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Semliki Forest virus infection leads to increased
expression of adhesion molecules on splenic T-cells
and on brain vascular endothelium

Merja Soilu-Hénninen'?, Matias Royttd"?, Aimo A. Salmi*?* and Reijo Salonen®**

!Turku Immunology Centre and Departments of ?Virology and *Pathology, University of Turku, Kiinamyllynkatu 13, FIN-

20520 Turku, Finland

Semliki Forest virus A7 (SFV-A7) is a neurotropic alphavirus that leads to an
asymptomatic encephalitis in adult immunocompetent mice. We studied the
expression of leukocyte and endothelial cell adhesion molecules in the spleen
and in the central nervous system (CNS) during SFV-A7 infection. Kinetics of
the expression of LFA-1¢/CD11a, LFA-13/CD18, Mac-1/CD11b, VLA-4/CD49d,
ICAM-1/CD54 and L-selectin/CD62L was determined on splenic CD4* and CD8*
T-cells and macrophages by flow cytometry. Time course of the expression of
these antigens and VCAM-1/CD106 as well as viral antigens in the CNS was
studied by immunoperoxidase staining. In the spleen, a sustained increase in
LFA-1-expression and a temporary increase at day 7 in the expression of VLA-4,
Mac-1 and ICAM-1 were detected on CD8* T-cells. L-selectin was down-
regulated on CD4* cells. Adhesion molecules on macrophages remained
unchanged. In the CNS, expression of Mac-1*, VLA-4* and LFA-1* cells
increased in parallel with the kinetics of the expression of their ligands ICAM-1
and VCAM-1 on brain vessels. Upregulation of adhesion molecules peaked
between days 5-8 and was most prominent in the cerebellar and brain stem
white matter where viral antigens were most abundant. We conclude that the
adhesion molecules profile of splenic T cells is altered during SFV-A7 infection
which may influence their homing into the CNS. Macrophages are probably
recruited non-specifically as a consequence of activation of the brain vascular
endothelium in the inflamed areas of the brain.
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Introduction

Semliki Forest virus (SFV) is a member of the
family Togaviridae. Infection of immunocompetent
adult mice with an attenuated mutant SFV-A7 leads
to a nonlethal encephalitis and lesions of immune-
mediated demyelination (Berger, 1980, Fazakerley
and Webb, 1987; Suckling et al, 1978). CD4* and
CD8* T-cells and macrophages have been identified
in the central nervous system (CNS) mononuclear
cell infiltrates during SFV-A7 infection (Erdlinna et
al, 1994). Detailed studies focusing on the mechan-
isms of demyelination during SPV-A7 infection
have shown that antibodies clear the viremia and
CD8* T cells are necessary for the development of
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lesions of demyelination (Amor et al, 1996; Subak-
Sharpe et al, 1993).

The mechanisms leading to accumulation of
mononuclear cells into the CNS during SFV-A7
infection are largely undefined. The emigration of
leukocytes from the bloodstream into the tissues is a
multistep process involving interaction of different
families of adhesion receptors on the surface of
leukocytes with their specific ligands on the
vascular endothelial cells (EC) (Butcher, 1991). In
inflammation, dynamic changes occur on the
vascular endothelium, which direct leukocyte
traffic to the site of immunologic challenge (Osborn,
1990). In the brain, vital encephalitis and meningi-
tis have been shown to lead to upregulation of
adhesion molecules on cerebral blood vessels
(Sobel, 1990; Marker, 1995). Changes may also
occur in the expression of adhesion receptors on
the circulating leukocytes which favour their



localization into tissues instead of lymph nodes
(Springer, 1994).

