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Decay-accelerating factor (DAF) mediates cellular attachment for many human picornaviruses. In most
cases, viral binding to DAF is itself insufficient to permit cell infectivity, with a second, functional internal-
ization receptor being required to facilitate this process. Previously, we postulated that the role of DAF in
enterovirus cell infection is as a sequestration receptor, maintaining a reservoir of bound virus in an infectious
state, awaiting interaction with functional internalization receptors. Many of these functional receptors
possess the capacity to induce relatively rapid changes in capsid conformations, resulting in the formation of
altered particles (A-type particles). In this report, we show that antibody-cross-linked DAF, in contrast to
endogenous surface-expressed forms, can act as a functional virus receptor to mediate coxsackie A21 virus
(CAV21) Iytic cell infection. In contrast to the situation with ICAM-1-mediated CAV21 infection, in which high
levels of A-type particles are formed, cross-linked DAF-induced CAV21 replication occurs in the absence of

detectable A-particle formation.

Many human enteroviruses bind to surface-expressed decay-
accelerating factor (DAF), but for most of these viruses this
interaction is insufficient to mediate cell infection (5, 6, 12, 38,
40, 41, 47). We have suggested that DAF functions as a se-
questration receptor for these viruses (40, 41), with the impli-
cation that DAF is able to bind virus at the cell surface and
maintain it in a conformationally unaltered state to await in-
teraction with a functional internalization receptor. A common
feature of the well-characterized functional picornavirus re-
ceptors, poliovirus receptor (PVR) and intercellular adhesion
molecule-1 (ICAM-1), is a capacity to induce specific changes
in viral capsid architecture, resulting in the formation of al-
tered (A-type) particles (3, 10, 17, 18, 23). Whether formation
of such particles is crucial for viral cell entry or is simply a
redundant by-product of the internalization process is cur-
rently an area of much debate. Recent findings that cold-
adapted poliovirus mutants can undergo replication at 25°C in
the absence of A-particle formation (16) and that poliovirus
type 1 A-particles formed independently of receptor interac-
tions are infectious (15) highlight this controversy.

Data in support of the postulate that DAF functions as a
sequestration receptor include the findings that DAF-binding
coxsackie A21 virus (CAV21) requires interaction with ICAM-1
for cell entry (40) and also that a soluble form of DAF, while
inhibiting echovirus 7 cell attachment, is unable to induce
A-particle formation (31). Whether there is a causative link
between the failure of DAF to induce a conformational change
in the virus and also to permit cell infectivity is not known.
Recently, we reported that pretreating rhabdomyosarcoma
(RD) cells with an antibody to the third short consensus repeat
(SCR3) of DAF enhanced the binding of CAV21 to these cells,
and experiments with solid-phase-immobilized soluble DAF
indicated that this effect was likely to be the result of an
antibody-induced configuration change in DAF (42). Impor-
tantly, in that study we also recorded that the anti-DAF SCR3
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monoclonal antibody (MAb) enhanced cell susceptibility to
CAV?21 and this MAb-induced infectivity appeared to be me-
diated through DAF.

In the present study, we investigated the nature of antibody-
treated DAF-mediated CAV21 lytic infection of RD cells and
showed that it is due to the specific action of extracellular
cross-linking of surface DAF. In this environment, MAD cross-
linking changes the role of DAF from that of a sequestration
receptor to that of a functional uptake receptor. We show that
CAV21 can enter RD cells via an ICAM-1 route accompanied
by the formation of high levels of A-type particles, whereas
entry by the cross-linked DAF route occurs in the absence of
detectable levels of A-particle formation. In addition, viral
uptake and infectivity mediated by cross-linked DAF are
shown to be relatively slow processes, possibly indicating a
different route of entry than that mediated by the classical
uptake receptor, ICAM-1.

