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Figure 4. Sulfated tyrosines in the N-terminal region of PSGL-1 are important for binding to EV71-1095. (A) Putative sites of tyrosine
sulfation (Y46, Y48, and Y51) in the N-terminus (aa 42-57) of PSGL-1 and the series of PSGL-1 mutants constructed. Identical and deleted amino acids
are indicated by dots () and dashes (-), respectively. (B) EV71-1095 binding to PSGL-1 mutants. The percentage of cells expressing tyrosine sulfated
proteins or bound to EV71-1095 is indicated in the upper right quadrant. The data are representative of three independent experiments.
doi:10.1371/journal.ppat.1001174.g004
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Figure 5. Effect of sodium chlorate on EV71-1095 replication in Jurkat T cells. (A) PSGL-1 expression on the Jurkat T cell surface, as
measured by flow cytometry. As a negative control, Jurkat T cells maintained in the absence of sodium chlorate were stained with an isotype control
antibody. (B) EV71-1095 growth kinetics in Jurkat T cells in the presence of sodium chlorate. Viral titers were determined at 0 h, 1 day, 2 days, 3 days,
and 4 days after EV71-1095 inoculation in Jurkat T cells. As a control for inhibition of EV71 replication, EV71-1095 growth kinetics in Jurkat T cells in
the presence of anti-PSGL-1 (KPL1) and control antibodies are shown. (C) EV71-02363 (EV71-non-PB) growth kinetics in Jurkat T cells in the presence
of sodium chlorate. Viral titers are indicated as the mean * S.D. of triplicate analyses. Asterisks indicate P<0.01 compared to those of the controls,

doi:10.1371/journal.ppat.1001174.g005

1095 and examined viral titers at 24 h posttransfection in the
presence or absence of 30 mM sodium chlorate. Although
infectious viruses were recovered in the presence of sodium
chlorate, the mean viral titer in the presence of sodium chlorate
was over 10 times lower than that of the control experiments (data
not shown). Although sodium chlorate inhibited EV71-PB-binding
to PSGL-1 expressing cells (Figs. 3C and 5B (0 h postinfection)), we
could not rule out the possible involvement of the sodium chlorate
treatment during the later stages of viral replication. Further studies
arc nceded to clucidate the inhibitory mechanism of action of
sodium chlorate in a receptor dependent or independent manner
during different stages of viral replication of EV71.

Replication of the G-10 strain of coxsackievirus A16, which may
use another unidentified receptor(s) to infect Jurkat T cells [5,24],
was significantly inhibited by sodium chlorate (Fig. 6). This result
suggests that some sulfated molecules other than PSGL-1 might be
involved in the replication of coxsackicvirus Al6 in Jurkat T cells
in a PSGL-1-independent manner.

Discussion

We have shown that tyrosine sulfation, but not O-glycosylation,
of the N-terminal region of PSGL-1 is critical for EV71-PB
binding to PSGL-1 and for virus entry and subsequent replication
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Figure 6. Replication of five EV71 strains and coxsackievirus A16 (CVA16) in Jurkat T cells in the presence of sodium chlorate. Viral
replication was determined in Jurkat T cells incubated with 30 mM sodium chlorate. EV71-PB strains are indicated in red. Titers are expressed as the
mean, and error bars indicate the S.D. of triplicate or quintuplicate (CVA16) analyses.

doi:10.1371/journal.ppat.1001174.g006
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of EV71-PB in Jurkat T cells. First, unlike P-sclectin-Fc, EV71-PB
bound to a PSGL-1 mutant with an alanine substitution at the
potential O-glycosylation site (T57) in a calcium-independent
manner (Figs. 1 and S1). Sccond, removal of sialyl Lewis x by
sialidase did not reduce PSGL-1 binding to EV71 (Fig. 2). Third, a
sulfation inhibitor, sodium chlorate, significantly impaired EV71-
PB binding to PSGL-1 in a dose-dependent manner (Figs. 3 and
S1). Fourth, EV71-PB binding to PSGL-1 was inhibited when
phenylalanine substitutions were made at one or more potential
tyrosine sulfation sites in the N-terminal region of PSGL-1 (Figs. 4
and S1). Finally, PSGL-1-dependent viral replication of EV71-PB
strains in Jurkat T cells, but not EV71-non-PB strains, was
inhibited by sodium chlorate (Figs. 5 and 6).

Human PSGL-1 is one of the most characterized tyrosine sulfated
proteins at the molecular level [11]. The involvement of O-glycans
and sulfated tyrosines in the structural and functional basis of
PSGL-1 binding to its natural ligands has been extensively studied,
and distinct requirements for tyrosine sulfation for PSGL-1 binding
to sclectins have been clucidated. Among the three potential
sulfated tyrosines of human PSGL-1, Y46 and Y51, but not Y48, are
important for PSGL-1 binding to L-selectin along with a core-2
based O-glycan with sialyl Lewis x at T57 [22]. On the other hand,
the crystal structure of the lectin and EGY domains of P-sclectin co-
complexed with the N-terminal domain of PSGL-1 revealed a
critical involvement of sulfated tyrosines at Y48 and Y51 for direct
molecular contact with P-selectin [11]. The corresponding
interactions via sulfated tyrosines arec not formed in E-selectin
binding in the crystal structure of the PSGL-1-E-sclectin complex
[11]. Thus, tyrosine sulfation is critical for PSGL-1 binding to L-
and P-selectins, but not to E-selectin [14]. In our study, we have
shown that sulfated tyrosines at Y48 and Y51 play a critical role in
PSGL-1 binding to EV71-PB. However, O-glycosylation at T57 and
sialyl Lewis x moictics on the potential O-glycans of PSGL-1 were
not required for the PSGL-1-EV71 interaction, suggesting distinct
structural requircments between EV71 and P-selectin for PSGL-1
binding. To elucidate the structural basis of the PSGL-1-EV71
interaction, further studies will be needed to identify genectic
determinants in EV71 capsid proteins required for PSGL-1 binding
using both EV71-PB and non-PB strains.

Yang et al. [21] have recently reported that EV71 may use
sialylated glycans as receptors for infection in intestinal DLD-1 cells.
In our current study, we showed that potential O-glycans at 'I'57 and
sialic acids are not critical for binding to EV71-PB (Figs. 1 and 2).
However, our study does not exclude possible contributions of sialic
acids and other proteins with or without O-glycans on the ccll
surface of various cells during the course of EV71 replication in a
PSGL-1-dependent or -independent manner [21,24,25].

In contrast to the structural requirements of O-glycans for PSGL-
1 binding to sclectins, all three sulfated tyrosines, but not O-glycans
at 157, are required for PSGL-1 binding with the skin-associated
chemokine, CCL27 [9]. PSGL-1 facilitates P-selectin-mediated T
cell migration in the inflamed skin [26,27] and interacts with the
chemokine CCL27 to regulate skin-homing T cells [9]. HFMD
pathogenesis due to EV71 can be characterized as acute skin
inflammation. Thercfore, it is possible that binding of EV71-PB with
PSGL-1-positive skin-homing 'I' cells and/or Langerhans cells, and

subsequent viral replication in those cells, may participate in HFMD '

pathogencsis and progression. The status of tyrosine sulfation of
PSGL-1 on those cells may modulate cell migration and PSGL-1-
dependent replication of EV71-PB in the inflamed skin.

An important role for tyrosine sulfation of a specific cellular
receptor in viral entry and replication has been demonstrated for
the first time in a co-receptor for HIV-1, CCR5 [18}. CCR5 is a
functional receptor for macrophage inflammatory protein (MIP)-
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lo and MIP-1B, and is expressed on memory/cffector T cells,
macrophages, and immature dendritic cells [28]. The N-terminal
region of CCR5 is highly modified by tyrosine sulfation and O-
glycosylation, and sulfated tyrosines play critical roles in CCRS
interactions with chemokines [18]. Site-directed mutagenesis and
treatment with sodium chlorate revealed that sulfation of tyrosine
residues in the N-terminal region of GCRY5 is required for efficient
CCR5 binding to MIP-1a and MIP-1f, and to HIV-1 gp120-CD4
complexes, without affecting the expression of CCR5 [18].
Likewise, the efficacy of HIV-1 entry was significantly reduced
in cells expressing CCR5 mutants with one or more phenylalanine
substitutions at four potential tyrosine sulfated residues compared
to that in cells expressing native CCRS [18]. Tyrosine sulfation
may be a common phenomenon in chemokine receptors expressed
on immune cells such as leukocytes, platelets, and dendritic cells
[16]. Therefore, tyrosine sulfation seems to regulate not only the
migration of immune cells but also the infectivity of viruses.
Although the occurrence of severe EV71 infection with a number
of fatal cases mainly in children continues to be a major public
health threat in the Asia Pacific region, no vaccines or antiviral
agents are currently available for EV71 [29]. Our data suggest that
the virus-receptor interaction may be a promising target for
potential antiviral agents. Thus, soluble PSGL-~1 as one such agent
may have an inhibitory effect on EV71-PB replication [5]. In our
current study, we have demonstrated the possible involvement of
tyrosine sulfation of PSGL-1 on EV71 entry into target cells, and
accordingly, we showed the inhibitory effect of a tyrosine sulfation
inhibitor on viral replication of EV71-PB strains in Jurkat T cells.
Thus, the elucidation of the structural and functional basis of virus-
receptor interactions will provide novel and unique antiviral
approaches for the treatment of severe EV71-associated diseases.

