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ABSTRACT

To identify the cellular receptor for Enterovirus 70 (EV70), mice were immunized
with HeLa cells or HeLa cell membranes. Hybridomas were generated and screened for the
production of antibody that protected HeLa cells against infection by EV70, and one
monoclonal antibody (mAb), EVRI, was isolated. EVRI recognized a trypsin-resistant HeLa
cell surface epitope, and interfered with EV70 binding to HeLa cell monolayers. The
specificity of EVR1 for EV70 was demonstrated by the inability of this mAb to protect HeLa
cells against infection by poliovirus (PV) or coxsackievirus B3 (CVB3). Furthermore, EVR1
did not bind to monkey kidney (LLC-MK,) cells, nor did it protect these cells against EV70
infection.

In Western blots and immunoprecipitations, EVR1 recognized a HeLa cell
glycoprotein of approximately 75 kDa. The properties of this protein suggested that it may
be decay-accelerating factor (DAF/CDSS). DAF is a 70-75 kDa glycosyl-phosphatidylinositol
(GPI)-anchored membrane protein that is a regulator of complement activation, and that has
also been shown to act as a receptor for a number of human enteroviruses. Several
experiments were performed to demonstrate that EVR1 recognized DAF. HeLa cells treated
with phosphatidylinositol-specific phospholipase C (PI-PLC) had a greatly reduced ability to
bind EVRI, indicating that the ligand of EVRI is attached to cells via a GPI anchor.
Furthermore, EVR1 bound to Chinese hamster ovary (CHO) cells constitutively expressing
human DAF, and DAF-specific mAbs inhibited EV70 binding to HeLa cells and protected

them against EV70 infection. Using a vaccinia virus based system, human DAF was
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transiently expressed in murine NIH/3T3 cells. Transient expression of human DAF conferred
virus binding activity to these cells, and a stably transformed NIH/3T3 cell line expressing
human DAF supported low levels of EV70 replication.

To map the EV70 binding site of DAF, chimeric DAF/membrane cofactor protein
(MCP) molecules were transiently expressed in NIH/3T3 cells and tested for their ability to
bind EV70. Expression of chimeric receptors, in which individual extracellular short
consensus repeat (SCR) domains of DAF were exchanged with those of MCP indicated that
DAF SCR1 contained sequences essential for EV70 binding. Sequences within DAF SCR2
may also play a minor role in EV70 binding, but SCRs 3 and 4 were not specifically required
to retain binding activity of the molecule. Similarly, the juxtamembrane domain and the GPI
anchor of DAF were not specifically required for EV70 binding. Chimeric receptor
expression was also used to identify DAF SCR1 as the binding site for EVRI1.

These results indicate that DAF acts as a HeLa cell receptor for EV70. However,
whether or not DAF is necessary or sufficient to mediate EV70 infection of cells is not yet
clear. The widespread in vivo distribution of DAF and the restricted in vivo tropism of EV70,
as well as the discovery that other human enteroviruses also use DAF as a receptor indicate
that DAF expression is not the sole determinant of EV70 tropism. In addition, it remains to
be determined if EV70 uses DAF homologs or entirely different surface molecules as
receptors on cells of non-human origin. The identification of co-receptors or accessory

factors that govern the specificity of EV70 infection awaits further investigation.
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INTRODUCTION

I. Acute haemorrhagic conjunctivitis

In 1969, the sudden appearance of an explosively contagious form of haemorrhagic
conjunctivitis was reported in Ghana, West Africa (Chatterjee ef al., 1970). This new clinical
entity, known as acute haemorrhagic conjunctivitis (AHC), was characterized by severe
conjunctivitis of sudden onset and short duration, with severe subconjunctival haemorrhage
and conjunctival swelling. The initial outbreak of AHC spread rapidly, eventually reaching
pandemic proportions, with tens of millions of individuals affected between 1969 and 1971.
From its focus in West Africa, AHC swept through the coastal regions of East and North
Africa. The Indian subcontinent, South East Asia, Hong Kong and Japan were all affected
in 1970-1971 by outbreaks of epidemic conjunctivitis displaying the same clinical and
epidemiological characteristics of the conjunctivitis reported in Africa the previous year
(Kono,1975; Kono et al., 1972). During 1971-1972, a small number of nosocomial cases of
AHC were reported in various European cities (Yin-Murphy, 1984), and in the same time
period, epidemics were reported in the Middle East. Between 1972 and 1979, AHC was
reported only sporadically throughout the Eastern Hemisphere, but there was a widespread
outbreak (1974-1975) in Thailand, Singapore and India (Reeves ef al., 1986).

Until 1980, all cases of AHC had been confined to the Eastern Hemisphere, primarily
in coastal, tropical and subtropical areas with high humidity and high population densities
(Hierholzer and Hatch, 1985; Reeves ez al., 1986; Yin-Murphy, 1984). By early 1980, an

increase in the number of reported cases heralded the beginning of a second pandemic, which
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swept through regions of the world affected in the first pandemic, and reached the Western

Hemisphere for the first time. From a focus in Southern India, AHC spread rapidly
throughout India, Pakistan, Nigeria, and in early 1981, arrived in northern Brazil (Linhares
et al., 1989). From Brazil, epidemic conjunctivitis swept through the Caribbean, Central
America, and southern Florida (Asbell ez al., 1985; Malison et al., 1984; Morgan et al., 1981;
Partriarca, 1989; Reeves ef al., 1986; Waterman ef al., 1984). A small number of cases were
reported in North Carolina, Minnesota, California, and as far north as New York, and in
Toronto, Ontario (Spence and Vellend, 1982; Wright ef al., 1992). Early 1982 saw the
arrival of AHC in the islands of the West Pacific and in New Zealand (Ghendon, 1989).

Since the second pandemic, sporadic outbreaks of AHC continue to be reported.
These have occurred in Singapore (1983; Goh ef al.,, 1990), Beijing, P.R. of China (1984; Ku,
1989) Sao Paulo, Brazil (1984; Linhares et al., 1989), Nigeria (1985; Babalola ef al., 1990),
Saudi Arabia (1985; Moustafa et al., 1989), Delhi, India (1986; Kishore et al., 1989),
American Samoa (1991; Bem et al., 1992), and Pune, India (1991; Bhide et al., 1994). Most
recently, AHC caused by EV70 has been reported in Osaka, Japan (1993; Yamazaki ef al.,
1995), Delhi, India (1994; Satpathy ef al., 1996), and in Okinawa, Japan (1994-95; Uchio
et al., 1996).
A. Di f the etiologi £ AHC

Following the first pandemic, efforts to identify the etiologic agent of AHC led to a
surprising discovery. Conjunctival scrapings recovered from patients of the 1970 outbreak
of epidemic conjunctivitis in Singapore yielded an antigenic variant of coxsackievirus A24

(CA24v), which was referred to as Singapore Epidemic Conjunctivitis (SEC) virus (Yin-
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Murphy and Lim, 1972). Subsequently, a virus which was antigenically distinct from CA24v
was isolated from the conjunctivae of patients of the 1971 epidemic in Japan. This virus was
identified as a previously unknown enterovirus, and was initially referred to as Acute
Haemorrhagic Conjunctivitis (AHC) virus (Kono et al,, 1972). Through a collaborative study
of representative AHC virus strains isolated from three regions affected in the outbreaks of
1971 (Singapore, Japan, Morocco), AHC virus was classified and recognized by the World
Health Organization as a new enterovirus, type 70 (EV70; Mirkovic et al., 1973).

Despite its relatively short history as a human pathogen, EV70 has been responsible
for two pandemics and numerous epidemics and localised outbreaks of AHC, affecting well
in excess of 80 million individuals in virtually all regions of the globe. Although the impact
of CA24v-related epidemics cannot be overlooked, this virus is quantitatively less significant
than EV70 as a cause of AHC (Uchio et al., 1996). Epidemics of CA24v have been restricted
to parts of Southeast Asia and the Indian Subcontinent (Lin ef al., 1993).

B. Clinical presentation of AHC due to EV70

Typically, AHC due to EV70 follows a rapid, benign course. Following a short
incubation period of 10 to 24 hours, infected individuals usually experience sudden onset of
unilateral conjunctivitis, which spreads, in 80% of cases, to the other eye within 24 hours
(Uchida, 1989b). Symptoms include ocular redness, excessive lacrimation, pain, foreign-body
sensation, preauricular lymph node enlargement, and intense subconjunctival haemorrhage
(Higgins, 1982; Uchida, 1989b; Wright ef al., 1992). Unlike most enteroviral infections,
which are characterized by a high proportion of subclinical manifestations (Melnick 1996),

the number of asymptomatic cases of AHC is low, estimated to be less than 10% (Wright et
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al., 1992). Systemic involvement is rare, and fever is infrequently reported. Symptoms
normally peak within 24 hours of onset, persist for 3 to 5 days, and resolve without
complication within 2 weeks.

On rare occasions, ocular infection is followed by neurological disorders of short or
long duration. These neurological sequelae, which may result in significant morbidity, are
estimated to occur in 1:10,000 to 1:17,000 cases of AHC. These figures are thought to be
an underestimate, due to failure of physicians to associate EV70 with these symptoms, and
because consistent isolation of the agent has proven difficult (Uchio er al, 1996).
Neurologic manifestations of EV70 infection vary in severity, ranging from mild cranial nerve
palsy to radicular pains in muscles of the limbs, to asymmetrical flaccid paralysis reminiscent
of acute paralytic poliomyelitis (Higgins, 1982; Vejjajiva, 1989; Wadia et al., 1983; Wright
et al, 1992). These complications normally appear 10 to 20 days after the onset of
conjunctivitis, but may develop during conjunctivitis, or as late as 3 months after infection.
Approximately 25 to 30% of affected individuals sustain permanent debilitating neurologic
impairment. Although EV70 has never been isolated from either the conjunctivae or
cerebrospinal fluid (CSF) of patients with neurological complications, neutralizing antibody
against EV70 has been found in serum and CSF of these individuals. This observation was
interpreted to indicate that EV70 replicates within the central nervous system (Higgins, 1982;
Johnet al., 1981). The association of EV70 infection with central nervous system effects was
substantiated experimentally (Kono ef al., 1973). Intraspinal or intrathalamic inoculation of
cynomolgous monkeys with high titre EV70 produced polio-like paralysis, and histologically,

lesions in the anterior horn of the spinal cord similar to those observed in acute poliomyelitis.



C. Transmission of EV70

AHC due to EV70 is highly infectious, and spreads rapidly in densely-populated areas
with hot, humid climates and poor levels of hygiene (Hietholzer and Hatch, 1985). Outbreaks
show no seasonal variation (Yin-Murphy, 1984). All age groups are susceptible to infection,
although infection of children appears to be less frequent and less severe (Uchida, 1989b;
Wright et al., 1992).

Epidemic spread of AHC is due to the rapid replication rate of EV70, and the unusual
mode of transmission of the virus (Johnson, 1994). The role of faecal-oral transmission, so
important in infections with other enteroviruses, appears to be of little significance (Hung and
Kono, 1979; Higgins, 1982), since there is no evidence that EV70 replicates in the enteric
tract. Rather, the prime replication site of EV70 is the conjunctival epithelium, ocular
discharge from infected individuals is infectious (Higgins, 1982), and transmission of AHC
involves bringing the virus in contact with the eye. This may result from direct person-to -
person contact via contaminated hands, as well as by indirect contact through contaminated
fomites (Malison ef al., 1984; Reeves ef al., 1986). Intrafamilial spread is an important
contributor to the epidemic potential of EV70. The infection rate of household members is
known to be—as high as 70 to 100% (Malison ef al., 1984; Patriarca, 1989; Reeves ef al.,
1986). Furthermore, it has been shown that high humidity, moisture on fomites, and
perspiration on hands, all aid virus survival in the environment (Sattar ef al., 1988).

D. Origin and evolution of EV70
The exceptional simultaneous emergence of two viruses, CA24v and EV70, associated

with new and clinically indistinguishable ocular infections, prompted speculation that these
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agents may have a common origin (Kono 1978). Subsequent analyses have shown that this

is not the case. CA24v and EV'70 are serologically distinct (Miyamura, 1989) and display little
sequence similarity (Natori ef al., 1984). CA24v was, with the exception of its ocular
tropism, found to be a typical enterovirus (Ghendon, 1989; Mirkovic ef al., 1974), and is not
associated with paralytic illness (Chen ef al., 1989). As will be discussed in a subsequent
section, EV70 displays a number of characteristics that are not commonly found among
human enteroviruses.

The origin of EV70 remains obscure. Clinical, epidemiological and phylogenetic
evidence are consistent with the hypothesis that EV70 emerged from a single source in West
Africa, sometime around 1967 (Kew ef a/, 1983; Kono 1985; Miyamura ef al., 1986; Takeda
et al., 1984). Initially it was suggested that the progenitor of EV70 was (i) an animal virus
that acquired pathogenicity for humans; (i) a human virus, which through the accumulation
of mutations gained new pathogenic properties; or (iii) an insect picornavirus (Kono et al.,
1981).

The hypothesis that EV70 was originally an animal virus was supported by
seroepidemiological studies of animal sera recovered in Africa and Japan. These
demonstrated the presence of neutralizing antibody in cows, horses, sheep and swine, prior
to the first pandemic in 1969 (Kono ef al., 1981; Sasagawa ef al., 1982). However,
neutralizing activity was associated with IgM, not IgG, indicating that this activity was in all
probability non-specific, the result of cross-reactive antibodies directed against another animal

virus (Sasagawa et al., 1982).
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Although the molecular relationships among the enteroviruses are complex and at
times confusing, genetic sequence data suggest a close relationship between EV70 and other
human enteroviruses. The most recent phylogenetic analyses (Péyry et al., 1996; Rodrigo
and Dopazo, 1995; Stanway, 1990) seem to indicate that EV70 is most closely related to
polioviruses, coxsackieviruses A21 and A24, some of the B group coxsackieviruses (B3, B5),
but also to Bovine Enteroviruses (BEV). EV70 displays the least sequence similarity to
insect picornaviruses.. The EV70 progenitor was therefore probably a human enterovirus,
however, the events that resulted in the acquisition of new pathogenic properties remain
unresolved. Regardless ofiits origins, EV70 is evolving at a constant, rapid rate (Miyamura
et al., 1989; Yamazaki ef al., 1995), suggesting that the emergence of EV70 as a human
pathogen was the result of an accumulation of nucleotide substitutions. The rapid rate of
evolution raises concern that more virulent, oculotropic and neurotropic strains may emerge,

and cause more widespread and severe infection (Johnson, 1994; Wright ef al., 1992).

II. The family Picornaviridae

EV70 is a member of the family Picornaviridae, which is one of the largest and most
important families of human and animal pathogens known . These small, non-enveloped RNA
viruses are subdivided into genera according to physicochemical and biological characteristics
such as acid lability, buoyant density, sedimentation coefficients, antigenic similarities, and
major disease syndromes and histopathology in laboratory animals and in humans (Melnick,
1996; Palmenberg, 1990; Rueckert, 1996). Currently, five genera are described (Table 1):

Rhinovirus, Enterovirus, Aphthovirus, Cardiovirus, and Hepatovirus, although more recent



Table 1. The Family Picornaviridae

Genus Rhkinovirus

Human Rhinoviruses 102 types
Bovine Rhinoviruses 3 types

Genus Enterovirus

Polioviruses types 1-3
Coxsackieviruses, group A types A1-22, 24
Coxsackieviruses, group B types B1-6
Echoviruses types 1-7, 9, 11-27, 29-34
Human Enteroviruses types 68-71
Enteroviruses, other species 29 types

Genus Aphthovirus

Foot-and- mouth-disease virus (FMDV) 7 types

Genus Cardiovirus

Encephalomyocarditis virus (EMCV) 1 type

Theiler’s murine encephalomyelitis virus (TMEV) 1 type

Genus Hepatovirus

Human hepatitis virus A 1 type

Adapted from Rueckert (1996)



9
comparisons of genetic organization, cleavage patterns and sequence relationships suggest
that this classification scheme requires revision (Hyypia ef al., 1997; Palmemberg 1990;
Rodrigo and Dopazo, 1995; Sﬁnway et al., 1994).

Despite the considerable diversity among picomaviruses with respect to pathogenesis,
host range, serology and physicochemical properties, these viruses are similar in morphology,
genome organization, and replication strategy (Hyypid ef al, 1997; Rueckert, 1996).
Picomaviruses are small, unenveloped particles approximately 30 nm in diameter. The capsid,
which displays icosahedral symmetry, is composed of 60 copies of each of four structural
proteins, designated VP1, VP2, VP3, and VP4. This protein shell encloses a single strand of
infectious positive sense RNA of 2.5 X 10° to 2.9 X 10° Da, or 7,200 to 8,500 nucleotides
(nt) (Koch and Koch, 1985).

The extremely compact picornavirus genome has a small virally-encoded peptide
(VPg) covalently linked to its 5' end, and a 3' poly(A) tract. The viral RNA (VRNA) also has
untranslated regions (UTRs) at the 5' end (624 to 1200 nt) and at the 3' end (47 to 126 nt).
These UTRs flank a single open reading frame of approximately 6600 nt (Ansardi ef al., 1996;
Palmenberg, 1990; Rueckert, 1996).

A. Picornavirus replication

The replication of picomaviruses is a complex process, and has recently been reviewed
elsewhere (Ansardi ef al., 1996; Wimmer et al., 1993). Following virus binding to a specific
cell surface receptor, VRNA is introduced into the cytoplasm of the cell. In the cytoplasm,
picornavirus genomic RNA is directly translated into a large polyprotein, which is co-

translationally processed via a cascade of proteolytic cleavages mediated by virally-encoded
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proteases (Palmenberg, 1990). The products of these cleavages include the viral coat
proteins, several viral proteases, the viral RNA-dependent RNA polymerase, and VPg
(Ansardi et al,, 1996; Palmenberg, 1990; Rueckert, 1996). The general strategy of replication
involves the synthesis of full length complementary (negative sense) strands which serve as
templates for the synthesis of progeny (positive sense) genomes. This takes place in
association with smooth membranes in the cytoplasm of infected cells, on which replication
complexes are localized (Baltimore, 1968; Bienz ef al., 1992; Takeda ef al.,1986). These
complexes contain RNA replication intermediates and all of the viral and host cell proteins
required for the replication and encapsidation of vVRNA. All nascent and negative sense
template RNAs have VPg attached to their 5' termini. Although its role in replication is
unclear, VPg has been shown to be an absolute requirement for genome replication (Reuer
etal., 1990). Vpg is proposed to have a role in the packaging of VRNA genomes into capsids
(Nomoto et al., 1977, Rueckert, 1996), and uridylated VPg (5'VPg-pU) is believed to
function as a primer for the initiation of RNA synthesis (Takegami ef al., 1983).
B. Picomavirus capsid structure

The capsids of picornaviruses are composed of 60 copies of each of four structural
proteins, VP1, VP2, VP3, and VP4 (Hogle ef al., 1985). The outer surface of the capsid is
formed by aspects of the three major, and largest of these proteins, VP1, VP2, and VP3. The
fourth, and smallest structural protein, VP4, lines the inner surface of the capsid.

Among the picoraviruses, there is size variation and sequence dissimilarity between
the different capsid proteins (Rueckert, 1996) Despite these differences, the folding patterns

and assembly of VP1, VP2, and VP3 are widely conserved (Hogle ef al., 1985; Rossman et
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al., 1985; Rueckert, 1996). Each capsid protein is folded into an eight-stranded antiparalle]

B-barrel configuration, which forms a wedge. Extending from the corners of these wedges,
are peptide loops with hypervariable sequences, and which have been shown to contain
binding sites for neutralizing antibodies (Rossman et al., 1985). The association of one copy
of each protein (VP1-VP4) forms the fundamental structural unit of the capsid, the protomer.
Five protomers associate to form a pentamer, and finally, twelve pentamers associate to
produce a capsid displaying the icosahedral symmetry characteristic of picornaviruses.

The capsid serves to protect viral RNA from nucleases in the environment, and directs
the packaging of nascent genomes. Furthermore, discrete regions of the capsid interact with
specific molecules expressed on the surfaces of target cells (i.e., virus receptors), and
following binding, actively participate in the delivery of viral RNA into the cell cytoplasm
(Ansardi et al., 1996; Johnson, 1996; Rueckert, 1996).

Crystallographic studies of human rhinovirus 14 (HRV-14) revealed the presence of
twelve symmetrically arranged deep surface depressions or “canyons” encircling each of the
twelve five-fold vertices of the capsid (Rossman et al., 1985). These canyons are formed by
the packing of five copies of VP1 around the five-fold axis of symmetry of the capsid. Each
VP1 contains prominent loops which create a concave surface, and the close packing of five
of these proteins forms a circular groove, or canyon, the walls of which are formed by the
amino acid residues of VP1 and VP3 (Rossman ef al., 1985). The dimensions of these
canyons (estimated to be 25 Angstroms (A) deep, 30 A at the entrance, and 12 A at the
bottom, or floor) were considered to be too narrow to accomodate the broad antigen binding

region (Fab) of neutralizing antibodies. Rossman and colleagues (1985) speculated that the
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residues comprising the canyon floor were involved in host-cell receptor recognition, and that

these residues were shielded against mutation and the selective pressure of the host’s immune
system and as a result, preserve receptor-specificity of the virus.

The involvement of canyon structures in receptor recognition was confirmed by site-
directed mutagenesis, which showed that mutation of certain residues on the canyon floor
abrogated virus binding (Colonno et al., 1988), and by the demonstration that small organic
molecules which could enter and bind under the canyon floor induced conformational
alterations of the floor, inhibiting virus binding or uncoating (Badger ef al., 1988; Pevear ef
al., 1989). Crystallographic and cryoelectromicroscopic analyses have also directly shown
the association of HRV complexed with its receptor (Olson ef al., 1993; Rossman ef al.,
1994).

Similar canyon structures have been observed in poliovirus type 1 (Mahoney strain)
(Hogle et al., 1985), and most likely exist in the group B coxsackieviruses (CVB) (Jenkins
et al., 1987), and coxsackievirus A21 (CVA21) as well (Chapman and Rossman, 1993).
Although the three-dimensional structures of only a small number of picornaviruses have been
elucidated, it already appears that canyons are not a uniform or universal feature of these
viruses. For example, the surface of the Aphthovirus Foot-and -mouth-disease virus (FMDV)
does not show any deep crevices. The surface of this virus is marked with ridges, created
by short, disordered loops of amino acids from VP1 (Acharya ef al., 1989). Similarly, no
significant surface depression appears on the capsid of the Cardiovirus mengo virus

(Krishnaswamy and Rossman, 1990).
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C. Enterovirus pathogenesis
The genus Enterovirus consists of nearly 70 serotypes of human pathogens (Table 1),
including polioviruses, coxsackieviruses, echoviruses (enteric cytopathogenic human orphan),
and the higher-numbered enteroviruses. As the name of this genus suggests, most of its
members replicate in the enteric tract (Rueckert, 1996).The spectrum of disease caused by
enteroviruses ranges from non-specific febrile illness and common colds, to encephalitis,
aseptic meningitis, myocarditis, pericarditis, and poliomyelitis (Cherry, 1987; Melnick 1996).
Enterovirus transmission is normally from person to person, directly via the faecal-oral
route, respiratory route, or indirectly, via fomites and contaminated water or food. Typically,
infection is initiated by the ingestion or inhalation of enteric or respiratory excretions of
infected hosts. After an incubation period of 7 to 14 days (ranging from 2 to 35 days), viral
replication takes place in the lymphatic tissue of the oropharynx and intestinal tract, which
results in a mild viraemia. As a result of this mild viraemia, virus spreads to and multiplies
in secondary sites of infection. Viral replication in these secondary sites coincides with the
onset of clinical symptoms. At this time, major viraemia may be established. Haematogenous
spread of the virus exposes many tissues to the virus, and secondary replication takes place
in select target organs, the identity of which varies with the infecting virus. Usually virus is
detectable in the faeces for several weeks, and can be detected in the pharynx for 1 to 2 weeks
post-infection (Cherry, 1987; Melnick, 1996). 'The diversity of enterovirus target tissues is
reflected in the diversity of sites from which virus has been isolated. These sites include the
faeces, pharynx, cerebrospinal fluid, spinal cord, brain, cardiac and skeletal muscle, and the

conjunctivae (Melnick, 1996).
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III. Unusual characteristics of EV70

The morphologic, physicochemical, and serological data obtained in the initial
characterization of EV70 (Table 2; Kono ef al., 1972; Kono et al., 1975; Mirkovic et al.,
1973; Yamazaki ef al., 1974), and subsequent genome sequence and organization analyses
(Ryan et al., 1990; Takeda et al., 1984; Yamazaki et al., 1974), supported its classification
asahuman enterovirus. Although EV70 shares many characteristics with other members of
its genus, it is, in many respects, an atypical human enterovirus.

A. Ocular tropism

The primary replication site of EV70 is the conjunctival epithelium. While
conjunctivitis may sometimes appear as an ancillary symptom in certain coxsackievirus and
echovirus infections (Melnick,1996), epidemics of a distinctive form of conjunctivitis due to
an enterovirus were unknown prior to the discovery of EV70 and CA24v (Mirkovic ef al.,
1973). EV70 (and CA24v) produces disease not previously recognized as characteristic of
enteroviruses.

