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13. To test the monocytoid or lymphoid cells for the 
production of neurotoxic factors, we plated human 
cells at concentrations of lo4, lo5, or lo6 in 1 ml of 
medium (RPMI 1640 with L-glutamine and 10% 
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Poliovirus Mutants Resistant to Neutralization with 
Soluble Cell Receptors 

Poliovirus mutants resistant to neutralization with soluble cellular receptor were 
isolated. Replication of soluble receptor-resistant (srr) mutants was blocked by a 
monoclonal antibody directed against the HeLa cell receptor for poliovirus, indicating 
that the mutants use this receptor to enter cells. The srr mutants showed reduced 
binding to HeLa cells and cell membranes. However, the reduced binding phenotype 
did not have a major impact on viral replication, as judged by plaque size and one-step 
growth curves. These results suggest that the use of soluble receptors as antiviral 
agents could lead to the selection of neutralization-resistant mutants that are able to 
bind cell surface receptors, replicate, and cause disease. 

S OLUBLE CELL RECEPTORS HAVE BEEN 

shown t o  block infection by HIV-1 
(1-5), Epstein-Barr virus (6 ) ,  and rhi- 

novirus (7). We have shown that infection 
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of cells with poliovirus, a small, nonenvel- 
oped animal virus, is blocked by cytoplasmic 
extracts of insect cells expressing cell recep- 
tors for poliovirus (8). As a result of these 
studies, it has been proposed that soluble 
cell receptors might be effective antiviral 
therapeutics. It has been suggested that viral 
mutants resistant t o  the antiviral effects of 
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S100PVR ( ~ 1 )  

Fig. 1. Effect of SlOOPVR concentration on 
neutralization of wild-type virus and srr mutants. 
Identical amounts of purified poliovirions ( lo7 
PFU) were treated with increasing amounts of 
SlOOPVR (0, 1, 5, 10, 25, and 50 p1; 5 pI 
contained 5 x 10"nsect cell equivalents) for 1 
hour at 37°C; infectivity was determined by 
plaque assay on HeLa cells. Titers obtained from 
S100PVR-treated samples are expressed as a per- 
centage of the virus titer of each sample incubated 
without S100PVR. Each point is the average of 
five independent experiments; all values were 
within 5% of those shown. 0, wild type; a, 
111A; 0, 111C; 0, 131B; A, 141D; and A, 
151A. 

soluble receptors would not arise, because 
mutations that abrogate binding to recep- 
tors would be lethal ( 7 ) .  Here we show that 
uoliovirus mutants resistant to neutraliza- 
tion with soluble cellular receptor can be 
readily isolated, at rates similar to those 
observed for mutants resistant to neutraliza- 
tion with monoclonal antibody. 

Cell receptors for poliovirus were overex- 
pressed in Insect cells by means of the bac- 
ulovirus expression system (8). Spodopteva 
j u g i p e v d a  IPLB-SF-21 cells were infected 
for 48 hours with wild-type baculovirus 
(AcNPV) or recombinant baculovirus con- 
taining the cDNA encoding the poliovirus 
receptor (AcPVR). Cells were lysed with 
1% NP-40, nuclei were removed bv centri- 
fugation, cytoplasmic extracts were centri- 
fuged 1 hour at 100,00Og, and the superna- 
tant was filtered through 0.2 Fm 
nitrocellulose. Cytoplasmic extracts (S100) 
of insect cells infected with a recombinant 
baculovirus containing poliovirus receptor 
cDNA (S100PVR) but not wild-type bacu- 
lovirus (S100NPV) neutralized poliovirus 
infectivity (8). Viral titers were reduced 
100- and over 1000-fold by incubation with 
5 or 10 pI of cytoplasmic extracts, respec- 
tively (Fig. 1). However, a fraction of the . - 
inuut virus consistentlv failed to be neutral- 
ized. For example, incubation of wild-type 
virus with 10 p1 or more of SlOOPVR 
reduced infectivity to 2500 plaque-forming 
units per milliliter (PFUlml), compared to 
8 x 10' PFUlml in the absence of extract. 

