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ARTICLE INFO ABSTRACT
Keywords: Background: Enteroviruses are highly diverse with a wide spectrum of genotypes and clinical manifestations.
Enterovirus Coxsackievirus A22 (CVA22) has been detected globally from sewage surveillance; however, currently there is

Coxsackievirus A22
Next-generation sequencing
Prolonged infection

limited information on its prevalence in patients, as well as available genomic data.

Objective: We aimed to provide genomic and relative frequency data on CVA22 from a regional hospital
perspective between 2013-2020.

Study design: Sanger sequencing was performed on all samples with a positive enterovirus RT-qPCR result (<Ct
32). Viral targeted sequence capture (ViroCap) and next-generation sequencing (NGS) (Illumina NextSeq 500)
was used to characterize and generate near-complete CVA22 genomes for enteroviruses without genotyping
results from Sanger sequencing. Epidemiological and phylogenetic analysis was performed using maximum
likelihood trees on MEGA-11.

Results: A total of twenty detections derived from fecal material from sixteen patients were observed between
2013- 2020. One transplant recipient had five different CVA22 infection episodes over five years, with phylo-
genetic analysis indicating possible reinfection with an additional prolonged infection (>3 weeks). Furthermore,
we report the first two near-complete CVA22 sequences from Europe, which grouped with a strain previously
isolated from Bangladesh in 1999.

Conclusions: We show a highly diverse enterovirus genotype which causes infections annually, typically in
autumn and winter, and is capable of recurrent infection in an immunocompromised patient. Furthermore, we
highlight the use of NGS to complement conventional targeted Sanger sequencing.

[1]. Most patients present with asymptomatic, mild indiscriminate

Abbreviations gastrointestinal (GI) or respiratory symptoms; however, some infections
CVA22 Coxsackievirus A22 can lead to severe morbidity and mortality [2]. Enteroviruses that infect
NGS Next-generation sequencing humans are categorized into enterovirus groups A-D and typically
GI Gastrointestinal characterized by targeting the viral protein 1 (VP1) gene on the viral
EV-C Enterovirus group-C capsid during Sanger sequencing [3]. A total of twenty-three genotypes
VP1 Viral protein 1 are classified into enterovirus group-C (EV-C) [1]. Human coxsack-
CVAl Coxsackievirus Al ievirus A22 (CVA22) is a group-C enterovirus consisting of 7,4 kb-long
CVA19 Coxsackievirus A19 single-stranded RNA. EV-C can be divided into three distinct groups,
Ct Cycle threshold depending on phylogenetics and replication properties [4]. CVA22,
together with CVA1 and CVAL19, is classified within EV-C group II.

1. Introduction Limited data currently exists on CVA22 prevalence and spectrum of
disease, possibly due to the fact that EV-C group II is difficult to grow in

Enteroviruses are highly diverse with over 120 genotypes globally laboratories and surveillance has been historically depended on cell
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Table 1
Overview of CVA22 detections in the UMCG between 2013-2020.
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Sample ID"! Sex Age*>  Sample Ct Sequencing Sample Total no. of typed EV’s/ year Relative frequency at
material value * approach collection (vp)* UMCG

