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Antibody-mediated poliovirus neutralization was studied by using a series of 13
monospecific neutralizing antibodies. These antibodies were found to recognize
seven individual viral epitopes, several of which functionally overlap one another.
Each epitope was capable of undergoing variation so that the variant virus was no
longer capable of being neutralized by antibody directed against that epitope. The
measured degree of variation for each site varied from -3.1 to -4.2 log1o variant
PFU per wild-type PFU. Under nonsaturating but neutralizing conditions, the
antibodies, with the exception of those directed to one specific epitope, failed to
completely inhibit the virion's binding to the cell. Similarly, none of the
neutralizing antibodies completely inhibited viral penetration, but all prevented
virus-specific transcription. A strong correlation was established between the
binding of each of the neutralizing antibodies, with one exception, to the virion
and a significant shift in the virion's pl from 7.0 to ca. 4.0.

The structural and functional bases of poliovi-
rus neutralization by antibody has attracted in-
terest since the development of the poliovirus
vaccines some 30 years ago (26, 27). In spite of
considerable study and significant progress (21),
the specific mechanisms involved in neutraliza-
tion have not been elucidated. A major difficulty
inherent in these studies has been the use of
hyperimmune antiserum that contains a mixture
of antibodies, not all of which neutralize and
which are directed against different epitopes of
intact virions. Hence, it is difficult to establish
concrete associations between the effects on the
virion of the varied antibody populations and the
neutralization event.
The recent development of hybridoma tech-

nology has allowed for the establishment of cell
lines secreting monospecific antibody (13, 14).
Application of this technology to the poliovirus
sytem has led to the production of a number of
anti-poliovirus neutralizing monoclonal antibod-
ies (2, 5-7, 9, 10, 24). Thus far, some of these
antibodies have been used to show that at least
several poliovirus neutralization epitopes are
located in VP1, one of the virion's four structur-
al proteins (5, 24). This result was supported by
serological studies with polyclonal antibody
raised against isolated VP1 (1). In addition, a
monospecific neutralizing activity was recently
detected in rabbit antiserum prepared against
purified VP4 of poliovirus type 1 (4a). This

activity appears to be directed to a single site on
VP3.
The experiments described in this report made

use of 12 anti-poliovirus type 1 neutralizing
monoclonal antibodies along with the neutraliz-
ing anti-VP4 serum to study the effects of such
monospecific antibodies on the early events of
poliovirus replication. A genetic study identified
seven individual epitopes that are recognized by
different neutralizing monospecific antibodies.
Several of these epitopes, which we call neutral-
ization epitopes, functionally overlap with one
another to different degrees. Each neutralization
epitope was independently capable of undergo-
ing variation so that the resulting variant virus
was no longer neutralized by the respective
monospecific antibody. We have also studied
the effect of the binding of monospecific neutral-
izing antibodies to the different epitopes with
respect to the virion's interaction with the cell
surface, viral penetration, and viral macromo-
lecular synthesis. In addition, we report anti-
body-induced changes in the pI of the virions.

MATERIALS AND METHODS
Establishment of hybridoma cell lines secreting neu-

tralizing monoclonal antibody. Hybridomas secreting
A13, A145, A229, and A611 were prepared from mice
immunized with poliovirus type 1 (Mahoney strain)
exactly as described by Emini et al. (5). Hybridomas
secreting I CJ 27, I H 8-4, I H 8-25, I CJ 12-9, and I CJ
31-10 were prepared from mice immunized with the
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Mahoney strain as described by Crainic et al. (2) and
Couillin et al. (la). Antibody 1 BM 55-6 was prepared
by the latter methodology from a mouse immunized
with the Sabin strain of poliovirus type 1.

Viral plaque titration. Virus was biologically quanti-
tated by plaque titration in HeLa cells as described by
Emini et al. (5).

Labeling and purification of poliovirions. Virions
were labeled with [35S]methionine or [3H]uridine and
purified as previously described (5).

