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Interferon-y—Mediated
Site-Specific Clearance of
Alphavirus from CNS Neurons

Gwendolyn K. Binder and Diane E. Griffin*

Recovery from viral encephalomyelitis requires immune-mediated noncytolytic
clearance from neurons by mechanisms assumed to be the same for all neurons.
In alphavirus encephalomyelitis, antibody clears infectious virus from neurons
in all regions of the central nervous system (CNS), but CD8 T cells contribute
to elimination of viral RNA. To understand the role of T cells in clearance, we
infected antibody knockout mice with Sindbis virus. Virus was cleared from
spinal cord and brain stem neurons, but not from cortical neurons, and required
both CD4 and CD8 T cells. Infection with cytokine-expressing recombinant
viruses suggested that T cells used interferon-v, but not tumor necrosis factor
a, in clearing virus and that populations of neurons differ in responsiveness to

this effector pathway.

Viral infections of brain and spinal cord neu-
rons necessitate development of an immune
response within the central nervous system
(CNS). However, local infiltration of inflam-
matory cells provides the potential for im-
mune-mediated neurologic damage. Because
recovery from viral encephalitis can occur
without permanent neurologic damage, non-
cytolytic mechanisms of clearance must ex-
ist. To investigate these mechanisms, we
studied a model of murine encephalomyelitis
induced by infection with Sindbis virus (SV),
a mosquito-borne alphavirus related to west-
ern and eastern equine encephalitis viruses.
SV infects neurons in both the brain and
spinal cord (/) and induces a well-character-
ized immune response in the CNS (2—4) that
results in clearance of infectious virus within
7 to 8 days without paralysis or death. Thus,
SV encephalomyelitis provides an excellent
model for identifying the immune mecha-
nisms responsible for effective noncytolytic
clearance of virus from the CNS.

Previous studies that used passive transfer
of antibody into severe combined immune
deficiency (SCID) mice persistently infected
with SV showed that antibody is a primary
mediator of noncytolytic clearance of infec-
tious virus from neurons in both the brain and
spinal cord (3). However, antibody-indepen-
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Bloomberg School of Public Health, Baltimore, MD
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dent cytolytic and noncytolytic T cell-medi-
ated control of virus replication occurs in
nonneural tissues (5-7). Such mechanisms
have been considered irrelevant to virus
clearance from neurons, in part because of the
restricted expression of major histocompati-
bility class I and class II antigens by these
cells (8). Consistent with this view, clearance
of infectious SV from neurons is normal in
mice deficient in CD8 T cells. However,
clearance of viral RNA is slowed in these
mice, suggesting an auxiliary role for T cells
9.

To investigate whether alternate mecha-
nisms of noncytolytic viral clearance exist,
we infected CS57BL/6 antibody knockout
(WMT) mice (10) with the TE strain of SV
(11) and examined clearance of infectious
virus from the brain and spinal cord. As
controls,  immunocompetent  wild-type
C57BL/6 and immunodeficient SCID mice
(Fig. 1, A and B) were infected with the same
SV strain (/2). Initial levels of virus replica-
tion were similar in all mice, and, although
wild-type mice cleared infectious virus from
the brain and spinal cord between days 6 and
9 after infection, SCID mice established per-
sistent infection in the brain and spinal cord
but developed no neurological symptoms.
During the first 2 weeks of infection, virus
titers in brains of phMT mice were interme-
diate between those of SCID and wild-type
mice, but later, titers were similar to those of
SCID mice. In contrast, infectious virus was
completely cleared from the spinal cords of
WMT mice with a time course that was only
slightly slower than that of wild-type mice.
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None of the mice showed signs of paralysis,
and no loss of motor neurons was observed in
wMT animals (Web fig. 1) (/3) even though
they had been infected (Fig. 2E). Therefore,
site-specific noncytolytic mechanisms, other
than antibody, can clear virus from the CNS.

To determine the role of T cells in virus

REPORTS

clearance, we depleted wuMT mice of CD4,
CD8 (Fig. 1, C and D), or both T cell subsets
together (Fig. 1, E and F) (/4). Depletion of
either CD4 or CD8 T cells diminished the
reduction of virus levels in the brain and
lengthened the time it took to clear infectious
virus from the spinal cord. Depletion of CD4

Fig. 1. Clearance of infectious
virus in brain and spinal cord. (A
and B) Virus titer in the brain and
spinal cord of wild-type, anti-
body knockout (uMT ), and SCID
mice is shown and is one of three
experiments. (C and D) Effect of
CD4 or CD8 T cell depletion on
virus titer in the brain and spinal
cord of wMT compared with
SCID mice. (E and F) Effect of
CD4 and CD8 T cell depletion
together on virus titer in the
brain and spinal cord of uMT
compared with SCID mice. No
data points except day 6 spinal
cord (P = 0.024) were signifi-
cantly different by t test. (G and
H) Ability of VV- or SV-immune
T cell transfer, media transfer, or
no transfer to reduce virus titer
in the brain and spinal cord of
RAG knockout mice persistently
infected with SV. Infectious virus
was quantitated by plaque assay.

