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ABSTRACT Enterovirus D68 (EV-D68) causes a range of clinical manifestations,
including asthma-like illness, severe respiratory disease, and acute flaccid myelitis.
EV-D68 has caused worldwide outbreaks since 2014 and is now recognized as a ree-
merging infection in many countries. EV-D68-specific PCR assays are widely used for
the diagnosis of EV-D68 infection; however, assay sensitivity is a concern because of
genetic changes in recently circulated EV-D68. To address this, we summarized EV-
D68 sequences from previously reported world outbreaks from 2014 through 2020
on GenBank, and found several mutations at the primer and probe binding sites of
the existing EV-D68-specific PCR assays. Subsequently, we designed two novel assays
corresponding to the recently reported EV-D68 sequences: an EV-D68-specific real-
time and seminested PCR. In an analysis of 22 EV-D68 confirmed cases during a recent
EV-D68 outbreak in Japan, the new real-time PCR had higher sensitivity than the exist-
ing assay (100% versus 45%, P , 0.01) and a lower median CT value (27.8 versus 32.8,
P = 0.005). Sensitivity was higher for the new nonnested PCR (91%) than for the existing
seminested PCR assay (50%, P , 0.01). The specificity of the new real-time PCR was
100% using samples from non-EV-D68-infected cases (n = 135). In conclusion, our novel
assays had higher sensitivity than the existing assay and might lead to more accurate
diagnosis of recently circulating EV-D68. To prepare for future EV-D68 outbreaks, EV-
D68-specific assays must be continuously monitored and updated.

KEYWORDS acute flaccid paralysis, enterovirus D68, real-time PCR, transverse myelitis,
in silico

Enterovirus D68 (EV-D68) infection causes a range of clinical manifestations, includ-
ing asthma-like illness, severe respiratory disease, and acute flaccid myelitis (AFM)

(1). It was first isolated in 1962 from children with lower respiratory infections in the
United States (2). Until 2014, EV-D68 had been detected sporadically (3). However, after
a large outbreak in the United States in 2014 and successive outbreaks worldwide
almost every 2 years since 2014, EV-D68 is now regarded as a reemerging infection in
many countries (4, 5). It is currently included in national surveillance for respiratory
infections in the United States and European countries because of its potential for peri-
odic outbreaks (6, 7).

To diagnose EV infection, real-time PCR assays targeting the 59 noncoding region of
EV have been used to detect all EV types. In addition, assays targeting the viral protein
1 (VP1) region have been used for rapid screening of defined EV types (e.g., EV-A71
and EV-D68) for surveillance (8–10). After detection of EV, VP1 sequencing is the gold
standard for EV typing (9). EV-D68 has four major clades (A to D) (4, 5), and recent
worldwide EV-D68 outbreaks have distinctive clade characteristics. Clade B3 is cur-
rently dominant worldwide (5). The dominant clade was recently identified by VP1
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sequencing performed after detection by EV-D68-specific or -nonspecific real-time PCR (5,
11–14).

EV-D68-specific real-time PCR assays used in recent studies were mainly designed
by using sequences obtained from worldwide outbreaks in 2014 (10, 15). Notably, a
real-time PCR assay initially designed by Washington University (WashU assay) in 2015
(10) has been widely used to detect EV-D68. This assay was reported to be superior to
an assay developed in 2014 by the U.S. Centers for Disease Control and Prevention
(CDC), which had lower sensitivity, and to commercially available assays (10). However,
we recently observed a low success rate for the WashU assay in detecting EV-D68 in
samples from a 2018 EV-D68 outbreak in Japan (5). Although WashU yielded negative
results for EV-D68 in more than half the samples, subsequent electrophoresis for PCR
products confirmed the targeting bands of all samples, indicating successful amplifica-
tion without proper attachment of the probe (5). In addition, based on our limited sam-
ple analysis, EV-D68 testing for the same samples by both VP1 sequence analysis using
seminested PCR with the consensus degenerate hybrid oligonucleotide primer
(CODEHOP) approach (16), and another PCR assay suggested by the CDC (5) yielded
unsatisfactory positive rates of 14% (3/22) and 50% (11/22), respectively.

EV-D68 is usually detected by EV-D68-specific real-time PCR and/or EV typing with
VP1 sequencing by seminested PCR after EV real-time PCR. Our recent experience sug-
gested that recent EV-D68 infections might be underdiagnosed because recent genetic
changes in circulating EV-D68 in the world have caused a sequence mismatch that
decreases the sensitivity of existing assays.

The objectives of this study were to determine why detection rates for the currently
used EV-D68 assay are unsatisfactory and to develop improved assays that can detect
recent EV-D68 strains.

MATERIALS ANDMETHODS
Samples. To analyze the assays, we selected samples from three patient groups.
(i) Samples from EV-D68-infected patients. We selected 22 EV-D68-positive nasopharyngeal sam-

ples from children younger than age 15 years with asthma-like respiratory illness during the EV-D68 out-
break in Niigata, Japan, in 2018 (5). EV-D68 was detected by either the EV real-time PCR assay (17) or the
WashU assay (10). EV-D68 diagnosis was confirmed by genetic sequencing of the VP1 region by either
the CDC assays (5) or an additional PCR assay (see Table S1 in the supplemental material).