We have earlier shown that SFV-A7 infects
mouse brain endothelial cells and leads to
blood —brain barrier (BBB) damage and increased
expression of ICAM-1 (intercellular adhesion
molecule-1) in the brain (Soilu-Hanninen et al.,
1994). This may facilitate the entry of inflamma-
tory cells into the inflamed CNS, since leakage of
the BBB diminishes the shear force provided by
blood moving parallel to the EC surface and may
thus favour leukocyte adherence to the EC (Prober
and Cotran, 1990). Moreover, in vitro work has
shown that lymphocyte transendothelial migra-
tion in the CNS is mostly supported by LFA-1
pairing with ICAM-1 (Greenwood et al, 1995).
However, in vivo studies have suggested that
ICAM-1 is not critically involved in autoimmune
or cytokine-induced inflammation of the CNS
(Willenborg et al, 1993; Barten and Ruddle,
1994). Therefore it was important to study
whether other adhesion-molecule ligand pairs
could be involved in leukocyte entry into the
CNS during SFV-A7 infection.

We studied the expression of a bettery of
leukocyte and endothelial cell adhesion mole-
cules on splenic CD4* and CD8* cells and
macrophages and in the CNS after intraperitoneal
infection of mice with SFV-A7. We also com-
pared the kinetics and distribution of virus
antigen expression to the changes in adhesion
molecule expression in the CNS. The most
marked change in the spleen was a sustained
increase in the expression of LFA-1 on CD8*
cells. A temporary increase in the expressions
of VLA-4, Mac-1 (type 3 complement receptor)
and ICAM-1 on CD8* cells as well as down-
regulation of L-selectin on CD4* cells were also
observed. Adhesion molecules on splenic macro-
phages were unaltered. In the CNS, expressions
of ICAM-1 and VCAM-1 (vascular cell adhesion
molecule-1) were increased on blood vessels
peaking between days 5 and 8 p.i. corresponding
to the infiltration of inflammatory cells expres-
sing their integrin ligands LFA-1 and VLA-4.
Activation of the CNS endothelium was most
prominent in the cerebellar and brain stem white
matter where viral antigens were most abun-
dantly expressed. In vivo treatment with mAbs
against ICAM-1 and VCAM-1 decreased the
expression of LFA-1 and VLA-4 in the CNS.

Taken together our results suggest that
changes in the adhesion molecule profile of T
cells at the site of the primary immune response
during SFV-A7 infection may influence their
subsequent homing into the brain. Macrophages
are probably recruited non-specifically due to
upregulation of adhesion molecules on the
vascular endothelium in the inflamed areas of
the brain.
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Results

Expression of adhesion molecules on splenic CD4
and CD8 T cells and macrophages during SFV-A7
infection

We studied if infection of mice with SFV-A7
leads to an altered pattern of adhesion molecule
expression on the splenic leukocyte subpopula-
tions, that could influence their homing into the
brain. Therefore we analyzed by flow cytometry
the expression of a battery of adhesion molecules
on spleen CD4* and CD8* T-cells and macro-
phages at different timepoints after intraperito-
neal (i.p.) infection of mice with 1x10° PFU of
SFV A7. We first determined the percentage of
cells positive both for the leukocyte subtype
marker and each adhesion molecule marker in
all spleen cells during the course of the infection.
The most marked change was a sustained
increase in the percentage of LFA-1-positive CD8
cells in all spleen cells (Figure 1a). A temporary
increase in the proportion of VLA-4-positive,
Mac-1-positive and ICAM-1-positive CD8* cells
at day 7 after infection was also observed as well
as a decrease in the number of L-selectin® CD4
cells between days 3 and 11 p.i. (Figure la and
b). Number of macrophages positive for the
adhesion molecules studied of all spleen cells
remained low, around 5% until day 24, when a
2—3-fold increase in the number of macrophages
positive for each antigen was observed (Figure
1c). This was caused by an increase in the
percentage of macrophages of all spleen cells
from 4-15% by day 24 p.i., whereas percentages
of CD4 and CDS8 cells remained the same (data
not shown).

To directly compare the amount of each
adhesion molecule expressed on the surface of
leukocytes obtained from infected mice with that
of control mice, mean fluorescence intensity
(MFI) values for adhesion molecule expression
were determined for cells falling within the gates
set for CD8* cells, CD4* cells and macrophages.
The expressions of LFA-1o and LFA-1f, ICAM-1,
VLA-4 and Mac-1 were increased on CD8* cells
(Figure 2a) while expression of L-selectin was
downregulated on CD4* cells (Figure 2b).

