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The clearance of virus from many tissues involves cytotoxic immune responses that 
can often cause substantial damage with limited functional impainnent due to 
regeneration and repair mechanisms. This is not the case for the CNS where 
destruction of neurons has severe consequences whether it is caused by the virus or 
the anti-viral immune response. Where a CNS infection results in cytolysis, early 
control of virus replication and virus spread is critical for neuronal and, ultimately, 
host survival. However, an immune response that is protective elsewhere could 
readily cause severe disease in the process of clearing an infection from the CNS. If 
virus can be cleared from the CNS without killing infected neurons it may 
be expected that non-cytolytic mechanisms involving antibody, cytokines and 
chemokines playa central role. Nevertheless, studies of different neurotropic virus 
infections indicate that both humoral and cellular immune responses are necessary 
for viral clearance from the CNS. The balance of the different antiviral immune 
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effector mechanisms involved in clearance of virus from the CNS in part dictates 
the extent of the immunopathology that is often a major consequence of the 
antiviral response. The extent of infection when a virus-clearing response reaches 
the CNS is also extremely important in this regard. If immunity develops after 
significant virus replication and spread through the CNS, a cytopathic immune 
effector mechanism would be expected to cause severe immunopathological con
sequences. In the absence ofimmunopathology, the outcome ofthe infection would 
depend upon the inherent pathogenicity of the virus. In this chapter we will discuss 
how different immune mechanisms differentially contribute to the clearance of virus 
from the CNS, using two highly neurotropic viruses, the rabies virus (RV) and the 
Borna disease virus (BDV), as models. 

2 A Central Role for Antibody in the Clearance 
of Virus from the CNS: Rabies Virus 

Is the production ofvirus-specific antibodies an essential element in the clearance of 
a neurotropic virus from the CNS? In the ca se of RV, the answer to this question is 
unequivocally yes. Protection against infection with pathogenic RV s is clearly 
associated with the presence in serum of neutralizing antibodies (Cox et al. 1977; 
SCHUMACHER et al. 1989). The best known mechanism whereby anti-rabies G 
antibodies exert their anti viral activity is virus neutralization, which includes the 
inhibition of virus attachment, release of cell-bound virus and inhibition of the 
intra-endosomal acid-catalized fusion step that leads to virus uncoating (DIETZSC
HOLD et al. 1987). However, anti-rabies virus G antibodies can also exert their 
antiviral activity even after the virus has entered the cell. For example, antibodies 
can clear the virus through classical viral clearance processes such as complement
mediated cell lysis and antibody-dependent cytotoxicity which results in the 
destruction of the infected cell. Antibody-mediated clearance can, however, also be 
facilitated by non-cytolytic mechanisms such as inhibition of transcription of viral 
RNA (DIETZSCHOLD et al. 1992), prevention of virus spread from cell to cell 
(DIETZSCHOLD et al. 1992), and restoration of anti viral function of interferon 
(lFN)-Cl in infected cells (DESPRES et al. 1995). One possibility how antibodies effect 
virus transcription is that the viral G protein expressed on the surface of infected 
cells might function as a signal transducing receptor for an extern al signal provided 
by the antibody (DIETZSCHOLD 1993). In the absence of a strong, virus-neutralizing 
antibody (VNA) response, animals infected with even an attenuated RV strain 
invariably die (HOOPER et al. 1998). In addition, passive administration of RV
specific antibody alone can be protective even when highly pathogenic RV has 
already invaded the CNS (DIETZSCHOLD 1993). Antibody may contribute to the 
clearance of a neurotropic virus through several different mechanisms. Clearly, 
neutralizing antibody can limit extracellular spread of RV and assist cellular and 
infiammatory mechanisms in clearance of the virus. However, the fact that only 
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certain c1asses of neutralizing antibodies with select specificities efficiently protect 
against rabies infection in vivo suggests that they may have a more complex 
function (HANLON et al. 2001). The capacity to protect against rabies infection 
in vivo appears to be primarily associated with anti-rabies G-specific IgG antibodies 
that can prevent cell-to-cell spread of rabies virus in vitro (Hooper and Dietzschold, 
unpublished observations). The fa te of the antibody-treated RV-infected cell 
may be death, which, ifhastened by the antibody, should limit virus production and 
therefore ultimately facilitate virus c1earance from the CNS. Nevertheless it is 
conceivable that such antibodies may promote virus c1earance without killing 
infected neurons. 

For RV-specific antibodies to rapidly and efficiently c1ear the virus from the 
CNS an accompanying cellular immune response is necessary (HOOPER et al. (998). 
In the case of rabies, in which neurons are exclusively the infected cell in the CNS, 
inflammatory components of the cellular immune response may playamore im
portant role than cytolytic mechanisms through producing antiviral factors such as 
interferons. In addition, there is accumulating evidence that inflammatory mech
anisms modulate blood-brain barrier (BBB) functions to provide antigen-specific 
T cells, B cells and antibody access to CNS tissue. Similar mechanisms, discussed 
below, are likely to be involved in promoting cytolytic T cell invasion into the CNS. 
Thus, depending upon the nature of the virus and the infected cell, it is expected 
that cellular and inflammatory responses function in concert with antiviral anti
body in the c1earance of virus from the CNS. 

