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ABSTRACT Enterovirus D68 (EV-D68) infection has been associated with outbreaks
of severe respiratory illness and increased cases of nonpolio acute flaccid myelitis.
The patterns of EV-D68 circulation and molecular epidemiology are not fully under-
stood. In this study, nasopharyngeal (NP) specimens collected from patients in the
Lower Hudson Valley, New York, from 2014 to 2018 were examined for rhinovirus/
enterovirus (RhV/EV) by the FilmArray respiratory panel. Selected RhV/EV-positive NP
specimens were analyzed using two EV-D68-specific real-time RT-PCR assays, Sanger
sequencing and metatranscriptomic next-generation sequencing. A total of 2,398 NP
specimens were examined. EV-D68 was detected in 348 patients with NP specimens
collected in 2014 (n=94), 2015 (n=0), 2016 (n=160), 2017 (n=75), and 2018
(n = 89), demonstrating a biennial upsurge of EV-D68 infection in the study area.
Ninety-one complete or nearly complete EV-D68 genome sequences were obtained.
Genomic analysis of these EV-D68 strains revealed dynamics and evolution of circu-
lating EV-D68 strains since 2014. The dominant EV-D68 strains causing the 2014 out-
break belonged to subclade B1, with a few belonging to subclade B2. New EV-D68
subclade B3 strains emerged in 2016 and continued in circulation in 2018. Clade D
strains that are rarely detected in the United States also arose and spread in 2018.
The establishment of distinct viral strains and their variable circulation patterns pro-
vide essential information for future surveillance, diagnosis, vaccine development,
and prediction of EV-D68-associated disease prevalence and potential outbreaks.

KEYWORDS enterovirus, enterovirus D68, molecular epidemiology, next-generation
sequencing, outbreak investigation, real-time RT-PCR, viral evolution

nteroviruses are small, nonenveloped viruses of the family Picornaviridae with a

single-stranded, positive-sense RNA genome of approximately 7.5 kb. The genus
Enterovirus contains seven species that commonly cause human disease, including
enteroviruses A to D and rhinoviruses A to C (1). The patterns and outbreak dynamics
of individual enterovirus serotypes circulating in different geographic areas are not fully
elucidated (2). Enterovirus D68 (EV-D68) was first recovered from patients with respi-
ratory illness in California in 1962 (3) and was infrequently recognized until its emer-
gence in the 2000s in Asia, Europe, and a few U.S. states (4-6). In 2014, a nationwide
outbreak of severe respiratory illness associated with EV-D68 was noticed in the United
States, with at least 1,395 confirmed cases and likely many more infections with mild
iliness (7). An increase in EV-D68 cases was also documented worldwide in more than
20 countries in 2014 (8, 9).

Since 2014, a biennial circulation of EV-D68 has been noticed in several European
countries with various surveillance systems (10-14). In the United States, a passive and
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TABLE 1 Numbers of nasopharyngeal specimens examined for EV-D68, 2014 to 2018
No. of NPS  No. of NPS positive  No. of NPS tested  No. of NPS positive  No. of assembled  EV-D68 clade

Yr tested for RhV/EV (%) for EV-D68 (%) for EV-D68 (%) genomes (no. of strains)

2014 3,762 917 (24.4) 319 (34.8) 94 (29.5) 20 Subclade B1 (18), B2 (2)

2015 4,310 1,034 (24.0) 199 (19.2) 0 0

2016 4,666 1,041 (22.3) 654 (62.8) 160 (24.5) 22 Subclade B3 (22)

2017 4,298 889 (20.7) 695 (78.2) 5(0.7) 1 Clade D (1)

2018 4,612 1,068 (23.2) 681 (63.8) 89 (13.1) 48 Subclade B3 (37), Clade D (11)
Total 21,648 4,949 (22.9) 2,548 (51.5) 348 (13.7) 91

aData for 2014 and 2015 were adapted from reference 24. NPS, nasopharyngeal specimens.

laboratory-based surveillance system, the National Enterovirus Surveillance System
(NESS), has been used to track EV reports since the 1960s (7). Only 9 EV-D68 cases in
2015 and 138 EV-D68 cases in 2016 have been reported to the NESS (7). Similarly, a low
level of EV-D68 circulation was evident in Colorado (15), Arizona (16), Washington (17),
and Ohio (18) in 2016, where selective clinical specimens from patients with respiratory
and neurological syndromes were investigated for EV-D68. In 2018, increased activity of
EV-D68 was reported in Colorado (19), New York (20), and several U.S. states through
the recently established CDC New Vaccine Surveillance Network (NVSN) (21).

