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ABSTRACT

Enterovirus 70 (EV70) belongs to the family Picornaviridae and is a human
pathogen responsible for acute hemorrhagic conjunctivitis. Unlike most human
enteroviruses, the host range of EV70 encompasses a wide variety of non-primate
mammalian cells in vitro. We demonstrated previously that EV70 uses decay-
accelerating factor (DAF/CDS55), a 70 kDa glycosyl-phospatidylinositol (GPI)-anchored
protein, as a receptor on HeLa cells. Others have shown that DAF also facilitates the
attachment of other human enteroviruses, including a number of coxsackieviruses and
echoviruses; however, for some of these viruses additional surface proteins are essential
for virus entry and infection, such as intercellular adhesion molecule 1 (ICAM-1) for
coxsackievirus A21, and the coxsackie-adenovirus receptor (CAR) for coxsackie B
viruses. Binding of radiolabelled EV70 to HeLa cells is inhibited in the presence of
DAF-specific monoclonal antibodies (mAbs) or by treating cells with
phosphatidylinositol-specific phospholipase C (PI-PLC). One objective of the research
described in this thesis was to determine if human DAF also functioned as a receptor for
EV70 on other human cell lines. As shown here, binding of EV70 to human leukocyte
lines, including U-937 and Jurkat cells, was unaffected by DAF-specific mAbs or PI-PLC
treatment, suggesting the presence of a different receptor. Another objective was to
determine whether ICAM-1 or human CAR function as receptors for EV70. It was
demonstrated that expreséion of human DAF, but not ICAM-1 or human CAR, in
receptor-negative murine NIH/3T3 cells, resulted in EV70 binding and infection. A third

objective was to elucidate the potential role of non-primate DAF homologues in EV70



iii
binding and infection. The results reported here show that mouse, rat, or pig DAF
homologues expressed in NIH/3T3 cells were unable to mimic the receptor function of

human DAF. EV70, therefore, must utilize molecules other than DAF for infection of a

variety of human and non-human cell lines, and these molecules do not appear to include

either ICAM-1 or CAR.
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INTRODUCTION

1. Enterovirus 70 (EV70) and Acute Hzmorrhagic Conjunctivitis (AHC)

a) AHC and the world

Although enteroviruses have been named after their ability to multiply in the
enteric tract, infection with some (notably echovirus 7, coxsackievirus B2 and echovirus
11) has been accompanied by conjunctivitis (Melnick, 1996). Two other enteroviruses,
Enterovirus 70 and a variant of coxsackievirus A24, have been responsible for a large
number of outbreaks and epidemics of a distinct, highly contagious form of
conjunctivitis termed Acute Hemorrhagic Conjunctivitis or AHC.

AHC was first observed by Chatterjee ez al. (1970) in June of 1969 in Ghana,
West Africa (Ghendon, 1989). In October of that year, Lagos (Nigeria) experienced an
outbreak of the disease (Parrott, 1971), which adopted the name ‘Apollo disease’ due to
its association with the moon gazing brought about by the landing of Apollo 11 three
months earlier. The disease soon affected other parts of Africa (figure 1), reaching
Morocco (Nejmi et al., 1974), Kenya (Metselaar et al., 1976), Cameroon, Ivory Coast,
Togo, Liberia, and Sierra Leone (Ghendon, 1989). By 1971, the disease had resulted in
a pandemic affecting more than 10 million people, spreading to Eastern Asia with
outbreaks in Indonesia, Malaysia, Cambodia, Thailand, Hong Kong, the Philippines, and
Taiwan (Kono et al., 19;/'2), as well as Singapore (Yin-Murphy and Lim, 1972), India,
Pakistan, Sri Lanka, mainland China, Korea, and Japan (Kono, 1975). According to

Kono (1975), the outbreaks in Asia originated from a second focus in Java, Indonesia,



Figure 1. Trends of global spread of acute hemorrhagic conjunctivitis (1969-1973)
indicating years of epidemic in different areas. Obtained from Kono (1975) with
permission.






and the speed of the spread was comparable to that of Asian influenza. The Middle East
was spared although some cases were reported in Yemen and Saudi Arabia between
1972 and 1973 (Kono, 1975).

In the following years before the advent of the second pandemic, several
outbreaks were reported in Thailand (Kono ez al., 1977), Kenya (Metselaar et al., 1976),
Burma and Taiwan (Kono and Uchida, 1977), as well as smaller ones in some European
countries including the Netherlands, England, France, and Yugoslavia (Kono and
Uchida, 1977).