The availability of gene knockout mice lacking specific immune elements has 
enabled us to investigate the contributions of various immune mechanisms to the 
c1earance of an attenuated RV (CVS-F3) from the infected CNS. Intranasal 
infection of conventional C57BL/6 or 129SvEv mice with CVS-F3 causes a mild 
disease characterized by transient weight loss (Fig. I). Mouse strains capable of 
making RV-specific neutralizing antibody c1ear the virus from the CNS and recover 
within 20 days of infection (HOOPER et al. 1998 and Fig. 1). Mice unable to make 
antibody, because of the absence of functionallymphocytes (rag2 k.o.) or a tar
geted defect in immunoglobulin heavy chain rearrangement (JHD k.o.), cannot 
c1ear attenuated rabies virus CVS-F3 from the CNS and eventually succumb to the 
infection (Fig. I). Mice lacking NFKB, a transcription factor involved in the acti
vation of several genes with important roles in the immune/inflammatory response, 
most often die following CVS-F3 infection, with the rare survivor having demon
strable VNA levels (Fig. I). Targeted deletion of genes encoding receptors for 
tumor necrosis factor (TNF)-ct, the IFNs, and the complement components C3 and 
C4 did not interfere with the ability of mice to survive rabies CVS-F3 infection 
(Fig. I). Nevertheless, the c1earance of CVS-F3 RV from the CNS after intra-nasal 
infection is considerably delayed in mice lacking receptors for either IFN-y or 
IFN-ct/ß (HOOPER et al. (998). In contrast, mice lacking CD8 T cells show only a 
minimal delay in the c1earance of CVS-F3 from the CNS (HOOPER et al. 1998). The 
delay in virus c1earance in these animals was associated with reduced CNS in
flammation, suggesting that inflammatory mechanisms contribute to the antibody
dependent c1earance of RV from the CNS (HOOPER et al. 1998). It is noteworthy in 
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Fig. 1. Effect of targeted gene deletion on recovery from infection with attenuated rabies virus. Mice were 
infected intranasally under anesthesia with 10111 of PBS containing lOs focus-forming units of CVS-F3. 
Mice were weighed on a daily basis. Individual body weights were transformed into percentages with the 
weight prior to infeetion as 100%. The results are expressed as a mean plus standard error of the pereent 
body weight of 15 mice per group. Virus-neutralizing antibody (VNA) titer is expressed as the geometrie 
mean of the reeiprocal of the highest serum dilution yielding a 50% reduction in test virus, determined by 
the fluorescent focus inhibition assay, of five mice 

this regard that CNS infiammation is generally not seen when more pathogenic RV 
strains cause alethal infection. 

3 T Cells as Effectors in the Clearance of Virus 
from the CNS: Borna Disease Virus 

When infection with a neurotropic virus stimulates little or no virus-neutralizing 
antibody, as appears to be the ca se for infection with BDV (RoTI and BECHT 1995), 
a contribution from virus-specific antibodies to dearance of virus is less readily 
understood. Depending on whether or not they can detect viral antigens on the 
infected cell surface, non-neutralizing antibodies may still opsonize cell-free virus 
for phagocytosis by monocytes or trigger the complement- or antibody-dependent 
cellular destruction of infected cells. As is the case for any neurotropic infection, the 
location and extent of infection as well as the nature of immune mechanisms 
reaching the affiicted cells dictate whether the immune response will be protective or 
pathogenic. A cytolytic response could be protective early in an infection but would 
be pathogenic if the virus has spread extensively or to vital areas. 

In the periphery, virus-infected cells are often destroyed by antigen-specific 
cytolytic T Iymphocytes (CTLs). CD8-positive cells can trigger programmed cell 
death in cells expressing viral antigen in the context of self-MHC dass I antigens by 
the targeted delivery of perforin, a pore-forming molecule, and granzymes, which 
induce apoptosis. There is also evidence that CD4-positive T cells have the po-
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tential to express a similar granule exocytosis pathway (WILLIAMS and ENGELHARD 
1996) but it is unknown whether this may contribute to the control of virus 
infection. Altematively, both CD8- and CD4-positive cells expressing Fas ligand 
(FasL) can induce apoptosis by direct contact with target cells expressing Fas. 
Conceivably a FasjFasL interaction could function in viral clearance from the CNS 
since functional Fas can be expressed on neurons in the rat brain (FELDERHOFF
MUESER et al. 2000). Nevertheless, the concept that destruction of the infected cell 
by a cytolytic mechanism is a required element of virus clearance is debatable. 
Virus-specific T cells, especially those of the CD4 T H land CD8 subsets, produce 
cytokines with antiviral activity, such as IFN-y, and stimulate the production of 
other antiviral factors by a variety of cells. For example, in hepatitis B virus (HBV) 
infections, HBV-specific CD8 T cells do not only kill target cells, but release an
ti viral cytokines that can evidently clear the virus from hundreds of additional 
infected cells in a non-cytopathic manner (GUIDOTTI and CHISARI 1999, 2001). On 
the other hand, clearance of mouse hepatitis virus (MHV) from most infected 
mouse brain cells is carried out by a perforin-dependent mechanism, while IFN-y is 
involved in the control of replication in oligodendrocytes (MARTEN et al. 2001). 

T cells evidently contribute to clearance of virus from the CNS by producing 
factors, and by inducing limited, but important cellularjinfiammatory processes. 
Factors produced by T cells are evidently non-cytolytic and may involve facilitating 
immune access to the infected tissue. However, as is the case in Boma disease (BD) 
of rats, a protective immune response without serious collateral damage is only 
observed when immune cells invade the CNS at a stage when only few brain cells 
are infected. If the virus is disseminated throughout the CNS before the antiviral 
immune response becomes fully functional, as is usually the ca se when a normal rat 
is infected with BDV, the immune effector cells, which are protective in early phases 
of infection, cause severe, often lethai, neurological damage. In fact, BD is clearly 
the result of the antiviral immune response as opposed to the virus infection itself, 
as immunoincompetent rats, or those tolerant of BDV antigens, remain relatively 
unaffected by BDV infection (ROTT and BECHT 1995). 

