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Enterovirus (EV) infections occur frequently in humans. In some geographical

areas they are more common. These viruses cause diseases with varying

degrees of severity, from a simple respiratory tract infection to severe

diseases. Since EVs include more than 70 serotypes currently circulating in

the population, a methodology that detects most of them is needed. ELISA is a

rapid, sensitive, and economical diagnostic method for the identification of EV

serotypes and can also be used as a retrospective diagnostic tool or in the

investigation of outbreaks of infection. Commercial EV-ELISAs often appear and

gradually disappear from themarket supply. We have used the KTL-510 peptide,

a synthetic viral protein of poliovirus VP1, as an antigen in a peptide-based ELISA

for the detection of a broader spectrum of anti-EV antibodies. We aimed to

design, optimize, and standardize this in-house ELISA with the peptide, and

implement the method for routine detection of anti-EV IgG in human sera. For

determining the cut-off value, we used 100 patients’ sera whichwere previously

tested negative for IgG antibodies against EVs using a commercial ELISA kit

available. We monitored patients’ sera samples sent for serological testing of

anti-coxsackievirus antibodies to the National Reference Center for the
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Identification of Enteric Viruses between 2018–2022. These serum samples

were examined using a standard virus neutralization test as well as the newly

developed ELISA method.
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Introduction

Genus Enterovirus which belongs to the Picornaviridae

family includes numerous viral species widespread in the

human population. They are most often disseminated by the

fecal-oral route, less often by the respiratory route, and infection

rates vary according to the location and season. Enteroviruses

(EVs) occur commonly, though often the infections go

unnoticed. They are the etiological agents of hand, foot, and

mouth disease, respiratory tract infections, herpangina, and

pleurodynia. In some cases, they can lead to life-threatening

diseases of the central nervous system, severe infections with

permanent consequences, or death. They may play a role in

some chronic diseases such as chronic myocarditis, dilated

cardiomyopathy, post-polio syndrome, or type 1 diabetes.

Children, the elderly, and people with weakened immunity are

the most endangered by EV infection (Chapman and Kim, 2008;

Pallansch et al., 2013; Smatti et al., 2019; Itani et al., 2023).

Human EVs are divided into four EV species (A to D) and three

rhinovirus species (A to C) based on sequence diversity.

Currently, 75 EV serotypes and 100 rhinovirus serotypes are

known according to their antigenicity, and more than 300 types

have been characterized based on their genetics (International

Committee on Taxonomy of Viruses, 2023).

Therefore, it is difficult to find a suitable method for their

diagnosis that would be fast, specific, and sensitive, while

identifying a large number of EV species. Methods, such as

virus isolation, can only reveal acute EV infection. In contrast,

serological methods can be used to diagnose both acute and

chronic EV infections. Serological tests used in the routine

diagnosis of EVs include complement fixation test, enzyme-

linked immunosorbent assay (ELISA), or virus neutralization

test (VNT) (Swanink et al., 1993; Payne, 2017), the latter being

used in our laboratory. The biggest disadvantage of VNT is the

time consumed to get the results. It captures antibodies against

specific (selected) serotypes, which may be of interest for

epidemiological studies, but when detecting many serotypes,

this method is financially and time inefficient.

Advantages of the ELISA is that it is rapid, sensitive, it can be

automated and is useful for the detection of acute and chronic

infections, in retrospective diagnosis and outbreak studies.

Several EV serotypes can be detected in ELISAs capturing

heterotypic antibodies using antigens from a limited number

of EVs or synthetic peptide antigens in a single run (Craig et al.,

2003; Payne, 2017). M. Roivainen and her group identified

regions in the poliovirus (PV) type 3 capsid proteins that bind

anti-EV antibodies using a peptide scanning method. Such

antibody binding sites were found in regions of the capsid

virus protein (VP) 1, VP2, and VP3. VP1 protein (located

between amino acids 37 and 53 of the polypeptide chain) was

identified with the highest degree of sequence homology in all

EVs analyzed (PV1 Mahoney and Sabin, PV2 Lansing and Sabin,

PV3 Sabin, Finland/84 and Leon, coxsackievirus (CV) A9, A21,

B1, B3, B4, and B5, EV71) in the study except echovirus (ECV) 22

(Roivainen et al., 1991), which has been reclassified as a member

of the Parechovirus genus (International Committee on

Taxonomy of Viruses, 2023). Based on this region, 4 peptides

were synthesized. Rabbits were experimentally immunized using

all these synthetic peptides, and the sera were further analyzed.

