- and the empty particle-treated
animals up to day 20, (p<0.05) and (p<0.01) respectively (A). This was confirmed by an increase in weight compared to the controls (p<0.01) (B). Statistical
analysis between the different treatment groups was carried out using the Mann-Whitney non-parametric ranking test.
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cord sections of mice sacrificed on days 15 and 22 showed less
severe lesions in treated mice than in rSFV10-E empty particle-
and TNE-treated mice.

Discussion

We examined the effect of IN administration of SFV particle
vectors expressing IFN-ß on the progression of EAE in a
mouse model, showing that disease progression is inhibited
only if treatment is targeted at the effector stage of the disease.
Previous studies have demonstrated the inhibitory effects of
IFN-ß in the treatment of EAE (25,26); in this study we
administered IFN-ß encoded by a viral vector via the IN route.
A previous study, using a retroviral vector expressing lower
IFN-ß levels than the rSFV vector administered IC, also
reduced clinical severity when the effector stage was targeted.
This is in keeping with the results obtained here (26).

The expression and persistence of IFN-ß secreted from the
vector in the CNS were examined following IN administration.
This route of administration was chosen as it has been shown
to be an effective non-invasive method of delivering cytokines
in the treatment of EAE (5,18,27). Inoculation of SFV recom-
binant particles by the more invasive IC route has been shown
to be neurotoxic (12). 

High levels of IFN-ß were found in the olfactory bulbs of
rSFV10-E-IFN-ß-treated mice 24 h after inoculation compared
to the levels found in the olfactory bulbs of the TNE- and
empty particle-treated controls. These levels had decreased by
48 h and were comparable to those measured in the olfactory
bulbs of empty particle-treated animals. This confirms the
findings of our previous study, which showed high level EGFP
and IL-10 expression in the olfactory bulbs of mice as early as
one day following IN inoculation with rSFV-EGFP or rSFV-
IL-10 particles. Vector RNA was only detected in the olfactory
mucosa, while protein expression was detected in axons in the
olfactory bulb, suggesting the viral vector replicates in the
cells of the olfactory mucosa but does not enter the CNS (5).
The level of IFN-ß in the remainder of the brain and spinal
cord of treated mice was elevated compared to the control
groups by 48 h post inoculation. Thus, IFN-ß persists within
the CNS for two days after IN inoculation and is disseminated
to the brain and spinal cord. Low levels of IFN-ß were also
produced in the CNS tissues of empty particle-treated animals,
indicating that the viral vector alone induces limited production
of endogenous IFN-ß at the site of inoculation. 

Continuous administration of IFN-ß throughout the induc-
tion, effector and recovery stages of EAE exacerbated disease
severity. Mice showed increasing EAE scores and weight loss,
correlated with the severity of the lesions at 28 days PDI. This
contrasts with a previous study, which showed that daily
treatment of EAE in Lewis rats with SC injections of high dose
recombinant rat IFN-ß inhibits the disease, with discontinuation
of treatment leading to disease worsening (28). In our previous
study, we showed that treatment of EAE with rSFV-E empty
vector, as opposed to vector encoding IL-10, exacerbated the
disease (5). It is possible that continuous administration of
rSFV10-E-IFN-ß in the present study may have led to
exacerbation by the vector alone that was too severe to be
countered by IFN-ß expression.

A treatment regime was therefore developed that targeted
the effector stage of the disease, which fell between days 12

and 17, when the T-cell response to the encephalitogenic
peptide had already developed but significant accumulation in
the CNS had not yet occurred (14). Treatment of mice prior to
this effector phase resulted in significant improvement in the
disease. Thus this and our previous study (5) indicate that IN
delivery of rSFV vectors expressing cytokines has potential as
a treatment for EAE and possibly ultimately MS. However,
further study is required to test their biosafety and to more fully
determine host immune responses to the vector. 
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