Antibody cross-linking of DAF does not induce ICAM-1
expression. Previously, we have shown that the RD cells used
in our studies lack ICAM-1 surface expression and that pre-
treating these cells with an anti-DAF MAD directed against the
DAF SCR3 renders them susceptible to CAV21 lytic infection
(42). DAF and ICAM-1 share a spatial association on the
surfaces of HeLa cells (40), and DAF can induce signal trans-
duction when cross-linked with murine anti-DAF SCR3 MAbs
and rabbit anti-mouse immunoglobulin G (IgG) antibodies
(RAM) (13, 28, 43). Therefore, we investigated whether the
combined action of MAb binding to DAF SCR3 in association
with RAM or MAb binding to DAF SCR3 together with
CAV21 binding to DAF SCR1 could induce ICAM-1 expres-
sion, thus facilitating CAV21 lytic infection. The fluorescence
histograms in Fig. 1A indicate that, as with the control anti-
PVR MADb (27), no detectable ICAM-1 expression at 24 h
posttreatment was observed on the surfaces of RD cells that
had DAF cross-linked with an anti-DAF SCR3 MADb, when
tested alone or in combination with RAM. Furthermore, no
ICAM-1 was detected on the surfaces of cells exposed to both
DAF SCR3 MAbs and CAV21, even when a low level of
cytopathic infection was evident (data not shown). At the RNA
level, no ICAM-1 mRNA was detected by reverse transcrip-
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FIG. 1. Detection of ICAM-1 surface and mRNA expression in RD cells
after MADb cross-linking of DAF. (A) Flow cytometric analysis of ICAM-1 ex-
pression. RD cells were incubated with anti-DAF SCR3 MAb (IH4) or anti-PVR
MAD (27) alone or in combination with rabbit-anti-mouse IgG (RAM) for 1 h at
room temperature and then washed to remove residual antibody. Following
incubation at 37°C for 24 h, cell monolayers were dispersed by treatment with
EDTA and cells were incubated with either fluorescein isothiocyanate (FITC)-
conjugated anti-ICAM-1 (8) or anti-CD4 (Becton-Dickenson, Sydney, Australia)
MAD for 30 min on ice. The cells were then washed and pelleted, resuspended
in phosphate-buffered saline-bovine serum albumin, and analyzed with a
FACStar analyzer (Becton-Dickenson). The solid histogram represents binding
of the FITC-anti-CD4 MADb; the dashed histogram represents binding of the
FITC-anti-ICAM-1 MAb. (B) Detection of ICAM-1 mRNA by reverse tran-
scription-PCR. Total cellular RNA from RD cells that were incubated overnight
at 37°C in the presence of an anti-DAF MAb and RAM was reverse transcribed
using avian myeloblastosis virus reverse transcriptase and oligo(dT) priming.
PCR amplification of ICAM-1 cDNA was performed by employing standard
methodologies, using the following ICAM-1-specific primers; sense, 5'-AGAAC
CTTACCCTACGCTGC-3', and antisense, 5'-CAGTATTACTGCACACGTC
AGC-3'.

tion-PCR from RD cells with antibody-cross-linked DAF com-
pared with that amplified from RD cells stably transfected with
ICAM-1 cDNA (RD-ICAM) (Fig. 1B).

F(ab’), fragments not Fab fragments to DAF SCR3 mediate
CAV21 lytic infection. Internalization of DAF is likely to re-
quire cross-linking of the molecule (26, 28). We investigated
the relative capacity of DAF to mediate CAV21 cell entry and
infection after pretreatment with F(ab’), or Fab fragments of
an anti-DAF SCR2/3 MAb (MAD VIIIA7) (24). MADb VIIIA7
and MADb IH4 (anti-DAF SCR3 [13]) were both shown to
increase the infection of RD cells by CAV21, while no lytic
infection was observed in cells pretreated with an irrelevant
MAD (42). The data in Fig. 2A revealed that CAV21 lytically
infects RD cells pretreated with either whole antibody or with
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F(ab"), fragments to DAF SCR2/3 but not with Fab fragments.
The small, residual CAV21 lytic infection mediated by the Fab
fragments is most probably due to the action of trace contam-
inating levels of F(ab'), fragments in this preparation (Fig.
2B).

Growth rates of CAV21 in RD-DAF-cross-linked or RD-
ICAM-1-expressing cells. CAV21 can infect cells that use
ICAM-1 as a functional receptor in the absence of human
DAF (39). We compared the relative growth rates of CAV21
in 24-well monolayers of RD cells stably transfected with
ICAM-1 cDNA with that of RD cells in which the surface DAF
was cross-linked with an anti-DAF SCR3 MAb. The fluores-
cence histograms in Fig. 3A confirmed that both RD cells and
ICAM-1-expressing RD cells express comparable levels of sur-
face DAF. CAV21 induced complete lytic infection of RD-
ICAM cells within 24 h postinfection, in the presence or ab-
sence of an anti-DAF SCR3 MAD; while at this time only a low
level of lytic infection was evident in the SCR3 MAb-treated
RD cells (Fig. 3B). The lytic infection in the SCR3 MAb-
treated RD cells continued to progress, and at 72 h postinfec-
tion, total destruction of the cell monolayer was observed (Fig.
3B). No visible lytic infection of non-MAb-treated RD cells
was evident from 0 to 72 h postinfection (Fig. 3B). The infec-
tious CAV21 yields illustrated in Fig. 3C indicate that CAV21
replication in RD-ICAM cells was more rapid than that ob-
served in MAb-DAF-cross-linked RD cells for which the yields
increased with time in an almost linear fashion.