Authors Hovi and Roivainen tested different members of the

genus Enterovirus used immunoperoxidase in situ hybridization

assay. The most effective peptide was KTL-510 with the sequence

KEVPALTAVETGAT(C), which covered several EV serotypes

(PV type 1–3, CVA9, A13, A16, A18, A21, CVB1 - B6,

23 different serotypes of ECV and EV69, EV70, and EV71).

The peptide did not react with CVA7 (EV) and also with other

testes DNA and RNA viruses. The study did not examine EVs

other than those previously mentioned (Hovi and Roivainen,

1993). We assume that the changes in the amino acid sequence of

this target region of the VP1 capsid protein in some specific

serotypes (e.g., mutations) may act as a limiting factor in the

range of detection.

Based on the broad EV detection spectrum and specificity to

VP1 region, we used the KTL-510 peptide as an antigen in a

peptide-based ELISA to detect EV immunoglobulin (Ig) G in our

study. Our aim was to design, optimize, and standardize a

peptide-based ELISA and implement it into the routine

diagnosis of IgG against EV in human sera.

Material a methods

Serum samples

The Office of Public Health (Bratislava, SR) kindly provided

us with 100 human sera samples that were evaluated in their

laboratory as anti-EV IgG negative by a commercial ELISA kit.

Another set of 109 samples was evaluated with VNT as negative

for selected anti-CV antibodies in the Regional Office of Public

Health (Banská Bystrica, SR) and the National Reference Center
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for the Identification of Enteric Viruses (Bratislava, SR). These

tested sera were used to establish a cut-off value, which was

determined based on the optical density (OD) values of at least

100 negative sera diluted 1:1,000.

For ELISA and VNT testing, we used 402 human sera sent to

the National Reference Center for the Identification of Enteric

Viruses (Bratislava, SR) for CV antibody examination.

Enzyme-linked immunosorbent assay for
detection of anti-EV IgG antibodies

Round-bottom 96-well plates were coated with KTL-510

peptide at a concentration of 5 μg/mL (Roivainen et al., 1998)

in 0.05 M carbonate buffer (pH 9.0) and incubated overnight

(maximum of 5 days) at 8°C. After binding, the wells were washed

three times with phosphate buffered saline (PBS) enriched by

0.1% Tween 20, the washing was repeated after almost every

subsequent step. Coated plates were blocked with PBS with 0.1%

bovine serum albumin for 30 min at room temperature.

Although most commercial ELISA kits do not require serum

inactivation, it is a standard step for many serological methods.

We assessed (compared) inactivated and non-inactivated sera.

The sera were heat-inactivated at 56°C or 50°C for 30 min in a

water bath, then diluted in PFTM buffer (PBS with 1% fetal

bovine serum, 1% bovine serum albumin, 0.1% Tween 20, and

5 mM ethylenediaminetetraacetic acid) in a ratio of 1:100, 1:

1,000 and 1:10000. Human sera were analyzed in duplicates. To

peptide-bound plates, different dilutions of serum samples were

added, incubated for 1 h at 36°C and then washed three times.

Polyclonal rabbit antibody against human IgG labelled with

horse radish peroxidase (DAKO, P02104) diluted in PFTM

buffer (1:6,000) was applied to the plates and incubated for

1 h at 36°C, then washed (3x). Finally, the substrate

containing urea-peroxide, sodium citrate, sodium acetate

trihydrate, and 3,3′,5,5′-Tetramethylbenzidine, pH 5.5) was

added. After 10-min incubation time, the reaction was

stopped with 1 N sulfuric acid. The OD values of individual

wells were determined using iMark™ Microplate Reader (Bio-

Rad Laboratories, Inc.) at a 450 nm wavelength

(Supplementary Material).

