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neuropathogenic lactate dehydrogenase-elevating
virus from causing paralytic disease in
immunocompetent mice
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Neuropathogenic lactate dehydrogenase-elevating viruses (LDV) cytocidally
infect anterior horn neurons in C58 and AKR mice via interaction with
endogenous murine retroviruses to cause a paralytic disease, age-dependent
poliomyelitis (ADPM). The induction of ADPM requires a suppressed host
immune system as a result of old age, genetic defects (such as nude mice) or any
immunosuppressive treatment. Previous results have shown that the infection
of anterior horn neurons by neuropathogenic LDV isolates and the subsequent
development of ADPM are prevented by anti-LDV antibodies either induced
actively during infection or when passively administered. However, the
mechanism of protection was unclear since both neutralizing and non-
neutralizing polyclonal antibodies seemed protective, whereas only neutraliz-
ing monoclonal antibodies were protective. Furthermore, the protection of
motor neurons from infection occurred in the absence of any apparent effect on
LDV replication in a subpopulation of macrophages known to be the primary
permissive host cells. These paradoxes have now been resolved. We have
recently reported that the neuropathogenic LDV isolates contain both
neuropathogenic and non-neuropathogenic quasispecies that differ in their
ability to establish a high viremia persistent infection. Using biological clones of
both neuropathogenic and non-neuropathogenic quasispecies, we now
demonstrate that both replicate in the same subpopulation of permissive
macrophages, but that the neuropathogenic quasispecies are about 100 times
more susceptible to in vitro antibody neutralization than the non-neuropatho-
genic ones, and that antibodies that neutralize the neuropathogenic but not the
non-neuropathogenic quasispecies develop as soon as 7 days after infection
with neuropathogenic LDVs and selectively suppress the replication of the
neuropathogenic LDVs in vivo in FVB, BALB/c, C57 BL/6 and C58 mice. The
previously observed lack of neutralizing effect of early polyclonal anti-LDV
antibodies and the apparent ineffective antibody control of LDV replication in
macrophages were due to outgrowth of the non-neuropathogenic quasispecies
that are also present in the neuropathogenic LDV inoculum and are highly
resistant to antibody neutralization. Using cloned neuropathogenic LDV
quasispecies, we demonstrate a clear relationship in the development of
neutralizing antibodies, replication suppression of the neuropathogenic LDVs
and the prevention of ADPM in C58 mice. Our results therefore establish an
inseparable relationship between the neuron-protective effect of an antibody
and its neutralization of the neuropathogenic LDV quasispecies and explain
why neuropathogenic LDVs cause paralytic disease only in immunosuppressed
mice.
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Infection of mice of certain strains, such as C58 and
AKR, with neuropathogenic quasispecies of lactate
dehydrogenase-elevating virus (LDV) can result in a
fatal paralytic disease (age-dependent poliomyelitis
or ADPM) through interaction with murine endo-
genous retroviruses (Murphy et al, 1983, 1987;
Anderson et al, 1995b; Chen et al, 1998). However,
the paralytic disease occurs only if the mice are
immunosuppressed as a result of old age (thus the
name ADPM), a genetic defect (e.g. nude mice) or
arti®cial treatment such as X-irradiation and
cyclophosphamide injection (Murphy et al, 1983,
1987; Anderson et al, 1995a). In these mice, the
neuropathogenic LDVs not only replicate in the
primary permissive cells of a subpopulation of
macrophages (Chen et al, 1997, 1998) but also
spread through the central nervous system (CNS)
during the ®rst day post-infection (p.i.), most likely
via extensive replication in leptomeningeal cells,
and LDV replication in and destruction of anterior
horn neurons become apparent at about 10 ± 12
days p.i. (Anderson et al, 1995c). The delay of the
viral replication in anterior horn neurons is not
understood but may re¯ect a need for the decay of
some cytokine(s) (e.g. interferons) generated as a
result of the massive LDV replication in macro-
phages during the ®rst day p.i. (Plagemann and
Moennig, 1992; Plagemann, 1996) that speci®cally
suppresses LDV replication in anterior horn neu-
rons (Anderson et al, 1995c; Cafruny et al, 1997). In
immunocompetent C58 and AKR mice, on the other
hand, little if any infection of anterior horn neurons
was detectable and no paralytic disease developed
in spite of comparable vigorous viral replication in
macrophages (Brinton et al, 1986; Anderson et al,
1995a,b). Similarly, passive immunization with
anti-LDV antibodies of immunosuppressed C58
mice either at the time of infection or repeatedly
after infection prevented neuropathogenic LDV
from infecting anterior horn neurons without
apparently affecting viral replication in macro-
phages (Murphy et al, 1987; Harty et al, 1987;
Harty and Plagemann, 1990). It was unclear why
infection of anterior horn neurons by neuropatho-
genic LDVs became suppressed by anti-LDV anti-
bodies, either generated actively or administered
passively, without apparently affecting the viral
replication in macrophages. Also unexplained were
®ndings concerning the nature of the neuron-
protective antibodies. For example, plasma obtained
from infected mice as early as 16 days p.i., that
failed to neutralize LDV in vitro, nevertheless
protected C58 mice from ADPM, suggesting that
both neutralizing and non-neutralizing anti-LDV
antibodies protect anterior horn neurons from
infection by neuropathogenic LDV (Harty et al,
1987). In contrast, only neutralizing monoclonal
antibodies (MAb) to the primary envelope glyco-
protein, VP-3P, possessed neuron-protective activ-
ity; non-neutralizing MAbs were ineffective (Harty