Expression of adhesion molecules and viral

antigens in the CNS during SFV-A7 infection

Changes in the expression of adhesion mole-
cules in the spleen is relevant for the patho-
genesis of the CNS disease if these changes are
reflected in the brain. We therefore immuno-
stained frozen sections of brain and spinal cord
tissue of SFV-A7 infected BALB/c mice for the
expression of LFA-1o¢, Mac-1 and their ligand
ICAM-1 and VLA-4 and its ligand VCAM-1.
Results from the two infected mice that
were studied at each timepoint as well as to
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uninfected, age and sex-matched controls are
shown in Figure 3. VLA-4 and LFA-1a were not
expressed at detectable levels in the CNS of the
healthy control mice (Figure 3; Figure 4c and e),
and expression of ICAM-1 was low or undetect-
able (Figure 4). A few scattered Mac-1 positive
cells were detected in the white matter probably
representing the resident microglial cell popula-
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tion (Figure 3). Weak immunoreactivity for
VCAM-1 was detectable diffusely on vascular
endothelial cells but not in the CNS parenhyma.
(Figure 3; Figure 4a).

At day 1 after infection, expression of LFA-1 was
still undetectable and expression of Mac-1 and
ICAM-1 was at a similar low level as in controls,
but a few VLA-4-positive cells were detectable in

—I— LFA-l
........ G Mac-1
---=O---- ICAM-1
—--—=&-— VLA4
R - BRI Y

Days after infection

Figure 1 Kinetics of adhesion molecule expression on splenic CD4" cells, CD8" cells and macrophages (MO) during SFV-A7
infection. Spleen mononuclear cells were stained with rat mAbs against murine adhesion molecules and FITC-conjugaged anti-rat IgG
followed by anti-CD4-PE or anti-CD8-PE or with biotinylated anti-F4/80 and streptavidin-PE. Stained cells were analyzed by flow
cytometry. The numbers for each % of all spleen cells represent percentages of double positive cells of all spleen cells. At each
timepoint four infected and four uninfected mice were included in two separate experiments. Mean values of uninfected mice are
expressed as timepoint 0. The results shown represent one of the two repeated experiments with similar results.



perivascular locations and expression of VCAM-1
on the white matter vessels had increased from low
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Figure 2 Comparison of the expression of adhesion molecules
on the surface of splenic CD8" cells and CD4" cells derived from
SFV-A7-infected mice at 7 days p.. and from control mice
stained in parallel. Cells were stained with rat mAbs against
murine adhesion molecules followed by FITG-conjugated anti-rat
IgG and CD8-PE or CD4-PE. Analysis was done by flow
cytometry and results represent logarithmic mean fluorescence
intensity (MFI) values on green channel of all viable PE-positive.
The average and the range of the MFI values obtained in two
separate experiments are shown.
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to moderate (Figure 3). From day 3 the number of
Mac-1-positive and LFA-1-positive cells increased
and expression of ICAM-1 was induced both on
vascular endothelial cells and on infiltrating in-
flammatory cells. The expression of all three
leukocyte integrins and their endothelial ligands
peaked between days 5 — 8 after infection (Figure 4b,
d and f; Figure 3) and declined thereafter. VCAM-1
was more strictly confined to vascular endothelium
than ICAM-1, which was expressed also on the
infiltrating inflammatory cells (data not shown). In
the most positive areas in the white matter,
practically every vessel expressed VCAM-1 (Figure
4b), and strong VCAM-1 expression was also
detected on the ependymal cells lining the cerebral
ventricles (data not shown). By day 20 expression of
Mac-1, ICAM-1, VLA-4 and VCAM-1 had returned
to the basal low level or close to it, while foci of
strongly LFA-1a-positive cells were still detected in
the white matter (Figure 3).

As we have shown also previously (Soilu-
Hianninen et al, 1994; Erdlinna et al, 1996),
expression of SFV-A7 antigens in the CNS was first
detectable at day 3, peaked at day 5, had declined by
day 8 and was undetectable at day 20 post infection.
Viral antigens were expressed as perivascular foci
of infected cells predominantly in the cerebellar
and brain stem white matter, but also in cerebral
hemispheres and spinal cord (data not shown).

