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IMMUNE RESPONSES TO RNA-VIRUS
INFECTIONS OF THE CNS

Diane E. Griffin

A successful outcome for the host of virus infection of the central nervous system (CNS) requires
the elimination of the virus without damage to essential non-renewable cells, such as neurons. As
a result, inflammatory responses must be tightly controlled, and many unique mechanisms seem
to contribute to this control. In addition to being important causes of human disease, RNA viruses
that infect the CNS provide useful models in which to study immune responses in the CNS.
Recent work has shown the importance of innate immune responses in the CNS in controlling
virus infection. And advances have been made in assessing the relative roles of cytotoxic T cells,
antibodies and cytokines in the clearance of viruses from neurons, glial cells and meningeal cells.

Virus infections of the central nervous system (CNS)
are relatively uncommon, but potentially devastating.
The longevity of many cells in the CNS and the relative
inaccessibility of this tissue to components of the
immune system make the brain and spinal cord partic-
ularly susceptible to persistent virus infection. Because
of the potential for neurological damage by inflamma-
tory mediators and cytotoxic cells, the brain has intrin-
sic mechanisms for controlling immune responses that
are different from other organs. Nevertheless, many
virus infections are cleared from the CNS through
virus-specific immune mechanisms without marked
neurological damage. Clearance of virus from non-
neural tissues often involves cytolytic elimination of the
infected cells. However, immune responses to virus
infection of the CNS can also clear the virus from the
tissue or sustain prolonged inhibition of virus replica-
tion without damage to the structure or function of the
nervous system. Non-cytolytic clearance mechanisms
are advantageous to the host when the infected cells
cannot be replaced, but they might provide less com-
plete elimination of the virus than cytolytic processes.
Mechanisms for non-cytolytic clearance are beginning
to be elucidated and new roles have been identified for
lymphocytes, local antibody production and cytokines.
The degree to which clearance is successful differs with
the type of virus that causes the infection and with the
target cells that the virus infects.

Types of virus that infect the CNS

Several RNA and DNA viruses from different virus
families can infect the nervous system and cause human
disease (TABLE 1). DNA viruses that infect the CNS have
nuclear phases in their replication cycles and often have
an inherent capacity to remain latent in the nucleus
(and undetectable to the immune system), either by
integrating a copy of the virus genome into host DNA
or by maintaining an episomal form of the virus
genome in the cell nucleus. These viruses are common
causes of disease in immunocompromised hosts
because of their ability to reactivate when host immune
responses fail. Most RNA viruses replicate only in the
cytoplasm and do not establish true latency and, there-
fore, are susceptible to different mechanisms of immune
control than are DNA viruses. This review focuses on
the immune response to RNA viruses in the CNS.

The viruses and their target cells. The most common
virus infections of the CNS cause meningitis by target-
ing the cells of the leptomeninges that cover the surface
of the brain. These viruses do not usually cause serious
disease or persistent infection because they infect renew-
able cells in a part of the nervous system that is accessible
to the immune system. Less common, but more likely
to cause fatal disease, are viruses that infect neurons.
Neurons are long-lived, terminally differentiated cells
that are important target cells for viruses causing
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Table 1 | Examples of important virus infections of the CNS

Virus

DNA

Herpes simplex virus
Human herpesvirus 6
Cytomegalovirus
Adenovirus

JC virus

RNA

Poliovirus

Coxsackie virus
ECHO virus
Enterovirus 71
Japanese encephalitis virus
West Nile virus

St Louis encephalitis

Eastern equine encephalitis virus
Venezuelan equine encephalitis virus

LaCrosse virus

Lymphocytic choriomeningitis virus

Rabies virus
Mumps virus
Retrovirus
HIV

Human T lymphotropic virus |

Primary target cell Geographical distribution
Neurons Worldwide
Oligodendrocytes ~ Worldwide

Neurons Worldwide

Neurons, ependyma Worldwide
Oligodendrocytes  Worldwide

Motor neurons India, Africa

Meninges Worldwide

Meninges Worldwide

Neurons Asia,

Neurons Asia, Australia

Neurons Europe, Americas, Africa
Neurons USA

Neurons Americas

Neurons Americas

Neurons USA

Meninges Worldwide

Neurons Europe, Asia, Africa, Americas

Meninges, ependyma Worldwide

Worldwide
Japan, Caribbean

Microglia
Astrocytes

BLOOD-BRAIN BARRIER

This is formed by endothelial
tight junctions that limit entry of
leukocytes, immunoglobulins,
cytokines and complement
proteins into the central nervous
system.