EV70 was first isolated from conjunctival specimens (Kono ef al., 1972), and almost
all strains of EV70 were isolated from conjunctival scrapings or swabs collected during the
acute phase of AHC (Nakazono and Kondo, 1989). In contrast to other enteroviruses
(including CA24v), EV70 s rarely found in the faeces of infected patients (Mirkovic et al.,
1973; Wadia et al., 1983). The detection of EV70 in faeces may be incidental, the result of
an acid-stable virus replicating in the conjunctivae and being secreted into the alimentary tract
via the nasopharynx (Hung and Kono, 1979, Yamazaki and Miyamura, 1989). Neurological

complications following ocular infection with EV70 suggested that EV70 gains entry to and
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Table 2. Characteristics of Enterovirus 70

Morphology

Shape spherical
Diameter 301 nm

Physicochemical properties

Buoyant density 1.34 g/cm® in cesium chloride
Sedimentation coefficient 1.24 g/cm’® in sucrose
RNA molecular weight 2.5 X 10° daltons
Structural proteins VP1, VP2, VP3, VP4
Stability of infectious virus pH 3.0-8.6
Reactions to chemicals

sodium deoxycholate Resistant

chloroform and ether Resistant

Virus replication

Site of replication Cytoplasm

Adapted from Yamazaki and Miyamura (1989)
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replicates in the central nervous system. Neurovirulence studies in which cynomolgous
monkeys received intracerebral or intrathalamic inoculations with virus provided direct
evidence associating EV70 infection and neurological symptoms (Uchida, 1989b). The
mechanism by which EV70 reaches the central nervous system is not known. Studies of
neurovirulence in monkeys suggest that EV70 may reach the CNS via a blood route, thanks
to the heavy vascularization of the eye, or may gain access to the CNS directly via nervous
tissue (Uchida, 1989b).
B. Temperature-sensitive growth

The optimal temperature for growth of most human enteroviruses is 37°C, the
temperature of the gastrointestinal tract (Melnick, 1996; Cherry, 1987). In contrast,
replication of EV70 is optimal at 32-34°C (Miyamura ef al., 1974), the temperature
encountered in the conjunctiva ( Hung and Kono, 1979; Stanton ef al., 1977). At 37°C, the
replication rate of EV70 is markedly decreased, and virus yield is significantly lower than at
33°C (Miyamura et al., 1974), while at 39 °C, no replication is observed (Miyamura et al.,
1974, 1976 ). EV70 is the only enterovirus with a naturally occurring temperature-sensitive
phenotype, and is, in this respect, more similar to the rhinoviruses than to other enteroviruses
(Melnick, 1996; Miyamura ef al., 1976; Yamazaki and Miyamura,1989). The inability of
EV70 to replicate at 39°C appeared to be due to a block in initiation of viral RNA synthesis
(Miyamura et al., 1974), and Takeda et al. (1984) attributed this to a failure to form 5'-Vpg-

pU at the non-permissive temperature.
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C. Hostrange

While the replication of human enteroviruses is normally restricted to primary or
continuous cell lines of human or lower primate origin (Cherry, 1987; Melnick, 1996), a small
number of exceptions has been noted. Coxsackievirus B5 has been shown to replicate in
some porcine cell lines (Graves, 1973), and coxsackieviruses A7, B3, B4, as well as echovirus
4 have been shown to replicate in primary cultures of kidney cells from pig, hamster, calf,
lamb and mouse (Lenahan and Wenner, 1960).

Although EV70 in vivo tropism is limited to the conjunctiva, this virus has a wider in
vitro host range than typical human enteroviruses. EV70 was first isolated in cultures of
human (HeLa) cells, and was subsequently adapted to monkey kidney cells (Kono et al.,
1972, Mirkovic et al., 1973). Yoshii ef al. (1977) demonstrated that EV70 is able to replicate
in continuous cell lines derived from rabbits (RK13, RK17), mice (L), hamsters (BHK21), and
pigs (ESK and IB-RS-2), and in primary cultures of bovine kidney (BK1) cells. Growth of
EV70 in cells is generally associated with the cytopathic effects of picornavirus infection
(Mirkovic ef al., 1973). Infected cells round up, shrink, exhibit marked nuclear pyknosis,
eventually degenerate and detach from their growth surface (Ressig ef al., 1956). The
continuous cell cultures of rabbit origin and the primary bovine culture yielded virus titres as
high as primate culture controls, and EV70 infection of these cells produced typical CPE.
Replication in murine, hamster, and porcine cell lines yielded lower EV70 titres than did
primate cell lines, and failed to produce CPE. Two of the cell lines examined (porcine kidney,
PK15; bovine kidney, MDBK) were non-permissive for EV70. Since similar results were

obtained using three separate strains of EV70, the ability to replicate in non-primate derived
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cell lines is considered a general property of this virus (Yamazaki and Miyamura, 1989). It
should be noted that replication of CA24v, the second etiologic agent of AHC, is restricted
to primate cells (Langford and Stanton, 1980).

The basis of the restricted in vivo tropism and extended in vitro host range of EV70

is a poorly studied aspect of the biology of this virus.

IV. Virus host range and tropism

The host range of a virus describes the species origin of the cells that are susceptible
to virus infection. Tropism may be defined as the capacity of a virus to grow within particular
cells of a host, or as the predilection of a virus for specific cells and tissues (Fields, 1993).
The first step in the infectious cycle of many viruses is attachment to specific receptors on
the surface of host cells (Bass and Greenberg, 1992; Lentz, 1990; Norkin, 1995 ). This
attachment is mediated by the binding of sites present on the polypeptides forming the
envelope of enveloped viruses or the capsid of non-enveloped viruses (viral attachment
proteins, VAPs), to a complementary molecule(s) present on the host cell surface which
act(s) as a virus receptor (Crowell and Hsu, 1986; Lentz, 1990; Norkin, 1995; Rossman ef
al., 1985; Wimmer, 1994).

Infection requires that viruses gain entrance into host cells, and binding of virus to
a receptor is followed by the delivery of viral genomes to the interior of the cell. For
enveloped viruses, entry may be effected by surface fusion between the viral envelope and the
cell plasma membrane, or by receptor-mediated endocytosis and fusion within the cell, at

endosomal membranes (Knipe, 1996; Marsh and Helenius, 1989). Entry of non-enveloped
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viruses such as picomnaviruses is not well understood. After binding to the cellular
receptor,viral RNA is released from the capsid (uncoating) and delivered into the cytoplasm.
It has been proposed that for certain picoraviruses, receptor binding induces conformational
changes of the viral particle, which increases capsid hydrophobicity. This promotes the
association of the capsid with the plasma membrane and penetration of the lipid bilayer by
viral RNA (Fricks and Hogle, 1990; Rueckert, 1996). However, whether picornaviral RNA
is delivered to the cytoplasm at the cell surface, or from within endocytic vesicles following
receptor-mediated endocytosis, is the subject of some controversy (Gromeier and Wetz,
1990; Hoover-Litty and Greve, 1993; Kaplan ef al., 1990; Mason ef al., 1993; Rueckert,
1996). Following uncoating and delivery, the viral genome is translated and replicated, viral
proteins are processed, and progeny virions assembled.

While many factors affecting steps subsequent to attachment may influence viral
infectivity and replication, the expression of appropriate host cell receptors is believed to be
a major determinant of viral host range, as well as cell and tissue tropism (Crowell and
Landau, 1983; Haywood, 1994; Mims, 1986; Norkin, 1995).

The virus-receptor relationship has been the subject of intense study, not only as a
starting point to understanding the interaction of viruses with host cells, but also as a potential
strategy for controlling virus infection and its spread. The literature concerning virus
receptors is vast, and a comprehensive treatise on this subject would be impossible in these

pages. Therefore, discussion will largely be restricted to picornaviruses and their receptors.
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V. Cellular receptors as determinants of picornavirus host range and tropism

The most compelling evidence of a direct relationship between susceptibility to virus
infection and the expression of specific host cell receptors arose from studies of polioviruses
(PV). Alexander and colleagues (1958) showed that purified PV RNA was infectious, a
discovery that led to the first demonstration of the importance of cell-specific receptors in the
initiation of picomavirus infection. McLaren ef al. (1959) observed that only cells of simian
(monkey kidney) and human (HeLa) origin adsorbed PV and were susceptible to infection.
Subsequently, Holland and colleagues (Holland et al., 1959a,b) showed that introduction of
purified poliovirion RNA into non-permissive cells resulted in a single round of virus
replication. From this it was concluded that the block in poliovirus replication in non-primate
cells was due to the absence of a virus-specific receptor. Thus it was proposed that PV host
range, at least in cultured cells, was controlled either by the expression of a PV receptor, or
at the stages of virus entry or uncoating. Debris from PV susceptible primate cells were
found to neutralize PV infectivity (Holland and McLaren, 1959), and virus binding activity
was subsequently localized to the microsome fraction of susceptible cells (Holland and
McLaren, 1961).

Demonstration of the existence of cellular receptors for PV prompted others to study
the relationship between the receptors for different picornaviruses, and provided the impetus
to study the nature of the receptors for other enteroviruses.

The specificity of picornavirus receptors was first investigated by competition binding
experiments (Abraham and Colonno, 1984; Burness and Pardoe, 1983; Crowell, 1966;

Lonberg-Holm and Korant, 1972; Lonberg-Holm ef al., 1976; Quirsin-Thiry and Nihoul,
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1961; Sekiguchi ef al., 1982 ). In these studies, cell receptors were saturated with one virus,
and the ability of a second virus to bind to these cells was assessed. If binding of the first
virus prevented attachment of the second, the two viruses were assumed to utilize a common
receptor.

Six distinct picornavirus receptor families have been described using this technique.
The human rhinoviruses (HRV) are divided into a major group (91serotypes) and a minor
group (10 serotypes) (Abraham and Colonno, 1984; Rueckert, 1996), the group B
coxsackieviruses (CVB) form the third group, the PV's form a fourth group, and the foot-and
mouth disease viruses (FMDV; Sekiguchi ef al., 1982) and encephalomyocarditis viruses
(EMCV, Burness and Pardoe, 1983) form the remaining two families.

Overall, the grouping of picornaviruses according to receptor specificities parallels the
traditional taxonomic groupings that were based on disease and histopathology. This
observation forms the basis of the hypothesis that cellular receptors are important
determinants of picoravirus tropism. Some inconsistencies were observed, however, and it
appeared that certain unrelated viruses share receptor molecules. The group A
coxsackieviruses (A13, 18, 21) share a receptor with the major group rhinoviruses (Lonberg-
Holm et al., 1976), and adenovirus type 2 and coxsackievirus B3 also use a common receptor
(Lonberg-Holm et al., 1976). Human rhinovirus 87 attachment is not inhibited by other
human rhinoviruses (Uncapher ef al.,1991). Furthermore, it is known that virus attachment
to cells does not necessarily lead to infection of cells (Angel and Burness, 1977; Colonno et

al., 1990; Hsiung and Melnick, 1958; Mims, 1986; Yoshii ef al., 1977; Zajac et al., 1991).
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VL Early approaches to the identification of picornavirus receptors
A. Biochemical approaches

The earliest investigations of picornavirus receptors were limited by the availability
of suitable reagents. Information regarding the biochemical nature of picornavirus receptors
was obtained by treating virus- susceptible cells or membranes prepared from these cells with
various enzymes and chemicals, and determining the effect of these agents on virus binding
activity (Levitt and Crowell, 1967; Lonberg-Holm, 1975; Zajac and Crowell, 1965a,b). These
experiments indicated that picornavirus receptor molecules are predominantly integral
membrane glycoproteins.

The thorough characterization of virus receptors requires isolation and identification
of these molecules. Historically, this has proven to be difficult, because receptors may be
present on the cell surface in small numbers, and because standard protein isolation
procedures may result in the loss of virus binding activity (Crowell and Hsu, 1986; Tardieu
et al., 1982). Several researchers have used an affinity based approach to receptor
identification, termed the virus overlay protein blotting assay (VOPBA). This technique
exploits the affinity of virus particles for cellular components: cellular proteins separated by
SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose are
incubated with virus, and virus binding is used to identify proteins found uniquely in
susceptible cells. This method has been used in the study of several viruses, including Sendai
virus (Gershoni et al., 1986), reovirus (Verdin ef al., 1989), and lymphocytic choriomeningitis

virus (LCMV; Borrow and Oldstone, 1992), as well as for the minor group HRV (Mischak
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et al., 1988a), and Theiler’s murine encephalomyelitis virus (TMEYV:; Kilpatrick and Lipton,
1991).

B. Immunological approaches

The development of monoclonal antibody (mAb) technology has had a tremendous
impact on virus receptor research. MAbs capable of selectively inhibiting the attachment of
different viruses have been produced by immunizing mice with whole cells or with cell
membranes, and are identified by their ability to block virus attachment and infection (Bass
and Greenberg, 1992). Campbell and Cords (1983) were the first to produce monoclonal
antibody that specifically inhibited the infection of HeLa cells by CVB1, BS, and B6.
Subsequently, Nobis ez al. (1985), Minor e al. (1984), and Shepley ef al. (1988) obtained
antireceptor mAbs for PV, Colonno ef al. (1986) produced an antireceptor mAb for the
major group HRVs, and Crowell and colleagues successfully produced mAbs specific for
receptors for CVB (Crowell et al., 1986; Hsu et al., 1988; Mapoles ef al., 1985).

Antireceptor mAbs have proven to be useful tools for the biochemical and functional
characterization of virus receptors. The ability of these mAbs to selectively block virus
binding was exploited to confirm the receptor specificities of picornaviruses, and the results
of these antibody blockade experiments showed a strong correlation with the results of earlier
virus binding competition assays (Bass and Greenberg, 1992; Hsu et al., 1990).

Receptor-specific antibodies have also provided a means by which receptor molecules
can be isolated from membranes of susceptible cells. An example of the application of
antireceptor mAbs in the basic characterization of virus receptors is the work of Crowell and

colleagues with CVB.
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Briefly, Krah and Crowell (1985) demonstrated that the receptor for CVBs could

retain its binding activity following detergent solubilization of HeLa cell membranes. The
high affinity of the receptor protein for virus permitted the isolation of a virus-receptor
complex (Mapoles et al., 1985), which consisted of viral capsid proteins and a 46 to 49 kDa
HeLa cell membrane glycoprotein protein. This protein was isolated and used to produce
antireceptor mAb RmcB, which protected HeLa cells against infection by all six serotypes of
CVB (Hsu et al., 1988). During the course of their studies, Crowell and colleagues isolated
a CVB3 host range variant that acquired the ability to grow in the human rhabdomyosarcoma
(RD) cell line, which is normally resistant to CVB infection, and also acquired the ability to
agglutinate erythrocytes (Reagan ef al., 1984). Interestingly, CVB3-RD retained the ability
to grow in HeLa cells, and it was eventually shown that this virus recognized two distinct
receptors on HeLa cells . This conclusion was reached after it was shown that CVB3-RD
could saturate HeLa cell receptors and prevent the binding of prototype CVB3, but that
saturation of HeLa cells with prototype virus did not prevent CVB3-RD from binding to cells
(Reagan ef al., 1984; Crowell et al., 1986). To identify this additional receptor, another
antireceptor mAb (generated against HeLa cells) was used. This mAb, RmcA, identified a
60 to 70kDa glycoprotein from both RD and HeLa cells, and protected RD cells from
infection by CVB3-RD and HeL a cells from infection by prototype strains of CVB1, B3, BS,
as well as Echovirus 6, and CVA21 (Crowell ef al., 1986). Although the receptors for CVB
were only partly characterized, this work was important, providing evidence that adaptation
of a picornavirus to a new host cell corresponded with the acquisition of the ability to utilize

multiple receptors.
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At the time that this project was initiated, the application of basic biochemical
techniques, including enzyme sensitivity of receptors, binding competition experiments,
affinity purification and the production of antireceptor antibodies had resuited in the
identification of relatively few virus receptors (Lentz, 1990; Bass and Greenberg, 1992).
From the characterizations that were performed, it was apparent that a large number of
different plasma membrane components could serve as virus receptors, including
phospholipids and glycolipids, as well as hormone and neurotransmitter receptors and other
integral membrane glycoproteins (Co ef al., 1986; Lentz, 1990). For the most part, these

receptor identifications were not definitive.

VII. Contemporary approaches to the identification of virus receptors

In order to definitively identify a receptor molecule, receptor function (virus binding
followed by infection of cells) must be demonstrated. When this project was initiated, the
most thoroughly characterized receptors were those for human immunodeficiency virus (HIV-
1), the major group human rhinoviruses (HRV) and poliovirus (PV). A brief description of
the strategies used to identify these cellular receptors follows.
A. The receptor for HIV

The identification of the cellular receptor for HIV was in itself significant, but the
successful application of immunologic and molecular biology techniques in its identification
also heralded the beginning of a new era in virus receptor research.

The observations that CD4" lymphocytes are depleted in HIV-infected individuals and

that HIV appeared to have a specific tropism for these cells initially led researchers to suspect
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that CD4 was the receptor for HIV. Klatzman ef al., (1984) demonstrated that mAbs
directed against CD4 prevented infection of CD4" lymphocytes, and Dalgleish and colleagues
(Dalgleish ez al,, 1984) demonstrated that vesicular stomatitis virus-HIV pseudotype viruses
displayed tropism that was restricted to cells expressing CD4, and also that CD4-specific
mADbs prevented infection of CD4-expressing cells. The groundbreaking work of Maddon
(Maddon et al., 1986) definitively demonstrated that the interaction between HIV and CD4
is of biologic significance. This group converted HIV-resistant CD4" human epithelial cells
into HIV- susceptible cells by introducing the gene encoding CD4. This evidence strongly
suggested that CD4 acted as a receptor for HIV. However, CD4 expression was not
necessarily sufficient to ensure HIV infection of cells. While a number of human CD4 HIV-
resistant cell lines were rendered susceptible following expression of CD4, several other cell
lines of mice, rabbits, and lower primates could not be infected by HIV. These observations
indicated that additional human cell-specific factors are required for HIV entry into cells
(Maddon et al., 1986). The role of co-receptors / accessory proteins in virus infection will
be addressed in more detail in the discussion section

CD4 is an integral membrane glycoprotein, containing four contiguous
immunoglobulin-like extracellular domains, and is a. member of the immunoglobulin
superfamily of proteins (White and Littman, 1989). The HIV binding site of CD4 has been
localized to the most distal, amino terminal domain of the molecule (Landau et al., 1988;
Arthos et al., 1989).

Of additional interest was the observation that some human cells could be infected in

the absence of CD4 expression. HIV therefore appeared to be able to use more than one
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receptor, and galactosyl ceramide has been proposed as an alternative receptor for HIV-1 on
human neural cell lines (Bhat ef al., 1991; Harouse ef al., 1991).

Thus, the model of HIV provided an example of : (1) receptor-influenced tropism, (2)
the insufficiency of receptor expression to guarantee infection, and (3) the ability of viruses
to utilize different receptors in different cell types. The genetic transformation experiments
of Maddon and colleagues represented the first direct demonstration of receptor function for
a candidate receptor molecule, and established a new criterion for receptor identification
studies: genetic transfer of receptor activity to receptor-negative cells.

B. The receptor for the major group HRV

The first picornavirus receptor identified through the application of immunological and
molecular techniques was the receptor for the major group HRV (Greve et al., 1989;
Staunton ef al., 1989; Tomassini ef al., 1989a2). Human rhinoviruses initiate infection by
binding to one of two different receptors expressed on susceptible cells (Abraham and
Colonno, 1984; Colonno et al., 1986). Colonno and colleagues produced a mAb that blocked
binding of major group HRV, and protected HeLa cells against infection (Colonno ef al.,
1986). Using this mAb, a 90 kDa HeLa cell protein was identified by immunoaffinity
chromatography, and the candidate receptor protein was characterized (Tomassini ef al.,
1989b). Protein sequence analysis permitted molecular probes to be designed, and these were
used to screen HeLa cell cDNA libraries for receptor-specific sequences (Tomassini ef al.,
1989a). DNA sequence analysis revealed similarity to intracellular adhesion molecule 1
(ICAM-1). A similar approach was used by Greve et al., (1989). The similarities between

the candidate HRV receptor described by Tomassini (Tomassini et al., 1989b) and ICAM-1
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led Staunton et al., (1989) to directly demonstrate that these were the same molecule.
Collectively, these studies showed that ICAM-1 specific mAbs prevented HRV binding to
HeLa cells and prevented infection, and that COS (Staunton ef al., 1989) or murine L cells
(Greve et al., 1989) engineered to express ICAM-1 bound virus.

ICAM-1 is the natural cell surface ligand of the integrins lymphocyte function-
associated antigen (LFA-1) and Mac-1 (Diamond ef al., 1991), and is involved in a variety
of cellular interactions (White and Littman, 1989). Like CD4, ICAM-1 is a member of the
immunoglobulin superfamily of proteins: primary sequence analysis predicts a molecule with
five contiguous extracellular immunoglobulin-like domains (Greve ef al., 1989; Staunton e?
al., 1989; Tomassini ef al., 1989a). Using [CAM-1 deletion mutants and chimeric ICAM-1
molecules (containing murine and human ICAM-1 sequences) the HRV binding site has been
localized to the first and second amino terminal domains of the molecule (McClelland et al.,
1991; Staunton ef al., 1990). In spite of the demonstration that ICAM-1 expression mediates
HRYV binding and infection of cells, the widespread distribution of [ICAM-1 in vivo (Dustin
et al., 1986) and the restricted replication of HRV suggested that ICAM-1 is not the sole
determinant of HRYV tissue tropism (Greve ef al., 1989).

C. The receptor for PV

By the mid-1980s, several antireceptor mAbs were available for the study of the
poliovirus receptor (PVR; Minor ef al., 1984; Nobis ef al., 1985; Shepley et al.,1988)
however, none of these reacted with solubilized membrane material, and thus could not be
used for the biochemical purification of receptor protein (Mendelsohn et al., 1986). In order

to circumvent this problem, Mendelsohn ef al. (1989) used a genetic approach involving
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DNA-mediated gene transfer, to isolate a clone of the PVR gene. This group first

demonstrated that susceptibility to PV infection could be transferred to the normally non-
susceptible murine L cell line via genomic DNA transformation. Genomic DNA from HeLa
cells was introduced into L cells, and primary and secondary transformants were detected on
the basis of their susceptibility to infection and their reactivity with receptor-specific mAb.
A genomic library constructed from the DNA of one positive L-cell transformant was then
screened for the presence of human sequences. Positive recombinants were analyzed by
restriction digestion, and a human DNA fragment common to all receptor-positive
transformants was identified. This fragment was then used to isolate HeLa cell cDNA clones
encoding the PVR. When cDNA clones were introduced into L cells, functional PV receptors
were expressed (Mendelsohn ef al., 1989). The predicted amino acid sequence revealed that
PVR was a 43 to 45 kDa transmembrane glycoprotein with three extracellular, contiguous
immunoglobulin-like domains, typical of members of the immunoglobulin superfamily (White
and Littman, 1989). The predominant mature PVR species in HeLa cells is 80 kDa
(Bernhardt et al., 1994). Deletion mutants of PVR (Freistadt and Racaniello, 1991; Koike
et al., 1991a), and chimeric ICAM-1/PVR molecules (Selinka ef al., 1991) were used to map
the PV binding site to the most distal amino terminus domain of PVR.

The normal cellular function of PVR protein is unknown. Northem blot (Mendelsohn
et al., 1989) and Western blot analyses (Friestadt ef al., 1990) showed that PVR mRNA is
found in virtually all human tissues, whether or not these bind or can be infected by PV, and
transgenic mice also expressed PVR RNA in both susceptible and non-susceptible tissues

(Renetal., 1990). The widespread distribution of PVR mRNA and protein suggested that
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PVR alone is not the determinant of PV tropism. However, tissue-specific variations in PVR
molecular weight and immunoreactivity were observed (Friestadt ef al., 1990), giving rise
to speculation that PV tissue tropism may be regulated by tissue-specific post-translational
control. The existence of a cofactor required for PV infection was suggested by the work of
Shepley et al. (1988). This group produced a mAb that blocked PV binding to HeLa cells
and protected cells against infection. When this mAb was used to probe cell membrane
preparations derived from a variety of cell lines and tissues, a 100 kDa protein was detected
only in cell lines and tissues permissive for PV.

D. Integrins as picomavirus receptors

The discovery that the cellular receptors for PV and HRV were members of the
immunoglobulin superfamily was consistent with the canyon hypothesis for picornavirus
binding (Rossman, 1989), and led to speculation that perhaps members of this family of
proteins may be receptors for all the picornaviruses (Eisner, 1992).

Previous observations that FMDV lacks a canyon (Acharya ef al., 1989) suggested
that this generalization would not hold true. The surface of FMDV features a prominent VP1
surface loop containing the tripeptide sequence arginine- glycine- aspartic acid (RGD), which
is found in a mumber of extracellular matrix and adhesion proteins that bind to members of a
family of cell surface receptors called integrins (Hynes, 1992). Fox ef al. (1989) and Baxt and
Becker (1990) demonstrated that oligopeptides containing the RGD sequence could compete
with FMDV for binding sites on the cell, and thus proposed that the cellular receptor for
FMDYV may be an integrin. Subsequently, the RGD motif was also identified on the distinct

C-terminal extension of capsid protein VP1 of the enterovirus CVA9. Roivainen ef al. (1991)
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showed that RGD-containing peptides effectively blocked virus attachment, suggesting that

integrins are also involved in CVA9 binding. Interestingly, trypsin cleavage of the VP1
extension yielded virus that was still infectious, though to a reduced level, indicating that
CVA9 was able to bypass RGD-dependent entry, and thus may use an alternative receptor
(Roivainen ef al., 1991).

By 1991, relatively little was known about the identities of many of the host cell
receptors for picornaviruses (Table 3, and above). These molecules appeared to be integral
membrane proteins, but other than for HRV and PV, comprehensive descriptions and direct
evidence of their role in binding and infection were lacking. The hypothesis that receptor
specificity is an important determinant of picornavirus tropism which then influences resulting
disease was generally supported by the data available at the time this project was begun, and
was a concept that could be tested only through the identification and thorough
characterization of additional virus receptors.

In this context, it was felt that the in vivo and in vitro replication characteristics of
EV70 may be determined by the nature and distribution of its cellular receptor. Therefore,
in an attempt to understand the molecular basis of the tropism and host range of this virus,

identification of the EV70 receptor was undertaken.

