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Coxsackievirus B3 (CVB3) is the most common pathogen that induces acute and chronic viral myocarditis in children. The cyto-
pathic effect (CPE)-based neutralization test (Nt-CPE) and the plaque reduction neutralization test (PRNT) are the most com-
mon methods for measuring neutralizing antibody titers against CVB3 in blood serum samples. However, these two methods are
inefficient for CVB3 vaccine clinical trials, which require the testing of a large number of serum specimens. In this study, we de-
veloped an efficient neutralization test based on the enzyme-linked immunospot (Nt-ELISPOT) assay for measuring CVB3-neu-
tralizing antibodies. This modified ELISPOT assay was based on the use of a monoclonal antibody against the viral capsid pro-
tein VP1 to detect the cells that are infected with CVB3, which, after immunoperoxidase staining, are counted as spots using an
automated ELISPOT analyzer. Using the modified ELISPOT assay, we characterized the infection kinetics of CVB3 and divided
the infection process of CVB3 on a cluster of cells into four phases. The stability of the Nt-ELISPOT was then evaluated. We
found that over a wide range of infectious doses (102 to 106.5� 50% tissue culture infectious dose [TCID50] per well), the neutral-
izing titers of the sera were steady as long as they were tested during the log phase or the first half of the stationary phase of
growth of the spots. We successfully shortened the testing period from 7 days to approximately 20 h. We also found that there
was a good correlation (R2 � 0.9462) between the Nt-ELISPOT and the Nt-CPE assays. Overall, the Nt-ELISPOT assay is a reli-
able and efficient method for measuring neutralizing antibodies in serum.

Coxsackievirus B3 (CVB3) is a small nonenveloped single-
stranded positive-sense RNA icosahedral virus that belongs to

the Enterovirus genus within the Picornaviridae family. The ge-
nome of picornaviruses consists of a single open reading frame,
which is expressed as a large polyprotein that is considered to
have three general regions, P1 to P3. The P1 region encodes four
structural proteins: VP1, VP2, VP3, and VP4. VP1 is the major
antigenic determinant of CVB3 and is the most external and im-
munodominant of its capsid proteins (1). CVB3 can cause menin-
goencephalitis (2), acute pancreatitis (3), and childhood-onset di-
abetes (4, 5). It is the most common pathogen that induces acute
and chronic viral myocarditis in children (6). The development of
a vaccine to prevent CVB3-induced myocarditis was started �26
years ago (7). Using different murine model systems, it has been
demonstrated that classic and newly developed vaccination pro-
cedures are quite successful for the prevention of CVB3 infections
(8). However, no vaccines or therapeutic reagents have been ap-
proved for clinical use.

Humoral immunity plays an important role in the defense
against virus infection, particularly infections from enteroviruses
(9). Thus, the assessment of the humoral immunity response is
indispensable in the development of vaccines against enterovi-
ruses. A neutralization test is a commonly used method for in vitro
detection of neutralizing antibodies. The cytopathic effect (CPE)-
based neutralization test (Nt-CPE) and the plaque reduction neu-
tralization test (PRNT) are the standard neutralization tests used
for many types of viruses (10–13). However, these two traditional
neutralization tests are time-consuming (taking approximately 7
days) and labor-intensive; thus, these tests can hardly meet the
demands of vaccine clinical trials, which require the screening of a
large number of samples. Therefore, an efficient neutralization
test needs to be developed.

The enzyme-linked immunospot (ELISPOT) assay is a power-

ful tool for detecting and enumerating individual cells that secrete
a particular biomarker of interest ex vivo (14). By employing high-
affinity capture and detection antibodies, each individual cell pro-
ducing the biomarker of interest (such as antibodies, cytokines,
and proteins) is visualized as a spot after an enzyme-catalyzed
color reaction. The plates are then scanned and analyzed using an
automated ELISPOT analyzer to determine the number of anti-
gen-specific cells. Because it is highly sensitive, quantitative, easy
to use, and amenable to high throughput, the ELISPOT assay has
been widely used in many fields of biomedical research, including
vaccine development, transplantation studies, and research on
HIV, cancer, and allergies (14). In the field of vaccine develop-
ment, the ELISPOT assay is often used for the monitoring of spe-
cific cellular immune responses. However, the ELISPOT assay is
seldom used to assess humoral immunity, even though it was orig-
inally developed to analyze antibody-secreting cells (15, 16). Ex-
ploiting the highly sensitive and high-throughput properties of
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the ELISPOT assay, some studies in the last few years have at-
tempted to apply it to measure neutralizing antibodies (17, 18).
This type of ELISPOT-based neutralization test (Nt-ELISPOT)
has properties similar to those of the ELISPOT assay, which makes
Nt-ELISPOT an ideal alternative method for the measurement of
the neutralizing capacities of serum on a large scale. In this study,
the Nt-ELISPOT was successfully applied for the measurement of
neutralizing antibody titers against CVB3 in blood serum.