TYPE 1 INTERFERON

(Type 1 IFN). IFN-o and IFN-3
are induced by virus replication
and are important early
inducers of anti-virus immune
responses. They limit virus
replication before the antigen-
specific immune response.

encephalomyelitis (BOX 1). Not all types of neuron are
equally susceptible or likely to become infected; this
depends on the virus tropism, route of entry of the virus
into the CNS and the mechanism of spread. Many neu-
ronotropic viruses spread within the nervous system by
axonal transport and move from neuron to neuron
through connecting synapses'. If infection is induced
experimentally by intracerebral inoculation, there might
also be rapid spread through the cerebrospinal fluid
Other viruses target the supporting glial cells of the CNS
— oligodendrocytes, astrocytes and microglia — alone
or in addition to neurons. Oligodendrocytes form and
maintain the myelin that surrounds the axons of neu-
rons, and infection of these cells might lead to acute or
chronic demyelinating disease. Astrocytes are the ‘sup-
porting’ cells for neurons. Among other functions,
they produce neurotrophic factors, remove toxic mate-
rials and maintain the BLoop-BrAIN BARRIER. Infection of
these cells might also indirectly damage neurons.
Microglia are the resident macrophages of the CNS,
can express MHC class I and class II molecules, have
an important role in local immune responses and can
produce various factors that are toxic to neurons.

Mouse models of infection. Most of our knowledge
about immune responses to virus infection of the CNS
comes from studying a few well-characterized mouse
models of infection that characterize these types of
virus-induced disease (TABLE 2). The most detailed

studies of immune responses to neuronal infection
have been with rabies virus and mosquito-borne
alphaviruses, such as Sindbis virus, Venezuelan equine
encephalitis virus and Semliki Forest virus, that can
cause acute encephalomyelitis in mice. The most
extensive studies of immune responses to viruses that
infect glial cells, often in addition to neurons, have
involved the natural mouse pathogens Theiler’s mouse
encephalomyelitis virus (TMEV), which is a picor-
navirus, and mouse hepatitis virus (MHV), which is a
coronavirus. Another natural mouse pathogen, lympho-
cytic choriomeningitis virus (LCMV), which is an arena-
virus that can infect ependymal cells, choroid plexus
cells or neurons, has also been studied extensively.
LCMYV, as well as Borna disease virus, can cause
immune-mediated disease and persistent infection of
the CNS. For all of these RNA viruses, the outcome
of infection depends on the age and genetic background
of the mouse, and on the strain of virus that is studied.
For this review, the focus is on immune responses of
adult animals to the most commonly studied strains of
each virus. These infections have many common, as well
as distinctive, features. Immune responses to each infec-
tion progress through several phases that start with
intrinsic responses in the CNS as the presence of the
pathogen is recognized, followed by entry of lympho-
cytes and monocytes from the periphery as part of the
adaptive inflammatory response, and then complete or
partial silencing of immune-mediated inflammation as
the virus is cleared or its replication is controlled.

Innate immune responses to CNS virus infection

The normal, uninfected CNS lacks immunological
activity. Endothelial cells have intact tight junctions and
express low levels of adhesion molecules that promote
interaction with circulating leukocytes. Microglia,
which express the CD200 receptor (CD200R), are kept
in a quiescent state through interaction with electri-
cally active, healthy neurons, which express CD200
(REE.3), and by the local production of neurotrophins*.
Production of the anti-inflammatory cytokine trans-
forming growth factor-f (TGF-f3) by astrocytes and
meningeal cells suppresses activation of endothelial and
other cells by cytokines*® (FIG. 1a).

When neurons or other CNS cells become infected,
changes quickly occur to initiate protective responses
(FIG. 1b). Rapid production of Type 1 iNTERFERON (IFN) is
important for host survival and, in most experimental
virus infections of the CNS, susceptibility to fatal dis-
ease is markedly increased in mice that lack the recep-
tor for IFN-0/B7-!°. IFN-3, an immediate early IFN,
which is produced by neurons as well as glial cells, is
the main type 1 IFN that is produced by the CNS and
is required for efficient induction of IFN-c. in vitro'>'2.
Preferential production of IFN-f rather than IFN-a in
the CNS might be neuroprotective, as IFN-o has
marked CNS toxicity compared with IFN-!>!4, and
IFN-B might induce the production of neurotrophic
factors by astrocytes' and the local production of the
anti-inflammatory cytokine interleukin-10 (IL-10)'.
Rapid local production of type 1 IEN after infection
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Box 1 | Important cells in the CNS parenchyma

Neuron

\
Oligodendrocyte

spinal cord.

and neurotransmitters.

DELAYED-TYPE
HYPERSENSITIVITY

A cellular immune response to
antigen that develops over 24-72
hours with the infiltration of

T cells and monocytes, and is
dependent on the production of
T helper 1-type cytokines.