>

Logto pfu/gram

Logto pfu/gram

Spinal Cord

The dashed line represents the E . s O SO oo
limit of virus detection, and sym- L= aMT-
bols below it indicate no detec- _ 74
tion. n = 3 at each time point. £ |
Error bars represent SEM for (A) 3
to (H). S 51
)
S 4
3
2 T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Days after Infection
G 9
g ©
74
5
o 61
=
.
o
& —O— RAG
S 44 —&— RAG+media
—©0— RAG+VV T cells
31  —— RAG+SVTcells
2 N——— 2

T T
2 4 6 8 10 0

T
2 4 6 8 10

Days after Transfer

Table 1. Virus titers in distinct brain regions and spinal cord. wuMT mice were infected with SV or SV-CAT.
SCID mice were infected with SV-CAT or SV-IFN-y. Fourteen days later, the cortex, cerebellum,
hippocampus, brain stem, and spinal cord were excised and assayed individually for infectious virus, and
geometric mean titers + SEM were calculated (n = 3). The limit of detection was 3.2. ND indicates no
detection of infectious virus in any of the mice.

Region wMT-SV wMT-SV-CAT SCID-SV-CAT SCID-SV-IFN-y
Cortex 3.8 (+0.29) 365 4.44 (+0.31) 4,09 (+0.20)
Hippocampus 4.33 (*+0.75) 4.10 (=1.53) 4.79 (£0.41) 4.09 (+0.78)
Cerebellum ND ND ND ND
Brain stem ND ND 3.86 (+0.49) 3.48 (+0.26)
Spinal cord ND ND 3.56 (+0.34) ND
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and CD8 T cells together abrogated both
initial control of replication in the brain and
clearance of virus from the spinal cord. These
data indicated that T cells were responsible
for clearance of virus in the absence of anti-
body and that both CD4 and CD8 T cells
participated in this process.

To establish that T cells are sufficient to
clear virus and test whether T cell-mediated
clearance is antigen-dependent, we isolated T
cells from vaccinia virus— (VV) or SV-im-
munized pWMT mice and transferred them to
persistently infected immunodeficient recom-
bination activating gene-1 (RAG) knockout
mice (/5) (Fig. 1, G and H). Transfer of
VV-specific lymphocytes or media had no
effect on virus, whereas transfer of SV-spe-
cific lymphocytes reduced virus in the brain
and completely cleared infectious virus from
the spinal cord. Previous failed attempts to
clear virus from the CNS of SCID mice by
passive transfer of T cells may have resulted
from transfer of inadequate numbers of acti-
vated antiviral T cells (3). Thus, although T
cells were able to mediate antigen-specific
clearance of virus from spinal cord neurons,
those of the brain appeared to be relatively
resistant to T cell-mediated clearance.

This site-specific difference in viral clear-
ance could be attributable to differences in
virus spread, local variation in immune re-
sponses, and/or distinct capacities of infected
neurons to respond to immune mediators. In
situ hybridization for SV RNA revealed
widely disseminated infection throughout the
brain and spinal cord (Fig. 2, A through F).
Immunostaining showed CD4 and CD8 T cell
infiltration into the parenchyma of both brain
and spinal cord (Fig. 2, G through J). This
was reflected by a similar number of T cells
per mm? in inflammatory foci of the brain
and spinal cord (Fig. 2, K and L). T cell
activity assessed by ribonuclease (RNase)
protection for the cytokines tumor necrosis
factor—a (TNF-a), interferon-y (IFN-v), in-
terleukin-6 (IL-6), and lymphotoxin-B (LT-
3) showed similar expression in brain and
spinal cord, suggesting unbiased T cell cyto-
kine production in these regions (Fig. 2, M
through P). These data suggested that site-
specific clearance reflected variation in the
response of different populations of neurons
to T cells.