MATERIALS AND METHODS
Viruses and cells. The CVB3 XM08-2035 strain (GenBank accession no.
JQ042700) was isolated from a throat swab of a hand-foot-and-mouth
disease (HFMD) patient (two-year-old girl, mild case, not hospitalized)
from the Centers for Disease Control and Prevention (CDC) of Xiamen,
China, in 2008. The other two virus strains used in this study were entero-
virus 71 (EV71) strain 10-123 (GenBank accession no. JQ042703, isolated
from the Xiamen CDC in 2008) and coxsackievirus A16 (CA16) strain
TW2007-00190 (GenBank accession no. JF420555, a gift from National
Taiwan University). Rhabdomyosarcoma (RD) cells were obtained from
the American Type Culture Collection (ATCC) and maintained in mini-
mal essential medium (MEM) (Gibco) supplemented with 10% fetal bo-
vine serum (FBS) plus 2 mM L-glutamine, 100 IU of penicillin, and 100
�g/ml streptomycin. To estimate the viral infectivity titers, serially diluted
virus samples (from 10�1 to 10�10) were added to the RD cells (5,000 cells
per well) in 96-well plates, and eight wells were used for each dilution. The
96-well plates were incubated for five days prior to the observation of the
presence of a cytopathic effect. The 50% tissue culture infectious doses
(TCID50s) of CVB3 were calculated by the method described by Reed and
Muench (19). To calculate the multiplicities of infection (MOIs), the titers
were converted from TCID50s to PFU by multiplying by 0.69, and this
number was then divided by the number of cells.

Blood serum samples. Human blood serum specimens were collected
from HFMD patients, who provided informed consent, at the Xiamen
CDC during the outbreak of HFMD in 2010. All of the serum samples
were stored at �20°C. Ethical approval was obtained from the Research
Ethics Review Committee of Xiamen University. IgG was purified from
the serum samples through ammonium sulfate precipitation and protein
G affinity chromatography (20).

Monoclonal antibody. Anti-CVB3 specific monoclonal antibodies
(MAbs) were produced in our laboratory using the method described by
Chen et al. (21). Four 6-week-old female BALB/c mice were immunized
subcutaneously with the XM08-2035 strain of CVB3, which was inacti-
vated by heating at 56°C for 1 h and emulsified in Freund’s adjuvant.
Blood samples were obtained from the tails of the immunized mice after
two booster immunizations. The use of mice was approved by the Insti-
tutional Animal Care and Use Committee at Xiamen University. All of the
MAbs were conjugated to horseradish peroxidase (HRP) using the
method reported by Nakane and Kawaoi (22) and stored at �20°C.

Western blot analysis. The RD cells were prepared in MEM supple-
mented with 2% FBS and seeded at 20,000 cells per well into a 96-well
plate �4 h prior to the experiment. The infectious dose was set to 30,000�
TCID50 per well. Twelve hours later, the cells were harvested and sub-
jected to three freeze-thaw cycles. The samples were then separated by
12% SDS-PAGE and transferred onto a nitrocellulose membrane (What-
man). Subsequently, the membrane was blocked with 5% nonfat milk in
phosphate-buffered saline (PBS) (pH 7.45) for 1 h, incubated with HRP-
labeled MAb A13H11 (1:3,000 dilution) for 1 h, and washed three times
with PBS containing 0.1% Tween 20. The 3,3=,5,5=-tetramethylbenzidine
(TMB) substrate solution (Sigma) was added to visualize the immunore-
active protein bands.

Nt-CPE. The RD cells were prepared in MEM supplemented with 2%
FBS and seeded at 5,000 cells per well into 96-well plates �4 h prior to the
experiment. The sera were first diluted 16-fold with MEM and then heat
inactivated at 56°C for 30 min. Two-fold serial dilutions from 1:32 to
1:16,384 (10 dilutions, four wells for each dilution) were prepared in

MEM. The serially diluted sera were challenged with CVB3 at 100�
TCID50 per well. The serum and virus mixtures were incubated at 37°C for
1 h and then added to the cell plates. The cell plates were incubated at 37°C
and 5% CO2 for 5 to 7 days. The neutralizing titers were read as the highest
dilution that completely inhibited CPE in �50% of the wells.