Materials and Methods
Cells

293T cells were maintained in Dulbecco’s modificd Eagle’s
medium (DMEM, Wako) supplemented with 10% fetal calf serum
(FCS). Jurkat T cclls were maintained in RPMI medium (Sigma)
supplemented with 10% FCS.

Viruses

All EV71 strains (Table 1) and the coxsackievirus A16 prototype
strain (G-10) were propagated in RD or Vero cells. Because some
of the strains produced diffuse plaques on RD cells, the viral titers
were determined by a microtitration assay using 96-well plates and

Table 1. EV71 strains.

Strain PSGL-1 binding
(Subgenogroup) phenotype” Accession No. Reference
C7/0saka (B4) PB AB059818 [331

AB059817

Nagoya (B1) Non-PB AB059813 1361

e )

YPB: PSGL-1-binding, Non-PB: PSGL-1-non-binding [5].

AThe VP1 nucleotide sequence of KEDOO5 is identical to that of the 03784-MAA-
97 strain (accession no. AY207612) isolated in Malaysia [37].

doi:10.1371/journal.ppat.1001174.t001
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RD cells, as previously described [30]. Briefly, 10 wells were used
for each viral dilution, and the viral titers were expressed as 50%
cell culture infectious dose (CCIDsg). For flow cytometry, we used
concentrated viruses unless otherwise stated. Lo prepare virus
concentrations, viruses were ultracentrifuged, and the amount of
EV71 virions was measured.

Antibodies and recombinant proteins

The anti-EV71 monoclonal antibody (mAb) MA105 (mouse
IgGy),) was gencrated from mice immunized with EV71-1095 (Y.
Tano et al,, unpublished data) Immunization to mice, fusion,
selection of hybridomas, and propagation of hybridomas in the
ascite fluid of the mice, were outsourced to Nippon Biotest
Laboratories Inc., Tokyo, Japan. The anti-human PSGL-1 mAb
KPLI and anti-sialyl Lewis x mAb CSLEX1 were purchased from
BD Biosciences. Anti-human PSGL-1 mAb PL2 was purchased
from Beckman—Coulter. Anti-sulfotyrosine mAb Sulfo-1C-A2 [31]
was purchased from Millipore. For the ncgative control, mouse
IgG, (MOPC-21) and IgGo, (G155-178) were purchased from
BioLegend and BD Biosciences, respectively. Recombinant P-
sclectin-Fc was purchased from R&D Systems.

Plasmids and mutagenesis

For directional cloning using a Cpol recognition site [32], we
introduced a CGpol recognition-compatible (SanDI) site into the
pcDNA3.1(+) plasmid (Invitrogen). The BamHI-EcoR1 fragment of
pcDNA3.1(+) was replaced with 5'-ggatccgggteccggtaagaatte-3'
(BamHI+SanDI+gg+Stop+£eR1) to produce pcDNAS3.1SS. Hu-
man FUT7 ¢cDNA was amplified from Jurkat T cell cDNA with
the primers FUT7-F1 (5'-atacggtccggecatgaataatgetgggeacgge-3')
and FUT7-R1 (5'-tgacggaccgtcaggcctgaaaccaaccct-3"). The FUT7
ORF was sub-cloned into a SaznDI site in pcDNA3.1SS to produce
pcDNA-FUT7. The sequence of the cloned FUT7 ORF was
identical to that of FUT7 (NM_004479).

The primers uscd for mutagenesis/deletion are provided in
Table S1. Briefly, cDNA of human SELPLG was cloned into
pEF6-Flag-3S [5] to produce pEF-PSGL-1 [5]. Mutations and
deletions were introduced into the N-terminal region of human
PSGL-1 with PCR, and the mutated SELPLG ¢cDNA was cloned
into pEF6-Flag-3S.

Transfection of 293T cells

293T cells were transfected with expression plasmids using
Lipofectamine 2000 (Invitrogen), and DMEM medium was
replaced with fresh medium 4 h after transfection. The cells were
collected 24 h after transfection by pipetting, and were used for
flow cytometry. For inhibition of tyrosine sulfation of PSGL-1,
293T cells were treated with 10-50 mM sodium chlorate in
DMEM for 1 day. Four hours after transfection with pEF-PSGL-
1, the medium was replaced with medium containing sodium
chlorate, and the cells were further incubated for 20 h.

Flow cytometry

The cells were washed once with flow cytometry buffer (FC
buffer; PBS(—) supplemented with 2 mM EDTA, 2% FCS, and
0.1% NalN3) and incubated with the indicated mAb on ice for
30 min. After washing with FC buffer, the cells were incubated
with secondary antibodies conjugated with Alexa Fluor 488
(Invitrogen). To detect sialyl Lewis x, the cclls were incubated with
secondary antibodies conjugated with R-phycoerythrin (South-
ernBiotech). To detect PSGL-1 by two-color flow cytometry, PL2
was labcled with a Zenon mouse IgG, R-phycoerythrin labeling
kit (Invitrogen). To detect P-selectin-Fc binding, PBS(—) supple-
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mented with 2 mM CaCly, 2% FCS, and 0.1% NaNj was used
instead of FC buffer. The cells were washed and analyzed with
FACSCalibur (Becton Dickenson).

EV71-binding assay by flow cytometry

2931 cells (5x10° transfected with the indicated expression
plasmid werce washed once with FC buffer and incubated with the
EV71-1095 preparation (1x107 CCIDsp) supplemented with 0.1%
NalN3, or concentrated viruses (containing 0.5 pg of VPI protcin)
per 50 pl FC buffer. The cells were washed and stained for 30 min
on ice with Alexa Fluor 488-conjugated MA105.

Sialidase treatment of cells

Ceclls were processed as in the EV71-binding assay and flow
cytometry described above. Prior to the addition of EV71, P-
selectin-Fe, or mADb, cells (2.5x10°%) were incubated with 50 mU/
ml of Vibrio cholerae sialidase (Roche) in 500 pl of DMEM
supplemented with 2% FCS for 1 h at 37°C and then washed

once.

Viral infection assays

Jurkat T cells (4x10* cells) were inoculated with viruses at 1
CCIDsg/cell for 1 h on ice, washed, and incubated in medium
(200 pl in a 48-well platc) at 34°C. For inhibition of tyrosine
sulfation of PSGL-1, the cells were pretreated with 10-30 mM
sodium chlorate in medium for more than 3 days, inoculated with
viruses, washed, and maintained in medium supplemented with
sodium chlorate. For mAb inhibition, the cells were pretreated
with 10 ug/ml mAb for 1 h, washed, and maintained in medium
with 10 pg/ml mAb. At the indicated time, the infected cells and
supernatants were freeze-thawed, and viral titers were determined
by CCIDsg titration in RD cells. All infection assays were carried
out in triplicate unless otherwise stated, and the mean viral titers
were compared using Student’s #test (two-tailed). P values<<0.01
were considered statistically significant.

Supporting Information

Table 81 Substitution/dcletion mutant primers.
Found at: doi:10.1371/journal.ppat.1001174.5001
DOC)

Figure S1 Binding of four EV71-PB strains to 293T cells
cxpressing PSGL-1. 293 cells were transfected with the indicated
expression plasmids (wild-type PSGL-1, T57A, or FFF) and
cultured in the absence (PSGL-1, T57A, and FFF) or presence
(PSGL-1+NaClOs) of 50 mM sodium chlorate. The transfectants
were incubated with concentrated EV71 and used for the EV71
binding assay using flow cytometry. As a negative control, cclls
were incubated with concentrated supernatant from the RD cell
culturc (RD sup.). The percentage of cells bound to EV71 is
indicated in the upper right quadrant.

Found at: doi:10.1371/journal.ppat.1001174.s002 (2.14 MB TIF)
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In the Global Polio Eradication Initiative, laboratory diagnosis plays a critical role by isolating and
identifying poliovirus (PV) from the stool samples of patients with acute flaccid paralysis (AFP). In this study,
we developed a particle agglutination (PA) method with a soluble human PV receptor (hPVR) in the form of
an immunoadhesin (PVR-IgG2a) for the simple and rapid identification of PV. Sensitized gelatin particles with
PVR-IgG2a showed specific agglutination with the culture fluid of PV-infected cells within 2 h of reaction in a
one-step procedure. Detection limits for type 1, 2, and 3 PV(Sabin) strains were 1.5 X 10° 50% cell culture
infectious doses (CCIDs,), 5.3 x 10° CCIDs,, and 9.1 X 10° CCIDy,, respectively. Wild-type PVs and PV isolates
from acute flaccid paralysis cases examined were identified correctly with this PA method, except for some samples
with a mixture of different serotypes of PVs, where a minor population of PV failed to be detected. These results
suggest that this PA method is useful for the simple and rapid identification of PV, although the sensitivity was not
high enough to detect a minor population of PV (<1/10 of the major population) among mixed PVs,

In the Global Polio Eradication Initiative, laboratory diag-
nosis plays a critical role by isolating and identifying poliovirus
(PV) from stool samples of patients with acute flaccid paralysis
(AFP). In the World Health Organization (WHO) Global Po-
lio Laboratory Network, PV isolation and identification are
performed at WHO national polio laboratories by use of a cell
culture system with a human rhabdomyosarcoma cell line (RD
cells) and a mouse L cell line expressing the human PV recep-
tor (hPVR) (L20B cells) (17, 18), followed by differentiation of
the isolated strains into oral PV vaccine (OPV)-related PVs,
vaccine-derived PVs, and wild-type PVs at WHO regional ref-
erence laboratories by several methods, including enzyme-
linked immunosorbent assay (ELISA), probe hybridization,
and reverse transcription-PCR (RT-PCR) (7, 18).