(ii) Samples from non-EV-D68-infected patients. We selected 135 samples collected during the
period from 2014 through 2019 from children younger than age 15 years with aseptic meningitis, acute
encephalopathy/encephalitis, or severe respiratory infection. PCR confirmed a non-EV-D68-related diag-
nosis. The samples were stored in our laboratory, as described in Table S2A in the supplemental
material.

(iii) Samples from patients with acute flaccid paralysis. We selected 32 samples from 11 patients
with acute flaccid paralysis (AFP) in 2015 or 2018 during the EV-D68 outbreaks in Japan. The samples
were collected to identify the pathogens upon admission. The details of the samples collected from the
patients are shown in Table S2B. In our previous testing of the 32 samples, 1 sample from 2015 was posi-
tive with EV real-time PCR (17), and EV-D68 was confirmed by VP1 sequencing using the CODEHOP
approach (16).

RNA extraction. All samples stored in our laboratory were extracted for viral RNA with a QIAamp
MinElute virus spin kit (Qiagen, Valencia, CA) (18).

Evaluation of previous EV-D68-specific PCR assays. To optimize the WashU assay and CODEHOP
approach for recent EV-D68 strains, we quoted and summarized EV-D68 sequences from previously
reported world outbreaks from 2014 through 2020 on GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) and identified the binding sites of each primer and probe on the sequences (Table 1; see also
Tables S3 to S7) (4, 5, 10, 11, 16, 19–24).

Designs of new assays. First, we designed the novel enterovirus D68-specific real-time PCR assay
(NU assay) and novel primer set (N-Set) for the second PCR of seminested PCR (Table 2). To design the
assays, we identified and compared binding sites of each primer and probe of WashU (10) and
CODEHOP (16) in previously reported EV-D68 sequences (Table 1; see also Tables S3 to S7), which were
the strains that caused global outbreaks between 2014 and 2020. A total of 81 sequences of EV-D68 cir-
culated in the United States, Europe, and Asia were obtained from GenBank. We identified variations of
each binding site of the primer and probe using the A Plasmid Editor (ApE) version 2.0.59 (https://
jorgensen.biology.utah.edu/wayned/ape/) and designed primers and probes to optimize for the varia-
tions described in Fig. S2.

EV-D68 PCR assays. Because of the low EV-D68 detection rates for patients with clinically suspected
EV-D68 infection during the outbreak, we created two novel assays that corresponded to recent genetic
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variants (referred to here as the Niigata methods): EV-D68-specific real-time PCR and nonnested PCR
(Table 2).

New EV-D68-specific real-time PCR (Niigata University assay). Real-time PCR was performed
using the One-Step PrimeScript RT-PCR kit (TaKaRa, Tokyo, Japan) and the Thermal Cycler Dice Real
Time System III (TaKaRa). The 20-ml PCR mixture contained 2ml of extracted RNA, 0.6mM forward primer,
0.4 mM reverse primer, 0.3 mM TaqMan probe, 10 ml of 2 � One Step RT-PCR buffer III, 0.4 ml of TaKaRa
Ex Taq HS (5 U/ml), and 0.4 ml of PrimeScript RT enzyme Mix II. The thermal cycling conditions were 42°C
for 5 min, followed by 95°C for 10 s and then 45 cycles of 95°C for 15 s and 55°C for 45 s. The thermocy-
cling settings were optimized based on the manufacturer’s instructions for reagents and the thermal
cycler used in this study. The reactions were run using Thermal Cycler Dice Real Time System III and ana-
lyzed using the accompanying threshold cycle (CT) analysis software. To create the standard curve for
the quantitation, we performed real-time PCR with serial dilution of designed double-stranded DNA (ref-
erence sequence LC515244) with different concentrations from 101 to 107 copies/ml. Each concentration
of the samples was tested in triplicates, and the standard curve was made selecting the measurements
closest to each concentration. The samples were tested simultaneously with the standard viral RNA (103

copies/ml) in triplicates in the assay, and the viral RNA level of the sample was quantified by the CT val-
ues reflecting the standard value on the curve.