Protection against BD in rats has been accomplished by both active and 
passive immunization, the latter with BDV-specific T cells. While the inoculation of 
low doses of BDV attenuated by culture in Madin-Darby kidney (MDCK) cells 
resulted in typical encephalitis and clinical BD, high doses of attenuated BDV 
caused only a mild encephalitic response without overt disease (OLDACH et al. 
1995). A similar scenario has been observed in mice with different doses of the 
Iymphocytic choriomeningitis virus (LCMV) isolate WE, with low doses causing a 
fatal T-cell-mediated choriomeningitis while high doses of LCMV are protective 
(OEHEN et al. 1991). Adoptive transfer of BDV -specific T cells to naive rats prior to 
BDV infection also protects against BDV infection and BD (RICHT et al. 1994). In 
this ca se only transient virus replication and antigen expression (days 9 to 17-20 
post-infection) is seen (see RICHT et al. 1994; Table 1). In contrast, inoculation of 
the same BDV -specific T cells after infection causes the more rapid onset of clinical 
disease (RICHT et al. 1989, 1990). As expected, the adoptive transfer of BDV
specific T cells accelerates various aspects of the immune response to BDV. 
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Table 1. Characterization of immune cell subsets and MHC-antigens in T cell treated and untreated 
BDV-infected rats. BDV-NP BDV-nudeoprotein, - no antigen expression detectable, + low antigen 
expression, + + moderate antigen expression, + + + strong antigen expression 

Antigen expression T cell treated, BDV-infected animals" Untreated, BDV-infected control animals" 
analyzed 

Day 12 p.i. Day 21 p.i. Day 12 p.i. Day 21 p.i. 

BDV-NP + +j- +-++ +++ 
MHC dass I ++ +++ +-++ + +-+ + + 
MHC dass 11 +-++ ++ +(- +-++ 
T cells ++ + +-+ + + + ++ 
B cells + + 
aT-cell-vaccinated, BDV-infected rats were intravenously injected with 1-2 x 106 viable BDV-specific 
Thl cells on days -20 and -5 before intracerebral infection with BDV. These animals and the BDV
infected control rats were 4- to 6-weeks-old when infected with BDV and were killed on days 12 or 21 
post-infection (p.i). Three rats per time point were analyzed by immunohistochemistry as described 
previously by DEsCHLet al. (1990) using the following antibodies: Bo 18 (BDV-NP), Ox 18 (MHC dass I), 
Ox 6 (MHC dass 11), R 73 (T cells), Ox 22 and morphology (B cells). 

Immunohistochemical and RNase protection analysis revealed the presence of both 
BDV-antigen and cell infiltration in the brain between days 9 and 21 post-infection 
(p.i.; BDV antigen) and days 6 and 40 (T3-ö expression as marker for T cells) , 
respectively (Tables 1,2). At 12 and 21 days p.i., while levels of BDV antigen were 
lower (found only in the hippocampus and certain areas of the cerebral cortex), 
levels of staining for T cells, and MHC dass 11 were higher in BDV-infected rats 

Table 2. Comparison ofT3-o, IFN-y and BDV gene expression levels in brains ofBDV-infected rats and 
BDV-infected, T-cell-vaccinated rats 

Gene expression Days post-infection" Treatment 
analyzed 

6 9 12 24 40 

T3_ob + + ++++ +++ BDV 
+++ +++++ +++++ +++ ++++ BDV + T-cell-vaccinated 

IFN-l ++ + BDV 
++ ++++ ++ + + BDV + T-cell-vaccinated 

BDV-RNN + ++ +++ +++ BDV 
(+ + +)d - BDV + T-cell-vaccinated 

"In the BDV-infected, T-cell-vaccinated group, rats received BDV-specific Thl-cells on days 5 and 25 
before intracerebral BDV infection. In both groups, rats were intracerebrally infected at the age of 
4-6 weeks and killed at different times post-infection (p.i.). In the control group, one rat per time point 
was analyzed, except for day 24 p.i when two rats were analyzed. In the BDV-infected, T-cell-vaccinated 
group, two rats were analyzed per time point, except for day 40 (only one rat analyzed). 
b T3-o and IFN-y gene expression levels as determined by RNase proteetion assay (numbers indicate 
arbitrary units): - 0-1, + 1-2.5, + + 2.5-5, + + + 5-10, + + + + 10-15, + + + + + 15-25. T3-o 
represents the gene coding for the o-chain of the CD3 complex of the T cell receptor. T3-o and IFN-y 
expression levels are shown in arbitrary units divided by those of a housekeeping gene coding for the 
ribosomal protein L-32. Expression levels were determined by phosphoimager quantitation of the 
scanned dried RNase protection assay gel. 
cBDV RNA trancripts were detected by Northern blotting using a 1.9-kb BDV-specific radioactively 
labeled probe. - No RNA detectable, + low expression, + + moderate expression, + + + strong 
expression. 
d One of the two rat brains analyzed at day 24 p.i. contained BDV RNA; this rat displayed neurological 
symptoms of BD despite passive immunization with T cells. 
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that had received BDV-specific T cells than in controls (Table 1). Interestingly, an 
infiux of plasma cells was only no ted in the passively immunized rats at early time 
points post-infection (Table 1). RNAse protection analysis demonstrated that 
levels of mRNA specific for IFN-y peak in the CNS of adoptively transferred, 
BDV-infected rats approximately 9 days after infection, nearly 2 weeks before a 
somewhat lower peak response in control BDV-infected rats (Table 2). Northern 
blotting analysis revealed detectable BDV RNA in only one of the rats that received 
T cells, possibly due to an insufficiently enhanced BDV-specific immune response, 
as only this particular animal also showed signs of disease (Table 2). In contrast, 
approximately 3 weeks after infection, all control BDV-infected rats developed BD, 
and BDV RNA could be detected from day 9 p.i. through the fu1l40-day extent of 
the experiment (Table 2). These observations are consistent with our previous 
studies, that infiammation in the CNS of rats infected with BDV following adoptive 
T cell transfer becomes maximal around day 12 p.i. and recedes thereafter in 
concert with evidence of virus infection (RICHT et al. 1994). In the absence of 
passive T cell immunization, BDV rapidly spreads through the CNS triggering 
acute BD when the BDV-specific immune response becomes full-blown. 