Nt-ELISPOT. The RD cells were prepared in MEM supplemented
with 2% FBS and seeded at 20,000 cells per well into a 96-well plate �4 h
prior to the experiment. The sera were first diluted 16-fold with MEM and
then heat inactivated at 56°C for 30 min. Two-fold serial dilutions from
1:32 to 1:16,384 (10 dilutions) were prepared in MEM. Next, 50 �l of the
serially diluted sera was challenged with an equal volume of CVB3
(30,000� TCID50/well). The serum-virus mixtures were incubated at
37°C for 1 h and then added to the plates. The plates were incubated at
37°C and 5% CO2 for 12 h. After incubation, the plates were fixed with 100
�l of 0.2% glutaraldehyde in phosphate-buffered saline (PBS) for 1 h at
room temperature and permeated with 100 �l of 1% Triton X-100 in PBS
for 30 min. HRP-labeled MAbs against CVB3 were diluted in PBS with 2%
gelatin and 5% casein, added to the wells of the 96-well plates, and incu-
bated at 37°C for 30 min. The plates were washed three times with PBS
containing 0.05% Tween 20 (PBST). The TMB substrate solution (Sigma)
was added at 37°C for 10 min. The stained plates were patted dry and then
scanned and counted by the ImmunoSpot image analyzer 3.2 (Cellular
Technology, Ltd.) using the blue color system. The resolution of the cap-
tured picture for each well was 512 by 512 pixels. In most situations, the
counting parameters were set as follows: the optical sensitivity ranged
from 175 to 210, the diffuse spot process and the background balance were
0, and the spot size threshold was 0.0001 mm2 to 8.7781 mm2. The other
counting parameters were maintained at the default settings. The wells in
the last two columns of the 96-well plate are the virus control wells and
the cell control wells, respectively. The virus control wells were infected
with the same amount of virus as the test wells, and the cell control wells
contained an equal volume of MEM. The inhibition rate of the serum
on the spots can be calculated using the equation P � [1 � (Ntest �
N

cell control
)/(Nvirus control � Ncell control)] � 100%. In this equation, P is the

inhibition rate of the serum on the spots, Ntest is the number of spots in the
test well, Ncell control is the average number of spots in the cell control wells,
and Nvirus control is the average number of spots in the virus control wells.

Data analysis. The neutralizing titers were read as the highest dilution
that completely neutralized �50% of viruses (Nt50). If the MOI is �1, the
Nt50 can be read as the highest approximate dilution that completely
inhibits �50% of the spots. However, it is worth noting that the neutral-
ization of 50% of the viruses is no longer manifested as a 50% reduction in
the number of spots when the MOI is �1. A Poisson distribution can be
used to predict the fraction of cells in a population infected with a given
number of particles at different MOIs (23). Assuming that one viral unit
can efficiently infect one cell, the percent reduction of the number of
spots that corresponds to the Nt50 at a given MOI can easily be deduced:
Preduction � [1 � (1 � e�m/2)/(1 � e�m)] � 100%. In this equation,
Preduction is the percent reduction of the number of spots that corresponds
to Nt50, m represents the MOI, and e is the base of the natural loga-
rithm. Similarly, the percent reduction of the number of spots that
corresponds to the neutralization of 90% of the viruses (Nt90) at a given
MOI is Preduction � [1 � (1 � e�m/10)/(1 � e�m)] � 100%. The neutral-
ization of 50% of the viruses corresponds to a 37.7% reduction in the
number of spots when the MOI is 1. If the MOI is �4.5, the reduction in
the number of spots is �10% and the Nt50 is not stable due to the normal
fluctuation in the number of spots. In this case, the Nt90 can be deter-
mined and multiplied by 2 to calculate the Nt50, because the Nt50 value is
typically 2-fold higher than the Nt90 value. The determination of the neu-
tralizing titer becomes difficult for MOI values of �23. If the Nt50 of a
serum sample is �32, it is defined as negative; in contrast, if the Nt50 of a
serum sample is �32, it is defined as positive.

The results obtained under different conditions were compared
through a repeated measures analysis of variance (ANOVA). The null
hypothesis states that the mean Nt50 values obtained under different con-
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ditions are the same. If the means are significantly different, Bonferroni’s
multiple comparison test was used to compare two of the means. The
results of the two assay methods were compared through a paired-sample
t test, and the correspondence between the two methods was analyzed by
linear regression using the GraphPad Prism 5.04 software. A P value of
0.05 was considered statistically significant for all parameters, and the
confidence interval (CI) was 95%.