NL1 Male 37 Fecal 32 Sanger 06/2013 92 1.09%

NL 2 Male 76 Fecal 21 Sanger 07/2014 276 1.09%

NL 3 Female 66 Fecal 23 Sanger 10/2014

NL 4 Female 50 Fecal 14 Sanger 12/2014

NL5 Female 3 Fecal 17 Sanger 01/2015 168 2.98%

NL 6 Male 30 Fecal 13 Sanger 04/2015

NL7 Female 1 Fecal 23 Sanger 10/2015

NL 8 Female 4 Fecal 26 Sanger 10/2015

NL 9 (ep. 1)* Female 53 Fecal 13 Sanger 12/2015

NL 10 Male 3 Fecal 31 Sanger 01/2016 250 0.80%

NL 11 Male 45 Fecal 21 NGS 10/2016

NL 12 Female 62 Fecal 14 Sanger 04/2017 263 0.38%

NL 13 (ep. 2) Female 55 Fecal 18 Sanger 05/2018 254 1.97%

NL 14 Male 74 Fecal 30 NGS 07/2018

NL 15 Male 84 Fecal NA Sanger 10/2018

NL 16 Male 67 Fecal 27 Sanger 10/2018

NL 17 (ep. 3) Female 56 Fecal 12 NGS 10/2018

NL 18 Male 70 Fecal 21 Sanger 07/2019 209 0.49%

NL 19 (ep. 4) Female 57 Fecal 15 Sanger 02/2020 72 2.80%

NL 20 (ep. 5) Female 58 Fecal 16 Sanger 10/2020

"1 NL 4 and NL 8 were below 250 bp and were not represented in the tree.
“2 Age at the time of sample collection.
"3 Gt value from laboratory developed GI screen.

"4 Only enteroviruses with successful genotyping results through VP1 Sanger sequencing were used to create the relative frequency.
" Clinical case/data described before [5]. The infection episodes (ep.) depicted from the patient with the prolonged CVA22 infection. Abbreviation: EV; enterovirus,

VP1; viral protein 1 gene, NA; not available, NL; Netherlands, Ct; Cycle threshold.

culture [1,4].

We present the first near-complete European CVA22 genomes using
next-generation sequencing (NGS). Furthermore, we highlight the po-
tential of a prolonged CVA22 infection with reported GI presentation
and provide phylogenetic analysis of twenty CVA22 sequences recov-
ered from patients admitted to a regional university hospital in the
Netherlands between 2013-2020.

2. Methods
2.1. Patients inclusion and laboratory developed GI screen

Patients with GI symptom(s) are routinely screened for suspected
viral GI infections at the University Medical Center Groningen (UMCG).
Subsequent laboratory developed GI screens are performed and provide
cycle threshold (Ct) values for enterovirus, adenovirus, norovirus,
astrovirus, parechovirus and sapovirus (Supplementary materials 1.1
and Table S1). A retrospective study was conducted on detected CVA22
sequences between January 2013 and December 2020 using

Table 2

BioNumerics v6.1 and the patient database system. An infection episode
was defined as a single clinical period (<3 weeks), including symptoms
and viral detection (Supplementary materials 1.2) [5].

2.2. Sequencing

Sanger sequencing was performed on all samples with a positive
enterovirus detection (<Ct 32) [3]. Viral targeted sequence capture
(ViroCap) [6] and NGS (Illumina NextSeq500, 2 x 76 bp) was performed
on untypeable enteroviruses [7].

2.3. Data analysis

CLC Genomics Server v21.0.3 was used to perform trimming,
alignment, calculate coverage depth, primer annealing analysis and
annotation (Table S2). Trimmed reads were assembled using Genome
Detective v1.136 [8] and typed using the Enterovirus Genotyping Tool
vl  (https://www.rivm.nl/mpf/typingtool/enterovirus/). Maximum
likelihood trees with 1000 bootstraps were constructed using a Kimura-2

Overview of NGS CVA22 sequences obtained from untypeable samples using Illumina sequencing (NextSeq 500).

D Length (bp) Genotype (VP1) assignment Genome coverage Avg. sequence depth Best hit on GenBank Identity to best hit
NL 11 7264 CVA22 98.1%** 3,579x CVA22 90.10%
NL 14 5395 CVA22 72.9% ° 12x CVAl 92.34%
NL 17" 7376 CVA22 99.6%* 153,706x CVA22 89.54%

Typing (VP1) was performed using the enterovirus typing tool from the RIVM and Genome Detective. NCBI accession numbers were generated for the near-complete
genomes, NL 11 (OM963010) and NL 17 (OM963011). Annotation of the CDS and partial 5" and 3’ regions was performed using CLC Genomics workbench. Ab-

breviations: CVA22; coxsackievirus A22, Bp; basepairs.
! infection episode 3 in the patient with prolonged infection.
2 Genome coverage based on best hit: DQ995647.1.
"3 Genome coverage based on best hit: JX174177.1.
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93| NL 17~ (ep. 3) Fig. 1. Phylogenetic analysis of partial
NL 14 VP1 CVA22 sequences. Maximum like-
NL 13" (ep.2)  lihood trees with 1000 bootstraps were
NL 19* (ep. 4) generated. VP1 sequences shorter than

100~ NL 20 (ep. 5) 250 bp and highly similar sequences/
NL S clusters were trimmed. The tree fea-
[~ NL3 tures eighteen UMCG sequences, three
NL7 outgroups (CVA1l, CVA19 and recom-
78| NL 12 binant CVA19/CVA22 species) and
NL 10 twenty-four reference sequences from
NL 11 GenBank. *CVA22 detection from the
(MH361030) Scotland patient with the prolonged infection.
LNL 16 Abbreviations: NA, not available; ep.,
st'NL 15 infection episode from the patient with
(MW117012) Argentina the prolonged infection.