For the identification of PV, a neutralization test with
anti-PV antibodies has been performed with the cell culture sys-
tem and takes 3 to 5 days for results (18). The latest procedure
for the laboratory diagnosis of PV (called New Algorithm)
gives priority to minimizing the time to report. Accordingly,
PV identification by neutralization testing at the national lab-
oratories is no longer necessary, in principle, before the dif-
ferentiation, except for samples with a mixture of different
serotypes of PVs. In this procedure, RT-PCR systems have a
critical role in identification and differentiation to minimize
the overall time for analysis (on the order of hours) (7, 16).
However, identification by RT-PCR, based on the mobility of
PCR products, has 4 steps (i.e., viral RNA preparation, RT
reaction, PCR, and gel electrophoresis) and might be laborious
for laboratories with high workloads. Real-time RT-PCR re-

* Corresponding author. Mailing address: Department of Virology
II, National Institute of Infectious Diseases, 4-7-1 Gakuen, Musash-
imurayama-shi, Tokyo 208-0011, Japan. Phone: 81-42-561-0771. Fax:
81-42-561-4729. E-mail: minetaro@nih.go.jp.
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quires additional equipment for the measurement and quality
control system. In the posteradication era of PV, the availabil-
ity of simple and rapid identification procedures at the national
laboratories would be helpful for rapid confirmation of polio
cases.

In the present study, we developed a novel particle aggluti-
nation (PA) method with a soluble hPVR for the simple and
rapid identification of PV. With this PA method, PV strains,
including Sabin vaccine strains, wild-type PVs, and PV isolates
from AFP cases, were identified within 2 h of reaction in a
one-step procedure.

MATERIALS AND METHODS

Cells, viruses, and antibodies. RD cells (human rhabdomyosarcoma cell line),
HEp-2c cells (human larynx epidermoid carcinoma cell line), and GP2-293 cells
(Clontech) were cultured as monolayers in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS). HEK293 cells were
cultured as monolayers in Opti-Pro SFM medium (Gibco) supplemented with
2% FCS. RD cells were used for the titration of PV, coxsackievirus B (CVB),
echoviruses, and enterovirus 71 (EV71). HEp-2c cells were used for the titration
of coxsackievirus A (CVA). GP2-293 cells were used for the production of a
recombinant retrovirus for the expression of PVR-IgG2a. HEK293 cells were
used for the stable expression of PVR-IgG2a. RD cells, HEp-2c cells, and L20B
cells infected with viruses were collected after freezing and thawing and then
used as virus samples. For characterization of the PA method for the identifi-
cation of PV, we examined vaccine strains [PV1(Sabin), PV2(Sabin), and
PV3(Sabin)], wild-type strains [PV1(Mahoney), PV1(Brunhilde), PV2(MEF-1),
PV3(Leon), PV3(Saukett), and PV3(Suwa-3)], and isolates from AFP cases.
Nonpoliovirus enteroviruses examined to show the specificity of the PA method
were as follows: echovirus 11 (strain Gregory; 6.8 X 10° 50% cell culture infec-
tious doses [CCIDs)/pl), echovirus 25 (strain JV-4; 1.0 X 10° CCIDsy/pl), CVB3
(strain Nancy; 5.6 X 10* CCIDsy/pl), CVB4 (strain JVB; 3.2 X 10* CCIDs/ul),
EV71 (strains BrCr-TR, Nagoya, C7-Osaka, 1095, and 75-Yamagata-2003 [1.8 X
10* CCIDsy/pl, 6.3 ¥ 10* CCIDsy/pl, 3.3 X 10° CCIDs¢/pl, 1.2 X 10° CCIDsg/pl,
and 6.3 X 10° CCIDsy/pl, respectively]), CVA17 (CAM2163 isolate; 1.8 X 10*
CCIDsy/pl), and CVA20 (CAM1976 isolate; 3.2 X 10* CCIDsy/ul). Virus titers
were determined by measuring the CCIDs, at 35°C by a microtitration assay (13).
Type-specific anti-PV antibody (RIVM PV typing antiserum) was reconstituted
with 0.5 ml of distilled water and then diluted by adding 4.5 ml of 2% FCS-
DMEM. Anti-PV1+PV2+PV3 (anti-P1+P2+P3), -P1+P2, -P2+P3, and
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FIG. 1. PA method for the identification of PV. (A) Schematic view of a sensitized gelatin particle with a soluble PVR (PVR-IgG2a).
(B) Procedure of the PA method for the identification of PV and the appearance of agglutination by PV. The order of sample addition to the
reaction plate is as follows: 1, anti-PV antibodies; 2, PV solution; and 3, sensitized gelatin particle solution. r.t., room temperature.

-P3+P1 antibody pools were prepared by mixing equal volumes of each type-
specific antibody and by adding a 1/5 volume of FCS (final FCS concentration,
18.2%).

Purification of PVR-IgG2a, PVR-IgG2a, which is an immunoadhesin molecule
consisting of the extracellular domains of hPVR and the Fc domains of mouse
IgG2a (1), was expressed in HEK293 cells by use of a retrovirus expression
system. A DNA fragment of the coding region of PVR-IgG2a was obtained by a
PCR using primers 5'CCATAGATCTACCATGGCCCGAGCCATGGC3' and
S'ATGAATCGATTCATTTACCCGGAGTCCGGG3' (Bglll and Clal sites in
the primers are underlined), with a baculovirus expression vector for PVR-1gG2a
as the template (1). The DNA fragment was digested with Bglil and Clal and
then was cloned into the corresponding sites of plasmid pLEGFP-N1 (BD Bio-
sciences Clontech). The resultant plasmid was designated pPVR-IgG2a. GP2-
293 cells were cotransfected with pPVR-1gG2a and pVSV-G (Clontech). The cell
culture supernatant of the transfected cells was collected at 96 h posttransfection.
HEK?293 cells were inoculated with the collected supernatant and then used for
the expression of PVR-IgG2a. For the purification of PVR-IgG2a, the cell
culture supernatant of PVR-IgG2a-expressing HEK293 cells was collected on
day 5 after passage. PVR-IgG2a was purified from 100 ml of the supernatant by
use of protein A Sepharose Fast Flow (GE Healthcare) in 4 ml of elution buffer
at a concentration of 0.03 mg/ml, as described previously (1).

Quantification of PVR-IgG2a. The amount of PVR-IgG2a was quantified by a
dot blot analysis, with purified mouse IgG2a (BD Pharmingen) as a standard
sample. Purified PVR-IgG2a and purified mouse IgG2a (0.05, 0.025, and 0.0125
mg/mi) in a 5-pl volume were adsorbed to an Immobilon-P transfer membrane
(Millipore) by use of an SRC 96 D Minifold I dot blotter (Schleicher & Schuell).
The filter was blocked in phosphate-buffered saline (PBS) (10 mM phosphate
buffer [pH 7.0}, 135 mM NacCl, and 2.6 mM KCI) containing 5% nonfat dry milk
and then incubated at room temperature for 20 min. The filter was washed with
PBS containing 0.1% Tween 20 three times for 5 min each and then subjected to
detection by use of a SuperSignal West Femto maximum sensitivity substrate kit
(Pierce). The filter was incubated with goat anti-mouse IgG antibodies conju-
gated with horseradish peroxidase (1:1,000 dilution in PBS containing 0.1%
Tween 20 and 0.5% nonfat dry milk) at room temperature for 1 h. The filter was
washed with PBS containing 0.1% Tween 20 three times for 5 min each and then
treated with substrate solution for detection of the signal by use of an LAS-3000
imaging system (Fujifilm). The concentration of PVR-IgG2a was estimated from

that of mouse IgG2a and presented as the corresponding concentration of mouse
IgG2a.

Sensitization of gelatin particles with PVR-IgG2a. Gelatin particles which had
been activated with tannic acid were mixed with 5.8 to 12.6 pg/ml of PVR-IgG2a
in phosphate buffer solution (pH 6.0) and incubated at 37°C for 1 h. After being
washed, the gelatin particles were suspended in phosphate buffer solution (pH
6.0) supplemented with 2% normal rabbit serum and lyophilized.

PA procedure. For the PA procedure, 12 l of anti-PV antibody solution or
10% FCS-DMEM without anti-PV antibodies (positive control for PA) was
added to the reaction plates (Fastec U-bottomed microplate; Fujirebio Inc.), and
then 12 pl of PV solution (cell culture fluid obtained after freezing and thawing
of the infected cells) was added to the anti-PV antibody solutions. Finally, 25 ul
of reconstituted sensitized gelatin particle solution was added to the plate. The
plates were mixed in a plate mixer (Micro Mixer P; Taitec) for 30 s and then
incubated at room temperature for 2 h. Agglutination of the sensitized gelatin
particles was judged by visual observation.