The second pandemic occurred between 1980 and 1982, starting in Southemn
India (Ghendon, 1989) and spreading to most of the Asian and African countries
affected in the first pandemic as well as to others, including Zaire, and the United Arab
Emirates (Hoffman, 1982). In addition, the disease reached the western hemisphere this
time, brought to Honduras in 1981 by sailors returning from India (Asbell, 1985), and
spreading throughout Central and South America, including Panama (Reeves er al.,
1986), Puerto Rico (Waterman et al., 1984), Costa Rica, Brazil, and the Carribean
(Ghendon, 1989). Mexico and some American states were also affected (Sklar el al.,
1983, Malison et al., 1984, Ghendon, 1989).

More localized outbreaks as well as sporadic cases have been reported since
then, including in 1983 in India (Kaiwar ez al., 1983), in 1986 in Trinidad (Ghendon,
1989), in 1990 in Saudi Arabia (Ramia and Arif, 1990), and more recently in 1994 in
Israel (Shulman ez al., '1997) and Japan (Uchio er al., 1999), and in 1996 in India

(Maitreyi et al., 1999).



b) Discovery of the causative agent

In 1972, Kono ez al. set out to search for the cause of the conjunctivitis
experienced in Japan, whose clinical features were similar to the ones described for the
disease that was sweeping through South Eastern Asia. They obtained several isolates
from conjunctival scrapings and swabs of patients from three different outbreaks. The
virus isolate was found to have the general characteristics of an enterovirus with a
diameter of 29x1 nm. It could not be neutralized by antisera against known
enteroviruses and it was suggested to be of a new serotype. Similar studies were
conducted by Mirkovic er al. (1973) on representative strains from Morocco and
Singapore, which altogether led to the classification of a new virus, Enterovirus type 70.
Although it was later discovered that a variant of coxsackievirus A24 was also
responsible for several AHC outbreaks, studies confirmed that EV70 was the cause of
the two major pandemics (Kono er al., 1975, Ghendon, 1989) and all of the outbreaks
mentioned above.

c) Clinical presentation of AHC and treatment

This form of conjunctivitis is characterized by a short incubation period of 12 to
72 hours, averaging at 24 hours (Kono et al., 1972, Hoffman, 1982, Uchida, 1989),
usually affecting one eye at first but in most cases spreading to the other within one day
(Kono and Uchida, 1977, Asbell et al., 1985). Symptoms include itching, foreign-body
sensation, ocular pain, discharge, burning sensation, photophobia, and subconjunctival
hazmorrhage, the last beiﬁg the most characteristic (Kono et al., 1972, Kono and Uchida,
1977, Hoffman, 1982, Asbell er al., 1985). Epithelial keratitis is often present (Kono

and Uchida, 1977), and involvement of the preauricular lymph nodes is seen in a



majority of cases (Sasagawa ez al., 1982, Kono and Uchida, 1977). Occasional systemic
involvement has been observed (Kono and Uchida, 1977, Hoffman, 1982). The disease
is self-limiting and recovery is complete within 5 to 7 days (Kono et al., 1972, Hoffman,
1982).

The highest proportion of symptomatic cases was seen in adults of the 20-30 or
30-40 age groups, depending on the region (Kono, 1975). The presence of antibody in a
great majority of children suggested that infection in children was more common
(Quarcoopome, 1979), even though it resulted in milder illness (Quarcoopome, 1979,
Asbell er al., 1985). The incidence of asymptomatic cases in adults is low, and
reinfection has been observed (Wright et al., 1992). In fact, Aoki and Sawada (1992)
followed, for seven years, a group of patients who had besn infected by EV70 in 1984,
and found that the neutralizing antibody titre had constanily decreased every year, and
was too low, by the end of the study, to confer resistance against reinfection.

There is no anti-viral treatment for AHC caused by EV70. Esposito and Obijeski
(1976) found that the presence of zinc ions in tissue culture medium reduced virus titre
and plaque size. According to Hoffman (1982), the use of zinc sulphate in
methylcellulose was later suggested as temporary relief along with frequent irrigation
with saline solution. Other compounds found to inhibit EV70 multiplication in vitro
include guanidine-HCl (Miyamura ez al., 1974), arildone (Langford et al., 1985), as well
as the benzimidazoles enviroxime and enviradone (Langford et al., 1995), which
inhibited infection of coﬁjunctival cells.