VIIL Precedent studies of the host cell receptor for EV70
Prior to the work described in this thesis, little information had been published
regarding the nature of host cell receptors for EV70. The important early experiments of

Yoshii et al. (1977), which originally established that EV70 replication was supported by a
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Table 3. Picornavirus receptors identified by 1991

Receptor

Reference

. PVR (Immunoglobulin
- superfamily member)

major ~ ICAM-1

 120kDa

- glycophorin A
- Integrin

v | . Integrin
' ICAM-1

. 49kDa
~ 60-70kDa
34 kDa

Mendelsohn, ef al., 1989

Greve et al., 1989;
Staunton et al., 1989;
Tomassini ef al., 1989

Mischak ez al., 1988a,b

Allaway and Burness, 1986

Fox et al., 1989; Baxt and
Becker, 1990

Roivainen ef al., 1991

Colonno ef al., 1986;
Lonberg-Holm et al., 1976

Mapoles et al., 1985
Hsu ef al., 1988,1990

Kilpatrick and Lipton,
1991
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number of non-primate cell lines in vitro, also examined the interaction of EV70 with these
various cell types. Virus binding was assessed using a virus adsorption test. In this assay,
monolayers of cells were incubated with a known number of PFU of EV70, then unadsorbed
virus was removed from monolayers and titrated for infectivity by plaque assay. High levels
of EV70 adsorption were observed with all the cell lines tested. Some cells (rabbit RK13 and
RK17; bovine BK1) supported high levels of virus replication and exhibited CPE, while other
cells supported somewhat lower levels of virus replication and exhibited no CPE (murine L
cells; hamster BHK21 cells; porcine IB-RS-2 and ESK cells). Finally, although they adsorbed
high levels of EV70, porcine PK15 and bovine MDBK cells were not permissive for EV70.
These results suggested that receptors for EV70 were widely distributed, and that, in view
of the observation that non-permissive cells also bound virus, in some cells, expression of a
receptor was not sufficient to ensure productive infection.

The observation that high titres of EV70 could agglutinate human “0”, guinea pig,
and chicken erythrocytes (Kono et al., 1978) led Utagawa et al. (1982) to investigate the
biochemical nature of the erythrocyte receptor for EV70. The neuraminidase sensitivity of
EV70 binding to erythrocytes was compared with the neuraminidase sensitivity of binding by
two other human enteroviruses, Echoviruses 7 and 11, and of the cardioviruses mengovirus
and EMCV. R&sults indicated that the erythrocyte receptor for EV70 and for cardioviruses
was sensitive to enzyme treatment, thus implicating terminal sialic acid residues in virus
binding to the erythrocyte surface. The interaction of Echoviruses 7 and 11 with erythrocytes
was unaffected by neuraminidase treatment. Neuraminidase sensitivity of erythrocyte

receptors for EMCV (Angel and Burness, 1977) and for rhinovirus S (Scott and Killington,
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1972) had previously been reported, but had never before been shown for a human
enterovirus. While these data provided additional evidence that EV70 was an unusual
enterovirus, no further information regarding the nature of the erythrocyte receptor for EV70
has been published

Finally, Yamazaki and Miyamura (1989) briefly commented on attempts to prepare
a mADb directed against the EV70 receptor on HeLa cells. A mAb which blocked adsorption
of EV70 to HeLa and rabbit RK13 cells, and which also exerted a partial inhibitory effect on
adsorption of CVBS to HelL.a cells, was apparently isolated. However, no detailed description
of these data has ever been published, and requests for an aliquot of this antibody went

unanswered.

IX. Rationale and objectives

When this work was initiated, very few virus receptors were unequivocally identified.
However, considerable evidence suggested that for many viruses, the specificity of the virus-
host cell receptor interaction was an important, though not exclusive determinant of host
range and tropism.

EV70 possesses biological and pathogenic properties that are unusual for a human
enterovirus. Among the atypical features of this virus are its restricted in vivo tropism and
broad in vitro host range. A long term objective of this laboratory is to elucidate the
molecular basis of these characteristics.

In view of the proposed importance of receptors in governing the host range and

tropism of picornaviruses, it was hypothesized that the in vivo and in vitro replication
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characteristics of EV70 were determined by the nature and distribution of its receptor, and
that the receptor for EV70 would be different from the picornavirus receptors identified to
date. Therefore, the objectives of this thesis were : (1) to identify the receptor for EV70, and
(2) to clone the gene encoding the receptor for EV70.

A candidate receptor molecule was identified and partially characterized, and appeared
to be similar to decay-accelerating factor (DAF/CDSS5). As a result of this observation, the
objectives of this thesis were changed to: (1) demonstrating that the EV70 receptor was DAF,
and (2) initiating characterization of the virus-receptor interaction by mapping the EV70-

binding site of DAF.
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MATERIALS AND METHODS

L Cells and cell culture
A. Sources of cell lines

Human HelLa cells were obtained from the NIAID AIDS Research and Reference
Reagent Program, Rockville, MD. Rhesus monkey (Macaca mulatta) kidney cells, LLC-
MK,, were purchased from Flow Laboratories, Rockville, Maryland. African green monkey
(Cercopithecus aethiops) kidney cells, CV-1, were obtained from ATCC (Rockville, MD),
and murine NIH/3T3 (3T3) cells were provided by Dr. E.G. Brown, of the Department of
Microbiology and Immunology, University of Ottawa. Chinese Hamster Ovary (CHO) cells
and CHO cells stably expressing human decay-accelerating factor (CHO-DAF; Lublin and
Coyne, 1991) were provided by Dr. D. Lublin (Washington University School of Medicine,
St. Louis, MO). 3T3 cells transfected with the gene for human DAF under control of the
SV40 early promoter and 3T3 cells transfected with the DAF gene in reverse orientation with
respect to the promoter (3T3-DAF and 3T3-RDAF; White ef al., 1992), were gifts of Dr. J.
Atkinson (Washington University School of Medicine, St. Louis, MO).
B. Cell culture

For HeLa, LLC-MK, , CV-1, and 3T3 cells, growth medium consisted of Eagle's
Minimal Essential Medium containing Earle's salts (MEM) supplemented with 0.2% (w/v)
sodium bicarbonate, 2mM L-glutamine, 50 pug/mL gentamycin sulphate (Roussel Canada,

Montreal, PQ) and either 5% (v/v) (LLC-MK,; 3T3) or 10% (v/v) (HeLa; CV-1) heat-
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inactivated fetal bovine serum (FBS). CHO cells and CHO-DAF cells were grown in Ham's

F12 medium supplemented with 5% (v/v) FBS, 2 mM L-glutamine, and 50 pg/mL gentamycin
sulphate. CHO-DAF cells were maintained in medium containing 0.5 mg/mL Genetecin
(G418, Boehringer Mannheim Canada, Laval, PQ) (Lublin and Coyne, 1991). 3T3-DAF and
3T3-RDAF cells were maintained in MEM supplemented as above, but containing 10% (v/v)
FBS and 0.5 mg/ml Genetecin (White ef al., 1992).

Cells were routinely grown as monolayer cultures in 100 mm diameter polystyrene
tissue culture dishes (Coming Science Products, Richmond Hill, ON), at 37°C in a humidified
5% CO, incubator (Sheldon Manufacturing Inc., Portland, OR). When large numbers of cells
were required, monolayers were grown in sterilized Pyrex dishes (33 x 23 x 5§ cm; Corning,
UK). Each confluent Pyrex dish contained approximately 1 x 10® cells, the equivalent of
approximately twenty-two 100 mm diameter tissue culture dishes. All media and supplements
were from Gibco/BRL Life Technologies Canada (Burlington, ON), unless stated otherwise.

As cells approached confluency, they were passaged as follows. Culture medium was
aspirated, monolayers were washed with warmed Tris-buffered saline (TBS; 137 mM NaCl,
5 mM KCl, 0.7 mM Na,HPO,, 5.6 mM glucose, and 25 mM Tris-HCI pH 7.2), and then
trypsinized in 0.05% trypsin-0.02% EDTA (Gibco/BRL) for 3 to 5 min at 37°C. Cells were
removed by pipetting and were added directly to fresh growth medium in new tissue culture
dishes at an appropriate dilution. For routine propagation, cells were split at either a 1:5 or

1:10 ratio.
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II. Viruses and virological methods
A. Sources of virus strains

Enterovirus 70 (EV70) prototype strain J670/71 was obtained from Dr. M. Hatch and
Dr. M. Pallansch of the Centers for Disease Control, Atlanta, GA. Poliovirus (PV) strain
Sabin 1 was obtained from Dr. D. Denicourt, Health Canada, Ottawa, ON, and
coxsackievirus B3 (CVB3) was provided by Dr. S.A. Sattar of the Department of
Microbiology and Immunology, University of Ottawa. Recombinant vaccinia virus vIF7-3,
expressing bacteriophage T7 RNA polymerase (Fuerst ef al., 1986) was obtained from ATCC
(Rockville, MD), and was propagated and titrated in CV-1 cells.
B. Growth and purification of EV70

Regular virus stocks were prepared by infecting confluent monolayers of LLC-MK,
cells in 100 mm tissue culture dishes at a multiplicity of infection (MOI) of 0.01 - 0.1 plaque
forming units (PFU) per cell in serum and antibiotic-free MEM. After allowing the virus to
adsorb for 1 h at 33°C (in an atmosphere of 5% CO,), the inoculum was removed, 4 mL of
fresh complete MEM were applied, and cells were incubated at 33°C until the cytopathic
effects (CPE) of infection were near-maximal (24 to 36 h). Cells and growth medium were
harvested and placed at -80°C. Following three cycles of freezing and thawing, cellular
debris were removed by centrifugation (4,000xg for 10 min at 4°C), and aliquots of virus-
containing supernatants were stored at -80°C.
C. Preparation of concentrated virus stocks

(i) EV70: LLC-MK, cell monolayers were grown in 8 to 10 sterile Pyrex dishes.

Monolayers were infected (1 h, 33°C) at a MOI of 0.1 PFU/cell in serum and antibiotic-free
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growth medium, and then incubated in complete medium at 33°C for approximately 30 h.

With the aid of a rubber policeman, virus was collected by harvesting medium and cells (125
mL per dish), followed by three cycles of freezing and thawing, and clarification at 4,000xg
for 10 min at 4°C. Pooled supernatants were concentrated by tangential flow ultrafiltration
using a Minitan ultrafiltration apparatus with PTHK 100K filters (Millipore Ltd., Mississauga,
ON). Virus was pelleted from concentrated supernatant at 110,000xg for 4 h at 4°C,
resuspended in R buffer (0.2 M NaCl, 50 mM MgCl,, 10 mM Tris-HCI pH 7.5) (Abraham
and Colonno, 1984), and placed on a linear density gradient of 10 to 40% (w/v) sucrose in
R buffer. After centrifugation at 154,000xg for 3.5 h at 4°C, 500 uL gradient fractions were
collected by bottom puncture, and portions of each fraction were tested by plaque assay.
Peak virus-containing fractions were pooled, centrifuged at 200,000xg for 2.5 h at 4°C,
resuspended in either R buffer or in phosphate-buffered saline, pH 7.4 (PBS; 137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PQ,), divided into aliquots, and stored at -80°C.

(ii) Radiolabelled EV70: As described above, monolayers of LLC-MK, cells
grown in Pyrex dishes were infected with EV70 at a MOI of 0.1 for 1 h at 33°C. The
inoculum was removed, and serum-free methionine-free growth medium (ICN Biomedicals
Canada Ltd., Mississauga, ON) was added to the monolayers. After 3 h, 5 to 8 uCi of
Tran**S-label (ICN) were added per mL of medium. Incubation was continued for a further
30 h, and virus was harvested as described above. Sucrose gradient fractions were recovered
and analyzed for the presence of radiolabelled virus using a RackBeta ‘Excel’ liquid

scintillation counter (LKB Wallac, Turku, Finland). Peak fractions were pooled, centrifuged
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at 200,000xg for 2.5 h at 4°C, resuspended in R buffer or PBS, divided into aliquots, and

stored at -80°C.

(iii) CVB3: Freshly confluent HeLa cells in 100 mm tissue culture dishes were
infected at a MOI of 0.1 as described above, but at 37°C. Incubation was continued at 37°C
until monolayers were approximately 80% destroyed. Cells and supernatant were recovered
and subjected to three cycles of freezing and thawing. Cellular debris was removed by
centrifugation at 32,000xg for 15 min at 4°C. Supernatants were transferred to new
centrifuge tubes and Nonidet P-40 (NP-40; Sigma Chemical Company, St. Louis, MO) was
added to a final concentration of 1% (v/v). After gentle, thorough mixing, virus was pelleted
by centrifugation at 110,000xg for 4 h at 4°C. The resulting pellet was resuspended in R
buffer, and applied to a 10 to 40% (w/v) sucrose linear density gradient. Fractions were
recovered, and tested by plaque assay. Peak virus fractions were pooled, centrifuged at
200,000xg for 2.5 h at 4°C, and the final virus pellet was resuspended in a small volume of
PBS. Aliquots were stored at -80°C.

D. Plaque assay

All virus stock titers were determined by plaque assay. Monolayers of LLC-MK, cells
were grown to near confluency in 60 mm polystyrene tissue culture dishes (Corning). Growth
medium was removed, and cells were infected with 0.5 mL of virus serially diluted in serum-
free MEM. After 1 hincubation with occasional rocking at 33°C, the inoculum was removed,
and monolayers were overlaid with 3 mL of a solution of growth medium containing 0.8%
(w/v) agarose (Bio-Rad Laboratories Ltd., Mississauga, ON). After incubation for 4 days

at 33°C, the monolayers were fixed with a solution of 10% formol-saline (10% [v/v] formalin,
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0.8% [w/v] NaCl) for 1 h at 37°C, the overlays were removed, and cells were stained with a
solution of 0.1% (w/v) crystal violet. Plaques were counted, and virus titers were expressed

as PFU permL.

III. Cell membrane preparation

Eight to ten Pyrex dishes of HeLa cells were used to prepare membranes for
immunization of mice (see below). After removal of growth medium, freshly confluent
monolayers were washed with PBS, then incubated for 15 min at 37°C with PBS containing
50 mM EDTA. Cells were removed with the aid of a rubber policeman, pooled, and then
pelleted at 1,000xg for 5 min at 4°C. Cells were washed three times with cold PBS, and the
final pellet was resuspended in 13 mL of 10 mM sodium phosphate buffer, pH 7.4.
Resuspended cells were incubated on ice for 15 min, then disrupted in a Dounce homogenizer
in the presence of protease inhibitors (1 mM benzamidine-HCl, 1 mM phenylmethylsulfonyl
fluoride [PMSF] (both from Sigma), and 5 mM EDTA). Following centrifugation at 1,400xg
for 5 min at 4°C, the supernatant was transferred to fresh tubes and centrifuged at 200,000xg
for 2 h at 4°C. The final membrane pellet was resuspended in PBS, protein concentration was
determined by Bradford assay (Bio-Rad), and sample concentration was adjusted to 10

mg/mL. Aliquots of the membrane preparation were stored at -80°C.
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IV. Immunological methods and reagents
A. Production of anti-receptor antibodies
Six to eight week-old inbred female BALB/c mice (Charles River Laboratories, St.
Constant, PQ) were maintained in the Animal Care Unit at the National Research Council,
Ottawa, ON. Two groups of mice were immunized by intraperitoneal injection, at three-week
intervals. One group was injected with HeLa cell membranes, the other with whole HeLa
cells. Primary immunizations consisted of 50 pg of membrane protein or 4 X 10° cells
emulsified in Complete Freund's Adjuvant, and were followed by injections with 80 ug of
membrane protein or 5 X 10° cells in incomplete Freund's Adjuvant, and finally, with 120 pg
of membrane protein or 1 X 107 cells in PBS. In order to confirm antibody production
against the antigen, 200 uL of blood were recovered from each mouse by tail bleed, and
dilutions of sera were examined by indirect enzyme-linked immunosorbent assay (ELISA).
Briefly, ELISA microtiter plates (Corning) were coated by drying 100 pL of a 10 pg/mL
membrane preparation diluted in distilled water, in each well. ELISAs were performed using
standard methods (Engvall and Periman, 1971). Dilutions of mouse sera were used as
primary antibody, and a 1:1000 dilution of horseradish peroxidase conjugated goat anti-
mouse IgG/M (Jackson Immunoresearch Laboratories Inc., West Grove, PA) was used as
secondary antibody. The substrate, 2,2'-azino-bis (3-ethylbenz-thiazoline sulphonic acid)
(ABTS), was from Sigma. ELISA plates were read at A, using a Bio-Rad Model 3550
microplate reader.
Three days prior to cell fusion, mice were primed by tail vein injection of 175 pug of

membrane protein or 1.5 X 107 cells in PBS. Splenocytes were prepared essentially as
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described by Kennet ef al. (1978). The spleens of two mice from each group were removed
and placed in a 60 mm petri dish containing Dulbecco’s Minimal Essential Medium (DMEM)
with 20 % (v/v) FBS (DMEM-20% FBS). Cells were perfused from the spleens using a ImL
syringe fitted with a 26 gauge needle (Becton Dickinson and Co., Rutherford, NJ). Spleen
cells were removed, centrifuged at 200xg for 10 min, resuspended in cold 0.17 M NH,Cl,
and diluted with an equal volume of DMEM-20% FBS. After recentrifugation, the cells were
resuspended in cold DMEM-20% FBS, counted and tested for viability using trypan blue
exclusion.

Polyethylene glycol (PEG) - mediated fusion of spleen cells and the non-secreting
SP2/0 parental myeloma cell line (Schulman ef al. , 1978) followed the protocol described by
Kennet (1979). Spleen cells and SP2/0 cells were mixed at a ratio of 10:1, and washed with
DMEM-20% FBS. Following removal of the supernatant, the spleen-SP2/0 cell pellet was
gently resuspended in 200 pL of 30% (w/v) PEG 1450 (J.T. Baker Chemical Co.,
Phillipsburg, NJ) prepared in serum- free DMEM. After 8 min at 37°C, the cells were pelleted
at 400xg for 5 min, the PEG solution was slowly diluted by gentle mixing with 5 mL of
serum-free DMEM, and finally, an equal volume of DMEM-20% FBS was added. The cells
in diluted PEG were pelleted at 200xg for 10 min, and resuspended in 30 mL of HT medium
(DMEM with 4.5 g/L glucose, 10% (v/v) NCTC 109 medium, 20% (v/v) FBS, 50ug/mL
gentamycin sulphate, and 1 mM oxaloacetic acid, 0.56 mM sodium pyruvate, 0.200 units/mL
bovine insulin, 16 pM thymine, 0.1 mM hypoxanthine [all from Sigma]). After 30 min at
room temperature, the cells were gently distributed into microtiter plates (approximately 1.7

X 10* cells per well). The following day, an equal volume of HT medium containing 16 pM
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aminopterin (Sigma) was added to each well, to begin selection of hybrids. After 7 days,

additional HT medium was added to each well. On day 8, medium was carefully aspirated
and replaced with fresh HT medium. Clones appeared within eight days.

On day 10, the supernatants of all viable hybridomas were screened for the secretion
of anti-EV70 receptor antibodies by the cell protection assay described below. Any
hybridoma supernatants that were protective or showed signs of delaying the onset of EV70-
induced CPE were subjected to further rounds of screening. Hybridomas of interest were
transferred and grown in 24-well tissue culture dishes, and finally, 25 cm? tissue culture flasks
(Nunclon, Gibco/BRL).

Hybridomas producing protective antibodies were cloned twice by limiting dilution
and their supernatants were retested. Positive clones were grown, and were used to produce
ascites fluid (Hoogenraad ef al., 1983). Retired BALB/c breeders received intraperitoneal
injections of 0.5 mL of pristane (2,6,10,14, tetramethylpentadecane; Sigma) ten days prior
to being inoculated with 1 X 107 hybridoma cells. Ten days later, ascites fluid was collected.
B. Antibody isotyping

Isotyping was performed by indirect ELISA using standard methods (Engvall and
Perlman, 1971). HeLa cell membrane protein (3ug per well) was adsorbed to ELISA
microtiter plate wells and undiluted tissue culture supernatants from cloned cells were used
as primary antibody. Horseradish peroxidase-conjugated goat anti-mouse isotype-specific
antibodies (Caltag, South San Francisco, CA) diluted 1:2000 were used as secondary

antibodies, ABTS (Sigma) was used as the substrate, and A, values were recorded.
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C. Antibod ificat

Antibodies in culture supernatants and ascites fluids were quantified by antibody-
sandwich ELISA (Hombeck, 1991). Briefly, ELISA microtiter plates coated with 1 pg/well
rat anti-mouse IgG (H+L) (Jackson) capture antibody, were washed with PBS-0.05% (v/v)
Tween 20 (Sigma), blocked with PBS-2% (w/v) bovine serum albumin (BSA, Sigma),
washed, and then incubated with dilutions of antibody samples, either as tissue culture
supernatant or ascites fluid. After 1 h at room temperature, plates were washed, and 100puL
(1.25 mg/mL) of a biotinylated mouse-specific IgG, monoclonal antibody were added to each
well. After 1 h at room temperature, wells were washed, and incubated with 100 pL per well
(30 ng/mL) peroxidase-conjugated streptavidin (Jackson) for 15 min at room temperature.
After a final wash, o-phenylenediamine dihydrochloride substrate (OPD, Sigma) was added
to each well. Thirty minutes later, the reaction was stopped by addition of 0.5 M H,SO, (50
uL/well), and A, values were recorded. Antibody concentrations were determined from a
standard curve constructed with known amounts of mouse IgG, (Coulter Electronics,
Burlington, ON) as primary antibody. EVR1 hybridoma supernatant contained 17.5 pg
Ab/mL, and EVR1 ascites contained 1.1 mg Ab/mL.

D. Sources of other antibodies

DAF-specific mAbs 1H4 (35 pg/mL), 8D11 (36 ug/mL), 11D7 (40 ug/mL) (Coyne
et al., 1992), and 1F7 (1.2 mg/mL) (Bergelson ef al., 1994) were used. 1H4 hybridoma
culture supernatant was provided by Dr. D. Lublin (Washington University School of
Medicine, St. Louis, MO). 8D11 and 11D7 hybridoma culture supernatants were gifts from

Dr. W. Rosse (Department of Medicine, Duke University Medical Center, Durham, NC), and
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1F7 ascites fluid was from Dr. R W. Finberg (Dana-Farber Cancer Institute, Boston, MA).

The DAF domain specificities of these antibodies are presented in Table 4. Anti-lymphocytic
choriomeningitis virus (LCMV) ascites fluid (IgG,) (4 mg/mL) was provided by Dr. K.
Wright (Department of Microbiology and Immunology, University of Ottawa). Fluorescein
isothiocyanate - conjugated (FITC) and non-conjugated mouse antibodies specific for human
HLA ABC class I IgG, (anti-MHC I), and mouse anti-human CD46 IgG,, (clone E4.3) were
from Serotec Canada (Toronto, ON). FITC-conjugated sheep anti-mouse Ig was from
Amersham Canada (Oakville, ON). Anti CVB3 receptor mAb RmcB was provided by Dr.

R. Crowell (Hahnemann University School of Medicine, Philadelphia, PA).

V. Cell protection assays
A. Hybridoma culture supernatants and mAb EVRI1

Flat-bottomed 96-well tissue culture plates (Corning ) were seeded with either LLC-
MK, or HeLa cells. Once monolayers approached confluency (approximately 2 x 10%cells
per well), growth medium was removed and the monolayers were incubated with 100 uL of
undiluted hybridoma culture supernatant for 1 h at 37°C. Cells were washed with PBS and
EV70 was added at a MOI of 1 in serum and antibiotic-free MEM. After 45 min at 33°C, the
inoculum was removed, fresh complete MEM containing FBS was added and the cells were
placed at 33°C. Monolayers were monitored at regular intervals by light microscopy, for
signs of virus-induced CPE. Under the conditions of this assay, control wells (receiving no
antibody pretreatment) showed complete monolayer destruction by 48 h post-infection.

Results of antibody screening were confirmed on duplicate plates using a colorimetric assay



Table 4. Domain specificities of anti-DAF antibodies

Antibody DAF domain specificity Source

11D7 SCR1* W. Rosse
1F7 SCR2* R. Finberg
1H4 SCR3° D. Lublin

8D11 SCR4¢ W .Rosse

*Coyneetal., 1992

® Bergelson et al., 1994
¢*Coyne et al., 1992

4 ibid
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based on the ability of viable cells to metabolize the tetrazolium salt 3,[4,5-dimethylthiazol-2-

y1]2,5-diphenyitetrazolium bromide (MTT; Sigma) (Hansen e al., 1989). Cell protection
assays using PV and CVB3 were performed in an identical manner, except that all incubations
were performed at 37°C.
B. DAF-specific mAbs

DAF-specific mAbs 1H4, 8D11, 11D7, and 1F7 were tested for their ability to protect
monolayers against virus infection as described above. Antibodies were diluted appropriately
in MEM, except for MAb 1F7, which was diluted in RPMI 1640 medium containing 2 mM

CaCl, and 2 mM MgCl, (Bergelson ef al., 1994).

VI. Virus binding assays
A. Virus bindi

Cells (2.5 x 10° per well) were grown to confluency in 24-well tissue culture plates
(Corning). Growth medium was aspirated, monolayers were washed with 200 uL of PBS, and
*S-labelled EV70 (*S-EV70; 2,000 to 4,000 cpm per well) was added in serum-free MEM,
in a total volume of 150 pL. After a 45 to 60 min incubation at 33°C, the inoculum was
removed and the monolayers were washed with 200 uL of PBS. The inoculum and PBS
wash were pooled, and represent the unbound fraction of input virus. The monolayers were
then disrupted with 150 uL of PBS containing 1% (w/v) SDS, and the wells were washed
with 200 pL of PBS. These samples, representing the bound fraction of input virus, were also
pooled. Samples were analyzed by scintillation counting. The percent of input virus bound

to cells was determined by dividing the counts per minute (cpm) of labelled EV70 in the
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bound fraction by the total number of cpm recovered per well. Binding of virus to positive
control wells (typically 25 to 35% of input **S-EV70) was set as 100 percent virus binding,
and binding of virus to test wells was expressed as the percent of virus bound relative to these
positive control wells.
B. Virus binding competition assays

LLC-MK, cells were grown to confluency in 24-well tissue culture plates (Corning).
Increasing amounts of unlabelled competitor virus (EV70, PV, or CVB3) were added to a
fixed amount of **S-EV'70 (approximately 2 X 10° PFU per well; 2,000 cpm per well) in a
final volume of 150 uL. After removal of growth medium and a PBS wash, the mixtures of
¥S-EV70 plus competitor were applied to monolayers, and the assay proceeded as described
above for the virus binding assay.