RESULTS

Development of a PA method for the identification of PV. To
detect all the serotypes of PV by a PA method, we used soluble
hPVR in the form of an immunoadhesin (PVR-IgG2a), con-
sisting of extracellular domains of hPVR and the hinge and Fc
portions of mouse IgG2a (1, 3), for the sensitization of gelatin
particles (Fig. 1A). In the PA method, anti-PV antibody solu-
tions or 10% FCS-DMEM without anti-PV antibodies (a pos-
itive control for PA) was added to the reaction plates, and then
PV solutions (cell culture fluid obtained after freezing and
thawing of infected cells) were added to the anti-PV antibody
solutions. Finally, the reconstituted sensitized gelatin particle
suspension was added to the plates, and then the plates were
mixed and incubated at room temperature for 2 h to observe
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FIG. 2. Characterization of PA method and identification of PV strains. (A) Specificity of sensitized gelatin particles for PV. The agglutination
activity of gelatin particles was examined with nonpoliovirus enteroviruses (echovirus 11 and CVB3) and nontreated gelatin particles. Wells that
showed agglutination are shown in a box. (B) Sensitivity of the PA method for PV(Sabin) strains. Virus solutions of PV1(Sabin), PV2(Sabin), and
PV3(Sabin) (virus titers of 9.5 X 10° CCIDsy/pl [1.1 X 108 CCIDs, in 12 pl], 6.9 X 10° CCIDso/pul [8.2 X 107 CCIDs, in 12 pl], and 2.9 X 10°
CCIDso/pul [3.5 X 107 CCIDs, in 12 pl], respectively) were diluted 1/5 to 1/640 and then examined by the PA method. The detection limit of the
PA method for each sample observed on the reaction plate is shown with a box. (C) Identification of mixed PV(Sabin) strains by the PA method.
Virus solutions of PV1(Sabin), PV2(Sabin), and PV3(Sabin) (virus titers of 9.5 X 10° CCIDp/l [1.1 X 108 CCIDs, in 12 i}, 6.9 X 10° CCIDsy/pl
[8.2 X 107 CCIDs,, in 12 i}, and 2.9 X 10° CCIDsy/pl [3.5 X 107 CCIDs, in 12 pl}, respectively) were mixed with a 1/10 volume (1.2 pl) of each
PV(Sabin) strain and then subjected to the PA method for identification. (D) Identification of wild-type PV strains by the PA method. Virus titers
of wild-type strains examined [PV1(Brunhilde), PV1(Mahoney), PV2(MEF-1), PV3(Leon), PV3(Saukett), and PV3(Suwa-3)] were 3.2 X 10°
CCIDsy/l, 1.8 X 10° CCIDsy/ul, 1.0 X 107 CCIDsg/pl, 1.0 X 10° CCIDsy/pl, 1.0 X 106 CCIDsy/pl, and 5.6 X 10° CCIDsy/ul, respectively.

the agglutination and inhibition of agglutination by anti-PV
antibodies (Fig. 1B).

We examined the specificity of this PA method and the
detection limit for PV(Sabin) strains. Agglutination was ob-
served for PV(Sabin) strains but not for cell culture fluids of
mock-infected RD cells, L20B cells, HEp-2c cells, and RD cells
infected with other enteroviruses, including echoviruses 11 and
25, CVB3 and -4, EV71, and CVA17 and -20) (Fig. 2A; data

not shown). Nontreated gelatin particles did not show any appar-
ent agglutination. Detection limits of this PA method for type 1,
2, and 3 PV(Sabin) strains were 1.5 X 10° CCID;,, 5.3 X 10°
CCIDs, and 9.1 X 10° CCIDs,, respectively (Fig. 2B). These
results suggested that the observed agglutination was caused by
the specific interaction of PV with its soluble receptor.
Identification of PV strains by the PA method. Next, we ex-
amined PV samples consisting of mixed Sabin strains. A minor
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TABLE 1. PV identification by cell culture and PA method

Virus Virus
Sample PV isolate? Virus titer” identification identification
no. : (log1o CCIDsy/S0 pl) by cell by PA
culture® method
1 CAM1967-R1L1 6.25 P3 P3
2 CAM1967-R2 725 P3 P3
3 CAM2057-L2 6.5 P3 P3
4 CAM2057-R2 6.75 P3 P3
5 CAM2057-R1L1 NA P3 P3
6 CAM2058-L2 6.25 P3 + NPV P3
7 CAM2058-R2 775 P3 + NPV P3
8 CAM2058-R1L1 NA P3 + NPV P3
9 CAM2294-L1 NA P3 P3
10 CAM2294-R2 75 P3 P3
11 CAM2553-L1 6.5 P2 P2
12 CAM2554-L1 7.0 P1+ P2 P1+P2
13 CAM2554-R1 75 P1+P2 P2
14  CAM2840-L2 7.25 P2 P2
15 CAM2906-L3 7.25 P3 P3
16  CAM2907-L3 7.0 P3 P3
17 CAM2936-1.2 7.0 P3 + NPV P3
18 CAM2936-R2 7.25 P3 + NPV P3
19  CAM2937-L2 6.25 P3 + NPV P3
20 CAM2937-R2 7.25 P3 + NPV P3
21 CAM2970-L2 6.25 P1 +P3 P1
22 CAM2995-1.2 7.0 P3 + NPV P3
23 CAM2995-R2 NA P3 + NPV P3
24 CAM3017-L2 8.0 P2 P2
25  CAM3017-R2 NA P2 P2
26 CAM3017-R2L1 NA P2 P2

“ Passage histories of the isolates are shown in the sample names. R, recovered
from RD cells; L, recovered from 1.20B cells. Numbers after R and L represent
the numbers of passage of the virus in the cells (e.g., R1L1 means one passage
in RD cells followed by one passage in L20B cells).

5 NA, not available.

¢ NPV, non-PV.

population of different serotypes of Sabin strains (1/10 of the
major strains) was detected and correctly identified (Fig.
2C). We examined wild-type PVs and also PV isolates from
AFP cases. All of the wild-type PVs examined were identi-
fied correctly (Fig. 2D). PV isolates with single PV strains
showed consistent results with those obtained by neutraliza-
tion test in cell culture, irrespective of the cell line (RD cells
or L20B cells) used for the isolation (Table 1). However, for
some isolates with a mixture of different serotypes of PV
(CAM2554-R1 and CAM2970-L2), minor PV strains were not
detected by the PA method. These results suggest that the PA
method is useful for the identification of PV, although minor
strains might not be detected in samples with a mixture of
different serotypes of PV.

DISCUSSION

In this study, we developed a novel PA method for the
identification of PV, using a soluble hPVR and gelatin parti-
cles. We used a soluble hPVR in the form of an immunoad-
hesin (PVR-IgG2a) (1) rather than anti-PV antibodies to sen-
sitize gelatin particles, because hPVR binds all serotypes of PV
with its specific interaction and uniform affinity (4, 8, 10, 11).
For PVR-IgG2a, some avidity to PV would be expected that
could not be attained by monomeric forms of soluble hPVR,
which have relatively weak affinities for a single binding site on
the virion (K, [dissociation constant] of 6.7 X 1077 to 4.5 X
1078 M) (2, 9). Gelatin particles have little or no nonspecific
reaction caused by their own epitopes, and their utility has been
well established for the diagnosis of a number of infectious dis-
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eases, including strongyloidiasis (infection with Strongyloides ster-
coralis) (15), leprosy (infection with Mycobacterium leprae) (5),
human immunodeficiency virus infection (19), human T-cell
leukemia virus infection (6), infection with Mycoplasma pneu-
moniae (Fujirebio Inc.), and exposure to diphtheria, pertussis,
and tetanus toxins (12), by detection of antibodies against
infectious agents in the sera of suspected patients. In accor-
dance with the given properties of hPVR and gelatin particles,
sensitized gelatin particles formed specific agglutination with
all serotypes of PV, with comparable sensitivities (Fig. 2).

The advantages of the PA method developed in this study
over currently available PV identification procedures are as
follows: (i) it is simple (one-step procedure, mixing PV isolates,
anti-PV antibodies, and sensitized particles), (ii) it is rapid (2
h of incubation of the sample at room temperature, which is
comparable to the time for analysis by RT-PCR systems and
faster than a cell culture-based neutralization test [3 to 5
days]), and (iii) it allows easy evaluation of the results (visual
observation without equipment). Disadvantages of the PA
method compared to neutralization testing with a cell culture
system are as follows: (i) it has a lower sensitivity (10° CCIDs,
versus about 1.5 CCIDs,) and (ii) it cannot isolate single se-
rotypes of PV in a mixture of different serotypes of PVs. Ac-
tually, PV isolates examined in this study showed virus titers of
1052 to 10%° CCIDsy/S0 wl, and all samples were correctly
identified by the PA method, except for some mixtures (Table
1). For the identification of major PV strains in the samples,
isolates from both L20B cells and RD cells are detectable with
the PA method. For the isolation of minor strains, isolates
from RD cells might be more suitable than those from L20B
cells because of their higher titers (14). However, one isolate
from L20B cells (CAM2554-L1), but not other isolates, from
L20B cells and from RD cells (CAM2970-L2 and CAM2554-
R1), was correctly identified by the PA method. In the current
procedure for laboratory diagnosis of PV, identification in a
cell culture system is indispensable for isolation of each PV
strain for differentiation (18). Utilization of type-specific
monoclonal antibodies in the PA method might allow differ-
entiation of PVs along with genetic differentiation by RT-PCR
systems (7, 16). The PA method is not an alternative to iden-
tification by the cell culture system or RT-PCR systems in the
current procedure but could provide supportive information as
a rapid and simple confirmation test for PV at national polio
laboratories without facilities for molecular diagnosis. The PA
method would be useful in cases with a limited time for re-
porting (within a day) and where reliable specificity is required,
e.g., for identification at the national laboratories in the pos-
teradication era of PV.