Radiolabeled CAV21 binding studies on confluent wells of
24-well tissue culture plates revealed that RD-ICAM cells
bound approximately eightfold more virus than MAb-DAF-
cross-linked cells (data not shown). However, when the
CAV21 growth curve experiment was repeated with 10-fold
less virus inoculum on RD-ICAM cells, viral yields almost
identical to those shown in Fig. 3C were observed (data not
shown). An interesting result was that even though RD-ICAM
cells possessed the capacity to bind approximately 8-fold more
CAV21 inoculum than MAb-treated RD cells, the infectious
viral yield at zero hour postinfection was approximately 10-fold
lower than that of MAb-treated RD cells, comparable to that
of non-MAb-treated RD cells (Fig. 3C). This finding suggests
that DAF-sequestered CAV21 remains significantly more in-
fectious than ICAM-1-bound CAV21.

Conformational change of CAV21l. Surface-expressed
ICAM-1 mediates the conformational change of intact CAV21
160S virions to 135S (A-type) particles (39), although whether
this is important for infectivity is not known. Therefore, we
examined whether MAb-cross-linked surface DAF engaged in
the process of facilitating CAV21 cell infection could convert
CAV21 160S particles to 135S (A-type) particles. Intact
CAV21 1608 particles and 1258 provirions (Fig. 4A) were used
as internal migration controls. CAV21 160S particles were
bound at 0°C to either ICAM-1 or MAb-cross-linked DAF on
the surfaces of RD cells, followed by incubation for 2 h at 37°C.
An incubation period of 0.5 to 1.0 h at 37°C is sufficient to
convert the majority of cell-bound/internalized poliovirus type
1 and human rhinovirus 14 160S virions to 135S particles (3, 10,
17, 23). Cell-bound or internalized CAV21 particles were re-
leased by multiple cycles of freezing and thawing, and their
sedimentation was analyzed by sucrose gradient centrifugation.
The gradient profiles in Fig. 4B indicate that DAF-bound/
internalized CAV21 particles migrated in parallel with the
control 160S particles, suggesting no receptor-mediated con-
version to 135S particles. In contrast, the majority of the
ICAM-1-bound or internalized CAV21 particles migrated in
fractions between the intact CAV21 160S and 125S provirion
controls at approximately 135S and a small amount migrated at
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FIG. 2. Induction of CAV21 lytic infection by anti-DAF SCR3 F(ab’), fragment binding. (A) F(ab’), fragments not Fab fragments to DAF SCR3 mediate CAV21
Iytic infection. F(ab'), antibody fragments were prepared from whole MAb VIIIA7 (IgG1) by digestion with resin-immobilized ficin and protein G gel chromatography
according to the manufacturer’s protocol (Immunopure Kit no. 44880; Pierce, Rockford, Ill.). Confluent monolayers of RD cells in 96-well culture plates were
preincubated with an anti-DAF SCR3 MAb (IH4), anti-DAF SCR2/3 (VIIIA7), or VIIIA7 F(ab'), or Fab fragments (0.5 pg/ml) prior to challenge with CAV21 (10*
50% tissue culture infective doses/well). After incubation for 48 h at 37°C, cell lysis was assessed by staining the monolayers with a crystal violet-methanol solution and
then measuring the absorbance at 540 nm on a multiscan enzyme-linked immunosorbent assay plate reader (Flow Laboratories). Results are expressed as the mean
percentage of cell lysis relative to untreated controls of triplicate wells * standard deviation. (B) Polyacrylamide gel electrophoretic analysis of VIIIA7 F(ab'), or Fab
fragments. Fifty micrograms of whole MAb VIIIA7 or MAb VIIIA7 F(ab’), or Fab fragments was separated on a 10% slab sodium dodecyl sulfate-polyacrylamide gel
run under nonreducing conditions. Specific protein bands were visualized by staining with Coomassie brilliant blue.

80S; both of these populations are consistent with receptor-
mediated conformational change (3, 10, 14, 17, 23).