In vivo treatment of SFV-A7-infected mice with
mAbs against ICAM-1, VCAM-1 and anti-human
CD44 (control)

To directly demonstrate the contribution of LFA-1/
ICAM-1 and VLA-4/VCAM-1 pathways in homing
of leukocytes into the CNS, SFV-A7-infected mice
were treated with i.p. injections of anti-ICAM-1,
anti-VCAM-1 or IgG2a control (anti-human CD44)
mAbs between days 1 and 7 after infection. Four-
teen mice were included in each treatment arm, and
eight mice of each group were analyzed immuno-
histochemically. Treatment with anti-VCAM-1
mAbs statistically significantly reduced the expres-
sion of VLA-4 in the CNS (P-value 0.0465 in
unpaired Student’s t-test). There was also a trend
towards decreased expressions of LFA-1 in anti-
VCAM-1-treated mice and both LFA-1 and VLA-4 in
anti-ICAM-1-treated mice, but these changes were
not statistically significant (P-values greater than
0.05). The results from the immunohistochemical
analysis are presented in Figure 5.

Discussion

During SFV-A7 encephalitis, mononuclear cells
infiltrate into the CNA and lead to immune-mediated
demyelination. An essential step in the formation of
the CNS mononuclear infiltrates is binding of
circulating leukocytes to the endothelial cells of the
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cerebral vessels and subsequent migration through
the vessel wall. Complex interactions between
adhesion receptors on the surface of the leukocytes
and their endothelial ligands take place in the
process of binding and transendothelial migration
(Springer, 1994). The mechanisms leading to accu-
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mulation of mononuclear leukocytes into the CNS
during SFV-A7 infection have been undefined. In this
paper we studied the expression of adhesion
molecules on splenic leukocyte subpopulations and
in the CNS during SFV-A7 encephalitis in adult
BALB/c mice. The results indicate marked changes in
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Figure 3 Expression of leukocyte and endothelial cell adhesion molecules in the CNS during SFV-A7 infection. Mice were infected
with intraperitoneal injection of 1 x 10° PFU on SFV-A7 in PBS. Frozen sections were prepared from the brain and spinal cord of two
infected mice at indicated timepoints and from two mock-infected, age and sex matched control mice. Inmunoperoxidase staining was
done with mAbs against adhesion molecules and the amount of each antigen was assessed in a blinded fashion on a following semi-
quantitative scale: 0, no staining; 1, a few positive cells/weak staining intensity; 2, moderate; 3, many positive cells/strong staining
intensity. Two infected mice at days 1, 3, 5, 8 and 20 and two control mice (=day 0) were analyzed, and scores of both mice are

shown.
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the adhesion molecule profile of splenic CD8* cells The infected mice remained clinically asympto-
and activation of the CNS vascular endothelium  matic. In the spleen, a marked and longlasting
corresponding with the formation and resolution of  increase in the density of LFA-1 on CD8* cells and
the inflammatory cell infiltrates. increased percentage of LFA-1-expressing CD8*