EV-D68-specific seminested PCR (CDC 1 and 4). After viral RNA was converted to cDNA with
SuperScript VILO MasterMix (Invitrogen, Carlsbad, CA), nested PCR for the VP1 region was performed for
EV-D68-positive samples using primers contributed by Allan Nix from the U.S. CDC (unpublished data)
(Table 2) (5). For the first PCR, the 20-ml PCR mixture contained 2 ml of cDNA, 1.0 mM each primer
(AN1019 and AN1014; CDC 1), and 10 ml of iQ Supermix (Bio-Rad Laboratories, Hercules, CA). The cycling
conditions were 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 42°C for 30 s (0.4°C/s), and 60°C
for 90 s. For the second PCR, the 20-ml PCR mixture contained 2 ml of the first PCR product, 0.8 mM con-
centrations of each primer (AN1021 and AN1022; CDC 4), and 10 ml of iQ Supermix. The cycling condi-
tions were 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 52°C for 20 s, and 72°C for 60 s. The PCR
products were purified by using the ExoSAP-IT Express (Thermo Fisher Scientific, Waltham, MA) and
sequenced with a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) on
an automated sequencer (Applied Biosystems 3130xl genetic analyzer).The samples were analyzed by
sequencing and genotyping using BLAST analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Modified seminested PCR assays (CDC 1 and Niigata University set). The primer binding regions
of the second PCR of the CODEHOP approach were contained in the VP1 region sequenced by CDC 4
(Fig. 1). Using the strains detected in 2018 in Niigata and other past reports as reference, we identified
the genetic variants of each region. To reflect genetic changes, we redesigned each primer of AN89 and
AN88 for N-1 and N-2 (Niigata University set [N-Set]). After the first PCR (CDC 1), we performed the sec-
ond PCR with NU Set (Table 2). For the second PCR, the 20-ml PCR mixture contained 2ml of the first PCR
product (CDC 1) and 0.8 mM concentrations of each primer (N-Set: N-1 and N-2). The cycling conditions
were 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 60°C for 20 s, and 72°C for 15 s.

Nonnested PCR assays only with CDC 4 or N-Set. Nonnested PCR with the primer set of CDC 4
(AN1021 and AN1022) or N-Set (N-1 and N-2) was performed. After viral RNA was converted to cDNA,
the 20-ml PCR mixture contained 2 ml of cDNA and each primer. The cycling conditions were same as
described above.

Comparisons of assays. To compare assays, all assays were performed by using 22 EV-D68-positive
samples. For real-time PCR, we compared positive rates and CT values obtained by WashU (10) and the
novel real-time PCR assay (NU assay). To compare the positive rates of two assays using the samples and

FIG 1 Position of each primers and probes for real-time PCR and seminested PCR. Primers and probes for real-time PCR and seminested PCR are located in
the viral protein 1 region of enterovirus D68 (EV-D68). The targeting regions of the seminested PCR assays contain the targeting regions of the EV-D68-
specific real-time PCR assays.
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paired CT values, we used the McNemar test and Wilcoxon signed-rank test for each and STATA software
version 16.1 (Stata Corp., College Station, TX). In addition, we used the McNemar test to compare posi-
tive rates for the seminested PCR with CDC 1 and 4 (CDC 1/4) and nonnested PCR with N-Set. A two-
sided P value of,5% was considered to indicate statistical significance.

Analysis of limit of detection of NU assay. The analytic limit of detection (LOD) for the NU assay
was determined by testing up to 10 replicates of each concentration (0.5, 1, 5, and 10 copies/reaction.)
of the EV-D68 DNA fragment (reference sequence LC515244) on two separate days. The proportion of
the positive results obtained from each concentration was analyzed using probit regression analysis,
which was carried out using R statistical software (version 4.1.0; R Foundation, Vienna, Austria). The theo-
retical LOD was based on the computer modeling approach and was defined as the exact theoretical
copy number that would give a positive PCR response with a 95% probability.

Analyses of limit of detection of CDC4/N-Set and N-Set. The analytic LOD for these assays were
determined by testing up to 10 replicates of concentrations (0.5, 1, 5, and 10 copies/reaction) of con-
verted cDNA of EV-D68 (LC515238). Each theoretical LOD was calculated by probit regression analysis as
performed for the NU assay.

Viral genome sequences for in silico sensitivity and specificity analyses. We obtained the virus
genome sequences belonging to Picornaviridae, EV, and EV-D68 lineages from the National Center for
Biotechnology Information (NCBI) virus database (25). For further analysis, we created a non-EV-D68 EV
genome set (EV genomes minus EV-D68 genomes) and a non-EV-D68 Picornaviridae genome set
(Picornaviridae genomes minus EV genomes). In total, we used 540 EV-D68 genome sequences, 3,683
non-EV-D68 EV genome sequences, and 1,721 non-EV Picornaviridae genome sequences. There were
four clades of EV-D68 due to the diversity of VP1 gene sequences (20). To validate each clade, the VP1
sequence for each clade was obtained from GenBank (26) based on the clade classification performed
previously (25).

In silico sensitivity and specificity analysis for each primer and probe to virus sequences. To cal-
culate the complementarity of each primer and probe, we aligned them using BLAST (27) with the
blastn-short option. Using the results of the complementarity, we counted the numbers of mismatches
of each primer and probe and organized the results by each clade (A, B1, B2, B3, C, and D) and period
(1962 to 2013 and 2014 to 2018) for the in silico sensitivity analyses. To compare the sensitivity of the
WashU assay, we performed the same analyses for the WashU assay. For the specificity analyses, the per-
centage of matched residues for primer sequence length was defined as an identity, and the criterion
for the presence or absence of complementarity was whether the identity was equal to or greater than

TABLE 3 Real-time PCR assay results for enterovirus, enterovirus/rhinovirus, WashU, and the Niigata University method for 22 EV-D68
samplesa

Sample no.