Virus neutralization test for detection of anti-CV
neutralizing antibodies

Neutralizing antibodies against CVB1, CVB2, CVB3, CVB4,

CVB5, CVB6, CVA7, and CVA9 in two paired sera samples from

one patient taken at a time interval of 2-3 weeks were measured

using VNT. Serial 10-fold dilutions of virus strains (ranging from

10−1–10−8) in Eagles’MinimumEssential Mediumwere prepared.

Patient sera were diluted as two-fold dilutions (1:8; 1:16; 1:32; 1:

64; 1:128, and 1:256) in 96-well plates. An equal volume (25 µL)

of diluted CV serotype suspension (one selected serotype per row

of microtiter plate) was added to diluted serum samples

(inactivated at 56°C for 30 min). The dilution of individual

viruses used in the experiment was 2-3 log10 of the viral titer

to ensure that the virus reliably causes a cytopathic effect on the

used cell line. After virus-serum incubation (1 h at 37°C), 50 µL/

well of Vero cells (106 cells/plate) in Eagles’ Minimum Essential

Medium containing 5% FBS was added, and after 5 days in a 5%

CO2 atmosphere at 37°C evaluated. Uninfected cells (negative

controls), controls of serum toxicity, and individual virus

titration were included. The cytopathic effect (CPE) was

observed and recorded, and the titer of neutralizing antibodies

against single CV serotypes (barrier to CPE formation) was

determined.

Results

Heat-inactivation

To determine whether inactivation was necessary, each non-

inactivated sample was divided into 3 parts: one part remained

non-inactivated, and the other parts were inactivated at 56°C or

at 50°C for 30 min in a water bath. However, a relevant

comparison of the sample processing methods could not be

performed, as a large part of the samples (tested VNTs) were

already inactivated at 56°C for 30 min (before starting

experimental work), or we did not have sufficient volume to

process the sample by all three methods. For data comparison, we

had a relatively small set (n = 62) of non-inactivated and

inactivated samples. Based on these results (not published

data) and recommendations from the available literature,

inactivation at 56°C for 30 min was chosen as the standard

procedure. Using this inactivation protocol, we processed all

serum samples tested, including those used to establish the cut-

off. During this analysis, we found that thermal inactivation of

human serum affected the measured absorbance, while the OD

value increased with increasing temperature.

Cut-off determination

According to the 68-95-99.7 rule, observed data for a normal

distribution will fall within 3 standard deviations (SD) of the

average. Statistical rule states that 99.7% of the data should fall

within 3 SD, 95% of the data within 2 SD and 68% of the data

within 1 SD of the mean (Hubert, 2018). In the available

literature, the cut-off value is calculated as the average value

of negative samples OD plus 2 SD (mean + 2 SD) or mean plus

3 SD (mean + 3 SD) (Cao et al., 2022; Hochman et al., 2023;

Oluka et al., 2023).

We used four sets of samples (diluted 1:1,000) to determine

the cut-off value (mean + 2 SD and mean + 3 SD), 95%
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confidence level, standard deviation, standard error, and sample

variance, as seen in Table 1. We examined 209 serum samples

(inactivated before at 56°C for 30 min), of these 100 serum

samples using the anti-EV IgG negative by commercial ELISA kit

and 109 serum samples evaluated with the VNT for were anti-CV

B1-6, A7 and A9 negative. We evaluated the cut-off value for the

entire set of samples (n = 209), where the mean + 2 SD was 2.26 ±

0.03 and the mean + 3 SD was 2.52 ± 0.03. In the 100 serum

samples (anti-EV IgG negative by commercial ELISA kit) we

determined cut-off, the mean + 2 SD was 2.26 ± 0.04 and the

mean + 3 SD was 2.46 ± 0.04. In the 109 serum samples (VNT

tested as anti-CV B1-6, A7 and A9 negative) we determined cut-

off, the mean + 2 SD was 2.12 ± 0.05 and the mean + 3 SD was

2.37 ± 0.05. Using VNT, only antibodies against selected CV

strains were monitored, which is a limiting factor in determining

the cut-off based on these samples. We used 100 serum samples

with the lowest OD values from the entire sample set, for the

determination of the cut-off value of the in-house ELISA. The

mean + 2 SD were 1.94 ± 0.04 and mean + 3 SD 2.15 ± 0.04. Then

the cut-off value of the in-house ELISA was determined as the

average of the mentioned values i.e., 2.04 ± 0.04 (samples above

2.15 ± 0.04 were considered as highly positive, and samples

between the cut-off and 1.94 ± 0.04 were in the upper limit of

negativity). After subtracting the standard error and sampling

variance from the set cut-offs, only minor differences were found

in the numbers. The limitation of the optimization process is that

the cut-off value was determined using 100 serum samples, which

does not represent a diverse population and the range of anti-EV

antibody levels.