Figure 4 Expression of adhesion molecules in the CNS of SFV-A7 infected and control BALB/c mice. Immunoperoxidase staining
was done on frozen sections of brain and spinal cord with rat mAbs against murine adhesion molecules. (A) Low basal expression of
VCAM-1 on a cerebellar vessel (arrow) of a control mouse. (B) Induction of VCAM-1 expression in the cerebellum of an SFV-A7
infected mouse at 5 days p.i. with practically all vessels (arrows) being positively stained. (C) Weak or undetectable VLA-4 expression
in the CNS of an uninfected mouse. (D) Strongly VLA-4-positive cells (arrow) perivascularly in the cerebellum at 8 days p.i. (E)
Undetectable LFA-1-expression in the CNS of control mice. Area shown is from the cerebellum. (F) Numerous strongly LFA-1+ cells
(arrows) in the tissue parenchyma in the cerebellum of an SFV-A7 infected mouse at 8 days p.i. (Microscopic magnification: x 250 in
A, B, C E, F; x400 in d.
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cells of all spleen cells was observed. Increased
expression of LFA-1 on CD8* cells has earlier been
demonstrated during lymphocytic chorionmeningi-
tis (LCMV) infection in mice (Andersson et al, 1995)
and infectious mononucleosis in humans (Pallis et
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Figure 5 Effect of in vivo treatment with mAbs against ICAM-1,
VCAM-1 and rat IgG2a control mAb on the expressions of
leukocyte and endothelial cell adhesion molecules in the CNS
during SFV-A7 infection. Briefly, BALB/c mice were infected i.p.
with 1x10° PFU/ml of SFV-A7. Subsequently, 100 ug of each
mAb was injected i.p. at days 1, 3, 5 and 7 p.i. Each treatment
group consisted of 14 mice. Frozen sections were prepared at
day 8 p.i. of eight mice in each group and expressions of LFA-1,
Mac-1, VLA-4, ICAM-1 and VCAM-1 were determined as
described in the Materials. The data are expressed as mean+
s.e.m. values of eight mice.

Table 1 List of rat mAbs against murine antigens used in this
study

mAb/clone Antigen recognized
M17/5.2 LFA-1¢/CD11a®
M18/2.a LFA-15/CD18*
M1/70 Mac-1/CD11b*

PS/2 VLA-4/CD49d*

Mel-14 L-selectin/CD62L*
YN/1.7.4 ICAM-1/CD54°
Anti-VCAM-1 VCAM-1/CD106
9B5 human CD44°
Anti-L3T4-PE CDa¢
Anti-Ly-2-PE Cps¢

F4/80 160 kD antigen on

mouse macrophages®

Source of antibodies: *American Type Culture Collection
(ATCC; Rockville, MD); bPharMingen, San Diego, CA; M/K-2.7,
ATCC “National Public Health Institute, Turku, Finland;
9Becton Dickinson, San Jose, CA; °Boehringer Mannheim
GmbH, Germany

al, 1993). It may thus represent a phenomenon
generally associated with systemic virus infections
to augment extravasation of T-cells to the sites of
infection. Increased LFA-1 on CD8* cells may also
augment T-cell mediated cytotoxic responses.
Supporting this, the adhesion pathway used by
virus-specific cytotoxic lymphocytes in adherence
to the target cells has been shown to be LFA-1/
ICAM-1 but not CD28/B7 (de-Waal-Maletyf et al,
1993). Temporary increase in the expression of
LFA-1 on CD4* cells was observed at day seven after
infection. Increased LFA-1 on CD4* cells may be
relevant for T-helper responses needed to augment
production of virus-specific antibodies (Fischer et
al, 1986).

At day 7 after infection, also the expressions of
VLA-4, Mac-1 and ICAM-1 were increased on CD8*
cells. Increased expression of LFA-1, VLA-4 and
ICAM-1 have been shown to be a consequence of
activation of murine T cells by antigen or mitogen
(Mobley et al, 1994). Mac-1 expression seems to be a
marker for CD8* cytotoxic T-cell activation and
memory in virus infection (MacFarland et al, 1992).
The timepoint of increased adhesion molecule
expression corresponds to the previously published
peak in the production of interferon-y by spleen
cells from SFV-A7 infected mice. This peak was
shown to be temporarily associated with cytotoxi-
city specifically directed against virus-infected
targets (Blackman and Morris, 1984). The altered
adhesion pattern of CD8* cells at seven days after
infection could indicate appearance of virus-spe-
cific cytotoxic T-cells within the CD8* cell popula-
tion. Increased expression of VLA-4 and Mac-1 on
these cells may direct them into the CNS (Baron et
al, 1993; Andersson et al, 1994; Nielsen et al, 1994).