CT value Viral RNA levels
(log10 copies/ml) DCT

b Accession no.EV (17) EV/rhino WashU (10) NU assay
4 29.69 Negative Negative* 25.17 3.93 LC515238
5 30.86 32.73 Negative* 26.37 3.57 LC515239
6 32.34 30.23 31.65 22.75 4.64 28.9 LC627042
7 Negative 29.24 Negative* 34.38 1.20 LC627043
11 37.89 34.86 Negative* 31.31 2.11 LC627044
12 33.8 41.48 Negative* 33.28 1.52 LC627045
15 30.15 24.49 Negative* 36.09 0.69 LC627046
16 23.66 21.36 Negative* 18.06 6.04 LC515240
19 32.39 25.76 32.04 23.08 4.55 28.96 LC515241
20 Negative 26.22 Negative* 30.29 2.41 LC515242
21 Negative Negative Negative* 35.19 0.96 LC627047
23 32.95 34.34 37.35 27.55 3.22 29.8 LC515243
25 33.45 34.23 37.81 28.74 2.87 29.07 LC515244
31 35.95 34.31 Negative* 30.04 2.48 LC515245
32 28.97 25.4 30.33 21.5 5.02 28.83 LC627048
33 27.59 24.47 27.78 20.5 5.32 27.28 LC627049
34 31.13 28.86 Negative* 26.28 3.60 LC515246
37 28.39 31.42 Negative* 26.12 3.65 LC627050
39 34.76 34.81 33.47 31.63 2.01 21.84 LC627051
40 33.95 32.29 31.55 27.97 3.10 23.58 LC515247
41 35.5 32.72 36.5 26.51 3.53 29.99 LC515248
46 Negative 37.45 36.61 34.51 1.16 22.1 LC627052

Positive ratec 82 (18/22) 91 (20/22) 45 (10/22) 100 (22/22) 3.16 28.865
aAn asterisk (*) indicates a designated band was positive on electrophoresis. Abbreviations: EV, enterovirus; CT, threshold cycles; EV/Rhino, enterovirus/rhinovirus; EP,
electrophoresis; WashU, Washington University; NU, Niigata University.

bCalculated as follows: DCT = NU assay –WashU assay.
cCalculated as follows: positive rates/median viral RNA level/median DCT. The values in this row are expressed as “% (no. positive/no. tested).”
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80%. We verified whether the complementarity of each primer and probe for non-EV-D68 EV genome
sequences and non-EV Picornaviridae genome sequences would be absent.

Approach for samples collected from AFP cases during EV-D68 outbreaks in Japan. To validate
the two new assays, we used real-time PCR (NU assay) to analyze extracted RNA stored in our laboratory
and collected samples from children with AFP during the EV-D68 outbreak in Japan (September through
November in 2015 and 2018) (see Table S2B). If the NU assay was positive, we performed VP1 sequenc-
ing with the N-Set and CDC4/N-Set, using the same samples. In addition, WashU was also performed for
all samples.

Phylogenetic analysis to determine EV-D68 clade. Using Molecular Evolutionary Genetics Analysis
software, version 6 (MEGA6) (28), after multiple alignments with the ClustalW program, we identified the
best substitution model, as indicated by the lowest Bayesian Information Criterion scores. A phyloge-
netic tree was constructed by using the maximum-likelihood method with Tamura three-parameter and
discrete gamma distribution with five rate categories and 1,000 bootstrap replicates and partial VP1
region sequences for EV-D68 strains detected in reports published from 2014 through 2020 (4, 5, 13, 21,
23, 24).

RESULTS
Evaluation of novel EV-D68-specific real-time PCR (NU assay). The standard

curve for the novel real-time PCR assay is shown in Fig. S1. To evaluate the sensitivity
and specificity of the novel assays, we tested 22 EV-D68 samples and 135 non-EV-D68
samples, respectively.

We confirmed that all 22 EV-D68 samples (100%) were positive with the novel EV-
D68-specific real-time PCR (NU assay). To compare this assay to the previously reported
assays, we assessed test positivity and CT values for non-EV-D68-specific EV real-time
PCR (17), non-EV-D68-specific EV/hRV real-time PCR (29), the WashU assay (10), and our
novel real-time PCR using the same 22 EV-D68-positive nasopharyngeal samples simul-
taneously. Compared to the other assays, the novel real-time PCR assay yielded the
highest positive rates (100% versus 45% for WashU; P , 0.01) and the lowest CT values
(median 27.76) (Tables 3 and 4). The median change in CT value (NU assay 2 WashU
assay) was 28.87 (P = 0.005). To evaluate specificity, we used the new real-time PCR to
analyze 135 non-EV-D68 viral samples, including samples of EVs (94 samples), hRV (15

TABLE 4 Seminested/nonnested PCR assay results for enterovirus, enterovirus/rhinovirus, WashU, and Niigata University methods for 22 EV-
D68 samplesa

Sample no. CODEHOP (16) CDC 1/4 CDC 1/N-Set CDC 4/N-Set
Nonnested PCR
(CDC 4)

Nonnested PCR
(N-Set)

Viral RNA level
(log10 copies/ml)b Accession no.