In order to understand the role of T cells in the elimination of BDV from the 
CNS of T -cell-protected animals, we characterized the effector functions of the 
brain-infiltrating immune cells. Lymphocytes isolated from the CNS were tested for 
cytotoxicity using persistently BDV -infected and noninfected astrocytes. Brain 
lymphocytes isolated from T-cell-immunized animals at days 18 and 22 p.i. ex
hibited significantly higher cytotoxic activity than similar cells recovered from 
BDV -infected control rats (data not shown). Inhibition assays utilizing mondonal 
antibodies specific for MHC dass I (Ox 18) and dass 11 (Ox 6) antigens were used 
to further characterize the MHC restriction of the cytotoxic effector cells. Specific 
lysis of target astrocytes by brain lymphocytes isolated on day 18 p.i. from T-cell
immunized BDV-infected rats was inhibited up to 60% by mAb Ox18, and up to 
50% by mAb Ox 6 (data not shown). Moreover, cytotoxicity against both MHC 
dass 1- andJor dass II-expressing target cell lines has been observed with cells 
recovered from the BDV-infected rat CNS (PLANZ et al. 1993). These findings 
indicate that both MHC dass 1- and dass II-restricted CD4 + and CD8 + T cells 
may contribute to the destruction of BDV-infected cells in the CNS of T-cell
immunized animals and therefore may be involved in elimination of the virus from 
the CNS. On the other hand, studies analyzing brain-infiltrating cells from BDV
infected rats did not reveal the presence of natural killer (NK)-mediated cytotoxic 
activity for Y AC-l target cells (PLANZ et al. 1993). 

Studies on the adoptive transfer of BDV -specific T cell lines have associated 
neuroprotective effects with both T H 1 and T HO CD4 T cell subsets (RICHT and 
STITZ 1992; NÖSKE et al. 1998). BDV-specific THI celllines with antiviral activity 
produce IFN-y and interleukin (lL)-2 in vitro and, through a MHC-dass-II-re
stricted mechanism, cause the death of syngeneic BDV-infected astrocytes in vitro 
(RICHT and STITZ 1992). Nevertheless, in animals protected by passive immuniza
tion with BDV-specific T HI cells, necrosis of neurons and glial cells at the site of 
BDV replication is not seen. Since T cell administration on the day of virus ino-
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culation was unable to control BDV replication in the CNS and to block onset of 
BD, the antiviral processes necessary for protection must be active early in the 
infection. We therefore speculate that protection by these THI cells may be, at least 
in part, due to cytokine-dependent clearance of virus from the CNS at a time when 
relatively few brain cells are infected. However, when BD was prevented in naive 
rats by the administration of a non-cytoloytic THO BDV-specific CD4+ T celliine, 
the kinetics of virus clearance from the CNS were paralleled by the early appear
ance of cytotoxic CD8 + T cells and perforin (NÖSKE et al. 1998). In addition, the 
involvement of IFN-y and neutralizing antiviral serum antibodies was excluded in 
these studies (NÖSKE et al. 1998). On the other hand, there is also evidence that the 
cytotoxic effector moleeule perforin is not needed, either for the induction or 
prevention of BD in a BDV mouse model (HAUSMANN et al. 2000). We therefore 
conclude that there is likely to be a variety of immune effector mechanisms pro
tective at early stages of BDV infection, but that after the virus has spread ex
tensively in the brain, some of these result in significant, often lethai, neuronal 
damage. 

4 Invading and Resident CeUs of the Monocyte Lineage: 
Phagocytosis and Free Radicals 

The activity of CD4 T cells of the THI subset is generally associated with the 
induction of cellular immunity and, in a neurotropic infection, CNS inflammation. 
IFN-y, primarily produced by THI and CD8 cells, together with TNF-ex, which can 
be produced by CNS resident cells, are important stimulators of macrophages and 
microglia. These cells of the monocyte lineage are well known to perform several 
important functions in clearance of a virus infection of the CNS; production of 
toxic effector moleeules including free radicals and their products, and phagocytosis 
and removal of virus and cell debris. Moreover, as will be discussed further below, 
it has been demonstrated in autoimmune (KEAN et al. 2001), bacterial (WINKLER 
et al. 2001), and viral (HooPER et al. 2001) models of CNS inflammation that free
radical-based products, largely produced by circulating, activated monocytes are 
likely to be responsible for the changes in BBB function that promote cell infil
tration into the diseased CNS. 

