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Replication of the neurotropic JHM strain of mouse hepatitis virus within the central nervous system is
controlled by cellular immunity. However, following initial clearance, virus reactivates in the absence of
humoral immunity. Viral recrudescence is prevented by the transfer of antiviral antibody (Ab). To characterize
the specificity and biological functions of Ab critical for maintaining viral persistence, monoclonal Abs specific
for the viral spike, matrix, and nucleocapsid proteins were transferred into infected B-cell-deficient mice
following initial virus clearance. Neutralizing immunoglobulin G (IgG) but not IgA anti-spike Ab suppressed
virus recrudescence, reduced viral antigen in most cell types except oligodendroglia, and was associated with
reduced demyelination. Nonneutralizing monoclonal Abs specific for the spike, matrix, and nucleocapsid
proteins did not prevent recrudescence, demonstrating that neutralization is critical for maintaining JHM
mouse hepatitis virus persistence within the central nervous system. Ab-mediated protection was not associ-
ated with alterations in virus-specific T-cell function or inflammation. Furthermore, neutralizing Ab delayed
but did not prevent virus recrudescence. These data indicate that following acute viral clearance cellular
immunity is ineffective in controlling virus recrudescence and suggest that the continued presence of neutral-

izing Ab is the essential effector in maintaining viral persistence within the central nervous system.

Viruses use various strategies to evade immunosurveillance
and thereby establish persistence (1). The lytic phenotype of
cytopathic viruses presents a potential barrier to persistence, as
a critical number of infected cells must survive; however, this
may be subverted by virus persistence in semipermissive cells
or in cells refractory to immune surveillance (1). Control of
cytopathic viral infections is predominantly mediated by hu-
moral immunity (41). Antibodies (Ab) contribute to virus con-
trol by neutralizing cell-free virus, thereby limiting spread, and
also by eliminating virus-infected cells, via either complement-
mediated cytotoxicity or Ab-dependent cell-mediated cytotox-
icity (15, 16, 27). Ab-mediated virus control generally targets
domains exposed on the virion surface, such as surface glyco-
proteins or external capsid proteins. By contrast, Ab specific
for internal or nonstructural proteins are nonneutralizing and,
in general, not protective (1). However, Ab may also neutralize
virus inside infected cells or inhibit viral RNA transcription (1,
8,16). In addition, Ab recognition of cell surface viral glycop-
roteins influences viral gene expression (16, 21), possibly pro-
viding an important mechanism by which viruses evade Ab
detection, thereby facilitating viral persistence. A variety of
viruses persist in both the human and rodent central nervous
system (CNS) despite high levels of neutralizing antibody in
serum and/or cerebrospinal fluid (1, 6,9, 15, 33). Virus variants
arising due to alterations in either cellular tropism (1, 4) or
antigenic determinants (21) also facilitate persistence. Further-
more, the unique nature of the CNS itself may contribute to
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viral persistence (1). Low levels of major histocompatibility
complex (MHC) expression, limited antigen (Ag) sampling by
peripheral immune cells, and relative inaccessibility due to the
blood-brain barrier predispose the CNS as a favored site for
viral persistence (1, 7).

Immunological defense to noncytopathic viruses is primarily
mediated by cellular immunity, with Ab appearing later during
infection (41). In its primary host the mouse, the neurotropic
JHM strain of mouse hepatitis virus (JHMV) infects various
CNS cell types and is noncytopathic in vivo (38). Acute infec-
tion resolves into a nonproductive persistent infection accom-
panied by chronic ongoing demyelination (38). Although
CD8" T cells are the primary effectors of virus clearance,
separate effector mechanisms control viral replication in dis-
tinct CNS cell types. During acute infection, virus-specific
CD8" T cells eliminate virus from astrocytes and microglia via
a perforin-dependent mechanism, whereas virus infection of
oligodendroglia is controlled by gamma interferon (IFN-vy)
(22, 28, 38). CD4" T cells help expand CD8" T cells and
maintain their effector function and survival within the CNS
parenchyma (3, 37). They may also contribute directly or indi-
rectly to virus control via secretion of IFN-y (3, 40). Ab ap-
pears to play a redundant role during acute JHMV infection
due to both its delayed appearance relative to virus decline (28,
39) and clearance from the CNS of infected Ab-deficient mice
(23, 31). Nevertheless, despite the noncytopathic nature of
JHMYV in vivo, a humoral immune component has been impli-
cated in various animal challenge models (4, 13, 23, 29, 31, 33).
Ab transfer prior to, or concomitant with, viral infection in-
creases survival (4, 13, 19, 26). In addition, JHMV-resistant
Norway rats exhibit a more rapid and robust neutralizing Ab
response than do susceptible Lewis rats (33). Finally, protec-
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TABLE 1. Properties of the Anti-S protein specific MAb
. ' T N lizati Fusi Fusion inhibiti

Antibody Isotype Titer” Neutralization agg:}ri?yl?e:g;fl inhlil;;?ign lfégsitl; (ixét)l‘on Reference
pADb-1 Polyclonal 4.9 + 80 + 80 23
172 1gG2b 6.3 + 2.5 + 50 10
J.2.6 1gG2b 7.7 + 0.065 + 26 10
J.7.5 1gG2b 49 + 3 ND ND 10
5B1 1gG1 4.9 + 150 ND ND 4
5B9 IgA 7.7 + 200 ND ND 4
J.2.5 I1gG2a 4.9 ND? ND + 30 10
J.1.2 1gG2b 49 ND ND ND ND 10
J.1.16 1gG2b 6.3 ND ND ND ND 10
J.7.1 1gG2a 5.6 ND ND ND ND 10

“ Titer (log,,) determined by ELISA.
> ND, not detectable.