Reproducibility within the laboratory work was determined

using a single sample of human serum tested 35 times on

different days and plates with time, laboratory temperature,

and multiple freezing and thawing of the sample as varying

factors. The average OD of the sample value was 2.09 with a SD of

0.15% and 95% confidence level of 0.05. According to these

results, the coefficient of variation was 7.06%, which is acceptable

because the satisfactory inter-assay precision is usually less than

10% (Murray and Lawrence, 1993).

Detection of anti-EV IgG in patients’ sera with
in-house ELISA

We examined 402 patients’ sera samples sent for serological

testing of anti-CV (B1-6, A7 and A9) antibodies to the National

Reference Center in 2018–2021 using VNT and the newly

developed ELISA method. These samples were not tested with

commercial ELISA kit. This study was double blind. We

evaluated the absorbance values from 1:1,000 dilutions and to

assess positivity or negativity in ELISA, we used a set cut-off

value. ELISA results are presented separately for each year in

which the samples were taken. In 2021, 17/80 (21.3%) samples

were positive (≥2.04 ± 0.04). Among the sera collected in 2020,

17/104 (16.3%) were positive. In 2019, 16/104 (15.4%) samples

were positive. Out of the 114 sera from 2018, only 4 (3.5%) were

positive. The OD values of several negative serum samples were

in the upper limit of negativity (between ≥1.94 ± 0.04 and <2.04 ±
0.04), specifically 12/63 (19%) in 2021, 8/87 (9.2%) in 2020, 20/88

(22.7%) in 2019 and 6/110 (5.5%) of serum samples in 2018

(Figures 1, 2).

Examination of patients’ sera with VNT

Based on VNT results, 152 out of 402 screened human sera

were positive (antibody titer ≥128) for the presence of

TABLE 1 The results of the cut-off value evaluation.

samplea

size
Cut-off Cut-off minus

(standard error +
sample variance)

95%
confidence

level

standard
deviation

standard
error

sample
variance

mean+
2SD

mean+
3SD

mean+
2SD

mean+
3SD

anti-EV IgG
negativeb + anti-CV
antibodies negativec

209 2.26 2.52 2.17 2.43 0.03 0.26 0.02 0.07

anti-EV IgG negative 100 2.26 2.46 2.20 2.40 0.04 0.20 0.02 0.04

anti-CV antibodies
negative

109 2.12 2.37 2.04 2.29 0.05 0.25 0.02 0.06

anti-EV IgG negative
+ anti-CV antibodies
negative
(100 lowest OD)

100 1.94 2.15 1.87 2.08 0.04 0.21 0.02 0.05

aall samples were diluted 1:1,000 in PFTM, buffer.
banti-EV IgG negative – assessed with commercial ELISA kit.
canti-CV antibodies negative – samples negative for neutralizing antibodies against CVB1-6, A7 and A9.
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neutralizing antibodies against CV, namely anti-CVB1 in 12/152

(7.9%), anti-CVB2 in 11/152 (7.2%), anti-CVB3 in 50/152

(32.9%), anti-CVB4 in 64/152 (42.1%), anti-CVB5 in 50/152

(32.9%), anti-CVB6 only in 2/152 (1.3%), anti-CVA7 in 29/152

(19%) and anti-CVA9 in 48/152 (31.6%) sera. In 76 samples the

antibody titer was ≥256. Some samples showed antibodies to

several CVs. In Figure 3 we present the percentage of anti-CV

neutralizing antibodies confirmed samples from the total

number of tested human sera for each year in which they

were collected.