Preparation of rabbit antisera. Rabbit antisera di-
rected against the purified structural protein VP1 or
VP3 were prepared essentially as described in Emini et
al. (4a) for anti-VP4. Rabbit anti-poliovirus type 1
hyperimmune serum was obtained from M. A. Bio-
products (Walkersville, Md.).
Column isoelectric focusing. Isoelectric focusing was

carried out in a 110-ml LKB focusing column. The
column was composed of a 102.4-ml 0 to 50% (wt/vol)
stepwise sucrose gradient containing 0.1% Triton N-
101 and 1.0%o ampholytes (pH 3 to 10; Pharmalytes,
Pharmacia Fine Chemicals, Inc., Piscataway, N.J.).
The cathode (top electrode) buffer was 1.6% ethylene-
diamine. The anode (bottom electrode) buffer was 60%
(wt/vol) sucrose-1.5% H2SO4. The column was run
overnight at a maximum voltage of 1,800 V, a maxi-
mum power of 15 W, and a maximum current of 15
mA. At the completion of focusing the gradient was
fractionated into 1.5-ml fractions. The pH of each
fraction was determined and the fractions were as-
sayed for the focused sample.

RESULTS

We have studied 12 monoclonal antibodies (2,
5) (Table 1) that effectively neutralize poliovirus
type 1 (Mahoney strain). One additional neutral-
izing activity was rabbit antiserum prepared
against the purified structural protein VP4 of
type 1 (Mahoney) and which was found to
contain neutralizing antibodies directed against
a single site on the VP3 structural protein (4a).

Identification of distinct functional neutraliza-
tion epitopes. The number and relationships of
the neutralization epitopes on the poliovirion
have never been determined. Previous studies
have shown that monoclonal antibodies D3 and
H3 are directed toward different sites on the
virion's VP1 protein (5) and that the neutralizing
activity of the anti-VP4 serum is directed toward
a single site on VP3 (4a). It was of interest to
determine whether some different antigenic sites
could be recognized with the other 10 monoclo-
nal antibodies.
We prepared viral variants that could no long-

er be neutralized by their respective antibody for
all of the neutralizing activities. The procedure
used was the same as that reported by Emini et
al. (5). These variants were then used in cross-
neutralization tests against each of the neutraliz-
ing activities. The results are presented in Table
2. For analyzing the data, we arbitrarily as-
sumed that two neutralizing antibodies are di-
rected against the same epitope if one antibody

TABLE 1. Neutralizing monospecific activities
directed against poliovirus type 1 (Mahoney)

Stony Pasteur
Brooka Instituteb

D3 I CJ 27
H3 I H 84
A13 I H 8-25
A145 I CJ 12-9
A229 I CJ 31-10
A611 1 BM 55-6
Anti-VP4

a These activities were prepared and isolated at the
State University of New York at Stony Brook. The
first six are monoclonal antibodies that were prepared
as described for D3 and H3 by Emini et al. (5). The last
is serum prepared against purified structural protein
(4a).

b These activities were prepared and isolated at the
Pasteur Institute, Medical Virology Department, Par-
is, France. All are monoclonal antibodies.

reduced the plaque titer of the other antibody's
non-neutralizable variant by 1.0 log10 PFU/ml or
less. On this basis we identified seven function-
ally distinct neutralization epitopes. The neutral-
izing activities directed against each epitope are
listed in Table 3.

Analysis of the cross-neutralization data also
showed that a certain degree of overlap exists
among several of the epitopes. Epitopes A and B
(Table 3) are somewhat related as judged by the
inability of antibodies D3, A145, A229, and A611
to neutralize the H3 variant as well as each
neutralized the wild-type virus. Similarly, anti-
body H3 failed to neutralize the D3 variant as
well as it neutralized the wild-type virus. Epi-
tope E is closely related to epitope B since the
antibodies directed against these two sites were
inefficient neutralizers of each other's variants,
yet efficient enough to be considered two differ-
ent functional sites.
Degree of variation at the neutralization epi-

topes. It was previously determined that the
epitopes which bind the D3 and H3 antibodies
vary on the order of ca. -4.0 log10 variant PFU
per wild-type PFU (5). The determination of this
degree of variation was based on the number of
non-neutralizable variants which appeared after
a single passage in cells that had been infected
with a variant-free inoculum. In a similar fash-
ion, the degree of variation for the anti-VP4
activity was estimated to be -4.5 to -4.8 logl0
variant PFU per wild-type PFU (4a). It was of
interest to determine the degree of variation
exhibited by the remaining neutralization epi-
topes. The variation was measured, as it had
been for the D3 and H3 epitopes, exactly as
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TABLE 2. Neutralization of non-neutralizable variants with monospecific neutralizing activitiesa
Neutralization of Non-neutralizable variants (log1o PFU/ml reduction of plaque titer)'