RESULTS
Establishment of a modified ELISPOT assay for the detection of
cells infected with CVB3. The modified ELISPOT assay was based
on the use of a high-affinity MAb against viral protein to label the

cells infected with CVB3, and the MAb was conjugated to horse-
radish peroxidase (HRP). The addition of 3,3=,5,5=-tetramethyl-
benzidine (TMB) substrate stained the labeled cells that were in-
fected with CVB3 blue. Thus, under a microscope, the infected
cells appeared as blue spots. Therefore, the selection of a high-
affinity MAb is a key step in the establishment of the modified
ELISPOT assay. A total of 29 MAbs against CVB3 were produced
in our laboratory. The use of the 29 MAbs as the detection anti-
body in the modified ELISPOT assay revealed that 10 MAbs
showed good reactivities with CVB3-infected cells (see Fig. S1 in
the supplemental material). Lastly, a high-affinity and specific
MAb, A13H11, was selected as the detection antibody from these
10 MAbs. The A13H11 MAb reacted with the viral protein VP1 of
CVB3 (Fig. 1A). The HRP-conjugated A13H11 can label CVB3-
infected cells specifically and does not react with uninfected cells
or cells infected with EV71 or CA16 (Fig. 1B). The background is
commonly �10 spots and fluctuates in practice.

Infection kinetics of CVB3. Because this new ELISPOT assay
can quantify the number of infected cells, we used it to character-
ize the infection kinetics of CVB3. RD cells were infected with
CVB3 at 40� TCID50 per well. The number of spots was detected
every 6 h for a total of 72 h. As shown in Fig. 2A, the growth curve
of the number of spots was S-shaped and was divided into four
phases.

(i) Lag phase. During the first few hours, the viruses started to
infect the cells. However, there was little or no increase in the
number of spots during this phase. The possible reasons are that
the viral proteins were not yet synthesized during this period and
that the infectious dose was so low that only a small proportion of
cells was infected.

(ii) Log phase. In this phase, the viral protein VP1 was synthe-
sized and accumulated to a detectable level or the viruses multi-
plied and continuously infected new cells. The number of spots
increased rapidly in a logarithmic manner during this phase. This
phase lasted approximately 18 h.

(iii) Stationary phase. Almost all of the cells were infected, and
the number of spots did not continue to increase. This phase lasted
approximately 12 h.

(iv) Death phase. All of the cells were infected. Some displayed

FIG 1 (A) Western blot analysis of the reactivity of A13H11 to VP1. �, lysis of
RD cells infected with CVB3 at 30,000� TCID50 per well; �, lysis of normal
RD cells; M, molecular weight marker (catalog no. SM0671; Fermentas). (B)
Specificity of the detection antibody A13H11. The number in the upper left
corner of each well indicates the number of spots calculated by the Immuno-
Spot image analyzer. Shown are the wells infected with the XM08-2035 strain
of CVB3 (a), the 10-123 strain of EV71 (b), the 2007-00190 strain of CA16 (c),
and the control well, which contains an equal volume of minimal essential
medium (MEM) (d).

FIG 2 Infection kinetics of CVB3. (A) The growth curve of the number of spots for an infectious dose of CVB3 of 40� TCID50 per well. The data points indicate
the average numbers of spots from six wells, and the error bars show the standard deviations. (B) Contour plot of the number of spots versus the infectious dose
and incubation time. RD cells were seeded onto 96-well plates at 20,000 cells per well and infected with CVB3 at different doses. The number of spots was detected
over a total of 48 h. Every 6 h, six wells were fixed and stained to evaluate the number of spots. �, sampling points. The numbers of spots are distinguished by
labeled contour lines. (C) Relationship between the infectious dose and the incubation time. A series of infectious dose and incubation time combinations that
yield a specific number of spots (400, 800, and 1,200) were chosen from Fig. 2B.
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complete CPE and became detached from the culture dish. Thus,
the number of spots began to decline.

Moreover, we also characterized the infection kinetics of CVB3
at other infectious doses (Fig. 2B). The growth curves of the num-
ber of spots obtained for different infectious doses were similar,
with the exception of the length of the lag phase (Fig. 2B, lower left
corner). Increases in the infectious doses decreased the length of
the lag phase. At an infectious dose of 105� TCID50 per well, many
spots were detected 6 h postinfection.