4 Negative Positive Positive Positive Negative Positive 3.93 LC515238
5 Negative Positive Positive Positive Negative Positive 3.57 LC515239
6 Negative Negative Positive Multiband Positive Positive 4.64 LC627042
7 Negative Negative Negative Positive Negative Positive 1.20 LC627043
11 Negative Negative Negative Negative Negative Positive 2.11 LC627044
12 Negative Negative Positive Multiband Negative Positive 1.52 LC627045
15 Negative Negative Negative Negative Negative Positive 0.69 LC627046
16 Positive Positive Positive Multiband Positive Positive 6.04 LC515240
19 Negative Positive Positive Multiband Positive Positive 4.55 LC515241
20 Negative Positive Negative Positive Negative Positive 2.41 LC515242
21 Negative Negative Negative Positive Negative Negative 0.96 LC627047
23 Negative Positive Positive Multiband Positive Positive 3.22 LC515243
25 Negative Positive Positive Multiband Positive Positive 2.87 LC515244
31 Negative Positive Positive Multiband Positive Positive 2.48 LC515245
32 Negative Negative Positive Multiband Positive Positive 5.02 LC627048
33 Positive Negative Positive Multiband Negative Positive 5.32 LC627049
34 Negative Positive Positive Negative Negative Positive 3.60 LC515246
37 Positive Negative Positive Multiband Negative Positive 3.65 LC627050
39 Negative Negative Positive Positive Negative Positive 2.01 LC627051
40 Negative Positive Positive Multiband Negative Positive 3.10 LC515247
41 Negative Positive Positive Multiband Negative Positive 3.53 LC515248
46 Negative Negative Negative Positive Negative Negative 1.16 LC627052
Positive ratec 14 (3/22) 50 (11/22) 73 (16/22) 32 (7/22) 32 (7/22) 91 (20/22)
aAbbreviations: CODEHOP, consensus degenerate hybrid oligonucleotide primer approach; CDC, Centers for Disease Control and Prevention; N, Niigata.
bViral RNA levels were calculated as cycle threshold values of our novel enterovirus D68 real-time PCR assay.
cCalculated as follows: positive rates/median viral RNA level/median DCT. The values in this row are expressed as “% (no. positive/no. tested).”
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samples), and non-EV/hRV (26 samples). All samples were negative with the novel
assay (specificity, 100%).

EV-D68-specific seminested PCR for VP1 sequencing (CDC 1 and N-Set). The
novel EV-D68-specific seminested PCR assay comprising CDC 1/N-Set was positive for
16/22 samples (73%) (Tables 3 and 4). The distribution of the viral RNA levels is shown
in Fig. 2.

EV-D68-specific nonnested PCR for VP1 sequencing (CDC 4 or N-Set). EV-D68-
specific nonnested PCR with CDC 4 or N-Set was positive for 7/22 samples (32%) and
20/22 samples (91%), respectively. The nonnested PCR with N-Set yielded a higher pos-
itive rate (91%, P , 0.01) than the CDC assays (CDC 1/4, 50%) (Tables 3 and 4). When
CDC 1/4 were used, the samples with relatively high viral RNA levels (.3.50 log10 cop-
ies/ml) were negative; however, when N-Set were used, samples with high and rela-
tively low RNA levels could be detected (Fig. 2). The lowest viral RNA level detected by
the new assay was 0.69 log10 copies/ml.

Sensitivity analysis of novel EV-D68-specific real-time PCR (NU assay). The LOD
of the NU assay was determined by the probit regression analysis (see Fig. S3). The pro-
bit regression analysis showed that a 95% LOD of the NU assay was 1.64 copies/reac-
tion. The 95% LOD was corresponding to 492 copies/ml in nasopharyngeal, oropharyn-
geal, serum, and CSF samples for the extraction kit (QIAamp MinElute Virus Spin kit
[Qiagen, Valencia, CA]) used in the present study.

Sensitivity analyses of novel EV-D68-specific seminested PCR (CDC4/N-Set) and
nonnested PCR (N-Set). Each LOD of CDC4/N-Set and N-Set was determined by the
probit regression analysis (see Fig. S4). The probit regression analysis showed that 95%
LODs of CDC4/N-Set and N-Set were 1.16 and 1.92 copies/reaction, respectively.

