10.

11.
12.

13.
14.

15.
16.
17.

18.

19.

electrodes spanning the tail; and 4x (four 1-s shocks
of 50 mA at a 1-s ISI).

. Siphon withdrawal was elicted by a single 750-ms

jet of scawater delivered by a waterpick. In all cases,
the measure of response magnitude was the duration
of siphon withdrawal [T. J. Carew, H. M. Pinsker,
E. R. Kandel, Science 175, 451 (1972)]. Response
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score as a percentage of the “pre-score”: for dishabi-
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habituation series; for sensitization the pre-score
was the mean of the two baseline (nondecremented)
responses. All testing was carried out with blind
procedures. Standard nonparametric statistics were
used throughout. First, appropriate overall analyses
of variance were carried out. Subsequent between-
group comparisons were then made by means of
Mann-Whitney U tests, and within-group compari-
sons by means of Wilcoxon signed rank tests. All
probability values are two-tailed.

. In all dishabituation groups, there was significant

habituation before the delivery of the tail stimulus
(Friedman analysis of variance, at least P < 0.01 in
cach case). There was no significant difference in
habituation among the groups: Kruskal-Wallis be-
tween-group comparison of initial stimulus minus
the mean of the last three stimuli in the habituation
series (H = 7.03, NS).

. There was a total of six groups of animals in the

dishabituation series [a Recovery group, plus five
stimulus intensities (6)]. Although only one Dishab.
group (Weak) is illustrated in Fig. 1A, for all groups
showing dishabituation, the results were the same.
For the 90-s, 10- and 20-min tests, respectively, the
results for each stimulus intensity, expressed as the
median percentage (interquartile range in parenthe-
ses) were: Touch, 152% (127%, 173%); 335%
(296%, 404%); and 395% (300%, 450%). Int.,
163% (114%, 191%); 270% (184%, 1006%); and
270% (173%, 381%). Strong, 111% (66%, 296%);
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and 188% (157%, 385%).
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Poliovirus Host

Range Is Determined by a Short Amino

Acid Sequence in Neutralization Antigenic Site I

MicHAEL G. MURRAY, JONATHAN BRADLEY, X1A0-FENG YANG,
EckarRD WIMMER,* ERIC G. MoOss, VINCENT R. RACANIELLO

The mouse-adapted strain of poliovirus type 2 (Lansing) induces fatal poliomyelitis in
mice after intracerebral inoculation, whereas mice inoculated with poliovirus type 1
(Mahoney) show no signs of disease. Previous work indicated that the adaptation to
mouse virulence is associated with the viral capsid proteins and that mutations in
neutralization antigenic site I of poliovirus reduce neurovirulence of the Lansing strain
in mice. The role of antigenic site I in mouse neurovirulence was further explored by
constructing an antigenic hybrid virus. Six amino acids in antigenic site I of the
Mahoney strain were replaced with a sequence specific for the Lansing strain by using a
mutagenesis cartridge. The hybrid virus was neutralized by polyclonal antisera elicited
by the type 1 and type 2 strains of poliovirus and by neutralizing monoclonal
antibodies directed against antigenic site I of type 2 virus. The hybrid virus induced
paralytic disease in mice, an observation demonstrating that a short sequence of amino
acids in antigenic site I is an important determinant of poliovirus host range. Antigenic
site I may be involved in attachment of poliovirus to cells of the mouse central nervous

system.

ISSUE TROPISM OF VIRUSES AND

the progression of viral disease in the

infected host are determined by sev-
eral factors. Specific cellular surface mole-
cules that serve as viral receptors play an
important role in these events. Another de-
terminant is the genotype of a virus because
it affects replication within the cell. Genetic
variants of highly virulent viruses whose
genomes differ by very few nucleotides may
be dramatically attenuated even though ad-
sorption and entry of the variant are not
impaired.

Poliovirus, a member of the Picornaviri-
dae, has served as a model system to study
the molecular basis of viral pathogenesis,
particularly the relationship of genotype and
phenotype to neurovirulence and host range
(1). Attenuation of poliovirus appears to be
caused largely by mutations that impair viral
replication within the cell (2, 3). Poliovirus-
es, which occur in three serotypes, are hu-
man pathogens that can be propagated only
in cultured cells of primate origin because

other cell lines do not express a functional -

receptor molecule (4). Although most polio-
virus strains can infect only primates, the
Lansing strain of poliovirus type 2 [PV-
2(L)] has been adapted to mice (5) and
causes fatal paralytic disease when inoculat-
ed intracerebrally (6). In contrast, many
other poliovirus strains, including type 1
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(Mahoney) [PV-1(M)], although highly
neurovirulent in primates including man,
are avirulent in mice, even when adminis-
tered in high doses (7). A molecular genetic
analysis of PV-2(L) has revealed that the
major determinant or determinants of the
mouse-adapted phenotype are contained
within the four capsid polypeptides (7). A
study of the neurovirulence of neutralization
escape mutants of PV-2(L) suggests that the
mouse-adapted phenotype is determined by
a specific region of VP1 located roughly
between amino acids 90 and 105 (8).