Given the capacity of EV-D68 to cause outbreaks of severe respiratory illness and its
potential association with nonpolio acute flaccid myelitis (AFM), it is essential to
elucidate the epidemiology, molecular epidemiology, and viral and clinical character-
istics of EV-D68 infection in order to understand its long-term health care burden and
impact on public health. Nevertheless, current EV-D68 testing in the U.S. clinical
laboratories is limited, and reporting of EV-D68 cases to the CDC is voluntary. Due to
the lack of a nationwide active surveillance system, EV-D68 infection and its molecular
epidemiology in the United State are still not fully understood. During the 2014 U.S.
outbreak, we detected EV-D68 in nasopharyngeal (NP) specimens collected in Septem-
ber and October 2014 from 94 children in the Lower Hudson Valley, New York, using
an EV-D68-specific real-time reverse-transcription-PCR (CDC rRT-PCR) (22) and a meta-
transcriptomic next-generation sequencing assay (mtNGS) (23). Subsequent surveil-
lance revealed another regional EV-D68 outbreak from June to October 2016 with 160
laboratory-confirmed cases (24). Here, we report our 5-year enhanced laboratory-based
surveillance and molecular epidemiology data on EV-D68 infection among patients in
the same area from 2014 to 2018. We demonstrate a biennial upsurge of EV-D68
infection and circulation of distinct viral clades and subclades of strains in New York,
USA, during this study period.

MATERIALS AND METHODS

Study population and detection of RhV/EV in NP specimens. The Lower Hudson Valley, NY, is
located immediately north of New York City and consists of seven counties (Westchester, Putnam,
Dutchess, Orange, Rockland, Ulster, and Sullivan counties) with approximately three million residents.
Westchester Medical Center (WMC) is a tertiary health care facility with a children’s hospital, mainly
serving patients in the Lower Hudson Valley. Patients included in this study were those with respiratory
illness and/or other medical conditions who visited or were hospitalized in multiple medical facilities in
the Lower Hudson Valley from January 2014 through December 2018. The majority of patients were
those who visited the emergency department or were hospitalized at the Maria Fareri Children’s Hospital
of WMC. NP specimens were collected into tubes, each with 1 ml of viral transport medium (Diagnostic
Hybrid, San Diego, CA), and were analyzed for the presence of rhinovirus/enterovirus (RhV/EV) and other
respiratory pathogens using the FilmArray respiratory panel (RP) kit on the FilmArray instrument (BioFire,
Salt Lake City, UT). The New York Medical College Institutional Review Board approved all experimental
protocols of this study and granted a waiver of informed consent from study subjects.

Detection of EV-D68 in NP specimens by rRT-PCR. From 2014 to 2018, 4,949 of 21,648 (22.9%) NP
specimens analyzed by the RP assay were positive for RhV/EV. Of these, 2,548 NP specimens were
selected by the following criteria and further analyzed using EV-D68-specific rRT-PCR assays: (i) all
leftover RhV/EV-positive NP specimens collected between September to October in 2014 (n = 319) and
2015 (n = 199); (ii) consecutive RhV/EV-positive NP specimens from 2016 (n = 654), 2017 (n = 695), and
2018 (n = 583) (Table 1) that included all specimens from July to October, and randomly selected
RhV/EV-positive NP specimens, representing approximately 25% of positive RhV/EV or at least 20 NP
specimens per month, from other months; and (iii) randomly selected representative RhV/EV-negative NP
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specimens between 2014 to 2018. For patients with multiple NP specimens examined during the study
period, only the first NP specimen positive for RhV/EV was included in the final analysis for EV-D68.