In silico sensitivity and specificity analyses of the NU assay and N-Set. In our in
silico analyses, the current real-time PCR assay (NU assay) has a lower in silico sensitivity
for clade A than the WashU assay; however, the NU assay showed higher in silico

FIG 2 Comparison of each viral RNA level measured by the four PCR assays. We compared seminested PCR assay (CDC 1/4),
seminested PCR (CDC 1/N-Set), nonnested PCR (CDC 4), and nonnested PCR (N-Set). The scatterplot shows the associations of
viral RNA levels measured by the four assays. Each dot represents a viral RNA level. The bars represent median viral RNA levels.
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sensitivities for clades B3 and D due to decreased mismatch for primers and probe
(Table 5). Moreover, we calculated the mismatch numbers for each primer and probe
for old strains (1962 to 2013) and recent strains (2014 to 2018). The WashU assay
showed increasing mismatches for the forward primer (L1-2) and the probe (P1-2) and
decreasing them for one of the reverse primers (R1-2). In contrast, the NU assay
showed relatively lower in silico sensitivities for old strains; however, the NU assay
showed higher sensitivities for each primer and probe for recent strains (Table 6).
Regarding N-Set, N-1 and N-2 have high sensitivities for recent strains (see Table S8).
For the in silico specificity analysis, no genome sequence with an identity .80% was
found in non-EV-D68 Picornaviridae sequences except for N-2 (see Table S9). Thus, we

TABLE 5 In silico analysis of each primer and probe in the NU and WashU assays for each cladea

Clade (n)

WashU NU

Primer/
probe (10)

No. of mismatches (%)
Primer/
probe

No. of mismatches (%)

0 1 2 ‡3 0 1 2 ‡3
A (47) L1-2 91.5 4.3 4.3 0.0 Forward 23.4 0.0 0.0 76.6

R1-2 0.0 0.0 0.0 100.0 Reverse 0.0 0.0 0.0 100.0
R2-2 0.0 78.7 14.9 6.4 Reverse-2 12.8 78.7 0.0 8.5
P1-2 80.9 19.1 0.0 0.0 Probe 83.0 14.9 0.0 2.1

B1 (221) L1-2 93.2 5.9 0.5 0.5 Forward 93.2 5.9 0.0 0.9
R1-2 94.1 4.5 0.5 0.9 Reverse 94.1 1.4 0.0 4.5
R2-2 0.0 0.0 0.5 99.5 Reverse-2 0.0 0.5 2.7 96.8
P1-2 95.5 3.2 1.4 0.0 Probe 98.6 0.5 0.0 0.9

B2 (13) L1-2 100.0 0.0 0.0 0.0 Forward 84.6 0.0 0.0 15.4
R1-2 0.0 7.7 84.6 7.7 Reverse 76.9 7.7 0.0 15.4
R2-2 0.0 0.0 92.3 7.7 Reverse-2 0.0 0.0 0.0 100.0
P1-2 92.3 7.7 0.0 0.0 Probe 84.6 0.0 0.0 15.4

B3 (165) L1-2 30.3 1.2 64.2 4.2 Forward 95.2 2.4 0.6 1.8
R1-2 95.2 2.4 0.0 2.4 Reverse 94.5 2.4 0.0 3.0
R2-2 0.0 0.0 0.6 99.4 Reverse-2 0.0 0.0 0.0 100.0
P1-2 0.0 88.5 0.6 1.8 Probe 94.5 2.4 0.6 2.4

C (59) L1-2 89.8 8.5 1.7 0.0 Forward 100.0 0.0 0.0 0.0
R1-2 0.0 0.0 1.7 98.3 Reverse 1.7 30.5 64.4 3.4
R2-2 0.0 30.5 69.5 0.0 Reverse-2 0.0 0.0 0.0 100.0
P1-2 98.3 1.7 0.0 0.0 Probe 100.0 0.0 0.0 0.0

D (28) L1-2 100.0 0.0 0.0 0.0 Forward 96.4 0.0 0.0 3.6
R1-2 0.0 0.0 0.0 100.0 Reverse 0.0 0.0 0.0 100.0
R2-2 0.0 17.9 78.6 3.6 Reverse-2 67.9 7.1 3.6 21.4
P1-2 3.6 85.7 0.0 10.7 Probe 3.6 82.1 0.0 14.3

aAbbreviations: WashU, Washington University; NU, Niigata University.

TABLE 6 In silico analysis of each assay for two periods (1962 to 2013 and 2014 to 2018)a

Period (n)

WashU NU

Primer/
probe (10)

No. of mismatches
(%)

Primer/
probe

No. of mismatches
(%)

0 1 ‡2 0 1 ‡2
1962-2013 (136) L1-2 83.1 5.1 11.8 Forward 62.5 4.4 33.1

R1-2 16.9 2.2 80.9 Reverse 7.4 14.0 78.7
R2-2 0.0 44.1 59.6 Reverse-2 4.4 31.6 64.7
P1-2 73.5 11.8 14.7 Probe 83.1 6.6 9.6

2014-2018 (396) L1-2 66.4 2.8 30.8 Forward 94.7 2.8 2.5
R1-2 86.1 3.0 10.9 Reverse 87.9 1.5 10.4
R2-2 0.0 0.0 100.0 Reverse-2 5.6 0.5 94.2
P1-2 50.8 40.2 9.1 Probe 90.7 6.1 3.3

aAbbreviations: WashU, Washington University; NU, Niigata University.
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estimated that the NU assay did not show the cross-reactivity for non-EV-D68 viruses.
Detection of EV-D68 in samples from AFM patients. We used the new real-time

PCR (NU assay) to analyze 32 samples from 11 patients with AFP in 2015 or 2018, when
EV-D68 outbreaks occurred in Japan. Five samples from three AFM patients (one in
2015 and two in 2018) were positive with the new assay, whereas only one sample was
positive with the WashU assay (Table 7). Oropharyngeal samples were positive for all
three positive cases, and EV-D68 clade B3 was identified in these three cases by
sequence and phylogenetic analysis (see Fig. S4). These results show that the new real-
time PCR assay successfully detected additional AFM EV-D68 cases that were not
detected by the WashU assay. A total of 22 samples, including serum (n = 7), cerebro-
spinal fluid (n = 4), oropharyngeal (n = 7), and stool (n = 4) samples collected from 8
patients (72.7%), were determined to be negative by the NU and WashU assays.