To determine whether this residual infec- 
tivitv was due to neutralization-resistant 
mutants, we neutralized a plaque-derived 
stock of poliovirus PlIMahoney (designated 
wild type) with 10 pl of S100PVR. Virus 
from fi;e plaques was then subjected to two 

Fig. 2. Binding of srr mu- 
tants to membrane-an- 
chored PVR. (A) Binding 
to HeLa cell membranes. 
We mixed 80,000 cpm of 
each [3?S]methionine-la- 
beled virus preparation with 
500 pl of HeLa cell mem- 
branes ~ r e ~ a r e d  as described 
(25)  A d  ' incubated it at Time (min) 
25°C. Samples (50 PI) were 
taken at different times and membranes were pelleted at 12,000g for 3 min and resuspended in 0.2% 
SDS. The percentage of poliovirus binding to the membrane fraction was determined by scintillation 
counting of both supernatant and resuspended membranes. Nonspecific binding, determined in the 
presence of blocking anti-receptor monoclonal antibody D171, was approximately 5% of the values 
shown. (B) Binding to HeLa cell monolayers. Confluent monolayers in 10-cm plates were infected with 
5 x lo4 PFU of virus in 0.3 ml DMEM at 25°C. Samples (20 pl) were taken at different times after 
infection for titration of infectivity. In both experiments, each point is the mean of duplicate samples; 
all values were within 5% of those shown. Symbols are defined in Fig. 1. 

additional rounds of neutralization with 
SlOOPVR and plaque purification. Four of 
the five plaques gave rise to between one in 
three and one in five srv mutants (designated 
111A, 111C, 131B, 141B, 141D, and 
151A). Similar results were obtained with 
an independent wild-type clone (Y), indicat- 
ing that the generation of srr mutants was 
not restricted to one wild-type poliovirus 
isolate. The frequencies with which srv mu- 
tants were isolated from the wild-type pop- 
ulation were estimated at about 1 in lo4 to 
lo5 PFU, which is comparable to that re- 

blocks poliovirus infection (12). D171- 
treated HeLa cell monolayers were protect- 
ed against infection with wild-type virus and 
with all srr mutants, but the protection was 
significantly higher in cells infected with 
mutants l l l A  and 11 l C  (9). Thus, wild- 
type poliovirus and the srv mutants use the 
same PVR to infect HeLa cells. 

To determine the basis for the resistance 
to neutralization with soluble receptor, we 
determined the kinetics of virus binding to 
membrane-bound PVR. Equal counts per 
minute of purified [35S]methionine-labeled 

uorted for the isolation df mutants resistant uoliovirio& were bound to HeLa cell mem- 
to neutralization with monoclonal antibod- branes for different amounts of time. All 
ies (10, 11). Analysis with neutralizing poly- virus preparations had specific infectivities 
clonal antibodies identified the srv mutants of approximately 3.5 x lo3  PFUlcpm, and 
as type- 1 poliovirus (9). the ~ ~ r t i c ~ e : ~ l a ~ u e - f o r m i n ~  unit ratios were 

For subsequent analyses, wild-type virus between 150 to 300. HeLa cell membranes 
and svr mutants 11 lA, 11 lC,  131B, 141D, were then pelleted, and the associated radio- 
and 151A were labeled with [35S]methio- activity was determined by scintillation 
nine and purified in 5 to 30% sucrose counting. Binding of wild-type virus to 
gradients. The svr mutants and wild-type HeLa cell membranes saturated within 60 
virus were incubated with increasing min at 60% of the input virus (Fig. 2A). 
amounts of SlOOPVR, and the remaining Binding was not detected with svv mutant 
infectivity was determined (Fig. 1). The 11 lC,  whereas mutants 11 lA, 131B, 141D, 
results indicate that the srv mutants fall into and 151A were all similar and bound more 
two classes: one class consisting of mutants slowly and less efficiently than wild-type 
that are relatively more resistant than wild- virus. Kinetics of binding of the viruses with 
type virus, but could be neutralized with membranes from AcPVR-infected insect 
high concentrations of SlOOPVR (mutants cells were similar to those obtained with 
111A, 151A, 131B, and 141D), and the HeLa cell membranes, and poliovirus did 
other class represented by one mutant that not bind to membranes of AcNPV-infected 
could not be neutralized k i th  high concen- 
trations of SlOOPVR (mutant 11 1C). Thus, 
wild-type virus was very sensitive to neutral- 
ization with SlOOPVR, mutant l l l C  was 
totally resistant to neutralization, and mu- 
tants 11 lA, 131B, 141D, and 151A were of 
intermediate resistance. 