After removal of growth medium and washing with PBS, monolayers were treated
with 100 uL of test sample (mAb EVR1, 1H4, 8D11, 11D7, anti-MHC 1, or MEM) for 1 h
at 37°C. The test sample was then removed, monolayers were washed with PBS, and virus

binding assays were performed as described above.

VII. Indirect immunofluorescence

Cells were removed from 100 mm plates by scraping or by treatment with 0.05%
trypsin-0.02% EDTA (Gibco/BRL) in PBS, and washed in PBS containing 2% (w/v) BSA
and 0.1% (w/v) sodium azide (Sigma) (PBS-BSA). Cells (approximately 5 X 10° per sample)

were dispensed into 5 mL polypropylene tubes (Sarstedt of Canada, St. Laurent, PQ), pelleted
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at 1500 rpm for 5 min in a Sorvall GLC-2B centrifuge (Dupont Inc., Mississauga, ON), and

resuspended in 25 pL of undiluted hybridoma cell culture supernatant, or ascites fluid diluted
1:100 in PBS-BSA. After incubation on ice for 1 h, cells were washed in PBS-BSA, and the
cell pellets were resuspended in 20 puL of secondary antibody (FITC-conjugated sheep anti-
mouse IgG,) diluted 1:10 in PBS-BSA. After 1 h on ice, the cells were washed, resuspended
in 90% glycerol/PBS, pH 9.6, deposited on glass slides under coverslips (Fisher Scientific,
Nepean, ON) and examined using a Zeiss Aristoplan epifluorescent microscope (Zeiss Canada
Ltd., Don Mills, ON).

For 3T3 cells transiently expressing human DAF (see below), growth medium was
removed from monolayers cultured in 24-well plates (Corning), and after gentle washing with
PBS, cells were trypsinized and removed by pipetting. Two to three wells of transfected cells
(approximately 2 X 10° cells per well) were combined and processed for immunofluorescence
as described above.

All photography was performed at 40X power (eyepiece magnification 10X), using

Kodak Ektachrome 400 ASA film (Kodak Canada Inc., Toronto, ON).

VIII. Phospholipase sensitivity of the ligand of EVR1

The susceptibility of the ligand of EVRI1 to phosphatidylinositol-specific
phospholipase C (PI-PLC) was examined essentially as described by Bergelson et al. (1994).
HeLa cell monolayers were dispersed by trypsin treatment, dispensed (1 X 10° cells per
sample) into S mL tubes (Sarstedt), and washed three times with PBS. Cells were

resuspended in 25 pL of PI-PLC buffer (RPMI 1640 medium; 0.2% BSA; 50 uM 2-
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mercaptoethanol, 10 mM HEPES; 0.1% (w/v) sodium azide), or in PI-PLC buffer containing
0.5 units of Bacillus thuringiensis PI-PLC (Oxford Glycosystems, Rosedale, NY). Following
incubation at 37°C for 1 h, samples were washed with PBS, then processed for indirect
immunofluorescence as described above (EVR1 and 1H4 culture supernatant, undiluted; anti-

MHC I, 1:10).

IX. Protein analysis
A. Radioi R

Nearly confluent monolayers of cells grown in 100 mm tissue culture dishes were
washed with PBS and then incubated in 9 mL of glucose-free medium (Gibco/BRL)
supplemented with 5% (v/v) FBS, for 2 h at 37°C. Following this starvation period, 15 pCi
of D-[6-*H]-glucosamine-hydrochloride (Amersham) were added per mL of medium. After
16 h at 37°C, cells and medium were recovered and centrifuged at 1000 rpm for 5 min
(Sorvall GLC-2B). After three washes with cold PBS, the cell pellet was resuspended in
detergent-free RIPA buffer (50 mM Tris-HCI pH 7.2, 150 mM NaCl) , with 1 mM PMSF and
I mM benzamidine-HCl. An equal volume of RIPA buffer containing 2X detergent (2%
(wA) sodium deoxycholate (Difco Laboratories, Detroit, MI), 2% (v/v) NP-40) was added,
and after mixing by inversion, samples were given a short pulse in a bench-top
microcentrifuge to pellet cellular debris. Aliquots of cell lysates were stored at -80°C.

Protein G Sepharose 4 Fast Flow beads (Pharmacia Canada, Baie d'Urfe, PQ) were
washed in RIPA buffer containing 2% ovalbumin, and resuspended in 100 uL of RIPA buffer.

To this, 200 uL of cell lysate and 10 uL of undiluted ascites fluid were added. Samples were
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allowed to mix overnight at 4°C, after which time the beads were washed five times in RIPA
buffer containing 1X detergent. Pelleted beads were resuspended in 25 pL of sample buffer
(60.5 mM Tris-HCI, pH 68, 2% (w/v) SDS, 10% (viv) glycerol, 2% (viv) 2-
mercaptoethanol, 0.05% (w/v) bromophenol blue) and heated at 95°C for 5 min to dissociate
antibody-protein complexes from beads. Beads were removed by brief centrifugation and
samples were analyzed by electrophoresis in 8% polyacrylamide gels containing SDS, as
described below.
B. SDS-Polyacrylamide gel electrophoresis

Proteins were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
performed essentially as described by Laemmli (1970). All chemicals were obtained from
BioRad Laboratories Ltd., unless stated otherwise. Samples to be analyzed were mixed with
an equal volume of 2X electrophoresis sample buffer (125 mM Tris-HCL, pH 6.8, 2%(w/v)
SDS, 20% (v/v) glycerol, 4% (v/v) 2-mercaptoethanol, 0.05% (w/v) bromophenol blue), and
heated at 95°C for 5 min before being applied to gels. Resolving gels consisted of 8%
acrylamide, 0.21% bis-acrylamide, 0.1% SDS and 750 mM Tris-HC1 pH 8.8. Stacking gels
consisted of 5% acrylamide, 0.13% bis-acrylamide, 0.1% SDS and 73 mM Tris-HCI pH 6.8.

Electrophoresis was carried out at 100 V in electrophoresis buffer (25 mM Tris base,
192 mM glycine, 0.1% SDS), using a BioRad Mini-Protean I electrophoresis cell. Following
electrophoresis, gels were fixed in a solution of 30% (v/v) methanol, 10% (v/v) glacial acetic
acid for 20 to 30 min, and incubated in Amplify (Amersham) for 1 h. Gels were then dried
under vacuum and exposed to X-ray film (Amersham). Prestained high range molecular mass

markers (Amersham) were: myosin (200 kDa); phosphorylase b (97.4 kDa); bovine serum
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albumin (69 kDa); ovalbumin (46 kDa); carbonic anhydrase (30 kDa); trypsin inhibitor (21.5
kDa); and lysozyme (14.3 kDa).
C. Westem blots
Lysates of unlabelled cells were prepared as described above for lysates of
radiolabelled cells. Proteins (25ug/lane) were separated by electrophoresis at 4°C, in 8%
polyacrylamide gels, as described above, with the following modifications. Gels and running
buffers contained 0.05% SDS, and samples were prepared without heating in electrophoresis
sample buffer containing 0.05% SDS and no 2-mercaptoethanol. Proteins were then
transferred from gels to Schleicher & Schuell NC nitrocellulose membranes (Mandel Scientific
Co. Ltd., Guelph, Ontario). Prior to transfer, membranes and gels were equilibrated in
transfer buffer (2 mM Tris base, 192 mM glycine, 20% (v/v) methanol) (Towbin ef al., 1979).
Transfer was performed at 4°C using a BioRad Mini Trans-Blot apparatus (2 h, 100 V).
Following transfer, membranes were blocked in PBS containing 3% (w/v) BSA (PBS-
3%BSA), for 30 min at 37°C. After three 10 min 37°C washes in PBS-0.02% (v/v) Tween
20 (PBS-Tween), membranes were incubated for 1 h at 37°C with monoclonal antibody as
either hybridoma supernatant (1H4, 1:3000) or ascites fluid (EVR1, 1:1000; anti-LCMV
IgG;,, 1:300) diluted in PBS- 3% BSA. After three washes in PBS-Tween, membranes were
incubated with peroxidase-conjugated goat anti-mouse IgG (H+L) (Jackson) diluted
1:20,000 in PBS-3%BSA, for 1 h at 37°C. Membranes were washed with PBS-Tween, and
colour was developed in a solution consisting of 10 mM (NH,),SO,, 10 mM KH,PO, pH
6.0, 0.03% (v/v) H,0, and 0.01% (v/v) of a solution of 0.5% (w/v) o-dianisidine (Sigma) in

methanol. The reaction was stopped with repeated washes in distilled water.
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X. EV70 Replication studies
EV70 replication in 3T3-DAF and 3T3-RDAF cells was examined as follows. Cells
were grown to confluency in 24-M tissue culture dishes (Coming), and infected with EV70
at a MOI of 5. After 1 h at 33 °C, monolayers were washed three times with 1 mL of PBS
in order to remove non-adsorbed virus. One mL of fresh complete MEM was added to each
well, and incubation was continued at 33°C. At regular intervals, cells and growth medium
were recovered, and stored at -80° C. After two cycles of freezing and thawing, virus titer

at each time point was determined by plaque assay.

XI. DNA Manipulations
A. Isolation of plasmid DNA

(1) Small scale plasmid isolation: Isolation of plasmid DNA was performed by a
procedure modified from that described by Bimboim and Doly (1979). Individual bacterial
colonies were grown overnight at 37°C with shaking, in 3 mL of YT medium (0.8% (w/v)
tryptone, 0.8% (w/v) yeast extract, 0.5% (w/v) NaCl ) containing 50 ug/mL of ampicillin.
Cells were pelleted in a bench top microcentrifuge, and were resuspended in 100 pL of
solution I (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCI, pH 8.0) containing 50 ug/mL
DNAse-free RNAse A. One hundred pL of freshly prepared Solution IT (1% (w/v) SDS, 0.2
N NaOH) were added, and tubes were gently mixed by inversion. Lysates were neutralized
by addition of 100 uL of ice cold Solution II (60 mL 5 M potassium acetate, 11.5 mL glacial
acetic acid, 28.5 mL H,0). After mixing, samples were centrifuged for 5 min at 4°C at

13,000 rpm (microfuge). Supernatants were extracted with an equal volume of chloroform,
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centrifuged for 1 min (4°C, 13,000 rpm), and DNA was precipitated from the aqueous phase

by addition of 750 pL of ethanol and incubation for 30 min at -80°C. Following a final
centrifugation (13,000 rpm, 10 min, 4°C), pellets were resuspended in 50 pL of sterile water.

(i) Large scale plasmid DNA isolation: Isolation of larger amounts of purified
plasmid DNA was performed using Nucleobond AX kits (AX-100 cartridges; Vector
Biosystems, Toronto, ON), according to instructions provided by the manufacturer. Purified
plasmid DNA was quantified spectrophotometrically (A,,).

(iii) Transformations: Stratagene E. coli Epicurian Sure cells for electro-
transformation were purchased from PDI Bioscience Inc. (Aurora, ON). Electroporation of
plasmid DNA into cells was accomplished using the BRL Cell-Porator Electroporation
System (Gibco/BRL) with a field strength of 16.6 kV/cm. Ten ng of DNA were gently mixed
with 20 uL of freshly-thawed competent cells, and the cell-DNA mixture was placed into
microelectroporation chambers (Gibco/BRL). Electroporation was performed using the
following settings: 400 V, 330 uF, with low Q and fast charge settings on the cell porator,
and 4 k) resistance on the voltage booster. Electroporated cells were recovered and
immediately added to 1 mL of prewarmed SOC broth (2% (wHv) tryptone, 0.5% (w/v) yeast
extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, 10 mM MgSO,, 20 mM glucose) and
incubated with shaking, at 37°C for 1 h. Aliquots of the transformation mix were plated on
YT-ampicillin plates and the plates were incubated overnight at 37°C.

B. DNA apalysis
(i) DNA agarose gel electrophoresis: Electrophoresis of DNA samples was

performed in 1% (w/v) agarose gels (Bio-Rad) in Tris-acetate buffer (TAE; 40 mM Tris-
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acetate, 2 mM EDTA). DNA was mixed with loading buffer (5% (v/v) glycerol, 0.1% (w/v)

SDS, 10 mM EDTA, 0.01% bromophenol blue, 0.01% xylene cyanol FF), and was applied
to gels in a Horizon 58 submarine electrophoresis unit (Gibco/BRL). Following
electrophoresis at 50 V for 30 min to 1 h, gels were stained in ethidium bromide (0.5pug/mL)
and fragments were visualized using short-wave ultraviolet light. Low-melting temperature
agarose gels (see below) were poured and allowed to set at 4°C, and electrophoresis of
samples in these gels was performed at 4°C.

(ii) Isolation and purification of DNA fragments from agarose gels: DNA
fragments were resolved in low-melting point agarose (FMC Bioproducts, Rockland, ME)
gels (1% w/v in TAE buffer). After staining in ethidium bromide, fragments of interest were
excised from gels and placed into microfuge tubes. DNA was purified using the Wizard PCR
Preps DNA Purification System (Promega, Madison, WI) according to the instructions
provided by the manufacturer.

(iii) Restriction and modification of DNA: Unless stated otherwise, all restriction
endonucleases and DNA modifying enzymes were from Pharmacia, New England Biolabs
(Mississauga, ON), or Boehringer Mannheim.

() Restriction Digestions: Routinely, DNA (1ug/20 uL) was digested with 2to §
units of enzyme per sample. Digestions were performed for 1 h in buffers and at temperatures
recommended by the supplier.

(b) Ligations: Restriction fragments were mixed with linearized plasmid at a molar
ratio of 5:1 (vector:insert). Ligations were performed in 30 mM Tris-HCl, pH8.0, 10 mM

MgCl,, 10 mM DTT, and 0.5 mM ATP, with approximately 1 Weiss unit of T4 DNA ligase
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(Gibco/BRL) per 20 uL reaction. Ligation mixtures were incubated overnight at 16°C, and
following phenol-chloroform extraction, ligation products were precipitated with ethanol
(Sambrook et al., 1989).

To reduce self-ligation frequency, linearized vector was dephosphorylated prior to
subcloning. Five pg of DNA was dephosphorylated using 0.5 to 1.0 unit of calf intestinal
alkaline phosphatase (CIAP) in 50 mM Tris-HCI, pH 9.0, 1 mM MgCl,, 0.1 mM ZnCl,, and
1 mM spermidine. After 30 min at 37°C, CIAP was inactivated by phenol:chloroform

extraction.

XII. DAF expression studies
A. Assessment of DAF as a receptor for EV70

(i) Source and description of constructs: DAF and TM-DAF constructs were gifts
of D. Lublin (Washington University School of Medicine, St. Louis, MO). Human DAF
cDNA was provided in expression vector pcDNA3 (Invitrogen Corp., San Diego, CA). This
vector contains the early gene product promoter of cytomegalovirus (CMV) as well as the
promoter for bacteriophage T7 RNA polymerase, the latter required for the transient
expression experiments described below.

A version of DAF with a transmembrane domain (TM-DAF) in place of the normal
glycosylphosphatidylinositol (GPI) anchor was provided in expression vector pSFFV.neo.
The construction of TM-DAF was described by Lublin and Coyne (1991). TM-DAF was
produced by ligating a fragment of cDNA encoding the five extracellular domains of DAF

(amino acids 1 to 304) to a fragment of cDNA encoding the transmembrane and cytoplasmic
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domains of membrane cofactor protein (MCP/CD46; amino acids 270 to 350). Amino acid
numbering begins with the first amino acid of the mature protein. The gene encoding TM-
DAF was excised from plasmid pSFFV.neo by EcoRI digestion, the fragment was isolated,
and ligated into the EcoRlI site of linearized pcDNA3.

In transient expression experiments designed to assess the ability of DAF and of TM-
DAF to bind EV70, cells transfected with pcDNA3 served as a negative control. For some
experiments, HeLa cells served as a positive control for DAF expression.
B. Mapping the EV70 binding si e DAF

() Source and description of constructs: DAF/MCP chimeras, (DM1, DM2, DM3,
DM4, and MCP-PI), were gifts of Dr. D. Lublin (Washington University School of
Medicine). The construction of these hybrid molecules (where DMn refers to a DAF
molecule in which SCRn has been replaced with the corresponding SCR domain of MCP) was
described by Manchester ef al. (1995). Chimeras replaced DAF SCR1 (amino acids 1 to 62)
with MCP SCR1 (amino acids 1 to 62), DAF SCR2 (amino acids 63 to 126) with MCP SCR2
(amino acids 63 to 125), DAF SCR3 (amino acids 127 to 188) with MCP SCR3 (amino acids
126 to 191), and DAF SCR4 (amino acids 189 to 251) with MCP SCR4 (amino acids 192 to
251). A GPI-anchored version of MCP (MCP-PI; Lublin and Coyne, 1991) consisted of
amino acids 1 to 269 of MCP and amino acids 307 to 347 of DAF.

DM1, DM3, and DM4 were provided in expression vector pCRe. This modified form
of vector pcDNA3 contains the R-U5' segment from human T-cell leukemia virus I, in
addition to the early promoter of CMV and the promoter for bacteriophage T7 RNA

polymerase. These elements are located upstream of the multiple cloning site into which the
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chimeric cDNAs were inserted. DM2 and MCP-PI were provided in vector pSRa&EN. This

vector contains the promoter for bacteriophage T7 RNA polymerase, the Simian Virus 40
(SV40) early gene product promoter, and the R-U5' segment from human T-cell leukemia
virus I, all located upstream of the multiple cloning site. In 3T3 cells, the vectors pSRaEN
and pCre give comparable levels of DAF/MCP chimera expression.

In transient expression experiments designed to map the EV70 binding site(s) of DAF,
pCRaDAF was used as a positive control for DAF expression. This construct was generated
by subcloning the EcoRlI fragment containing DAF cDNA from pcDNA3/DAF into EcoRI
linearized pCRe. For these transient expression experiments, two negative controls were
included: (1) cells transfected with vector pCRa; (2) cells transfected with MCP-PIL.

C. Transient expression

Twenty-four- well tissue culture plates (Corning) were seeded with 8 X 10* 3T3 cells
per well. The next day, growth medium was removed, and monolayers were carefully washed
with warmed OptiMEM (Gibco/BRL). Cells were then transfected using Lipofect AMINE
reagent (Gibco/BRL), following instructions provided by the manufacturer. Briefly, plasmid
DNA and Lipofect AMINE (1 pg of DNA and 3 puL of Lipofect AMINE per well, diluted in
OptiMEM) were combined, and 500 uL of the mixture were applied per well. Transfection
was allowed to proceed at 37°C for 9 h, at which time an equal volume of MEM with 10%
(viv) FBS was added to each sample. After an additional 15h at 37°C, lipid-DNA complexes
were removed, monolayers were washed, and were infected with vaccinia virus vIF7-3 at a
MOl of 15. After 1 h at 37°C, the inoculum was removed and the cells were incubated in 1

mL of MEM with 5% (v/v) FBS. Eighteen hours post-infection, expression of DAF or
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DAF/MCP proteins was analyzed by indirect immunofluorescence and/or by flow cytometry.

The ability of transfectants to bind virus was evaluated using the virus binding assay described

above.

XII. Flow Cytometry
A. Sample preparation

() HeLa, 3T3-DAF, and 3T3-RDAF cell lines: In experiments examining DAF
expression in HeLa cells and in the stable cell lines 3T3-DAF and 3T3-RDAF, cells were
grown on 100 mm tissue culture dishes, monolayers were washed with PBS, cells were
dispersed by trypsin treatment, counted, and 5 X 10° cells were dispensed into 5 mL
polypropylene tubes (Sarstedt). These samples were then processed for flow cytometric
analysis as described below.

(ii) 3T3 cells transiently expressing DAF and TM-DAF: In the first experiments
performed to examine the ability of DAF expression to confer EV70 binding activity to 3T3
cells, plasmids pcDNA3/DAF and pcDNA3/TM-DAF were transfected into cells as described
above. Monolayers of transfected cells were washed once with OptiMEM, and then were
dispersed by trypsin treatment. Common transfectant samples were pooled, dispensed (2 X
10° cells per tube), and processed for flow cytometric analysis.

(iii) 3T3 cells transiently expressing DAF/MCP chimeras: Because MCP is
sensitive to trypsin ( Naniche ef al., 1992), cells used in experiments designed to identify the
EV70 binding site(s) of DAF (transfected cells expressing DAF/MCP chimeras and DAF

controls) were dispersed as follows. After washing with OptiMEM, monolayers (in 24-well
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tissue culture plates) were incubated with 300 puL per well of PBS containing 50 mM EDTA.

After 10 to 15 min on ice, cells were recovered by scraping, common transfectant samples
were pooled and cells were disaggregated by three passes through a 1 mL syringe fitted with
a 25 gauge needle (Becton Dickinson). Cells were then dispensed (2 X 10° per tube), and
processed for flow cytometric analysis.

B. Cell staining

Cells dispensed into 5 mL tubes were washed with PBS-2%BSA (PBS containing 2%
(w/v) BSA and 0.1% (w/v) sodium azide), or PBS-2%ESA containing 2 mM CaCl, and 2
mMMgCl,. After centrifugation at 1500 rpm in a Sorvall GLC-2B centrifuge (Dupont), cells .
were resuspended in 40 uL of PBS-2%BSA containing primary antibody (Table 5). Cells
were incubated for 20 min at room temperature, washed, centrifuged, then incubated with
FITC-conjugated sheep anti-mouse IgG, diluted 1:20 in PBS-2%BSA or in PBS-2%BSA
with MgCl, and CaCl,. After incubation for 20 min at room temperature, cells were pelleted,
resuspended in approximately 500 uL of PBS-2%BSA or PBS-2%BSA with MgCl, and
CaCl,, and examined by flow cytometry.

Negative controls, for autofluorescence and for non-specific secondary antibody
binding, were included for each sample analyzed. These samples, processed in the same
manner as described above, consisted of cells incubated in the absence of both primary and
secondary antibody (autofluorescence control), or incubated with secondary antibody only

(secondary antibody control).



Table S. Antibody dilutions used for Flow Cytometry

Antibody Dilution* (pg/mL)
EVRI 1:100 (1.1)
11D7 1:200 0.2)

1F7 1:500 (X))
1H4 1:5 (7.0)
8D11 1:200 0.2)
a-MCP 1:1000 (1.0)

* All antibodies diluted in PBS-BSA (PBS with 2% (w/v) BSA
and 0.1% (w/v) sodium azide), except 1F7, diluted in PBS-BSA
with 2 mM MgCl, and 2 mM CaCl ,.

62
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C. Sample analysis
Stained cell suspensions were analyzed using an EPICS XL-MCL flow cytometer
(Coulter Electronics of Canada, Burlington, ON), equipped with an argon ion laser tuned at
15 mW of 488 nm excitation light. Forward scatter (FS), log side scatter (SS) and
fluorescence emission signal (log scale; LFL1) data were collected as listmode files. A FS
versus log SS histogram was established to visualize viable cells, and for each sample
analysed, a minimum of 5,000 events were counted in the established gate. Single parameter
histograms (relative cell number versus fluorescence intensity) were generated using EPICS

XL version 1.5 software (Coulter).
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RESULTS

L. Analysis of EV70 binding to cells

The ability to reliably and rapidly measure virus binding to cells is central to the
success of any study of virus receptors. Most contemporary investigations rely on assays
that quantify the attachment of radiolabelled virus to cells. This method provides a more
convenient and direct measurement of virus binding than the adsorption test used by Yoshii
et al. (1977) in their early examination of EV70-target cell interaction. It was therefore
desirable to develop a radiolabelled virus binding assay for EV70. Once the conditions for this
assay were established, analyses of EV70 binding and EV70 receptor specificity were
performed.
A. Time course of EV70 binding

In order to determine the optimal incubation period for EV70 binding, time course
experiments were performed. The ability of EV70 to bind to and replicate in primate-derived
cell lines is well established (Miyamura ef al., 1974; Yoshii ef al., 1977), and in our
laboratory, rhesus monkey kidney (LLC-MK,) cells have traditionally been used for the
routine propagation and study of EV70. Consequently, virus binding analyses were carried
out with LLC-MK, cells. In these experiments, cell monolayers were incubated with 3,000
cpm (approximately 2 X 10° PFU) of **S-EV70, at 33 °C. At intervals, unadsorbed virus
particles were removed, monolayers were washed, and residual radioactivity bound to cells
was measured by liquid scintillation counting. The amount of virus bound was expressed as

a percentage of the total radioactivity applied to each monolayer culture.
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Results presented in Figure 1 show that EV70 binding to LLC-MK, cells was time

dependent, and reached a maximum (38 % of input virus bound ) after 45 min of incubation.
Therefore, an incubation time of 45 to 60 min was adopted for all subsequent binding assays.
B. Virus binding competition assays

Competition binding studies have shown that picornaviruses can be grouped into
distinct receptor families (Abraham and Colonno, 1984; Lonberg-Holm ef al., 1976; Lonberg
and Korant, 1972; Quirsin-Thiry and Nihoul, 1961). To investigate the specificity of the
EV70 receptor, competition experiments were performed with EV70 and two other
picornaviruses, PV (Sabin 1) and CVB3. These viruses (PV and CVB3) are known to
belong to separate receptor families (Crowell, 1966) and phylogenetically, are closely related
to EV70 (Poyry et al., 1996; Roderigo and Dopazo, 1995; Stanway, 1990 ).