A previously validated EV-D68 rRT-PCR (CDC rRT-PCR) was employed to analyze NP specimens from
2014 to 2016 (22). For enhanced surveillance of EV-D68 in 2017 and 2018, we developed a new
EV-D68-specific rRT-PCR (WMC rRT-PCR) targeting the VP1 region with improved sensitivity compared to
that of the CDC rRT-PCR. For both rRT-PCR assays, total RNA was extracted from NP specimens (~150 ul)
using the EZ1 virus minikit v2.0 (for NP specimens collected in 2014 and 2016; Qiagen, Valencia, CA) on
the EZ1 Advanced XL instrument (Qiagen) or using the NucliSENS EasyMAG system (for NP specimens
collected from 2017 to 2018; bioMérieux, Durham, NC) without carrier RNA. RNA was eluted in 60 ul of
buffer. A single-step rRT-PCR was carried out on either an ABI 7500 Fast Dx or ViiA7 real-time PCR system
(Life Technologies, Carlsbad, CA). For the WMC rRT-PCR, the rRT-PCR tube with a total volume of 25 ul
consisted of 1X reaction buffer, SuperScript lll RT/Platinum Tag mix (Life Technologies, Carlsbad, CA),
0.32 uM each primer, DF (5'-CAGGACTCATTCCACTGGCA-3’) and DR (5'-AAAAGGTATGGTTATTCTGGCTG
G-3"), 0.16 uM probe DP (5'-FAM [6-carboxyfluorescein]-AGTAATGCTAGTGTATTCTT-MGB-3’), 4 mM
Mg2*, and 5 ul of RNA elution in the final reaction. The reverse transcription was performed at 50°C for
30 min, followed by 2 min at 95°C for polymerase activation and 45 cycles of 95°C for 15 s and 65°C for
45 s. A positive control and a nontemplate negative control were included in each run as previously
described (22).

mtNGS. For NP specimens from 2014 and 2015, selected RhV/EV-positive and negative NP specimens
were analyzed by metatranscriptomic next-generation sequencing (mtNGS) on the MiSeq or NextSeq 550
system (lllumina, San Diego, CA) as described previously (23, 25). A modified mtNGS protocol was
employed to analyze NP specimens from 2016 to 2018 (26). Raw sequence reads were aligned and
curated using reference genomes (strain NY120_14 [GenBank accession number KP745751] and strain
NY230_16 [KY385890]) as described previously (24).

Phylogenetic analysis. A total of 91 complete or nearly complete genomes of EV-D68 strains
obtained by mtNGS in this study and representing reference genomes from GenBank were included in
comparative genome analysis. Sequences were aligned, and a phylogenetic tree based on whole-
genome sequences was constructed using the unweighted pair-group method with arithmetic averages
(UPGMA) clustering method with BioNumerics software (v7.6; Applied Maths, Belgium).

Statistical analysis. GraphPad Prism software (v7; GraphPad, La Jolla, CA) was used for statistical
analysis, including the chi-square test and analysis of variance (ANOVA).

Accession number(s). Ninety-one complete or nearly complete genomes of EV-D68 strains from the
Lower Hudson Valley have been deposited in the NCBI GenBank database with accession numbers
KP745751 to KP745770 for 2014 (n = 20), KX957754 to KX957762 and KY385880 to KY385892 for 2016
(n = 22), MG757146 for 2017 (n = 1), and MK419033 to MK419080 for 2018 (n = 48).

RESULTS

Detection of RhV/EV in the Lower Hudson Valley, 2014 to 2018. From January
2014 to December 2018, a total of 21,648 NP specimens were analyzed by the FilmArray
RP assay. Overall, 22.9% of these NP specimens were positive for RhV/EV (Table 1). The
yearly RhV/EV positivity rates were comparable during the period from 2014 to 2018
(P> 0.05).

The monthly distribution of RhV/EV-positive NP specimens from 2014 to 2018
analyzed by the FilmArray RP assay is shown in Fig. 1. A minor peak of RhV/EV positives
in the spring and early summer and a major peak during autumn and early winter were
observed in most of the years. The major peak observed in September and October
2014 corresponded to the U.S. nationwide EV-D68 outbreak.

Detection of EV-D68 by rRT-PCR, 2014 to 2018. NP specimens collected in 2014
to 2016 were analyzed using the CDC rRT-PCR (22). EV-D68 was detected in 94 of 319
(29.5%) NP specimens in 2014 and 160 of 654 (24.5%) NP specimens in 2016. Of 199 NP
specimens collected in September and October 2015, none were positive for EV-D68 by
the CDC rRT-PCR.