Monospeci- Anti- I H I CJ I CJ 1 BM
fic antibody wt D3 H3 A13 VP4 I CJ 27 I H 8-4 8-25 12-9 31-10 55-6

D3 4.6 -c 3.7 4.4 5.0 4.5 4.4 4.6 4.7 4.1 4.5
H3 5.1 3.1 4.9 5.1 4.9 5.2 4.9 5.0 1.1 4.9
A13 3.6 3.5 3.9 3.5 4.5 3.7 3.7 3.9 3.7 3.9
Anti-VP4 1.7 1.6 1.9 1.8 1.7 1.5 1.7 1.6 2.0 1.9
1 CJ 27 3.0 2.6 3.1 3.7 3.1 - 1.0 0.1 0.2 2.9 2.9
I H 8-4 2.7 2.7 2.4 3.3 3.2 0.2 0.2 0.2 2.8 2.6
I H 8-25 3.0 2.9 3.2 3.8 3.7 0.5 0.4 0.4 2.9 2.6
I CJ 12-9 5.3 4.6 5.0 4.5 5.1 0.5 0.3 0.1 5.1 5.4
I CJ 31-10 5.2 5.1 1.3 4.5 4.5 5.3 5.2 5.1 5.0 4.8
1 BM 55-6 5.1 5.4 4.9 5.4 5.0 4.3 5.0 4.9 4.7 4.6
A145 5.3 0.3 4.0 4.8
A229 5.1 0.6 4.0 5.1
A611 5.3 0.3 3.6 4.9

a Each variant was tested against each neutralizing activity in a standard plaque reduction neutralization test,
using undiluted antibody preparations.

b Variants are listed by the antibody against which they are resistant. wt, Wild-type virus.
c , Plaque reduction was <0.5 PFU/ml.

described by Emini et al. (5). Results (Table 4)
show that the measured degrees of variation
were similar for all of the epitopes and ranged
from -3.1 to -4.2 log1o variant PFU per wild-
type PFU.

Effect of monospecific neutralizing antibodies
on virus-cell association. The groups of monospe-
cific antibodies (Table 3) all have in common the
ability to neutralize the infectivity of poliovirus.
Since some of these antibodies appear to attach
to different sites on the surface of the virion, we
tested whether each group exerts similar or
different effects on the early events of poliovirus
infection. First, we studied the adsorption of
virions to susceptible cells and the events imme-
diately after adsorption. [35S]methionine-labeled
virions were treated with either buffer or neu-
tralizing antibody. The treated virions were then
allowed to attach to HeLa cells. L cells, which
do not have poliovirus-specific receptors (3),
were used as controls. The assay was carried out
such that a standard amount of virions (known
by the specific radioactivity of incorporated
[35S] methionine) was treated with increasing

TABLE 3. Grouping of neutralizing activities by
functional epitopesa

A B C D E F G

D3 H3A13 I CJ 27 ICJ 31-10 1 BM 55-6 Anti-VP4
A145 I H 8-4
A229 I H 8-25
A611 I CJ 12-9

a Antibodies were grouped together on the basis of
their ability to neutralize the non-neutralizable vari-
ants of the other antibodies (see text).

amounts of antibody. The number of antibody
molecules was estimated by calculating the
amount of immunoglobulin found after protein
A-Sepharose chromatography of a portion of
each sample containing the neutralizing activity.
(The specific extinction coefficient of mouse
immunoglobulin G, A28019 = 15.0, was used for
these calculations.) All samples were adjusted to
approximately equal antibody concentrations.
At a virus sample/antibody sample ratio of 1:1,
we estimated that four antibody molecules
would bind to the virion. The 1:10 and 1:20
ratios should yield complete saturation of virion

