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The identification of a monoclonal antibody, AF3, which recognizes a single isoform of the cell surface
protein CD44 and preferentially blocks binding of serotype 2 poliovirus to HeLa cells, suggested that CD44
might be an accessory molecule to Pvr, the cell receptor for poliovirus, and that it could play a role in the
function of the poliovirus receptor site. We show here that only AF3 blocks binding of serotype 2 poliovirus to
HeLa cells and, in contrast to a previously published report, that the anti-CD44 monoclonal antibodies A3D8
and IM7 are unable to block binding of poliovirus. To determine whether CD44 is involved in poliovirus
infection, we analyzed the replication of all three serotypes of poliovirus in human neuroblastoma cells which
lack or express CD44 and in mouse neuroblastoma cells which lack Pgp-1, the mouse homolog of human CD44,
and which express Pvr. All three poliovirus serotypes replicate with normal Kkinetics and to normal levels in the
absence or presence of CD44 or in the absence of Pgp-1. Furthermore, the binding affinity constants of all three
poliovirus serotypes for Pvr are unaffected by the presence or absence of CD44 in the human neuroblastoma
cell line. We conclude that CD44 and Pgp-1 are not required for poliovirus replication and are unlikely to be

involved in poliovirus pathogenesis.

Poliovirus, a member of the Picornaviridae and the causative
agent of poliomyelitis, initiates infection of susceptible human
cells by first interacting with the cell surface receptor, Pvr, a
member of the immunoglobulin superfamily of proteins (17;
for reviews, see references 20 and 30). It is not known if
accessory cell surface molecules are required for poliovirus
infection of human cells. Although transformation of receptor-
negative mouse L cells (17) or Chinese hamster ovary cells (16)
with PVR cDNA leads to susceptibility to poliovirus infection,
homologs of putative Pvr accessory proteins might be ex-
pressed in these cells.

One approach to identify putative Pvr accessory molecules is
to isolate monoclonal antibodies (MADs) that interfere with
poliovirus infection but do not recognize Pvr. A MAb, AF3,
which was reported to preferentially block binding of serotype
2 poliovirus to HeLa cells, was recently shown to interact with
a single isoform of human CD44 (25, 26). The two major
species of CD44, CD44E and CD44H, consist of many iso-
forms generated by alternative splicing and posttranslational
modifications (for reviews, see references 10 and 11). The
isoform of CD44 recognized by AF3 belongs to the CD44H
class, which has been identified as a lymphocyte homing re-
ceptor and a receptor for hyaluronic acid (28). When expressed
in mouse L cells, CD44H does not function as a receptor for
poliovirus (25).

While previously published experiments suggested that some
anti-CD44 MAbs block binding of serotype 2 poliovirus to
HeLa cells, because the binding assays were performed at 37°C
(25, 26) they did not clearly define whether the antibodies
affected virus binding to Pvr or subsequent events, including
the dramatic conformational alteration of the capsid that fol-
lows its interaction with Pvr at temperatures above 32°C, entry
of poliovirus into cells, or uncoating of the viral RNA genome.
By performing binding assays at 4°C, a temperature at which
alteration, virus entry, and uncoating do not occur (7), we show
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that only MAb AF3 blocks binding of a serotype 2 poliovirus,
P2/Lansing, to HeLa cells.

To determine whether CD44H is necessary for poliovirus
infection of cells or if its expression influences poliovirus rep-
lication, we studied poliovirus growth in cells which express Pvr
but lack CD44. All three serotypes of poliovirus replicate as
efficiently in CD44-negative human neuroblastoma SK-N-MC
cells as in SK-N-MC transformants that express CD44H. Fur-
thermore, the binding affinity constants of all three poliovirus
serotypes to Pvr were not affected by the presence or absence
of CD44 in this cell line. The mouse neuroblastoma cell line
N,LA, which does not express Pgp-1, the mouse homolog of
human CD44 (12, 13), supported poliovirus replication when
transformed with PVR c¢DNA. These data demonstrate that
neither CD44H nor Pgp-1 is required for poliovirus growth in
human or mouse neuroblastoma cell lines.