Percentage of splenic CD4* cells expressing the
lymph node homing receptor L-selectin (Mel-14/
CD62L) of all spleen cells was decreased during
SFV-A7 infection. This may have been caused by
downregulation of L-selectin from the surface of a
subpopulation of the CD4" cells. Downregulation of
L-selectin from the surface of naive CD4* T-cells has
been associated with their transition from virgin to
memory cells (Bradley et al, 1992). On CD8* cells,
we did not observe a clear decrease in L-selectin
expression, although changes in the expression of
the adhesion molecules, associated with cellular
activation occurred. However, it has been shown
previously, that in contrast to CD4* memory T cells,
the majority of memory CD8* cells are L-selectin*
and downregulate L-selectin only after restimula-
tion by antigen (Mobley et al, 1994). It is possible,
that the SFV-A7 specific CD8* cells in the spleen are
L-selectin* and downregulate L-selectin after con-
tact with virus antigen in the CNS.

We have earlier shown, that expression of ICAM-
1 is increased in the CNS during SFV-A7 infection
(Soilu-Hénninen et al, 1994). We now demonstrate
that also VCAM-1 is induced on the endothelial



cells in cerebral blood vessels and on the ependy-
mal cells lining the cerebral ventricles during SFV-
A7 infection. Treatment of SFV-A7-infected mice
with anti-ICAM-1 or anti-VCAM-1 slightly reduces
the amount of inflammatory cells expressing LFA-1
and VLA-4 in the CNS. The differences were,
however, not statistically significant, except for
VLA-4-expression after anti-VCAM-7-treatment.
This could have been due to the limited numbers
of mice that were analyzed in each group.

SFV-A7 infection facilitates the development of
experimental allergic encephalomyelitis (EAE) in
BALB/c mice (Wu et al, 1988). We have previously
shown that increased entry of inflammatory cells
into the CNS is involved in this enhancement of
EAE (Eralinna et al, 1994). Moreover, the viral
facilitation of EAE can be substantially alleviated by
in vivo treatment with anti VLA-4 and anti-ICAM-1
mAbs (Soilu-Héanninen et al, 1996). Taken together
with our current results this suggests that both LFA-
1/ICAM-1 and VLA-4/VCAM-1-pathways may be
functionally involved in leukocyte entry into the
CNS during SFV-A7 infection.

Induction of VCAM-1 on CNS blood vessels has
earlier been demonstrated during LCMV meningi-
tis (Marker et al, 1995) and during Sindbis-virus
encephalitis (Irani and Griffin, 1996) in mice and
during SIV encephalitis in macaques (Sasseville
et al, 1992). Later it was demonstrated in the SIV
model using a tissue adhesion assay that human
monocytic cells only bound to VCAM-1-positive
vessels and that binding could be inhibited by
preincubation with antibodies to VLA-4 (Sasse-
ville et al, 1994). This suggest that the VLA-4/
VCAM-1-interaction is the primary adhesion
pathway for leukocyte entry into the CNA during
SIV encephalitis similarly as has earlier been
demonstrated for autoimmune inflammation of
the CNS in experimental allergic encephalomye-
litis (Yednock, 1992; Baron, 1993). In contrast
with these findings, Irani and Griffin (1996) could
only inhibit lymphocyte entry into the CNS
during Sindbis-virus infection by anti-LFA-1
antibodies, while anti-VLA-4 antibodies were
ineffective.

Concomitantly with the upregulation of ICAM-1
and VCAM-1 in the cerebral vessels we observed
infiltration of inflammatory cells expressing their
integrin ligands LFA-1 or Mac-1 and VLA-4,
respectively. A peak in the expression of all the
adhesion molecules studied in the CNS occurred
between days 5 and 8 post infection. This corre-
sponds to the increased adhesion molecule expres-
sion on splenic T cells and detection of viral
antigens in the CNS. Interestingly, activation of
the CNS endothelium was most prominent in the
areas where the viral antigens were predominantly
expressed, namely the cerebellar and brain stem
white matter. It is possible that the altered adhesion
molecule pattern of splenic T-cells directs them into
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the CNS. Upon contact with SFV-A7 antigens in the
brain the virus-specific T-cells may get further
activated and secrete cytokines which upregulate
adhesion molecules on adjacent blood vessels.
Activation of the vascular endothelium in the areas
where specific virus antigen recognition takes place
may direct circulating monocytes into the infected
areas of the CNS.