In these experiments, LLC-MK, cell monolayers were incubated with a fixed amount
of ¥*$-EV70 mixed with increasing amounts of homologous or heterologous unlabelled
virus. As shown in Figure 2A, unlabelled EV70 competitively inhibited attachment of 3°S-
EV70 to cells. In the absence of competitor, 33% of input virus bound to cells. Competition
for binding sites became apparent in the presence of a 50-fold excess of competitor
(approximately 2.5 X 10" PFU; 100 PFU per cell), when virus binding was reduced to 11%
ofinput. At or above a 100-fold excess of unlabelled EV70 (approximately 5 X 107 PFU; 200
PFU per cell), *S-EV70 binding decreased to 3% of input.

Figure 2B shows that CVB3 exerted a partial inhibitory effect on EV70 binding. In
the absence of competitor, monolayers bound 32% of input **S-EV70. In the presence of

a 50-fold excess of CVB3 (approximately 100 PFU per cell), binding decreased to 18% of
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Figure 1. Time course of EV70 binding to HeLa and LLC-MK, cells. Confluent cell
monolayers grown in 24-well tissue culture plates were incubated at 33°C;, with 3,000 cpm
of *S-labelled EV70 per well, for the length of time indicated on the x-axis. The percent of
input virus bound to cells was then determined by scintillation counting. Resuits of duplicate
determinations for each time point are represented.

® Binding to HeLa cell monolayers
O Binding to LLC-MK, cell monolayers
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Figure 2. Specificity of the EV70 receptor on LLC-MK, cells. Confluent LLC-MK, cell
monolayers grown in 24-well tissue culture plates were incubated with a fixed amount of
*5S-labelled EV70 (2 X 10 ° PFU per well; approximately 3,000 cpm) in the presence of
increasing amounts of unlabelled competitor virus, at the ratios indicated. After a 1 h
incubation at 33°C, the percent of input **S-EV70 bound to cells was determined by
scintillation counting. Results of duplicate determinations at each fold-excess of unlabelled
competitor virus are represented.

A) Unlabelled EV70 competitor
B) Unlabelled CVB3 competitor
C) Unlabelled PV competitor
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input, while a 100-fold excess of CVB3 (approximately 200 PFU per cell) reduced binding

to 14% of input. In contrast, PV had no effect on the ability of EV70 to bind to LLC-MK,
cells (Figure 2C). Even in the presence of a 100-fold excess of PV (approximately 250 PFU
per cell), binding of **S-EV70 remained at a level comparable to that seen in the absence of
competitor (38% and 33% of input, respectively).

Competition experiments using homologous virus (Figure 2A) suggested that the
LLC-MK, receptor for EV70 becomes saturated when incubated with a multiplicity of
approximately 100 PFU or more per cell. In all subsequent assays described in this thesis, the
amount of EV70 added to monolayers never exceeded a multiplicity of 30 PFU per cell,
ensuring that conditions for binding were always below saturation. The proportion of **S-
EV70 binding to LLC-MK, monolayers varied between experiments and between labelled
virus preparations. Over the course of this project, the range of **S-EV70 binding to cells
was 20 to 40% of input virus.

These experiments demonstrated that binding of EV70 to its cellular receptor was
time-dependent and saturable. While the receptor for EV70 appeared to be distinct from that
for PV, the relationship between the receptors for EV70 and CVB3 was not clear. Results
suggested that either EV70 and CVB3: (1) compete for the same receptor; (2) share a
component of a receptor complex; or that (3) CVB3 binds to the cell near enough to the

receptor for EV70 to interfere with EV70 access to the cell surface.
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II. Identification of a EV70-binding protein from HeLa cells

Initial attempts to identify receptor protein(s) involved in EV70 binding were made
using a method based on the affinity of the virus for molecules present in the membranes of
susceptible cells. As a first step, virus binding to membrane preparations of LLC-MK, cells
was examined. In a dot-blot assay (Kilpatrick and Lipton, 1991), whole cells and membrane
preparations were adsorbed to a nitrocellulose membrane, which was then incubated with **S-
EV70. After washing, and drying, the nitrocellulose membrane was exposed to X-ray film.
Membrane preparations and whole cells retained virus-binding activity (data not shown). A
virus overlay protein binding assay (VOPBA) which has been used to characterize the binding
proteins for a number of picornaviruses ( Kilpatrick and Lipton, 1991; Mischak e al., 1988a;
Jin et al., 1994), was then used in attempts to identify specific cell membrane proteins
involved in EV70 binding. Cell membrane proteins were separated by electrophoresis,
transferred to nitrocellulose membranes, and the membranes were incubated with*sS -EV70.
After thorough washing, membranes were dried and exposed to X-ray film. This method
failed to detect any specific virus binding proteins in LLC-MK, cells (data not shown).
Numerous attempts were made to overcome problems of high background and non-specific
binding encountered with VOPBAs, but these proved unsuccessful, and this technique was
abandoned in favour of an immunological approach.

Many groups have successfully used anti-receptor antibodies for the identification of
picornavirus receptors (Campbell and Cords, 1983; Crowell et al., 1986; Greve ef al., 1989;
Hsu et al., 1988; Minor et al., 1984; Nobis ef al., 1985; Tomassini ef al., 1989a,b). This

method relies on the production of antibodies directed against cell surface molecules that are
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involved in virus binding. It was hoped that the immunization of mice with either whole
cells or with membranes prepared from cells susceptible to EV70 infection would lead to the
isolation of a mAb directed against the cellular receptor for EV70, and that this antibody
could subsequently be used to identify the EV70 receptor. Since the majority of anti-receptor
antibodies specific for picornaviruses have been generated against HeLa cell epitopes, HeLa
cells, rather than LLC-MK, cells were chosen for these studies.

Earlier work had demonstrated that HeL a cells are permissive for EV70 (Mirkovic ef
al. 1973, Yoshii et al. 1977), but no information was available concerning EV70 interaction
with these cells. In time course experiments, **S-EV70 binding to HeLa cells was similar to
that seen with LLC-MK, cells (Figure 1), with virus binding reaching a maximum (39 % of
input virus ) after 45 min of incubation. As with LLC-MK, cells, the proportion of 3*S-EV70
binding to HeLa cell monolayers varied between experiments and between labelled virus
preparations. Over the course of this project, the range of **S-EV70 binding to HeLa cells
was between 20 and 40%.

A. Identification of a mAb that blocks EV70 infection of Hela cell

() CVB3 receptor-specific mAb RmcB: The earlier observation that CVB3
partially inhibited EV70 binding to LLC-MK, cells (Figure 2B) suggested that these viruses
may share a receptor or a component of a receptor complex, or that CVB3 binding occurs
near to the EV70 binding site, and thus sterically hinders EV70 access to its receptor. In
order to investigate a possible relationship between the HeLa cell receptors for EV70 and
CVB3, a mAb directed against the putative HeLa cell receptor for CVB3 was obtained.

Antibody RmcB was previously shown to protect HeLa cells from infection by all six CVB
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serotypes (Hsu et al., 1988). To test EV70 receptor blocking activity of RmcB, monolayers

of HeLa cells were treated with RmcB diluted 1:10 prior to infection with EV70 at a MOI
of 0.1. Although this dilution of RmcB was protective against CVB3 infection of HeLa cells
(R. Crowell, personal communication), it did not protect cells against infection by EV70.
Signs of EV70-induced CPE became apparent by 24 h post-infection, and monolayers were
completely destroyed within 48 h. To determine if RmcB could interfere with EV70 binding,
monolayers of HeLa cells were treated with RmcB, and virus binding assays were performed.
As shown in Figure 3, RmcB pretreatment had no effect on **S-EV70 binding to HeLa cells.
These observations suggested that either EV70 and CVBS3 utilize distinct receptors, or that
RmcB binds to a shared receptor molecule, but at a site which does not interfere with EV70
attachment.

(i) Production of anti-EV70 receptor mAb EVRI: At this stage, it was decided
that attempts should be made to generate an antibody specific for the EV70 receptor. An
anti-receptor antibody would be expected to bind to the surface of HeLa cells and selectively
inhibit their infection by EV70. To produce this antibody, BALB/c mice were immunized
with either whole HeLa cells, or with HeLa cell membrane preparations. Hybridomas were
generated by fusion of spleen cells with SP2/0 cells, and in a cell protection assay, hybridoma
culture supernatants were tested for their ability to protect HeLa cell monolayers against
EV70 infection. Infected monolayers were monitored by light microscopy at regular intervals,
and hybridoma culture supernatants were assessed for their ability to delay or prevent the

appearance of EV70-induced CPE. During initial rounds of screening, visual evaluation of
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Figure 3. Effect of mAb RmcB on EV70 binding to HeLa cells. Confluent HeLa cell
monolayers grown in 24-well tissue culture plates were treated with mAb RmcB (1:10) for
1hat37°C. After washing, monolayers were incubated with 4,000 cpm of **S-labelied EV70
for 1 h at 33°C, and the amount of virus bound to cells was determined by scintillation
counting. Results are shown as the mean percentage of virus bound relative to the MEM
control, + standard deviation for three samples.

MEM: culture medium pretreatment
RmcB: RmcB (1:10) in culture medium
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protection was corroborated using a colorimetric assay based on the ability of viable cells to
metabolize the tetrazolium salt MTT (Hansen et al., 1989).

Under the conditions of the cell protection assay, infection with EV70 at a MOI of 1
resulted in complete destruction of HeLa monolayers in control cultures (receiving no
antibody pretreatment) within 48 h of infection. More than 900 hybridomas were tested, and
scored based on both the degree of protection provided to monolayers, and the duration of
this protection. Seventeen hybridomas that either completely protected monolayers for 72
h post-infection, or that delayed the appearance of significant CPE during the screening
period, were identified. From these 17 hybridomas, a total of 408 clones were isolated and
screened. Nine ciones (from one hybridoma, derived from mice immunized with HeLa cell
membranes) provided complete protection to monolayers, preventing the appearance of CPE
for the duration of the screening period (72 h). All nine clones secreted immunoglobulin of
the IgG, isotype, and four of these clones were used for the production of ascites fluids.
Monoclonal antibody, in ascites fluid or in the culture supernatant of cloned hybridoma cells,
was designated EVR1. Cell protection assays also confirmed that EVR1 protection of HeLa
cell monolayers was concentration-dependent (Table 9, p. 102).

To rule out the possibility that EVR1 protects HeLa cells by non-specific masking of
the cell surface, the ability of the antibody to protect HeLa and LLC-MK, monolayers against
infection by PV (strain Sabin 1) and by CVB3 was tested (Table 6). Undiluted EVR1
hybridoma supernatant completely protected HeLa cell monolayers against EV70 infection,
with monolayers remaining free of CPE for the duration of the monitoring period (96 h).

EVRI did not protect either HeLa or LLC-MK, cells against PV or CVB3. In all cases,



Table 6. Specificity of EVRI protection

Céll Protection®®
Virus® HeLa LLC-MK,
Enterovirus 70 + -

Poliovirus Sabin 1 - -

Coxsackievirus B3 - -

* + no observable cytopathic effects for a minimum of 96 h post-infection;
- cytopathic effects observed within 45 h post-infection.

®EVRI used at 17.5 pg/mL.

°EV70, PV, CVB3, MOI 1.0

74
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monolayers infected with PV or CVB3 were completely destroyed within 18 h of infection.
EVR1 also failed to protect LLC-MK, monolayers against EV70, as evidenced by the
appearance of extensive CPE within 45 h of infection.

To show that EVRI interfered with attachment of EV70, virus binding inhibition
assays were performed, in which HeLa cell monolayers were incubated with various dilutions
of hybridoma culture fluid prior to incubation with 3*S-EV70. Undiluted EVRI reduced
binding of EV70 by 84% when compared to control monolayers preincubated with either
growth medium (MEM) or with a mAb directed against MHC I, a ubiquitous cell surface
protein of nucleated cells (Figure 4). EVR1 inhibition of EV70 binding was concentration
dependent (Table 10, p. 104).

Finally, the specificity of EVR1 for HeLa cells was confirmed by indirect
immunofluorescence. Dispersal of HeLa cells by trypsin treatment prior to incubation with
antibody did not affect EVR1 binding (Figure SA), whereas LLC-MK, cells dispersed either
manually (Figure 5B) or by trypsin treatment (not shown), did not bind antibody. Therefore,
EVR1 recognized a trypsin-resistant epitope expressed on the surface of human (HeLa) cells,
but not on the surface of monkey (LLC-MK,) cells.

B. Identification of a HeLa cell protein recognized by EVR1

The results of cell protection, virus binding inhibition and indirect immunofluorescence
studies provided compelling evidence that EVR1 was directed against a HeLa cell receptor
for EV70. EVRI was therefore used to begin characterization of the putative EV70 receptor.

() Western blot analysis: When HelLa and LLC-MK, cell membrane proteins

separated by SDS-PAGE under denaturing conditions were analyzed by Western blot, no
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Figure 4. Inhibition of EV70 binding to HeLa cells by EVR1. Confluent HeLa cell
monolayers grown in 24-well tissue culture plates were treated with culture medium, antibody
directed against an irrelevant antigen (MHC I-specific IgG,) , or undiluted EVR1 hybridoma
culture supernatant, for 1 h at 37°C. After washing, monolayers were incubated with 4,000
cpm of *S-labelled EV70 for 1 h at 33 °C, and the amount of virus bound to cells was
determined by scintillation counting. Resuits are shown as the mean percentage of virus
bound relative to the MEM control, + standard deviation for four samples.

MEM: culture medium pretreatment
anti-MHC 1: culture medium containing MHC I-specific IgG; (10 ug/mL)
EVRI1: EVRI hybridoma culture supernatant (17.5 pg/mL)
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Figure 5. HeLa cell specificity of EVR1 binding. Trypsin-dispersed HeLa and manually
dispersed LLC-MK, cells were processed for indirect immunofluorescence analysis. After
incubation with EVR1 ascites fluid (1:100) for 30 min at room temperature, cells were
washed, and EVRI binding was detected with FITC-conjugated sheep anti-mouse IgG,
(1:10). Cells were photographed through an FITC filter.

Panels:
A) HeLa cells
B) LLC-MK, cells
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immune-reactive proteins were detected by EVR1 (data not shown). However, in Western
blots of cell lysate proteins separated by SDS-PAGE under non-reducing conditions in the
presence of reduced SDS (0.01%), EVRI reacted specifically with a HeLa cell protein of
approximately 75 kDa (Figure 6, lane 1). Again, no immune-reactive proteins were detected
in LLC-MK,, cell lysates (Figure 6, lane 2). These observations indicated that the HeLa cell
epitope recognized by EVR1 was heat labile and sensitive to the reducing agent -
mercaptoethanol) present in electrophoresis sample buffer. Furthermore, these results
supported the earlier observation that EVR1 was specific for an epitope expressed on human
(HeLa) cells, even though monkey (LLC-MK,) cells also express a receptor for EV70.

(i) Immunoprecipitation of a HeLa cell glycoprotein by EVR1: To further
characterize the protein recognized by EVR1, and to confirm the results obtained by Western
blot analysis, lysates of [*H]-glucosamine-labelled HeLa and LLC-MK, cells were incubated
with antibody, and immunoprecipitated proteins were analyzed by SDS-PAGE (Figure 7).
EVRI reacted specifically with a HeLa cell protein of approximately 70-75 kDa that appeared
to migrate as a doublet (lane 6). Successful labelling after a 4 h (data not shown) or a 16 h
incubation with *H-glucosamine indicated that this protein was glycosylated. No protein was
immunoprecipitated from lysates of LLC-MK, cells incubated with EVR1 (lane 3), nor from
HeLa or LLC-MK, lysates incubated with mouse immunoglobulin directed against an

irrelevant antigen (LCMV-specific IgG;,), or with protein G beads alone (lanes 1, 2, 4, 5).



79

Figure 6. Western blot analysis of cell lysate proteins with EVR1. Proteins from cell lysates
(25ug per lane) were separated under non-denaturing conditions on 8% polyacrylamide gels
containing 0.01% SDS. Proteins were transferred to Immobilon-P, and after blocking, the
membrane was incubated with undiluted EVR! hybridoma culture supernatant for 1 h at
37°C. Primary antibody binding was detected with peroxidase conjugated goat anti-mouse
IgG (H+L) (1:2000) and o-dianisidine solution, as described in Materials and Methods.
Positions of molecular mass standards are indicated to the right of the figure.

Lanes:
1) HeLa cell lysate proteins
2) LLC-MK, cell lysate proteins
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Figure 7. Immunoprecipitation of a HeLa cell glycoprotein by EVR1. HeLa and LLC-MK,
cells were labelled with [*H]-glucosamine for 16 h at 37°C, and lysed with RIPA buffer as
outlined in Materials and Methods. Lysates were incubated with a 1:20 dilution of either
EVR1 ascites fluid, antibody directed against an irrelevant antigen (LCMV-specific IgG,), or
culture medium. Following immunoprecipitation, samples were separated on 8%
polyacrylamide gels containing 0.1% SDS, fluorography was performed, and the dried gel
was exposed to X-ray film. Positions of molecular mass standards are indicated to the left
of the figure.

Lanes:

1) LLC-MK, lysate; no antibody

2) LLC-MK, lysate; LCMV-specific IgG,
3) LLC-MK, lysate; EVR1

4) HelLa lysate; no aatibody

5) HeLa lysate; LCMV-specific IgG,

6) HelLa lysate; EVR1
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III. EVRI recognizes decay-accelerating factor (DAF)

Anti-receptor antibodies may be used in several ways to identify virus receptor
molecules and ultimately clone their coding sequences. One approach, similar to that used
for the identification and cloning of the poliovirus receptor ( Mendelsohn et al., 1989), would
involve the genetic transformation of receptor-negative cells with a cDNA expression library
prepared from HeLa cells. Resulting transformants could then be screened for expression of
the candidate receptor of EV70 using EVRI. Receptor-expressing transformants could
subsequently be analyzed and the HeLa ceill DNA ﬁagment encoding the putative receptor
isolated. An alternative approach, used in the identification of the receptor for the major
group Rhinoviruses (Greve et al., 1989; Staunton ef al., 1989; Tomassini ef al.,1989a)
would involve the use of EVR1 to affinity purify receptor protein from HeLa cells. Isolated
protein could subsequently be subjected to sequence analysis, and degenerate oligonucleotide
probes designed in order to screen a HeLa cell cDNA library for receptor-specific sequences
(Tomassini ef al., 1989a).

Before either approach could be initiated, reports appeared in the literature showing
that the complement regulatory protein, decay-accelerating factor (DAF/CDSS5) served as a
receptor for a number of Echoviruses. These viruses, like EV70, are human pathogens
belonging to the family Picornaviridae (Bergelson et al.,. 1994; Ward er al., 1994). A
comparison of the characteristics of DAF and of the candidate receptor for EV70 (molecular
weight, glycosylation, trypsin resistance, sensitivity to reducing agents) suggested that these
molecules were the same. The abundant expression of DAF on human erythrocytes

(Nicholson-Weller ef al., 1982), and the observation that EV70 is a hemagglutinating
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enterovirus (Kono et al., 1978), further strengthened the possible link between DAF and the
ligand of EVR1. DAF has been the subject of intense study, and as a result, a number of
useful reagents were available. Several human DAF-specific mAbs (Table 4) had been
generated, and the cDNA for DAF was cloned (Medof et al., 1987a). In addition, some
DAF-expressing cell lines had been established (Lublin and Coyne, 1991; White et al., 1992).

DAF (Figure 8) belongs to a class of integral membrane proteins which attaches to
cell membranes via a glycosylphosphatidyl inositol (GPI) anchor. Attachment of GPI-
anchored proteins to the outer leaflet of cell membranes is through a glycophospholipid -
containing phosphatidylinositol, which is covalently linked to the carboxy termini of the
proteins (Davitz et al., 1983; Medof et al., 1986). Release of membrane proteins from the
surface of cells by the enzyme phosphatidylinositol-specific phospholipase C (PI-PLC) is
considered to be diagnostic for the presence of a GPI anchor ( Low ef al., 1988). The
sensitivity of the ligand of EVR1 to PI-PLC would therefore provide additional evidence that
the protein recognized by EVR1 was DAF.

As shown in Figure 9, treatment of HeLa cells with PI-PLC prior to incubation with
EVR1 greatly reduced antibody binding (panels A and B). Binding of the DAF-specific mAb
1H4 was similarly affected by PI-PLC pretreatment of cells (panels C and D), while binding
of a mAb specific for human MHC I (an integral membrane glycoprotein not attached to
membranes via a GPI anchor) was not affected by the enzyme (panels E and F).

Subsequently, the specificity of EVR1 for DAF was confirmed by indirect
immunofluorescence and Western blot analyses. Binding of EVR1 to a CHO cell line

constitutively expressing human DAF (CHO-DAF,; Lublin and Coyne, 1991) and to the
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Figure 8. Decay-accelerating factor (DAF). Schematic representation of the human DAF
molecule. SCR, short consensus repeat; GPI, glycosyl-phosphatidylinositol; N-CHO, N-
glycosylation site; 0-CHO, O-glycosylation site. SCR domains are numbered sequentially
from the amino-terminus of the protein. Adapted from Lublin and Atkinson, 1989.

"The arrow indicates the site of PI-PLC cleavage.



N-CHO

4
.0 —— O-CHO
gng_g —+—0-CHO

CHO-0 —— O-CHO

4
SCR
DOMAINS

O-LINKED
CARBOHYDRATE
DOMAIN

GPI

CELL MEMBRANE

ANCHOR [



84

Figure 9. PI-PLC sensitivity of the protein recognized by EVR1. HeLa cell monolayers
were dispersed by trypsin treatment, washed, and resuspended in PI-PLC buffer or in PI-PLC
buffer containing 0.5 units of PI-PLC per 1 X 10° cells. After 1 h at 37°C, cells were washed
and processed for indirect immunofluorescence analysis. Cells were incubated with either
EVR1 hybridoma culture supernatant (undiluted), DAF-specific mAb 1H4 hybridoma culture
supernatant (undiluted), or with MHC I-specific IgG, (1:10), for 30 min at room temperature.
Primary antibody binding was detected with FITC-conjugated sheep anti-mouse IgG, (1:10),
and cells were photographed through a FITC filter.

Panels:

A) HeLa cells; EVR1

B) PI-PLC treated HeLa cells; EVR1

C) HeLa cells; mAb 1H4

D) PI-PLC treated HeLa cells; mAb 1H4

E) HeLa cells; anti-MHC I IgG,

F) PI-PLC treated HeLa cells; anti-MHC I IgG,
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parental CHO cell line were compared by indirect immunofluorescence (Figure 10). CHO-
DAF cells (panel A), but not CHO cells (panel C) were able to bind EVR1. Identical resuits
were obtained with mAb 1H4 (not shown). In Western blots of proteins from HeLa cell
lysates, both EVR1 and mAb 1H4 reacted specifically with a protein of approximately 75 kDa

(Figure 11, lanes 1 and 2).

IV. DAF is a HeLa cell receptor for EV70

Results obtained up to this point indicated that EVR1 was directed against DAF. It
was necessary, however, to clearly demonstrate that DAF functioned as a receptor for EV70.
To accomplish this, two complementary approaches were used: (1) antibody blockade using

a DAF-specific mAb; (2) expression of DAF in a receptor-negative cell line.

Further evidence that DAF acts as a receptor for EV70 was obtained in cell protection

and virus binding inhibition assays using the DAF-specific mAb 1H4. As observed with
EVRI, mAb 1H4 protected HeLa but not LLC-MK, cells against EV70 infection (Table 7).
Figure 12 shows that mAb 1H4 was also able to interfere with **S-EV70 binding to HeLa
cells. Pretreatment of monolayers with mAb 1H4 reduced virus binding by 70%, relative to
control wells. Cell protection and virus binding inhibition by mAb 1H4 were concentration-

dependent (Tables 9 and 10).

B. DAF : ters EV70 bindi ivity to 3T3 cell

Ultimately, proof of a receptor function for DAF required the demonstration that

expression of DAF was sufficient to convert a receptor-negative cell line into a cell line with
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Figure 10. Specificity of EVR1 for DAF. Trypsin-dispersed CHO and CHO-DAF cells were
processed for indirect immunofluorescence analysis. After incubation with EVR1 ascites
fluid (1:200) for 30 min at room temperature, cells were washed, and EVR1 binding was
detected with FITC-conjugated sheep anti-mouse IgG, (1:10). Cells in panels A and C were
photographed through a FITC filter.

Panels:

A) CHO-DAF cells

B) CHO cells, Nomarski optics
C) CHO cells, same field as in (B)
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Figure 11. Western blot analysis of HeLa cell lysates with EVR1 and mAb 1H4. Proteins
from HeLa cell lysates (25ug per lane) were separated under non-denaturing conditions on
8% polyacrylamide gels containing 0.01% SDS. Proteins were transferred to Immobilon-P,
and after blocking, membrane strips were incubated with EVR1 ascites fluid (1:1000), DAF-
specific mAb 1H4 hybridoma culture supernatant (1:3000), or antibody against an irrelevant
antigen (LCMV-specific IgG,, 1:300), for 1 h at 37°C. Primary antibody binding was
detected with peroxidase conjugated goat anti-mouse IgG (H+L) (1:2000) and o-dianisidine
solution, as described in Materials and Methods. Positions of molecular mass standards are
indicated to the left of the figure.

Lanes:

1) EVRI1

2) mAb 1H4

3) LCMV-specific IgG,



kDa
200 —

97.4-

69—

46 —

30-

21.5-




Table 7. Cell specificity of mAb 1H4 protection

Cell protection*
MAb® HeLa LLC-MK,
1H4 + -
EVR1 + -

*EV70,MOI 1.0
+ no observable cytopathic effects for a minimum of 96 h post-infection;
- cytopathic effects observed within 45 h post-infection.