The known chemical (9) and three-di-
mensional (10) structures of poliovirus, the
results of analyses with neutralizing mono-
clonal antibodies (N-mAbs) and neutraliza-
tion-resistant variants, and the information
gained from immunizations with synthetic
peptides led to the identification of three
neutralization antigenic sites (N-Ag) of the
poliovirion (11). One of these sites is a
continuous sequence of amino acids (90—
105) in VP1 and is identical with the region
to which LaMonica ef al. (8) had mapped
the mouse-adapted phenotype of PV-2(L).
We refer to this region as N-Agl. In the
crystal structures of human rhinovirus 14
(12) and of PV-1(M) (10), N-Agl occurs as
a loop near the apexes of the particle.

The development of infectious poliovirus
¢DNA clones (13) and transcription vectors
that produce unlimited amounts of highly
infectious RNA in vitro (14) have made
possible the construction of various poliovi-
rus recombinants useful for studying viral
replication and pathogenesis. The method
of “cartridge mutagenesis,” which facilitates
exchange of very small regions of the
genome, was adapted for poliovirus (15). To
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Fig. 1. Schematic representation of the poliovirus
hybrid showing B sheet B and B sheet C flanking
the N-Agl loop (10, 11). Amino acids of PV-
1(M) are shown in the top shaded box and those
of W1/2-1D-1 are shown in the bottom box,
with the substituted amino acids unshaded. Ami-
no acids identical between PV-1(M) and W1/2—
1D represented by dashes. The mutagenesis car-
tridge is enclosed in the large box. (@) The
naturally occurring Sph I restriction site; (H) the
newly generated Hind III restriction site (17).
Abbreviations for the amino acid residues are: A,
Ala; C, Cys; D, Asp; I, Ile; K, Lys; L, Leu; M,
Met; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; and
V, Val.

Table 1. Serological characterization of the W1/
2-1D-1 hybrid virus with neutralizing polyclonal
antibodies. TCIDso, median tissue culture infec-
tious dose.

Dilution of antibody neutralizing

100 TCIDs,
Virus Antibody to
Type 1 Type 2
PV-1(M) >1:4096 <L:2
PV-2(L) <l:2 1:2048
W1/2-1D-1 >1:4096 1:64

investigate the molecular basis of neutraliza-
tion and to explore the possibility of devel-
oping novel vaccines, we described the con-
struction, via a mutagenesis cartridge, of a
viable antigenic hybrid virus consisting of
PV-1(M) with the N-AgI of poliovirus type
3 (Leon) [PV-3(Leon)] (16, 17). This PV-
1(M)/PV-3(Leon) antigenic hybrid virus is
neutralized by type 1- and type 3—specific
antisera and elicits, in rabbits and monkeys,
a type 1- and type 3—specific neutralizing
immune response. Burke et al. (18) also
obtained a viable antigenic hybrid virus
[PV-1(Sabin)/PV-3(Sabin)] by a different
route.

We have now constructed a similar hybrid
virus consisting of PV-1(M) with the N-Agl
of PV-2(L) and tested it for expression of
the phenotype of mouse neurovirulence.
The sequence of the hybrid virus around N-
Agl is shown in Fig. 1, and its construction
was essentially as previously described (17).
Briefly, two complementary PV-2(L)-spe-
cific oligodeoxyribonucleotides with a se-
quence corresponding to amino acids 95—
102 (7) were chemically synthesized and
inserted into restriction sites of a PV-1(M)
cDNA clone especially engineered for this
purpose (17). The resulting plasmid con-
tained the poliovirus cDNA preceded by a
phage T7 promoter that served as a signal
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for transcriptional initiation with phage T7
RNA polymerase to generate infectious po-
liovirus genomic RNA in vitro (14). HeLa
cell monolayers were transfected with the
synthetic viral RNA, and virus (designated
strain W1/2—1D-1) was isolated after a cyto-
pathic effect had developed. Nucleotide se-
quence analyses of the parental plasmid
DNAs, of the synthetic transcripts, and of
the genomic RNA of the W1/2-1D-1 hy-
brid virus confirmed the expected heterotyp-
ic nucleotide sequence coding for N-Agl.
Serological analysis showed that the PV-
2(L)~specific sequence that replaced the N-
Agl of PV-1(M) was recognized by a type-
specific polyclonal antiserum to PV-2(L),
while the other neutralization antigenic sites
were recognized by type l-specific antise-
rum (Table 1); that is, W1/2-1D-1 was
neutralized by hyperimmune sera elicited by
PV-1(M) or PV-2(L). Moreover, the hybrid
virus was neutralized by monoclonal anti-
bodies specific for N-Agl of PV-2(L) (19)
but not by a monoclonal antibody specific
for N-Agl of PV-1(M) (20) (Table 2).
Thus, the genetically engineered W1/2-1D-
1 virus is a true antigenic hybrid virus
similar to the PV-1(M)/PV-3(Leon) virus
(16, 17).