Together with astrocytes and microglia, monocytes infiltrating CNS tissue in 
response to infection are likely to contribute to clearance of virus by phagocytosis 
of debris resulting from the infection or the anti-viral immune response. Clearance 
of virus by monocytes can be considerably more efficient where virus is opsonized 
by antibody. In addition, antibody capable of recognizing viral antigen expressed 
by infected cells could enable these cells to participate in antibody-dependent 
cellular cytotoxicity (ADCC). As effectors of antineuroviral immunity, activated 
monocytes and microglia can up-regulate production of a variety of oxygen- and 
nitrogen-based free radicals, such as superoxide, hydroxyl radical, and nitric oxide 
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(NO), that either directly, or through products inc1uding hydrogen peroxide and 
peroxynitrite, can damage virus or cells producing virus. CNS inflammation is 
often associated with the accumulation of cells expressing the inducible form of 
nitric oxide synthase (iNOS, or NOS-2), the enzyme responsible for the immune
mediated production of nitric oxide (e.g. HOOPER et al. 2000). The contribution of 
NO to virus c1earance has been investigated in a number of studies (reviewed in 
REISS and KOMATSU 1998). High levels ofiNOS expression have been demonstrated 
in CNS tissue of BDV-infected rats, with levels of iNOS mRNA and NO pro
duction being corre1ated with the severity of neurological signs and degree of in
flammation (ZHENG et al. 1993; HOOPER et al. 1995). While this suggests that NO 
may contribute to the pathogenesis of BD, treatment of rats with NOS inhibitors 
was found to exacerbate, rather than ameliorate c1inical signs of BD, suggesting 
that NO may not directly be responsible for the pathogenesis of the disease (DI
ETZSCHOLD 1995). This observation is explained by the now considerable evidence 
that peroxynitrite, the product of superoxide and NO, is particularly important 
in neurotoxicity (e.g. BECKMAN 1991) while NO itself may have neuroprotective 
attributes (e.g. LIPTON et al. 1998). Highly reactive with a variety of substrates, 
peroxynitrite, possibly acting through other radical intermediates, can damage 
proteins, lipids, and DNA (UpPu et al. 1996; DENICOLA et al. 1996). Because of the 
extremely rapid reactivity of NO and superoxide, only low levels of NO production 
by macrophages are required to make peroxynitrite (SPITSIN et al. 2000). Thus 
peroxynitrite, by damaging virus and virus-infected cells, may contribute to virus 
c1earance, while excess NO, through diverse regulatory pathways, may both limit 
the replication of some viruses and protect CNS resident cells from certain virus
induced pathological processes (e.g. JIMINEZ et al. 2001; TUCKER et al. 1997). In the 
ca se of acute BDV infection, the outcome, either death, persisting infection, or 
c1earance of virus with residual damage proportional to extent of infection when 
the anti-viral immune response becomes active in the CNS, is likely to be dependent 
upon the balance of the activity of diverse immune effectors inc1uding T cells and 
monocytes. 

5 Complement: an Antibody-Dependent Contribution 
to Clearance of RD V? 

The presence of plasma cells in the brains of BDV -infected, T -cell-protected ani
mals suggested that antibodies possibly play a role in virus c1earance, but likely 
through ADCC or complement-dependent pathways as opposed to neutralization 
of virus. Expression of the complement subcomponent Clq is dramatically up
regu1ated in the BDV-infected rat CNS (DIETZSCHOLD et al. 1995). We probed the 
role of the complement cascade in the clearance of BDV in T-cell-protected rats by 
depleting their complement with cobra venom factor (LEw et al. 1999). More than 
50% of T-cell-protected, complement-deficient BDV-infected rats showed clinical 
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signs of BD, meningoencephalitic lesions and delayed virus elimination from the 
CNS, indicating that an intact complement system may be important for optimal 
c1earance of virus from the CNS (M. Christ and J.A. Richt, unpublished results). 
Wh ether the complement system acts in concert with antiviral antibodies through 
activation of the c1assical pathway of the complement cascade or through the 
activation of the alternative pathway is unc1ear. 

6 The Role of Cytokines in Virus Clearance: IFNs and TNF-~ 

There is no doubt that a variety of cytokines are centrally involved in the 
c1earance of virus from the CNS, albeit indirectly, for the most part. Pro in
flammatory cytokines produced by CNS resident cells as weH as cytokines active 
in regulating the direction and magnitude of cellular and humoral effector re
sponses, which are largely produced by T helper cells, are central to both pro
tective and pathogenic immune responses against all neurotropic viruses. For 
example, IFN-y stimulates antigen presentation through up-regulation of MHC 
c1ass land II and co-stimulatory molecules and contributes to the activation and 
differentiation of cytotoxic T ceHs as weH as induction of helper Iymphocytes with 
a T H 1 cytokine profile. Depending upon the virus, the types of cells infected, and 
the immune effector mechanisms involved, various combinations of cytokines are 
likely to contribute to the c1earance of different viruses. Since evidence that cy
tokines may be more directly involved as effectors of virus c1earance primarily 
exists for the IFNs and TNF-a, the role of these cytokines in BDV and RV 
infections will be the focus of the current discussion. However, it should be noted 
that other cytokines, such as IL-12 (KOMATSU and REISS 1997), may either di
rectly or indirectly promote the elimination of different viruses from the infected 
CNS. 

Many of the biological activities of the IFNs are shared (reviewed in VILCEK 
and SEN 1996; BOEHM et al. 1997; GOODBOURN et al. 2000). While IFN-y is largely 
produced by T Hl CD4 T cells, CD8 T cells, and NK cells activated in response to 
infection or antigenic challenge, the type I IFNs, a and ß, are produced by virus
infected cells. In the ca se of BDV, a variety of cells of different species and types, 
inc1uding cells as diverse as astrocytes and fibroblasts can produce type I IFN 
(RHEINBABEN et al. 1985; PLANZ et al. 1993). Exogenously added type I IFN 
blocked infection of primary rabbit brain cells with BDV but had no notable 
effect on persistently BDV-infected cell cultures (RHEINBABEN et al. 1985). On the 
other hand, BDV replication could be effectively inhibited by type I IFN in both 
acutely and persistently infected monkey Vero cells, but not in BDV-infected rat 
C6 glioblastoma cells, indicating that there is cell specificity and, perhaps, species 
specificity to the effect (HALLENSLEBEN and STAEHELI 1999). Four weeks post
infection with BDV, brains obtained from transgenic mice expressing IFN-a 
under control of the astrocyte-specific GFAP promoter were shown to contain 
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greatly reduced levels of viral transcripts and a reduced number of BDV -infected 
cells compared to similarly infected non-transgenic littermates (STAEHELI et al. 
2001). However, since immunocompromised or BDV-antigen-tolerant rats become 
persistently infected with BDV, it is likely that type I IFNs can only limit the 
spread of BDV in the CNS and do not directly c1ear the virus from infected cells. 
This is c1early the case for rabies, as mice lacking IFN-ex/ß receptors c1ear the 
virus from the CNS, albeit more slowly than wild-type controls (HOOPER et al. 
1998). 