¢ Activity determined by calculating the neutralization or fusion inhibition titer based on Ab concentration.
y g

tion of JHMV-infected suckling mice by neutralizing Ab
present in milk further suggests a protective role for neutral-
izing Ab (17, 29). The possibility that Ab may also act in
concert with cellular immunity to completely eliminate infec-
tious JHMYV during acute infection is supported by incomplete
virus clearance from the CNS of B-cell-deficient mice at times
when virus can no longer be recovered from immunocompe-
tent mice. A crucial role for Ab in regulating viral persistence
became evident from JHMYV recrudescence in the CNS of mice
either devoid of B cells or mice containing B cells unable to
secrete antiviral Ab (23, 31). Moreover, transfer of polyclonal
Ab after initial clearance inhibits viral recrudescence in B-cell-
deficient mice (23). The delayed accumulation but subsequent
retention of Ab-secreting cells in the CNS harboring persisting
JHMV supports a role for sustained Ab secretion in regulating
viral persistence (39).

To determine the role and specificities of Ab in regulating
JHMV persistence, monoclonal Ab (MAb) with different bio-
logical activities were transferred into infected B-cell-deficient
wMT mice prior to virus recrudescence. The data indicate that
neutralization is the most crucial biological activity in control-
ling virus persistence within the CNS. However, the ability to
inhibit cell-cell fusion also appears to play a supporting role by
limiting viral spread. Although MAb with other specificities
protect when transferred prior to infection (4, 13, 19, 26), no
evidence was found to support their contribution to the control
of viral persistence. The inability of passively transferred Ab to
sustain viral persistence without reemergence of infectious vi-
rus in B-cell-deficient mice suggests that maintenance of
JHMV persistence requires continued local Ab secretion.

MATERIALS AND METHODS

Mice. Homozygous pMT mice (C57BL/6-Igh-6"™12") were obtained from the
Jackson Laboratory (Bar Harbor, Maine) and bred under pathogen-free condi-
tions at the University of Southern California Keck School of Medicine. The
absence of Ab was confirmed by testing for serum immunoglobulin G (IgG) by
enzyme-linked immunosorbent assay (ELISA) as previously described (23). Syn-
geneic wild-type (wt) C57BL/6 mice were obtained from the National Cancer
Institute (Frederick, Md.). Mice of both sexes were used between 7 and 8 weeks
of age.

Viral infection, passive transfers, and titer determination. Mice were infected
intracerebrally with 250 PFU of the 2.2v-1 MAb-derived variant of JHMV in 30
pl of Dulbecco’s phosphate-buffered saline (PBS), pH 7.4 (11, 12). Mice received
polyclonal Ab (500 pl) or MAb (500 pg) intraperitoneally (i.p.) on days 9, 12,
and 17 postinfection (p.i). In some experiments, an additional injection of poly-

clonal Ab was administered at day 24 p.i. Tissue levels of infectious JHMV were
determined from clarified homogenates prepared from one-half of the brain by
plaque assay on monolayers of DBT cells as previously described (12, 13, 36).
Plaque numbers were determined following 48 h of incubation at 37°C. Data
represent the average of duplicate determinations from four or more individual
mice per group.

Clinical disease. Clinical disease was graded as previously described (11, 12):
0, healthy; 1, ruffled fur and hunchbacked appearance; 2, low mobility and
inability to stand upright; 3, paralysis and wasting; 4, moribundity and death.
Data represent the average for four or more mice per group from three or more
experiments.

Ab preparations. Anti-JHMYV polyclonal Ab was obtained from JHMV-hy-
perimmunized mice (23). Isolation and biological characterization of anti-JTHMV
MADb have been previously described (10, 13). The isotype, neutralizing, and
fusion inhibition activities of the anti-spike (S) protein MAb used are listed in
Table 1. Characteristics of the anti-nucleocapsid and anti-matrix protein MAb
are described in Table 2. Control mice were injected i.p. with either an equal
volume of sterile PBS or an equivalent concentration of an IgG1 control MAb
(designated 902), specific for human immunodeficiency virus gp120 (30).

Protein concentrations were determined by ELISA with anti-mouse IgG-
coated plates as previously described (35). Briefly, 10 g of anti-mouse IgG (ICN
Pharmaceuticals, Aurora, Ohio) was adsorbed overnight at 4°C. Serial dilutions
of purified IgG2a, IgG2b (Zymed, South San Francisco, Calif.), or JHMV-
specific MAb were adsorbed for 4 h at 37°C. After three washings with PBS
containing 0.05% Tween 20, color was developed by consecutive incubations with
horseradish peroxidase anti-mouse IgG (Zymed) and 1 mg of 2,2'-azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS) (Roche Diagnostics, Indianapolis,
Ind.)/ml in PBS containing 0.001% H,0O,. Color intensity was determined at 405
nm by using a microplate autoreader (BioTek Instruments, Winooski, Vt.).
Protein concentrations were determined from standard curves obtained with
purified IgG isotypes.