Microglial cell

Grey matter White matter

Astrocyte

* Neurons are electrically active cells that transmit signals from the periphery and within
the central nervous system (CNS). They are located in the grey matter of the brain and

* Astrocytes are glial cells that are located in close proximity to neurons. They are
responsible for secreting neuroprotective factors and for the local metabolism of toxins

+ Oligodendrocytes are myelin-producing cells that are found in the white matter
wrapping the axons of neurons. Myelin insulates the axons and enhances the efficiency
of conduction of electrical signals between neurons.

* Microglia are bone-marrow-derived macrophage-lineage cells that become
immunologically active early during CNS injury and the induction of inflammation.

slows virus spread and constrains virus replication
before the induction of virus-specific adaptive immune
responses. Virus inhibition of type 1 IFN production or
activity — for example, by the leader protein of TMEV
— increases the probability that the virus will not be
cleared".

Damaged or stressed neurons signal to astrocytes
and microglia in the vicinity of the neuronal cell body,
even when the neuronal damage occurs to the axon ata
distance'®. The factors that are produced by neurons in
response to injury — which includes injury caused by
virus infection — are not completely catalogued, but
they probably include the cytokines IFN-yand IL-6, and
the chemokines fractalkine (CX3CL1) and secondary
lymphoid tissue chemokine (SLC, CCL21), in addition
to IFN-B!-2.. CX3CL1 is a membrane-bound chemokine
that is constitutively expressed by subsets of neurons
and is rapidly cleaved from the cell surface after neuro-
toxic damage®?. Macrophages and glial cells express the
CX3CL1 receptor (CX3CR1) and so become activated
in early phases of the response to neuronal infection**,
in which they have an important role. Activated microglia
and astrocytes can rapidly produce an array of cytokines
and chemokines. These vary with the specific virus
infection, but frequently include IL-1, IL-6, IL-12,

tumour-necrosis factor (TNF), macrophage inflamma-
tory protein-1f (MIP1B, CCL4), monocyte chemo-
attractant protein 1 (MCP1, CCL2), MCP3 (CCL7),
regulated on activation normal T-cell expressed and
secreted (RANTES, CCL5) and IFN-inducible 10 kDa
protein (IP10, CXCL10)»7. Production of these fac-
tors results in the upregulation of expression of MHC
molecules on the cell surface of microglia and in
increased expression of adhesion molecules by capillary
endothelial cells. Chemokines are transcytosed to the
endothelial luminal surface and presented to circulating
leukocytes on the tips of microvillous processes®'.

Induction of the adaptive immune response

The normal brain is relatively deficient in expression of
MHC molecules, and the structure of the blood—brain
barrier inhibits the entry of circulating proteins and
cells from the blood to the brain parenchyma. It is gen-
erally agreed that, although there are cells that can pre-
sent antigen to primed T cells in the CNS, the activation
of naive T cells and B cells occurs in secondary lym-
phoid tissues outside the CNS*-*. The parenchyma of
the normal CNS does not contain dendritic cells,
although they are present in the meninges and cerebro—
spinal fluid (CSF)*. Some of the CSF and CNS intersti-
tial fluid drains to the deep cervical lymph nodes
through the nasal submucosa®>*. Experimental inocu-
lation of virus directly into the CSF elicits a potent
immune response, whereas inoculation directly into
the brain parenchyma elicits little or no response.
Responses that are initiated by inoculation of antigen
into the CSF tend to be characterized by marked anti-
body responses, priming of cytotoxic CD8* T cells and
N0 DELAYED-TYPE HYPERSENSITIVITY>?. However, essentially
all neurotropic viruses naturally initiate infection in the
periphery either through the gastrointestinal tract, the
respiratory tract or the bite of an infected mosquito or
animal. Therefore, induction of the virus-specific
immune response occurs through virus infection, or
uptake by dendritic cells in peripheral tissue and anti-
gen presentation in lymph nodes that drain those initial
sites of replication, rather than in the CNS.

The entry of circulating leukocytes into the CNS is
generally restricted by the tight junctions and by the rel-
ative nonreactivity of cerebral capillary endothelial cells,
which have limited endocytosis and expression of adhe-
sion molecules®*. However, several studies have shown
that activated T cells routinely cross the blood—brain
barrier as part of the normal immunological surveil-
lance of all tissues**! (FIG. 1a). Transendothelial migra-
tion of activated CD4" T cells occurs, in part, through
the interaction of P-selectin glycoprotein ligand, which
is expressed by activated T cells, with P-selectin, which is
expressed at low levels by normal cerebrovascular
endothelial cells*®**2. However, one side effect of the
induction of a systemic immune response, even in the
absence of infection in the CNS, is the upregulation of
expression of adhesion molecules by CNS endothelial
cells and increased surveillance of the CNS by activated
T cells***. Activated T cells that enter the CNS are not
retained in the CNS in the absence of antigen, and
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Table 2 | Mouse models of CNS infection and immune-mediated clearance