Rarely, EV70 infection results in neurological complications (Wadia et al., 1973,

Kono ez al., 1974, Stanton et al., 1977, Kono et al., 1977, Wadia el al., 1983), although



symptoms develop weeks after the onset of ocular disease. Hung and Kono (1979)
describe the neurovirulence of the J670/71 prototype strain as comparable to that of live
attenuated poliovirus vaccine. Most patients experience symptoms of systemic illness
prior to the initial neurologic symptoms of motor weakness and radicular pain in
muscles and limbs (Kono and Uchida, 1977, Hung, 1989). This is most often followed
by asymmetric flaccid motor paralysis or paresis, and in some cases by cranial nerve
involvement (Kono and Uchida, 1977, Hung, 1989). The ability of EV70 to cause
neurologic disease was proven by Kono et al. (1973) who reported that injection of the
virus intraspinally or intrathalamically in monkeys resulted in varying degrees of
neuromuscular dysfunction.

The incidence of involvement of the central nervous system (CNS) is estimated
at 1in 10,000 to 17,000 cases (Hung and Kono, 1979), and seems to be higher in males
(Kono and Uchida, 1977, Hung, 1989). It has been suggested that this frequency is
probably underestimated since CNS disease was not associated with AHC infection due
to the rare number of cases (Kono er al., 1974) and/or the two to three week gap
between the onset of AHC and the appearance of neurologic disease (Kono and Uchida,
1977).

d) Characteristics of EV70

EV70 virions have a cubic symmetry, a diameter of 291 nm, and a buoyant
density of 1.34 g/mL in CsCl (Kono ez al., 1972, Yamazaki ez al., 1974). The positive-
stranded RNA genome Has a sedimentation coefficient of 34S and a relative molecular
weight of 2.5x10° (Yamazaki et al., 1974). This RNA is 7390 nucleotides (nt) long and

is composed of a 726 nt 5’ nontranslated region (NTR) that is 85% similar to the



poliovirus 5° NTR, followed by an open reading frame of 6582 nt and a short 3’ NTR of
82 nt (Ryan ez al., 1990).

Although EV70 resembles other members of its genus in many ways (Kono er
al., 1972), it does present some striking differences. Unlike most enteroviruses whose
primary site of infection is the enteric tract, EV70 has an unusual in vivo tropism for the
conjunctival epithelium (Yamazaki and Miyamura, 1989), and an optimal growth
temperature of 32-34°C (Miyamura et al., 1974), the temperature encountered in the
conjunctiva. Replication of EV70 is almost completely inhibited at temperatures
between 37°C and 39°C (Miyamura et al., 1974, Stanton et al., 1977), due to a lack of
RNA transcription (Takeda et al., 1982) probably caused by the lack of uridylylation of
VPg at the restricted temperature (Takeda ez al., 1989). This temperature-sensitivity
provides an explanation for the inability to isolate the virus from the enteric tract
(Yamazaki and Miyamura, 1989), where the temperature is 37°C. It also implies that the
virus is not transmitted by the oral-fecal route. In fact, EV70 is transmitted by direct
touch or by fomites (Yamazaki and Miyamura, 1989). On the other hand, Stanton ez al.
(1977) have observed some adaptation to higher temperatures, thereby suggesting an
explanation for how the virus may replicate in the CNS.

In contrast to its specific tropism in vivo, EV70 exhibits a wide host range in
vitro. Unlike most human enteroviruses which multiply only in primate cell lines, EV70
was found to replicate in mouse L-cells (Stanton et al., 1977), monkey, rabbit, and
mouse conjunctival andlcomeal cells (Langford and Stanton, 1980), and a variety of

murine, crecitine, leporine, porcine, and bovine kidney cell cultures (Yoshii et al.,



1977). Langford et al. (1986) reported developing a model of EV70 infection in rabbits
but these observations have not been confirmed since.

e) Origin and evolution of EV70

Through the study of 18 EV70 isolates, Takeda et al. (1994) were able to
construct a phylogenetic tree from which they estimated the virus’ time of emergence to
be August 1967 + 15 months, evolving from a single focus. Based on EV70’s wide host
range and on the findings by Kono er al. (1975) that cattle and horse sera contained
neutralizing substances to AHC virus (EV70), Yoshii ez al. (1977) suggested that EV70
originated as an animal picomnavirus. Virus neutralizing titres composed of IgM
antibodies were also found in bovine, sheep, swine, goat, and chicken sera (Kono ez al.,
1981, Sasagawa et al., 1982). Interestingly, serum from monkeys was found to contain
no or very low neutralizing titres. However, IgM cross-reactivity among human and
animal picornaviruses has been described (Mertens ez al., 1983) and may explain the
virus neutralizing titres found in animals.