Anti-JHMV titers were determined by ELISA as described previously (39).
Briefly, JHMV-coated plates were adsorbed with serial fivefold dilutions of MAb
overnight at 4°C. Following consecutive incubations with biotinylated anti-mouse
IgG Ab (BD PharMingen, San Diego, Calif.), streptavidin peroxidase (Sigma-
Aldrich, St. Louis, Mo.), and ABTS substrate, optical densities were determined

TABLE 2. Properties of non-S protein specific MAb

MAD Specificity” Isotype Titer” Reference(s)
J.33 N¢ IgG2a 3.5 10, 35
J.3.5 N IgG2a 5.6 10, 35
J.1.3 M I1gG2b 5.6 10, 13
J.3.9 M I1gG2a 4.9 13
J.2.7 M IgG2a 4.9 10, 13
pAb-2 Polyclonal 4.9 23

“ No detectable neutralizing or fusion-inhibiting activities.
® Titer determined by ELISA as described in Materials and Methods.
¢N, anti-nucleocapsid protein; M, anti-matrix protein.
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at 405 nm. Titers were calculated as the reciprocal of the highest dilution.
Positive values exceeded 2 standard deviations over mean negative controls.

Neutralization and fusion inhibition titers were determined as previously de-
scribed (10). Briefly, following heat inactivation (56°C for 30 min), serial twofold
dilutions were incubated with 200 PFU of JHMV in 96-well tissue culture plates
for 90 min at 37°C. DBT cells (9 X 10* cells/well) were added prior to incubation
at 37°C for 48 h. Neutralization titers represent the highest dilution providing
complete inhibition of the JHMV-induced cytopathic effect. Fusion inhibition
activity was determined similarly, except that confluent monolayers of DBT cells
in 96-well plates were infected with 200 PFU and incubated for 4 h at 37°C prior
to addition of serial dilutions of heat-inactivated MAb. The cytopathic effect was
determined after 48 h of incubation at 37°C by comparison to wells with virus
only. Neutralization and fusion inhibition activities were determined by calcu-
lating the neutralizing or fusion-inhibiting titers corresponding to protein con-
centrations.

Isolation of CMC. CNS mononuclear cells (CMC) were isolated from the CNS
of JHMV-infected mice as described previously (2). Briefly, brains and spinal
cords were removed, homogenized in RPMI 1640 medium supplemented with 25
mM HEPES by using Ten Broeck tissue homogenizers, and adjusted to 30%
Percoll (Pharmacia, Piscataway, N.J.). Following centrifugation at 800 X g for 20
min at 4°C onto a 1-ml cushion of 70% Percoll, CMC were collected from the
30%-70% interphase and were washed in RPMI 1640-HEPES medium prior to
analysis.

Flow cytometry. Cells (n = 5 X 10°) were preincubated with a mixture of
polyclonal mouse and human serum (10%) and rat anti-mouse FcyIII/IIR MAb
(2.4G2) (BD PharMingen) for 20 min on ice to inhibit nonspecific binding.
Phycoerythrin, fluorescein isothiocyanate, or cytochrome c-coupled MADb, in-
cluding anti-CD4 (GK1.5), anti-CDS8 (53.67), anti-Ig (polyclonal), and anti-CD19
(1D3), were obtained from BD PharMingen. The D® MHC class I tetramer
complexed with the JHMV H-2® immunodominant S510 peptide (amino acids
510 to 539) has been described previously (2). Cells were stained for expression
of cell surface markers in 1% bovine serum albumin in PBS and were analyzed
with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, Calif.) by using
Cellquest Pro software.

ELISPOTSs. IFN-y enzyme-linked immunospot (ELISPOT) assays were used
to measure the frequency of Ag-specific IFN-y-secreting cells within CMC as
previously described (2). Briefly, serial dilutions of CMC were plated in triplicate
into 96-well plates (Millipore Co., Bedford, Mass.) coated with 10 pg of anti-
IFN-y MADb (R4.6A2; BD PharMingen) and were stimulated with irradiated
naive splenocytes (5 X 10°/well) in the presence or absence of the MHC class
I-restricted 1 M S510 peptide for CD8* T cells or the MHC class Il-restricted
M133 peptide (amino acids 133 to -147) for CD4™" T cells (2, 39). EL-4 super-
natant (2.5%) was added as a source of interleukin 2, and the plate contents were
incubated for 36 h at 37°C. IFN-y secretion was detected following consecutive
incubation with biotinylated anti-IFN-y MAb (XMG1.2; BD PharMingen),
strepatavidin peroxidase (Sigma, St. Louis, Mo.), and 3,3-dimanobenzidine (Sig-
ma) in PBS containing 0.001% H,O,. Spots were counted using a Microplate
Autoreader (BioTek Instruments). Data from two dilutions (n = 6) are pre-
sented.

Histopathology. Brains bisected in the mid-coronal plane and spinal cords
were examined for inflammation, distribution of Ag, and myelin loss. Tissues
were fixed for 3 h in Clark’s solution (75% ethanol and 25% glacial acetic acid)
prior to embedding in paraffin. Sections were stained with either hematoxylin
and eosin or luxol fast blue to determine inflammation and demyelination.
Distribution of JHMV Ag was determined by immunoperoxidase staining (Vec-
tastain-ABC kit; Vector Laboratories, Burlingame, Calif.) with the anti-JHMV
MADb J.3.3 specific for the carboxyl terminus of the N protein as primary Ab (10,
35) and horse anti-mouse MADb as secondary Ab (Vector Laboratories). Sections
were scored in a blinded fashion for inflammation, viral Ag, and demyelination.
Representative fields were identified based on the average score of all sections in
each experimental group.

