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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 (CCIDj,), 5.3 X 105 CCIDs,, and 9.1 X 10° CCIDj,, 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-
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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 [PVI(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° CCIDs,/pl), CVB3
(strain Nancy; 5.6 X 10* CCIDs/pl), CVB4 (strain JVB; 3.2 X 10* CCIDs/pl),
EVT71 (strains BrCr-TR, Nagoya, C7-Osaka, 1095, and 75-Yamagata-2003 [1.8 X
10* CCIDsy/pl, 6.3 X 10* CCIDsy/ul, 3.3 X 105 CCIDsy/pl, 1.2 X 105 CCIDsy/pl,
and 6.3 X 10° CCIDs/pl, respectively]), CVA17 (CAM2163 isolate; 1.8 X 10*
CCIDs/pl), and CVA20 (CAM1976 isolate; 3.2 X 10* CCIDs,/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
1gG2a (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
5S'ATGAATCGATTCATTTACCCGGAGTCCGGG3' (BglII and Clal sites in
the primers are underlined), with a baculovirus expression vector for PVR-IgG2a
as the template (1). The DNA fragment was digested with BglII 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-IgG2a and pVSV-G (Clontech). The cell
culture supernatant of the transfected cells was collected at 96 h posttransfection.
HEK293 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/ml) 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 NaCl, 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
1gG2a.

Sensitization of gelatin particles with PVR-IgG2a. Gelatin particles which had
been activated with tannic acid were mixed with 5.8 to 12.6 wg/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 pl 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° CCIDs/pul [1.1 X 10% CCIDs, in 12 pl], 6.9 X 10° CCIDsy/pul [8.2 X 107 CCIDs in 12 wul], and 2.9 X 10°
CCIDsy/pl [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® CCIDs/pl [1.1 X 108 CCIDs in 12 ], 6.9 X 10° CCIDs/pl
[8.2 X 107 CCIDsj in 12 pl], and 2.9 X 10° CCIDsy/pl [3.5 X 107 CCIDs, in 12 wl], respectively) were mixed with a 1/10 volume (1.2 wl) 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/p, 1.8 X 10° CCIDso/pl, 1.0 X 107 CCIDso/pl, 1.0 X 10° CCIDsy/pl, 1.0 X 10° CCIDso/pl, and 5.6 X 10° CCIDsy/p.l, 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 CVAL17 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° CCIDs,, 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. (log;y CCID5y/50 wl) by cell by PA
culture® method

1 CAM1967-R1L1 6.25 P3 P3

2 CAM1967-R2 7.25 P3 P3

3 CAM2057-L2 6.5 P3 P3

4 CAM2057-R2 6.75 P3 P3

5 CAM2057-R1L1 NA P3 P3

6 CAM2058-1.2 6.25 P3 + NPV P3

7 CAM2058-R2 7.75 P3 + NPV P3

8 CAM2058-R1L1 NA P3 + NPV P3

9 CAM2294-L1 NA P3 P3

10 CAM2294-R2 7.5 P3 P3

11 CAM2553-L1 6.5 P2 P2

12 CAM2554-L1 7.0 P1+ P2 P1+ P2
13 CAM2554-R1 7.5 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-L2 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 L20B cells. Numbers after R and L represent
the numbers of passage of the virus in the cells (e.g., R1IL1 means one passage
in RD cells followed by one passage in L20B cells).

? 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
10%% to 10%° CCIDsy/50 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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