Discussion. In this study we have shown that CAV21 can
Iytically infect RD cells by two independent cellular receptors:
(i) via ICAM-1, with rapid exponential viral growth and effi-
cient conversion of intact viral particles to A-type particles, and
(ii) via MAb-cross-linked DAF, with relatively slow linear viral
growth and no or undetectable generation of altered particles.
These findings raise the interesting possibility that ICAM-1
and cross-linked DAF use different mechanisms of cell entry to
enable CAV21 cell infection. However, an alternate explana-
tion for the reduced rate of CAV21 infection mediated by
cross-linked DAF compared with that mediated by ICAM-1
that cannot be discarded is that DAF may induce low levels of
A-particle formation, which for this cell entry mechanism is a
rate-limiting step; therefore, A-particles are not able to accu-
mulate sufficiently to be detected.

For picornaviruses in general relatively little is known about
how the viral genome is delivered into the cytoplasm following
conformational capsid alteration. One possibility is that PVR-
altered poliovirus type 1 and ICAM-1-altered human rhinovi-
rus 14 particles are internalized by the cell via clathrin-coated
pit endocytosis (19, 48). Therefore, ICAM-1-altered CAV21
virions may be expected to enter cells via a similar route (19).
However, a recent study has shown that poliovirus infection is
not inhibited in susceptible cells expressing a dominant-nega-
tive dynamin mutant which interferes with the conversion of
clathrin-coated pits to clathrin-coated vesicles (32). In contrast,
adenovirus infection requires dynamin and this is consistent
with adenovirus entry via the clathrin-coated pit pathway (46).
A further area of much debate is whether acidification of the
endosome is required for uncoating of the virus (30). This may
also be the mechanism employed by picornavirus-integrin re-
ceptor complexes (1, 4, 34). All known integrins contain inter-
nalizing signals located in the cytoplasmic domain of the
B-subunit (22). The internalizing role of integrins in viral

infection is postulated to be due to the NPXY amino acid
consensus sequences known to play a crucial role in coated-
pit-mediated internalization of many cell surface receptors
(11).

A further mode of membrane internalization that is less well
studied as a potential viral transport system is that through
cellular structures referred to as caveolae (35, 36). We would
suggest that MAb-cross-linked DAF is likely to mediate
CAV21 cell infection through caveolae. Caveolae are special-
ized cell surface invaginations with several known functions,
including endocytosis of macromolecules using mechanisms
independent of clathrin-coated pits (26, 35). Caveolae are
highly enriched in glycosyl-phosphatidylinositol (GPI)-linked
proteins and intracellular signalling molecules (37), while cel-
lular coated-pit structures appear to selectively exclude cho-
lesterol and some GPI-linked proteins (9). It has been shown
recently that antibody-induced clustering of one such GPI-
linked molecule, DAF, leads to the incorporation of the DAF-
antibody complex into closed caveolae which are then endocy-
tosed (26); further, caveolae are 60 to 100 nm in diameter,
three to five times larger than the diameter of human entero-
viruses. Recently, simian virus 40 has been shown to enter cells
via caveolae by using the clustering of major histocompatibility
complex class T molecules (2, 44). The RD cells used in the
present study may possess caveolae, as evidenced by the con-
tent of the caveola marker protein, caveolin (unpublished
data), and further studies are under way to test whether MAb-
cross-linked DAF translocates sequestered virus to caveolae. It
is interesting to note that dynamin is required for normal
caveola-mediated internalization (21), therefore, as poliovirus
entry does not require dynamin (32), it may be postulated that
poliovirus cell entry is not mediated via caveolae.