Associations between virus c1earance and IFN-y production have been made 
for both RV and BDV in that cytokines produced by T H I cells appear to be more 
prevalent in protective responses against these viruses (HOOPER et al. 1998; RICHT 
and STITZ 1992). In the ca se of RV, the lack of an IFN-y response delays but does 
not prevent virus c1earance (HOOPER et al. 1998). To obtain insight into the in
volvement of IFN-y and other cytokines in the c1earance of BDV from the CNS of 
rats passively protected by adoptive transfer of BDV -specific T cells, the kinetics of 
cytokine gene expression in the brains of these and control BDV-infected rats was 
analyzed. When normal rats are infected with BDV causing acute BD, the 
expression of IL-1ex, IL-1ß, IL-2, IL-6, TNF-ex and IFN-y mRNAs in the CNS 
corresponds with the degree of infiammation and severity of neurological signs of 
disease (SHANKAR et al. 1992; HATALSKI et al. 1998; Table 2; unpublished obser
vations). Adoptive transfer of T cells 25 and 5 days prior to infection caused the 
non-antigen-specific appearance of a variety of cytokine mRNAs (IL-1 ß, IL-1 ex, 
TNF-ex, and IFN-y) around the time of infection (data not shown). A second wave 
of T cell infiltration peaked at 9 days p.i. (when BDV RNA became detectable in 
untreated rats, see Table 2), with expression levels of IFN-y (Table 2) as well as 
TNF-ex, IL-12p40, IL-1ex and IL-1ß mRNAs becoming maximal at this point (data 
not shown). This contrasts with control BDV -infected animals that did not receive 
T cells, in which production of these cytokines first appeared 12 days p.i. and 
peaked at around 3 weeks p.i. (Table 2; data not shown). Interestingly, high ex
pression levels of IL-12 p40 mRNA were still found on day 40 p.i. in both groups 
(data not shown). 

The fact that T -cell-protected rats, which eventually c1ear BDV from the 
CNS, express a variety of cytokines in the CNS several weeks earlier than 
controls suggests that at least some may contribute to viral c1earance. While the 
contribution of individual cytokines to the c1earance of BDV remains to be 
defined, studies in rabies and other models of neurotropic virus infection suggest 
an association between IFN-y production and virus c1earance. Since IFN-y 
possesses both immunostimulatory and antiviral properties (RAMSAY et al. 1992; 
NATHAN and JOSHIDA 1988), this cytokine may have different effects on virus 
infection, depending on the levels of IFN-y present and the site of action. For 
example, low concentrations of IFN-y have been demonstrated to enhance the 
replication of rat cytomegalovirus, whereas high concentrations were inhibitory 
(HAAGMANS et al. 1994). In addition, there is evidence that the antiviral effects of 
IFN-y may be more prominent in the CNS than in peripheral organs (KÜNDIG 
et al. 1993). It is possible that the presence of high amounts of IFN-y in the 
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brain at early stages of BDV infection (i.e. in animals passively protected by 
adoptive transfer of T cells) exerts inhibitory effects on viral replication, while 
the appearance of this cytokine after virus has already disseminated throughout 
the CNS prornotes disease through its contribution to the inflammatory re
sponse. 

In addition to BDV and RV, contributions of an IFN-y-dependent pathway to 
the clearance in diverse models of a wide variety of other viruses from the CNS 
have been noted. These include pseudorabies virus (SCHIJNS et al. 1990), Theiler's 
murine encephalomyelitis virus (TMEV) (FIETIE et al. 1995), neurotropic variants 
of MHV (SMITH et al. 1991; PEARCE et al. 1994; LANE et al. 1997; LIN et al. 1997; 
PARRA et al. 1999), LCMV (TISHON et al. 1995), and neurotropic measles virus 
(MV) (FINKE et al. 1995). In the latter case, the clearance of MV in an antigen
specific T cell adoptive transfer model could be inhibited by treatment with 
IFN-y- but not TNF-(X-specific antibodies. Evidence that an antigen-independent, 
IFN-y-dependent clearance mechanism may exist comes from a model in which 
mice were immunized with vesicular stomatitis virus (VSV) and then challenged 
intracerebrally with a mixture of two vaccinia recombinant viruses, one expressing 
the VSV nucleoprotein, the other LCMV glycoprotein (KÜNDIG et al. 1993). The T 
cell memory response against VSV nucleoprotein inhibited growth of both 
recombinant vaccinia viruses in nervous system by a mechanism that could partly 
be abrogated by treatment with anti-IFN-y antisera, but not by an anti-TNF 
antiserum (KÜNDIG et al. 1993). 

TNF-(X has also been shown to exert antiviral activities in cells from nervous 
tissue (SCHIJNS et al. 1991; ROSSOL-VOTH et al. 1991). Like type I IFN, TNF-(X 
apparently has differential effects on diverse cell types. For example, treatment with 
TNF-(X alone inhibited pseudorabies (PRV) infection of astrocytes, but not neurons 
(SCHIJNS et al. 1991). The survival of HSV-l-infected C57BLj6 mice can be sig
nificantly prolonged by intraperitoneal inoculation of TNF-(X in the absence of an 
effect on IFN-y levels (ROSSOL-VOTH et al. 1991). However, TNF-(X showed synergy 
with IFN-y in the prevention ofPRV infection ofneurons (SCHIJNS et al. 1991). It is 
noteworthy in this regard that IFN-y and TNF-(X have synergistic effects on the 
expression of genes relevant to immune function. The fact that both IFN-y and 
TNF-(X were both produced considerably earlier in the CNS after BDV infection of 
T-cell-protected animals than in control rats suggests that they both contribute to 
the response against BDV. 