Virus

Theiler's mouse encephalomyelitis virus

Sindbis virus
Mouse hepatitis virus

Lymphocytic choriomeningitis virus

Rabies virus
Vesicular stomatitis viurs

Cells infected Mechanisms of virus clearance References
Neurons, microglia, oligodendrocytes CD8* T cells, antibody 78,101
Neurons Antibody, IFN-y 46,80,94
Neurons CD8* T cells, antibody 61,79
Microglia, astrocytes CD4+ T cells, CD8* T cells, B cells 103-105,107,111
Oligodendrocytes IFN-y 106
Choroid plexus, meninges, neurons CD8* T cells 96
Neurons Antibody, CD4+ T cells, CD8* T cells 81,87
Neurons IFN-y, nitric oxide 95

CNS, central nervous system; IFN-y, interferon-y.

T HELPER 1/2 CELLS

(T,1/2). At least two distinct
subsets of activated CD4" T cells
have been described. T,,1 cells
produce interferon-y,
lymphotoxin and tumour-
necrosis factor, and support cell-
mediated immunity. T ;2 cells
produce interleukin-4 (IL-4),
IL-5 and IL-13, support humoral
immunity and downregulate

Ty, 1-cell responses.

GANGLIOSIDES

Sialic acid-containing
glycosphingolipids that are
constituents of plasma
membranes. They are enriched
in the brain and can be shed
from the cell surface as
regulatory molecules.

either leave or die in situ (FIG. 1a). However, activated
T cells are retained in the CNS when the relevant anti-
gen is present and associated with appropriate MHC
molecules®. During inflammation, local production of
chemokines and induction of expression of adhesion
molecules by endothelial cells further enhance the entry
of activated cells into the CNS*. Expression of intercel-
lular adhesion molecule 1 (ICAM1, CD54) and vascular-
cell adhesion molecule 1 (VCAM1) is upregulated
by cerebral capillary endothelial cells during virus
infection, and antibody specific for the integrin leuko-
cyte function-associated antigen 1 (LFA1), which is
the ligand for ICAM1, blocks lymphocyte entry into
the brain during the acute inflammatory response to
Sindbis virus®.

MHC class I molecules are not expressed by cells in
the normal CNS, but are abundantly expressed by
endothelial, meningeal and microglial cells during the
early phases of the immune response to most CNS
virus infections*, and are occasionally expressed by
astrocytes and oligodendrocytes*. However, neurons
rarely express MHC class I molecules. Neurons respond
to IFN-f with induction of antiviral proteins, such as
2’-5’ oligoadenylate synthetase, but not with expression
of MHC class I molecules*. Suppression of expression of
MHC class I molecules by neurons seems to be both
transcriptional and post transcriptional. There is little
translocation from the cytoplasm to the nucleus of
nuclear factor-xB (NF-kB) — a key transcription factor
for MHC class I expression — in neurons in response
to pro-inflammatory mediators for example, TNF and
IL-1 or virus infection, despite the presence of these
receptors. By contrast, astrocytes readily respond in this
manner. Lack of NF-kB translocation in neurons seems
to be due to a failure to induce degradation of the
inhibitor of NF-xB (IxkBo.) in response to cytokines**.
However, neurons that are damaged or electrically
silenced by treatment with a neurotoxin can be induced
to express MHC class I molecules by treatment with
IFN-y*. In vivo, the levels of mRNAs that encode MHC
class I heavy chain, B,-microglobulin (8,m), transporter
associated with antigen processing 1 (TAP1) and TAP2 are
increased in neurons during infection*’. However, there is
controversy over whether mature MHC class I molecules
are expressed on the neuronal cell surface***!. The B,m
molecules that are sometimes detected on the neuronal
cell surface might be associated with expression of

non-classical rather than classical MHC class I mole-
cules. Differences in sensitivity of detection might also
account for some of the controversy that surrounds this
issue — when expression of MHC class I molecules by
neurons is detected, it is at markedly lower levels than
expression by glial cells in the same region’'.

MHC class II molecules are not constitutively
expressed by cells in the brain parenchyma, but are
induced quickly after initiation of infection and also by
trafficking of activated T cells through the CNS*%. The
cells that express MHC class II molecules most abun-
dantly are microglia and perivascular macrophages®.
Astrocytes can be induced to express MHC class 11
molecules in vitro, but this is rarely observed in vivo*.