@
S

(MW117011) Argentina

(MW117007) Argentina
(MW117010) Argentina

— (MK959771) Philippines

99r NL 18

(MT188610) Russia

NL 9* (ep. 1)

NL 6

(MH361016) Scotland

(MH361029) Scotland

(KF984203) Italy

— (MF093664) Uruguay

(JX139836) Russia

(JX139837) Russia

(KF412941) India

(KC785528) Bangladesh

71 (JX538032) Bangladesh

(AY919412) NA
(DQ995647) Bangladesh
(AF081310) USA

(MN914196) Malawi
(KY861118) South Africa
(KY861105) South Africa
(MK086475) France

NL 2

93— (JN542510) China

97

(KX932039) CVA19/A22 recombinant
(MT175706) CVA19

model (VP1) and a GTR+G model (near-complete genomes) using
MEGA-11 (Supplementary materials 1.3) [9]. To investigate recombi-
nation, bootscan analysis was performed using SimPlot v.3.5.1
(Table S3) [10].

2.4. Ethical and data availability statement

Waivers were obtained by the UMCG Ethics Committee: METc-2018/
393 and METc-2021/143. The sequencing data was deposited in the
Sequence Read Archive under the BioProject number: PRINA811787.

3. Results
3.1. Overview of CVA22 at the UMCG

Overall, we detected twenty different CVA22 infection episodes
(from sixteen patients) between 2013-2020 (Table 1), with an overall
relative frequency of 1.27% out of a total of 1569 enteroviruses (typed
using VP1 gene). Using Sanger sequencing, we were able to recover
seventeen partial VP1 sequences (from 14 patients). Three samples
(NL11, NL14 and NL17) were initially untypeable with Sanger and

(MG571859.1) CVA1

subsequently processed using NGS to generate two near-complete ge-
nomes (Table 2). For the third untypeable sample (Ct 30), we recovered
a partial genome, covering the VP1 region. All CVA22 were detected in
fecal samples with Ct values ranging from 12-32 from patients between
the ages of 1-84 years.

CVA22 was detected at least once per year between 2013-2020, most
frequently in October (n=8), with the highest number of recorded de-
tections in October 2018 (n=3) (Fig. S1). We performed phylogenetic
analysis of eighteen UMCG CVA22 sequences (partial VP1 gene) (Fig. 1).
Phylogenetic analysis revealed that 13/18 UMCG VP1 sequences clus-
tered within the same branch point, closely related to one Scottish strain
from wastewater collected in 2015. The remaining five sequences had a
high nucleotide similarity to Argentinian (2013) (n = 1), Russian (2019)
(n = 1), Scottish (2015) (n = 2) and Chinese (2010) (n = 1) CVA22
strains.

3.2. CVA22 whole-genomes

We report the first two near-complete CVA22 genomes from Europe,
collected from one lung (2018) and one kidney (2016) transplant
recipient presenting with GI symptoms (Table 2). The two obtained
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Table 3
Timeline and clinical description of the prolonged CVA22 infection.
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Infection Sample Collection Ct Co-detections Clinical presentation Diagnosis Length of stay

episode name date value

1 NL9 Dec 2015 13 None Diarrhea, abdominal pain Gastroenteritis Outpatient
suspected appointment

2 NL 13 May 2018 18 Rhinovirus (RV) Diarrhea, dyspnea, fever RV pneumonia 7 days (RV pneumonia)

3 NL 17 Oct 2018 12 None Diarrhea, abdominal pain Gastroenteritis Outpatient
suspected appointment

4 NL 19 Feb 2020 15 Influenza A virus H1 General malaise, fever, INFA H1 pneumonia 3 days (INFA H1

(INFA H1) diarrhea, nausea pneumonia)