Cells infected in the spinal cord are pri-
marily motor neurons, whereas populations
are more diverse in the brain (/6, 7). To
examine whether control of virus replication
differed between brain regions, we infected
MT mice and separately assayed the cortex,
cerebellum, brain stem, hippocampus, and
spinal cord for clearance of infectious virus
(Table 1). Virus levels were below detection
in the brain stem and spinal cord, but not in
the cortex and hippocampus, indicating that T
cell-mediated clearance of virus from the
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brain was site-dependent. These data comple-
ment observations of site-specific immune
regulation and sensitivity of the blood brain
barrier to cytokines (18, 19) by showing that
response of neurons to immune effectors is
also site-specific.

The fact that both CD4 and CD8 T cells
can mediate clearance of virus (Fig. 1, C
through F) suggests either that there are mul-
tiple T cell-mediated mechanisms of clear-
ance or that the relevant mechanism is shared
by both CD4 and CD8 T cells. Because clear-
ance did not result in neurological damage,
we hypothesized that cytokines produced by
CD4 or CD8 T cells, rather than a cytotoxic
effector response, were most likely to be
involved. Two cytokines that have direct an-
tiviral activity (5, 7) and are produced in
pMT animals during infection (Fig. 2, K and
L) are TNF-a and IFN-vy.

To investigate the antiviral activity of
these cytokines in the CNS, we generated
recombinant SVs that expressed murine
TNF-o (SV-TNF-a), IFN-y (SV-IFN-y), or
chloramphenicol  acetyltransferase  (SV-
CAT). These genes were inserted into a clone
of the TE strain of SV engineered to contain
a second subgenomic promoter for foreign
protein expression (20). The biological activ-
ity of the cytokines produced by these viruses
was confirmed in an L-929 murine fibroblast
cell assay, and replication in cultured cells
was equivalent (Web fig. 2) (/3). Production
of cytokine RNA in vivo was confirmed by
RNase protection assay. SCID mice were
infected with these cytokine-expressing vi-
ruses, and levels of virus in brain and spinal
cord were compared with those of uMT and
SCID mice infected with SV-CAT (Fig. 3).
MT mice cleared virus from the spinal cord
and partially controlled replication in the
brain, whereas SCID mice infected with SV-
CAT became persistently infected, as previ-
ously observed with SV (Fig. 1, A and B).

SCID mice infected with SV-TNF-a did
not clear virus from the spinal cord, and virus
titers were consistently higher than SV-CAT
controls in both brain and spinal cord (Fig. 3).
Increased virus replication may reflect the
ability of TNF-a to break down the blood
brain barrier and facilitate virus spread or
may suggest a synergistic role for TNF-a in
alphavirus replication in the CNS. Although
TNF-a exhibits direct antiviral activity in
some nonneural tissues (5, 7), it is not suffi-
cient for clearance of virus from neurons
infected with mouse hepatitis virus (27) or
SV.

SCID mice infected with SV-IFN-y
showed reduced amounts of virus in brain
and clearance of virus from the spinal cord,
paralleling that seen in wWMT mice infected
with SV-CAT (Fig. 3), and the site depen-
dence of clearance was similar to that ob-
served in pWMT mice (Table 1). IFN-y RNA,
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Fig. 2. Analysis of virus spread and immune
function in the brain and spinal cord. To
examine putative factors in site-dependent
clearance from the CNS, we analyzed virus
spread, immune infiltration, and cytokine
production in infected wMT mice. (+)-strand
SV RNA was detected by in situ hybridization
in paraffin-embedded tissue sections (9) in
(A) cortex, (B) brain stem, (C) hippocampus,
(D) cerebellum, and (E) spinal cord, on day 14
after infection. (F) is an uninfected control.
Frozen (G and H) brain and (I and ]) spinal
cord sections of mice 14 days after infection
were stained for CD4 and CD8 cells and show
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infiltration into the parenchyma. (G and I) CD4 cells were detected by biotin-labeled L3T4
antibody (Pharmingen) and avidin-peroxidase kit (Vector Laboratories). (H and |) CD8 cells
were detected by biotin-labeled Ly-2 antibody (Pharmingen) and tyrimide signal amplification
(NEN-Life Science Products). Cells were visualized with 3,3’-diaminobenzidine as a chromagen
with hematoxylin for counterstain. (A) to (J) are representative of three mice. Quantitation of
(K) CD4 and (L) CD8 T cells per mm? tissue was performed to show relative levels of
infiltration. Open bars represent T cell counts over the whole brain area, closed bars represent
averaged T cell counts in inflammatory foci from cortex and hippocampus, and hatched bars
represent T cell counts in spinal cord. Open and closed bars on day 3 were significantly
different (P = 0.03) by ¢ test, but no other significant differences were observed. Production
of (M) TNF-a, (N) IFN-v, (O) IL-6, and (P) LT-B in brain (closed bars) and spinal cord (open
bars) was detected by RNase protection analysis with the Mck-3B template set, kit, and
protocol (Pharmingen). Results are presented as percentage of buffer-infected control. Differ-
ences were not significant by t test. n = 3 and error bars represent SEM for (K) to (P).
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significantly different except for SV-=TNF-a and SV-IFN-y on day 3 in spinal cord (P = 0.03 by t