Infiltration of mononuclear inflammatory cells into
the CNS begins three to four days after infection. Cells
first accumulate in perivascular areas and then infiltrate
the parenchyma in the regions of virus infection.
Essentially all components of the cellular immune
response are detected in the infiltrate: natural killer
(NK) cells, antigen-specific CD4" and CD8" T cells,
B cells and monocyte/macrophages®~’. NK cells are
detected first, followed by CD8* and CD4" T cells, then
B cells and monocytes/macrophages™. In addition, den-
dritic cells are detected in the CNS during inflammation
and either enter the CNS from the circulation or
develop from a subpopulation of activated microglia®.
The number of inflammatory cells peaks within one to
two weeks after infection and then these cells are gradu-
ally eliminated, unless the virus persists®. Cytokines that
are produced by these infiltrating cells include IFN-y,
IL-4 and IL-10, but rarely IL-2 (REFS 27-29,54,61,62). B cells
in the CNS usually produce antibody, mainly of the
immunoglobulin A and IgG subclasses®, although IgA
is not produced in response to all infections.

Regulation of immune responses in the CNS

Several observations indicate that there is marked
regulation of immune responses in the CNS. Active reg-
ulation includes functional control of the immune acti-
vation of intrinsic cells of the CNS and of cells entering
the CNS. In addition, there is induced death of T cells
that infiltrate the brain. Several regulatory mechanisms
are involved and these tend to inhibit T-cell proliferation
and favour the production of 1 nereer 2 (T2)-type
cytokines, although these cytokines might not have an
important role in clearance per se. CNS GANGLIOSIDES
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Figure 1 | Changes that occur in the CNS during the immune response to a neuronal virus
infection. a | In the normal uninfected central nervous system (CNS), endothelial cells express few
adhesion molecules. Neurons maintain microglia in a quiescent state through CD200-CD200
receptor (CD200R) interactions and astrocytes contribute by the production of neurotrophins, such
as brain-derived neurotrophic factor (BDNF), nerve-growth factor (NGF) and neurotrophin 3 (NT3),
that interact with p75, a low-affinity neurotrophin receptor. Gangliosides are abundant and
transforming growth factor-f3 (TGF-B) is constitutively produced by neurons and astrocytes.
Activated T cells enter the CNS routinely through interaction with low levels of P-selectin expressed
by endothelial cells, but leave or die soon thereafter. b | Virus infection of neurons initiates the early
production of interferon-B (IFN-f), chemokines and pro-inflammatory cytokines, which results in
further activation of microglia and increased expression of adhesion molecules, such as vascular-
cell adhesion molecule 1 (VCAM1) and intercellular adhesion molecule 1 ICAM1), by endothelial
cells. ¢ | By three to four days after infection, inflammatory cells — such as natural killer (NK) cells,
macrophages and lymphocytes — that are activated in secondary lymphoid tissue begin to enter
the CNS at regions where virus replication is occurring and chemokines, such as CCL19 and
CCL21, are expressed by endothelial cells. T cells produce additional cytokines, such as
interleukin-4 (IL-4) and IFN-y, and the B cells produce antibody, which initiates clearance of virus
from infected cells. TNF, tumour-necrosis factor.

} 3

inhibit the expression of MHC class I and class IT mole-
cules by astrocytes and inhibit IL-2 production and pro-
liferation of T cells in the brain parenchyma without
affecting the production of IL-4 or IL-5. The
immunoregulatory activity of brain gangliosides on
T cells is due, in part, to suppression of NF-kB activity
and phosphorylation of retinoblastoma protein®-.
T cells from strains of mice that are susceptible to T, 1-
mediated autoimmune disease of the CNS are less
responsive to regulation by brain gangliosides than
T cells from disease-resistant strains®’.

However, ganglioside production by neurons does
not inhibit the expression of MHC class I molecules by
microglia*®®. Antigen presentation by microglia stimu-
lates CD4* T cells to produce IFN-v, but not IL-2 and
does not stimulate T-cell proliferation. By contrast,
macrophages that infiltrate the CNS from the periphery,
which tend to accumulate near vessels, can support
complete T-cell activation and survival®. Activity of
these macrophages might be controlled by the pro-
duction of TGF-f in the CNS, which suppresses the
development of T-cell cytotoxicity and delayed-type
hypersensitivity, and which deactivates infiltrating
antigen-presenting cells (APCs)”*!.

Activated T cells that leave the perivascular area
often undergo apoptosis after exposure to APCs in the
parenchyma’”. In addition, constitutive expression of
FAS ligand (CD95L) by cells of the CNS induces apop-
tosis of FAS (CD95)-expressing activated T cells.
Neuronal expression of CD95L might further protect

neurons from T-cell cytotoxicity”* 7.