MATERIALS AND METHODS

Cell lines. SK-N-MC and N,A cells were grown in monolayers in Dulbecco
minimal essential medium supplemented with 10% fetal bovine serum, essential
amino acids, sodium pyruvate, and glutamine; cell lines transformed with cDNAs
were maintained in the same medium supplemented with G418 (Geneticin;
GIBCO) (400 pg/ml). HeLa S3 cells were grown in suspension cultures in Joklik
minimal essential medium containing 5% bovine serum. For growth in mono-
layers, HeLa S3 cells were plated in Dulbecco minimal essential medium con-
taining 10% bovine serum.

Antibodies. The anti-Pvr MAb 711C has been described previously (18). The
anti-CD44 MADb AF3 specifically recognizes the CD44H g5 isoform (25, 26).
The anti-CD44 MAbs A3D8 (Sigma), SFF-2 (Biosource), and BBA-10 (R&D
Systems) recognize all known isoforms of CD44; MAb IM7 (PharMingen) is
directed against Pgp-1, and MAb B159 (PharMingen) is directed against NCAM.
IM7 cross-reacts with human CD44 (13, 19).

FACS analysis of cell lines for expression of CD44 or Pgp-1. Expression of
surface antigens was determined by fluorescence-activated cell sorter (FACS)
analysis as previously described (18).

Generation of transformed cell lines. Stable SK-N-MC CD44 transformants
and N,A PVR transformants were generated by electroporation of CD44 and
PVR cDNAs, respectively, by using a Bio-Rad Gene Pulser. Both cDNAs were
inserted into pcDNA1/NEO (Invitrogen) as described previously (25). Cells were
grown on 10-cm-diameter dishes until approximately 50% confluent, treated with
trypsin, mixed with 10 ug of DNA per 107 cells, and pulsed at 0.20 mV and 960
wF. Cells were immediately seeded in plating medium and allowed to recover for
24 h prior to addition of G418 (400 wg/ml). After an additional 72 h of growth,
single-cell sorting by FACS was used to isolate CD44- or Pvr-expressing cells by
using A3D8 and 711C, respectively. FACS analysis with AF3 was also performed
on the CD44-expressing SK-N-MC cell lines to ensure expression of CD44H 5 5.
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Virus growth and assay. For growth curve analyses performed at high and low
multiplicities of infection (MOI), cells were grown to confluence in 3-cm-diam-
eter tissue culture plates, medium was aspirated, and virus was added. For
high-MOI infections, an inoculum of 10 PFU/cell was used. For low-MOI infec-
tions, an inoculum of 0.01 PFU/cell was used. After incubating for 30 min at
room temperature to allow virus binding to cells, the plates were washed twice
with phosphate-buffered saline (PBS) and growth medium was added. The in-
fected cells were incubated at 37°C, and at different times postinfection, the cells
and medium were frozen and thawed three times and clarified by centrifugation
and virus titers in the supernatant were determined by a plaque assay on HeLa
cell monolayers.

Polioviruses of all three serotypes, P1/Mahoney, P2/Lansing, and P3/Leon,
were derived by transfection of HeLa cells with infectious cDNA clones, and
virus stocks were prepared on HeLa cells. Virus titers were determined by plaque
assay on HeLa cell monolayers.

Assays of antibody-induced inhibition of radiolabeled virus binding. To test
the ability of the anti-CD44 MAbs AF3, IM7, A3D8, BBA-10, and SFF-2 to
inhibit virus binding or other early events in the viral life cycle, assays were
performed in HeLa S3 cells at both 4 and 37°C. The MAb B159, an anti-human
NCAM antibody, was used as a negative control. The assays done at 37°C were
as previously described except that no azide was present in solutions of MAbs
(25). For binding assays performed at 4°C, HeLa cells were grown in suspension
and 5 X 10° cells were incubated with 10 g of either MAb or medium for 2 h
at 4°C. Viral particles (8 X 10'°) radiolabeled with [>*S]methionine and purified
by sucrose gradient centrifugation as described previously (18) were then added.
Cells were incubated overnight at 4°C to allow virus binding to reach steady state
(4), and the percent inhibition of viral binding was calculated. For this analysis,
cells were pelleted and washed twice with PBS and total virus bound to cells was
determined by scintillation counting. All values were related to the samples to
which no antibodies were added, and all reactions were performed in duplicate.
The binding kinetics were such that less than 10% of the input radiolabeled virus
was allowed to bind to the HeLa cells. In all 4°C binding assays, azide was present
in the stocks of MAbs.