® MAb 1H4 used at 35pg/mL;
EVRI used at 17.5 pug/mL.
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Figure 12. Inhibition of EV70 binding to HeLa cells by mAb 1H4. Confluent HeLa cell
monolayers grown in 24-well tissue culture plates were treated with 1H4 hybridoma culture
supernatant (1:2), EVR1 hybridoma culture supernatant (1:2), culture medium, or antibody
directed against an irrelevant antigen ( anti-MHC I IgG,, 10 pg/mL) for 1 h at 37°C. After
washing, monolayers were incubated with 4,000 cpm of **S-labelled EV70 for 1 h at 33°C,
and the amount of virus bound to cells was determined by scintillation counting. Results are
shown as the mean percentage of virus bound relative to the MEM control, + standard
deviation for four samples.

MEM: culture medium pretreatment

anti-MHC I: culture medium containing MHC I - specific IgG, (10 pg/mL)
EVRI1: EVRI1 hybridoma cuiture supernatant (9 pg/mL)

1H4: 1H4 hybridoma culture supernatant (9 ug/mL)
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a receptor-positive phenotype. CHO-DAF cells were used earlier to demonstrate the
specificity of EVR1 for DAF (Figure 10). These cells could not be used to confirm that DAF
acted as a receptor for EV70, since virus was able to bind to the parental CHO cell line. In
virus binding assays, CHO cells bound 14 1% of input virus (cpm) (59+0.1% , relative to
Hel a cells), while CHO-DAF cells bound 18+1% of input virus (cpm) (76%0.1% relative to
HeLa cells). In view of these results, another cell line had to be found for use in DAF
expression and receptor function studies.

Virus binding assays revealed that the murine fibroblast 3T3 cell line would be suitable
for DAF receptor function experiments, since 3T3 cells consistently bound only 2 to 3% of
input **S-EV70 (10 to 15 % relative to HeLa cell controls). A 3T3 cell line constitutively
expressing human DAF (3T3-DAF; White et al., 1992) was obtained and tested in virus
binding assays. As shown in Figure 13, **S-EV70 binding to 3T3-DAF and to control 3T3-
RDAF (3T3 cells with the DAF gene in the reverse orientation with respect to its promoter)
cells was low, (28% and 14% of the amount of virus that bound to HeLa cells, or 4% and 2%
of input virus, respectively). Although 3T3-DAF cells bound more virus than did 3T3-RDAF
cells, the significance of this difference was difficult to interpret, since this amount of binding
was at the lower limit of detection of the binding assay. When 3T3-DAF cells were examined
by flow cytometry using either mAb 1H4 (Figure 14) or EVR1 (Appendix I) as primary
antibody, a small shift in the fluorescence intensity profile was observed relative to the shift
seen with HeLa cells, indicating that the level of DAF expression was lower on 3T3-DAF
cells than on HeLa cells. Thus, the low level of EV70 binding initially detected with 3T3-

DAF cells was interpreted to reflect the low level of DAF expression in these cells.



91

Figure 13. EV70 binding to 3T3-DAF and 3T3-RDAF cell lines. Confluent cell monolayers
grown in 24-well tissue culture plates were incubated with 5,000 cpm of **S-labelled EV70
per well for 1 hat 33°C. The percent of input virus bound to cells was then determined by
scintillation counting. Results are shown as the mean percentage of virus bound relative to
the MEM control, + standard deviation for four samples.

HeLa: HeL a cell positive control monolayers
3T3-DAF: 3T3-DAF monolayers
3T3-RDAF: 3T3-RDAF negative control monolayers
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Figure 14. Flow cytometric analysis of DAF expression in 3T3-DAF and 3T3-RDAF cell
lines. Trypsin-dispersed cells were incubated with DAF-specific 1H4 hybridoma supernatant
(1:5) and processed for flow cytometry. After 20 min at room temperature, cells were
washed, and primary antibody binding was detected with FITC-conjugated sheep anti-mouse
IgG, (1:20). Autofluorescence and secondary antibody controls for each cell line produced
superimposable histograms. Panels A and B are therefore shown as representative negative
control samples.

Panels:

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) 3T3-RDAF cells; 1H4

D) 3T3-DAF cells; 1H4

E) HelLa cells; 1H4
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Since wild-type 3T3 cells did not bind appreciable amounts of **S-EV70, this cell line

wasused in studies to determine whether DAF expression could confer virus-binding activity
to cells. For these experiments, a transient expression system was used. 3T3 cells were
transfected with an expression vector containing human DAF cDNA (pcDNA3/DAF), and
were subsequently infected with vaccinia virus vIF7-3, which provided T7 RNA polymerase
to direct DAF expression. As shown in Figure 15, cells transfected with pcDNA3/DAF
expressed DAF at the cell surface, and bound both EVR1 and mAb 1H4 (panels B and F).
Cells transfected with pcDNA3 alone did not react with either antibody (panels C and G).
Analysis of transfected cells by flow cytometry (Figure 16) revealed that this transient
expression system generated mixed populations of cells displaying a range of DAF expression
levels. For the experiments represented in Figures 15 and 17, approximately 10% of cells
transfected with pcDNA3/DAF expressed DAF at higher levels than did HeLa cells, while
approximately 40% of cells expressed low to moderate levels of DAF. The remaining cells
were negative for DAF expression.

Monolayers of pcDNA3/DAF-transfected 3T3 cells were able to bind **S-labelled
EV70 (Figure 17). Although the amount of binding varied between experiments, cells
transfected with pcDNA3/DAF consistently bound 60 to 100 % of the virus that bound to
HeLa cell controls, and 2 to 4 times more virus than did 3T3 cells transfected with vector
alone.

These results clearly demonstrated that DAF mediated attachment of EV70 to 3T3
cells. It was now important to determine if DAF expression was sufficient to render 3T3

cells permissive for EV70. The transient expression system could not be used for this
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Figure 1S. Indirect immunofluorescence assay for DAF expression in transiently transfected
3T3 cells. 3T3 cell monolayers grown in 24-well tissue culture plates were transfected with
vector pcDNA3 (3T3/pcDNA3), or with pcDNA3 containing the coding sequence of human
DAF (3T3/DAF). Following transfection and infection with vaccinia virus vIF7-3, cells were
processed for indirect immunofluorescence analysis. After incubation with DAF-specific
1H4 hybridoma supernatant (1:5) or EVR1 ascites fluid (1:100) for 20 min at room
temperature, cells were washed and primary antibody binding was detected with FITC-
conjugated sheep anti-mouse IgG, (1:20). Cells in panels A to C and E to G were
photographed through a FITC filter.

Panels A to D: EVRI used as primary antibody
A) HelLa cells

B) pcDNA3/DAF-transfected 3T3 cells (3T3/DAF)
C) pcDNA3-transfected 3T3 cells (3T3/pcDNA3)
D) same field as in (C), Nomarski optics

Panels E to H: MAb 1H4 used as primary antibody
E) HeLa cells

F) pcDNA3/DAF-transfected 3T3 cells (3T3/DAF)
G) pcDNA3-transfected 3T3 cells (3T3/pcDNA3)
H) same field as in (G), Nomarski optics
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Figure 16. Flow cytometric analysis of DAF expression in transiently transfected 3T3 cells.
3T3 cell monolayers were transfected with vector pcDNA3 (3T3/pcDNA3), or with pcDNA3
containing the coding sequence of human DAF (3T3/DAF). Following transfection and
infection with vaccinia virus vTF7-3, cells were processed for flow cytometry. After
incubation with DAF-specific 1H4 hybridoma supernatant (1:5) or EVRI ascites fluid
(1:100) for 20 min at room temperature , cells were washed and primary antibody binding was
detected with FITC-conjugated sheep anti-mouse IgG, (1:20). Cells transfected with
pcDNA3 were used for autofluorescence and secondary antibody controls, and trypsin-
dispersed HeLa cells were used as a positive control.

Column 1: mAb 1H4 used as primary antibody
Column 2: EVRI used as primary antibody

Panels:

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) pcDNA3-transfected cells

D) pcDNA3/DAF-transfected cells

E) HeLa cells
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Figure 17. EV70 binding to 3T3 cells transiently expressing DAF. 3T3 cell monolayers
grown in 24- well tissue culture plates were transfected with vector pcDNA3 (3T3/pcDNA3),
or with pcDNA3 containing the coding sequence for human DAF (3T3/DAF). Following
transfection and infection with vaccinia virus vIF7-3, monolayers were washed and incubated
with 3,000 cpm of *’S-labelled EV70 per well. After a 45 min incubation at 33°C, the amount
of virus bound to cells was determined by scintillation counting. Results are shown as the
mean percentage of virus bound relative to HeLa cell control, + standard deviation for three
samples.

HeLa: HeLa cell control
3T3/pcDNA3: pcDNAS3- transfected 3T3 cells
3T3/DAF: pcDNA3/DAF- transfected 3T3 cells
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purpose, since vaccinia virus results in pronounced morphological changes in the transfected
cells, and eventually kills the cells, making EV70-induced CPE and EV70 replication
impossible to detect.

Although the low levels of DAF expressed on the 3T3-DAF cell line limited its
usefulness in **S-EV70 binding assays, the ability of EV70 to infect these cells was
investigated. Monolayers of cells were infected with EV70 at a MOI of 5, and assayed for
the production of infectious virus at regular intervals, over a 48 h period. As shown in Figure
18, 3T3-DAF cells supported EV70 replication. Virus yield from DAF-expressing cells
increased to a peak value of 1.6 X 10° PFU/mL by 24 h, representing a 2.5-fold increase from
time O, and began to decline thereafter. Control 3T3-RDAF cells were refractory to
infection: the amount of virus detected in these cells remained low, approximately 300
PFU/mL for 24 h, and then as seen with 3T3-DAF cells, titre began to fall. Experiments in
which samples were assayed at 24 h intervals over a 120 h period (data not shown) indicated
that the decline in virus titres noted above continued, in all likelihood reflecting decay of
progeny virus following one cycle of replication (3T3-DAF cells) and decay of input virus
(3T3-RDAF cells). The difference in the amount of virus associated with the 3T3-DAF and
3T3-RDAF celis at time 0 (Figure 18) may simply reflect greater EV70 binding activity of the

DAF-expressing cells.
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Figure 18. EV70 replication in 3T3-DAF cells. Confluent 3T3-DAF and 3T3-RDAF cell
monolayers grown in 24-well tissue culture plates were infected with EV70 at a MOI of 5,
for 1 h at 33°C. After washing, fresh MEM was applied to each well. At the indicated
intervals, cells plus supernatants were recovered, and frozen and thawed twice to liberate
infectious virus. EV70 titers were measured by plaque assay on LLC-MK, monolayers.
Results are expressed as means + standard deviation for two duplicate independent
determinations.

® 3T3-DAF cells
0 3T3-RDAF control cells
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V. Mapping the EV70 binding site(s) of DAF

It was now evident that EV70 is one of several human enteroviruses that use DAF as
a cellular receptor (Bergelson et al., 1995; Bergelson et al., 1994; Shafren ef al., 1995; Ward
et al., 1994). Clearly, it was no longer possible to attribute the unusual host range and
tropism of EV70 to the unique nature of its receptor. However, examination of how EV70
interacts with DAF may reveal differences between EV70 and other DAF-binding
picornaviruses. These differences may in turn lead to the discovery of receptor - host cell
interactions and post-attachment events unique to EV'70, which may play roles in determining
host range and tropism.

Initial mapping of the EV70 binding site(s) of DAF was performed by antibody
blockade, using a number of DAF-specific mAbs. An important limitation of this mapping
technique is that mAbs may non-specifically block virus binding by steric hindrance.
Furthermore, mAb binding may affect the conformation of DAF, and in turn may influence
EV70 binding at a distance from the actual mAb binding site. For these reasons, a second
mapping technique was also used. This second method involved evaluating the EV70-binding
activities of several altered DAF molecules following their transient expression in 3T?3 cells.
A. Antibody blockade

To identify the regions of DAF involved in EV70 binding, mAbs directed against each
of the SCR domains of DAF (Table 8) were used in cell protection and virus binding
inhibition assays.

In cell protection assays, mAbs directed against SCR 1 (11D7), SCR 2 (1F7), and

SCR3 (1H4), protected HeLa cells against EV70 infection, while an antibody specific for
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Table 8. HeLa cell protection by DAF-specific mAbs

MAb* SCR Protection®
11D7 1 +
1F7 2 +
1H4 3 +
8D11 4 -
EVR1 +

* 11D7, 4 ug/mL; 1F7, 24 pg/mL; 1H4, 35 pg/mL; 8DI11, 36 pg/mL;
EVRI, 17.5 pg/mL.

* EV70, MOI 1.0
+ no observable cytopathic effects for a minimum of 96 h post-infection;
- cytopathic effects observed within 48 h post-infection.
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SCR4 (8D11) did not (Table 8). Monolayers preincubated with mAbs EVR1 (17.5 pg/mL),

11D7 (4 pg/mL), 1F7 (24 pg/mL), and 1H4 (35 pg/mL) remained free of CPE for 96 h after
infection with EV70 (MOI 1). HeLa cells treated with mAb 8D11 (36 pg/mL), and control
monolayers (receiving no antibody pretreatment) began showing CPE within 48 h of
infection. The protection provided by these mAbs was concentration-dependent (Table 9).

The ability of DAF-specific mAbs to prevent EV70 infection of HeLa cells correlated
with their ability to inhibit virus binding (Figure 19). Relative to HeLa cell control
monolayers (receiving no antibody pretreatment; represented as 100+4.7% input virus
bound), EVR1 (9 pg/mL) reduced virus binding by 72%, 11D7 (8 pg/mL) by 68%, 1F7 (12
ng/mL) by 76%, and 1H4 (7 pg/mL) by 73%. Pretreatment of monolayers with mAb 8D11
(18 pg/mL ) had no effect on virus binding (100+3.5% relative to HeLa control). As
observed in cell protection assays, virus binding inhibition by these mAbs was concentration-
dependent (Table 10). Therefore, antibody blockade experiments localized EV70 binding to
within the first three SCR domains of DAF.
B. DAF/MCP hybrid protein expression

In order to more precisely localize the EV70 binding sites of DAF, a series of
DAF/MCP chimeric proteins (Manchester e? al., 1995) were transiently expressed in 3T3
cells, and the EV70 binding properties of these hybrid molecules were analyzed.

DAF and MCP are members of the regulators of complement activation (RCA) family
of proteins. Among the members of this family, MCP is the most closely related to DAF
(Adams et al., 1991; Clarkson ef al., 1995; Lublin et al., 1988). Both proteins are composed

of four highly conserved SCR domains of approximately 60 amino acids each, followed by



Table 9. Concentration dependent cell protection of HeLa cells by EVR1

and by DAF-specific mAbs.

CPE*

Hours post-infection

48 72 96

- - +

o = + +

He | 12 |- - -+
s | . e

D11 | 12 |- - o+ o+
e T

11D7 - - - +
+- + +

1F7 - - -
- - -/+

- o+ 0+

* -, no CPE,; +/-, evidence of CPE; + extensive CPE
® Stock antibody concentrations: EVR1, 17.5 pg/mL;
11D7, 40 pg/mL; 1H4, 35 pg/mL; 8D11, 36 pg/mL.
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Figure 19. Inhibition of EV70 binding to HeLa cells by DAF-specific mAbs. Confluent
HeLa cell monolayers grown in 24-well tissue culture plates were treated with culture
medium, control antibody, or with DAF-specific mAbs as indicated, for 1 h at 37°C. After
washing, monolayers were incubated with 5,000 cpm of **S-labelled EV70 per well . After
a 45 min incubation at 33°C, the amount of virus bound to cells was determined by
scintillation counting. Results are shown as the mean percentage of virus bound relative to
the MEM control, + standard deviation for two samples.

MEM: culture medium pretreatment

anti-MHC I culture medium containing MHC I - specific IgG, (10 pg/mL)
EVR1: hybridoma culture supernatant, 9 pg/mL

11D7: hybridoma culture supernatant, 8 pg/mL

1F7:  ascites fluid, 12 pg/mL

1H4: hybridoma culture supernatant 9 pg/mL

8D11: hybridoma culture supernatant 18 pg/mL
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Table 10. Concentration dependent inhibition of EV70 binding to HeLa cells
by EVRI and by DAF-specific mAbs

%Virus (cpm) bound®

MAbDilution®  1:2 15 B0 120 140
EVRI 29 34 51 65 nd
11D7 o 32 38 70 88
He 30 28 34 42 nd

sDIT 30 31 31 30 nd

IF7~ 20 25 23 26 35 38 43 55

* Percent of input **S-EV70 bound to monolayers relative to HeLa cell control monolayers

receiving no antibody pretreatment.
® Stock antibody concentrations: EVR1, 17.5pg/mL; 11D7, 40 pg/mL; 1H4, 35 pg/mL;
8D11, 36 ug/mL.
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a heavily O-glycosylated serine, threonine, and proline-rich (STP) region near the carboxy
terminus. The structure of MCP differs from DAF in two respects: (1) MCP has a region of
unknown function following its STP region; and (2) MCP has a carboxy terminal peptide
transmembrane domain (TM) and cytoplasmic domain, instead of the GPI anchor found in
DAF (Lublin et al., 1988). Domain-replacement molecules (in which individual DAF SCRs
were substituted with the corresponding domains of MCP) and DAF SCR deletion mutants
were available. DAF/MCP chimeras were chosen for these studies, since they were more
likely to retain the overall conformation of the native DAF molecule, and thus minimize any
undue structural/conformational effects on virus binding (Coyne ef al., 1992; Lublin and
Coyne, 1991; Nowicki et al., 1993). The different DAF/MCP chimeras used in these
experiments are illustrated in Figure 20.

Before evaluating the receptor function of each of the hybrid proteins, it was
necessary to: (i) confirm the specificities of each available DAF and MCP-specific mAb; (ii)
confirm the SCR substitution of each chimera; and (iii) demonstrate that each of these hybrid
proteins was expressed at similar levels in transfected 3T3 cells.

The cDNAs for DAF, a version of DAF with the TM domain of MCP (TM-DAF),
MCP with the GPI anchor of DAF (MCP-PI), and DAF/MCP chimeras were supplied in
expression vectors pcDNA3, pCRe, or pSReEN. Therefore, for every expression
experiment, negative controls consisted of 3T3 cells transfected with the appropriate vector
lacking a DAF/MCP insert, and positive controls consisted of 3T3 cells transfected with the

appropriate vector containing DAF.
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Figure 20. DAF/MCP chimeras used in EV70 binding studies. Chimeras consisted of DAF
molecules in which individual SCR domains were replaced with the corresponding SCR of
membrane cofactor protein (MCP). DAF SCR domains are represented as open circles, MCP
SCR domains are numbered and shaded grey. Horizontal bars indicate regions of N-linked
glycosylation on the respective SCRs. Diagram adapted from Manchester ef al., 1995.

DAF: wild-type human DAF

MCP-PI: GPI-anchored version of MCP

TM-DAF: Transmembrane and cytoplasmic domains of MCP, SCR domains of DAF
DM1: MCP SCRI replacing DAF SCR1

DM2: MCP SCR2 replacing DAF SCR2

DM3: MCP SCRS3 replacing DAF SCR3

DM4: MCP SCR4 replacing DAF SCR4
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(i) Antibody specificities: _Primary antibody binding, detected with FITC-
conjugated sheep anti-mouse IgG; ,was measured by flow cytometry. The entire complement
of chimera-antibody combinations that was analyzed is summarized in Table 11. Cells
transfected with pcDNA3, pCRa, or pSRaEN did not bind DAF or MCP-specific mAbs, as
demonstrated by the absence of a shift in the fluorescence intensity profiles generated. Cells
traﬁsfected with pcDNA3/DAF or pCRa/DAF bound each of the DAF-specific mAbs, but
did not bind the MCP-specific mAb. Conversely, cells transfected with pSRaEN/MCP-PI
bound MCP-specific mAb, but none of the DAF-specific mAbs. Flow cytometry histograms
showing antibody reactivities for all control samples are presented in Appendix II.

(i) Characterization of DAF/MCP chimeras: Each DAF/MCP chimera was
characterized by flow cytometry using DAF domain-specific mAbs, to ensure that the proper
SCRs of DAF were expressed. Figure 21 presents data obtained with 3T3 cells transiently
expressing chimera DM4 (in which DAF SCR4 is replaced with MCP SCR4). MAbs directed
against DAF SCR 1 (11D7, panel C), SCR 2 (IF7, panel D), and SCR 3 (1H4, panel E) were
all able to bind to DM4-expressing cells., while a mAb directed against SCR4 (8D1 1) did not
bind to DM4-expressing cells (panel F). Results confirming the replacement of the
appropriate DAF SCR domains in DM1, DM2, and DM3 were also obtained. Flow
cytometry histograms for these chimeras are included in Appendix III.

(iii) Analysis of DAF/MCP chimera expression: Before being able to compare the
virus binding ability of each of these proteins, it was important to confirm that the chimeras
and wild type DAF were expressed at similar levels on the surface of transfected cells. Cell

surface expression was detected with DAF SCR-specific mAbs, and was assessed by flow
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Table 11. Summary of DAF/MCP expression studies and mAb reactivities

Primary antibody
Construct EVR1  11D7 1F7 1H4  8DI1  oMCP
i - (SCR1) (SCR2) (SCR3) (SCR9)
pCRa . i i - - i -
P + + + + + -
. . - - - +
- - + + + nd
+ + - + + nd
* + + - + nd
+ + + + - nd
- - - - - nd
+ + + + + nd
+ + + + + nd

* construct in vector pCRo

® construct in vector pSReEN

+ positive reaction with primary antibody
- negative reaction with primary antibody
nd not determined
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Figure 21. Flow cytometric analysis of DAF-specific mAb binding to chimeric receptor
DM4.  3T3 cell monolayers were transfected with vector pCRe, or with pCRa containing
sequences encoding the DAF/MCP chimera DM4 (pCRaeDM4). Following transfection and
infection with vaccinia virus vIF7-3, cells were processed for flow cytometry. After
incubation with DAF-specific mAbs 11D7 (1:200), 1F7 (1:500), 1H4 (1:5), or 8D11 (1:200)
for 20 min at room temperature , cells were washed, and primary antibody binding was
detected with FITC-conjugated sheep anti-mouse IgG, (diluted 1:20). Cells transfected with
PCRaDM4 were used for autofluorescence and secondary antibody controls.

Panels:

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) DM4; mAb 11D7 (anti-SCR1)

D) DM4; mAb 1F7 (anti-SCR2)

E) DM4; mAb 1H4 (anti-SCR3)

F) DM4; mAb 8D11 (anti-SCR4)
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cytometry. Ifthe fluorescence intensity profile of cells expressing one chimera was the same
as the profile generated by cells expressing another chimera, the expression levels of these
proteins was considered to be equivalent.

Since no single mAb recognized an epitope common to all chimeras, at least two
different mAbs were required to compare expression levels of the various proteins. Results
of flow cytometric analyses indicated that a given SCR-specific mAb did not necessarily
exhibit the same binding activity with all DAF/MCP chimeras containing the appropriate SCR
(Appendix I). This was reflected in the observation that the fluorescence intensity profiles
generated with some mAbs varied considerably, depending on the SCR substitution of the
chimera being analyzed. Similarly, different mAbs did not necessarily exhibit the same binding
activity with the same DAF/MCP chimera. Taken together, these findings suggest that while
the overall conformation of the DAF/MCP chimeras may not significantly differ from that of
DAF, SCR replacement may cause sufficient local conformational change to affect the ability
of certain SCR-specific mAbs to bind. This hypothesis is supported by the observation that
cells transiently expressing wild type DAF consistently bound more DAF-specific antibody
than did cells expressing any of the chimeras, regardless of which antibody was used
(Appendix MI).

Given these results, it was necessary to select DAF-specific mAbs that exhibited the
same binding activity with a number of chimeras, regardless of the SCR substitution. As
shown in Figure 22 (column 1), SCR4-specific mAb 8D11 displayed consistent binding
activity with cells expressing chimeras DM1, DM2, and DM3, and was therefore used to

compare surface expression levels of these proteins. Similarly, SCR1-specific mAb 11D7
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Figure 22. Flow cytometric analysis of DAF/MCP chimera expression in transiently
transfected 3T3 cells. 3T3 cell monolayers grown in 24-well tissue culture plates were
transfected with vector pCRa, with vectors containing sequences encoding DAF/MCP
chimeras DM1, DM2, DM3, or DM4, or with pCRaDAF. Following transfection and
infection with vaccinia virus vIF7-3, cells were processed for flow cytometry. After
incubation with DAF-specific mAb 8D11 (anti-SCR4; 1:200) or 11D7 (anti-SCR1, 1:200)
for 20 min at room temperature, cells were washed, and primary antibody binding was
detected with FITC-conjugated sheep anti-mouse IgG, (1:20). Cells transfected with each
of the different constructs were used for autofluorescence and secondary antibody controls.
Since these all produced superimposable histograms, panels A and B are shown as
representative negative control samples.

Column 1: mAb 8D11 used as primary antibody

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) DM1

D) DM2

E) DM3

F) DAF

Column 2: mAb 11D7 used as primary antibody

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) DM2

D) DM3

E) DM4

F) DAF
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displayed consistent binding activity with cells expressing chimeras DM2, DM3, and DM4,
and was used to compare expression levels of these proteins (Figure 22, column 2).

The fluorescence intensity profiles presented in Figure 22 confirmed that all of the
chimeric receptors were expressed to similar levels. Finally, these results (Figures 22 and 23;
Appendices IT and IIT) showed that the T7 promoter directed expression of similar amounts
of each of the chimeric receptors, regardless of the vector in which the cDNAs were cloned.

In a separate experiment, SCR3-specific mAb 1H4 was used to compare expression
of TM-DAF (in pcDNA3) to that of DAF (pcDNA3/DAF). Figure 23 shows that the binding
of mAb 1H4 to TM-DAF expressing cells appeared to be slightly lower than binding to DAF-
expressing cells. These resuilts indicate that either less TM-DAF was expressed on the cell
surface, or that replacing the GPI anchor of DAF with the transmembrane and cytoplasmic
domains of MCP affected the binding ability of mAb 1H4. Finally, the expression levels of
PcDNA3/DAF and pCRa-DAF in 3T3 cells were compared using mAb 1H4, and found to
be similar (Appendix IV)

In view of all these data, differences in the abilities of the various DAF/MCP chimeras
to bind EV70 were attributed to the presence or absence of sequences essential for virus
attachment.