We selected a set of infectious dose and incubation time com-
binations that yielded a certain number of spots (e.g., 400, 800,
and 1,200) from Fig. 2B and found that there was a negative linear
correlation between the relative infectious dose and the incuba-
tion time (Fig. 2C). The average slope was approximately �9,
which means that if the infectious dose is increased 10-fold, the
incubation time required to yield the same number of spots de-
creases by 9 h. Due to the correspondence between the number of
spots and the actual amount of virus, the slope can also be ex-
plained by the following: if the original infectious dose is increased
10-fold, the time required to multiply the same amount of virus
will be reduced by 9 h.

Feasibility of the Nt-ELISPOT. To assess the feasibility of the
Nt-ELISPOT for the measurement of neutralizing antibodies
against CVB3, we designed the following experiments.

First, a neutralizing antibody-positive human serum sample
and a neutralizing antibody-negative human serum sample were
chosen. The neutralizing titers of the two serum samples were 512
and �32, respectively, as determined with the Nt-CPE. The sera
were then tested using the Nt-ELISPOT. The incubation time was
set to 12 h, and the infectious dose was set to 30,000� TCID50 per
well. As shown in Fig. 3A, the number of the spots in the neutral-
izing antibody-positive human serum sample decreased, whereas
the number of the spots in the neutralizing antibody-negative hu-
man serum sample did not. An increase in the dilution of the
neutralizing antibody-positive human serum sample decreased
the inhibition percentage. However, the inhibition effect may be
due to factors other than antibodies in the human sera. To rule out
this possibility, immunoglobulin G (IgG) was purified from the
neutralizing antibody-positive serum sample, and the experiment
was repeated. The purified antibodies still inhibited the number of
spots (Fig. 3A).

If the neutralizing titers of sera are read as the highest dilutions
that inhibit �50% of the spots, the neutralizing titers of the neu-
tralizing antibody-positive serum sample and the neutralizing an-
tibody-negative serum sample were 1,024 and �32, respectively.
In addition, using the Nt-ELISPOT and the Nt-CPE, we measured
the neutralizing capacity of a serum sample from a mouse immu-
nized with CVB3. The results obtained with the Nt-ELISPOT were
almost the same as those obtained with the Nt-CPE (Fig. 3B). This
finding indicates that the Nt-ELISPOT can be used to measure
neutralizing antibodies against CVB3 in both human and mouse
serum.

Furthermore, the neutralizing antibody-positive serum sample
was 2-fold serially prediluted with the neutralizing antibody-neg-
ative serum sample to obtain multiple test samples with decreas-
ing neutralizing capacities. The neutralizing capacities of the sam-
ples were then assayed using the Nt-ELISPOT. The neutralizing
titers that were measured were identical to the expected neutral-
izing titers (Fig. 3C), which proves that the neutralizing titers mea-
sured by the Nt-ELISPOT accurately reflect the neutralizing ca-
pacity of the serum.

Influence of the infectious dose and incubation time on the
Nt-ELISPOT. In their studies of the neutralization reaction be-
tween phages and neutralizing antibodies, Andrewes and Elford
(24) summarized their findings using the “percentage law”: over a
very wide range of virus concentrations, a given concentration of
antibody neutralizes the same relative proportion of viral infectiv-
ity as long as the antibody is in considerable excess over the virus.
Additional studies have shown that the percentage law can apply
to the virus-antibody interaction in general (24–28). However, the
traditional neutralization tests cannot directly reflect the percent-
age law due to their limited sensitivities or the methods that are
used with these tests to determine the neutralizing titer of serum.
The Nt-ELISPOT is sensitive and can quantify infected cells.
Therefore, we speculate that the Nt-ELISPOT can directly reflect
the percentage law and that the infectious dose of the virus will not
influence the neutralizing titer of the serum in the Nt-ELISPOT.

In the first set of experiments that were used to test this hypoth-
esis, the neutralizing capacities of seven serum samples (Table 1)
were measured with the Nt-ELISPOT using different infectious
doses and a fixed incubation time of 12 h. The mean logarithm of
the Nt50 was plotted against the logarithm of the virus concentra-

FIG 3 Feasibility of the Nt-ELISPOT. Three serum samples were used in this assessment. Their neutralizing capacities were measured by the Nt-CPE and the
Nt-ELISPOT in parallel. For the Nt-ELISPOT, the incubation time was set to 12 h and the infectious dose was set to 30,000� TCID50 per well. (A) Number of
spots obtained from different dilutions of the sera. Data for the neutralizing antibody-positive human serum, the neutralizing antibody-negative human serum,
IgG purified from the neutralizing antibody-positive human serum, and serum from a mouse immunized with CVB3 are shown. (B) The neutralization titers of
the three samples were measured by the Nt-CPE and Nt-ELISPOT. For the Nt-ELISPOT, the neutralizing titers of the sera were read as the highest dilutions that
inhibited �50% of the spots. (C) The neutralizing antibody-positive serum was 2-fold serially prediluted to obtain multiple test samples with decreasing
neutralizing capacities. The neutralizing capacities of the samples were then assayed with the Nt-ELISPOT.
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tion (Fig. 4A). As shown, the infectious dose did not significantly
influence the neutralizing titers of the sera when it was approxi-
mately �106� TCID50 per well (P � 0.05).