Starting January 2017, the WMC rRT-PCR was employed. The limit of detection (LOD)
of the WMC rRT-PCR was 8 copies per reaction, with a 95% confidence interval of 5 to
35 copies, as determined by probit regression analysis using serially diluted genomic
RNA from EV-D68 strain US/KY/1418953 (ATCC VR1825D) (27). The WMC rRT-PCR was
comparable in LOD and performance to the rRT-PCR protocol described by Wylie et al.
but was more sensitive than the CDC rRT-PCR (27, 28). Six-hundred ninety-five of 889
(78.2%) RhV/EV-positive NP specimens in 2017 and 681 of 1,068 (63.8%) RhV/EV-
positive NP specimens in 2018 were analyzed by the WMC rRT-PCR. Five (0.7%) and 89
(13.1%) NP specimens in 2017 and 2018 were positive for EV-D68, with median cycle
thresholds (C;) of 34.4 and 26.0, respectively. Interestingly, all five positive specimens in
2017 were confirmed by mtNGS, including the assembly of a clade D complete genome
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FIG 1 Temporal and geographic distributions of enterovirus D68 in the Lower Hudson Valley, NY, 2014 to 2018. (A) Monthly distribution of nasopharyngeal (NP)
specimens that were positive for rhinovirus/enterovirus (RhV/EV) (left y axis) and EV-D68 (right y axis) from January 2014 to December 2018. (B) Map of the seven
counties in the Lower Hudson Valley and distribution of the number of patients with enterovirus D68 detected from respiratory specimens between 2014 and
2018. Three hundred twenty-three of 348 (92.8%) confirmed cases were from this region. The map was adapted from the New York State Department of
Environmental Conservation website (http://www.dec.ny.gov/outdoor/7804.html) with permission.

sequence from one specimen. Four of these five specimens were also positive by a
reference rRT-PCR (28), but none were positive by the CDC rRT-PCR.

Overall, EV-D68 was detected in 348 patients by analyzing 2,548 NP specimens
collected from 2014 to 2018. EV-D68 was mainly detected in patients in 2014 (n = 94),
2016 (n = 160), and 2018 (n = 89), with no cases in 2015 and only 5 cases in 2017,
showing a biennial upsurge in the Lower Hudson Valley. The temporal and geographic
distributions of laboratory-confirmed EV-D68 cases from 2014 to 2018 are shown in
Fig. 1.

Clinical characteristics of EV-D68 infection, 2014 to 2018. Since the majority of
cases (343 of 348 [98.6%]) were from a biennial upsurge in 2014, 2016, and 2018, we
compared and summarized the clinical characteristics of cases in these 3 years (Table
2). There were no significant differences in patients who were hospitalized and in
pediatric patients who were admitted to the intensive care units across these 3 years.
While all 94 cases in 2014 were in pediatric patients, 15 (9%) and 12 (13%) cases were
in adult patients in 2016 and 2018, respectively (P = 0.0034). The median ages of all
cases in 2016 and 2018 were 2.4 and 2.6 years, respectively, which were significantly
lower than those of patients in 2014, 4.8 years old (P = 0.0041).

Clinical data were available from 72, 104, and 72 pediatric patients in 2014 (29),
2016, and 2018, respectively. The overall clinical presentations, including intensive care
unit admission and symptoms like fever, cough, and shortness of breath, were similar
across these 3 years, except that more patients had wheezing and asthma exacerbation
in 2014. We had two confirmed and two probable cases of acute flaccid myelitis in 2016
and 2018, respectively; both confirmed cases in 2016 were positive for EV-D68 in NP
specimens.