C. Binding activity of DAF/MCP chimeras

Virus binding to cells expressing each of the DAF/MCP chimeras was analyzed, and
the percent of input virus bound relative to cells transfected with pCRaDAF was determined
(Figure 24). To establish whether MCP could be used as a receptor for EV70, MCP was also

compared to DATF for its ability to bind virus. Results indicated that MCP could not act as



113

Figure 23.  Flow cytometric analysis of DAF and TM-DAF expression in transiently
transfected 3T3 cells. 3T3 cell monolayers grown in 24-well tissue culture plates were
transfected with vector pcDNA3, with pcDNA3 containing sequences encoding human DAF
(DAF), or with pcDNA3 containing the sequences encoding the transmembrane version of
DAF (TM-DAF). Following transfection and infection with vaccinia virus vITF7-3, cells were
processed for flow cytometry. After incubation with DAF-specific 1H4 hybridoma
supernatant (1:5) for 20 min at room temperature, cells were washed, and primary antibody
binding was detected with FITC-conjugated sheep anti-mouse IgG, (1:20). Cells transfected
with pcDNA3 were used for autofluorescence and secondary antibody controls.

Panels:

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) pcDNAS3- transfected cells; 1H4

D) DAF-TM transfected cells; 1H4

E) DAF-transfected cells; 1H4
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Figure 24. EV70 binding to 3T3 cells transiently expressing DAF/MCP chimeras. 3T3 cell
monolayers grown in 24-well tissue culture plates were transfected with vector pCRe: , or
with vectors containing the genes encoding the DAF/MCP chimeras DM1, DM2, DM3,
DM4, or MCP-PL. Following transfection and infection with vaccinia virus vIF7-3,
monoiayers were washed and incubated with 3,000 cpm of >*S-labelled EV70 per well. After
1 h at 33°C, the amount of virus bound to cells was determined by scintillation counting.
Results are shown as the mean percentage of virus bound relative to 3T3 cells transfected
with pCRaDAF, + standard deviation for three samples.

pCra: vector alone

MCP-PI: MCP-PI in vector pSRaEN
DAF: DAF in pCRa

DM1: DM]1 in pCRa

DM2: DM2 in pSReEN

DM3: DM3 in pCRa

DM4: DM4 in pCRa
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a receptor for EV70, since virus binding to MCP-expressing cells and to cells transfected with
PCRa alone was the same (20 + 2% of input virus bound). Replacement of the first SCR of
DAF (DM1) reduced EV70 binding to background levels (20 + 2% of input virus bound).
Replacement of the second SCR (DM2) had a less pronounced negative effect on virus
binding, with 52+6% of input virus bound. Replacement of the third SCR (DM3) had no
effect on EV70 binding (100+5% of input virus bound). Replacement of either the fourth
SCR of DAF (DM4), or of the STP and GPI anchor regions of DAF (TM-DAF,; Figure 25)
had only small negative effects on virus binding (70 + 8%, and 74 £7% of input virus bound,

respectively).

VL. Identification of the EVR1 binding site of DAF

In a final set of experiments, the region of DAF recognized by EVR1 was determined.
Antibody blockade (cell protection and virus-binding inhibition; Table 8 and Figure 19,
respectively) could only exclude sequences within SCR4 as the EVRI binding site.
Therefore, 3T3 cells transiently expressing each of the DAF/MCP chimeric receptors were
tested for their ability to bind EVR1. Flow cytometric analysis of each of the chimeras
(Figure 26) showed that transfected cells expressing DM1 did not bind EVR1 (panel C). In
contrast, EVR1 bound to cells expressing DM2, DM3 or DM4 (panels D, E, and F,
respectively). The SCR1- specificity of EVRI was confirmed when DM1-expressing cells
were shown to bind all DAF-specific mAbs except for mAb 11D7 (directed against SCR1),

and EVR1 (see Appendix III).
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Figure 25. EV70 binding to 3T3 cells transiently expressing TM-DAF. 3T3 cell monolayers
grown in 24-well tissue culture plates were transfected with vector pcDNA3 , with pcDNA3
containing sequences encoding human DAF (DAF), or with pcDNA3 containing the
sequences encoding the transmembrane version of DAF (TM-DAF). Following transfection
and infection with vaccinia virus vIF7-3, monolayers were washed and incubated with 3,000
cpm of **S-labelled EV70 per well. After 45 min at 33°C, the amount of virus bound to cells
was determined by scintillation counting. Results are shown as the mean percentage of virus
bound relative to pcDNA3/DAF transfected cellsl, + standard deviation for three samples.

pcDNA3: pcDNAS - transfected cells
DAF: pcDNA3/DAF - transfected cells
TM-DAF: pcDNA3/TM-DAF - transfected cells
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Figure 26. Identification of the EVR1-binding site of DAF. 3T3 cell monolayers grown in
24-well tissue culture plates were transfected with vector pCRe, with pCRa containing the
sequences encoding DAF/MCP chimeras DM1, DM2, DM3, or DM4, or with pCRaDAF.
Following transfection and infection with vaccinia virus vIF7-3, cells were processed for flow
cytometry. After incubation with EVR1 (1:100) for 20 min at room temperature, cells were
washed, and primary antibody binding was detected with FITC-conjugated sheep anti-mouse
IgG; (1:20). Cells transfected with each of the different constructs were used for
autofluorescence and secondary antibody controls. Since these all produced superimposable
histograms, panels A and B are shown as representative negative control samples.

Panels:

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) DM1 in pCRe; EVR1

D) DM2 in pSReEN; EVR1

E) DM3 in pCRe; EVR1

F) DM4 in pCRe DM1; EVR1

G) DAF in pCRe; EVRI



Relative
cell number

ﬁ
1 1 10 100 1000

Log fluorescence intensity



118
DISCUSSION

Most viruses cause disease in only a small number of species, and within the infected
host, symptoms of viral disease can often be correlated with infection of a small number of
specific target tissues. In order to initiate infection, viruses must bind to specific molecules
expressed on the surface of susceptible cells (Bass and Greenberg, 1992; Norkin, 1995). This
interaction is not only critical for infection, but for many viruses is also considered to be a key
determinant of host range and of tropism (Crowell and Landau, 1983; Haywood, 1994;
Norkin, 1995). Over twenty years ago it was shown that for picornaviruses, pathogenesis
could be correlated with the presence of virus-specific receptors on affected tissues (Lonberg-
Holm et al., 1976; Crowell and Landau, 1983). Although there was evidence that attachment
to cells was not always sufficient for infection (Angel and Bumness, 1977; Colonno ef al.,
1990; Maddon et al., 1986; Yoshii ef al., 1977), when this project was undertaken, it was
generally accepted that the specificity of the virus-host cell receptor interaction was an
important determinant of picornavirus tropism (Crowell and Landau, 1983; Lentz, 1990).

Two intriguing characteristics of EV70 are its tropism and host range. /n vivo, EV70
replication is restricted to the conjunctival epithelium, and on rare occasions involves the
central nervous system, while in vitro, EV70 infects cells derived from a variety of
mammalian species (Yoshii ef al., 1977). This ability to replicate in cells of non-primate
origin is, with few exceptions, a unique characteristic among human enteroviruses. In the
context of what was known about the nature and distribution of virus receptors, and the

influence these molecules exert on viral pathogenesis, it was hypothesized that the unusual
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tropism and host range of EV70 reflected use of a host cell receptor that was distinct from

the picornavirus receptors recognized at the time this project was initiated.

I. Analysis of EV70 binding to cells

At the onset of this work , the lack of information regarding either the nature of the
host cell receptor for EV70 (Kono et al.,, 1978) or the binding behaviour of this virus (Yoshii
et al., 1977), made it necessary to establish a binding assay for EV70. This virus binding
assay allowed rapid and reproducible measurement of *’S-EV70 binding to LLC-MK, cells,
which were used in initial experiments. Traditionally, studies of the kinetics of virus binding
have been used as a starting point in defining the characteristics of receptor molecules
(Colonno, 1987; Crowell and Landau, 1983). Virus binding competition experiments have
established that the picornaviruses can be grouped into families according to specificities for
distinct receptors (Abraham and Colonno, 1984; Lonberg-Holm et al., 1976; Quirsin-Thiry
and Nihoul, 1961). To determine the specificity of the receptor for EV70, the ability of PV
and of CVBS3 to interfere with EV70 binding to LLC-MK,, cells was examined. These viruses
were chosen for several reasons. Earlier studies showed that PV and CVB3 belonged to
separate receptor families, and it was of interest to determine if EV70 could be assigned to
either of these receptor groups. In addition, phylogenetic analyses (Poyry et al., 1996;
Stanway, 1990) showed that EV70 was closely related to both PV and CVB3. Finally, the
identity of the poliovirus receptor was known (Mendelsohn ef al., 1989), and candidate
CVB3 receptor proteins had been identified (Hsu ef al., 1990; Mapoles et al., 1985). Binding

assays showed that the LLC-MK, cell receptor for EV70 was distinct from the receptor used
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by PV, and that CVB3 exerted a partial inhibitory effect on EV70 binding. This suggested
that either EV70 and CVB3 compete for the same receptor, share a component of a receptor
complex, or that CVB3 attaches to the cell at a site near enough to the receptor for EV70 to

sterically hinder EV70 binding.

II. Identification of a cellular receptor for EV70

Initial attempts at identifying a virus binding protein in LLC-MK, cells using the
affinity based VOPBA method were unsuccessful. Although this technique has successfully
been used to identify virus binding proteins for adenoviruses (Defer et al., 1990), rhinoviruses
(Mischack et al., 1988) reovirus (Verdin e/ al., 1989), and LCMV (Borrow and Oldstone,
1992), among others, it is not broadly applicable. In principle, membrane components are
denatured in the process of electrophoresis and blotting, and thus receptors that are functional
multimers or that have binding sites sensitive to these procedures may not retain binding
activity (Bass and Greenberg, 1992). However, in VOPBAs, ¥S-EV70 adsorbed
nonspecifically to several species of LLC-MK, membrane proteins. To expedite the
identification of the receptor for EV70, this method was abandoned in favour of an
immunological approach, based on the production of a monoclonal antibody specific for the
receptor for EV70.

Antireceptor antibodies are useful and increasingly popular tools for the identification
of host cell receptors for viruses. The majority of antibodies with specificity for picornavirus
receptors have been generated against HeLa cell epitopes (Campbell and Cords, 1983;

Crowell et al., 1986; Greve et al., 1989; Hsu et al., 1988; Minor ef al., 1984; Nobis et al.,
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1985; Tomassini ef al., 1989a, 1989b). Therefore, to be able to eventually take advantage
of picornavirus receptor-specific and other human cell-specific immunological reagents that
were already available, HeLa cells were used to generate an EV70 receptor-specific antibody.
HeLa cells support EV70 replication (Mirkovic ef al., 1973), and in binding assays, bound
EV70 to levels comparable to those seen with LLC-MK, cells.
A. Antireceptor mAb EVRI

Immunization of BALB/c mice with HeLa cell membrane preparations led to the
production of a mAb, EVR1, directed against a HeLa cell receptor for EV70. The anti -
receptor activity of this monoclonal antibody was confirmed through a series of physical and
biological assays. EVR1 protected HeLa cells against infection by EV70 in a concentration-
dependent manner, and virus binding inhibition assays showed that EVRI exerted this
protective effect at the level of the virus-receptor interaction. Since antibodies may block
virus binding through non-specific masking of the cell surface, or by steric hindrance
(Campbell and Cords 1983; Crowell et al., 1986), the specificity of EVRI protection was
confirmed in cell protection assays, which showed that EVR1 could not protect HeLa cells
against infection by either PV or CVB3. EVR1 did not protect LLC-MK, cells against EV70
infection, and indirect immunofluorescence analysis revealed that EVR1 did not bind to LLC-
MK, cells. These observations suggested: (1) that the receptor for EV70 on LLC-MK,
cells is not the same as the receptor on HeLa cells; or (2) that the LLC-MK, receptor is a
simian homolog which does not contain the epitope recognized by EVR1. EVR1 was then
used to define the characteristics of the EV70-binding component of HeLa cells. As

strategies to isolate the candidate receptor were being considered, Bergelson et al. (1994),
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and shortly afterwards Ward et al. (1994) reported that the complement-regulatory protein

decay-accelerating factor (DAF/CD55) served as a cellular receptor for several echovirus
serotypes. These viruses, like EV70, are human pathogens belonging to the genus
enterovirus.
B. EVRI recognizes DAF

DAF is a member of the regulators of complement activation (RCA) family of
proteins. (Hourcade ef al., 1989; Lublin and Atkinson, 1989; Nicholson-Weller, 1992). This
is a family of functionally refated, structurally homologous and genetically linked proteins
which act to protect host tissues against autologous complement mediated lysis. The RCA
family consists of the serum proteins factor H and C4 binding protein (C4-bp), and the
membrane-bound proteins C3b receptor (CR1), C3d receptor (CR2), membrane cofactor
protein (MCP), and decay-accelerating factor (DAF), all of which are encoded by genes
located on the long arm of human chromosome 1 (Hourcade ef al., 1989; Lublin ez al., 1987).
Each of these proteins either prevent the formation, or participate in the proteolytic
inactivation of, the C3 convertases of the complement system, thereby halting the complement
cascade and preventing formation of mediators of the inflammatory response and of the
cytolytic terminal membrane attack complex (Lublin and Atkinson, 1989; Nicholson-Weller,
1992).

The structural hallmark of the RCA family is the presence of a variable number of
contiguous, conserved repeated domains (short consensus repeat; SCR). Each SCR domain
is composed of approximately 60 amino acids, and contains four conserved cysteine residues,

as well as conserved glycine, tryptophan, phenylalanine and tyrosine residues. The SCRs
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display 18 to 30% amino acid identity to each other within a given protein and between RCA

proteins (Coyne et al., 1992, Clarkson ef al., 1995).

Human DAF is a 70 to 75 kDa integral membrane glycoprotein that regulates C3
convertase activity by preventing its formation and also by dissociating preformed enzyme on
the surface of cells. In HeLa cells, the most abundant DAF-specific mRNA encodes a
polypeptide of 381 amino acids (Medofet al., 1987a). DAF is composed of four contiguous
SCR domains, followed by a heavily O-glycosylated serine and threonine rich juxtamembrane
domain. Between SCRs 1 and 2 is a single N-glycosylation site. Unique among members of
the RCA family, the carboxy terminus of DAF is covalently linked to a glycophospholipid
structure (GPI anchor) through which the protein is attached to the plasma membrane.
(Medof ef al., 1986). The functional domains of DAF have been identified (Lublin and
Coyne, 1991; Coyne et al., 1992). SCRI and the GPI anchor do not appear to be necessary
for the complement regulating function of DAF. Only SCR domains 2, 3, and 4 appear to be
specifically required for DAF funtion, and the O-glycosylated domain fulfills a critical, but
non-specific role in projecting the functional domains of DAF above the plasma membrane
(Coyne et al., 1992).

In addition to its complement regulating and echovirus-binding activities, DAF has
also been shown to act as a receptor for several adhesin-bearing strains of E. Coli (Bernet-
Camard, 1996; Nowicki ef al., 1993; Pham et al., 1995). DAF is found on most peripheral
blood cells and on many epithelial and endothelial cells exposed to serum (Lublin and
Atkinson, 1989, Nicholson-Weller 1992). DAF is also expressed at high levels on the

conjunctival epithelium, and DAF antigen has been detected in the cerebrospinal fluid (Lass
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et al., 1990; Medof et al. 1987b), and is therefore found in tissues involved in the pathogenesis

of acute haemorrhagic conjunctivitis (Higgins, 1982; Uchida , 1989b).

The biochemical characterization of the protein identified by EVR1 provided sufficient
evidence to suggest that this protein, and therefore the receptor for EV70, was DAF. Both
glycoproteins have a molecular weight of approximately 70 to 75 kDa in HeLa cells, and are
resistant to hydrolysis by trypsin (Lublin and Atkinson, 1989). The sensitivity of the EVR1-
protein interaction to heat and to reducing agents was consistent with EVR1 recognizing an
epitope on one of the four disulphide bond-containing SCR domains of DAF. The fact that
DAF was first isolated from human and guinea pig erythrocytes (Nicholson-Weller et al.,
1981; Nichoison-Weller et al., 1982), and the observation that EV70 was able to agglutinate
human and guinea pig erythrocytes (Kono ef al., 1978), further strengthened the possible link
between DAF and the ligand of EVRI.

The identity of the protein recognized by EVR1 was confirmed by showing that: (1)
the ligand of EVRI was sensitive to PI-PLC; (2) EVR1 reacted specifically with DAF-
expressing CHO cells, and (3) DAF-specific mAb protected HeLa cells against EV70
infection and inhibited virus binding. It was also observed that parental (DAF’) CHO cells
and DAF-expressing CHO cells bound equivalent amounts of EV70. This was consistent with
the findings of Yoshii e al. (1977), who showed that the hamster-derived cell line BHK21
adsorbed high levels of EV70 and supported virus replication. These results suggest that a
CHO cell surface molecule has the ability to bind EV70, but does not exclude the possibility
that EV70 was also binding to human DAF. Since the CHO-DAF cell line used here is known

to express low levels of DAF (D. Lublin, personal communication), more abundant expression
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of DAF may be necessary to detect EV70 binding above the levels seen with the parental

CHO cell line.
C. DAE is a receptor for EV70

Conclusive evidence that DAF acts as a receptor for EV70 was provided by direct
demonstration that in 3T3 cells, DAF mediates EV70 binding and that EV70 binding leads
to infection. When the gene encoding human DAF was transiently expressed in 3T3 cells,
these cells acquired the ability to bind EV70. When 3T3 cells constitutively expressing human
DAF (White et al., 1992) were infected with EV70, low amounts of progeny virus, consistent
with a single round of replication, were detected. The low level of virus replication observed
in 3T3-DAF cells may reflect poor efficiency of infection due to the small number of receptor
molecules expressed on the cell surface (Koike et al., 1991a), however, it is more likely that
EV70 replication is poorly supported in 3T3 cells. As yet unidentified cellular factors
required for efficient growth of EV70 in these cells may be lacking, or murine counterparts
of these factors may function poorly (Tomko et al., 1997), resulting in a partial block in the
viral replication cycle. No CPE was observed in 3T3-DAF cells following infection with
EV70. This may be due to the poor replication of virus in these cells, however, growth of
EV70 in the absence of CPE has also been observed in murine (L), hamster (BHK21), and
porcine (IB-RS-2; ESK) cell lines (Yoshii ez al., 1977). Adaptation of EV70 to 3T3 cells
by repeated passage may also result in more productive infection.

The original hypothesis of this thesis, that the host range and tropism of EV70 are
dictated by the unique nature and distribution of its host cell receptor is not supported by the

evidence presented here and by others. DAF expression in vivo is widespread (Lublin and
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Atkinson, 1989), and human enteroviruses that do not share the replication characteristics
of EV70 also bind to DAF (Bergelson ef al., 1994, 1995; Shafren er al, 1995, 1997b). It was
reasoned that examination of how EV70 interacts with DAF may reveal differences between
EV70 and the other DAF-binding human enteroviruses. It was further reasoned that these
differences may eventually lead to the identification of receptor-host cell interactions and

post-binding events that influence EV70 tropism and host range.

III. Mapping the EV70 binding site of DAF

The EV70 binding sites of DAF were initially examined by antibody blockade.
However, mapping virus binding sites using this method alone has certain limitations. The
large size of antibodies relative to the DAF molecule, and the absence of information
regarding both the sequences of the epitopes recognized by the antibodies and the precise
location of these epitopes in the folded DAF molecule make interpretation of these data
difficult. Antibody blockade experiments implicated SCRs 1, 2, and 3 in EV70 binding (Table
12). Other researchers have noted differences in mapping results when antibody blockade
and the virus-binding properties of mutant DAF proteins were compared (Table 12). Both
deletion mutants and DAF/MCP chimeras were available to more precisely determine the
EV70 binding sites of DAF (Bergelson ef al., 1994, 1995; Clarkson ef al., 1995; Manchester
etal, 1995). A concem with interpreting results of binding assays using deletion mutants is
that function may be lost as a result of conformational changes to the molecule, rather than
the removal of regions critical for binding (Coyne ez al,, 1992; Friestadt and Racaniello, 199 1;

Koike et al., 1991a; Nowicki ef al., 1993; Selinka ef al., 1991; Staunton ef al., 1990). For



Table 12. Picornavirus-binding domains of DAF

Virus SCR* Reference

CVA21 1 -2 3 4  Shafteneral. (1997)
CVB3 1 2+ 3 4 Bergelsonetal. (1995)
CVBS 1 2 3 4 Shafrenetdl (1994)
ECHO7 1 2* 3* 4*  Bergelson et al. (1994)
EVIO 1* 2 3 4

* Shading indicates binding domains identified by antibody
blockade; asterisks denote binding domains identified by

expression of SCR deletion mutants or DAF/MCP chimeras.

127
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this reason, the more conservative approach, analysis of the binding properties of DAF/MCP

chimeras, was chosen. MCP is the most closely related RCA family member to DAF (Adams
et al., 1991; Coyne et al., 1992; Lublin ef al., 1988). Both proteins have complementary
functions in regulating the activity of C3 convertases, and are structurally similar, with four
SCR domains and a serine/threonine rich, O-glycosylated domain proximal to the cell
membrane (Lublin ef al. 1988). The similarity of these molecules would, in theory, minimize
any overt conformational changes to the receptor molecule, while allowing entire domains to
be replaced.

DAF/MCP chimeras were transiently expressed in 3T3 cells, and the surface
expression of each molecule was verified using DAF SCR-specific mAbs. Virus binding
assays revealed that the first SCR of DAF contains sequences that are essential for EV70
binding. This result is consistent with observations that the amino-terminal extracellular
domain of PVR (Koike et al., 1991a; Selinka et al., 1992) and ICAM-1 (McClelland et al.,
1991; Staunton ef al., 1990), are essential for PV and major group HRV virus binding,
respectively. The requirement of SCR1 for EV70 binding is also consistent with the canyon
hypothesis of virus binding (Rossman ef al., 1985; Rossman 1989) which proposes that
residues within the most distal domain of the receptor molecule interact with residues located
on the floor of canyon-like depressions formed by the capsid proteins of certain
picornaviruses. Replacement of the second SCR of DAF (DM2) had an intermediate effect
on EV70 binding. This might indicate that optimal binding of EV70 to DAF involves the
interaction of sequences on the viral capsid with residues present in SCR2 (Friestadt and

Racaniello, 1991), or, alternatively, that DAF SCR2 ensures optimal presentation of SCR1
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for binding (Bernhardt et al., 1994, Racaniello 1996; Staunton ef al., 1990). It is also

possible that the N-glycosylation of SCR2 in the chimera DM2 (Clarkson et al., 1995; Lublin
ef al., 1988) interferes with the optimal interaction of SCR1 sequences with EV70. Virus
binding results also indicate that sequences present in SCR3 (DM3) or SCR4 (DM4) of DAF
are not specifically required for virus binding. Although DM4 expressing cells displayed a
slightly reduced ability to bind virus, these data together with the inability of SCR4-specific
mAb 8D11 to block EV70 attachment and infection indicate that this region of DAF is not
specifically involved in virus binding. Similarly, sequences in the serine/threonine rich domain
and in the GPI anchor region do not appear to be specifically required for virus binding. As
seen with chimera DM4, TM-DAF expressing cells displayed slightly reduced EV70 binding
activity. The decreased virus binding observed with cells expressing chimeras with carboxy
terminal modifications (DM4, TM-DAF), may indicate that DAF molecules with changes in
this region are not optimally positioned for virus binding (Bernhardt et al, 1994).

Before discussing the implications of the observations that (1) EV70is a receptor for
EV70, and (2) that the EV70 binding site is located within SCR1, it is important to discuss

how the original view of virus-receptor interactions has evolved since this project began.

IV. Virus receptors and co-receptors

Within the last six years, the sucessful application of immunologic and molecular
techniques has led to the identification of several new virus receptors (Haywood, 1994;
Norkin, 1995). These discoveries provide a new perspective on the virus-receptor

relationship. The original hypothesis, that virus attachment and subsequent delivery of viral
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genomes into the cell involves a simple interaction between the virus and a receptor molecule
on the surface of a target cell, has been superceded by a model which for many viruses, can
involve receptors, co-receptors, and multi-step binding processes for infection to take place
(Haywood, 1994; Norkin, 1995).

Outside of the family Picornaviridae, there are several examples that illustrate the
complexity of virus-receptor interactions, including herpes simplex virus (Montgomery ef al.,
1996) and measles virus (Buckland and Wild, 1997), but the best characterized of these are
HIV and Adenovirus.

A HIV

The long-standing observation that CD4 supports viral entry only when expressed on
human cells (Maddon ef al., 1986) led to speculation that the expression of a human cell-
specific co-factor was required for infection. In 1996, Berger and colleagues (Feng ef al.,
1996) identified a transmembrane protein belonging to the chemokine receptor family as the
first HIV-1 co-receptor. Fusin (now CXCR4), in conjunction with CD4, mediates infection
of T-cell tropic laboratory strains of HIV-1, but not primary isolates of macrophage-tropic
(M-tropic) HIVs (Alkhatib ef al., 1996). Subsequently, CCRS, a member of a second
chemokine receptor family, was shown to be a major co-receptor for M-tropic primary HIV
isolates (Alkhatib ef al., 1996; Choe et al., 1996; Deng et al., 1996; Doranz et al., 1996,
Dragic et al., 1996). The precise role of these and other (Doranz ef al., 1996; Moser, 1997)
chemokine receptors in determining the tropism of HIV-1, and their participation in post-
entry events is being investigated (Cheng-Mayer ef al., 1997, Moser, 1997; Rucker ef al.,

1996).
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Genetic analyses have shown that regions of the viral envelope gp120 glycoprotein
contain major determinants of the cell tropism of HIV. HIV binding and entry is now
believed to be a multi-step process, in which the viral envelope glycoprotein complex gp120-
gp41 binds to CD4, leading to conformational changes in the oligomeric complex of CD4-
gp120-gp41 necessary for a high affinity interaction between regions of gp120 and the co-
receptor ( Lapham ef al., 1996; Rucker et al., 1996; Trkola ef al., 1996; Wu et al., 1996).
This co-receptor / viral glycoprotein interaction then leads to conformational changes in the
virus fusion pepide, resulting in the fusion of cell and viral membranes, and the introduction
of HIV nucleoprotein into the cell.