Several studies have reported a constant and very high rate of nucleotide
substitution in the EV70 genome (Takeda et al., 1994, Yamazaki et al., 1995, Yoshino
et al., 1998), although an extremely low percentage of these substitutions was found to
be at the amino acid level. In fact, a non-synonymous substitution rate of as low as 0%
was observed for some parts of the viral capsid proteins of the most recent isolate,
Kumoi-2/93, when compared to the prototype strain J670/71 (Yamazaki et al., 1995). In
a recent study, Uchio et él. (1999) reported the highest number of cases in children aged
11 to 15, but milder clinical features than previously reported with a lower incidence of

subconjunctival hzmorrhage and no neurological complications, during a 1994



epidemic in Okinawa, Japan. These observations as well as the difficulty of isolation of
EV70 since the late 1980’s seem intriguing considering that the genome coding

sequence is virtually unchanged since the original appearance of the virus.

II. The family Picornaviridae

a) Taxonomy

Poliovirus, human hepatitis A and rhinoviruses are among the most important of
the many human and agricultural viruses in the family Picornaviridae (Rueckert, 1996).
Although the family has recently been expanded to encompass ten genera, the five major
ones are the Enteroviruses, the Rhinoviruses, the Aphthoviruses, the Cardioviruses and
the Hepatoviruses. So-called because of their usual tropism for the enteric tract,
enteroviruses include the polioviruses, the coxsackieviruses, the echoviruses, the human
enteroviruses 68-71 as well as several nonhuman enteric viruses. Rhinoviruses are the
single most important etiological agents of the common cold with more than 100
serotypes infecting adults and children, as well as a few that infect cattle. Aphthoviruses
infect cloven-footed animals and rarely humans, causing foot-and-mouth disease. The
cardioviruses are picornaviruses of rodents and include Columbia SK virus, EMC virus,
MM virus and mengovirus. The last genus includes human hepatitis virus A, which was
previously known as human enterovirus 72. The more recent genera are the
Kobuviruses, the Tescﬁoviruses, the Parechoviruses, the Aichiviruses, and the

Erboviruses (Pallansch and Roos, 2001).



10

b) Virus characteristics

The genomes of picornaviruses consist of single stranded positive sense
ribonucleic acid (+RNA), and range from 7209 to 8450 bases in length. This RNA
carries a covalently-attached small protein called VPg at its 5° terminus which is cleaved
by a host protein prior to translation. It is suggested that VPg plays an important role in
initiation of picomaviral RNA synthesis by acting as a primer (Racaniello, 2001). The
3’ end is polyadenylated, and removal of this tail results in loss of infectivity
(Racaniello, 2001).

Picornaviral genomic RNA encodes a large polyprotein, which is cleaved during
translation by virus-coded proteinases into 11-12 end products, including viral coat
proteins, several viral proteases and a viral RNA polymerase. This polypeptide coding
sequence is flanked by a rather long 5° NTR that contains structures involved in
translational initiation, and a relatively short NTR at the 3’ end which contains a
secondary structure that is involved in controlling the synthesis of viral RNA.

The RNA is tightly packed into a protein shell of icosahedral symmetry. This
shell protects the RNA from nucleases and is involved in host range and tissue tropism
due to its role in recognition of cellular receptors. It also carries directions for selection
and packaging of the viral genome, provides a proteinase involved in virion maturation,
and is involved in delivering the RNA genome into the cytoplasm of susceptible host

cells (Rueckert, 1996).
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c¢) Initiation of infection

Attachment of a virion to the cell surface is due to the specific binding of the
antireceptor, a protein found throughout the surface of the virion, to receptors, most
commonly glycoproteins, found on the cell plasma membrane (Roizman and Palese,
1996). Numerous studies in recent years have found that receptor complexes, rather
than single cell surface proteins, are required for virus attachment and cell entry, leading
to infection (Shafren er al, 1997a). For instance, CVA21 binds to the human DAF
molecule but requires ICAM-1 to be coexpressed on cells for entry and infection
(Shafren er al, 1997a). Viruses may have several types of antireceptors on their surface,
or may have some that consist of multiple domains that recognize different receptors or
coreceptors (Roizman and Palese, 1996).

The presence of ions in the environment also appears to be required for optimal
attachment. For instance, group B coxsackieviruses as well as echovirus 6 exhibit a pH-
dependant attachment profile (Rueckert, 1996). In contrast, the attachment of
polioviruses is independent of pH within a certain range, although the process seems to
be accelerated with the addition of monovalent cations. The divalent cations Ca®* or
Mg2+ seem to be required for the attachment of other members of the family
Picornaviridae, such as rhinoviruses, FMDV and coxsackieviruses A9 and A13. This
binding is inhibited by the presence of chelating agents such as EDTA. Although the
effects of ions on attachment are clear, the mechanisms by which they function are not.