Phylogenetic analysis to determine EV-D68 clade. Figure S5 shows the phyloge-
netic tree, including 11 newly detected samples collected in 2018 from patients with
asthma-like respiratory illness, 3 samples from AFM patients, and other strains identi-
fied in the United States, Europe, China, and Japan. All samples collected in Niigata
belonged to the clade B3 branch.

DISCUSSION

The present findings demonstrate the value of our novel EV-D68-specific real-time
(NU assay) and nonnested PCR assays (N-Set). Compared to assays commonly used
worldwide since 2014, these new assays had higher sensitivity, which could lead to
more accurate diagnosis of recent strains of EV-D68. In addition, our new nonnested
PCR assay was able to sequence the VP1 region with higher sensitivity, which improved
clade identification of recent EV-D68 strains.

EV-D68 infection is associated with upper and lower respiratory disease and AFM
(21). EV-D68 has caused worldwide biennial outbreaks since 2014 and is likely to con-
tinue to circulate around the world (5). In the United States and Europe, EV-D68 national
surveillance for respiratory infections is ongoing, and EV-D68 was detected by direct EV-
D68-specific real-time PCR or EV-D68-specific real-time PCR after a positive EV or EV/hRV
real-time PCR result (6, 7). In addition, cases of EV-D68-related AFM have been collected
in AFP global surveillance. Although EV-D68 is the predominant pathogen in AFM (30),
the detection rate of EV-D68 in biological specimens from AFM patients has been limited
(range, 6 to 60%) (31). The site-specific immunological response to EV-D68 may lead to
negative PCR results in certain biological samples, which could potentially miss EV-D68
diagnosis in AFM patients (31, 32). Therefore, both epidemiological and biological evi-
dence of EV-D68 is necessary in order to show an association between EV-D68 and AFM
(30). To clarify the linkage between the epidemiological evidence of EV-D68 and AFM,
surveillance of EV-D68 respiratory disease is essential because EV-D68 mainly causes

TABLE 7 EV-D68 detection in patients with acute flaccid myelitisa

Sample no. Yr Diagnosis Sample type

Assay result (CT)

Accession no.NU WashU
1 2015 AFM Serum Negative Negative LC627053

CSF Negative Negative LC627053
OP Positive (21.8) Positive LC627053
Stool Positive (35.5) Negative LC627053

2 2018 AFM Serum Positive (38.7) Negative LC627054
CSF Negative Negative LC627054
OP Positive (33.3) Negative LC627054

3 2018 AFM Serum Negative Negative LC627055
CSF Negative Negative LC627055
OP Positive (36.5) Negative LC627055

aAbbreviations: NU, Niigata University; AFM, acute flaccid myelitis; CSF, cerebrospinal fluid; OP, oropharyngeal; CT, threshold cycle value. Sequence analysis for viral protein 1
was performed with the N-Set or CDC4/N-Set. All samples were found to belong to the clade B3 branch by sequence and phylogenetic analysis.
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respiratory illnesses (33). In AFM cases, EV-D68 was detected from respiratory sample
most frequently (34); however, in our study, seven throat samples of eight AFP patients
were negative for EV-D68-specific real-time PCR. The possible reasons include the
patients had infection other than EV-D68 infection or had a site-specific immunological
response to EV-D68 without active viral infection.

Direct EV-D68 detection with EV-D68-specific real-time PCR has become a standard
technique because of its convenience, speed, and precision. The WashU assay has
been widely used to detect EV-D68 infection and is more sensitive than the CDC assay
(10). However, the probe for the WashU assay did not bind to more recent EV-D68
strains containing variant sequence in the VP1 region (5). Our sequence analyses
revealed that a part of EV-D68 detected after 2014 exhibited genetic changes in the
primer and probe binding sites (Table 1; see also Tables S3 to S5). Regarding semi-
nested PCR for EV-D68 VP1 sequencing, traditional assays, such as those using the
CODEHOP approach, have become unsatisfactory because of recent genetic changes
(Table 1; see also Tables S3 to S5). Therefore, sequences around each primer and probe
binding site must be monitored, and assays accordingly revised, to ensure detection of
EV-D68 with genetic changes.

The reverse primer of the novel real-time PCR assay was optimized for all recent
clades except clade D1 (Table 1). The WashU assay has two reverse primers: one is opti-
mized for strains circulating in 2014 (R2-1), the other was designed for future variants
(R2-2) (10). Consequently, R2-2 tended to be suitable for clade D1 (Table 1). To opti-
mize for the recent clade D1, we redesigned R2-2 as “Reverse-2” (Table 2; see also Fig.
S2) to detect clade D1 more specifically.