FIGURE 1
Boxplot of the distribution of examined human sera samples absorbance values at 450 nm, for each year in which the samples were taken. The
cut-off value of 2.04 is shown in the graph as a linear black line and the lower limit of negativity as a grey dashed line. Negative samples are
below <1.94 ± 0.04, the upper limit of negativity is between ≥1.94 ± 0.04 and <2.04 ± 0.04, and samples above the cut-off limit ≥2.04 ±
0.04 are positive.

FIGURE 2
Distribution of absorbance values (at 450 nm) of 402 examined human sera samples, for each year in which the samples were taken. Negative
samples are below <1.94 ± 0.04, the upper limit of negativity is between ≥1.94 ± 0.04 and <2.04 ± 0.04, samples above ≥2.04 ± 0.04 are positive and
above ≥2.15 ± 0.04 highly positive.
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Discussion

Enteroviruses are widespread globally, and several serotypes

have been detected in the population. Brouwer et al. (2021)

summarized 153 published articles focusing on EV

seroprevalence and found that 82 EV serotypes were detected

in the population, with species EV B and D being the most

frequently represented in Europe. The data meta-analysis

included 71 studies from 13 countries and focused on the

seroprevalence of EVA71 and CVA6, which are among the

most common causative agents of hand, foot, and mouth

disease. In some studies, the seroprevalence of EVA71 was

reported as high as 88.8%, while the results of a data meta-

analysis showed 45.9% positivity. In the CVA6, the analyzed

studies set the seroprevalence from 40.8% to 80.9%, while the

data meta-analysis set it at 58.3% (Shi et al., 2023a). Another

meta-analytic study by Shi et al. (2023b) demonstrated that

EVD68 seropositivity was 76%, this study included

13 publications from China, Taiwan, Japan, Malaysia, the

Netherlands, the United Kingdom, and the United States.

These are just a few examples of the substantial number of

EV serotypes. Since infection can occur inapparently or with

non-specific mild symptoms, a person can overcome EV

infection without knowing it and the prevalence in the

population can be even higher.

Enzyme-linked immunosorbent assay using an appropriate

antigen can be a useful tool for the detection of anti-EV

antibodies against several serotypes, and because ELISA

involves multiple steps, optimization is the key to success. The

high prevalence of EV seropositivity is one of the two main

reasons why it is difficult to find negative sera samples (or sera

that do not contain any anti-EV antibodies) needed to establish a

cut-off value. Another obstacle in determining the in-house

ELISA cut-off is the mandatory PV vaccination, because the

KTL-510 peptide synthesized based on the immunodominant

region of the PV type 3 VP1 protein, which we used as an antigen

in the peptide-ELISA, also detects antibodies against PV 1 to 3

(Roivainen et al., 1991; Hovi and Roivainen, 1993). In Slovakia,

the first vaccination against poliomyelitis is given in the third,

sixth, and eleventh months of life and the re-vaccination at the

age of six and thirteen (Public Health Office of the Slovak

Republic, 2024), as a result, it is possible to detect these

antibodies at certain levels even in small children. All these

facts explain why the set 2.04 ± 0.04 value, which may be

relatively high, even though we determined the value based on

samples which were previously evaluated as negative by

commercial ELISA kit or VNT. The limiting factors of this

comparison are that with samples evaluated for the presence

of anti-EV IgG antibodies by a commercial kit, which does not

describe the serotypes it captures and VNT captures only

neutralizing antibodies against 8 selected CV serotypes.

There are differences in the published literature as to

whether human serum inactivation is necessary for different

serological methods. Some authors state that serum inactivation

can cause false positive or false negative results (Lin et al., 2021).

However, the data diverges between different publications in

which antibodies against the same virus are detected (Hu et al.,

2020a; 2020b; Sapkal et al., 2020; Xue et al., 2020;