Attachment of viruses is normally a temperature and energy independent

process, and in many cases leads to irreversible changes in the structure of the virion
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(Roizman and Palese, 1996). This conformationally altered virion is called an A particle

and is no longer infectious.

d) Viral uncoating and entry

The process of penetration immediately follows attachment and is energy-
dependent (Roizman and Palese, 1996). For nonenveloped viruses, this may involve
translocation of the entire virus across the plasma membrane, endocytosis of the virus
particle leading to accumulation of virus particle inside vacuoles in the cytoplasm, or
possibly delivery of the genome across the plasma membrane leaving the capsid in the
extracellular environment.

The process of uncoating describes the events that follow penetration and lead to
expression of the viral genome as well as to its replication (Roizman and Palese, 1996).
The important feature is the exposing of the viral genome to the translational machinery
inside the cell. In many cases, including picornaviruses, this is accomplished by
stripping the RNA of its protective shell upon entry of the virus into the host cell.

The ability of a virus to infect a host cell by attaching, penetrating and uncoating
renders the cell susceptible. This does not necessarily lead to virus multiplication, and
the ability of a cell to support subsequent virus growth and replication is termed
permissiveness. The opposite is also possible, whereby a cell is permissive but lacks the
receptors that are required for the binding and entry of a certain virus. This can be
tested by transfecting a non-susceptible cell with intact RNA from the virion, with RNA
transcribed in vitro or evén with cDNA cloned into expression vectors. This property of

a cell can be exploited in the discovery of specific virus receptors.
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e) Viral replication

After initial attachment of the virion to cellular receptors and release of the viral
RNA into the cytoplasm, polyribosomes form on the genomic RNA, directing the
synthesis of the polyprotein. As mentioned earlier, this polypeptide is cleaved by virus-
coded proteinases during synthesis to form the different viral products, one of which is
an RNA polymerase, required for the synthesis of the minus-stranded RNA
complementary to the original viral genome. This is then used as a template to
synthesize more (+)RNA for translation as well as for packaging into virions, once the
relevant protein concentration is increased. Virus particles that are completed are
eventually released by infection-mediated host cell lysis (Rueckert, 1996).

f) Picomnaviral receptors

The attachment of a virus to its cell surface receptor is a key step in viral
infection. Several studies have demonstrated that picornaviruses utilize a wide variety
of molecules as receptors (Evans and Almond, 1998), including sialic acid, VCAM-1,
a2P; integrin, and the LDL receptor. Some picornaviruses, including enteroviruses, may
also use accessory factors, molecules which may enhance viral binding and infection.
One such molecule is decay-accelerating factor (DAF) which has been identified as a
receptor for several picornaviruses, including coxsackievirus A21, several of the
echoviruses and group B coxsackieviruses, as well as enterovirus 70. DAF has been
shown to function as a co-receptor with ICAM-1 and hCAR. These three receptors are
further described in the néxt three sections.

Although receptors are a requirement for virus tropism, this is not always

determined by the mere presence of these molecules. The poliovirus receptor (PVR),
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for instance, is present on several organs that are not infected by the poliovirus. Similar

observations have been made for the widely distributed glycoproteins ICAM-1 and

DAF.

IIl.  Decay-accelerating factor

a) Human DAF (figure 2)

DAF is a 70 kDa member of the regulators of complement activation (RCA)
family of proteins (Hourcade ez al., 1992), along with the plasma proteins C4-binding
protein and factor H, the membrane proteins complement receptors type 1 (CR1) and
type 2 (CR2), and membrane cofactor protein (MCP). These proteins protect tissues
against autologous complement and play a role in the clearance of immune complexes.

The RCA cluster is located in the q32 region of chromosome 1. A common
feature among the members of this family is the presence of repeated 60 amino acid-
motifs called complement control protein repeats (CCP) or short consensus repeats
(SCR) (Hourcade et al., 1992). An amino acid sequence homology of 20 to 35 % is
observed between the CCPs within a single protein and between repeats of different
proteins.

RCA proteins involved in protection against autologous complement display
either cofactor activity or decay accelerating activity, or both (Coyne et al., 1992). The
former activity involve§ the proteolytic cleavage and inactivation of the C3/C5
convertase, a function carried out by the plasma enzyme factor I in the presence of a

required cofactor. As the name implies, DAF, which associates with C4b and C3b in the
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Figure 2. Structure of decay-accelerating factor (DAF). Black arrow points to the site
of PI-PLC cleavage. Green arrow indicates the site of N-glycosylation. Illustration is
not to scale. Adapted from Nicholson-Weller and Wang (1994) and Udenfriend and
Kodukula (1995).
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membrane, is involved in the latter activity. It prevents the assembly and accelerates the
decay of C3 convertases C4b2a and C3bBb of the classical and alternative pathways,
respectively, by dissociating 2a and Bb from the binding sites (Fujita ez al., 1987).