In the next set of experiments, the infectious dose was fixed at
30,000� TCID50 per well and the incubation time was changed to
evaluate its influence on the neutralizing titers of the sera. The
neutralizing capacities of the same seven serum samples were
tested every 2 h starting at 6 h postinfection. The mean logarithm
of the Nt50 was plotted against the incubation time (Fig. 4B). As
shown, the mean Nt50 was found to be constant between 8 and 16
h; however, the Nt50 value significantly decreased when the sera
were tested at 18 h postinfection or later (P � 0.01). When the
infectious dose was fixed at 30,000� TCID50 per well, the log and
stationary phases of growth of the spots occurred at 8 to 12 h and
12 to 20 h postinfection, respectively (Fig. 2B). Therefore, we can
speculate that the incubation time may not influence the neutral-
izing titers of sera as long as the sera are tested during the log phase
or the first half of the stationary phase of growth in the number of
spots after infection.

The next set of experiments evaluated the combined influence
of the infectious dose and the incubation time on the neutralizing
titers of sera. A set of infectious dose and incubation time combi-
nations that yield the same amount of spots were chosen. Con-
cretely, the number of spots was fixed to 1,500, and the infectious
dose and incubation time combinations were chosen from Fig. 2B.
The combined conditions were then used to test the neutralizing
titers of the seven serum samples. As shown in Fig. 4C, the neu-
tralizing titers of the sera were almost identical under the different
conditions.

In summary, we can conclude that the Nt-ELISPOT complies
with the percentage law: over a wide range, the infectious dose

does not significantly influence the neutralizing titers of the sera.
In addition, if the sera are tested during the log phase or the first
half of the stationary phase of the growth of spots, the incubation
time has little influence on the neutralizing titers of sera.

Comparison of the Nt-CPE and Nt-ELISPOT. The Nt-CPE is
the standard method that is recommended by the World Health
Organization (WHO) for the measurement of neutralizing anti-
bodies against polioviruses (10) and has been widely applied to
determine neutralizing antibody titers against other enterovi-
ruses, including CVB3. Therefore, we evaluated the concordance
between the Nt-ELISPOT and Nt-CPE. First, using the Nt-
ELISPOT, we screened hundreds of serum samples collected from
children with characteristic symptoms of hand-foot-and-mouth
disease in 2010. In addition, 17 serum samples (Table 1) with
different neutralizing titers were selected. The neutralizing titers
of the 17 samples were tested four separate times using the Nt-CPE
and Nt-ELISPOT. In the Nt-ELISPOT, the neutralizing titers of
the sera were calculated in two ways, with the highest dilutions
that were able to neutralize �50% and �90% of the viral infectiv-
ity (Nt50 and Nt90, respectively). As shown in Fig. 5A, the Nt50

values measured by the Nt-ELISPOT were mainly 2- to 4-fold
higher than the corresponding neutralizing titers measured by the
Nt-CPE. In contrast, the Nt90 values that were measured by the
Nt-ELISPOT were almost equal to the neutralizing titers that were
measured by the Nt-CPE (P � 0.1544); in fact, a linear regression
analysis indicated that there was a high degree of correlation (R2 �
0.9462, Fig. 5B) between these two measurements. The infectious
dose that is commonly used in the Nt-CPE is 100� TCID50, and
the neutralizing titers of the sera tested with the Nt-CPE are read
as the highest dilution that can neutralize a virus to 1� TCID50.
Consequently, the judgment standard of the neutralizing titer
used in the Nt-CPE is 99% neutralization (Nt99). Thus, the Nt90 of
the Nt-ELISPOT is almost equal to the Nt99 of the Nt-CPE. How-
ever, the number of spots is more sensitive to the dilution of serum
at the 50% neutralization condition. Therefore, we chose Nt50 as
the judgment standard of the neutralizing titer in the Nt-
ELISPOT.