and Plagemann, 1990). In this report, we provide
mechanistic explanations for these apparent para-
doxes based on our recently published data and our
new experimental results.

Part of the explanation was provided by our
discovery that populations of the original neuro-
pathogenic LDV isolates consist of both neuro-
pathogenic LDV quasispecies (LDV-C or LDV-v)
and non-neuropathogenic LDV quasispecies (LDV-P
and LDV-vx), whereas original non-neuropatho-
genic LDV isolates, such as LDV-PLA (Brinton and
Plagemann, 1975), contain only LDV-P and LDV-vx
(Chen et al, 1997, 1998; Chen and Plagemann,
1997). We have cloned all four of these LDV
quasispecies by repeated end-point dilutions in
mice, which has made possible the characterization
of their individual molecular and phenotypic
properties (Chen et al, 1997, 1998). The neuropatho-
genic LDVs become selectively ampli®ed in the
spinal cords of paralyzed C58 mice (Chen et al,
1998); however, unlike the non-neuropathogenic
ones, they are unable to establish a high viremic
persistent infection and become rapidly outcom-
peted by the non-neuropathogenic ones in mixed
infections (Chen et al, 1997, 1998).

The present study demonstrates that this differ-
ence between neuropathogenic and non-neuro-
pathogenic LDVs in ability to establish a viremic
persistent infection is not due to replication in
different subpopulations of permissive macro-
phages, as could be suggested by the differences in
their ability to productively infect anterior horn
neurons in C58/AKR mice. Instead, the inability of
the neuropathogenic LDVs for high viremic persis-
tence has been shown to be due to selective
antibody neutralization. Thus, the infection by
neuropathogenic LDVs of both anterior horn neu-
rons and macrophages, rather than only the anterior
horn neurons, are selectively controlled by the
humoral immune response. The apparent lack of
effect of antibodies on their replication in macro-
phages observed earlier was due to outgrowth of the
non-neuropathogenic LDVs that were present in the
original neuropathogenic LDV isolates and are
highly resistant to antibody neutralization.

The question of whether neuropathogenic and
non-neuropathogenic LDVs productively infect the
same or different subpopulations of macrophages
was investigated in two ways. In one approach
peritoneal macrophages were harvested from mice
persistently infected with cloned neuropathogenic
LDV-C or cloned non-neuropathogenic LDV-P and
cultured in vitro. The cultures were examined for
LDV infected cells by indirect ¯uorescent antibody
(IFA) staining (Cafruny et al, 1986) before and after
superinfection by LDV-C or LDV-P (Figure 1). No
LDV infected macrophages could be detected in
cultures of macrophages from mice persistently
infected by either LDV-P or LDV-C (Figure 1A and
B, respectively). Consistent with results from earlier
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studies (Stueckemann et al, 1982; Plagemann and
Moennig, 1992), the macrophages from LDV-P
persistently infected mice were resistant to super-
infection by LDV-P (Figure 1C), because in LDV-P
infected mice new permissive macrophages become
cytocidally infected as soon as they are generated.
However, the macrophages from LDV-P infected
mice were also resistant to superinfection by LDV-C
(Figure 1E) indicating that the mice did not possess

an additional pool of LDV-C permissive macro-
phages. In contrast, about 5% of the macrophages
harvested from the mice persistently infected with
LDV-C could be infected in vitro by either LDV-P or
LDV-C (Figure 1D and F) indicating that these mice
possessed a pool of macrophages that could be
infected by either LDV-P or LDV-C.