TABLE 4. Degree of variation at the neutralization
epitopesa

Virus titer (log10 PFU/ml)
Infection

no. NoAb A1 +ICJi +ICJ +1BMno.NoAb +A13 27 31-10 55-6

1 8.2 4.4
2 8.3 4.1
3 8.3 5.2

1 8.9 5.5 5.3
2 8.7 5.1 5.2

1 9.3 5.5
2 8.8 5.4

a Two or three HeLa cell cultures (5.0 x 106 cells
each) were independently infected with wild-type vi-
rus at a multiplicity of infection of 10-2 PFU per cell.
The inocula were free of detectable variants. The
progeny virus-containing harvests were titrated in the
presence (under conditions of antibody excess) or
absence of the monoclonal neutralizing antibodies
(Ab).
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TABLE 5. Effect of monospecific neutralizing activities on virion-cell association
% Cell-associated virus-specific radioactive counts'

Neutralizing activity HeLa cell L cell
1:20" 1:10 1:5 1:1 1:20 1:10 1:5 1:1

Hyperimmune serum 21.0 20.0 31.0 260.0 13.0 22.0 23.0 220.0
D3 (A)c 17.0 22.0 50.0 69.0 8.0 6.0 8.0 6.5
H3 (B) 12.0 10.0 30.0 54.0 8.0 6.0 9.0 6.0
A13 (C) 86.0 97.0 257.0 286.0 97.0 194.0 228.0 280.0
I CJ 27 (D) 9.0 20.0 6.0 12.0
I CJ 31-10 (E) 11.0 43.0 8.0 31.0
1 BM 55-6 (F) 14.0 262.0 10.0 252.0
Anti-VP4 (G) 27.0 26.0 33.0 47.0 7.0 5.0 6.3 4.5
Anti-VP3d 106.0 109.0 9.0 9.0
Anti-VPld 118.0 16.0

a A total of 5.0 x 106 HeLa S3 or L suspension cells were washed several times with phosphate-buffered
saline. The cells were resuspended in spinner minimal Eagle medium (GIBCO, Grand Island, N.Y.) and infected
with [35S]methionine-labeled virus at a calculated multiplicity of infection of 5.0 PFU per cell. The cells were
incubated for 30 min at 37°C and then washed twice with phosphate-buffered saline. Finally, the cells were
resuspended in phosphate-buffered saline containing 2.0%o sodium deoxycholate (Sigma Chemical Co., St. Louis,
MO.) and solubilized in scintillation fluid (Aquasol-2; New England Nuclear, Boston, Mass.) for determination
of radioactive counts. Approximately 40%6 of the added radioactive counts attached to the HeLa cell in the
antibody-free control sample. The latter value was taken as 100%o binding, and the values listed represent percent
binding with respect to this control. The maximum amount of virion-L-cell association observed in the absence
of antibody was 19o.

b Virus/antibody ratio. In each case the volume of virus added remained constant and the amount of antibody
used varied. The antibody concentration of each antibody preparation was adjusted to approximately equal
levels.

c Epitope grouping to which the listed antibody belongs is given in parentheses (see Table 3).
d Anti-VP3 and anti-VP1 are non-neutralizing sera containing antibodies which bind to the virions (see text).

by antibody, since it can be assumed that there
are 30 antibody binding sites per virion (on the
basis of 60 identical structural subunits per viri-
on; 25). In all cases, the 1:1 ratio of antibody/vi-
rion was sufficient to neutralize 99%o of viral
infectivity (data not shown).

Table 5 presents the data of virus-host cell
interaction. The data are expressed as percent-
age of virus-antibody complex bound compared
with binding of untreated virions. It can be seen
that monoclonal antibodies of groups C and F
enhanced the binding of virions under nonsatur-
ating conditions to the extent of hyperimmune
serum, an effect observed previously for hyper-
immune neutralizing serum by Mandel (17, 18).
This effect, however, cannot involve specific
interactions between poliovirus-specific host-
cell receptor and the virion surface since it was
also seen with L cells. In the case of the other
groups of neutralizing activity (A, B, D, E, and
G) binding was inhibited to different extents, at a
ratio of 1:1. Inhibition was enhanced when the
concentration of antibody was increased. A
small amount of nonspecific binding appeared to
be mediated by I CJ 31-10 at the 1:1 ratio.
Monoclonal antibody I CJ 27 appeared to com-
pletely inhibit binding even under nonsaturating
conditions. This is an effect of binding to a
specific epitope and not a property of I CJ 27

since each of the other antibodies of group D (I
H 8-4, I H 8-25, and I CJ 12-9) had the same
effect on virion binding (data not shown).