In summary, following intraperitoneal infection
of immunocompetent, adult mice with SFV-A7
virus, the adhesion molecule profile of splenic
CDS* cells and, to a lesser extent, CD4* cells is
changed. This is temporarily associated with
infiltration of inflammatory cells into the CNS and
induction of adhesion molecule expression in the
brain vessels. We hypothesize that the virus-
specific T-cells first enter into the CNS due to
changes in their adhesion molecule expression.
After contact with their specific antigen there they
secrete cytokines and further prime the CNS
endothelium for recruitment of monocytes/macro-
phages into the CNS. After resolution of most of the
inflammatory changes, brightly LFA-1+ cells are still
present in the white matter. They may represent the
virus-specific cytotoxic T-cells which are thought to
be responsible for the demyelination during SFV-
A7 infection.

Materials and methods

Mice

BALB/c mice were raised at the Central Animal
Laboratory of the University of Turku from breeder
stocks obtained from Harlan Sprague-Dawley, Inc.,
USA. Female mice at age 6 —8 weeks were used for
virus infection. All animal experiments were
approved by the ethics committee of the local state
authorities.

Virus

An avirulent mutant of Semliki Forest virus (SFV-
A7) was obtained from Dr HE Webb (Neurology
Unit, Department of Neurology, Rayne Institute, St.
Thomas’ Hospital, London, UK), plaque purified
three times and amplified in a BALB/c mouse brain
cell line (MBA-1) previously established in our
laboratory. Virus was titrated in another BALB/c
brain cell line (MBA-13) using a standard plaque
assay. The virus was stored in 1 ml aliquots at
—70°C until used at 1x10° plaque forming units
(PFU)/ mouse injected intraperitoneally (i.p.) in
100 ul of sterile phosphate-buffered saline (PBS).

Cell preparations
Spleens were removed from mice killed by CO,
anaesthetization. Single cell suspensions were
prepared by pressing the spleens through a fine
steel mesh. The red blood cells were lysed by 0.83%
NH,CL treatment.
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Antibodies

Monoclonal antibodies (mAbs) against adhesion
molecules and murine leukocyte subset markers
used in this paper are listed in Table 1. Rabbit
polyclonal antibodies against SFV-A7 were raised
in our laboratory by immunization with inactivated
SFV-A7 virus. For double immunofluorescence
staining the murine macrophage marker, mAb F4/
80, was biotinylated with biotin-N-hydroxysuccini-
mide (Zymed, San Francisco, CA, USA) as de-
scribed earlier (Bayer and Wilcheck, 1978).
Streptavidin-conjugated phycoerythrin (SA-PE)
was from Becton Dickinson, San Jose, CA, USA.
FITC-conjugated affinity-purified goat anti-rat IgG
was from Cappel, Durham, NC, USA. Vectastain
anti-rat and anti-rabbit antibody staining kits used
in immunohistochemistry were from Vector La-
boratories, Inc., Burlingame, CA, USA.

Production of mAbs for in vivo injections

For production of mAbs for in vivo injections, the
anti-VCAM-1  (M/K-2.7), anti-ICAM-1(YN/1.7.4)
and anti-human CD44 (9B5) mAb producing hy-
bridomas were grown in serum free and protein free
growth medium (Catalog No. S-2772, Sigma, St
Louis, MO, USA). Protein was precipitated from
cell-free supernatants with saturated ammonium-
sulphate (340 g/l of (NH4),SO, at +4°C) and
dialyzed against PBS. Purity of the mAbs was
verified by sodium dodecyl sulphate-polyacryla-
mide gel electrophoresis (SDS—PAGE) and all
aliquots to be used were essentially free from
contaminating proteins. Protein concentrations
were determined by Ultrospec K 4053 spectro-
photometer (LKB Biokrom, Cambridge, England)
based on optical density values at 280 nm. MAbs
were adjusted to a final concentration of 1 mg/ml in
PBS and sterilized by filtration (0.2 ym filter from
Millipore, Bedford, MA). Total of 0.1 mg (100 ul) of
mADb was injected intraperitoneally into mice every
other day between days 1 and 7 p.i.