Phylogenetic analysis of EV-D68 strains, 2014 to 2018. Ninety-one complete or
nearly complete EV-D68 genomes were obtained from NP specimens of patients from
2014 to 2018. Comparative whole-genome analysis of our local EV-D68 strains along
with representing reference genomes from GenBank revealed that distinct viral strains
were circulating in the Lower Hudson Valley from 2014 to 2018 (Fig. 2). The majority of
EV-D68 strains in 2014 (18 of 20 [90%]) belonged to the novel subclade B1, with only
two strains belonging to subclade B2. In contrast, all 22 EV-D68 strains in 2016 were
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TABLE 2 Comparative clinical and laboratory characteristics of EV-D68 infection, 2014 to

20187
Value for indicated yr
Characteristic 2014 2016 2018 P value
No. of patients 94 160 89
No. of patient hospitalized (%) 64 (68) 121 (76) 69 (78) 0.2854
No. of pediatric patients (%) 94 (100) 145 (91) 78 (88) 0.0034
Median age (yrs) 4.8 24 26 0.0041
Male (%) 64 (67.6) 91 (62.1) 43 (48.3) 0.0246
Clinical presentation of pediatric patients
No. of patients with clinical data 720 104 72
No. of patients admitted to ICU (%) 21 (29) 31 (30) 22 (36) 0.8560
Fever 44 (61) 73 (70) 46 (64) 0.4254
Cough NA 75 (72) 39 (54) 0.0143
Shortness of breath 49 (68) 61 (59) 40 (56) 0.2719
Wheezing 56 (78) 53 (51) 38 (53) 0.0007
Exacerbation of asthma 49 (68) 37 (36) 29 (40) <0.0001
No. of patients with AFM 0 2 2¢
EV-D68 clade(s) detected B1, B2 B3 B3, D
Median C; (rRT-PCR) 26.8 28.9 26.0

aAbbreviations: ICU, intensive care unit; NA, not applicable; AFM, acute flaccid myelitis.

bAdapted from reference 29.

<Two probable pediatric cases, one with ascending muscle weakness and one with left upper extremity
weakness.

determined to be subclade B3. In 2017, one complete genome was obtained from an
adult patient; the strain NY586_17 belonged to EV-D68 clade D, with 96.0% to 96.6%
identity in nucleotides to clade D strains US/KY/14-18953 (GenBank accession no.
KM851231, USA, 2014) and CQ5313 (GenBank accession no. KT764078, China, 2013),
which was genetically distant from subclade B1 (89.1%), B2 (89.2%), and B3 (88.8%)
strains circulating in the Lower Hudson Valley in 2014 and 2016. A total of 48 complete
or nearly complete genomes were assembled from mtNGS of NP specimens during the
2018 upsurge of EV-D68. Of these, 37 (77.1%) strains were classified as subclade B3, but
the majority of these 2018 subclade B3 strains clustered into a separate subgroup,
differing from the B3 strains in 2016.

Further comparisons on the nucleic acid similarity of different EV-D68 strains in the
Lower Hudson Valley from 2014 to 2018 are summarized in Table 3. The 2018 subclade
B3 strains showed 98.3% to 98.7% identity to the 2016 subclade B3 strains in nucleic
acid sequences, or 95 to 130 nucleic acid substitutions in an average genome of 7.5 kb.
The EV-D68 clade D strains (n = 11) from 2017 and 2018 showed 97.2% to 99.5%
identity each other in nucleotides. The approximate genomic divergence was 8% to 9%
between clade D and clade A or clade C but 10% to 12% between clade D and subclade
B1 or B3 (Table 3).