FIGURE 3
Percentage of anti-CV neutralizing antibodies confirmed samples from the total number of tested human sera samples for each year in which
they were collected. In anti-CV samples <128, the titer of neutralizing antibodies against CVB1-6, A7 and A9 was lower than 128, antibodies against
other serotypes were not tested.
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Rungrojcharoenkit et al., 2023). For detecting antibodies

against different EVs from mouse and human sera, samples

were inactivated at 56°C for 30 min (Huang et al., 2010; Yang

et al., 2014; Hou et al., 2015; Liu et al., 2019). Bendig and

Molyneaux (1996) did not inactivate patient sera in μ-capture

ELISA for the detection of EV IgM. However, the mentioned

studies on different EVs did not compare the results of inactivated

and non-inactivated sera and therefore did not determine how it

affects the results. Inactivation at 56°C for 30 min is a standard

step for VNT, while it is not recommended for many commercial

ELISA kits. Because the publications for individual serological

methods focused on temperature inactivation were not uniform,

we evaluated and compared inactivated at 56°C for 30 min and

50°C for 30 min and non-inactivated sera. The measured values of

ODwere highest in sera samples inactivated at 56°C and decreased

with declining temperature. These results agree with published

studies that detected an increase in the level of IgG antibodies after

serum inactivation (Fante et al., 2021; Lin et al., 2021). As the

reason for this effect, Fante et al. (2021) reported that during

thermal inactivation, IgG is released from the C1q-IgG and C3d-

IgG immune complexes, which increases themeasured values. Lin

et al. (2021) state that under conditions of heat inactivation,

monomeric IgG antibody molecules can aggregate, and therefore

the detection values of IgG antibodies increase. Thermal

polymerization of IgG affects its biological activity and the

structure of its products, with the degree of polymerization

increasing with heat and the strongest binding ability being at

a temperature of 62°C. The conformation of IgG changes and the

number and availability of active sites of the antibody also

increases. This reaction is non-specific and can result in false

positivity. In our case, however, we can exclude false negativity

and false positivity of samples after inactivation, because we set

the cut-off value based on 100 samples inactivated at 56°C for

30 min with the lowest OD values from the entire sample set.

Moreover, the majority of publications whose results were

distorted after sera inactivation used serological methods other

than the in-house ELISA method and focused on viruses

other than EVs.

In the studied serum samples collected between 2018 and 2021,

we found that in 54 cases out of 402 (13.4%) samples (dilution of 1:

1,000 by an in-house ELISA method with KTL-510 peptide) the

measured level of OD anti-EV IgG was higher as a set limit of 2.04.

We also evaluated samples, diluted at 1:100 dilution, OD values were

above the cut-off in 310 out of 402 samples (77%), while these data

correspond more with the results of seroprevalence studies of Shi

et al. (2023a); Shi et al. (2023b). However, we consider for the

determination of cut-off values OD values obtained at 1:

1,000 dilution as the authoritative data for determining the

positivity of patient samples. We also assessed a set of

402 samples by VNT for the presence of anti-CV antibodies. We

found that the prevalence of neutralizing antibodies to individual

CV serotypes varied from year to year, which may be a sign of

smaller epidemics caused by particular serotypes. In 2018, antibodies

against CVB5 were the most common (16.7%), as well as in 2019, at

12.5%. In 2019, however, anti-CVB4 (11.5%) and anti-CVA9

(10.6%) neutralizing antibodies were present in a similar number

of cases, and the total number of positive cases was lower compared

to other monitored years. In 2020, the most represented were anti-

CVB4 neutralizing antibodies, and in 2021, anti-CVB3 (20%), anti-

CVA9 (18.8%) and anti-CVB4 (17.5%). The results of VNT and in-

house ELISA are not comparable because we used different sample

dilutions for both methods. Using VNT, we detected neutralizing

antibodies against eight selected CV serotypes, whereas using ELISA,

we detected only IgG, but against a larger number of different EV

serotypes. The big advantage of ELISA is that it saves time and the

examination of a larger number of samples is done within 1 day (one

run), unlike VNT where the results are obtained within a week.

In conclusion, we can say that the optimized in-house ELISA

is suitable for routine diagnosis of patient samples, as it is

timesaving. It captures a wide range of EV serotypes, PV type

1–3, CVA9, A13, A16, A18, A21, CVB1 - B6, 23, ECV1 - 9, 11,

13–15, 17–19, and 21, and EV69, EV70, and EV71 (according to

study of Hovi and Roivainen, 1993). It is a good supporting

method for the diagnosis of viral infections. It may be an useful

tool in different applications ranging from serological

surveillance studies to vaccine or antiviral treatment effectivity

examinations.
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