The ®nding that the macrophages from LDV-C
infected mice could be infected in vitro by LDV-C to
the same extent as by LDV-P not only clearly
indicates that both LDVs replicate in the same
macrophage population but also that the reduced
replication of the neuropathogenic LDV-C/v during
the persistent phase of infection is due, primarily at
least, to selective suppression by a factor that is lost
upon in vitro cultivation of the macrophages. This
explains the accumulation in LDV-C/v infected
mice of permissive macrophages that can be
infected in vivo by LDV-P but not LDV-C/v (Chen
et al, 1997, 1998; see Figure 2B).

Additional proof for these conclusions is pro-
vided by an experiment comparing plasma LDH
levels in LDV-PLA (consisting of non-neuropatho-
genic LDV-P and LDV-vx; Chen et al, 1998) and
cloned LDV-C infected mice. Both LDVs caused the
5 ± 10-fold increase in plasma LDH characteristic for
LDV infections (Figure 2). As expected (Rowson and
Mahy, 1975; Plagemann, 1996; Chen and Plage-
mann, 1997), continued high viremic persistence by
LDV-PLA was associated with continued plasma
LDH elevation (Figure 2A). In contrast, in LDV-C
infected mice the plasma LDH level slowly returned
to about normal concomitant with the decrease in
viremia, but became elevated again after super-
infection of the mice by cloned LDV-P (Figure 2B).

Figure 1 In vitro infection of peritoneal macrophages isolated
from FVB mice at 220 days p.i. with cloned LDV-P (A, C, E) or at
178 days p.i. with cloned LDV-C (B, D, F). After 1 day in culture,
replicate coverslip cultures were directly analyzed for LDV-
infected cells by IFA staining (A, B) or 6 h after superinfection
with 103 ID50 of LDV-P (C, D) or LDV-C (E, F)/cell. Peritoneal
macrophages were harvested and cultured on coverslips in RPMI
supplemented to 10% (v/v) with fetal bovine serum and L-cell
conditioned medium (containing colony stimulating factor I) and
the cultures were analyzed by IFA staining using plasma from 3
month LDV-PLA infected mice as described previously (Cafruny
et al, 1986; Onyekaba et al, 1989).

Figure 2 Viremia and LDH activity of plasma of FVB mice as a function of time p.i. with LDV-PLA (A) or cloned LDV-C (B) and after
superinfection of 60-day LDV-C-infected mice with cloned LDV-P. Groups of two infected mice were bled at the indicated times p.i.
and their pooled plasma was assayed for infectious LDV (*Ð*; *Ð*) and LDH activity (~Ð~; ~Ð~). LDH activity was
measured by a spectrophotometric method as described previously (see Chen and Plagemann, 1997). Plasma LDV titers were
determined by end point dilution assay in mice (Plagemann et al, 1993; Chen and Plagemann, 1997).
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The correlation between levels of LDV replication
and plasma LDH elevation in LDV-PLA (LDV-P) and
LDV-C infected mice further supports the conclu-
sion that LDV-P and LDV-C replicate in the same
macrophage subpopulation. This conclusion is also
indicated by the isolation of genetic recombinants
between neuropathogenic LDV-C and non-neuro-
pathogenic LDV-P or LDV-vx (in preparation) which
can only occur when the two types of virus infect
the same cell.

The preceding results indicated that the replica-
tion of neuropathogenic LDVs becomes selectively
suppressed in infected mice by some removable
factor. The following experiments indicate that this
factor is antibodies that selectively neutralize the
infectivity of the neuropathogenic LDVs.

One line of evidence is provided by the ®nding
that the neuropathogenic LDVs are about 100 times
more susceptible to in vitro neutralization by anti-
LDV antibodies than the non-neuropathogenic
LDVs and that antibodies that neutralize the
neuropathogenic but not the non-neuropathogenic
LDVs can be detected in mice infected with the
neuropathogenic LDVs as early as 7 days p.i. The in
vitro neutralization assay was conducted as de-
scribed previously (Cafruny et al, 1986; Plagemann
et al, 1992). In brief, samples of 10 ml of different
LDV stocks (containing 107 ± 108 50% infectious
dose, ID50) were mixed with 20 ml of normal mouse
plasma (NMP), polyclonal anti-LDV antibodies
obtained from infected mice (IMP) or ascites ¯uid
containing an anti-LDV MAb and 50 ml of balanced
salt solution. The mixtures were incubated at 358C
for 2 h and then at 48C for 1 ± 2 h. The residual
infectious LDV titer (in log10 ID50) was determined
by end-point dilution titration in mice (Plagemann
et al, 1963; Chen and Plagemann, 1997). The degree