The prospect of anti-DAF antibodies cross-linking DAF in
vivo is unlikely. More probable is the ability of DAF-ligand
interactions to cross-link DAF, thus altering DAF structure
and/or distribution and, thereby, cell susceptibility to entero-
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FIG. 3. Comparison of CAV21 growth rates in RD cells, as mediated by ICAM-1 or cross-linked DAF. (A) Flow cytometric analysis of surface levels of DAF and
ICAM-1 on RD and RD-ICAM cells. RD and RD-ICAM cells were incubated with an anti-DAF SCR3 MAb (IH4) or an anti-ICAM-1 MAD (8) diluted in
phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) (PBS-BSA) on ice for 30 min, after which the cells were washed with 5.0 ml of PBS-BSA.
The cells were then pelleted at 1,000 X g for 5 min and resuspended in 100 pl of fluorescein isothiocyanate (FITC)-goat anti-mouse IgG (heavy and light chains) diluted
in PBS-BSA. After incubation on ice for 30 min, the cells were washed and pelleted as above, resuspended in PBS-BSA, and analyzed with a FACStar analyzer. The
solid histograms represent binding of the FITC-anti-mouse conjugate; the open histograms represent binding of the anti-DAF MAD; the dashed histogram represents
the anti-ICAM-1 MADb binding. (B) CAV21-induced lytic infection. Monolayers of RD and RD-ICAM cells in 24-well culture plates were preincubated in the presence
or absence of an anti-DAF SCR3 MAD (IH4, 5.0 p.g/ml) for 1 h at 37°C prior to challenge with CAV21 (10° 50% tissue culture infective doses). After incubation at
37°C for 1 h, the CAV21 inoculum was removed and cell monolayers were washed four times with PBS and then overlaid with 1.0 ml of Dulbecco modified Eagle
medium containing 1% fetal calf serum. Cell monolayers were examined for signs of CAV21-induced lytic infection at the times indicated and photographed at a
magnification of X20 with Kodak Technical Pan 100 ASA film. (C) RD-ICAM monolayers in 96-well plates were inoculated with 100 .l of 10-fold serial dilutions of
the viral lysates (Fig. 3B) and incubated at 37°C for 48 h. To quantitate cell lysis, monolayers were processed as described in the legend for Fig. 2B. Fifty percent
endpoint titers were calculated by the method of Reed and Muench (33), in which a well was scored as positive if its absorbance was less than that of the no virus

control — three standard deviations.

virus infection. Potential cellular DAF cross-linking candidates
are CDY7, identified as a cellular ligand for DAF (20) and
ICAM-1, recently shown to share a spatial association with
DAF (40). It can also be postulated that the binding of many
enteric pathogens to DAF may have a direct regulatory effect
on DAF function. For example, the binding of Escherichia
coli-bearing adhesins of the Dr family to DAF SCR3 (29) may
cross-link DAF to a level comparable to that induced by anti-
DAF MAbs.

Clearly, the primary requirement for viral cell entry is re-
ceptor binding, which enables the virus to attach to the cell
without being swept away by bodily fluid flow. Previously, this
has been assumed to be a function of the specific viral receptor.
However, recent work has shown that several enteroviruses

bind to the ubiquitously expressed DAF molecule, yet many
have quite distinct tissue tropism. This latter feature may be
attributable to the use of discrete secondary functional recep-
tors which are essential for entry or replication. For example,
CAV?21 and coxsackievirus B3 bind to DAF but require inter-
action with ICAM-1 and the coxsackievirus-adenovirus recep-
tor, respectively, to mediate cell infection (7, 40, 41, 45). By
analogy with leukocyte extravasation across endothelial cell
barriers (25), we have suggested that the function of the pri-
mary DAF receptor is that of a low-affinity sequestration re-
ceptor, able to slow down viral motion and facilitate the virus’
encounter with a specific functional receptor (40, 41). While
this notion has yet to be tested experimentally, the present
results indicate that in some circumstances DAF binding can



VoL. 72, 1998

A B

Mol.Wt 160S 125S

§5.0 —

4ZT— . — v Po

400 — | o b s
[—vP1 =
31.0 — ““ “mw —vVpP2 3
. | — VP3 %

215 — Z.
=

=

=

144 — =
mr/a

(22}

—VP4

NOTES 9411
[72] w
8 &
; i
g
7500 ;'-,‘
ol CONTROL
P9
2500- P
s A o°

RD-mAb

RD-ICAM-1

> H 10 15
GRADIENT FRACTIONS

FIG. 4. Receptor-mediated conformational change of CAV21 (A). Electrophoretic analysis of the polypeptide composition of CAV21 160S and 1258 particles.
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wg/ml) and RD-ICAM cells were incubated with radiolabeled CAV21 1608 virions for 1 h at 0°C, washed with phosphate-buffered saline (PBS), incubated for 2 h at
37°C, washed again with PBS, and then submitted to five cycles of freezing and thawing. Cell membrane debris was removed by centrifugation, and the supernatants
were layered on 5 to 30% linear sucrose gradients (12 ml) and centrifuged for 90 min at 4°C in an SW 41Ti rotor at 36,000 rpm. Fractions (~700 wl) were collected
from the bottom of the gradient, and radioactivity was determined by liquid scintillation counting. The control 160S/125S sedimentation profile has been overlaid on

both the gradient profiles from RD-ICAM and RD-MADb cell preparations.

facilitate viral cell entry and, therefore, this receptor molecule
may have functions additional to passive sequestration.
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