Flow cytometry

For analysis of expression of adhesion molecules on
spleen CD8* and CD4* cells and macrophages,
freshly isolated spleen cells were washed with
PBS containing 2% fetal calf serum (FCS) and
0.1% sodium azide (wash medium). Aliquots of
1x10° cells were then incubated with saturating
concentrations of purified, concentrated mAbs
against LFA-1a, Mac-1, LFA-1f, ICAM-1, VLA-4
and L-selectin diluted in wash medium. Cells were
then washed twice and incubated with FITC-
conjugated goat anti rat-IgG containing 5% normal
mouse serum. The cells were washed again and
incubated further with PE-conjugated anti-CD4 or
anti-CD8 mAbs or with biotinylated F4/80 mAb. To
inhibit background staining caused by binding of
the FITC-conjugated anti-rat IgG to the PE-con-
jugated rat anti-CD4 and anti-CD8 mAbs, 5%

normal rat serum was added to the anti-CD4 and
anti-CD8 mAbs. After the incubation the anti-CD4
and anti-CD8-stained cells were washed and fixed
with PBS containing 3% paraformaldehyde. Cells
stained with the biotinylated anti-mouse macro-
phage marker were further incubated with SA-PE
before final washes and fixation.

The stained cells were then analyzed using
fluorescence activated cell sorter (FACSscan,
Becton Dickinson, Mountain View, CA). A total
of 10 000 viable cells were acquired from each
sample using the forward scatter and side scatter
parameters to exclude dead cells and debris. Each
cell was scored for fluorescence intensity on red
and green channels to determine the expression
of the leukocyte subset marker and the adhesion
molecule marker, respectively. Analysis was
performed with Lysys 1.6 computer program.
The results are presented as percentages of
double positive cells of all spleen cells or as
mean fluorescence intensity values of all PE-
positive cells on the green channel. Splenocytes
from uninfected, age and sex-matched mice were
stained in parallel as controls. Four infected and
four control mice were studied at each timepoint
in two separate experiments.

Immunohistochemistry

For preparation of frozen sections, two infected
mice at days 1, 3, 5, 8 and 20 after infection and
two control mice were extensively perfused with
PBS under anesthesia. The brains and the spinal
cords were then removed and rapidly frozen in
Tissue Tek (Miles Inc., Naperville, Ill.) by
immersion in liquid nitrogen. The blocks were
stored at —70°C until use. Frozen sections were
cut on a cryotome at a 6 ym thickness, mounted
on organosiliconized slides (Maples, 1985), air
dried, fixed in cold acetone for 10 min and
preserved at —20°C until use. For immunoperox-
idase staining rat mAbs against murine LFA-1,
Mac-1, VLA-4, ICAM-1 and VCAM-1 or rabbit
polyclonal anti-SFV, were allowed to react on the
sections overnight at +4°C. Frozen sections of
mice that had been treated with anti-ICAM-1,
anti-VCAM-1 or control mAbs were first incu-
bated for 30 min with nonconjugated goat anti-rat
IgG to block cross-reaction with the mAbs
injected in vivo. For virus antigen detection,
endogenous peroxidase was blocked by 30 min
incubation with 0.3% H,0, in methanol prior
incubation with 1:2000 dilution of rabbit anti-
SFV-antibody. Binding of primary mAbs was
visualized by ABC-technique with Vectastain
anti-rat or anti-rabbit antibody staining kits. Color
reaction was developed with DAB. The sections
were counterstained with haematoxylin. The
number of positively stained cells and their
staining intensity was evaluated in a blinded
fashion and scored on a following semiquantita-



tive scale: 0, no reactive cells; 1, a few positive
cells/weak staining; 2, moderate; 3, many positive
cells on every section/strong staining intensity.
Approximately ten sections/mouse were studied.
Statistical significance in group comparisons was
determined by Student’s t-test.
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