DAF was first isolated by Nicholson-Weller er al. (1981) from guinea pig
erythrocytes, and from human erythrocytes shortly afterwards (Nicholson-Weller ez al,
1982). Medof er al. (1984) observed that purified human DAF could incorporate into
the membranes of rabbit erythrocytes thereby inhibiting their lysis by human
complement. DAF incorporated into sheep red cell complement intermediates was
shown to inhibit the assembly of C3/C5 convertases of both the classical and the
alternative pathways. Treatment with specific anti-DAF antibodies reversed this effect
(Medof et al., 1984).

The DAF gene is composed of 11 exons spanning approximately 40 kb (Post ez
al., 1990). Cloning of DAF c¢DNA revealed a 347-amino acid mature protein which
contained four CCPs and a 70-amino acid serine/threonine (S/T)-rich region, with a
single site for N-linked glycosylation at residue 61, between CCP 1 and CCP 2 (Caras ez
al., 1987; Medof et al., 1987b). Lublin et al. (1986) found that DAF is synthesized as a
43 kDa precursor species which is converted to a 46 kDa species prior to entering the
Golgi. The modifications involve the cleavage of the signal peptide and the addition of
a glycosyl-phosphatidylinositol (GPI) anchor, which was confirmed by the ability of
phosphatidylinositol-specific phosopholipase C (PI-PLC) to release DAF from the cell
surface (Davitz et al., 19.86; Medof er al., 1986). DAF released by this treatment was
slightly smaller than the membrane form and could not reincorporate into membranes.

Signalling for the addition of the GPI moiety is by virtue of a hydrophobic peptide at the
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C terminus of the protein (Udenfriend and Kodukula, 1995). Just like the signal peptide,
this C-terminal peptide is also cleaved during processing (Udenfriend and Kodukula,
1995), followed by linkage of the GPI moiety before additional modifications occur in
the Golgi (Lublin er al., 1986; Medof et al., 1986). O-glycosylation of the S/T-rich
region occurs in the Golgi producing the 70 kDa species typically reported (Lublin ez
al., 1986).

The domains required for DAF function were shown to be to CCPs 2, 3, and 4,
and the S/T-rich region was found to be required only as a spacer projecting the CCPs
away from the plasma membrane (Coyne er al., 1992). The importance of the length of
this spacer region was also observed in guinea pig DAF by Wang er al. (1998) who
reported that isoforms with longer S/T regions were efficient at inhibiting complement.
Brodbeck et al. (2000) found that the N-linked glycan of DAF is not involved in its
regulatory function, but that the leucine at position 147 (in a hydrophobic area of CCP3)
is essential for the regulation of the C3 convertase in both the classical and alternative
pathways. A stretch of three lysines at positions 125-127 in the positively charged
pocket between CCPs 2 and 3 was found to be necessary for the regulatory activity of
DAF on the alternative pathway C3 convertase but played a lesser role in its activity on
the classical pathway enzyme (Brodbeck et al., 2000).

Although Davitz et al. (1986) claimed that DAF lacking the GPI anchor (due to
release by PI-PLC) could not inhibit the C3 convertase, others have reported otherwise
(Lublin and Coyne, 1991; Medof er al, 1986; Moran et al., 1992). In fact,
transmembrane(TM)-DAF constructs, where the S/T-rich region has been replaced by

the TM and cytoplasmic domains of either HLA-B44 or MCP, have been shown to
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decrease C3 deposition with equal efficiency to DAF (Lublin and Coyne, 1991). This
defies the suggestion that the increased lateral mobility displayed by GPI-anchored DAF
(Thomas ez al., 1987) is important for its function.

DAF is a widely distributed molecule, found on the surface of platelets,
polymorphonuclear leukocytes (PMN), monocytes, and B and T lymphocytes (Caudwell
et al., 1990; Kinoshita er al., 1985; Nicholson-Weller ez al., 1985; Vuorinen ef al.,
1999). DAF was detected on comeal and conjunctival epithelia (Lass er al., 1990;
Medof et al., 1987a), comeal endothelium, retina, on lacrimal gland acinar cells, in
tears, aqueous humor, and vitreous humor (Lass ez al., 1990). Medof et al. (1987a) also
reported expression of DAF on epithelium in oral mucosa and salivary glands,
esophagus, upper and lower GI tract, as well as in endocardium, synovial cells lining
joint spaces, endometrial and epithelial cells lining uterus and cervix, saliva and urine
(Medof et al., 1987a). Complement-regulating DAF is also expressed on human
spermatozoa (Cervoni e al., 1993).