In summary, we have developed a PA method for the iden-
tification of PV. This PA method is useful for the simple and
rapid identification of PV.
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The genetic and phenotypic characterization of poliovirus strain P3/Jinan/1/09, isolated from sewage
sample in Jinan city, Shandong province, China, was described. The strain had a Sabin type 3/type 2/type 3
recombinant genome, with the first crossover site located in capsid VP1 coding region between nucleotide
positions 3293 and 3294 (numbering according to Sabin 3), and the second crossover site in 3D region
between positions 6374 and 6378. The recombinant had introduced six Sabin 2-derived amino acids
into the carboxyl terminus of Sabin 3 VP1 capsid protein. The complete genome of the isolate revealed

I;g'i ‘g“,’l’;_‘iss eight nucleotide substitutions in Sabin 3 region with two substitutions resulting in amino acid alteration,
Recombinant and two missense substitutions in the Sabin 2 region. An estimation based on the evolution rate of the
Genome P1 coding region of Sabin 3 background suggested that evolution time of strain P3/Jinan/1/09 might be
Capsid 76-80 days. The person who excreted the recombinant was not known and no evidence was obtained for
Evolution its circulation in population via acute flaccid paralysis surveillance. The virus showed Sabin 3 serological

characterization in neutralization test, and it did not lose temperature sensitivity phenotype at 40°C. The
significance of environmental surveillance and the presence of natural capsid recombinant poliovirus
strain in the context of the global polio eradication initiative are discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Poliovirus is a member of Enterovirus genus in the Picornaviridae
family (Stanway et al., 2005). It possesses a positive-sense single-
stranded RNA genome which contains an open reading frame (ORF)
flanked by a 5’-untranslated region (UTR) and a 3’-UTR. The ORF is
translated into a polyprotein and is then cleaved into capsid pro-
teins (VP1 to VP4) and nonstructural proteins. The polioviruses
have three serotypes and the antigenic characterization is deter-
mined by the capsid epitopes.

Recombination is a common event in poliovirus evolution.
The oral poliovirus vaccine (OPV) consists of three serotypes of
attenuated polioviruses and provides the opportunity of intertypic
recombination in gut cells infected by vaccine strains of more
than one serotypes. Most recombinants were found among vac-
cine strains of serotypes 2 and 3 (Guillot et al., 2000; Cuervo et

* Corresponding author. Tel.: +86 531 82679606; fax: +86 531 82620031,
E-mail address: agxuepi@163.com (A. Xu).
1 These authors have contributed equally to this study and are the first authors.

0168-1702/$ ~ see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.virusres.2010.02.014

al., 2001), and a small portion were Sabin 1 recombinant or wild-
vaccine recombinant (Furione et al., 1993). The crossover sites
have almost invariably been found in genomic regions coding for
nonstructural proteins, and natural intertypic capsid recombinant
between vaccine strains was very rare. To the best of our knowl-
edge, four recombinant strains with an intertypic capsid protein
were reported to be isolated from clinical specimens (Martin et al,,
2002; Blomqvist et al., 2003; Dedepsidis et al., 2008; Zhang et al.,
2009), and three of them possessed a chimeric type 3/type 2 VP1
with the junction site located at the 3’-end of VP1 region (Martin et
al,, 2002; Blomgqvist et al.,, 2003; Dedepsidis et al., 2008). Besides,
three PV3/PV2 capsid recombinants were recently reported to be
isolated from environmental samples in Argentina (Mueller et al.,
2009).

Although the last poliomyelitis case caused by wild-type
poliovirus in Shandong province of China occurred in 1991, routine
OPV program for infants and young children was still implemented
with a high level of vaccination coverage. The World Health Orga-
nization (WHO) strategy for monitoring the wild type and reverted
vaccine poliovirus is to identify acute flaccid paralysis (AFP) cases
and their contacts. But because of the high rate of inapparent
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infection for poliovirus, AFP surveillance is not sufficient enough
(Birmingham et al., 1997), and environmental surveillance offers
an alternative method. Wild-type poliovirus, Sabin strains, vaccine-
derived polioviruses (VDPVs), and capsid recombinant polioviruses
were reported to be isolated from environmental sample previously
(Minor et al.,, 1999; Yoshida et al., 2002; Blomqvist et al., 2004;
Mueller et al., 2009). However, no capsid recombinant polioviruses
isolated from sewage in China or other Asian countries have been
reported yet.

Surveillance for enteroviruses in environmental samples has
been implemented in our laboratory for more than 1 year.
Poliovirus strain P3/Jinan/1/09 was isolated from a sewage sam-
ple collected on May 28, 2009 in Jinan city, Shandong province of
China. Preliminary sequencing of VP1 region revealed a type 3/type
2 recombination event at the 3’-end of the VP1 region. This finding
led us to further explore the complete genome characterization of
this virus.

2. Materials and methods
2.1. Sampling

Sewage sample was collected in the No. 2 waste water treat-
ment plant in Jinan city, the capital of Shandong province, China.
On May 26, 2009, a gauze-wrapped cotton pad was placed in the
inlet collector canal. After 2 days, the soaked cotton pad was picked
up and transferred to the laboratory and kept at 4 °C until they were
treated.

2.2. Concentration of sewage water

Sewage samples were concentrated by method described by
Iwai et al. (2006). Briefly, the cotton pad containing sewage sam-
ple was squeezed vigorously and the fluid (about 500 ml) was
collected into a sterile beaker, and then centrifuged at 3000 rpm
for 30min at 4°C. 2.5mM MgCl, was added to the supernatant
to a final concentration of 0.05mM. The pH value was adjusted
to 3.5. Then the solution was filtered through a 0.45 um mixed
cellulose ester membrane filter (ADVANTEC, A045A142C, Tokyo,
Japan) by positive pressure pump. Absorbents on the filter were
then eluted with 10ml 3% beef extract solution by ultrasonica-
tion for three times (1 min for each time), and the solution was
centrifuged at 12000rpm for 30 min. Subsequently the super-
natant was filtered through a 0.22 pm filter and was ready for cell
inoculation.

2.3. Virus isolation

L20B, RD and HEp-2 cell lines were used for virus isolation.
200 pl of treated solution was added to each of the cell culture
tube (18 tubes for each cell line). After absorption at 36°C for 2 h,
1 ml of Eagle's minimal essential medium with 2% fetal calf serum
was added and the tubes were kept in 36 °C incubator for 7 days
and were examined every day. After 7 days, the tubes were freezed
and thawed and re-passaged in L20B, RD and HEp-2 cell lines, and
another 7-day examination was performed.

2.4. Serotyping

According to standard protocols recommended by the WHO
(2004), the microneutralization assays were carried out in 96-well
tissue culture plates using poliovirus type-specific rabbit polyclonal
antisera (National Institute for Public Health and the Environment,
RIVM, the Netherlands). The antisera-virus mixtures were incu-
bated for 1h at 36°C. Subsequently, suspension fluid of L20B cell
was added to the plate which was subsequently examined daily for

the presence of CPE. The antiserum that prevented the development
of CPE indicated the serotype of the poliovirus.

2.5. RT-PCR and sequencing

Total RNA was extracted from 140 pl of the infected L20B cell
culture using QIAamp viral RNA mini kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’'s recommended procedure.
RT-PCR was performed using Access RT-PCR System (Promega,
USA). Primers UG1 and UC11 (Balanant et al.,, 1991) were used to
amplify the entire VP1 coding region, and primers for amplifying
the complete genome were designed by “primer-walking” strat-
egy. The protocols were as followed. 3 pl of viral RNA was added
to RT-PCR mixtures (total volume 50 1) containing 0.2 mM each
of dNTP, 1 mM MgCl,, 5U AMV reverse transcriptase, 5U Tfl DNA
polymerase, 5 U RNasin ribonuclease inhibitor (Promega, USA), and
1 .M each of the primers. The mixtures were incubated at 45 °C for
45 min and then 94 °C for 2 min, followed by 35 cycles of amplifica-
tion (94 °C for 205, 45 °C for 30s and 72 °C for 1 min). The products
were analyzed by agarose gel electrophoresis, and positive prod-
ucts were sequenced at BGI Sequencing Company (Beijing, China).

2.6. Sequence analysis

The sequence of the strain P3/Jinan/1/09 was aligned with the
Sabin strains (AY184219, AY184220 and AY184221 for Sabin 1,
Sabin 2 and Sabin 3, respectively) using the BioEdit 7.0.5.3 soft-
ware (Hall, 1999). The crossover sites were identified as being
located between the last nucleotide, differentiating the environ-
mental sequence from the 3’-partner reference sequences, and the
first nucleotide, differentiating the environmental sequence from
the 5’-partner reference sequence (Zhang et al., 2009).