Mechanisms of immune-mediated virus clearance
Clearance strategies. Clearance of virus from cells in the
brain parenchyma is a multistep process. Each of the
several phases of virus clearance are assessed in different
ways. First, there is inhibition of virus spread to new
cells, then elimination of cell-free infectious virus.
Subsequently, virus-infected cells must be eliminated or
intracellular virus replication permanently suppressed.
The most frequently measured parameter of virus clear-
ance is the amount of infectious virus that is present in
CNS tissue. However, as antibody specific for the virus is
produced, the ability to detect infectious virus by stan-
dard assays, which depend on the detection of viral
cytopathic effects in susceptible indicator cells, is com-
promised by the presence of neutralizing antibody in
the tissue homogenates. During this phase of clearance,
virus can often be detected by cocultivation of cells from
the infected tissue with susceptible tissue culture cells.
As replication in cells is suppressed or infected cells are
eliminated, quantitative measurement of virus nucleic
acid provides the best indicator of whether the virus has
truly been eliminated from the relevant cells and tissue.
There is no doubt that the most reliable way to
completely eliminate a virus from tissue is to eliminate
all cells in which the virus is replicating, either by
virus-induced cytolysis or by immune-mediated cytol-
ysis. However, mature CNS neurons and many glial
cells are relatively resistant to both processes. The fact
that neurons are non-renewable cells might underly
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their resistance to apoptosis. If infected cells are
allowed to survive, the clearance of virus must include
mechanisms for inhibiting intracellular synthesis of
virus nucleic acid and protein, and for removing virus
genomes from cells. If the clearance process is not
complete, then mechanisms for preventing resump-
tion of virus replication must be in place to avoid
progressive or relapsing disease®*77,

The immunological processes that are required for
clearance are cell-type specific. Therefore, control might
be achieved in one target-cell population (for example,
neurons), but not another (for example, microglia or
oligodendrocytes). In general, antibody responses have
an important role in the clearance of viruses from neu-
rons, whereas T-cell-mediated responses are more
important for clearance from glial cells, for reasons that
are not yet understood. However, as with any important
biological process, mechanisms for the control of virus
replication are redundant and overlapping. Experimental
approaches to define these clearance mechanisms are
dependent on the transient depletion of specific
immune-cell populations and on the use of mice that
have selective deficiencies in various components of the
immune system. Because of the interdependent relation-
ships of components of the immune system in the devel-
opment of an immune response, deficiencies of one type
of cell or molecule might affect several facets of the
immune response, making it difficult to identify specific
effectors that are crucial for in vivo clearance.

Clearance from neurons. For most RNA viruses, clear-
ance of virus from neurons occurs through a non-
cytolytic, immunologically specific process. Anti-viral
antibodies are important for the clearance of rabies
virus, Sindbis virus, MHV and TMEV from neurons™*!.
B cells, including virus-specific antibody-secreting cells,
infiltrate the brain as a part of the inflammatory response
and are retained in the CNS*#2% (FIG. 1¢). Many of the
specific antibodies that are associated with protection or
clearance are directed against virus surface proteins and
inhibit intracellular virus replication in vitro®®34. The
mechanism by which antibody specific for a virus sur-
face glycoprotein inhibits virus replication is not com-
pletely clear, but has been studied in greatest detail for
Sindbis virus.

The anti-viral effect of antibody specific for the
Sindbis virus E2 glycoprotein does not require comple-
ment or phagocytic cells, but does require that the anti-
body be bivalent®#*. This implies that crosslinking of
virus proteins on the surface of the infected cell is neces-
sary for the control of intracellular virus replication.
Treatment of persistently infected cells with antibody
leads to the restoration of sodium-pump function and
synthesis of host proteins, both of which are inhibited
by Sindbis-virus replication®. Type 1 IFN synergizes
with antibody to further inhibit virus replication, and it
is probable that this interaction is important for the
clearance of virus in vivo®. Antibody is also necessary
for the clearance of rabies virus®” and MHV from neu-
rons”. The ‘clearance’ of Sindbis virus and other viruses
that infect neurons is incomplete, as virus RNA can be

detected throughout the life of the animal®**#. Long-
term secretion of antibody in the brains of mice that
have recovered from infection indicates that there is a
continued requirement for immune-mediated control
of virus replication™*2,