To determine whether the svv mutants and 
wild-type virus use the same cell surface 
receptor to infect HeLa cells, a protection 
assay was done with monoclonal antibody 
D171. This antibody is directed against the 
cell receptor for poliovirus and specifically 

insect cells (9). 
The kinetics of svr mutant binding to 

intact HeLa cells was also examined. Equal 
amounts of wild-type virus or svv mutants 
131B and 11 l C  were adsorbed to HeLa cell 
monolayers at 2j°C, and the binding kinet- 
ics were determined (Fig. 2B). Mutant 
13 1B bound slightly less efficiently than 
wild-type virus. Mutant 1 l l C  bound very 
poorly, although some binding was detect- 
ed. The percentage of binding of both wild- 
type poliovirus and svr mutants was higher 
with HeLa cell monolayers than with mem- 

14 DECEMBER 1990 REPORTS 1597 



branes, which might account for the ability 
to  detect low amounts of mutant l l l C  
binding to HeLa cell monolaj7ers. Slightly 
different ~rofiles were obtained when we 
used membranes or  whole cells. In the mem- 
brane assay, binding was detected with ra- 
diolabeled virus, whereas binding to whole 
cells was measured by titrating residual in- 
fectious virus in the supernatant. Further- 
more, binding to HeLa cell monolaj7ers was 
done with 5 x lo4 PFU and 3 x lo7 cells, 
whereas binding to membranes was done 
with approximately 2.8 x lo7 PFU and 
5 x 10" cell equivalents. Therefore, the 
whole cell assay was performed under con- 
ditions of receptor excess and was more 
sensitive than the membrane assay and able 
to  detect low amounts of virus attachment. 
We found that in both assays, srr mutants 
showed reduced ability to  bind to PVR. 

The results of binding assays suggest that 
mutations responsible for the resistance of 
the svvvariants to  neutralization with soluble 
PVR also reduce the ability of these viruses 
to  bind membrane-bound PVR. The de- 
creased binding of the mutants to  HeLa cell 
membranes correlated well with resistance 
of the srr mutants to  neutralization with 
soluble PVR. For example, mutant l l l C  
was the poorest at binding to HeLa cell 
membranes and was not neutralized by any 
concentration of SlOOPVR, whereas wild- 
type virus was able to  bind most efficiently 
and is also best neutralized by soluble PVR. 
The greater sens i t iv i~  of srr mutant 11 1 C  to 
~ r o t k t i o n  with D l 7 1  correlates with its 
high resistance to  neutralization with solu- 
ble PVR, and may result from failure to  
compete with D l 7 1  for the receptor bind- 
ing site because of its reduced affinity for the 
cell receptor. 

When poliovirus is bound to cells at 37"C, 
a large fraction of the particles elute in a 
noninfectious form (13, 14). These "altered 
particles cannot attach to cells, have lost 
capsid protein VP4, are sensitive to  proteas- 
es, are hydrophobic, and sediment at 1 3 5 s  
[compared to 1 6 0 s  for native particles 
(15)]. Altered particles eluted from cells are 
very similar to  an intracellular form of the 
virus that predominates early after infection 
(16). We previously showed that neutraliza- 
tion of poliovirus by SlOOPVR is mediated 
in part by conversion of native virus to 
altered particles (8). T o  determine whether 
the svv mutants could be converted to  altered 
particles, we incubated [35S]methionine-la- 
beled poliovirions with HeLa cell mem- 
branes at 37°C for 1 hour, followed by 
centrifugation to remove membranes (17). 
The unbound and eluted polioviruses in the 
supernatant were analyzed by sedimentation 
in a 15 to 30% sucrose gradient. When 
wild-type poliovirus was incubated with 

Fraction number 

Fig. 3. Alteration of srr mutants by HeLa cell membranes. Purified ["S]lmcthioninc-labclcd polio- 
virions (80,000 cpm) were mixed \vith 500 yl of HcLa cell membranes and incubated at 37°C for 1 
hour. Membranes were pcllctcd at 12,000<q for 5 min and supernatants urcrc ccntrihged on 15 to 30% 
sucrose gradicnts for 2.5 hours at 40,000 rprn in an SW40 rotor at 4°C (16). Radioactivity of one-third 
of each fraction was determined by scintillation counting in 3 ml of Aquasol (NEN). Profiles of 
wild-type virus (top), mutant 131R (middle), and mutant 11 l C  (bottom) are shown. Arrows indicate 
migration of native poliovirions (160S), eluted A particles (135S), and empty capsids (80s)  
determined by centrifugation of markers in parallel gradients. 

membranes, the bulk of the native 1 6 0 s  10 
particles were converted t o  1 3 5 s  altered - 9 
particles and 8 0 s  empty capsids (Fig. 3).  E 
Treatment of mutants 131B (Fig. 3),  151A, 5 
and 11 l A  (9) also resulted in formation of 

" - 7  

1 3 5 s  and 8 0 s  particles. Mutant l l l C  was 6 
largely unaltered under these conditions; a -0 5 

traie of 1 3 5 s  particles and no 8 0 s  particles 
were obsewed. These results suggest that 

0  1 2  4 7 1 0 2 0  
Hours after infection alteration is not blocked in svv mutants 

151A, 11 1A, and 131B. Although it was Fig. 4. Analysis of replication of svv mutants. 