All of the effects on virus-cell association seen
in these experiments were mediated solely by
neutralizing antibodies. When antibodies were
analyzed that bind to the surface of the virion
but do not neutralize, the result was different.
Anti-VP3 and anti-VP1, two antisera prepared
against the respective purified viral capsid pro-
teins, were both incapable of inhibiting binding
even under highly saturating conditions (Table
5). Both sera fail to neutralize viral infectivity,
but both contain antibodies which bind to viri-
ons in immunoprecipitation tests (data not
shown).

Finally, it should be noted that these adsorp-
tion studies were carried out at 37°C instead of
0°C since preliminary experiments indicated that
viral adsorption 'at the lower temperature was
somewhat inefficient. Elution of virus from cells
after binding (16) was found not to have contrib-
uted significantly to the results. Release of la-
beled virus into the medium did not exceed 3.0%o
of total bound virus during the 30-min course of
the experiment.

Effect of monospecific neutralizing antibodies
on virus penetration. Since most of the monospe-
cific neutralizing antibodies did not totally pre-
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vent virus from binding to the cell under neutral-
izing but nonsaturating conditions, the effects of
the antibodies on viral penetration were investi-
gated. The process of penetration is poorly
understood. In this study we assayed for "pene-
tration" by an elution procedure. Radioactivity
of [3H]uridine-labeled virus remaining associat-
ed with HeLa cells after elution with 8.0 M urea
at pH 7.5 (8) was considered to indicate pene-
trated virus. Specifically, radioactively labeled
virions were allowed to bind to HeLa cells at 5°C
in the presence or absence of antibody. The
amount of antibody used was equivalent to the
1:1 ratio of Table 5. The temperature was then
shifted to 37°C, and at 0, 15, and 30 min after the
shift, virus still exposed on the surface of the cell
was removed with 8.0 M urea in phosphate-
buffered saline.
The results in Table 6 show that by 30 min

after the shift to 37°C only ca. 30% of the
untreated virus-specific counts could be recov-
ered from the cell surface. This value did not
decrease further up to 120 mins post-shift (data
not shown). Hyperimmune antiserum effectively
inhibited viral penetration, a result in agreement
with that of Holland and Hoyer (8). However,
none of the monospecific neutralizing antibodies
completely inhibited penetration. Instead, pene-
tration was inhibited by only slightly more than
half of the antibody-free control. No additional
penetration was seen after 30 min (data not
shown). Non-neutralizing antibody (anti-VP1)
also inhibited penetration somewhat. Since the
latter serum does not decrease the plaque titer of
the viral preparation (data not shown), it may be
concluded that the levels of inhibition of pene-
tration exhibited by the neutralizing antibodies
are not significant with respect to the neutraliza-
tion event.
As shown before (Table 5), I CJ 27, a group D

neutralizing monoclonal antibody, prevented the
specific attachment of virions to the host cell. I
CJ 31-10, on the other hand, slightly enhanced
the unspecific binding (Table 5). When virions
were treated with a mixture of these antibodies,
penetration was observed to the same extent as
with I CJ 31-10 alone. Thus, the blocking of
specific attachment did not prevent extensive
penetration as assayed by 8.0 M urea elution.
Finally, a mixture of five antibodies, each be-
longing to a different group (A,B, C, E, and F),
was also not capable of inhibiting penetration in
a fashion similar to the hyperimmune serum.
That the penetration in the presence of neu-

tralizing monoclonal antibodies was due to a
distinct interaction with the host cell and was
not the result of an unspecific aggregation with
the cell surface was shown as follows. Virus was
treated with antibody A13 and attached to L
cells (see Table 5). Virus was then eluted and it

was found that the attached virus-specific
counts were completely recovered up to 60 min
after the temperature shift, indicating that polio-
virus penetration cannot be mediated by this
nonpermissive cell (data not shown).

