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Abstract

Human enterovirus species A (HEV-A) is one of the four species of HEV in the genus
Enterovirus in the family Picornaviridae. Among HEV-A, coxsackievirus A16 (CVA16)
and enterovirus 71 (EV71) are the major causative agents of hand, foot, and mouth
disease (HFMD). Some other types of HEV-A are commonly associated with
herpangina. Although HFMD and herpangina due to HEV-A are common febrile
diseases among infants and children, EV71 can cause various neurological diseases,

such as aseptic meningitis and fatal encephalitis.

Recently, two human transmembrane proteins, P-selectin glycoprotein ligand-1
(PSGL-1) and scavenger receptor class B, member 2 (SCARB2), were identified as
functional receptors for EV71 and CVA16. In in vitro infection experiments using the
prototype HEV-A strains, PSGL-1 and SCARB2 could be responsible for the specific
receptors for EV71 and CVA16. However, the involvement of both receptors in the in
vitro and in vivo infections of clinical isolates of HEV-A has not been clarified yet. To
elucidate a diverse array of the clinical outcome of HEV-A-associated diseases, the
identification and characterization of HEV-A receptors may provide useful information

in understanding the HEV-A pathogenesis at a molecular level.
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1. Introduction

The genus Enterovirus within family Picornaviridae, nonenveloped viruses with a
single-stranded RNA genome of positive polarity, is comprised of more than 100
serotypes (Pallansch and Roos, 2007). Human enteroviruses (HEVs) are presently
classified into four species, HEV species A, B, C, and D (HEV-A, B, C, and D). At
present, coxsackievirus A2 (CVA2), CVA3, CVA4, CVAS, CVA6, CVA7, CVAS,
CVA10, CVA12, CVA14, CVAL16, enterovirus 71 (EV71), EV76, EV89, EV90, EV91,
and EV92 have been classified as HEV-A (Oberste et al., 2004, 2005, 2008). In addition,
four types of simian enteroviruses are classified as HEV-A (Oberste et al., 2007).
Although most enterovirus infections are asymptomatic, particular clinical
manifestations are associated with specific types of enteroviruses (Pallansch and Roos,
2007). CVA2, CVA4, CVAS, CVA6, and CVA10 are commonly associated with
herpangina. EV71 and CVA16 are major causative agents of hand, foot, and mouth
disease (HFMD), a common febrile disease occurring mainly in young children,
characterized by skin rash involving palms and soles, and ulcers on oral mucosa.
Recently, HFMD outbreaks mainly due to CVA6 have been reported (Fujimoto et al., in
press). Clinical manifestations of HFMD caused by EV71, CVA6, and CVA16 are
usually mild and self-limited. However, EV71 infection causes a diverse range of
neurological diseases, such as aseptic meningitis, acute flaccid paralysis, brainstem
encephalitis, neurogenic pulmonary edema, and may result in long-term neurological
sequelae, mainly in infants and young children (Alexander et al., 1994;McMinn,

2002;Modlin, 2007).

Recently, two human transmembrane proteins, P-selectin glycoprotein ligand-1
(PSGL-1) (Nishimura et al., 2009) and scavenger receptor class B, member 2
(SCARB2) (Yamayoshi et al., 2009), were identified as functional receptors for EV71
and CVA16 (Patel and Bergelson, 2009). In addition, annexin II (Yang et al., 2011),
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sialic acid (Yang et al., 2009), and dendritic cell(DC)-specific ICAM3-grabbing
nonintegrin (DC-SIGN) (Lin et al., 2009b) were found to be cellular factors involved in
the early stages of EV71 infection. This review summarizes our current understanding

of the EV71/CVA16 receptors and their role in HEV-A infection.

2. PSGL-1

Patients with severe EV71-associated encephalitis and neurological pulmonary edema
showed a significant depletion of T cells and high levels of proinflammatory cytokines
(Lin et al., 2003;Wang et al., 2003), suggesting the possible involvement of
lymphocytes in EV71 infection and the immunopathogenesis. Therefore, we generated a
c¢DNA library from Jurkat T cells and used it for expression cloning to identify a
receptor on lymphocytes that specifically binds to EV71. Finally we identified PSGL-1

as a functional EV71 receptor on Jurkat T cells (Nishimura et al., 2009).

PSGL-1 is a sialomucin leukocyte membrane protein expressed as a homodimer of
disulfide-linked subunits and it can bind to three different selectins (P, E, and L) (Sako
etal., 1993;Laszik et al., 1996;Somers et al., 2000). The tissue distribution of PSGL-1 is
restricted to myeloid, lymphoid, and dendritic lineages, and platelets. PSGL-1 is also
expressed on DCs of lymph nodes and macrophages in the intestinal mucosa (Laszik et
al., 1996), which could be the primary sites of EV71 replication. PSGL-1 plays critical
roles in the tethering and rolling of leukocytes for the recruitment of cells from blood

vessels to the sites of acute inflammation upon stimulation by infection.