test).
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analyzed by RNase protection assay, was
present in all brain compartments examined
(22). Approximate extracellular IFN-y pro-
duction by recombinant virus is 1.5 X 10°
plaque-forming units (pfu) per unit of IFN-y,
as determined by L-929 bioactivity assay.
The relative roles of secreted and intracellular
IFN-vy in SV clearance are unclear, but pre-
vious studies have shown that intracellular
IFN-y can mediate virus protection in an
IFN-v receptor—dependent fashion similar to
that of exogenous IFN-vy (23). Therefore, lo-
cal production of IFN-+y alone is sufficient to
effect T cell-mediated clearance of virus
from some, but not all regions of the CNS.
IFN-v has direct antiviral activity in periph-
eral tissues and is important for clearance of
mouse hepatitis virus from neurons and of
VV from choriodal and meningeal cells in
vivo (21, 24, 25). Our data provide further
evidence for the specific role of IFN-y in
noncytolytic clearance of virus from some,
but not all, types of neurons.

CD8 T cells function through cytokine
production and/or the cytotoxic response. It is
widely accepted that cytotoxic T lympho-
cytes (CTL) provide antiviral protection
through lysis of infected cells (26). However,
in situations where the cells are nonrenew-
able or where large numbers of cells are
infected, lysis is counterproductive or not
effective. Early studies of persistent lympho-
cytic choriomeningitis virus infection of the
CNS suggested that CD8 T cells could re-
solve infection without necrosis (27), and
evidence has accumulated for alternate non-
cytolytic, cytokine-mediated T cell mecha-
nisms of virus clearance (6, 28, 29). Our
study demonstrates IFN-y-mediated noncy-
tolytic clearance of virus from neurons in
vivo, providing evidence for the role of T cell
cytokine production in the resolution of virus
infection as an alternative to CTL-mediated
killing of virus-infected cells. However, neu-
rons are heterogeneous in their responses to
IFN-y, resulting in a failure to contain virus
replication in localized regions of the CNS.
These results define some of the important
immune components for recovery from viral
encephalomyelitis, which could be useful in
developing therapies targeted for specific re-
gions of the CNS.
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Homeostatic Regulation of the
Immune System by Receptor
Tyrosine Kinases of the Tyro 3
Family

Qingxian Lu and Greg Lemke*

Receptor tyrosine kinases and their ligands mediate cell-cell communication
and interaction in many organ systems, but have not been known to act in this
capacity in the mature immune system. We now provide genetic evidence that
three closely related receptor tyrosine kinases, Tyro 3, Axl, and Mer, play an
essential immunoregulatory role. Mutant mice that lack these receptors de-
velop a severe lymphoproliferative disorder accompanied by broad-spectrum
autoimmunity. These phenotypes are cell nonautonomous with respect to
lymphocytes and result from the hyperactivation of antigen-presenting cells in
which the three receptors are normally expressed.

The elimination of reactive lymphocytes is a
central feature of homeostatic regulation in
the immune system. Although clonal expan-
sion of lymphocytes is essential for immune
responses, activated T and B cells must be
deleted once the antigens that triggered their
expansion have been eradicated. Similarly,
autoreactive T cell clonotypes pose a severe
threat to tissue and organ integrity, and must
also be deleted. Deficiencies in the homeo-
static regulation of expanded or autoreactive
lymphocytes lead to lymphoproliferative dis-
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orders, impaired immune function, autoim-
munity, and death (/).

In the mature immune system, lympho-
cyte numbers are under the control of a wide
variety of soluble cytokines, as well as cell
surface inhibitory and costimulatory mole-
cules. Although many of these regulators
bind to receptors that are coupled to cytoplas-
mic protein-tyrosine kinases (PTKs), none of
them is known to signal through the more
direct mechanism of binding and activating a
receptor with intrinsic PTK activity (2). This
notwithstanding, we have found that three
structurally related receptor PTKs—Tyro 3
(3, 4), Axl (3, 5), and Mer (3, 6)—play an
essential immunoregulatory role. These re-
ceptors are, together with their ligands Gas6
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