K, determination. Saturation binding assays to determine the binding affinity
constant, K;, were performed as previously described (4), except that the analysis
was done on cells grown in monolayers rather than in suspension. Medium was
aspirated, and cells were washed with PBS. Increasing amounts of radiolabeled
virus were added, and the volume was adjusted to 500 wl with HEPES-buffered
growth medium. The plates were incubated for at least 20 h at 4°C, and the
amount of bound virus was determined as described previously (4).

RESULTS

Blocking of poliovirus binding with anti-CD44 MAbs. The
ability of MAb AF3 to block poliovirus binding was previously
determined at 37°C (25, 26), a temperature at which poliovirus
is known to bind to Pvr, undergo a dramatic conformational
alteration, enter the cell, and uncoat its genome (14). All these
events can occur during the initial 30 min of incubation of virus
with HeLa cells used in the previously published assay (5), and
any of them might be affected by AF3. To identify the step in
the life cycle of poliovirus that is affected by anti-CD44 MAb
AF3, we assayed its ability to block type 2 poliovirus binding at
4°C. At this temperature, virus binds to Pvr but subsequent
events such as the formation of conformationally altered virus
particles, virus entry, and uncoating do not occur (7).

HeLa cells were preincubated separately with the different
MADbs for 2 h, and the ability of radiolabeled P2/Lansing to
bind to the cells was determined. Only anti-Pvr MAb 711C and
anti-CD44 MAb AF3 blocked virus binding at 4°C (Fig. 1).
Anti-CD44 MAb A3D8 and anti-Pgp-1 MAb IM7 (which
cross-reacts with CD44), previously reported to block binding
of type 2 poliovirus to HeLa cells at 37°C, did not prevent
binding at 4°C. Surprisingly, A3D8 and IM7 consistently en-
hanced virus binding. The anti-CD44 MAbs BBA-10 and
SFF-2 did not block binding of P2/Lansing to HeLa cells at
4°C, while the anti-NCAM antibody B159, which was used as a
negative control, slightly inhibited binding. The significance of
the latter observation is unclear but might result from steric
hindrance of virus attachment.

To determine whether the differences we observed with the
published data could be attributed to the different tempera-
tures used, we also performed the blocking assays at 37°C. In
addition, azide-free MAbs IM7 and A3DS8 were used; in the
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FIG. 1. Percent inhibition of poliovirus P2/Lansing binding to HeLa cells by
MADbs at 4 and 37°C. Percent inhibition was calculated as 100 — 100 X (cpm
bound to cells with MAb/cpm bound to cells with no MAb). The standard
deviations, calculated from four determinations, are shown (error bars). Sodium
azide (0.1%) (NaN;) was present in the MAb stocks indicated; for the control
without MAb with sodium azide, the final concentration of azide was identical to
that in samples incubated with MAbs.

previous work, azide was present in the antibody preparations.
Because azide inhibits the ability of cells to produce ATP (29),
preincubation of antibody preparations containing azide with
HeLa cells at 37°C for 2 h prior to addition of radiolabeled
virus could result in the shutoff of cellular functions required
for entry of poliovirus into cells. Virus which attaches to Pvr at
37°C would be converted to altered particles and then slough
from the cell surface; an assay of cell-associated radiolabeled
virus would show a decrease in counts relative to the negative
control and give the appearance of an inhibitory affect of the
MADb. At 37°C, only anti-Pvr MADb 711C and anti-CD44 MAb
AF3 blocked P2/Lansing binding to HeLa cells (Fig. 1). When
azide was present in the preparation of A3DS, inhibition of
poliovirus binding was observed, although not to the extent
reported previously (25). Furthermore, even at 37°C, A3D8
enhanced binding of poliovirus to cells (Fig. 1).