In addition to more indirect mechanisms, IFNs also may act through induction 
of an antiviral state in neighboring uninfected cells. The antiviral state is thought to 
be predominantly mediated by induction of the genes coding for the double
stranded RNA activated pro tein kinase R (PKR), and 2',5' oligoadenylate 
synthetase (2-5A synthetase). Activation of these enzymes eventually leads to 
degradation of single-stranded viral and cellular RNAs, inhibition of pro tein 
synthesis, and viral growth. It is conceivable that induction of other genes may 
contribute to alternative virus clearance mechanisms. The IFN-inducible dsRNA 
specific adenosine deaminase (dsRAD), and the inducible Mx proteins may par
ticipate in these processes (HALLER et al. 1998). 
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7 Role of Chemokines in Virus Clearance 

Chemokines play a central role in leukocyte recruitment into the CNS under 
pathological conditions (see elsewhere in this volume). The role of chemokines in 
the clearance of BOV in T-cell vaccinated rats is likely to be through these prop
erties but it should be noted that certain chemokines are also able to modulate 
other biologie responses, including enzyme secretion, cellular adhesion, cytotoxicity 
and degranulation (TAUB et al. 1996). For example, chemokines like IP-IO, MCP-I 
and MIP-Iex may contribute to enhanced T cell proliferation, T cell activation and 
Thl-type cytokine secretion (TAUB et al. 1996; LUKACS et al. 1997; GANGUR et al. 
1998). Recent studies on the BOV model revealed that CNS chemokine gene ex
pression immediately preceded the onset of inflammation and neurological disease 
in infected rats (SAUDER et al. 2000). Thus, except for Iymphotactin, which was 
only shown to be expressed in brains of rats with advanced inflammation (con
sistent with its expression by T cells), all chemokines analyzed, namely MIP-Iex, 
MIP-Iß, MCP-I, RANTES and IP-IO, were expressed before perivascular infil
trates became detectable (SAUDER et al. 2000; and Sauder et al., unpublished). This 
suggests that CNS resident cells may be the major source of these chemokines. 
Interestingly, the CXC chemokine IP-IO was found to be the most strongly up
regulated chemokine at all time points post-infection, with astrocytes being its 
major source. While both type I and type II IFNs are potent inducers ofIP-IO gene 
expression in astrocytes, studies employing BOV-infected genetically modified mice 
lacking both mature Band T cells as well as functional type I and type 11 IFN 
receptors revealed that BOV-infected astrocytes still expressed IP-IO mRNA. This 
suggests that IP-lO gene expression may be a direct response of virus-infected 
astrocytes and supports the concept that the local synthesis of chemokines by brain
resident cells facilitate traflicking of immune cells to areas of infection. 

The pattern of chemokine expression is part of what determines the specific 
cellular composition of inflammatory infiltrates. IP-IO primarily attracts activated 
T cells, but also NK cells and monocytes (TAUB et al. 1993; LOETSCHER et al. 1996). 
RANTES acts on unstimulated C04 + /C045RO + memory cells, stimulated C04 
andC08 T cells, as weil as monocytes. Activated T cells, monocytes, and, to a 
lesser extent, basophils and eosinophils, respond to MIP-Iex, MIP-Iß and MCP-l. 
The predominant cell types present in BOV-infected brains during acute BO are 
macrophages, NK cells and T cells, with C04 + T cells being more frequent 
compared to C08 + T cells (OESCHL et al. 1990; HATALSKI et al. 1998). This picture 
is typical of a T H I-type cellular immune response. In humans, CXCR3, the receptor 
for IP-lO, MIG and 1-TAC, is expressed at higher levels on T H I cells than on T H2 
cells (SALLUSTO et al. 1998; KENNEDY and KARPUS 1999). Likewise, CCR5, the 
receptor for RANTES, MIP-I ex and MIP-I ß, is considered to be selective for T HIT 
cells and other activated T cells. In parallel with increased expression of diverse 
chemokines, strong up-regulation of CXCR3 and CCR5 gene expression can also 
be detected in brains of BOV-infected rats (M. Rauer and C. Sauder, unpublished 
data). Thus the selective cell infiltration into BOV -infected CNS tissue appears to 
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be dictated, at least in part, by the expression of particular chemokines and their 
receptors. 

As discussed above, cell infiltration into the CNS of BDV-infected rats pas
sively immunized with T cells occurred more rapidly than in non-vaccinated control 
rats. This coincided with the more rapid CNS expression of the chemokines IP-lO, 
MCP-l, RANTES and MIP-Iß than in control rats (Fig. 2; data not shown). We 
consider it likely that this early chemokine gene expression leads to the amplifi
cation of T H I cell influx into the CNS and a more rapid delivery of antiviral effector 
cells and molecules to the site ofinfection. This would result in removal ofvirus and 
infected cells before extensive virus spread. 

The IP-lO gene was expressed more prominently than other chemokine genes 
in brains of BDV-infected mice and rats, both with and without prior T cell vac
cination. Evidently, this is also the case in brains of mice infected with LCMV, 
MHV or mouse adenovirus type 1 (ASENSIO and CAMPBELL 1997; CHARLES et al. 
1999; LANE et al. 1998). These findings suggest that IP-lO may playa central role in 
recruiting cells typical of a T H 1 response pattern into CNS tissue. In addition to 
IP-IO, the CXC chemokines I-TAC and MIG are also ligands for the CXCR3-
receptor. While MIG expression is only inducible by IFN-y, I-TAC has recently 
been demonstrated to be inducible in mouse cells by IFN-y and by IFN cr/ß, albeit 
to a much lesser extent (WIDNEY et al. 2000). However, I-TAC has a higher affinity 
for CXCR3 expressed by activated human T cells than either IP-IO or MIG. 
Moreover, combined stimulation of astrocytes with IFN-y and IL-l has been 
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Fig. 2. Analysis of chemokine gene expression in brains of untreated, BDV -infected and BDV -infected, 
T-cell-vaccinated rats. RNA sampIes from brains of BDV-infected and BDV-infected, T-cell-vaccinated 
rats killed at different days p.i. were subjected to RN ase protection assay (RPA) simultaneously using 
probes for chemokine genes IP-IO, MCP-l, and RANTES, as weil as for a housekeeping gene that codes 
for the ribosomal protein L-32. Für quantification, the dried RPA gel was exposed to a phosphorimager 
plate and the band intensities were detennined using MacBAS software. Bars indicate relative RNA 
contents (arbitrary units) calculated by normalizing the band intensities against the corresponding L-32 
transcript levels. In case of time points in which two animals were analyzed, bars represent mean 
values ± SD. See Table 2 legend for further information on groups and numbers of animals used 
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shown to result in an approximately 400,OOO-fold increase in I-TAC mRNA (COLE 
et al. 1998). These observations suggest that, in addition to IP-lO and MIG, I-TAC 
may be a powerful attractant for activated CXCR3-positive T cells. In BDV-in
fected mouse brains, 1-T AC expression levels become elevated in parallel with those 
of IP-I0, indicating that both of these chemokines may be involved in the re
cruitment of cells into the CNS of BDV-infected animals (e. Sauder, unpublished 
observations). 