of neutralization was de®ned as the difference in
LDV titer between LDV samples incubated with
NMP and those incubated with polyclonal anti-
body-containing IMP or anti-LDV MAbs. In this
assay only differences of 50.5 log10 ID50 are
considered signi®cant (Plagemann et al, 1992). To
maximize the accuracy of the comparisons, the
neutralization of neuropathogenic and non-neuro-
pathogenic LDVs by various antibody preparations
was generally measured together in individual
experiments. In each individual experiment we
have observed that the neuropathogenic LDV
quasispecies (LDV-C and LDV-v) were reproducibly
about 100 times more ef®ciently neutralized by IMP
than LDV-PLA (Table 1) and the cloned non-
neuropathogenic quasispecies LDV-P (data not
shown). Equally importantly, antibodies that neu-
tralized LDV-C and LDV-v were detectable in LDV-C
infected mice as early as 7 days p.i. (Table 1). The
neutralizing activity in plasma increased rapidly
with time, reaching a maximum level by about 3
weeks p.i. At this time, the plasma neutralized LDV-
C or LDV-v on the average about 3 log10 ID50 which is
equivalent to 99.9%. This is in sharp contrast to
results with the non-neuropathogenic LDV-PLA
(consisting of LDV-P and LDV-vx). Previous studies
have shown that the replication of LDV-PLA in mice
is impervious to anti-LDV humoral and cellular
immune responses (Plagemann et al, 1995; Plage-
mann, 1996) and that LDV-PLA is only poorly
neutralized in vitro by IMP from long term LDV-
PLA infected mice (Cafruny et al, 1986; Harty and
Plagemann, 1988). Furthermore, LDV-PLA neutra-
lization requires the binding of many antibody
molecules per virion (Plagemann et al, 1992) and
antibodies that neutralize LDV-PLA become detect-
able only 1 ± 2 months p.i. (Cafruny et al, 1986). The

Table 1 In vitro neutralization of LDV-PLAa, LDV-C and LDV-v by polyclonal antibodies to LDV-C or LDV-PLA and by neutralizing
MAbs to VP-3P

IMP Neutralizationb (log10 ID50) of
Days p.i. To: LDV-PLA LDV-C LDV-v

7
10
17
27
44
58 ± 73
4100

LDV-C
LDV-C
LDV-C
LDV-C
LDV-C

LDV-C or PLA
LDV-PLA

0
N.D.c

N.D.
0, 0.5

0.5
1.0, 0.5, 2.0

1.0, 1.0, 1.0, 0.5, 1.0

1.0, 0.5
1.0
1.5

3.0, 4.0
3.0

2.0, 2.5, 2.5
1.5, 3.0, 2.0, 2.5, 2.0, 3.0

1.0
N.D.
2.5

2.0, 3.0
3.0

2.5, 2.0, 3.0, 3.0, 3.0, 3.0
4.0, 2.5

MAb 159-12/19
MAb 159-18
MAb C3904-H12
MAb B6505-H9
MAb B6503-E7

0.5, 1.0
0, 1.5

1.0
1.0
0.5

2.0, 3.0
3.0
2.0
2.0
1.5

N.D.
2.0
1.0

N.D.
1.5

aLDV-PLA is a mixture of non-neuropathogenic LDV-P and LDV-vx, whereas the neuropathogenic LDV-C and LDV-v are cloned
quasispecies that have been freed of the non-neuropathogenic LDVs (see text). bIn vitro neutralization was measured as described
previously (Plagemann et al, 1992; and in the text). The degree of neutralization was de®ned as the difference in LDV titer (log10 ID50)
between LDV samples incubated with control NMP, and those incubated with polyclonal antibody-containing IMP or anti-LDV
MAbs. The neutralizing MAbs were generated in previous studies (Harty and Plagemann, 1988; Coutelier and van Snick, 1988) and
are speci®c for the ectodomain of VP-3P (Li et al, 1998). Each value represents an independent analysis. cN.D.=not determined.
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present data (Table 1) con®rm these earlier results
(also see Figure 4B). The same conclusions were
also indicated for populations of LDV-RIL, LDV-
NOT and LDV-ROW (Rowson and Mahy, 1975; and
data not shown), which are also composed of LDV-P
and LDV-vx quasispecies (Chen and Plagemann,
1997; Chen et al, 1998).