DISCUSSION

In this study, we developed an ELISPOT assay to measure serum-
neutralizing antibodies against CVB3. Because the traditional
neutralization tests are time-consuming and labor-intensive, sev-
eral different neutralization tests have been developed (reviewed
by Zha et al. [29]). The common cell-based neutralization meth-
ods are the following. The first is common staining. In traditional
neutralization tests, the experimenters have to examine the cyto-
pathic effect under a microscope, which is subjective and not eas-
ily discerned. To visualize the plaques, the monolayer is com-
monly stained with dyes, such as crystal violet or neutral red.
Zielinska et al. (30) used an ELISPOT analyzer to automatically
count the stained plaques. Although this automatic counting
method makes the PRNT more efficient and objective, it still takes
a long time (3 days) to obtain the results. The second cell-based
neutralization method uses the reporter gene. Due to their high
infectivity and mutation efficiency, pseudoviruses or infectious
clones of many viruses have been constructed. A number of neu-
tralization tests based on a reporter gene of recombinant viruses
have been reported (31–34). These methods are easy to use, rapid,
and objective. However, these tests rely on the existence of a re-
combinant virus and therefore cannot be used to reflect epidemic

TABLE 1 Background of human blood serum samples

Serum
sample no.

Donor characteristics

Sex Age (yr)

Diagnosisa

EV71 CA16 CVB3

6832b Male 1 � � �
6851b Male 2.3 � � �
6852b,c Female 6.6 � � �
6859b,c Male 3.3 � � �
6865b,c Male 3.6 � � �
6866b,c Female 3 � � �
6891b,c Female 2.8 � � �
6839c Female 0.4 � � �
6854c Male 5.4 � � �
6862c Male 2.8 � � �
6876c Male 2.3 � � �
6895c Male 2.9 � � �
6914c Female 3.3 � � �
6947c Female 2.5 � � �
6964c Female 3 � � �
7027c Male 4 � � �
7046c Male 5 � � �
7047c Female 3 � � �
7060c Female 4.5 � � �
a The diagnosis of the donor was based on detection of the viral RNA by RT-PCR (45).
b Sera used in the evaluation of the influence of the infectious dose and incubation time
on the Nt-ELISPOT.
c Sera used in the experiment for comparison of the Nt-CPE and Nt-ELISPOT. �, viral
RNA is detected; �, viral RNA is not detected.
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FIG 4 Influence of the infectious dose and the incubation time on the Nt-ELISPOT. The neutralizing capacities of seven sera were measured under different
experimental conditions. All of the neutralizing titers of the sera were log2-transformed.�, average Nt50 of the seven serum samples;Œ, average of the Nt50 values
that were calculated by multiplying 2 by the Nt90 of the seven serum samples. The error bars show the standard deviations. The dotted curve represents the
number of spots under different experimental conditions. (A) The incubation time was fixed at 12 h, and the infectious dose per well was changed. (B) The
infectious dose was fixed at 30,000� TCID50 per well, and the incubation time was changed. (C) Several incubation time and infectious dose combinations that
yield 1,500 spots were selected to measure the neutralizing capacities of the sera.
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strains in a serological survey. The third cell-based neutralization
method is the immunological method. Immunological methods
have been widely used in neutralization tests, such as ELISA (35–
37) and the immunofluorescence assay (38, 39). These tests rely
on antibodies to recognize the infected cells that express viral pro-
teins. The expression of viral proteins always occurs before the
cytopathic effect; consequently, enzyme amplification can en-
hance both the speed and sensitivities of these neutralization tests.
In addition, neutralization tests based on flow cytometry (40–42),
which can detect infected cells at the single-cell level, have been
reported. However, this method is not suitable for high-through-
put screening. Abai et al. (17) developed a fast neutralization assay
for human cytomegalovirus based on the ELISPOT assay. This
method quantifies the infected cells based on the expression of the
immediate-early 1 (IE1) viral protein through immunoperoxidase
staining and the use of an automated ELISPOT analyzer. Because
it was performed in 96-well cell culture plates and the data were
automatically collected and analyzed, this test is very suitable for
high-throughput screening.

Although multiple new neutralization tests have been devel-
oped, all of these assays measure the neutralizing titers of sera
through the detection of the residual infectivity after the virus and
antibody reaction. Most neutralization tests with different infec-
tious doses read the highest dilution that protects 50% of the cells
from infection as the neutralizing titer of the sera. However, ac-
cording to a Poisson distribution, the percentage of the reduction
of infected cells does not equal the percentage of neutralized vi-
ruses at high infectious doses. Therefore, this method of calculat-
ing serum neutralizing antibody titers is not exact and should take
the infectious dose into account.