Statistical analysis. Results presented as mean plus or minus standard devi-
ation were analyzed by using Student’s paired ¢ test, analysis of variance, or the
chi- square test. A P of =0.05 was taken as statistically significant.

RESULTS

Neutralizing anti-S protein Ab prevents CNS viral recru-
descence. JHMV replication in the CNS of B-cell-deficient
pMT mice was examined to establish an Ab treatment sched-
ule for effective virus control. Replication in both wt and uMT
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FIG. 1. JHMV recrudescence in the CNS of B-cell-deficient mice.
Virus replication in the CNS of JHMV-infected C57BL/6 and pMT
mice. The dashed line indicates the limit of viral detection. One group
of infected wMT mice received polyclonal Ab (pAb) at the times
indicated by the arrows. Data represent the average of at least three
separate experiments with four or more mice per time point. Error
bars indicate standard errors of the means. gm brain, gram of brain.

mice peaked at day 5 p.i. and was reduced in both groups with
similar kinetics to day 10 p.i. (Fig. 1). Following initial control
of virus replication, JHMV reactivated in the CNS of pMT
mice and approached levels found during acute infection by
day 21 p.i. Passive transfer of polyclonal Ab with neutralizing/
fusion-inhibiting activity (pAb-1) into infected uMT mice at 9,
12, and 17 days p.i. significantly decreased both virus replica-
tion (Fig. 1 and 2A) and clinical scores: 3.4 = 0.4 in controls
versus 1.9 = 0.6 in pAb-1 recipient mice at 21 days p.i., con-
sistent with previous data (23). Injection of PBS (Fig. 2A) or a
control MADb (30; data not shown) had no effect on viral re-
crudescence.

To determine the specificity and mechanism of Ab-mediated
protection, anti-JHMV S protein MAb expressing different
biological activities, neutralizing and/or fusion inhibiting (Ta-
ble 1), were transferred to infected uMT mice by using the
protocol effective with pAb-1 (23) (Fig. 2A). Similar to mice
that received pAb-1, recipients of anti-S protein MAb express-
ing both neutralizing and fusion-inhibiting activities, i.e., MAb
J.7.2 and J.2.6 (Table 1), exhibited reduced clinical signs com-
pared to controls. In addition, all anti-S protein MAb-treated
recipients survived until day 21 p.i. compared to 76% of con-
trol mice. Consistent with reduced morbidity and mortality,
infectious virus was reduced in the CNS of neutralizing/fusion-
inhibiting MAD recipients (Fig. 2A). Although MAb with both
neutralizing and fusion-inhibiting activities were clearly effec-
tive in inhibiting virus recrudescence, neither was as effective
as pAb-1 (Fig. 2A), despite higher relative in vitro neutralizing
and fusion-inhibiting activities (Table 1). To determine if neu-
tralizing activity alone prevented recrudescence, protection
was also examined following transfer of MAb J.7.5, which has
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FIG. 2. Analysis of anti-S protein MAbD for inhibition of viral re-
crudescence. N, neutralizing; F*, fusion inhibiting. Ab was trans-
ferred i.p. on days 9, 12, and 17 p.i., and virus was assayed at 21 days
p-i. Control groups were treated with PBS only. Virus titers in recipi-
ents of N* anti-S protein MAb (A), N~ anti-S protein MAD (B), and
N~ anti-M and anti-N protein MAb (C). Error bars indicate standard
errors of the means. The dashed line indicates the limit of viral detec-
tion. *, P < 0.05. Survival rate and number of mice per group are
shown on the right. Data represent the average of at least three
separate experiments with four or more mice per group.

approximately the same neutralizing activity as MADb J.7.2 but
lacks fusion-inhibiting activity (Table 1). Similar to neutraliz-
ing/fusion-inhibiting MAD recipients, J.7.5 MAb recipients also
exhibited reduced morbidity and mortality compared to con-
trols; all survived and showed reduced virus recrudescence at
day 21 p.i. (Fig. 2A). No evidence for viral escape mutants was
detected by in vitro neutralization (data not shown), indicating
that the residual virus present in the CNS at day 21 p.i. did not
result from selection of Ab neutralization escape variants.

To determine if reduced virus recrudescence was restricted
to I1gG2 isotypes (J.7.2, J.2.6, and J.7.5 [Table 1]) and to con-
firm that neutralizing activity alone prevented recrudescence,
neutralizing/non-fusion-inhibiting MAD of the IgG1 (5B1) or
IgA (5BY) isotypes were tested (Table 1). Both MAb increased
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survival at day 21 p.i. compared to controls (Fig. 2A); however,
only MAb 5B1 decreased morbidity. Furthermore, similar to
the IgG2 isotype MAD, only IgG1 MAb 5B1 inhibited virus
recrudescence. The IgA isotype MAb (5B9) was unable to
prevent virus recrudescence (Fig. 2A) despite exhibiting simi-
lar neutralizing activity (Table 1). These data suggest that
MADb with neutralizing activity of both the IgG1 and IgG2a/b
isotypes are more efficient at preventing recrudescence than
neutralizing MAD of the IgA isotype, irrespective of in vitro
neutralizing activity.