Tenfold dilutions of the W1/2-1D-1 hy-
brid virus were injected intracerebrally into
20-day-old mice, and the animals were ob-
served for 21 days as described by LaMonica
et al. (8). Median lethal dose (LDsg) values
were calculated (Table 3). In contrast to PV-
1(M), to which mice are completely resist-
ant [at 5 X 108 plaque-forming units (PFU)
per inoculation], the W1/2-1D-1 hybrid
virus is markedly neurovirulent with an
LDs, of 1.4 x 105 PFU. Virus was recov-
ered from the spinal cords of four mice that
had become paralyzed at different times after
inoculation with different levels of the hy-
brid virus. Nucleotide sequence analysis of
viral RNA indicated that none of the neural
isolates contained base changes in the N-Agl
region.

The LDs, value of the antigenic hybrid is
about ten times higher than was previously
observed for transfection-derived PV-2(L)
(Table 3). The reduced neurovirulence of
the hybrid virus is not due to changes within
N-Agl that might attenuate the virus (8), as
demonstrated by sequence analysis of neural
isolates. One possibility is that sites other
than N-Agl of PV-2(L) are required for the
full expression of mouse neurovirulence.
However, a similar hybrid constructed by
others was reported to be as neurovirulent as
PV-2(L) in mice (21). Perhaps the PV-1(M)
cDNA clone used in our experiments carries
attenuation markers for mouse neuroviru-
lence. We are currently searching for the
reason for the reduced neurovirulence of the

Table 2. Serological characterization of the W1/
2-1D-1 hybrid virus with neutralizing monoclo-
nal antibodies to PV-2(L) N-Agl (22) and PV-
1(M) N-AgI (23).

Dilution of antibody neutralizing

100 TCIDs,
Virus Antibody to
PV-2(L) PV-1(M)
N-Ag I N-Ag I
(mAb 433) (mAb 95)
PV-1(M) <1:4 1:32
W1/2-1D-1 >1:4096 <l:4
PV-2(L) 1:1024 <l:4

Tabie 3. Mouse neurovirulence of the W1/2-1D-
1 hybrid virus relative to PV-1(M) and PV-2(L)
viruses. LDsq is the amount of virus (PFU)
required to cause paralysis or death in 50% of
mice in 21 days. LDs, values for PV-2(L) are
from (8) and for PV-1(M) are from (7).

Virus LDy,
W1/2-1D-1 1.4 x 10°
PV-2(L) 5x10%to 1 x 10°
PV-1(M) >5 x 10®

hybrid virus W1/2-1D-1 relative to PV-
2(L).

Our studies of mouse neurovirulence have
led to the conclusion that an exchange of
only six amino acids in the N-Agl loop
converts PV-1(M) from an avirulent to a
highly neurovirulent virus in mice. These
data confirm our previous conclusion that
the exposed loop formed by amino acids
95-105 in poliovirus is involved in mouse
neurovirulence (8). We do not know the
molecular basis for the change of host range
and the concomitant induction of neurovir-
ulence by the exchange of but a few amino
acids in an exposed loop of the poliovirus
capsid. Neither the cellular receptor for po-
liovirus, nor the precise region of the virion
that interacts with the receptor has been
identified. Rossmann et al. (12) proposed
that a canyon surrounding the apex below
the exposed loop serves as the receptor
attachment site, a suggestion recently cor-
roborated by genetic studies with human
rhinovirus 14 (22). Itis possible that attach-
ment of poliovirus to the mouse cell recep-
tor, whether or not it is similar to the
primate cell receptor, involves amino acids
of the N-Agl loop.