Several forms of DAF have been described. Firstly, cloning of DAF from Hela
cells revealed that the previously described GPI-anchored DAF arises from a splicing
product with a coding frameshift near the C terminus (Caras er al., 1987). The longer
unspliced messenger RNA (mRNA) was a minor product but was translated. This form
of DAF lacked the C-terminal hydrophobic region required for the attachment of the
GPI anchor and could not be detected in transfected cells unless they were
permeabilized. This led to the conclusion that this was a secreted form of DAF, later
detected in several body fluids (Lass ez al., 1990). Secondly, a high molecular weight

form of DAF, DAF-2, has been reported by Kinoshita ez al. (1987). Like DAF, this 140
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kDa protein displayed decay-accelerating activity, and reincorporated into red cell
membranes. Treatment with PI-PLC and glycosidases demonstrated that DAF-2
possessed two GPI anchors and contained twice as much oligosaccharide as DAF
(Nickells et al., 1994). Along with other data, it was concluded that DAF-2 was a
covalently cross-linked dimer of DAF. Thirdly, Medof et al. (1987a) and Lass er al.
(1990) reported the detection of a 100 kDa form of DAF in tears. Alternative mRNA
splicing and differential post-translational processing were suggested as possible
mechanisms leading to the production of the larger DAF protein (Lass et al., 1990).
Lastly, Sayama et al. (1991) observed that DAF on human skin elastic fibers was
resistant to PI-PLC treatment and suggested the existence of an anchoring mechanism
different from that of a GPI link. No such mechanism has been described since.
although the resistance observed could have been caused by palmitoylation of the
inositol in the GPI anchor, as was observed on human erythrocyte acetylcholinesterase
(Roberts er al., 1988). Release of the palmitoyl group from GPI-anchored
acetylcholinesterase abolished resistance to PI-PLC treatment. This resistance could
also explain why Davitz ez al. (1986) observed that PI-PLC treatment of erythrocytes
released merely 10% of the DAF expressed as opposed to 70-80% and 60% on
mononuclear cells and monocytes, respectively.

Besides its role in complement regulation, several other functions have been
attributed to DAF. A role as a signal transmitter in T cell activation has been observed
by Davis et al. (1983), w'ith a requirement for the GPI anchor. The important role of the
anchor was confirmed by Shenoy-Scaria ez al. (1992) who observed transduction of late

activation events in DAF-transfected cells but not in cells transfected with DAF-TM.
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GPI-anchored DAF was found to be associated with the protein tyrosine kinases p56'*
and p59™" !, leading to the phosphorylation of several proteins. DAF was also reported
to serve as a ligand for the transmembrane receptor CD97 (Hamann ef al., 1996), which
was found to attach to CCP1 of DAF. This interaction has also been observed between
murine homologues of DAF and CD97 (Qian et al., 1999).

DAF is utilized as a receptor by several organisms. Gestational pyelonephritis-
associated Escherichia coli (E. coli) has been shown to attach to SCRs 3 and 4 of DAF
(Pham ez al., 1995). The Afa/Dr family of diffusely adhering E. coli also uses DAF as a
receptor (Guignot et al., 2000). Several viruses utilize DAF for cell attachment and
entry. Bergelson ez al. (1994) demonstrated that echovirus 7 uses DAF as a receptor,
and Clarkson et al. (1995) showed that this interaction required CCPs 2, 3, and 4, but
not the GPI anchor nor the N-linked or O-linked glycosylations. As mentioned earlier
for DAF’s complement regulation function, the S/T-rich region was found to be useful
only as a spacer (Clarkson ez al., 1995). Antibodies to DAF were also shown to protect
HeLa cells from infection by echoviruses 6, 11, 12, 20, and 21 (Bergelson er al., 1994),
and coxsackievirus serotypes B1, B3, B5, and A21 were also shown to utilize DAF as a
means of attaching to the surface of cells (Bergelson ez al., 1997b; Shafren ez al., 1995,
1997b, 1997c). The attachment of the coxsackie B viruses to DAF was shown to be
dependent on the origin of the laboratory strain or the clinical isolate (Bergelson ez al.,
1997b).