We conclude that anti-CD44 MAb AF3 blocks P2/Lansing
binding to HeLa cells, while the other anti-CD44 MADs tested
do not inhibit this interaction, in contrast to previously pub-
lished findings.

Poliovirus growth in SK-N-MC cells lacking and expressing
CD44. SK-N-MC cells have been reported to lack CD44 tran-



VoL. 71, 1997

SK-N-MC
90

80—

70—

no first Ab «<«—711C

60— Asps
50— AF3

40—
30—
20—
10

90 —

80—
70+
60—

Relative number of cells
o]
[é;]
>
)
o

no first Ab

50
40
30
20
10

[
i 2 510 100
Fluorescein

FIG. 2. Flow cytometric analysis of CD44 and Pvr expression on SK-N-MC
cells (top panel) and SK-N-MC transformants expressing CD44 (bottom panel)
without first antibody (Ab), with anti-CD44 MAbs A3D8 and AF3, and with
anti-Pvr MAb 711C.

scripts (27). FACS analysis with anti-CD44 MAbs AF3 and
A3DS8 confirmed the absence of cell surface CD44 in these
cells (Fig. 2). SK-N-MC cell lines expressing CD44 were se-
lected by FACS after transformation with the cDNA of CD44.
These cells were positive for CD44 expression when analyzed
by FACS with both A3D8 and AF3 (Fig. 2). Two cell lines
generated in this manner, 13-7 and 33-2, were used for subse-
quent analyses.

To determine whether CD44H is required for poliovirus
replication, CD44-positive and -negative SK-N-MC cells were
infected with poliovirus and virus yields were determined at
different times postinfection. The replication of each of the
three serotypes of poliovirus in the presence of CD44H was
indistinguishable from that in the absence of CD44H, both at
high and low MOI (Fig. 3).

Poliovirus growth in N,A cells expressing Pvr. Because ex-
pression of PVR in mouse cell lines or in transgenic mice leads
to susceptibility to poliovirus infection (15, 17, 21), it was of
interest to determine whether the mouse homolog of CD44,
known as Pgp-1, is required for poliovirus infection. The
mouse neuroblastoma cell line N,A does not express Pgp-1
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(Fig. 4) or Pvr (2). To determine whether N,A cells can sup-
port poliovirus replication, N,A cell lines expressing Pvr were
selected by FACS using the anti-Pvr MAb 711C after transfor-
mation with the cDNA of Pvr. Growth curve analyses demon-
strated that none of the three serotypes of poliovirus can rep-
licate in N,A cells lacking Pvr, while all three serotypes were
able to replicate in N,A cells which express Pvr (Fig. 5), dem-
onstrating that Pgp-1 is not required for poliovirus replication
in NLA cells.

Determination of K, of poliovirus for Pvr in SK-N-MC cells
lacking and expressing CD44. The binding affinity constant of
poliovirus for Pvr might be affected by CD44 without changing
viral growth kinetics. Therefore, we determined the K s of all
three poliovirus serotypes for Pvr expressed on SK-N-MC
which lack or express CD44. The K, of P1/Mahoney was iden-
tical in cells lacking or expressing CD44 (Table 1) and was
similar to the K, previously published for P1/Mahoney on
HeLa cells (4). The K ;s for P2/Lansing and P3/Leon were also
identical in SK-N-MC cells which express or lack CD44 (Table
1). These findings demonstrate that CD44H does not influence
the affinity of the virus-receptor interaction.

DISCUSSION

The identification of a MAb, AF3, which recognizes a single
isoform of CD44H and is able to block infection of HeLa cells
by poliovirus, suggested that CD44H might be associated with
Pvr in the cell membrane and could be required for poliovirus-
Pvr interactions (25, 26). To determine whether CD44H is
required for poliovirus infection, we analyzed viral growth in
two neuroblastoma cell lines, SK-N-MC and N,A, which do
not express any detectable isoforms of CD44 or Pgp-1, respec-
tively. The absence or presence of CD44H or Pgp-1 had no
effect on the replication of any of the three serotypes of po-
liovirus nor on the binding affinity constant of poliovirus for its
receptor. In addition, the absence or presence of CD44 also
had no effect on the replication of the three Sabin poliovirus
vaccine strains (2). These findings demonstrate that CD44 is
not required for replication of poliovirus in cell culture.