The difference in neutralization ef®ciency be-
tween neuropathogenic and non-neuropathogenic
LDV quasispecies was also observed with several
MAbs to the viral primary envelope glycoprotein,
VP-3P (Table 1). The short (about 30 amino acids
long) ectodomain of VP-3P seems involved in host
receptor interaction (Faaberg et al, 1995a; Faaberg
and Plagemann, 1995) and carries the LDV neu-
tralization epitope (Li et al, 1998).

Figure 3A illustrates the rapidity with which
neutralizing antibodies are generated in immuno-
competent mice infected with cloned LDV-C and
the effectiveness of these antibodies to suppress the
replication of the neuropathogenic LDV in vivo. In
this experiment neutralizing antibodies were mea-
sured by their interaction in an indirect ELISA with
a synthetic peptide (ORF-P5) containing the neu-
tralization epitope of LDV-C/v (Li et al, 1998). The
results in Figure 3A demonstrate that LDV-C

replication became rapidly suppressed in BALB/c
mice cocomitant with the formation of neutralizing
antibodies. In fact, there was a good correlation
between the time course of the neutralizing anti-
body response as measured by indirect ELISA
(Figure 3A) and by in vitro neutralization of LDV-
C or LDV-v infectivity (Table 1). Neutralizing
antibodies for LDV-C/v became detectable as early
as 4 days p.i. and reached a maximum level by 1
month p.i., that is at a time when little or no
neutralizing antibodies are detectable in mice
infected with the non-neuropathogenic LDV-PLA
(Cafruny et al, 1986; Plagemann et al, 1995; Rowson
and Mahy, 1975) or LDV-P (see Figure 4B). In
contrast, in BALB/c SCID mice, which failed to
generate anti-LDV neutralizing antibodies, no sup-
pression of LDV-C replication was observed since
the time course of its replication was basically the
same as observed for the non-neuropathogenic
LDV-PLA (composed of LDV-P and LDV-vx; Figure
3B). Differential reverse transcription (RT)-poly-
merase chain reaction (PCR) analysis proved that
only the LDV-C genome was present in the SCID
mice infected with cloned LDV-C, whereas the
genomes of LDV-P and LDV-vx were present in the
LDV-PLA infected SCID mice (Figure 3C). In

Figure 3 Time courses of viremia and of the formation of neutralizing antibodies in BALB/c mice infected with biologically cloned
LDV-C (A) and in BALB/c SCID mice infected with cloned LDV-C or LDV-PLA (B). Groups of two mice were infected with about 106

ID50 of the indicated LDVs (Chen et al, 1997, 1998). The mice were bled at the indicated times p.i. (T in days) and their pooled plasma
was assayed for infectious virus by an end point dilution titration in mice (Plagemann et al, 1963; Chen and Plagemann, 1997), for
neutralizing antibodies by indirect ELISA using a synthetic peptide (ORF 5-P5) that contains the neutralization epitope of LDV-C/v as
described by Li et al (1998) and for LDV RNA by differential RT ± PCR using in the PCR sense primer J1008/ in combination with
antisense primers /J1003, /J1004 and /J1007 (speci®c for LDV-C/v, LDV-P and LDV-vx, respectively) as described by Chen et al (1998).
In the indirect ELISA, the second antibody was alkaline phosphatase-conjugated goat anti-mouse IgG. The ELISA plates were
developed with SIGMA 104 substrate and the absorbency of the reaction solution was measured at 405 nm (A405). Two fold dilutions
of plasma from infected mice from 1 : 50 to 1 : 1600 were analyzed, but only results from the 1 : 200 plasma dilution are reported.
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another experiment, we observed that cloned LDV-
C and LDV-v established a viremic persistent
infection equivalent to that of LDV-P also in B-cell
de®cient C57BL/6 mice (Figure 4A) whereas in wild
type B57BL/6 mice the replication of LDV-C and
LDV-v became selectively suppressed concomitant
with the formation of neutralizing antibodies
(Figure 4B). In contrast, the viremia of cloned
LDV-P was comparable in B cell de®cient and wild
type C57BL/6 mice (c.f. Figure 4A and B). As
expected, the generation of neutralizing antibodies
was delayed and slow in the LDV-P infected wild
type mice as compared to that observed in the LDV-
C/v infected mice (Figure 4B). Differential RT ± PCR
con®rmed that the mice were infected with LDV-
C/v or LDV-P (Figure 4A and data not shown).
Combined the results in Figure 4 indicate that the
suppression of replication of the neuropathogenic
LDVs is mediated by the humoral immune response
since the cellular immune response should be
unimpaired in the B-cell de®cient mice. This
conclusion is further supported by the ®nding that
the passive transfer of neutralizing antibodies
transiently suppressed the plasma LDV titer in
LDV-C infected SCID mice (Table 2).