DAF was also idéntiﬁed as the receptor for EV70 in HeLa cells (Karnauchow ez
al., 1996). Several monoclonal anti-DAF antibodies were shown to protect these cells

from infection by EV70. DAF expressed transiently in murine NIH 3T3 cells allowed
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these cells to bind radiolabelled virus. Construction of chimeras using MCP CCPs
revealed that CCP 1 of DAF was required for the interaction with EV70, but that it was
not sufficient, as binding of the virus was inhibited by 80% in the absence of CCP 2

(Karnauchow er al., 1998).

b) Non-human DAF homologues

The expression of DAF has been demonstrated in several animals. In mice, a 60
kDa membrane protein was purified by Kameyoshi ez al. (1989) and was found to
protect erythrocytes against hemolysis by both mouse and human complement. Two
different cDNAs were later cloned, and were unique in that they originated from two
separate genes (Spicer et al., 1995). Their sequences were found to be 83% identical at
the nucleotide level, with most of the differences localizing to the 3’ end of the cDNA.
The sequences of the predicted proteins were 78% identical, contained four CCPs and a
S/T-rich region, but differed in their attachment to the membrane: one form was GPI-
anchored (mDAF-GPI) and the other transmembrane-anchored (mDAF-TM). The
overall degree of identity of the amino acid sequences to that of human DAF (hDAF)
was between 39 and 47%, although a larger similarity was observed in the CCP region,
especially CCPs 2, 3, and 4 (56-59%), which are required for DAF function (Coyne er
al., 1992). By measuring mRNA levels in different tissues, Spicer et al. (1995) found
that mDAF-GPI was expressed in brain, secretory epithelia, skeletal muscle, liver,
testes, thymus, spleen, kidney, small intestine, and peripheral and mesenteric lymph
nodes. mDAF-TM was éxpressed only in the lymph node, testes, and spleen (Harris et
al., 1999; Spicer et al., 1995). Ohta er al. (1999) reported that both forms of mDAF,

when transfected into CHO cells, could inhibit C3 deposition mediated by either the
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classical or the alternative pathway. It was also observed that this complement
regulatory activity was effective against rat complement but not human or guinea pig
complement (Ohta ez al., 1999). The complement regulatory function of both isoforms
was confirmed by Harris er al. (1999), who also reported several alternative splicing
events at exon/intron junctions in the sequences encoding either mDAF-TM or mDAF-
GPI, resulting in two more isoforms with a shorter or no S/T-rich region, one isoform
deriving from the TM sequence but with a GPI anchor, and one other that derived from
the GPI sequence and was predicted to be secreted.

Two forms of DAF, one GPI-linked and the other secreted, were identified in
rats (rDAF, Hinchliffe ez al., 1998). RT-PCR analysis revealed that both forms, which
are encoded by a single gene, were expressed in several tissues, especially the lungs and
the testes. Although it is only 40% identical to hDAF, rDAF-GPI expressed on the
surface of NIH 3T3 cells was as efficient as its human counterpart in reducing
deposition of rat C3. Miwa et al. (2000) describe a TM form that is preferentially
expressed in testes. Three isoforms were described in pigs, all unique in that they
contained only three CCPs, with a mean amino-acid identity of 64% to the hDAF CCPs,
as well as three potential sites for N-glycosylation (pDAF, Pérez de la Lastra er al.,
2000). Two of the isoforms were GPI-linked, one of which had a S/T-rich region that
was shorter than the other’s by seven amino acids, and the third isoform was a
transmembrane form. Another unique feature encountered by Pérez de la Lastra et al.

(2000) was the wider distribution of pDAF-TM, whose mRNA was detected in

peripheral blood mononuclear cells (PMBC), kidney, lung, spleen, testes, and weakly in
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granulocytes. Isolation of DAF from rabbit erythrocytes has been reported (Sugita et

al., 1987), and at least six isoforms were detected in guinea pigs (Wang ez al., 1998).

1V. Intercellular adhesion molecule 1

Intercellular adhesion molecule-1 (ICAM-1) is a 505 amino acid transmembrane
protein belonging to the immunoglobulin superfamily (Van de Stolpe and Van der Saag,
1996). It consists of a charged cytoplasmic domain and five extracellular domains
linked together by a hydrophobic transmembrane domain. ICAM-1 contains eight
potential N-linked glycosylation sites, and is differentially glycosylated resulting in a
molecular weight ranging between 80 and 114 kDa.

ICAM-1 serves as a ligand for several molecules, including the two integrins
leukocyte function-associated antigen-1 (LFA-1) and Mac-1, soluble fibrinogen, and the
extracellular matrix factor hyaluronan (Van de Stolpe and Van der Saag, 1996). ICAM-
1 functions in cell to cell adhesion, and is involv