We found that some representative EV71 strains bind to PSGL-1 but other strains did
not (Nishimura et al., 2009). According to their PSGL-1 binding capability, we
classified the EV71 isolates as PSGL-1-binding strains (EV71-PB) and
PSGL-1-non-binding strains (EV71-non-PB). The replication of EV71-PB in Jurkat T



109  cells was inhibited by anti-PSGL-1 monoclonal antibody (KPL1), indicating that

110  EV71-PB replicated in Jurkat cells in a PSGL-1-dependent manner. On the other hand,
111 EV71 replicated in nonleukocyte cells (such as RD cells) expressing little or no PSGL-1,
112  and the replication was not affected by KPL1. Therefore we conclude that EV71 does
113  not use PSGL-1 as the major cellular receptor on RD cells and other receptor(s),

114  including SCARB2 or annexin II, may be responsible for EV71 infection in

115  nonleukocyte cells expressing little or no PSGL-1.

116

117  Post-translational modifications of the N-terminal region of PSGL-1 contribute the

118 efficient binding to selectins and chemokines (Pouyani and Seed, 1995;Sako et al.,

119  1995;Wilkins et al., 1995;Liu et al., 1998;Hirata et al., 2004). In this region, there are a
120  potential O-glycosylation residue (T57) and three potential tyrosine sulfation sites (Y46,
121 Y48, and Y51). We demonstrated that tyrosine sulfation, not O-glycosylation, of the
122 N-terminal region of PSGL-1 facilitates its binding to EV71-PB and viral replication in
123 Jurkat T cells (Nishimura et al., 2010).

124

125  CVAI6 is genetically and antigenically related to EV71 and is a major causative agent
126  of HFMD as well as EV71 (Oberste et al., 2004). The inoculation of L-PSGL-1.1 cells,
127  mouse 1929 cells stably expressing human PSGL-1, with the prototype CVA16-G-10
128  strain induced faint cytopathic effects (CPE). The replication of CVA16-G-10 was

129  partially inhibited by KPL1 in L-PSGL-1.1 cells. This result indicated that the prototype
130  CVAI16 strain may use human PSGL-1 and another unidentified receptor(s) to infect
131  L-PSGL-1.1 cells. CVA16-G-10 replication in Jurkat cells was not apparently inhibited
132 by KPL1 (Nishimura et al., 2009), but significantly inhibited by a sulfation inhibitor,
133  sodium chlorate (Nishimura et al., 2010). Therefore some sulfated molecules other than
134  PSGL-1 might be involved in the replication of CVA16 in Jurkat cells. CVA16-G-10

135  would use unidentified receptor(s) to infect Jurkat T cells (Nishimura et al., 2009;Patel



136  and Bergelson, 2009).

137

138  To investigate the PSGL-1-dependent replication phenotype of HEV-A, we tested the
139  replication of 10 prototype HEV-A strains in L-PSGL-1.1 cells in the presence or

140  absence of the anti-PSGL-1 mAb, KPL1 (Figure 1A). On day 6 post-inoculation, there
141  was no significant replication of CVA4, CVAS, CVA6, or CVAS in L-bsd cells

142 (blasticidin-resistant control L.929 cells) or L-PSGL-1.1 cells. Although higher viral
143  titers were found for CVA2 and CVA7 in L-PSGL-1.1 cells compared with those in
144  L-bsd cells, replication was not affected by KPL1. These results suggest that CVA2 and
145  CVAT7 may infect to L-PSGL-1.1 cells in an alternative pathway via PSGL-1 or

146  glycosylated PSGL-1, without the interaction between EV71-PB and the N-terminal
147  region of PSGL-1 recognized by KPL1. We could not demonstrate any

148  PSGL-1-dependent replication of the CVA3, CVA10, CVA12, and CVA14 strains in
149  L-PSGL-1.1 cells, because they replicated even in PSGL-1 negative L-bsd cells as
150  previously reported for certain HEV-A field isolates (Nadkarni and Deshpande, 2003;
151  Yamayoshi et al., 2009).

152

153 CVA7 and CVA14 infection induced CPE in L-PSGL-1.1 cells, but not in L-bsd cells
154  (Table 1). On the other hand, CVA7 and CVA14 induced CPE in L-Empty cells

155  (puromycin-resistant control 1.929 cells) (Table 1) (Yamayoshi et al., 2009). The

156  difference in the CPE induction by some HEV-A strains might be due to the

157  maintenance or cultivation conditions of the mouse 1.929-derived cells regardless of the
158  receptor expression of PSGL-1 or SCARB2. Some strains of HEV-A are able to infect
159  mouse L.929 cells regardless of expression of PSGL-1 or SCARB2 (Nadkarni and

160  Deshpande, 2003; Yamayoshi et al., 2009). It is therefore impossible to determine

161  receptor usage of HEV-A by simply investigating the susceptibility of L929 cells

162  expressing the putative cellular receptor. Receptor usage of HEV-A should be