Effect of monospecific neutralizing antibodies
on viral transcription. Since penetration was not
completely inhibited by the monospecific neu-
tralizing antibodies, the effects of these antibod-
ies on a later stage of viral replication were
examined. Untreated and antibody-treated viri-
ons were used to infect HeLa cells. At 1 h

TABLE 6. Effect of monospecific neutralizing
activities on virus penetration

% Recoverable virus-specific
countsa at time after shift to

Neutralizing activity 37°C:
0 15 30

min min min

No antibody 100 70.0 31.8
Hyperimmune serum 100 95.0 100
D3 (A)b 100 86.3 69.1
H3 (B) 100 76.1 68.4
A13 (C) 100 75.7 67.3
I CJ 27C (D)
I CJ 31-10 (E) 100 90.4 75.5
1 BM 55-6 (F) 100 85.2 77.2
Anti-VP4 (G) 100 79.4 76.4
Anti-VPld 100 76.9 65.0
I CJ 31-10 + I CJ 27 100 84.5 62.7
Mixturee 100 77.2 75.0

a A total of 5.0 x 106 HeLa monolayer cells were
washed twice with phosphate-buffered saline. The
cells were then infected with [3H]uridine-labeled virus
at a calculated multiplicity of infection of 5.0 PFU per
cell. Virus was allowed to adsorb for 15 min at 5°C in
the presence or absence of antibody. Approximately
10 to 20%o of the added radioactive counts attached to
the cells. After adsorption, the cells were overlaid with
minimal Eagle medium (GIBCO) and placed at 37°C.
At 0, 15, and 30 min after the temperature shift, the
cells were washed once with phosphate-buffered saline
and twice with 8.0 M urea in phosphate-buffered
saline. (Microscopic examination of the monolayers
after the urea washes did not reveal any damage to the
cells.) The latter two washes were pooled, and radio-
active counts were determined with Aquasol-2 (New
England Nuclear) as scintillation fluid. Counts recov-
ered at 0 min were considered to represent 100%
recovery. Counts at 15 and 30 min were compared
with these values for calculation of percent recovery.

b Epitope grouping to which the listed antibody
belongs is given in parentheses (see Table 3).

c I CJ 27 prevented viral adsorption (see Table 5).
d Anti-VP1 is non-neutralizing antiserum which con-

tains antibodies that bind to the virion (see text).
' The antibody mixture contained the following neu-

tralizing monospecific antibodies: D3, H3, A13, I CJ
31-10, and Anti-VP4. The final antibody concentration
was calculated to be nonsaturating for the virion.
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induced conformational change by the virion.
2- Following this strategy we determined the pl of

virions before and after binding to the monospe-
cific neutralizing antibodies (under the nonsatur-
ating 1:1 virus/antibody ratio conditions of Table
5) by column isoelectric focusing.
The results are presented in Table 7. Hyper-

immune antiserum was found to alter the virus
pI from 7.0 to 4.5, in agreement with previous
results (19). In addition, all of the monospecific
neutralizing antibodies, with the sole exception
of the anti-VP4 activity, lowered the pl of polio-
virions from 7.0 to 3.6 to 4.1. The non-neutraliz-

, _- -- _ing anti-VP1 serum (see above) did not cause a
change in the pI.
Antibody 1 BA 12-1 is a monoclonal antibody

1 2 3 4 5 6 that was prepared against the Sabin strain of
HOURS, p.i. type 1 poliovirus (2). This antibody was capable,

in immunoprecipitation tests, of binding to both
F. 1. Effect of neutralizing antibodies on virus- the Mahoney and Sabin strains (data not
ic transcription in HeLa cells. A total of 2.5 x shown). However, it is capable of effectively
eLa S3 cells were infected at a multiplicity of neutralizing only the Sabin strain (2), whereas
ion of 20 PFU per cell with untreated or anti- te Mahoney train stralized ereas
treated (1:1 virus/antibody ratio of Table 5) po- the Mahoney strain is neutralized extremely
is. After 1.0 h at 37°C, 5.0 ,g of actinomycin D poorly. The effects of this antibody on the
ochem, La Jolla, Calif.) per ml was added. The virion's pI (Table 7) show that a distinct correla-
vere placed at 5°C for 1.0 h and then transferred tion exists between the neutralization event and
C to continue the infection. A 20-SCi amount of the alteration of the pl. Antibody 1 BA 12-1 did
idine was added upon transfer to 370C. Samples, not change the Mahoney strain's pl, but did
l, were removed from the cultures every hour for lower the Sabin strain's pI value to 3.7.
ostinfection (p.i.), and added to 1.0 ml of cold Finally, the structural integrity of the neutral-
frichlnmnqcefir ncidl (T(?A) Precinitnteq we-reIV-e*IV lxlasl MAwU K1wr V.%r PLsslaLV WUslV

filtered through Whatman GF/A filters. Radioactive
counts on the dried filters were determined with 2,5-
diphenyloxazole (PPO) and 1,4-bis-(5-phenyloxazolyl)
benzene (POPOP) in toluene as scintillant. Symbols:
(@) untreated virus; (0) virus neutralized with A13;
(l) virus neutralized with anti-VP4 serum; (A) unin-
fected cells. Virus neutralized with D3, H3, I CJ 27, I
CJ 31-10, and 1 BM 55-6 gave results similar to the
A13-treated virus (data not shown).