not possible to rule out alteration defects in Single-cycle rcplication of wild-type virus and 
mutants 1 1 1 C and 13  1 B was examined at 37°C as 

mutant the of 135S described 126). HcLa ccll monolavers containins 
\ ,  

~~ - 

particles observed suggests that alteration is 3 x lo6  cells \vcrc infected at a ' m u ~ t i p l i c i ~  oUf 
inefficient because of the Door bindine Drop infection of 10. Aftcr adsorption at 37°C for 45  

" L  L 

erties of this mutant. ~ n i n ,  the inoculum was removed, monolaycrs 
were washed five timcs with PBS, and gro\vth One-step growth analyses were done medium \vas added. At different times after infcc- 

determine whether the reduced binding tion, monolaycrs \vere frozen and thawed three 
~ h e n o t v ~ e  of the svv mutants affected viral timcs, medium was clarified. and total virus was 

J L 

replication. We found that mutant 131B 
replicated with similar kinetics and to similar 
concentrations as wild-type virus (Fig. 4) .  
Replication of mutant 11 1 C  lagged slightly 
at 4 hours after infection, but reached simi- 
lar final titers. Both mutants showed an 
initial higher background at time 0, consis- 
tent with their reduced binding and eclipse. 
All svv mutants had the same plaque size as 
wild-type virus when assayed on  HeLa cell 
monolaj7ers as described (18). These results 
show that replication of the svv mutants in 
HeLa cells is not dramatically altered, de- 
spite their reduced ability to  bind cell recep- 
tors. 

It  is curious that the reduced ability of the 
svv mutants to  bind cell receptors did not 
have a major effect on  viral replication. In 
particular, binding of mutant l l l C  was 
severely reduced compared to wild-type vi- 
rus, yet this mutant showed only a slight 
difference in replication. This observation 
cannot be explained by differences in the 
partic1e:plaque-forming unit ratios of the svv 
mutants, which were not significantly differ- 
ent from wild-type virus. Furthermore, the 
srv mutants had the same plaque size as 
wild-type virus. These results suggest that 

determined by plaque assay in HeLa cells. Each 
time point is the average of duplicate samples; 
values did not differ by more than 0.5 log,,,. 
Symbols arc defined in Fig. 1. 

the binding assays d o  not measure parame- 
ters that are important for viral infection. 
Perhaps receptor binding is not the rate- 
limiting step in viral infection, and short of 
abolishing binding, the virus can tolerate a 
wide range of binding capabilities. A similar 
situation has been reported for coxsackie- 
viruses B2, B4, and B6, which bind extreme- 
ly poorly to  HeLa cells, yet replicate as well 
as coxsackievirus B1, B3, and B5, which 
attach extremely well to  these cells (19). 

It  will be important to  determine the 
functional basis for the reduced binding of 
the svv mutants. The location of the respon- 
sible mutations, which are presumably in the 
viral capsid, might provide information on 
the mechanism by which receptor binding is 
altered. The mutations may occur in virion 
sites that directly interact with the cell recep- 
tor. Alternatively, the mutations may occur 
at sites that are involved in receptor-mediat- 
ed conformational transitions of the virion 
that are believed to be essential steps in viral 
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replication (16). For example, such transi- 
tions may be required for high-afKnity re- 
ceptor binding required for productive in- 
fection, and mutations affecting the 
transitions inay therefore block receptor 
binding. The availability of the three-dimen- 
sional structure of poliovirus (20) will facil- 
itate interpretation of the mechanism of 
action of mutations that cause the m phe- 
notype. 

It has been proposed that soluble recep- 
tors might be used as antiviral agents against 
HIV-1 (1-5), Epstein-Barr virus (6), and 
rhinovirus (7), and clinical mals of soluble 
CD4 for HIV-1 infection are currently un- 
derway. One argument for the use of recep 
tor-based antivirals is that the virion attach- 
ment site may be a highly conserved 
sequence (21). Viruses with mutations that 
lead to resistance to neutralization with sol- 
uble receptors would therefore not arise, 
because such mutations would be lethal (7, 
22). Here we have shown that poliovirus 
mutants resistant to neutralization with sol- 
uble PVR can be readily isolated. These 

results suggest that either mutation of the 
receptor biding site is not lethal, or that 
mGtion at other sites in the virion can 
modulate receptor b i g .  Since replica- 
tion of m mutants in cultured cells was not 
significantly impaired, it is possible that 
these variants are as pathogenic as wild-type 
virus. Preliminary results with a transgenic 
mouse model for poliomyelitis (23) suggest 
that sn mutants are as neurovirulent as 
wild-type virus (24). These temper 
enthusiasm for the use of soluble receptors 
as antiviral compounds. 
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