MHYV infects adjacent cells via cell-cell fusion in vitro (5,
10). Neutralizing/fusion-inhibiting MAD inhibited viral recru-
descence slightly better than neutralizing/non-fusion-inhibiting
MAD (Fig. 2A), suggesting a possible role for fusion-inhibiting
activity in suppressing virus recrudescence. To discriminate
between neutralizing and fusion-inhibiting activities, an IgG2a
nonneutralizing/fusion-inhibiting anti-S protein MAb (J.2.5)
was compared to IgG2a and IgG2b anti-S protein specific MAb
with no in vitro biological activity (J.7.1 and J.1.16 [Table 1]).
Survival was increased only slightly (Fig. 2B) in MAb J.2.5
recipients, although clinical disease was similar to that found in
PBS controls. However, JHMV recrudescence was suppressed
by MAD J.2.5 (Fig. 2B), although not as efficiently as by neu-
tralizing/non-fusion-inhibiting MAD (Fig. 2A). Passive transfer
of either nonneutralizing/non-fusion-inhibiting anti-S protein
MAD failed to affect clinical disease, mortality rates, or virus
recrudescence, despite being of the IgG isotype (Fig. 2B).
These data suggest that both fusion inhibition and neutraliza-
tion activities contribute to preventing viral recrudescence.
Furthermore, these antiviral effects appear to be more effective
in concert.

Role of non-S protein specific Ab during viral recrudes-
cence. Anti-M and anti-N protein specific MAb administered
prior to, or concomitant with, infection protect mice from
death, although inhibition of virus replication was not a con-
stant finding (4, 13, 19, 26, 35). Infected pMT mice were
therefore treated with MAD specific for the JHMV M or N
protein (Table 2) to determine their potential contribution(s)
to preventing virus recrudescence. Neither of the two MAb
specific for the N protein, nor any of the three MAb specific for
the M protein, afforded clinical protection, decreased mortal-
ity, or inhibited virus recrudescence compared to controls (Fig.
2C). These data contrast with the ability of anti-M protein
specific MADb J.1.3 and anti-N protein specific MAb J.3.3 to
protect during acute infection (13, 35). Finally, a polyclonal Ab
with no neutralizing or fusion-inhibiting activity (pAb-2) was
also unable to decrease mortality or prevent virus recrudes-
cence (Fig. 2C). These data support the primary role(s) of
neutralization and fusion inhibition activities in suppressing
virus recrudescence.

Neutralizing Ab limits virus replication to oligodendrocytes
during recrudescence. Polyclonal Ab-mediated suppression of
virus recrudescence in the CNS of JHMV-infected wuMT mice
reduced virus replication and viral Ag from the brain (23). By
contrast, viral Ag was retained in spinal cord oligodendroglia
and was associated with extensive demyelination (23). To de-
termine if elimination of viral Ag from the brain but not from
the spinal cord was due to neutralizing activity and to examine
the effect of reducing viral Ag on both the inflammatory re-
sponse and demyelination, infected wWMT recipients of neutral-
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FIG. 3. Reductions in viral Ag in MAD recipients. N, neutralizing; F*, fusion inhibiting. Infl
recipients of PBS (A), N"/F* (B), or N*/F* MAb (C) at day 21 p.i. (hematoxylin and eosin). Note comparable distribution of infiltration in the
spinal cords of all groups of mice. Viral Ag in spinal cords of infected uMT recipients of either PBS (D), N"/F" (E), or N*/F* MAb (F) at 21
days p.i. (immunoperoxidase with hematoxylin counterstain). Bar = 1,200 wm. Arrows indicate infected oligodendrocytes. Arrowheads indicate
infected astrocytes.

izing/fusion-inhibiting MAb were compared to controls. No
difference in the extent of demyelination was observed in any
group at day 21 p.i., irrespective of whether or not virus recru-
descence had been suppressed (data not shown), consistent
with previous data on protection mediated by polyclonal Ab
(23). The extent and distribution of inflammatory cells within
the CNS was also similar in all recipient groups compared to
that in the PBS-treated controls during recrudescence (Fig. 3).
Numerous Ag-positive astrocytes, microglia/macrophages, and
oligodendroglia were found throughout the neuroaxis in PBS-
treated mice, consistent with the presence of infectious virus
(Fig. 3). Ag-positive cells were increased in spinal cords rela-
tive to brains and only very rarely were infected neurons noted
at day 21 p.i. (data not shown). Consistent with previous data
(23), viral Ag was reduced in all groups in which viral recru-
descence was suppressed via MAb transfer (Fig. 3); however,
residual viral Ag localized predominantly to oligodendroglia.
The ability of neutralizing MADb to selectively reduce viral Ag
in astrocytes and microglia/macrophages suggests that oligo-
dendroglia either do not express the viral S protein on their cell
surface or may, in some other way, be partially refractory to
MAbD-mediated inhibition of viral recrudescence.