Injection of a 13-day LDV-C infected BALB/c
SCID mouse with a mixture of ether extracted
IMP from LDV-C infected mice and a neutralizing

mAb reduced viremia by 2.5 log10 ID50 in 5 h and
another log10 ID50 by the next day (Table 2, the H
mouse), whereas injection of a companion 21 day
LDV-C infected BALB/c mouse with a mixture of
NMP and a non-neutralizing anti-VP-3P mAb had
no signi®cant effect on viremia (Table 2, the T
mouse). Suppression of viremia in the H mouse
correlated with the appearance of a high level of
neutralizing antibodies in the circulation,
whereas no neutralizing antibodies were detected
in the H mouse before passive immunization or
in the T mouse injected with the non-neutralizing
NMP-mAb mixture (Table 2). Viremia in the H
mouse had increased again by 21 days p.i.
concomitant with a decrease in the level of
neutralizing antibodies in the circulation, but
became again suppressed after a second passive
immunization at 23 days p.i. (Table 2). Injection
of the T mouse with the neutralizing antibody
mixture duplicated the suppression of viremia
observed in the H mouse after passive immuniza-
tion at 13 days p.i. (Table 2). In contrast to the
LDV-C infected mice, passive immunization of an
LDV-P infected SCID mouse had no signi®cant
effect on viremia (see legend to Table 2). Similar
to the results with the SCID mice we found that
passive immunization of immunocompetent FVB
mice with neutralizing anti-LDV antibodies re-

Figure 4 Time courses of viremia and of the formation of neutralizing antibodies in B-cell de®cient (A) and wild type (B) C57BL/6
mice infected with cloned LDV-C, LDV-v or LDV-P. Single mice infected with the indicated LDVs were bled at various times p.i. and
their plasma assayed for infectious LDV by mouse titration and by indirect ELISA for neutralizing antibodies (A405) using the LDV-C/v
speci®c synthetic peptide ORF 5-P5. No neutralizing antibodies were detected in the B-cell de®cient mice (A, data not shown). In B,
only ELISA values for the 1 : 200 plasma dilutions are shown. In A and B, plasma samples from the 21-day infected mice were also
analyzed by differential RT ± PCR (see insert in A) as described in the legend to Figure 3.

Selective neutralization of neuropathogenic LDV
Z Chen et al

205



duced the initial replication of LDV-C in these
mice by 90 ± 99%, but did not completely protect
them from infection (unpublished data). All these
observations document the effectiveness of the
neutralizing antibodies in selectivity suppressing
the replication of the neuropathogenic LDVs in
vivo in various strains of mice.

Now that we have demonstrated that the
neuropathogenic LDV quasispecies are more
susceptible to antibody neutralization than the
non-neuropathogenic LDVs, that neutralizing anti-
bodies are very rapidly generated in mice infected
with these LDVs, and that these antibodies
suppress the replication of the neuropathogenic
LDVs in vivo, we can explain why during a
mixed infection of neuropathogenic and non-
neuropathogenic LDV quasispecies, such as with
the LDV-VIR isolate (Chen et al, 1998) the
outcomes of viral replication differ depending
on the immune status of the infected C58 and
AKR mice. If the mice are immunosuppressed,
the replication of both the neuropathognic and
the non-neuropathogenic quasispecies are un-
checked. The selective replication of the neuro-
pathogenic quasispecies in anterior horn neurons
detectable at about 10 days p.i. will lead to
neuronal destruction and development of paraly-