Although studies of immunodeficient mice show
that T cells are not necessary for the clearance of Sindbis
virus from neurons, the level of intracellular virus RNA
is reduced more rapidly when CD8" T cells are present*.
CD8" T cells are also important for rapid control of
rabies virus and herpes simplex virus replication in neu-
rons®”*.In general, CD8" T cells can exert anti-viral
effector functions either through a non-lytic cytokine-
mediated pathway or by a cytotoxic pathway, which
involves either the cytotoxic effector molecules perforin
and granzymes or CD95—CD95L. It is not known
whether CD8" T cells in the CNS are activated by the
virus-peptide-MHC class I complexes expressed by
virus-infected neurons or by surrounding glial cells
that have taken up antigen released by infected cells —
a process known as cross-priming. Neurons are severely
restricted in their expression of MHC class I molecules,
but MHC class I expression has been observed in dam-
aged neurons that were exposed to IFN-yand occasion-
ally on virus-infected neurons®*. CD8" T-cell-mediated
killing of neurons through a CD95—CD95L-dependent
pathway has also been documented’*'. Although neu-
ronal death mediated by CD8* T cells has been reported
in some virus infections of the CNS®, the main contri-
butions of CD8" T cells to the clearance of virus from
neurons are not mediated through cytolysis of infected
cells, and do not require perforin or CD95 (REE 93).

Recent studies of antibody-deficient mice have shown
that both CD4* and CD8* T cells infiltrating the brain
contribute to the clearance of Sindbis virus through the
production of IFN-y**. An important role for CD4* and
CD8" T cells in virus clearance that is associated with the
production of IFN-y has also been shown for a neu-
ronotropic strain of MHV®!. IFN-yalso has a role in the
clearance of vesicular stomatitis virus, a virus that is
related to rabies virus, from neurons, perhaps through
the production of nitric oxide®. CD8* T cells alone can
clear LCMYV from persistently infected neurons after a
prolonged period of time* and these cells might produce
anti-viral factors in addition to IFN-y. For example, the
cytotoxic effector molecule granzyme A seems to have an
additional role in restricting the replication of herpes
simplex virus in neurons®”. However, in contrast to its
essential role in non-cytolytic clearance of hepatitis B
virus from hepatocytes, there is no evidence of a role for
TNF in clearing virus from neurons%.

Interestingly, neurons in different regions of the CNS
differ in their ability to respond to the anti-viral effects
of IFN-y. Motor neurons in the spinal cord show com-
plete resolution of infection in the absence of antibody,
whereas cortical neurons require antibody for the clear-
ance of Sindbis virus®. Whether this is due to differences
in the ability to bind IEN-y or to differences in the ability
to respond to IFN-yis not known. The IFN-y receptor is
widely expressed by neurons and constitutive expression
by neurons is markedly higher than it is by glial cells*.
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Figure 2 | Mechanisms of virus clearance from neurons and microglia. a | In neurons that survive infection with RNA viruses,
infection is controlled initially by interferon-p (IFN-B) and subsequently by virus-specific antibody and IFN-y produced by T cells and
possibly neurons. This effectively inhibits the production of new virus, but does not necessarily eliminate virus RNA from the cell.
CD4+ T cells that secrete cytokines, such as IFN-y, and antibody-secreting B cells are resident for prolonged periods of time in the
nervous system and probably have a role in long-term control of virus replication. b | Initial control of virus replication in infected glial
cells involves IFN-B. Clearance involves cytolytic CD8* T cells. CD4* T cells supply help for CD8* T cells and both subsets of T cells

produce IFN-y, which has an independent role in virus clearance from cells that survive. Long-term control of virus replication
requires the local production of virus-specific antibody and possibly T cells.

It is interesting that some neurons can produce IFN-y",
and the autocrine effects of IFN-y might also have a role
in virus clearance!®™. In all of these examples of virus
clearance, no infectious virus can be recovered, but virus
RNA in the CNS remains detectable by sensitive tech-
niques — such as PCR after reverse transcription of
RNA (RT-PCR) — and this RNA is presumed to reside
in infected neurons that survived both infection and
immune-mediated virus clearance’*2.

Clearance from glial cells. Clearance of infectious virus
from glial cells seems to be more complicated than
clearance from neurons and is probably dependent on
T cells (FIG.2), perhaps because these cells are more likely
to be induced by inflammatory mediators to express
MHC molecules. In the best-studied examples of virus
infection of glial cells — TMEV and MHV — clearance
mechanisms often fail, which results in persistent
infection and immune-mediated demyelinating dis-
ease in susceptible strains of mice. TMEV has an early
encephalitic phase, which mainly involves infection of
neurons, followed, in genetically susceptible strains
of mice, by persistent infection of glial cells. Clearance

of TMEV from strains of mice that do not develop persis-
tent infection or demyelinating disease is dependent on
arapid CD8" T-cell response'*". In strains of mice that
are susceptible to persistent infection, infectious virus
is cleared from neurons, but virus is not completely
cleared from oligodendrocytes, astrocytes and microglia,
although it is reduced to low levels, and infectious virus
can be cultured from the CNS.