T cells are not altered by Ab-mediated inhibition of JHMV
recrudescence. Passive Ab-mediated protection of wt mice
prior to, or concomitant with, infection is associated with in-
creased CNS inflammation (13). However, CNS inflammation
is similar in infected pWMT mice undergoing virus recrudes-
cence and in wt mice at day 21 p.. (23). Nevertheless, flow
cytometry analysis revealed fewer virus-specific CD8" T cells
in the CNS of uMT mice than in wt mice, suggesting limited
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T-cell responsiveness as a factor contributing to virus recru-
descence (3). To determine if Ab-mediated control of virus
recrudescence influenced the composition or extent of CNS
inflammation, CMC were compared during recrudescence and
Ab-mediated suppression. No significant differences in the per-
centage of total CD8" T cells were detected comparing either
pMT mice treated with PBS, J.2.5, or J.7.2 recipients and wt
mice at 21 days p.i. (Table 3). Although fewer tetramer™ and
IFN-vy-secreting virus-specific CD8™ T cells were found in the
CNS of infected puMT mice than in wt controls, there was no
difference between MAb-protected and PBS-treated control
groups (Table 3). Similar percentages of CD4" T cells were
also detected (Table 3). Although the frequency of virus-spe-
cific CD4" T cells in infected puMT mice was reduced com-

TABLE 3. Effect of MAb on CNS T-cell recruitment

Results for virus-specific

IFN-y
M . %CD8 CD8 cells % CD4  content in

ouse type™ T el Tetramer IFN-y cells”  virus-specific
content® content? CD4 cells
wt C57BL/6 15 40 1,600 = 160 14 800 = 60
pMT + PBS 16 13 380 = 80 10 200 + 36
pMT + J.2.5 17 12 460 = 80 15 260 = 40
pMT + J.7.2 14 15 320 =50 12 120 = 50

“ Mice were analyzed at day 21 p.i. Data are representative of at least three
separate experiments.

® Percentage within total CNS-derived cells.

¢ Percentage of tetramer™ within the CD8"-T-cell population.

4 Virus-specific IFN-y-secreting CD8" (S510 peptide) and CD4* (M133 pep-
tide) cells per 10° total cells detected by ELISPOT.
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pared to that in wt mice at day 21 p.i., no difference was found
between PBS-treated and MAb-protected groups (Table 3).
These data demonstrate that Ab-mediated suppression of virus
recrudescence does not influence either the frequency of T
cells within the CNS or alter the percentage of virus-specific T
cells. These data are consistent with the absence of a role for
T-cell-mediated virus suppression in the CNS as a mechanism
of controlling persistence and support the concept that virus
recrudescence is regulated by Ab with neutralizing and/or fu-
sion-inhibiting biological activities.

Maintenance of viral persistence. These data demonstrate
that neutralizing Ab plays a critical role in establishing and/or
maintaining persistent infection following initial cell-mediated
clearance of JHMV from the CNS. Furthermore, analysis of
CNS virus-specific plasma cells during JHMV infection re-
vealed increased accumulation and retention after infectious
virus is cleared (39). To determine if constitutive Ab was re-
quired to maintain viral persistence, monolayers of DBT cells
were infected with JHMV and neutralizing/fusion-inhibiting
pAb-1 or nonneutralizing/non-fusion-inhibiting pAb-2 was
added at 6 h p.i. Control cultures containing nonneutralizing/
non-fusion-inhibiting pAb-2 showed extensive cytopathology
and complete loss of viable cells by 72 h p.i. By contrast,
infected cells treated with neutralizing/fusion-inhibiting pAb-1
showed no evidence of cytopathology or loss of viability at 72 h
p-i. However, removal of the neutralizing/fusion-inhibiting Ab
at 72 h p.i. resulted in extensive cytopathology within 24 h and
complete loss of viable cells within 36 h after Ab removal.
These data suggested a necessity for the continued presence of
Ab to suppress cytopathology and maintain the viability of
infected cells.

To determine if neutralizing Ab sufficed not only to inhibit
virus replication but also to maintain persistence, Ab-protected
infected wMT mice were examined for subsequent evidence of
virus recrudescence. In contrast to the high mortality in PBS
(Fig. 4A) or pAb-2 (data not shown) recipients, the majority
(90%) of neutralizing/fusion-inhibiting pAb-1 recipients sur-
vived to 40 days p.i. (Fig. 4A). PBS-treated infected w.MT mice
showed a progressive increase in demyelination from days 21
to 30 p.i. Neutralizing/fusion-inhibiting pAb-1 recipient mice
had reduced myelin loss at day 30 p.i. compared to both PBS-
treated mice at day 30 p.i. (Fig. 5) and pAb-1 recipients exam-
ined at day 21 p.i. (data not shown). Nevertheless, following
day 40 p.i., pAb-1- treated recipients exhibited increasing mor-
bidity with only a cumulative 50% survival at 50 days p.i. (Fig.
4A). Consistent with increasing morbidity and mortality in the
neutralizing/fusion-inhibiting Ab-protected group, infectious
virus was detected in the CNS at 40 days p.i. in neutralizing/
fusion-inhibiting pAb-1 recipients and, as expected, in the lim-
ited number of control group survivors (Fig. 4B). Virus recov-
ered from the CNS of both groups was compared for
susceptibility to pAb-1-mediated neutralization to determine if
the virus emerging in the CNS contained neutralization escape
variants. No evidence for neutralizing escape mutants in the
CNS of either group was found (data not shown), suggesting
that delayed recrudescence following Ab-mediated protection
was not due to selection of neutralization escape variants.