The time from the date of OPV administration to the date of sam-
pling of the recombinant strain was estimated via the calculation
of Ks (synonymous substitutions per synonymous site) and Kt (all
the substitutions per site) in the capsid coding region. The Ks and Kt
of evolving polioviruses have a linear character with time accord-
ing to previous studies (Kew et al., 1998; Martin et al., 2000). In P1
region, the Ks parameter is 3.2% per year and the Kt parameter is
1.1% per year (Jorba et al., 2008).

2.7. Temperature sensitivity

Temperature sensitivity of isolate P3/Jinan/1/09 was performed
on monolayer RD cells in 6-well plates as described before
(Blomgyvist et al., 2003). 200 ul of Virus stocks were added onto
the cells. After absorption at 36 or 40°C for 1h, the supernatant
was removed, and 2.5 ml of maintenance medium was added and
incubated at 36 or 40 °C, separately. After 8, 24, and 48 h, the plates
were harvested, and the CCIDsy were calculated in 96-well plates.
More than 2 logarithms reduction of the titers at different tempera-
tures was considered to be temperature sensitive. In order to avoid
experiment error, the assay was repeated three times.

2.8. Nucleotide sequence accession number

The complete genomic sequence of isolate P3/Jinan/1/09
described in this study was deposited in the GenBank database
under the accession number GU256222.

3. Results
3.1. Preliminary characterization of the isolate
Strain P3/Jinan/1/09 was isolated from sewage sample via L20B

cell line. Neutralization test using poliovirus type-specific rabbit
polyclonal antisera showed that it was a type 3 poliovirus. Full-
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(a) Sabin 3 Sabin 2 Sabin 3
5 [ wer 5] ve2 [vP3] vP1 [2ARH 2C lsxsﬁacl 3D ﬁzv'
Nucleotide Position
1 sgo 1000 1500 2000 250 3000 3500 4003 4500 5000 S50 8000 BSW 7AW
(b)
P3/Jinan/1/09
[ L1 | 1
Sabin 3 CCCTAGACCG|CC|GCGCGCGGTA TCCTAAAC| AAGCA |AACCAGAG
P3Jnan/1/09 CCCTAGACCG|CC|ACGAGCAGTC TCTTGAAT| AAGCA|AACCAGAG
Sabin 2 CCCACGACCT |CC|ACGAGCAGTC TCTTGAAT|AAGCA [GACTAGAG
3293 3294 6374 6378

Fig. 1. Scheme of genomic structure of strain P3/Jinan/1/09. The Sabin 3/2/3 genomic structure (a) and the proposed crossover sites (b) are shown in detail.

Table 1
Nucleotide and amino acid substitutions of P3/Jinan/1/09 compared with Sabin strains.
Origin Region Nucleotide Amino acid
Position Sabin P3/Jinan/1/09 Position Sabin P3/Jinan/1/09
Sabin 3 5/-NCR 336 u C
5-NCR 472 U C
VP4 853 A G
VP3 1938 G A 399 S N
VP3 2140 U A
VP1 2493 c U 584 T I
VP1 2503 u A
VP1 3214 U C
Sabin 2 3D 6114 u C 1888 R Q
3D 6291* C U 1893 T A

Positions with an asterisk are according to Sabin 2 (AY184220), and others refer to Sabin 3 (AY184221).

length VP1 region amplification and sequencing revealed a Sabin
type 3/type 2 recombinant with a crossover site at the 3’-end of
VP1 region. Totally three nucleotide substitutions were found in
the 900-nucleotide VP1 coding region, and the homology with the
relative Sabin 3 strain was 99.7%.

3.2. Analysis of the genome

The genome of P3/Jinan/1/09 was Sabin type 3/type 2/type 3
recombinant with two crossover sites (Fig. 1). The first crossover
site located in the 3’-end of VP1 region between the nucleotide
positions 3293 and 3294 (numbering according to Sabin 3), which
resulted in the insertion of a 84-nucleotide Sabin 2 sequence in a
Sabin 3 genomic background, effectively resulting in six amino acid
substitutions at positions 279, 286, 287, 288, 290, and 293 in VP1
sequence. The second crossover site was in 3D region between the
nucleotide positions 6374 and 6378.

The complete genome of strain P3/Jinan/1/09 contains 7432
nucleotides. Compared with Sabin strains, there were totally ten
nucleotide substitutions in the whole genome (Table 1). Eight of
them located in the Sabin 3 background before the first crossover
site, and the other two located in Sabin 2 donor between the two
crossover sites. No substitutions were found in the Sabin 3 region
after the second crossover site. Two substitutions associated with
increased neurovirulence of Sabin 3 (Rezapkin et al,, 1995) were
both found in the genome of P3/Jinan/1/09. One was the U-to-C
reversion at nucleotide position 472 in the 5-non-coding region,
and the other was the C-to-U reversion at nucleotide position 2493
in VP1 coding region. Totally four substitutions resulted in amino
acid substitutions. One was in VP3 coding region, another was in
VP1 coding region, and the two left were in 3D region.

In comparison with other Sabin 3/Sabin 2 capsid recombinants,
Substitutions at nucleotide position 472 could also be found in pre-
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viously reported capsid recombinant strains 31043, PV3/NOR/018,
and K/2002. Substitution at position 1938 was also common in
strains 31043 and PV3/NOR/018, and substitution at position 2493
was seen in strain K/2002.

3.3. Estimation of the evolution time of P3/Jinan/1/09

The approximate evolution time of the recombinant strain was
estimated in the P1 coding region. The Ks and Kt parameters for cap-
sid coding region was 0.67% and 0.24% respectively. Compared with
the reported evolutionrate of 3.2% (Ks)and 1.1% (Kt)in P1 region per
year (Jorbaetal., 2008), we estimated the evolution time of the virus
was 76 days (based on Ks estimate) or 80 days (based on Kt esti-
mate). Because poliovirus can only replicate in vivo, the evolution
time estimated did not include the duration in environment.

3.4. Temperature sensitivity

The assay for temperature sensitivity showed Sabin 3 was tem-
perature sensitive with titer reduction of more than 2 logarithms
at different centigrade. The property of temperature sensitivity of
strain P3/Jinan/1/09 reduced slightly. The reduction between titers
at 36 and at 40°C 8 h after infected was less than 2 logarithms, but
the reductions at 24 or 48 h post-infection were more than 2 loga-
rithms, just slightly lower than the reductions of Sabin 3 (Table 2).
The three times of repeat showed the similar results.

4. Discussion
4.1. General

We have described the isolation and genetic and phenotypic
characterization of a Sabin type 3/type 2/type 3 poliovirus recom-
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Table 2
Temperature sensitivity of P3/Jinan/1/09.

Virus Titers at 37°C Titers at 40°C Log titer reduction

8hp.i. 24hp.i. 48hp.i. 8hpi 24hpi 48hp.i. 8hpi 24hpi 48hp.i.
Sabin 3 7.625 7.000 6.500 4375 4.375 3.375 2.250 2.625 3.125
P3/Jinan/1/09 7.375 7.500 6.875 5.625 5.125 4125 1.750 2.375 2.750

binant. Strain P3/Jinan/1/09 was isolated from sewage samples
collected on May 28, 2009 in sewage disposal facility of Jinan city,
the capital city of Shandong province, China.

4.2. Sequence analysis

In comparison with other type 3/type 2 capsid recombinants
reported previously, the sequence of strain P3/Jinan/1/09 was the
most conservative with only ten nucleotide substitutions in the
complete genomic sequence. The substitutions at the attenuation
sites (positions 472 and 2493) for Sabin 3 (Chumakov et al., 1992)
might suggest the partial reversion of poliovirus neurovirulent phe-
notype.

Among all the Sabin 3/Sabin 2 capsid recombinants, the first
recombination junctions located exclusively in the 3’-end of the
VP1 coding region, and the second junctions, if existed, located in
the 3D region without exception. However, the exact crossover sites
were not constant. Among all such recombinant strains, no iden-
tical crossover sites were observed in the 3D region, and only two
crossover sites were identical in the VP1 coding region. This phe-
nomenon of similar recombination junction with variable crossover
sites suggested although VP1 and 3D region were hot spot regions
for recombination, the exact nucleotide sequences involved in
recombination were not exclusive.

Based on the calculation of Ks and Kt parameters of P1 coding
region, the evolution time of this recombinant was estimated to be
76-80 days. This period was the duration in replication, and the
time in environment was not included. Taking into consideration
the several months of surviving in sewage for poliovirus, the age of
strain P3/Jinan/1/09 could not be estimated exactly.

4.3. Environmental surveillance

The WHO program for global poliomyelitis eradication requires
the intensive immunization of OPV and the surveillance of polio
cases, which includes epidemiological and virological investiga-
tion of AFP cases, supplemented in some countries by analysis
of poliovirus circulation in populations through surveillance in
sewage contaminated by human fecal. After the declaration of
polio-free in West Pacific Region of WHO, the environmental
surveillance is of great importance in investigating the circulation
of wild-type poliovirus (El Bassioni et al,, 2003) or in detection
the existence of VDPV (Shulman et al., 2000; Yoshida et al., 2002;
Blomgqvist et al., 2004). In this study, a recombinant type 3/type 2
poliovirus with a chimeric VP1 protein was isolated from sewage,
and to the best of our knowledge, this is the first report of such
recombinant isolated from environmental surveillance in Asian
countries.