tic disease by 2 ± 3 weeks. On the other hand, if
the mice are immunocompetent, rapid develop-
ment of anti-LDV immune responses will result in
the effective control of the replication of the
neuropathogenic quasispecies but not of that of
the non-neuropathogenic ones. Consequently, the
infection of anterior horn neurons by the neuro-
pathogenic quasispecies is prevented and no
paralytic disease develops. In fact, the infection
of macrophages by the neuropathogenic quasis-
pecies in immunocompetent mice is also rapidly
suppressed by neutralizing antibodies. This is
indicated by the observation that in immunocom-
petent mice infected with a cloned neuropatho-
genic LDV macrophages that are intrinsically
permissive to infection by the neuropathogenic
LDV quasispecies start to accumulate and remain
uninfected concomitant with the generation of
neutralizing antibodies (Figures 1 and 2B). This
antibody neutralization explains the impaired
ability of neuropathogenic LDVs to establish a
persistent viremic infection. In contrast, the
replication of the non-neuropathogenic LDV
quasispecies in macrophages in immunocompe-
tent mice is not affected by the immune
responses and therefore remains unchecked.
Consequently the neuropathogenic quasispecies
become rapidly outgrown by the non-neuropatho-
genic ones. In fact, upon infection of mice with
LDV-VIR, the neuropathogenic LDV-v was no
longer detectable in plasma by the highly
sensitive differential RT ± PCR assay 15 days p.i.
(Chen et al, 1998). These ®ndings explain the
earlier observation of an apparently differential
protective effect of the immune responses on the
anterior horn neurons and the macrophages. Our
results also explain why plasma from LDV-VIR
infected mice as early as 16 days p.i. possessed
neuron-protective activity but failed to neutralize
LDV-VIR or LDV-PLA in vitro (Harty et al, 1987).
As shown in Table 1 and Figures 3A and 4B, the
plasma from mice infected with cloned LDV-C for
7 ± 10 days already contained antibodies that
neutralized the cloned neuropathogenic LDV-C
and LDV-v but not the non-neuropathogenic LDV-
P/vx. The failure of the plasma from 16 day LDV-
VIR infected mice to neutralize LDV-VIR was
almost certainly due to the signi®cant levels of
coexisting non-neuropathogenic quasispecies
(LDV-P and LDV-vx; Chen et al, 1998) which
are highly resistant to neutralization. Our results
therefore indicate an inseparable relationship
between the neuron-protective effect of an anti-
body and its neutralizing effect on neuropatho-
genic LDV quasispecies.

To obtain further support for our conclusions
and to exclude any possible competitive effects of
the non-neuropathogenic quasispecies associated
with the neuropathogenic LDV isolates in earlier
studies, we have compared the replication of the

Table 2 Suppression of viremia in LDV-C infected BALB/c
SCID mice by passive administration of neutralizing antibodiesa

H mouse T mouse
Days p.i. ID50/ml A405 ID50/ml A405

13
13+5 h
14
21
21+5 h
22
23+5 h
24

107.0

104.5

103.5

105.0

N.D.
N.D.
104.5

103.5

0.07
1.96
1.53
1.20
N.D.b

N.D.b

2.39
2.34

N.D.b

N.D.b

N.D.
106.5

107.0

107.0

103.0

103.0

N.D.b

N.D.b

N.D.b

0.05
0.05
0.05
2.36
2.00

aTwo 4-week old BALB/c SCID mice (H and T) were infected
with cloned LDV-C. At 13 days p.i. the H mouse was injected
with 0.3 ml of ascites ¯uid containing neutralizing mAb 159-18
(Harty et al, 1988) plus 0.3 ml of pooled plasma from 1 ± 2
month LDV-C infected FVB mice (see Figure 2B) that had been
treated thrice with ethyl ether in order to inactivate residual
LDV (Cafruny et al, 1986). The T mouse was injected with
0.6 ml of a similar mixture of NMP and non-neutralizing anti-
VP-3P mAb 159-4 (Harty et al, 1988) at 21 days p.i. Both mice
were bled just before and at the indicated times after passive
immunization and the plasma was assayed by mouse titration
for infectious LDV and by indirect ELISA for neutralizing
antibodies (A405) using the LDV-C/v speci®c ORF 5-P5 peptide.
Only the values for the 1 : 100 plasma dilution are reported. At
23 days p.i. both mice were injected with the neutralizing
antibody mixture. Again the mice were bled after antibody
injection and the plasma assayed for infectious LDV and
neutralizing antibodies. Injections of the neutralizing antibody
mixture into a 23 day LDV-P infected SCID mouse had no effect
on viremia. The plasma LDV titer was 106.5 ID50/ml before and
106.5 ID50/ml 1 day after passive immunization. bN.D.=not
determined.
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cloned neuropathogenic quasispecies LDV-C and
LDV-v in immunosuppressed and immunocompe-
tent C58 mice with regard to generation of
neutralizing antibodies, the level of viremia and
the development of ADPM. The results in Table 3
show a clear relationship in the development of
neutralizing antibodies, a reduction of plasma
virus titer and the prevention of ADPM. Although
the 1-day plasma LDV titers were comparable in
both groups of mice, by 14 days p.i. the titers of
the immunocompetent mice were already 1.5 log10