B. Adenovirus

Studies of human adenovirus serotypes 2 (Ad2) and 5 (AdS5) revealed that entry of
these non-enveloped DNA viruses into susceptible cells is also a step-wise process, consisting
of two experimentally dissociable events: initial attachment to the surface of cells, and
internalization (Shenk, 1996; Wickham et al., 1993). The Ad capsid is an icosahedron with
an extended fibre molecule projecting from each of its 12 vertices. Attachment to cells is
mediated by the distal portion of the fibre protein, referred to as the knob or head (Philipson
et al., 1968; Defer et al., 1990). Following attachment, virus is internalized by receptor-
mediated endocytosis. The observation that Ad binds to but does not enter some cells (Silver
and Anderson, 1988) suggested that a host cell-specific factor was necessary for entry. The
amino terminus of the fibre protein is attached to the capsid via a pentamer of coat protein

referred to as the penton base. Each subunit of this structure contains an RGD tripeptide
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motif, and Wickham and colleagues (1993) showed that the interaction of the penton base

with cell surface integrins a8, / & 8, mediates Ad internalization.

The attachment receptor for Ad has only recently been identified. Virus binding
competition assays originally showed that Ad2 and AdS5 share a receptor with CVB (Lonberg-
Holm, et al., 1976). Using the CVB-blocking antibody RmcB described by Hsu et al.
(1988,1990) two groups isolated and partially characterized a 46 kDa transmembrane
glycoprotein referred to as HCAR (human coxsackievirus and adenovirus receptor).
Expression of HCAR mediates Ad binding and enhances virus entry (Bergelson et al., 1997;
Tomko et al., 1997). A model is proposed whereby Ad attaches to cells via HCAR, which
through an unknown mechanism, facilitates entry in conjunction with secondary interactions
with integrins expressed on the cell surface (Bergelson ef al., 1997). Northern blot analysis
revealed that only low levels of HCAR mRNA were detected in liver and lung, and none was
found in kidney, placenta or skeletal muscle, which is inconsistent with the common sites of
Ad2 and AdS infection (Bergelson ef al., 1997; Tomko ef al., 1997). This suggests that
HCAR is not the main fibre-binding receptor for these viruses, but that in different cells,

different proteins may fulfill the same function.

V. Co-receptors for picornaviruses

A list of the picornavirus receptors identified as of this writing is presented in Table
13. As previously recognized, these molecules are integral membrane glycoproteins. What
is newly apparent is that molecules from a variety of protein families can serve as receptors

for picomaviruses: the immunoglobulin gene superfamily (PVR; ICAM-1), the integrin family
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Table 13. Picornavirus receptors identified to date (1997)

Receptor Reference
PVR Mendelsohn, et al., 1989
Cbh44 Shepley and Racaniello, 1994
ICAM-1 Greve et al., 1989; Staunton
: et al., 1989; Tomassini et al.,
1989
LDL-R; o, MR/RLP Hofer et al., 1994
inis .. Integrin VCAM-1 Huber, 1994
- 70 kDa sialoglycoprotein Jinetal., 1996
Integrin ., Mason et al., 1994;
Berinstein ef al., 1995;
e Liepert et al., 1997
7 . FR Mason et al., 1993
.. Heparan sulphate Jackson et al., 1996
Echoviris18 " Integrin VLA-2 Bergelson ef al., 1992, 1993

Biins 67112021 DAD

CoxsacluevmnsAQ - Integrin o, B,

Coxsackieviris A2L . ICAM:1
S T

HCAR
 DAF

5 HCAR

100 kDa nucleolin-like

70 kDa mucin-like

Bergelson et al., 1994; Ward
etal., 1994

Roivainen et al., 1994

Colonno et al., 1986;
Lonberg-Holm et al., 1976
Shafren et al., 1997a
Shafren et al., 1997b

Bergelson et al., 1995
Shafren et al., 1995

Mapoles et al., 1985
Bergelson ef al., 1997,
Tomko et al., 1997
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(VCAM-1, VLA-2, «f,), as well as low density lipoprotein receptor (LDLR)-related

glycoproteins, and complement regulatory proteins (DAF). Observations that in many cases,
receptor expression alone does not correlate with infection of cells has led to the search for
potential co-receptors / co-factors / accessory factors for these viruses. In recent months,
two picornavirus co-receptors have been identified.
A. CVB

The binding of CVB3 to HeL a cells has long been thought to involve interaction with
a receptor complex consisting of at least two components (Hsu ef al., 1990). MAb RmcA,
directed against a 70 kDa HeLa cell glycoprotein, protected cells against infection with odd-
numbered CVB, as well as by Echovirus 6 (Crowell ef al., 1986). Bergelson (Bergelson et
al., 1995) and Shafren (Shafren ef al., 1995), demonstrated that this protein was DAF, but
while CVBI1, B3, and BS bound to DAF, murine cells engineered to express DAF were
resistant to infection. An additional HeLa cell receptor for CVBs was identified using mAb
RmcB, which protected HeLa cells against infection by all six CVB serotypes, as well as by
Ad 2 and AdS5 (Hsu ef al., 1988). The 46 kDa protein recognized by RmcB is HCAR
(Bergelson ef al., 1997; Tomko ef al., 1997), and when cDNA encoding HCAR was
introduced into CHO or 3T3 cells, these transfectants bound and supported replication of
three CVB serotypes (CVB2, 3, and 4). In contrast with Ad2 and Ad5, the tissue distribution
of HCAR mRNA correlated well with the tropism of CVBs (Bergelson et al., 1997; Tomko
etal., 1997). These results suggest that HCAR is the major CVB receptor. Of additional
interest were the observations that several DAF- binding strains of CVB3 and CVBS were

able to infect CAR-expressing CHO cells (Bergelson ef al., 1997), and that infection of
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human RD cells by a DAF-binding CVB3 required interaction with HCAR (Shafren, personal
communication). These findings suggest that in some strains, DAF acts in initial virus
attachment, but that HCAR is required for internalization and uncoating (Bergelson ef al.,
1997).

Crystallographic analysis of CVB3 supports the proposition that there may be two
distinct receptor-binding regions on the virus capsid. Study of'the surface topology of CVB3
(Muckelbauer et al., 1995) reveals the presence of a canyon structure surrounding the vertices
of the icosahedron, which is proposed to serve as the binding site for the major receptor
(CAR). A second, shallow depression, lined with residues from VP2 and VP3 may be the
secondary receptor (DAF) -binding site .

B. CVA21

Early competition experiments indicated that CVA21 and the major group human
rhinoviruses competed for a common receptor (Colonno ef al., 1986; Lonberg-Holm et al.,
1976). Shafren et al. (1997a) have recently shown that ICAM-1 expression in normally
CVA2]-resistant murine L cells rendered these cells susceptible to infection. CVA21 binding
to [CAM-1 was also shown to induce the formation of conformationally-altered A particles,
thought to be a requirement for human enterovirus infection (Rueckert, 1996). Subsequently,
Shafren showed that CVA21 also binds to DAF, but that this interaction is not sufficient to
infect cells. Thus, it has been proposed that as with CVBs, DAF acts as an attachment
protein for CVA21, serving to sequester virus for optimal presentation to its primary
receptor. It has also been proposed that since CVA21 binding to ICAM-I leads to the

formation of A particles, that ICAM-1 may bind to residues in the floor of a major canyon
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structure, while DAF may bind (through SCR1) to a second minor capsid depression, as
described for CVB3 (Shafren ef al., 1997b).

C. HRV

While ICAM-1 is the primary receptor for HRV, ICAM-1 expression is not a
guarantee of infection in monkey (Greve ef al,, 1990) or rodent (Shafren ef al., 1997a) cells.
Furthermore, in vivo expression of ICAM-1 includes many cells and tissues that are not
known to support RV replication (Dustin et al., 1996), indicating that ICAM-1 is not the
determinant of HRV tropism (Greve et al., 1989). The identity of the additional cellular
factor(s) specifying susceptibility to the major group HRYV is still not known.
D. PY

Similar to the situation with HRV, the susceptibility of tissues to PV infection does
not appear to be determined merely by the presence of PVR. Analysis of PVR mRNA
distribution and protein expression reveal that PVR is expressed in many tissues that are not
considered to be replication sites for PV (Friestadt ef al., 1990; Mendelsohn ef al., 1989;
Koike etal, 1991b). The PV blocking mAb produced by Shepley et al. (1988) recognized
a 100 kDa glycoprotein found only in cells and tissues permissive for PV, and whose
expression in vivo precisely corresponded with PV tropism. This protein, subsequently
identified as the lymphocyte homing receptor CD44, does not bind PV (Shepley and
Racaniello, 1994), and was proposed to be required, in conjunction with PVR, for entry of
PV into susceptible cells (Shepley and Racaniello, 1994). Recent work (Racaniello, 1996)
suggests that cells expressing PVR in the absence of CD44 permit normal replication of virus

in cell culture, implying that something other than CD44 is a PVR cofactor.
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E. Echoviruses
Expression of the integrin VLA-2 is sufficient to render rodent cells permissive to
infection by Echoviruses 1 and 8 (Bergelson e al., 1992; 1993). In contrast, expression of
DAF is not sufficient for rodent cell infection by the echoviruses shown to bind DAF
(Bergelson et al,, 1994; Ward et al., 1994). No accessory factors for these viruses have yet

been identified.

VL. Multiple receptor use by picornaviruses

Further complicating the search for definitive receptors (or co-receptors), is the fact
that some viruses, including picornaviruses, may use different molecules to infect different
cell types ( Bergelson et al., 1997; Harouse ef al., 1991; Haywood, 1994; Hong ef al., 1997,
Mason et al., 1993). For example, CVA9 binds to cells via RGD motifs to the integrin «.f3,
(Roivainen ef al., 1991, 1994), however, when the RGD motif is cleaved from the virion
surface, CVA9 is still able to to infect certain cell lines (Roivainen et al., 1996). The ability
of CVA9 to use this unidentified alternative receptor(s) is dependent on the target cell line
and the phenotype of the virus (+/- RGD, Roivainen ef al., 1996). The minor group HRV use
the low density lipoprotein receptor (LDLR) for binding and entry of cells, however, in
LDLR-deficient fibroblasts, are also able to use e, macroglobulin receptor (Hofer et al.,
1994). Also, type A FMDV binds and enters via interaction with the integrin avp3, and the
RGD motif was found to be essential for infectivity (Baxt and Becker, 1990; Berinstein ef al.,
1995). Several receptor molecules have been identified for EMCV. Glycophorin A was

identified as a receptor for EMCYV on erythrocytes (Allaway and Burness, 1986), but these
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cells do not support virus replication. The D strain of EMCV (D-EMCYV) binds to the

integrin VCAM-1 on cardiac vascular endothelial cells, and this interaction leads to infection
(Huber, 1994). The EMCYV receptor on other nucleated cells is thought to be a 70 kDa
sialoglycoprotein (Jin ef al., 1994). Finally, in addition to DAF and HCAR, a 100 kDa
nucleolin-like protein has been identified in cell lines permissive for all CVB serotypes (Raab

de Verdugo et al., 1995). The role of this protein in CVB infection iis not known.

VIL. EV70 and DAF

In view of this information, several models for EV70 binding and infection may be
considered.
A. DAF as the primary receptor for EV70

It is important to acknowledge that the experiments described above identify regions
of DAF involved in virus binding, and do not address the question of whether or not DAF
expression is sufficient and / or necessary for EV70 infection. The poor replication of EV70
in 3T3-DAF cells does not preclude DAF from serving as a primary receptor for EV70.
ICAM-1 has unequivocally been identified as the receptor for major group HRV. However,
Greve ef al. (1990) observed that HRV displays a serotype-dependent ability to infect Vero
cells engineered to express ICAM-1. While some serotypes readily infected these cells and
yielded high titres of progeny virus, others replicated poorly, and some did not replicate at
all. Therefore, it was concluded that for different HRV serotypes, different host-cell factors
may be required. To determine the role of DAF in EV70 infection, it would be important to

identify a cell line that does not naturally bind EV70 but that is able to support EV70
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replication. Once such a cell line is found, the constitutive expression of DAF and various
DAF/MCP chimeras would be required to determine if binding to DAF is sufficient to effect
entry, and to determine the minimal DAF domain requirements for infection.

Early events in virus infection involve alterations to the virion, as well as changes to
the target cell. The early post-binding events of the picornavirus replication cycle are poorly
understood (Ansardi ef al., 1996; Rueckert, 1996). Studies of enterovirus-receptor binding
have shown that this interaction leads to the formation of A particles, and that the production
of these conformationally altered virions is a prerequisite for cell infection (Rueckert, 1996).

The model of A particle formation is based primarily on studies of PV and of the
major group HRV (Casanovas and Springer, 1994; Crowell and Philipson, 1971; Fricks and
Hogle, 1990; Hoover-Litty and Greve, 1993). It is proposed that receptor binding induces
conformational changes in the viral capsid, resulting in the loss of VP4, and the
externalization of parts of VP1 which normally reside on the interior of the capsid. Exposure
of the hydrophobic extensions of VP1 permit the virus to insert into the lipid bilayer of the
cell, and form .a pore through which viral RNA passes into the cytoplasm.

The cellular location of picornavirus uncoating is unresolved. Some evidence suggests
a role for receptor-mediated endocytosis, and that uncoating takes place within the acidified
endosome (FMDV, Carrillo ef al., 1984; Mason ef al., 1993, PV, Madshus e al., 1984).
Others have shown that uncoating of PV and HRV occurs at neutral pH, and propose that
following receptor binding, viral RNA is introduced into cells at the plasma membrane (PV,
Fricks and Hogle, 1990, Gromeier and Wetz, 1990; HRV, Casanovas and Springer, 1994;

Greve ef al., 1991). Thus a uniform mechanism for the uncoating of all picornaviruses
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appears unlikely. Rueckert (1996) suggests that the site of uncoating may be determined by

the uncoating sensitivity of the virion. If virus-receptor complexing initiates uncoating at
neutral pH, uncoating may occur at the plasma membrane, but if an additional stimulus (ow
PH) is required, then uncoating would be delayed until the virion is transported into the
endosome. It has not been determined if EV70 undergoes conformational alteration following
binding to DAF.

DAF, like some other molecules used as virus receptors or co-receptors ( chemokine
receptors, Atchison et al,, 1997; ICAM-1, Holland and Owens, 1997; integrins, Hynes 1992)
has been shown to transmit signals across cell membranes (Parolini ef al., 1996; Shenoy-
Scaria ef al,, 1992). Crosslinking of DAF with SCR3-specific mAb resuits in the
phosphorylation of several cytoplasmic proteins in T cells (Shenoy-Scaria et al., 1992), and
the GPI anchor of DAF has been shown to interact with src family protein tyrosine kinases
(Parolini ez al., 1996; Shenoy-Scaria et al., 1992). In addition, there is controversial evidence
suggesting that GPI anchored proteins concentrate in specific microdomains in the plasma
membrane known as caveolae, and that these structures may play a role in signal transduction
pathways (Parolini ef al., 1996; Mayor et al., 1994; Parton, 1996; Schnitzer ef al., 1995), and
perhaps in endocytic processes as well (Parton, 1996). This also raised the possibiltity that
EV70 binding might trigger a signal through DAF, which may participate in virus entry.

Receptor ligation by the virus may trigger signals through the receptor that are
advantageous for the virus interaction with the host (Staunton ef al., 1992). SV40 binding

to cells has been shown to activate signal transduction events that promote virus entry
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(Dangoria et al., 1997), while Echovirus 1 binding to its cellular receptor is not sufficient to
trigger signalling pathways (Huttunen et al., 1997).

Can EV70 binding to DAF initiate signalling? The significance of the observation that
EV70 binds to DAF SCR1 is not clear. One might assume that since SCR3 (together with
the GPI anchor) is involved in intracellular signalling (Shenoy-Scaria ef al., 1992), the
interaction of EV70 with DAF may not lead to DAF-mediated signal transduction events that
might influence EV70 uptake and infection of specific cell types. However, the possibility
that EV70 binding to DAF can initiate signal transduction has not been assessed. It is also
possible that virus binding does not directly trigger signalling, but that this interaction might
alter the conformation of DAF, permitting it to interact with other cell surface molecules
which trigger signalling.
B. EV70 infection requires DAF and a co-receptor

As with the DAF-binding echoviruses and coxsackieviruses, successful infection by
EV70 may require the concomitant expression of DAF and additional cell surface molecule(s).

(i) HCAR: Virus competition binding experiments suggested that there may be a
relationship between the receptor or receptor complexes of CVB3 and EV70. However, mAb
RmcB, which is now known to be directed against HCAR, failed to protect HeLa cells against
EV70 infection. These cell protection experiments have subsequently been repeated, and
confirm earlier results (K. Dimock, personal communication). Several other observations
suggest that HCAR is not a co-receptor for EV70. The tissue distribution of HCAR does not
correspond with known sites of EV70 replication (Bergelson ef al., 1997; Tomko et al.,

1997). Furthermore, murine L cells do not express CAR, and are refractory to CVB infection



142
(Tomko et al., 1997), while this cell line is known to bind EV70 and support its replication

(Yoshii ef al, 1977). Experiments in which HCAR alone, and HCAR plus DAF are
expressed in 3T3 cells could resolve whether or not HCAR is required for EV70 infection.

(i) ICAM-1: Both CVA21 and EV70 bind to the first SCR domain of DAF. This
might indicate that these viruses share similar mechanisms for interacting with multiple
receptor molecules. However, several lines of evidence indicate that ICAM-1 is not a
receptor or co-receptor for EV70. ICAM-1 is not expressed in the normal conjunctiva
(Vorkauf ef al,, 1993), and therefore, would not be expected to play a role in the tropism of
EV70. In addition, murine L celis and hamster BHK cells, which do not express [CAM-1
(Shafren et al., 1997a), are both able to bind sigificant amounts of EV70, and support EV70

replication (Yoshii ez al., 1977).

VIII. EV70 host range and DAF

The determinants of EV70 host range are not known. The ability of EV70 to bind to
and replicate in a variety of non-primate-derived cell lines raises the possibility that if DAF
is the primary receptor for EV70, DAF homologs may be used in the cells of other species.

A number of picornavirus receptor homologs are known. A murine poliovirus
receptor has been identified, but is not able to bind PV, even strains adapted to grow in mice
(Morrison and Racaniello, 1992). Similarly, a rat PVR homolog is not able to function as a
receptor for PV (Aoki et al, 1994). In contrast, African green monkey, cynomolgus monkey
and tamarin PVR homologs have been identified, and are able to bind PV (Koike et al., 1992;

Aokietal, 1994). Residues in the first domain of PVR that are critical for virus binding have
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been identified, and it is the conservation of these key amino acids that allows certain
homologs to retain PV binding activity (Aoki ef al., 1994). A murine homolog of ICAM-1
has been identified, and does not bind HRV (McClelland et al., 1991). Recently, an avian
homolog of the minor group HRYV receptor has been identified in chicken oocytes (Hofer et
al., 1994). While this molecule is able to bind virus, binding does not lead to infection of
chicken cells. A murine homolog (MCAR) of the newly described HCAR has been
described, and it is a functional receptor for CVB3 and CVB4 (Tomko ef al., 1997).
Several homologs of DAF have been identified, and show a range of homologies to
human DAF (overall identity at the amino acid level shown in parentheses): guinea pig, (58%;
Nonaka et al., 1995) ; orangutan, (95%; Nickells ef al., 1994); rhesus monkey, (95%; D.
Lublin, personal communication); and mouse, (47%; Fukuoka ef al., 1996; Spicer ef al.,
1995). DAF/MCP chimera expression studies localized EV70 binding to SCR1 of DAF, and
further analyses will be required to determine the precise sequence requirements for binding.
However, the primary cellular function of DAF is the regulation of complement activation,
and this activity has been mapped to SCR 3, with a requirement for SCRs 2 and 4 (Coyne ef
al, 1992). This would suggest that if complement regulating function is preserved in DAF
homologs, sequence conservation will be greatest among these domains. This is supported
by the data of Spicer et al., (1995) who compared the sequences of each SCR domain of
murine and human DAF, and found the lowest homology between SCR1 (44%) (compared
to 57% for SCR2, 56% for SCR3 , and 59% for SCR4). Some clones of these homologs are
available, and could be tested for EV70 receptor function. In addition, more detailed

mapping of the EV70 binding site of human DAF may be useful to determine which amino
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acids are critical for binding, and whether or not these are conserved in DAF homologs.
Again, it is not known if DAF by itself can function as a receptor for EV70 in non-human

cells, or if additional cell surface or cytoplasmic proteins are required for EV70 infection.

IX. Concluding remarks

Recent developments in the field of virus receptor research have led to tremendous
change in the way virus-receptor interactions are viewed. A situation in which a virus
particcle attaches to a single specific cell surface molecule and subsequently enters and infects
the cell is likely to be exceptional. For many viruses, interaction with the host cell receptor
or receptors can be complex, involving multiple distinct components of the virus and on the
cell.

The data presented in this thesis clearly demonstrate that EV70 uses DAF as an
attachment protein on HeLa cells. However, several observations argue against DAF being
the determinant of host range and tropism of this virus. Most significantly, DAF has an
extremely wide distribution in vivo. While DAF is expressed in tissues involved in the
pathogenesis and clinical manifestations of EV70 infection, it is also expressed on many cells
and in many tissues that are not recognized as sites of EV70 replication. Furthermore, several
human enteroviruses that share neither the restricted in vivo tropism nor the extended in vitro
host range of EV70, also bind to DAF on the surface of cells.

EV70 has clearly adapted to the environmental conditions of the eye: it has a relatively
short incubation period, and replicates preferentially at 33 to 35°C. It seems logical that in

this fluid-bathed environment that EV70 would also adapt to bind to an abundantly expressed
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molecule on conjunctival epithelium cells. The work presented here has not conclusively
resolved whether or not DAF expression is necessary or sufficient to initiate EV70 infection
of cells. To address this question, additional experiments will have to be performed. Given
our results and the current state of knowledge regarding virus receptors, it is plausible that
DAF serves as an initial attachment molecule, tethering EV70 to the cell in order to present
the virus to one or several other cell surface molecules which ultimately permit virus entry and
infection of the conjunctival epithelium.

Thus, at the completion of this thesis, the precise role of DAF in EV70 infection
remains to be elucidated. Whether or not it is the concomitant expression of DAF and
specific cell surface co-factors that determines EV'70 host range and tropism, or if post-entry
events, perhaps triggered by virus binding, regulate the specificity of EV70 infection, awaits

further investigation.
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Appendix L

Flow cytometric analysis of DAF expression in 3T3-RDAF and 3T3-DAF cell lines
using mAbs 1H4 and EVR1.

Cells were prepared and processed as described in Materials and Methods. Primary antibody
dilutions were 1:5 (1H4) and 1:100 (EVR1),

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) 3T3-RDAF cells; EVRI

D) 3T3-RDAF cells; mAb 1H4

E) 3T3-DAF cells; EVR1

F) 3T3-DAF cells; mAb 1H4

G) HelLa cells; EVR1

H) HeLa cells; mAb 1H4
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Appendix IL.

Flow cytometric analysis of DAF-specific and MCP-specific antibody binding to
control samples used in DAF/MCP chimera expression studies.

Cells were prepared and processed as described in Materials and Methods. Primary antibody
dilutions are listed in Table 5.

PCRa: 3T3 cells transfected with vector pCRa
MCP-PI: 3T3 cells transfected with pSReEN-MCP-PI
DAF: 3T3 cells transfected with pCReDAF

auto: autofluorescence control
second: non-specific secondary antibody binding control

a-MCP: mAb vs. MCP
11D7: mAb vs. DAF SCR1
1F7: mAb vs. DAF SCR2
1H4: mAb vs. DAF SCR3
8D11: mAb vs. DAF SCR4
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Appendix III.

Summary of DAF/MCP chimera expression studies.

Flow cytometric analysis of DAF-specific and MCP-specific antibody binding to DAF/MCP
chimeras. Cells were prepared and processed as described in Materials and Methods.
Primary antibody dilutions are listed in Table 5.

DAF: 3T3 cells transfected with pPCRaDAF
DM1: 3T3 cells transfected with pCRa-DM1
DM2: 3T3 cells transfected with pSRaEN-DM2
DM3: 3T3 cells transfected with pCRa-DM3
DM4: 3T3 cells transfected with pCRa-DM4

auto: autofluorescence control
second: non-specific secondary antibody binding control

11D7: mADb vs. DAF SCR1
1F7: mAb vs. DAF SCR2
1H4: mAb vs. DAF SCR3
8D11: mAb vs. DAF SCR4
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Appendix IV.

Comparison of the transient expression levels of pcDNA3-DAF and pCRa-DAF in 3T3
cells.

Cells were prepared and processed as described in Materials and Methods. Primary antibody
(mAb 1H4) dilution was 1:5.

A) Autofluorescence control; unstained cells

B) Secondary antibody control; cells stained with secondary antibody only
C) pCRe; mAb 1H4

D) pcDNA3; mAb 1H4

E) pCRa-DAF; mAb 1H4

F) pcDNA3-DAF; mAb 1H4
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