The origin of the recombinant virus was unknown. The person
who excreted the recombinant was not known via AFP surveillance,
and no evidence was obtained for its circulation in human popu-
lations. It is not clear whether the poliovirus capsid recombinant
poliovirus can generate potentially dangerous VDPVs, but therisk is
supposed not to be ruled out. The existence of this kind of recombi-
nant vaccine virus highlights the importance of the environmental
surveillance of polioviruses before stopping the usage of OPV.

4.4. Temperature sensitivity

Strain P3/Jinan/1/09 did not lose the temperature-sensitive
phenotype of parent Sabin strain. This was not identical with
three previously reported capsid recombinants which had almost
entirely lost the temperature sensitivity. Compared with them,
number of substitutions of strain P3/Jinan/1/09 was the least with
only 4 amino acid mutations. It had been reported altogether twelve
amino acids substitutions have been suggested to be related to
temperature sensitivity (Blomqvist et al., 2003), and no was found
in strain P3/Jinan/1/09. This might explain the preservation of
temperature-sensitive phenotype of virus. But the titer reductions
of the strain P3/Jinan/1/09 at 24 or 48 h post-infection were slightly
less than those of Sabin 3 strain, and the reduction at 8 h post-
infection was less than 2 logarithms. This result suggested that the
temperature sensitivity of strain P3/Jinan/1/09 was slightly weak-
ened, and whether the phenomenon came from recombination
needed further investigation.

4.5. Conclusions

In this study, we described the isolation and characterization of
a recombinant Sabin type 3/type 2/type 3 poliovirus isolated from
sewage sample. The results presented here confirmed the impor-
tance of environmental surveillance.
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HHEETHLT INZART Y, XFRF Y, AVF, FAV) 74 HEDHAOE - il T, #isk
EADEFERRY 474 VAEREIED N Twivy, BMEROER) F7 2 F > ORBBHERIC D
Mbod, RYUFTEAELDETIE, WELZ1BBIU3EFERR) 74 VAEBEELTB
D, TATVzYTEA Y FICHRTEFERRY LT TANVAD, WolzARYFT T —2ZERK LT
TVH, TVT, 30y SOELN, HEPOLEREHREFIZRIL TS, S50, T4V
V7RA Y FORY FHTHTIE, 2B 7 FHARR) T T A NVAEEIFZELTBY, —EHE
BB 2R A4 VAT HERGBEMR TGRS TWE, 20—, 2009 E12iE, 1t
ATz TIEBITHR) AREESIREOYUZIITRE SN TEBY, EB, 2009-2010 4£I12H1F T,
FATV2YTOIEBLOSIEIFERRR) 74NV ZAEFIETEZ R L L2255, S50, N,
YA ZWIRICBITHENERESOELREL, L VEENT D008 ENLRFEE LT, Sabinl
BlE 3RIZET TMBOERY) 7 2 F 2252010 £I1TEA S iz, 2000-2009 £ 10 £/, R F
FEFIE D L TREZELZBEDEED SN TR v, [ERRF) FREOLbN: 104E] OMICELR
TR T X 5 2 LAY, HRRY ARMEHE % BRI ED B0 LEE b,

> (oral poliovirus vaccine; OPV) OEMEREIZ L - T,

LB BFAERRA Y o+ A L R IEE T 5 2 &k B, WHO

ARG Tk, HFRFEEMEE (World Health Organization;
WHO) #HMIED SN TW AR HREETE OTIR
EREECOVTHEER T 5. AR T, BEFHEREK
GIERFZERTRIATELS, R AR O FREER & BED
HBEICOWT, BEpoRMIcT oL TWwEOTY
AEETIE, 20 10EMORY FRMEHEAZ OB F 25 S
#LIZY, #HRRY) FRESTEOSHORBEICOVWT, A
Az EHT 5.

HEFUR ) A RS O AR, BROERY T 725

T 208-0011

B EREERAT LU T2 A 4-7-1

[E S RRERZERT A NAE2H H2F
TEL: 042-561-0771

FAX: 042-561-4729

E-mail: hshimizu@nih.go.jp

ASHEFRR Y A ARAEETE % BRAG L7 1988 SRRy, B4E 1256
EAICBWT 3B HANEEORY) TEFADFEEL Tz b #
FEEINTVED, 2009 FDOHEMRKRY) T T4 VAL BR
) A FEEESIEIE, MREET 1606 EF L HE SN TS
(201045 § 4 HEAE). BUE, MIBEAOFFEKRFR) £
AN IEBCE IR L TV AR FEEERR, SF
ATV, FIHNZAY Y, 4AVF, F402)T704 »H
LoTw5 Y, R FHEEERE R FHATHIROK
BTAHBIRY, KU ABHEETEOBRIE 2000 4 F TIEHEE
THHEY, FOBD W0EBI, £ DEELAREEY Y
—ZADHEANCOEDL LT, FHEHIE—E—BEEVEL T
5 (B®1, AER). L ICHRESERIE, 1BBIU3H
BEHKRIFTTANVAPREICTATZHROET L & DIT,
9 oF U HEFERY F7 A4V A (vaccine-derived poliovirus;
VDPV) 2 & 58 FEFAS#EMERICH S (R2). WHO
HEYRY) FARMEOEAZE L L7z 2000 £ LURED 104 % [F
) ARMEEORDNI 104F] ERHATHLEFSVBEETDH
AHyH. LaL, [R)FREEEOL DI 104F] 55
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50 (DANVA #60% £15,
1988: WHA Resolution to
Eradicate Polio Wild poliovirus cases, 2000-2009*
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Lol =] [+ [<2] [+2] [+:3 [+ 223 [<2] [=2] [+ (2] [+ o (=] [~3 o [~ [~ (=1 o (=] =]
2 &2 o 9 9o 929 6 & & o0 6o & 6 8 © 6 @ & 8 © ¢ © 8
A R o R S A S B L 1
=&== Estimated
X1 £HEROKRYFAEFAHOHERE

1987 ~ 2009 F 2B B R E %R Y FEFIHOHER. 2000 FLE 10 £ 0 F ) HEFIEKICO VTR, AT —VOREE

FIR L7z (WHO 14088 % —ERSZE).

TR T AN, #RARY) AR T ER T 2 E I
RAZTIRWEERIIEZD.

FRUABEEICE T 2FEKRRY F 7 1L 2EEO#ESE

O 10 FOWFAR) FRMETEEF DD o &L b RELE
i, BENARY FFATHICB 2HEMRR) T 7 4L
IMEFEOFEICH B, HRFOMOMIBICB TR L7
trivalent OPV (tOPV) ¥EOMUEIC X 2 FHAEKE) +
ANV AEREOERT LS, B 5 EREMBE LR F AR
WA, IR EIN TV B HAERRY T EEETIE, HEH
W EEL o/, FORRITEMTIIZR (, #MET
ERELZHIERDPEAWICES LTS,

1) 1>F

2000 SEREEIZB VT, 1 FOEFLERE T 74V AE
gz, JbERORR S N7-H#iis, Uttar Pradesh MTEER &
Bihar M HERic, FIZEBERTWE (B3). ThHoH
BciE, tOPVICL2HE07 7 F v EFEXF v v R—V D
EHIZOEDLLT, 1BBLIO3HBAERRI LT A IVA
E4EASkEE L, tOPV SR T BRI A V A5
B D25 T 2 EEREFFE SN2V I LR
PSRRI L DI S 2 ST B 34 Uttar Pradesh 123813
HREBMEZEICL Y, 15 monovalent OPV (mOPV)
¢ tOPV OEMMEEE I L7222 A, 18 mOPV iX 5 [m#
TEIC LY 78% DEFEIMAMRER L7205, FEEOBH

WEERT 201213 14 B0 tOPV B2 LEE LY.
7z, mOPV iX tOPV & B L T A )V 2 HERBIHIRI R 255
<, RUATANAEHEENELCHIET S 2 L2RES
N9 TS OBRREEMRORKRL, BEKE) +E
EHBBITLBEATORI LT 7 F Y EEIZIGHE SR,
mOPV AL L TOERBWEMN T L SNz, 4V FOE
HERRAR Y A IATHTIE, 200540 1 B mOPVEAIZL D,
1 BIEF AR Y HEFIDTEE ISR L7220 OOfHMEICIZE
59, 2009 EHEFE T, 1BEFEERY 47 AV ADOEHE
DR L TV 5. 20—, IR TIE 2008 ~ 2009 4122
VT, 3 BIBPAERRIC X B R Y FEBIASKIB I L 72 (R 2).
F & LT 1% mOPV % HV»72 Supplementaly Immunization
Activity (SIA) 12X, #RICIERY 47 A V212t
THEMBEMET L7722 £25, 3ELEY FEF OB
DhH o 2 REEATE . F 72, 2009 ~ 2010 4E 2 AT T
FA4 D) 7IERERE, 4~ FIbERTH 2 B VDPV {5k
PHERENTEY O (F1), tOPV I L 2 EHIFpiEfE%R)s
b e EEVEIEEICBITS, 28 VDPV O EBBEHED
BEENTWSE, 4 v FILEHOEEDOHIET, %28 0PV IZ
L AREFESMOMIE L LKL TR B2 OO NT
i, WELEEZOERO DY, FOERIBERICHES
NTWiW 3468wk —J CBEICEML L 72T
FUEBELENC, 7o F o EEY Y U R—VOERTT 7T
VEERBOE=Y) V%, RITHSEOEFBICEIL M
BEAREETAERVIRKIERNEGD, £V FEICBIT
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%1 TIFCHEHER)FTACIANVDPVIC & BHE Y 59T (2000-2010 %)