8 The Blood-Brain Barrier and Virus Clearance from the CNS 

CNS tissue is sequestered from the systemic circulation by the BBB (MILLER 1999). 
Structurally, the BBB is composed of specialized microvascular endothelial cells 
connected in relatively impervious monolayers by tight junctions (DE VRIES et al. 
1991). Additional components of the barrier are the surrounding basement mem
brane and a complex cellular system of astrocytes, pericytes and perivascular 
monocytes (DEVRIES et al. 1997). Indeed, much of the function of the BBB derives 
from it's distinct structural and cytological properties. The BBB plays a crucial role 
in tissue homeostasis by restricting and regulating factor and cellular exchange 
between the blood and the CNS (MILLER 1999). Immune defense against viral 
infections of the CNS is also limited by the BBB. Nevertheless, viral infections of 
the CNS are often contained, likely by the cooperative action of immune media tors 
such as soluble factors, antibody and cytotoxic T cells. In order to successfully clear 
a virus from the CNS these necessary effector cells and molecules must circumvent 
the BBB. 

Under normal circumstances, only limited numbers of activated T cells may 
be capable of crossing the intact BBB (reviewed in SEDGWICK 1995). However, 
extensive inflammatory cell invasion into CNS tissues is associated with certain 
virus infections of the CNS (for BDV, e.g. RÖHRENBECK et al. 1999). In such cases 
alterations in BBB function are required to enable the immune effector cells, dis
cussed above, to invade the CNS and attempt to eliminate the virus. This is evi
dently the ca se for BDV infection. In the absence of passive immunization, BDV 
infection spreads extensively through the CNS be fore activated cells of the immune 
system reach the infected tissue. For this to occur, CD4 T cells must first be primed 
by BDV antigen. Since naive T cells do not recirculate through CNS tissue and 
dendritic cells capable of priming CD4 T cells are normally found in peripheral 
lymphoid organs, BDV-specific CD4 T cells must initially be primed and activated 
in the periphery. While the mechanisms responsible for transport of viral antigens 
from CNS tissue to peripheral lymphoid organs are unknown, the steps leading 
immune cells from their sites of activation to CNS tissue are becoming understood. 
Once activated, CD4, CD8, as weil as monocytes, enter the circulation. Activation 
increases the levels of expression of a variety of adhesion molecules on the cell 
surfaces wh ich enables them to interact with reciprocal molecules expressed at 



178 D.C. Hooper et al. 

higher levels by the neurovasculature in the area of infection. BBB permeability 
changes then occur to allow exchange of soluble factors as well as, presumably, 
better access for cell invasion. In response to chemokines produced by CNS resi
dent cells, leaking across the compromised BBB, the activated cells enter the CNS 
tissue where they can perform their effector function in attempting to clear the 
virus. In the case of acute BD, this is accompanied by extensive damage and clinical 
signs of disease. There is accumulating evidence that the invasion of immune cells 
into the CNS in response to autoimmunity (HOOPER et al. 2000; KEAN et al. 2000; 
SPITSIN et al. 2000), viral (HOOPER et al. 2001) or bacterial infection (KASTENBAUER 
et al. 1999) is facilitated by a peroxynitrite-mediated pathway. If peroxynitrite is 
inactivated by uric acid present in the serum, immune cell invasion into the CNS is 
limited (e.g. HOOPER et al. 2000, 2001). In BDV-infected rats, uric acid treatment 
prevented CD4 and CD8 T cells as well as iNOS-positive monocytes from invading 
CNS tissue and the onset of BD (HOOPER et al. 2001). A comparison of uric-acid
treated and control BDV-infected animals revealed that the extent of cell infiltra
tion paralleled the extent of formation of nitrotyrosine, a product of peroxynitrite 
(HOOPER et al. 2001). Since uric acid treatment inhibited the enhanced BBB per
me ability associated with BD (HOOPER et al. 2001) as well as up-regulation of the 
adhesion molecule ICAM-l at the BBB (Hooper, Scott and Spitsin, unpublished 
observations), we conclude that peroxynitrite, or closely associated radical products 
formed under physiological conditions (DENlCOLA et al. 1996; Uppu et al. 1996; 
SQUADRITO et al. 2000), facilitates cell infiltration into CNS tissues by inducing 
changes in these aspects of BBB function. 

In neuroviral infections in which CNS infiammation is not extensive, enhanced 
BBB permeability may be required to facilitate the entry of factors, such as anti
body, required for virus clearance from the CNS. Thus, in the ca se of rabies virus 
infection, while CNS infiammation may be minimal, the requirement for cellular 
immune mechanisms in addition to antibody production to clear the virus may at 
least partly refiect the need to deliver antibody across the BBB. 
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