Amino acid substitutions at VP1, protease 2APr°, and 3CP cleavage sites. We
previously identified 28 amino acid polymorphisms between subclade B3 strains from
2016 and subclade B1 strains from 2014 on the basis of the complete polypeptide
sequences of approximately 2,190 amino acids (24). The average amino acid identity
between subclade B3 strains from 2016 (n = 22) versus 2018 (n = 37) was 99.7% (range,
99.4% to 99.8%). No consensus amino acid substitutions were observed between the
2016 and 2018 subclade B3 strains, with the exception of T650A, T653A, and N695S,
which were seen in 32 (86.5%), 32 (86.5%), and 34 (91.9%) of 37 subclade B3 strains
from 2018, respectively. Interestingly, all these three amino acid variations occurred in
the BC (T650A and T653A) and DE (N695S) loops of the VP1 protein. Also, as shown in
Fig. 3, the two amino acid variables (T860N and S1108G) at the protease 2AP™ and 3Cpr°
cleavage sites identified in all 2014 subclade B1 strains were not observed in any
subclade B3 strains from 2016 and 2018, while the T860N substitution alone at the
protease 2APre cleavage site was noticed in clade D strains from 2014, 2017, and 2018.
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Genome nucleotide similarity (%) Accessionno.  Strain Year Country Clade
E £ 8 N g g 3 5 5 5 s L] 5
*  KX957757 NY30_1€ 2018 USA Subdade B3
*  KX9577€0 NY44_16 2016 UsA Subdade B2
*  Kv2ssss9 NY212_16 2016 USA Subdade B2
*  KX957758 NY29_18 2018 USA Subdade B3
*  KX957759 NY43_16 2018 USA Subdade B3
*  Kv385880 NY126_16 2018 USA Subdade B3
*  KY385884 NY151_16 2018 USA Subdade B3
*  KX957755 NY22_16 2016 USA Subdlade B3
- *  Ky3sssse NY172_16 2016 UsA Subdade B3
- *  KY385890 NY220_16 2018 UsA Subdade B3
- *  Kyass58s2 NY141_16 2016 USA Subdade B3
“ *  KX957758 NY39_16 2018 USA Subdade B3
*  Ky385887 NY185_16 2016 UsAa Subdade B3
- *  Kv385881 NY135_16 2016 UsAa Subdade B2
— *  Kv3s588s NY188_16 2016 USA Subdade B2
“I *  KX957762 NY75_16 2018 USA Subdade B3
*  Kv285885 Ny1ee_1e 201¢ USA Subdade B3
*  KX957754 NY10_16 2018 USA Subdade B3
- *  KY385883 NY149_16 2016 USA Subdade B3
*  KY385892 NY241_16 2016 UsA Subdade B2
“ *  KX957761 NYS59_16 2016 USA Subdade B2
*  Kv3ss891 NY234_18 2018 USA Subdade B3
®  MK419053 NY825_18 2018 USA Subdade B3_2018
®  MK419084 NY&55_18 2018 UsA Subdlade B3_2018
®  MK419048 NY590_18 2018 UsAa Subclade B3_2018
®  MK413049 NY&0e_18 2018 USA Subdade B3_2018
®  MK419038 NY543_18 2018 UsA Subdade B3_2018
- ®  MK419058 NY839_18 2018 USA Subdade B3_2018
®  MK419087 NY871_18 2018 USA Subdade B3_2018
®  MK419055 NY&32_18 2018 USA Subdlade B3_2018
®  MKs1s07€ NY722_18 2018 UsA Subdade B3_2018
®  MK419054 NY&29_18 2018 USA Subclade B3_2018
®  MK413034 NY504_18 2018 USA Subdade B3_2018
®  MK419038 NY518_18 2018 USA Subdade B2_2018
®  MK419041 NY562_18 2018 USA Subdade B3_2018
®  MK419033 NY479_18 2018 USA Subdlade B3_2018
®  MK419050 NYE09_18 2018 USA Subdlade B3_2018
®  MK419056 NY&33_18 2018 UsA Subdade B3_2018
®  MK419085 NYes1_18 2018 USA Subdlade B3_2018
®  MK419052 NY816_18 2018 USA Subdade B3_2018
®  MK419045 NY588_18 2018 UsA Subdade B3_2018
®  MK419048 NY599_18 2018 USA Subdade B3_2018
®  MK419071 NY708_18 2018 USA Subdlade B3_2018
®  MK419042 NY579_18 2018 UsA Subdade B3_2018
®  MK419043 NY580_18 2018 USA Subdade B3_2018
®  MK419037 NY524_18 2018 USA Subdade B3_2018
®  MK413040 NY558_18 2018 USA Subdade B3_2018
®  MK419047 NY591_18 2018 UsA Subdade B3_2018
®  MK419059 NY&40_18 2018 UsA Subdade B3_2018
®  MK419044 NY584_18 2018 USA Subdade B3_2018
®  MK419072 NY711_18 2018 USA Subdade B3_2018
®  MK419068 NYes2_18 2018 UsAa Subdade B2_2018
®  MK419074 NY718_18 2018 USA Subdade B3_2018
®  MK419070 NY&98_18 2018 USA Subclade B3_2018
®  MK419080 NY787_18 2018 USA Subdade B3_2018
®  MK419035 NY510_18 2018 USA Subdade B3_2018
®  MK419081 NY&50_18 2018 USA Subdade B3_2018
®  MK419073 NY714_18 2018 USA Subdade B3_2018
®  MK419051 NY&11_18 2018 UsA Subdade B3_2018
¢ KP745758 NY263 2014 UsA Subdade B1
¢ KP745759 NY275 2014 USA Subdlade B1
¢ KP745751 NY120 2014 USA Subdade B1
¢ KP745754 NY130 2014 USA Subdade B1
¢ KP745770 NY77 2014 USA Subdade B1
¢ KP745757 NY210 2014 USA Subdlade B1
¢ KP745753 NY126 2014 UsA Subdade B1
¢ KP745784 NY318 2014 USA Subclade B1
*  KP7457€8 NY328 2014 USA Subdade B1
¢ KP745762 NY209 2014 USA Subdade B1
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FIG 2 Phylogenetic tree of enterovirus D68 strains from the Lower Hudson Valley from 2014 to 2018 (n = 91). Strains representing each clade (A, C,
D, and prototype) were included for comparison. The numbers at the branch nodes are percent nucleotide sequence identity. CHN, China; HKG, Hong
Kong, China.
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FIG 3 Alignment of amino acid sequences at the cleavage sites of proteases 2Ar™ and 3CPr of 27 representative EV-D68 strains. Two amino acid substitutions,
T860N in 2Arr at the position between VP1 and 2A and S1108G in 3CP° between 2B and 2C, were observed only in the subclade B1 strains from the 2014
outbreak. The gaps are indicated by dashes and the conserved amino acid residues by dots. Asterisks indicate EV-D68 strains from the Lower Hudson Valley.