Studies of poliovirus neurovirulence in
young mice have recently confirmed that the
5' nontranslated region of poliovirus type 3
(Sabin) confers a strong attenuation pheno-
type to PV-2(L) (23). In this case, the
development of disease is strongly influ-
enced not by surface properties of the parti-
cle, but by a specific nucleotide sequence of
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the viral genome important for replication
of the virus. In contrast, the biological prop-
erties of the hybrid virus we described are
solely the result of surface properties of the
virion and therefore are believed to influ-
ence steps of virus entry. This conclusion is
based on the observation that a recombinant
in which the PV-1(M) capsid was ex-
changed with that of PV-2(L) is as neurovir-
ulent in mice as PV-2(L) and that PV-1(M)
RNA replicates efficiently after transfection
into cultured mouse cells (24). The W1/2—
1D-1 hybrid virus, in addition to an altered
antigenic phenotype, also expresses a change
of host range. It is likely that multiple amino
acid replacements in the highly exposed N-
Agl loop have occurred during the evolu-
tion of the Picornaviridae. Our results sug-
gest that such subtle changes of the virion
capsid may in some cases have led to the
emergence of new etiological agents with
altered tissue tropism, perhaps explaining in
part why human enteroviruses and rhinovir-
uses cause such a bewildering array of differ-
ent disease syndromes in humans.
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Malondialdehyde-Altered Protein Occurs in Atheroma
of Watanabe Heritable Hyperlipidemic Rabbits

MARGARET E. HABERLAND,* DORA FONG, LORNA CHENG

It has been proposed that chemically reactive lipids released during lipid peroxidation
convert low density lipoprotein (LDL), the major carrier of plasma cholesterol, to an

- abnormal form and that receptor-mediated clearance of this altered LDL produces

cholesteryl ester deposition in macrophage-derived foam cells of atheroma. Immuno-
cytochemical analyses now reveal the presence of protein modified by malondialde-
hyde, a peroxidative end product, which colocalizes with the extracellular deposition of
apolipoprotein B-100 protein of LDL in atheroma from Watanabe heritable hyperlipi-
demic rabbits. These findings provide direct evidence for the existence in vivo of
protein modified by a physiological product of lipid peroxidation within arterial

lesions.

HE SEQUENCE OF CELLULAR

changes in the progression of athero-

sclerosis has now been elucidated
through morphologic studies (1). The bio-
chemical mechanisms leading to the forma-
tion of macrophage-derived foam cells, the
major histological markers of this disease,
are still unknown. It has been proposed that
alteration of low density lipoprotein (LDL)
produces clearance by subendothelial mac-
rophages and results in intracellular deposi-
tion of lipoprotein-derived cholesterol (2,
3). Studies in vitro have implicated modifi-
cation of LDL by lipid peroxide products as
one potential mechanism (3-5). Malondial-
dehyde (MDA) is one end product of lipid
peroxidation (6). Reaction of MDA with a
critical number of lysine residues of the
apolipoprotein B (apoB)-100 protein of
LDL produces internalization by the scaven-
ger receptor of human monocyte-macro-

phages and the subsequent intracellular ac- .

cumulation of lipoprotein-derived choles-
teryl ester in vitro (3, 7, 8). Whether modifi-
cation of LDL by MDA or other lipid
peroxides occurs in vivo as a prerequisite to
the formation of arterial foam cells has yet to
be demonstrated.

M. E. Haberland and D. Fong, Department of Medicine,
Division of Cardiology, UCLA School of Medicine, Los
Angeles, CA 90024.

L. Cheng, Department of Pathology, UCLA School of
Medicine, Los Angeles, CA 90024.

*To whom correspondence should be addressed.

One approach to resolving this issue is
through study of agents that prevent lipid
peroxidation. Recent studies have shown
that probucol, an antioxidant, retards ath-
erosclerosis in Watanabe heritable hyperlipi-
demic (WHHL) rabbits (9). WHHL rab-
bits, an animal model of familial hypercho-
lesterolemia, are homozygous for a mutant
allele in the LDL receptor and develop
spontaneous, premature atherosclerosis
(10). A second approach is through identifi-
cation in situ of LDL modified by lipid
peroxides. In our studies we have used
MDA as an index of lipid peroxidation. We
now report the immunocytochemical identi-
fication of MDA-altered protein and coloca-
lization with the apoB-100 protein of LDL
in atheroma of WHHL rabbits. By contrast,
there is no evidence of MDA derivatization
of plasma LDL from WHHL rabbits or of
protein in arterial walls from normolipide-
mic New Zealand White (NZW) rabbits.
These findings provide direct evidence that
protein modification by a physiological
product of lipid peroxidation occurs in vivo
during both early and late stages of lesion
formation.

MDA-altered protein was detected by the
monoclonal antibody (mAb) designated
MDAlys, an immunoglobulin G2a (IgG2a)
produced by a murine myeloma (17). The
antibody, generated by established proce-
dures (11-14), was selected for ability to
bind to immobilized MDA-LDL, but not to
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