The results of blocking assays carried out at 37°C demon-
strate that MAb AF3 reduces the amount of poliovirus P2/
Lansing associated with HeLa cells. Although these results
were previously interpreted to mean that AF3 specifically
blocks the binding of serotype 2 poliovirus to HeLa cells, it was
also suggested that one effect of AF3 might be to prevent
interactions between CD44 and Pvr required for poliovirus cell
entry (25). The ability of poliovirus to enter cells could be
blocked by AF3, and virus particles remaining on the cell
surface would convert to altered particles at 37°C and slough
off the cell. Alternatively, the interaction of AF3 with CD44
could increase the ability of Pvr to convert bound virus to
altered particles. The result of either AF3-induced effect would
be a reduction in the amount of cell-associated virus. By per-
forming binding assays at 4°C, a temperature at which alter-
ation, virus entry, and uncoating do not occur, we showed that
AF3 blocks binding of a serotype 2 poliovirus, P2/Lansing, to
HeLa cells. Interestingly, at 37°C, AF3 decreased the amount
of cell-associated virus to a greater extent than at 4°C (Fig. 1),
suggesting that this antibody may also affect postbinding
events.

No anti-CD44 antibody other than AF3 was able to block
binding of poliovirus to cells, at 4 or 37°C, in contrast to
previously published findings that two other anti-CD44 MAbs,
A3DS8 and IM7, blocked poliovirus binding at 37°C (25). It is
likely that the presence of sodium azide in the preparations of
A3DS8 and IM7 used in the previous study accounted for their
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FIG. 3. One-step growth curve analysis of poliovirus P1/Mahoney, P2/Lansing, and P3/Leon at 37°C in SK-N-MC cells, which lack CD44, and cell lines 13-7 and
33-2, which are SK-N-MC cells that express CD44. Total virus production at different times postinfection was determined by plaque assay on HeLa cells. Results from
infections done at high MOI (10 PFU/cell) (A) and low MOI (0.01 PFU/cell) (B) are shown.

ability to decrease the amount of cell-associated poliovirus.
When the blocking assay was performed at 37°C, azide alone
decreased the amount of cell-associated poliovirus, while re-
moving azide from A3DS relieved its inhibitory properties
(Fig. 1). IM7, a MAb to Pgp-1, the mouse homolog of human
CD44, which cross-reacts with human CD44 (13, 19), also was
unable to block binding of P2/Lansing at 4 or 37°C in the
absence of azide. We also tested the ability of A3D8 and IM7
antibodies to inhibit poliovirus plaque formation on HeLa
cells. As expected from the results of binding assays performed
at 37°C, neither antibody was able to inhibit plaque formation
of P2/Lansing on HeLa cells, whereas under identical condi-
tions, the anti-Pvr MADb, 711C, completely blocked poliovirus
plaque formation (2). In contrast to previously published re-
sults, AF3 did not inhibit poliovirus plaque formation on HeLa
cells (2). We are unsure why our results differ from earlier
studies (26); however, the following observations, taken to-
gether, are consistent with the ability of AF3 to block virus
binding but not plaque formation: (i) CD44 is not required for
poliovirus infection, (ii) the number of CD44H 4, molecules
on the surface of HeLa cells is 24 times less than that of Pvr

molecules (24), and (iii) L cells with significantly lower levels of
Pvr expression than HeLa cells show normal growth kinetics
for poliovirus (18). Because AF3 is unable to completely block
P2/Lansing binding to HeLa cells, under the conditions of a
plaque assay, poliovirus would still interact with available Pvr,
resulting in a productive infection.