The JHM strain of MHV (MHV4) mainly infects
glial cells. Although passive antibody can protect mice
from fatal encephalomyelitis, in strains of mice that
clear the infection, antibody is not detectable until after
the virus is cleared, which indicates that antibody is not
the main mechanism of clearance?®'*>'%*, A reduction in
virus replication can be mediated by CD4* or CD8*
T cells!*1%, and transfer of virus-specific CD4* or CD8*
T cells can protect from fatal MHV-induced encephali-
tis'™ which further indicates a role for T cells in control
of virus replication.

The mechanism of T-cell-mediated clearance of
MHY is glial-cell-type specific'® IFN-yis particularly
important for the clearance of MHYV from oligoden-
drocytes, whereas perforin, and presumably CD8*
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T-cell-mediated cytolysis, is important for the clearance
of virus from astrocytes and microglia'®*!1%'%, Clearance
occurs in perforin-deficient mice but is delayed, indicat-
ing that many mechanisms are involved'®. Auxiliary roles
have been identified for CD4* T cells, CD95 and IFN-yin
virus clearance®®'?”. CD4* T-cell help is required for the
prevention of apoptosis and expression of the cytotoxic
effector function of CD8" T cells in the MHV-infected
CNS%. Virus RNA that persists can resume replication
and, therefore, long-term local immune control of virus
replication is required®. IFN-y-secreting CD8" T cells that
are specific for virus antigen persist in the CNS and might
contribute to the demyelinating process that follows reso-
lution of the acute virus infection'®"1°. CD4* T cells also
persist in the CNS for several weeks®. Despite a lack of
evidence for a role for antibody in the initial clearance of
MHY, antibody-secreting B cells are essential for the pre-
vention of renewed virus replication'!. T-cell numbers
eventually decline, but antibody-secreting B cells persist™.
Both B cells and the virus-specific antibody they produce
seem to have independent roles in preventing the
renewed replication of MHV in astrocytes and oligoden-
drocytes''"!12, Although B cells can be cytotoxic in vitro, it
is not clear whether this mechanism is relevant to the role
of B cells in vivo.

Concluding remarks

Although there is an increasing understanding of
many of the unique aspects of the immune responses
to virus infections of the CNS, many questions remain
unanswered. The adhesion molecules expressed by

endothelial cells and lymphocytes that are responsible
for entry of the earliest T and B cells involved in
immune surveillance and initiation of inflammation
are unclear. The molecular mechanisms involved in
non-cytolytic virus clearance from neurons are not
defined for any of the model infections that are being
studied. Knowledge of these mechanisms would allow
the identification of cell-type-dependent differences
— that is, between different neuronal populations,
oligodendroglia, astrocytes and microglia — in
response to various immune mediators, such as IFNs
and antibodies. Another important area of investiga-
tion will be the use of new genetic information to
identify host determinants that affect inflammation,
virus persistence in the CNS, and host susceptibility to
fatal virus and immune-mediated disease. This infor-
mation will help the development of new treatments
for infections of the CNS caused by RNA viruses. For
example, knowing the target virus proteins and contri-
butions of specific components of the immune
response will help in rational vaccine design. In addi-
tion, the ability of passively transferred immune serum
that contains polyclonal antibody to aid the clearance
of virus indicates that therapeutic monoclonal anti-
bodies can be developed for post-exposure prophy-
laxis. This could potentially be combined with the
appropriate use of cytokines that are involved in virus
clearance. Whether such approaches would be thera-
peutically useful after the development of symptoms
that are associated with neuronal loss or dysfunction
is less clear.
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DATABASES

The following terms in this article are linked online to:
LocusLink: http://Awww.ncbi.nlm.nih.gov/LocusLink/

CCL2 | CCL4 | CCL5 | CCL7 | CCL21 | CD95 | CD95L | CD200 |
CX3CL1 | CXCL10 | ICAMT [ IFN-at | IFN-B | IFN-y [ IL-1 [ IL-6 |
IL-12 | LFA1 | perforin | TGF-B | TNF | VCAM1

OMIM: http://www.ncbi.nim.nih.gov/Omim/

Borna disease virus | herpes simplex virus | lymphocytic
choriomeningitis virus | mouse hepatitis virus | rabies virus |
Semliki Forest virus | Sindbis virus | Theiler's mouse
encephalomyelitis virus | Venezuelan equine encephalitis virus |
vesicular stomatitis virus

Access to this interactive links box is free online.

502 [ JUNE 2003 [ VOLUME 3

© 2003 Nature Publishing Group

www.nature.com/reviews/immunol



	Immune responses to RNA-virus infections of the CNS
	Main
	Acknowledgements
	References