(358 FBAEE O RVCHESS MIEE 2 MBRETAEL * EEEENE )
NAF - F 3= 3HE

.- ]
714JEY 2001 3 18 A 2.5
XY TAH N 2001-2002 5 28 H 2.5
E (EME) 2004 2 18 5 1.0
YT AH N 2005 3 28 B 1.5
KA s 2005 46 18 H 15
B RDT 2005-2006 2 3# B 2.0
Iy v 2006-2007 5 18 " 2.0
TFFET 2008-2009 4 2% ? 1.0
Iy TREHRM 2008-2009 16 28 ? 4.07?
A ¥ F (FEE UP*) 2009-2010 12 2% =3 1.0
FATV=YT 2005-2010 307 2H <3 5.0
*HERVFLYFOTANRAL DY ) ARETFRBROFE
** Uttar Pradesh M
A mOPV
2000 v -©-Type 1
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150 / 7\ \ e
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BWPV1 gWPV3

®2 18, 3RBEKk, LU VDPVICKBRY FEFE
(A) 2001 ~ 2010 2B 58 FER K%, 1 BB XU 3RHERK, VDPV IS CRLZ. BFERRY T EEE4L T
(7 7H =% Y(AFG), 4~ FIND), +4 Y= 7(NIE), /8% 2% YPAK)IZHBIF 5 1 ElB X 083 BIBFAERRIC X 5 8 Y FEH
B #2006 ~ 2009 4F) (WHO $R4LE#H & —EHZ).
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e Wild virus type 1

®  Wild virus type 3

& Wild virus type 183
(-] Endemic countries
Case or outhreak following importation {0 - 6 months)

Data in WHO HQ as of 04 May 2010

3 WEERYFEHOIE

(w4 VA #E60E H£1F,

o i

O 01050 BT EHRIABERTE

O BERRUABEEENBSSNTUSE

20094 11 A5 H~ 201045 A 4 HOPEMICBIT 5 1 BIFAKRGRHE X '3 BIFAKREBRRR) HEROS. 02D F

v M5 LEEBI R RS (WHO RREEEH 2 —HE).

AH1EIBIIEFERRY 74NV ZEHEOHRE L 27
VDPV iidT0F4E, 1 8B L0738 mOPV & v 7- SIA
ATV a—VEBEIORES ZWDTRLE., 207120,
4 > FALERTIE, 20104605 1 BB X U3 MIgsdH ik s &
tr bivalent OPV (bOPV) 2SEA S N7, 1®B LT3
5k &1 bOPV i3, tOPV L BT 2 L, 1HBIB I3
BURY &7 A4 VAT L CHRIICHREEZFEL, mOPV
EIFIZFREOAEMEERT L SN TS (B4). bOPV E
AZEB, 7N STABKRIZLY), 1BBIUS
BIFEMAR ) A7 AN AGRBERFCI PO—VT52
EHFEN TN B,

2) F14U7

FA T T, 2005 FLRE, T 7 A ME— DB AR
UFEEETHEE 1L, BHAEENLTEZL DT 7Y
o TVTREEN, WiRMICE AR ) 4T A VA 2l
LIEITTWwA Z EDHEREN TS, AV NEIZERD,
FA4 P2 TARICBIT BEFEKERY 74NV ARHERS
DOBDLERIE, bLdEMETHRAREASEICL HEN
EMTFHEREE LR FREFE~DI I v P XY FOK
RICEBARREELSIAF Y U R—=VIZHDBEEINTE.
FA Y2 7AETI, 2006-2007 4£D mOPV B A D 1

BB LU 3REFERRY T 74 NV ZEEIRELTEDY,
2005 £ LIFE, 2 # VDPV O REIEHEIC & 2 R Y T AT,
B AERRATHUIR & 12 IEE DI CHERR L T B (DY
2005 4E & EE T % L BEE LR YENTRD SN A, 2007 £
BETolEls L ISR IC BT 5 4 @LL E OPV @R
332% LT EfEEENTVS 10,
EICHFERF LAV TORY) FIRBEETE~DO T I v b
AV R LD 0 Th N7 20094 2 B D “Abuja
Commitments to Polio” %&Teik4 RELYHAIZL Y, F4
VY TETOT 7 F BRI L PR WEIRD
LNTWwAE (B5). ZORKELREL, 2009 F#F D%,
FA T 2 TAEOEFERKR Y T AT L L DoDodH A,
2010 E0F 4= 7ORY) THEEERL, wFokI s
SEIFARRICLZ 26l0ATH Y, 1 BIFFARRER T 2009
£10 Uk, EEDEHRESA TR (R5). 28
VDPV 12 & 58 F5EGS, 2009 4E0 153 fEfF & #i L T
2010 FEF1FDOHIEZ>TVE, =V x—)b, F¥ N,
FA4 T2 T ORBETIE, 2010 FI12%oT1ES LW
STIBFARKIC L AF R FEAREIREENTHEY
(R 3), b cBBEREHER VD, 77U HIZBTS
RYFREOERICE T, F4AP2) TERORY FIE
BIBOIAE LB IIIRE BRI ELN S,
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R4 RUAFRTHICEH (TS bOPV OERMEDHES

mOPV3 bOPV toPVv

Type 3 polio

A7 FOR) AFATHICBIT S 1 RBLU3EEY F 74V AxT 5 OPV OFFHOLE. mOPV, bOPV & % 2 tOPV
2 AR LR, 18S 503 3EF Y+ AV 2T % pAITRRER%), (WHO SREER+ —H% ).

3) NE¥RAAVELVTIH=_AR

EELETAINRFAY VBIFT IR »Tid, #
BOTANVAEETFRO 1B L3 RBFAERR Y 74
WAEHEDPHER L TBY, NF¥RAF /T IH=ZZAY VI3,
AYFBEUET 7)) A LML LIoRELRDEDDEERK
R FFRATHIRE %2 o TV B, 2006 LR, /SF A% >/
TI7HEZARY Y TIERY FIEGBOHEE LB IIFRO LN
9, & 122008 FELIRE, FEGIEE & MEHE IS o B nfE
FEOLNDE W, ZOMBICBIT BEHEREY) F AR
EHMEORELZERIE, DETL DIEHBshTwaED,
ANEERBIEEBILTHHEICLY, —ENA U A7 ik
ICBWTEIRN L SIAPERTE RNV LITH A, F72,
EHTFHEEROKS, BERG 0T 7 F BT AT
LADOARE, Ao SIADE=y ) vy, BEHE SO
= 7 Mot U CIER I M 2 —ER BT DFAESE, R4 SEE
BB ENTWS P, —8EY FRATHIETIE, 12K
JLEBEA, OPVERIBEAICOEL L TR T2 BET S IE
BBHRESINTEY, $F 2 »TH OPV OERHEICD
WTORGEPLEELE I NTW5,

4) BEHKARYFEERICHERT R FERT

2000 £, WoARYF 7Y —REKLIZELD
E4 T, BFAKRRYARTENCERT 28 F BT
BICHAELTWS, 20004EICBR-Th, T 7Y 4% Hul
ELZ19ENCBNT, 18D 50 3 BB AERRRY £
ANVAEBRY FERITFERELTBY, 1 BEAEKRRY

A NVAE, 2010 FICIEENFETIOEBRY 4 7 —
LTV T 7 ) ARERDO AT NVETELE (B
3). BEEL LR AERITORE LILE 2 IS~ O £k
YT 7L VADIEREIZ, BY FBEHRITRE L outbreak
response DET 57272 5D L) %Y ELEW) HT, 7
TYAIICBITERY) ABRBEEIEICE o TKRELRBEHEE LS
Twas LY, 7009, F4F, 2—¥v, avITRER
MESE, AREEEBOWRTE L2 —HOT 7Y FEETIE,
B ABFAERRR Y A7 A VAPRBEES T AEAIRD 5
n, BESEDLELUENOBERRY &7 4 IV AEHES
HESN TS, 2009 FEFLLUED T AV 2 ) TIEICE
VBB ERRRY) TEFBRORBAE, 010 Ffivicr S Y
=) T b OEER ) A EiH O KT & WO BIR TR
Bi-nbds, 770 HEE0OR) ABMERO DI,
P =1 5 A B LU outbreak response 4] D FEE
BOEAERRY A BEEEISTT AR, §HIVE
BErRhBEeEZLNTVS,

TOFLARARRIATAINRICEDZRY FHT

2000-2001 FE 127 T, 18 VDPV{RIEIC & 2 KHE %
RYFFATAH, AN =5 BTHO THE SN TLISE,
VDPV 12 & 2 R FFATOHREE, B4 Rl TEED &
IICHESNTEY, BEKRK) FREFMRICBITLY R
JERELCEERINLIIE 7 B® . Z 0 104481
WREHTHA LR FRITEGICHERT 5 VDPV 458
BRD 7 A NV AZERFET D 55O NIRRT E . RER
b, RUFTANAYT 7 F Bk (Sabin k) T Tlcail
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