Because the Nt-CPE is the standard neutralization test used for
enteroviruses, we evaluated the concordance between the Nt-
ELISPOT and Nt-CPE. If the neutralizing titer is read as the high-
est dilution that neutralizes �50% of the virus, the results ob-
tained with the Nt-ELISPOT are 2- to 4-fold higher than those
obtained with the Nt-CPE. However, if the neutralizing titer is
read as the highest dilution that neutralizes �90% of the virus, the
two tests produce almost identical results. This is because the
judgment standard of the neutralizing titer used in the Nt-CPE

can be considered 99% neutralization. Thus, if the neutralizing
titers of sera are read as the highest dilutions that neutralize �50%
of the virus in a newly established neutralization test, it should be
noted that the results obtained with the newly established method
may be different from those obtained with the Nt-CPE.

The percentage law states that “over a wide range of viral con-
centrations, a given concentration of antibody neutralizes the
same relative proportion of virus infectivity” (24). This law, how-
ever, has to be qualified: the concentration of antibody has to be in
considerable excess compared with the concentration of virus. In
addition, this law is actually the expected effect of the excess of
antibody compared with antigen, which makes the fraction of the
complexed antibody negligible (43). Using poliovirus as an exam-
ple, Brioen and Boxyé (44) studied the validity range of the per-
centage law and found that it is valid when the virus concentration
is approximately �1 � 108 PFU/ml. At higher concentrations, the
result was determined by the ratio of antibody to virus. Using the
Nt-ELISPOT, we proved that the law is valid when the virus con-
centration is �1 � 107� TCID50/ml. However, the actual validity
range may be wider because it was difficult to accurately evaluate
the percentage of neutralized viruses through the number of spots
for an MOI of �23, which is beyond the suitable range of the
Nt-ELISPOT. In addition, we also proved that the incubation time
of the Nt-ELISPOT has little influence on the neutralizing titers of
the sera when the spots are counted during the log phase or the
first half of the stationary phase of growth of the spots. In fact, this
finding is simply the indirect reflection of the percentage law in the
Nt-ELISPOT.

Compared with the Nt-CPE, the Nt-ELISPOT is an efficient
neutralization test that has many advantages: it is rapid, in that the
incubation time is optional and can be shortened to �12 h postin-
fection (compared to 4 to 7 days for the Nt-CPE); it is stable, in
that the infectious dose has little influence on the test results over
a wide range (102 to 106.5� TCID50 per well), whereas the infec-
tious dose used in the Nt-CPE has to be limited to approximately
100� TCID50 per well; there is low serum sample consumption, as
there is no need to use repeated wells in the Nt-ELISPOT, and only
5 �l of the serum specimen is needed if the dilution starts at 32-
fold; and it is high throughput, in that at least eight samples can be

FIG 5 Comparison of the Nt-CPE and Nt-ELISPOT. The neutralizing titers of 17 human serum samples (with different neutralizing titers) were independently
tested four times using the Nt-CPE and the Nt-ELISPOT. The titers were then log2-transformed, and the average neutralizing titer of each serum was calculated.
(A) The sera were aligned by their neutralizing titers. � and Œ, average Nt50 and Nt90 of each serum sample, respectively; these values were determined using the
Nt-ELISPOT assay.�, the average neutralizing titer of each serum sample, which was determined using the Nt-CPE. The error bars show the standard deviations
of the quadruplicate neutralizing titers. (B) The average Nt90 values of the sera that were determined by the Nt-ELISPOT were plotted against the average
neutralizing titers of the corresponding sera that were determined by the Nt-CPE.
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tested on a 96-well plate, and hundreds of samples can be tested in
a single test. Because an automatic spot analyzer is used with the
Nt-ELISPOT, the result is more quantitative and objective.

Unlike the neutralization tests that are based on a reporter
gene, the virus used in the Nt-ELISPOT is a clinical isolate without
any modifications. The Nt-ELISPOT is applicable to other viruses
and is especially helpful for viruses that cannot form plaques. To
develop this assay for a new virus, it is only necessary to select a
susceptible cell and screen a high-affinity antibody. We have ap-
plied the Nt-ELISPOT to the detection of many viruses in our
laboratory, such as enterovirus 71, coxsackievirus 16, echovirus
30, and rotavirus (data not shown; our unpublished data). Our
approach to the measurement of infected cells using an ELISPOT
analyzer can be adapted to a variety of applications, such as sus-
ceptible cell screening, virus titration, and virus identification.
However, there are some drawbacks associated with the validation
of our method, such as the limited sample size and the use of only
a single strain of CVB3. Further studies are still needed to support
a wider use of the modified ELISPOT assay described herein.
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