Based on the findings reported here, the simplest model for
the effect of AF3 on poliovirus binding is that Pvr and CD44
are associated either directly or through accessory proteins and
that AF3 reacts with CD44 near the virus-receptor interaction
site, sterically hindering virus binding. The serotype-specific
inhibition of binding by AF3 on HelLa cells is consistent with
suggestions that the three serotypes of poliovirus interact with
Pvr at slightly different contact points (3, 9). Although we have
not been able to demonstrate coimmunoprecipitation of
CD44H and Pvr from HeLa cells, using mild detergent and low
salt concentrations (2), the two proteins might interact weakly,
and chemical cross-linking may be needed to detect their as-
sociation. The interaction between Pvr and CD44 might differ
among cell lines, as suggested by our finding that AF3 did not
block P2/Lansing binding to SK-N-MC cells expressing CD44
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FIG. 4. Flow cytometric analysis of Pgp-1 expression on N,A cells and HeLa
cells without first antibody (Ab) and with anti-Pgp-1 MAb IM7. HeLa cells
served as a positive control for IM7 reactivity.

(2). A similar effect was seen with anti-CD44 MAbs that block
infection of normal mononuclear phagocytes by monocyto-
tropic strains of human immunodeficiency virus type 1 (6, 23).
While transformation of CD44-negative Jurkat cells with
CD44 rendered these cells susceptible to infection with the
monocytotropic human immunodeficiency virus type 1 strains,
anti-CD44 MAbs could not block infection in these trans-
formed cells (6).

TABLE 1. Binding affinity constants of poliovirus for Pvr on CD44-
expressing and -nonexpressing SK-N-MC cells

Virus CD44“ K, (pM)
P1/Mahoney - 44
P1/Mahoney + 42
P2/Lansing - 53
P2/Lansing + 54
P3/Leon - 61
P3/Leon + 100

“ +, K, determined with SK-N-MC cells expressing CD44; —, K, determined
with SK-N-MC cells lacking CD44.
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FIG. 5. One-step growth curve analyses of poliovirus P1/Mahoney, P2/Lan-
sing, and P3/Leon at 37°C in Pgp-1-negative N,A cells which express Pvr (Pvr™)
or lack Pvr (Pvr™). Total virus production at different times postinfection was
determined by plaque assay on HeLa cells. Infections were done at high MOI (10
PFU/cell).

The ability of the anti-CD44 MAb A3D8 and the anti Pgp-1
MADb IM7 to enhance binding of P2/Lansing to HeLa cells was
unexpected. An interesting possibility is that CD44, due to its
proximity to Pvr, actually decreases the ability of the virus to
interact with Pvr, and the MAbs which enhance binding alter
this inhibition. Such a model requires that not all Pvr be asso-
ciated with CD44, as it is clear that P2/Lansing can bind to
Hela cells in the absence of anti-CD44 MAbs; MAbs A3D8
and IM7 could increase the number of receptors available for
virus binding.

Although the cell receptor for poliovirus, Pvr, is clearly a
host range determinant for poliovirus infection, it is not the
sole determinant of tissue-specific replication of the virus.
Analyses of PVR RNA and protein expression in Pvr trans-
genic mice and in humans demonstrated that Pvr is expressed
in tissues that are susceptible and nonsusceptible to poliovirus
infection (8, 22). The tissue distribution of CD44H , 5, how-
ever, is restricted and to some extent correlates with tissue
susceptibility to poliovirus infection (26). CD44H ,p5 is ex-
pressed in parts of the central nervous system such as the
periventricular motor nuclei, known to be sites of poliovirus
replication, while it is absent from the inferior olivary complex,
a region reportedly not affected by poliovirus infection of the
brainstem (1). Although the analysis of tissue distribution of
CDA44H 4 g5 was limited and did not include human intestine, a
principal site of poliovirus replication, it was suggested that
CD44H 45 may be a determinant of tissue-specific poliovirus
replication (26). The results reported in our study demonstrate
that neither CD44 nor Pgp-1 is required for poliovirus high-
affinity binding to Pvr or for growth in cell culture and that they
therefore do not play a role in the function of the cellular
receptor site for poliovirus, as previously suggested (25, 26).
Furthermore, it is unlikely that CD44 in humans and Pgp-1 in
transgenic mice are involved in poliovirus pathogenesis.
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