In addition to EV-D68, influenza virus and severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) have undergone genetic mutations and require multiple assays
to ensure accurate diagnosis (35, 36). The evolution of SARS-CoV-2, and the resulting
genetic changes to assay binding sites, has decreased the sensitivity of SARS-CoV-2
real-time PCR assays (37). Similarly, because EV-D68 has evolved since 2014, diagnostic
assays must be monitored and adapted. Our nonnested PCR assay (N-Set) includes the
region targeted by the real-time PCR assay (Fig. 1). Therefore, the nonnested PCR assay
was able to monitor genetic changes in the real-time PCR targeting region. Compared
to novel real-time PCR, the primer binding sites of N-Set (N-1 and N-2) have been
highly conserved since 2014 (Table 1; see also Tables S3 to S5). Monitoring of genetic
changes in the real-time PCR targeting region allows for easy updates of the real-time
PCR assay when genetic variants are found.

In addition to the novel real-time PCR assay to detect EV-D68, the nonnested PCR
assay using N-Set allows for phylogenetic analysis in EV-D68 surveillance. Since 2014,
phylogenetic analysis has been used to determine EV-D68 clade (4, 5, 13, 14, 20, 23).
Clade B3 has been the dominant clade, and clade D1 emerged as a causative pathogen
in the 2018 European outbreaks (5). The relation of clade to clinical characteristics is
not well understood and must be further investigated. N-Set can determine clade by
phylogenetic analysis. After noting the decreased sensitivity of both WashU and CDC
assay, we were initially concerned that the samples were from patients infected by dif-
ferent clades; however, all positive samples belonged to clade B3 (see Fig. S5). It is im-
portant to note that, because clade B3 caused worldwide outbreaks in 2018, an EV-D68
diagnosis might be missed by current assays.

In the present study, the nonnested PCR assay (N-Set) yielded positive results for
20/22 (91%) samples. When we analyzed the two negative samples, the viral RNA level
quantified by real-time PCR (Tables 3 and 4) was 0.96 to 1.16 log10 copies/ml, which
was lower than for samples identified as positive by the seminested PCR with CDC 1/4
(1.51 to 6.04 log10 copies/ml). We also amplified using CDC 4 as the first PCR and N-Set
as the second PCR for the two samples, which yielded positive results for two of two
(100%) samples. All these samples were negative when the combination of CDC 1/N-
Set was used (Table 4 and Fig. 2). The samples with higher viral RNA levels (e.g., sam-
ples 6, 16, and 19 in Table 4) was only amplified by CDC 4 or N-Set (Table 4). The
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combination of CDC 4/N-Set yielded two bands around 590 and 390 bp on electropho-
resis, because these two PCR products were amplified by both of these sets. Therefore,
the sensitivity of the seminested PCR with CDC4/N-Set was lower (7/22; 32%) than non-
nested PCR with N-Set (20/22; 91%). In addition, sensitivity was lower for single PCR
with CDC 4 (7/22; 32%) than for N-Set. Therefore, the combined CDC 4/N-Set is not
ideal for detecting EV-D68 but could be an alternative method for samples yielding
negative results for N-Set.

As mentioned above, detection of EV-D68 from biological specimens collected from AFM
patients is usually unsuccessful. In AFM surveillance, samples from different anatomical sites
need to be collected to detect microorganisms (38). For additional validation of the novel
PCR assays, we performed assays of AFP cases that were undiagnosed during the Japan EV-
D68 outbreaks in 2015 and 2018. We successfully detected an additional two cases from oro-
pharyngeal samples collected from three AFM patients (Table 7). Recent AFM cases related
to EV-D68 may have been underdiagnosed by commonly used assays, and our new assays
may be able to detect EV-D68 in AFM samples. We also performed phylogenetic analysis to
confirm clade. In the phylogenetic tree (see Fig. S5), the sequences obtained from three
AFM patients belonged to the clade B3 branch and included other EV-D68 samples collected
from asthma-like respiratory illness in Japan in 2018.

This study has some limitations. First, the novel assays were evaluated by using a lim-
ited number of samples from one region of Japan. Validation of the utility of these novel
assays will require analyses of more samples from different regions and countries.
Second, the NU assay showed a lower in silico sensitivity for clade A than the WashU
assay; however, clade A has not been detected in recent years, and the NU assay showed
higher in silico sensitivities for the recent strains (Table 6). Therefore, a decreased sensi-
tivity for a certain less endemic clade may be negligible. Finally, because the nonnested
PCR with N-Set did not detect all EV-D68 cases, a novel assay with higher sensitivity, in
response to new viral mutation, should be investigated in the future.

Because of genetic changes in viruses, the sensitivity of traditional PCR assays to detect
and sequence EV-D68 has been decreasing. Our new assays are more sensitive and can detect
EV-D68 in samples that yield negative results with current assays. To prepare for future EV-D68
outbreaks, EV-D68-specific assays must be continuously monitored and updated.
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