DISCUSSION

In this study, we reported detection of EV-68 and molecular epidemiology of
circulating EV-D68 strains in the Lower Hudson Valley, NY, from 2014 to 2018. Upsurge
of EV-D68 was only recognized in 2014, 2016, and 2018 with 94, 160, and 89 laboratory-
confirmed cases, respectively. No EV-D68 case was detected in 2015, and only 5 cases
were identified in 2017, supporting a biennial upsurge of EV-D68 in this particular
geographic area.

Comparison between our and published data suggests considerable geographic
and temporal variation in EV-D68 infection. First, studies in the United States noticed a
widespread of EV-D68 cases in 2014 and 2018 but only low-level EV-D68 circulation in
2016 in some states, such as Colorado (15), Missouri (30), and Ohio (18). In contrast, we
had a high percentage (24.5%) of patients with RhV/EV-positive NP specimens typed as
EV-D68 in the Lower Hudson Valley, as well as the largest number of cases from a single
health care facility in the United States in 2016. Recently, Uprety et al. also reported
high prevalence of EV-D68 and the most AFM cases in 2016 among pediatric patients
from Philadelphia, PA (31). These observations highlight some regional or local pockets
of transmission over broader geographic areas in EV-D68 endemic or outbreak circum-
stances, as well as regional variation in EV-D68 prevalence between some northeast
and central U.S. states in 2016. Second, we recognized a substantial seasonal variation
in the monthly distribution of cases in each of the 3 years with an EV-D68 upsurge.
While seasonal peaks were observed in September and October in 2014 and 2018, the
upsurge of EV-D68 in 2016 started in June and spanned over 5 months from June to
October 2016. Also, more than one-third (57 of 160, 35.6%) of our cases in 2016 were
from patient specimens collected in June and July. Frequently, such specimens may not
be selected and subsequently examined for EV-D68 (15, 21, 31, 32). It is unclear whether
such a selection bias contributed to dissociation in the number of EV-68 and AFM cases
reported in the US in 2016 (7, 33).