To determine if the waning suppression of infectious virus
could be prevented, mice protected via transfer of neutralizing/
fusion-inhibiting Ab-1 at days 9, 12, and 17 p.i. were divided
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FIG. 4. Long-term effect of polyclonal Ab (pAb) transfer on
JHMV pathogenesis. Mortality of B-cell-deficient mice following
transfer of neutralizing or nonneutralizing pAb at days 9, 12, and
17 p.i. (A). Virus titers were determined at 40 days p.i. in the brains of
wMT mice receiving three doses (pAb-3x) or at 45 days p.i. in mice that
received a fourth dose (pAb-4x) of the neutralizing polyclonal Ab on
day 24 p.i. (B). The dashed line indicates the limit of viral detection.
Data represent the average of at least three separate experiments.
Error bars indicate standard errors of the means. gm brain, gram of
brain.

into two groups. One received an additional injection of neu-
tralizing/fusion-inhibiting pAb-1 at 24 days p.i., while the other
received nonneutralizing/non-fusion-inhibiting pAb-2. At day
45 p.i., 50% of the mice receiving three injections of the neu-
tralizing/fusion-inhibiting pAb-1, followed by a single injection
of the nonneutralizing/non-fusion-inhibiting pAb-2, had suc-
cumbed to infection (Fig. 4A). By contrast, no mortality was
found in mice that received neutralizing/fusion-inhibiting
pAb-1 at days 9, 12, 17, and 24 p.i. Although infections virus
was recovered from the CNS of both groups, mice receiving the
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FIG. 5. Decreased demyelination in Ab recipients. Spinal cords of
JHMV-infected pMT mouse recipients of PBS or polyclonal anti-
JHMV Ab at 30 days p.i. (luxol fast blue). Increased demyelination in
spinal cords of control PBS recipients (A and C), compared to that in
spinal cords of Ab recipients (B and D). Bar = 400 um (C and D).

additional injection of neutralizing/fusion-inhibiting Ab had
reduced CNS virus levels at 45 days p.i. compared to survivors
of the group that received three injections of neutralizing/
fusion-inhibiting Ab followed by nonneutralizing/non-fusion-
inhibiting Ab (Fig. 4B). These data support the notion that the
maintenance of JHMV persistence within the CNS is regulated
by neutralizing Ab and suggest the possibility that cells secret-
ing anti-JTHMV Ab are required within the CNS to effectively
control persistent infection.

DISCUSSION

JHMYV infection of the CNS provides an excellent model to
study mechanisms of encephalomyelitis and demyelination and
the dynamics of host-virus interactions (38). The outcome of
viral infection depends on the competition between viral rep-
lication and the host’s ability to initiate and sustain an antiviral
but nondeleterious immune response. Consistent with this no-
tion, a vigorous CD8*-T-cell response eliminates JHMV from
infected CNS cell types during acute infection (38). However,
CD8™" T cells lose their cytolytic activity concomitant with viral
clearance and do not reexpress this effector function during
virus recrudescence in B-cell-deficient mice, despite retaining
some capability to secrete cytokines (3, 23, 31). The absence of
a recovery of cytolytic function or enhanced T-cell recruitment,
despite increasing Ag in the CNS of recrudescing B-cell-defi-
cient mice, suggested that an alternative effector mechanism
regulates persistent CNS infection (3, 16, 31). Consistent with
the concept that humoral immunity contributes to controlling
JHMV persistence, there is a distinct delay in the recruitment
of plasma cells secreting JHMV-specific Ab until after the
majority of infectious virus has been eliminated from the CNS
of wt mice (39).

Passive transfer of MAb with different specificities and bio-
logical activities into infected pMT mice after initial virus
clearance demonstrates that the ability to neutralize infectious
virus is the most critical component for suppression of CNS
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viral recrudescence. This finding is reinforced by several re-
ports demonstrating reduction in virus replication during acute
peripheral and CNS infections via transfer of neutralizing Ab
(6, 8, 16, 34). Previous studies in mice that received MAb prior
to infection have demonstrated that Ab of either IgG or IgM
isotypes provide protection (4, 6, 8, 13, 14, 15). Transfer of
different Ab isotypes with neutralizing activity revealed that
only neutralizing 1gG (IgG2 > 1gG1) suppressed JHMV re-
crudescence in infected puMT mice. A single in vitro neutral-
izing IgA MADb examined was unable to suppress virus recru-
descence, despite its detection by ELISA in perfused mouse
brains at day 21 p.i. (data not shown). A limited antiviral role
for IgA, rather than an inability to enter the CNS, is further
supported by the low number of virus-specific IgA-secreting
plasma cells in the CNS of infected wt mice (39). Ab specific
for structural proteins with no neutralizing activity played no
detectable role during virus recrudescence and/or persistence,
despite the ability to increase survival rates when transferred
prior to or concomitant with viral infection (4, 13, 19, 26). In
contrast to the majority of MAD tested that lacked neutralizing
activity, S protein specific nonneutralizing/fusion-inhibiting
MAD also provided slight protection from virus recrudescence
in infected wMT mice. However, the mechanism of protection
afforded by the nonneutralizing/fusion-inhibiting Ab is unclear.
Although JHMYV spreads from cell to cell via a fusion-medi-
ated process in vitro (5, 10), JHMV-induced fusion is not
detected in vivo (23, 31). These data suggest that a process
similar to cell-cell fusion may be involved in the spread of
JHMYV within the CNS, which may not be apparent due to the
paucity of viral receptors expressed by CNS cells.