postinfection, the cells were treated with actino-
mycin D and subsequently incubated in the
presence of [3H]uridine. Samples of the cell
cultures were taken every hour and mixed with
trichloroacetic acid. Incorporation of radioac-
tive material into trichloroacetic acid-precipita-
ble material was then determined. The results in
Fig. 1 show that treatment by the monospecific
neutralizing antibodies successfully inhibited vi-
rus-specific transcription from occurring.

Effect of monospecific neutralizing antibodies
on the virion's pL. An attempt was made to
determine whether a common effect(s) of the
neutralizing antibodies on the poliovirion could
be found and whether this effect(s) could be
associated with the neutralization event. Mandel
(19) reported that hyperimmune antiserum alters
the pl of type 1 poliovirus from 7.0 to 4.5. It was
felt that this was reflective of an antibody-

TABLE 7. Effect of monospecific neutralizing
activities on the virion's pl

Virus strain pIa

Mahoney
No antibody 7.0
+Hyperimmune serum 4.5
+Anti-VP1 7.0
+D3 (A)b 3.6
+H3 (B) 3.6
+A13 (C) 3.8
+1 CJ 27 (D) 3.8
+1 CJ 31-10 (E) 4.1
+1 BM 55-6 (F) 3.6
+Anti-VP4 (G) 7.0
+1 BA 12-1 7.0

Sabin
No antibody 7.0
+1 BA 12-1 3.7

a The pls were determined by column isoelectric
focusing (see text). Antibody-treated or antibody-free
[35S]methionine- or [3H]uridine-labeled virus samples
were layered into the column at approximately one-
third the column length from the cathode. At the
completion of focusing, 100 ,ul of each fraction was
assayed for radioactive counts. In each case, over 9%o
of the virus-specific counts focused at the listed pl.

b Epitope grouping to which the listed antibody
belongs is given in parentheses (see Table 3).
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ized virions was investigated. All neutralized
virions whose pl had been changed still con-
tained the viral RNA as shown by the retention
of a [3H]uridine label in the virus (data not
shown). In addition, none of the neutralizing
antibodies significantly aggregated the virus un-
der the nonsaturating condition. Both [35S]meth-
ionine- and [3H]uridine-labeled virus migrated
through velocity sedimentation gradients in
identical fashion in both the presence and the
absence of antibody. Significant aggregation was
only noted when antibody was present in satu-
rating or greater amounts (data not shown).

DISCUSSION
The availability of monospecific neutralizing

antibodies to poliovirus type 1 has provided a
unique opportunity to study antibody-mediated
poliovirus neutralization. Such studies, in the
past, have been difficult since hyperimmune
antiserum contains many different antibodies
directed against the surface of the virion, not all
of which neutralize. Even the non-neutralizing
anti-VP1 and anti-VP3 sera used in these studies
contained antibodies which recognized epitopes
on the intact virion. Hence, it has not been
possible to draw correlations between the effects
of the hyperimmune antiserum on the virion and
the neutralization process itself. Major unre-

solved questions include the number of viral
sites available for antibody-dependent neutral-
ization of infectivity, the structure of these sites,
and the mode by which their interaction with
immunoglobulin renders the virion inactive.
Using 13 antibody activities, we have detected

seven functionally distinct neutralization epi-
topes on the virion. Whether more neutraliza-
tion epitopes can be detected by our strategy
remains to be seen. A certain degree offunction-
al overlap was noted among several of the seven
epitopes. This overlap may be reflective of some
structural overlap among the epitopes or may be
due to conformational change induced in one
site by antibody binding to a structurally distinct
site. Ongoing experiments involving competitive
binding of the individual antibodies to purified
virions may provide information in this regard.
Each epitope was found capable of undergo-