Ninety-one complete or nearly complete EV-D68 genome sequences were achieved
from our patients in the Lower Hudson Valley from 2014 to 2018. These represent the
largest EV-D68 strains with complete genomes from a single U.S. institution. Genomic
analysis of these EV-D68 strains revealed a striking evolution of distinct viral strains in
circulation in this geographic area.
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The dominant EV-D68 strains causing the 2014 outbreak belonged to subclade B1
with a few cocirculating subclade B2 strains (25, 34-37). This differed from those in
most European countries, where subclade B2 strains was dominant and mixed with
some B1 and clade A strains (9). All EV-D68 strains identified in 2016 were subclade B3
(n = 22), with high genetic similarity to the B3 previously reported in Asia around 2014
(38) and in multiple European countries around 2016 (13, 14). In 2018, 37 (77.1%) of 48
EV-D68 strains were subclade B3 and the remaining 11 belonged to clade D. The 2018
subclade B3 strains were >98.3% identical to the 2016 subclade B3 strains, with
difference in ~95 to 130 nucleotides, which was within a range on the projected
number of nucleotide substitutions in the EV-D68 genome over a 2-year period (4, 24).
The majority of the 2018 subclade B3 strains clustered into a separate but closely
related subgroup from the B3 strains in 2016. Thus, they are more likely derived from
the 2016 subclade B3.

Clade D strains are rarely detected in the United States (only 2 of 1,047 EV-D68
sequences in GenBank, accession no. KM851231 and MF159625, accessed 31 January
2018). The epidemiology and viral and clinical characteristics of EV-D68 clade D
infection remain unknown. In 2017, we noticed for the first time laboratory-confirmed
cases of EV-D68 clade D infection in our region (27). Subsequently, 11 of 48 (22.9%)
EV-D68 strains with complete genome sequences were confirmed as clade D in 2018.
This is probably the largest case series with clade D viral infection reported in the
United States to date. Notably, the T860N substitutions at the protease 2ArP™ cleavage
site are well conserved in all clade D strains examined. The rapid emergence of clade
D strains in our region, as well as the wide spread of this clade in Eurasia since 2016
(39-41), raises concern on its potential in causing next EV-D68 outbreak in the United
States. Nevertheless, current surveillance systems are challenging in monitoring the
potential emergence of new viral strains (7, 28, 42). As demonstrated in our study, all
five EV-D68-positive specimens in 2017 were detectable only by an EV-D68 rRT-PCR
assay with improved sensitivity, signifying the necessity of EV-D68 surveillance by using
molecular assays that are capable of detecting low-level viruses present in some
specimens.

We previously identified 28 amino acid polymorphisms between subclade B3 strains
from 2016 and B1 from 2014 in the United States on basis of the complete polypeptide
sequences of approximately 2,790 amino acids (24). The average amino acid identity
between subclade B3 strains from 2016 (n = 22) versus 2018 (n = 37) was 99.7% (range,
99.4% to 99.8%). Only three amino acid substitutions (T650A, T653A, and N695S) were
observed in 86.5% to 91.9% of 2018 subclade B3 strains. It is notable that all three
amino acid variations occurred in the BC (T650A and T653A) and DE (N695S) loops of
the VP1 protein. Also, the two amino acid variables (T860N and S1108G at the protease
2APr and 3CPr cleavage sites, respectively) observed in all 2014 subclade B1 strains,
which may have contributed to the 2014 EV-D68 nationwide outbreak with increased
efficacy in viral replication and transmission (25), were not detected in any 2016 or 2018
subclade B3 strains. It is unknown whether the reduced incidences of disease in 2016
and 2018 in the United States are the result of the lack of these two mutations in
subclade B3 strains, altered population immunity, or other unidentified factors.

Our study has certain limitations. Our data were only derived from patients who
visited or were hospitalized in three hospitals (Westchester Medical Center, Maria Fareri
Children’s Hospital, and Mid-Hudson Regional Hospital) of the Lower Hudson Valley,
which might not reflect the incidence of EV-D68 infection and diseases in the region.
Also, an unequal sampling of RhV/EV-positive specimens was evaluated for EV-D68 in
each year (Table 1). Nevertheless, since approximately 50% of RhV/EV-positive speci-
mens, including all RhV/EV-positive specimens from the anticipated peak months each
year, were examined for EV-D68, the results most likely represented the nature of
biennial upsurge of EV-D68 among the population in the specific study period.

In summary, we examined EV-D68 in 2,548 (51.5%) of RhV/EV-positive NP specimens
from five consecutive years since 2014. Our study confirmed a biennial upsurge of
EV-D68 with dynamics in viral strains and variable levels of circulation in the Lower
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Hudson Valley, New York, which provides essential information for future surveillance,

diagnosis, vaccine development, and control of EV-D68 infection.
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