Antiviral Ab control virus infections via several mechanisms.
The most direct mechanism is Ab binding to virus, rendering it
noninfectious. In addition, Ab-virus complexes may activate
the complement pathway. However, analysis of MHYV infection
in mice deficient in complement indicated no role for comple-
ment (13, 25). The absence of natural killer cells and low levels
of macrophages retained in the CNS following acute JHMV
infection (24) also suggest that Ab-dependent cell-mediated
cytotoxicity does not contribute to maintaining JHMV persis-
tence. Finally, the observation that nonneutralizing/non-fu-
sion-inhibiting polyclonal Ab failed to suppress virus recrudes-
cence is consistent with the absence of an Fcy-R-mediated
mechanism of IgG protection (25) and the ability of F(ab’),
fragments with neutralizing activity to afford protection (18).

Increased viral Ag was found in all cell types in the CNS of
pMT mice during JHMV recrudescence compared to the level
found in wt mice (23), and a similar pattern was detected in
infected wWMT mice treated with PBS, the control MAb, and all
viral MAD unable to inhibit virus replication during recrudes-
cence. Examination of the CNS of the neutralizing MAb and
polyclonal Ab-1 recipients and to a limited extent of the CNS
of recipients of the nonneutralizing/fusion-inhibiting MAD,
which were partially protected from viral recrudescence, dem-
onstrated that virus replication was inhibited in most CNS cell
types. The ability of these Ab to limit viral replication was
greatest in microglia and astrocytes. However, the number of
infected oligodendrocytes, especially in spinal cord, was only
reduced slightly, suggesting that this CNS cell type may be
refractory to Ab-mediated suppressive mechanisms. Similar to
these observations, transfer of neutralizing MAb prior to
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JHMV infection also inhibited viral replication in most CNS
cell types including neurons, with the exception of oligoden-
drocytes (4). These observations may provide an explanation
for the inability of the neutralizing Ab to completely eliminate
infectious virus from the CNS during recrudescence, similar to
the observation of enhanced viral replication in oligodendro-
glia in IFN-vy-deficient mice (28). These data suggest that the
transfer of neutralizing Ab is more effective in regulating virus
replication in astrocytes and microglia/macrophages. Neither
enhanced recruitment nor reexpression of effector function by
CD8™ T cells occurs following virus recrudescence in JHMV-
infected pMT mice (3). However, during acute infection reg-
ulation of JHMYV replication in these cell types is dependent
upon CDS8"-T-cell-mediated perforin-dependent cytolysis
(22). No increase in total or virus-specific CD8" T cells was
observed following Ab-mediated suppression of viral recrudes-
cence. These data suggest that Ab does not enhance T-cell-
mediated clearance from astrocytes and microglia (22, 28),
consistent with the concept that Ab mediates a T-cell-indepen-
dent suppression of persistence in specific CNS cell types.

Infectious JHMV is cleared from immunocompetent hosts;
however, virus persists for prolonged periods and is associated
with ongoing demyelination (2, 24). Although neutralizing Ab
reduced virus to undetectable levels in the majority of recipi-
ents, control of virus replication was only transient. Additional
Ab prolonged survival but was still unable to prevent reemer-
gence of infectious virus. The frequency of infected oligoden-
droglia was not dramatically decreased via Ab-mediated sup-
pression of JHMYV replication; however, it was associated with
reduced myelin loss between days 21 and 30 p.i. The ability of
Ab to provide only transient suppression has also been ob-
served following peripheral virus or bacterial infections of im-
munocompromised mice (16, 20, 34). Analysis of these models
suggests that continued control was related to levels of Ab in
serum. Preliminary analysis suggests that JHMV recrudes-
cence does not compromise the integrity of the blood-brain
barrier, consistent with the absence of increased inflammation,
but that levels of Ab in serum decline prior to recrudescence.
Although selection of quasispecies has been suggested to con-
tribute to JHMV persistence (32), transient control, followed
by subsequent recrudescence of infectious virus, indicates that
replication and/or assembly is not compromised in this model
due to accumulation of defective viral quasispecies.

The process by which neutralizing Ab maintains JHMYV per-
sistence within the CNS is unclear. Analysis of the cell types
infected suggests that oligodendroglia represent the reservoir
of persistence and that astrocytes and microglia/macrophages
are secondary targets of replication. Although neutralization of
infectious particles is most likely, it does not explain preferen-
tial persistence in oligodendrocytes. One potential mechanism
is differential regulation of receptor expression of these cell
types during the course of infection. The receptor may be down
regulated on astrocytes and microglia but not on the oligoden-
drocytes, making the latter more prone to persistent infection.
Alternatively, an intracellular blockade of virus replication,
which is relatively ineffective in oligodendrocytes, may be in-
volved, resulting in the requirement for continued high levels
of Ab. Irrespective of the mechanism, data indicate that the
presence of neutralizing Ab, possibly in conjunction with Ab
that express fusion-inhibiting activity, is essential to suppress
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virus recrudescence and maintain a persistent infection in the
absence of detectable infectious virus. The concept that the
continued presence of Ab within the CNS plays little or no role
in initial control of viral replication but is subsequently re-
quired to maintain JHMV persistence is consistent with the
delayed accumulation of virus-specific plasma cells in the CNS
of wt mice (39), concomitant with or following virus clearance.
Sustained local antiviral Ab levels within the CNS, provided by
retention of plasma cells, thus appears to be a vital component
in preventing virus recrudescence and controlling JHMV per-
sistence.
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