ing variation so that the resulting variant virus
was no longer neutralized by the respective
antibody. Such variation to non-neutralizability
occurred on the order of -3.1 to -4.8 logl0
variant per wild-type virus PFU (see also 4a and
5). Such a degree of variation appears high for
poliovirus, which exists in three highly stable
serotypes. However, recent studies of poliovi-
rus isolated from infected individuals have
shown that the viral genome is capable of under-
going considerable mutation upon passage in

humans (11, 23, 28). The apparent serological
stability of the virus type, which is based on its
ability to be neutralized by the appropriate refer-
ence sera, seems to be more a reflection of the
number of functionally distinct neutralization
epitopes than a reflection of the phenotypic
stability of any individual antigenic site.
Mandel (17, 18), in studying the effects of

hyperimmune serum, notes that, paradoxically,
under nonsaturating but neutralizing conditions
the serum enhances adsorption of neutralized
virus to susceptible cells. This enhancement
now appears to be due to a set of antibodies
which bind to specific epitopes. Surprisingly,
the enhancement also seems to be nonspecific
with respect to cell type as it was observed with
L cells that lack the poliovirus receptor. It is not
known whether such enhancement is a result of
a conformational change in the virion induced by
these antibodies or whether it is mediated by the
antibodies themselves. There also exists a set of
neutralizing antibodies which somewhat, but not
completely, inhibit adsorption. Finally, antibod-
ies directed against a specific epitope (epitope D
of Table 3) all inhibit adsorption even under
nonsaturating conditions. It would be particular-
ly intriguing if this epitope is responsible for
viral attachment to the cellular receptor.
None of the monospecific neutralizing anti-

bodies was found to completely inhibit viral
penetration once the virus bound to the cell. The
degree of penetration was reduced, but this
appears to be more a function of antibody being
bound to the virion than a specific function of
the neutralizing antibodies. Hyperimmune anti-
serum did, however, inhibit penetration. This
observation leads to the speculation that adsorp-
tion and penetration are mediated by two differ-
ent sites on the virion and possibly by two
different cellular receptors. It is interesting to
note that Medrano and Green (22) isolated cell
hybrids to which a number of picornaviruses
adsorb, but which fail to eclipse the attached
virus.
The decrease or increase in adsorption and

decrease in penetration caused by the monospe-
cific neutralizing antibodies is not sufficient to
account for the 99% reduction in infectivity seen
under nonsaturating conditions. Yet, these anti-
bodies appear to have an effect early in viral
replication since neutralized virus did not under-
go virus-specific transcription and fails to shut
off host-cell macromolecular synthesis (unpub-
lished data). A close association was established
between the antibody-caused neutralization
event and alteration of the virion's pl by neutral-
izing antibody. The pl change was not caused by
mere antibody attachment and is probably re-
flective of a virion conformational change in-
duced by antibody binding specifically to a neu-
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tralization epitope. Such a conformational
change may prevent the virus from undergoing
an important early replicative step once it has
penetrated the cell. This step may be the uncoat-
ing and release of the viral RNA as postulated by
Mandel (20). Experiments directed towards the
fate of the antibody-virion complex after adsorp-
tion, such as attempts to recover infectious virus
or assays for release of dyes, are necessary to
answer these questions. Of particular interest is
the neutralizing activity of the anti-VP4 serum,
the only exception to the correlation between
possible conformational change and neutraliza-
tion. These neutralizing antibodies are directed
to a single site on the VP3 protein of the intact
virion (4a) and apparently neutralize by a mech-
anism distinct from pI change.

It is of interest, in ongoing studies, to deter-
mine the exact structures of each of the neutral-
ization epitopes and to correlate these structures
with the functions reported here. Since the nu-
cleotide sequence of the type 1 (Mahoney strain)
polioviral RNA and the amino acid sequences of
the structural proteins are known (4, 12, 15),
direct comparisons between the wild-type virus
and each of the non-neutralizable variants can
be made. These comparisons are being carried
out both by enzymatic analysis of the proteins
and by direct sequencing of the appropriate
regions of the viral RNA. It should be kept in
mind, however, that a mutation to resistance to
neutralization may reside either in the epitope
itself or in the surrounding polypeptide domains,
thereby influencing the secondary structure of
the epitope.
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