D50 lower than those of the immunosuppressed
mice similarly as observed in BALB/c and BALB/
c SCID mice, respectively (c.f. Figure 3A and B),
or wild type and B cell de®cient C57BL/6 mice,
respectively (c.f. Figure 4A and B). This coin-
cided with the development of a considerable
neutralizing antibody response in the immuno-
competent C58 mice and the prevention of
ADPM. The immunosuppressed mice, on the
other hand, did not generate a neutralizing
antibody response, maintained higher viremia
and invariably developed ADPM. These results
further support our conclusion that the neuron-
protective effect of an antibody is related to its
neutralizing effect on neuropathogenic LDVs. As
expected (Faaberg et al, 1995b; Chen et al, 1997)
LDV-PLA did not induce paralytic disease in the
C58 mice even though the mice were immuno-
suppressed and the plasma titers were compar-
able to those of LDV-C and LDV-v in the
immunosuppressed C58 mice (Table 3).

The molecular basis for the increased sensitiv-
ity of neuropathogenic LDVs to antibody neutra-
lization has not been entirely resolved. However,
it seems likely to be related to a lower number of
polylactosaminoglycan chains that are associated
with the neutralization epitope on the ectodomain
of VP-3P. This conclusion is suggested by our
®nding that, although the neutralizing epitopes of
the neuropathogenic and non-neuropathogenic

LDVs differ slightly (by two or three amino
acids), all neutralizing MAbs generated to LDV-P
and LDV-vx bind in indirect ELISA with similar
ef®ciency to synthetic peptides carrying the
neutralization epitope of either LDV-C/v or LDV-
P/vx (Li et al, 1998). Furthermore, antibodies
generated to LDV-PLA or cloned LDV-P reacted
with the LDV-C/v speci®c synthetic peptide ORF
5-P5 and cross-neutralized LDV-C and LDV-v
(Table 1). The only consistent difference we have
detected between the VP-3P ectodomains of the
two neuropathogenic and the two non-neuro-
pathogenic LDV quasispecies is that the latter
LDVs possess three closely spaced polylactosami-
noglycan chains on the ectodomain, whereas the
former LDVs lack the two N-terminal chains
(Chen et al, 1998). Our present hypothesis there-
fore is that the three polylactosaminoglycan
chains (especially the N-terminal two) associated
with the neutralization epitope of the non-
neuropathogenic LDVs protect them from anti-
body neutralization and that the absence of two
of the polylactosaminoglycan chains allows the
neuropathogenic LDVs to productively infect
anterior horn neurons of C58 and AKR mice but
at the same time increases their sensitivity to
antibody neutralization thus blocking their ability
to cause paralytic disease in immunocompetent
C58 and AKR mice and to establish a high
viremia persistent infection in any immunocom-
petent mice regardless of strain. Further work is
required to unequivocally prove this hypothesis.
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Table 3 Replication and induction of paralytic disease in immunosuppressed and non-immunosuppressed C58 micea

Paralysis LDV/ml Plasma (ID50) Days p.i. Ab (A405) Days p.i.
LDV CY treatment (days p.i.) Total Days p.i. 1 14 14 21 34

Cloned C

Cloned v

PLA

71, 7
0

71, 7
0

71, 7

2/2
0/2
2/2
0/2
0/2

14, 14

14, 18

108.5

108.5

108.5

108.5

109.0

107.0

105.5

106.5

105.0

107.5

0.1
0.4
0.1
0.7
0.1

1.1

1.9
0.1

2.0

2.7

aTwo month old C58 mice were injected with about 106 ID50 of the indicated neuropathogenic LDVs or LDV-PLA and injected, where
indicated, with 25 mg cyclophosphamide (CY)/kg body weight one day before and 7 days p.i. (Anderson et al, 1995a). The mice were
bled at intervals and their pooled plasma titrated for infections LDV by end point dilution in mice (Plagemann et al, 1963) and by
indirect ELISA for antibodies (Ab) that bind to a synthetic peptide (ORF 5-P5) containing the LDV neutralization epitope on the
ectodomain of VP-3P as described previously (Li et al, 1998; see legend to Figure 3). ELISA data are only shown for the 1 : 200
dilution. The mice were monitored for paralytic disease until 34 days p.i.
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