5 NL 20 Oct 2020 16 Sapovirus Diarrhea, abdominal pain Gastroenteritis Outpatient

suspected appointment

Abbreviations: RV; rhinovirus, INFA; influenza A virus. Only fecal material was collected.

genomes, NL11 and NL17, were most closely related to a CVA22 virus
detected in Bangladesh in 1999 (DQ995647) (90.1% and 89.5% Blastn
similarity respectively), which was further confirmed by phylogenetic
analysis (Fig. S2, Table S4). Sanger primer-pair annealing analysis
revealed high primer miss-matches, particularly at the 3’-end (Table S5).
Bootscan analysis indicated no potential recombination events in NL11
or NL17 with other group II complete genomes.

3.3. Prolonged CVAZ22 infection

We report a possible CVA22 reinfection with three episodes over
three years (episodes 1-3; 2015-2018), followed by a prolonged CVA22
infection lasting at least eight months with two additional infection
episodes (episodes 4-5; 2020) from an adult lung transplant recipient
(Table 3). The enterovirus was suspected to have contributed to GI
symptoms and prompted sample collection during an outpatient
appointment in three of the five infection episodes (episodes 1, 3, 5),
with the remaining suspected to be secondary incidental findings.
Comparing the similarities of the partial VP1 sequences (n = 4) and
near-complete genome (n = 1) revealed nucleotide differences of
87.50%—99.38% between infection episodes (Fig. S3).

4. Discussion

Enterovirus typing and surveillance is important to track epidemio-
logical trends and potentially link clinical presentation. In this study, we
add to the current literature on CVA22, a relatively understudied
enterovirus, and report to the best of our knowledge the first two near-
complete genomes from Europe. CVA22 was detected sporadically be-
tween 2013-2020 at the UMCG, typically between autumn and winter.

The enormous variations in enterovirus genomes can render geno-
typing with conventional targeted methods challenging [11-13]. NGS
and viral enrichment (for increased sensitivity) was used to complement
traditional targeted approaches for genotyping, increase resolution and
provide more in-depth phylogenetic analysis. However, currently the
limited number of available whole-genome references can impact
phylogenetic analysis. This is an important limitation; particularly as
grouped sequences do not necessarily come from the same common
ancestor.

Although previous studies reporting CVA22 detections have been
sparse, there have been some reports detailing GI and neurological
presentation, including a patient with diabetes [5,14]. All detections
included in this study, of which 80% (n = 16) were from adult patients,
occurred in fecal samples taken due to GI symptoms. Determining
causation or ruling out detections as incidental findings can be chal-
lenging, particularly in tertiary hospitals where patients typically have
co-morbidities. Enterovirus replication in the intestine is typically
asymptomatic. Gastroenteritis caused by enteroviruses is usually mild
and resolves within a few weeks, however, in some cases can cause
significant morbidity to the patient, particularly if they are immuno-
compromised [5,15].

One transplant recipient in our study had five different CVA22
infection episodes between 2015-2020. Phylogenetic analysis and
sequence comparisons of the VP1 region revealed significant nucleotide
changes over five years. While the first three infection episodes appeared
to be three separate reinfections, the remaining two episodes appeared
to be part of a prolonged infection. It could be that the patient had
continued reinfection from a common source (e.g., shared facilities),
particularly between the first (2015) and subsequent infection episodes,
which were observed in different clusters. It’s likely the patients
weakened immune system contributed to this persistent infection. At the
same time, as the VP1 interacts with the host immune system [16], a
high proportion of nucleotide changes are to be expected, which could
have also resulted in the failed Sanger sequencing result (e.g., high
primer miss-matches), despite repeat testing and low Ct value. As yet,
there is limited information on the mutation rate of CVA22, however
CV-A enteroviruses are known to be prone to recombination and sig-
nificant episodic positive selection [17].

CVA22 is frequently found in sewage samples around the world
[18-21]. This could indicate that CVA22 is circulating within the com-
munity and is likely to be a GI pathogen, owing to its abundance in
sewage. The frequent detection of CVA22 in wastewater could indicate
that it is asymptomatic in healthy patients (rarely tested in GI screens)
and rather becomes detected in severely immunocompromised in-
dividuals or patients with underlying conditions (undergoing GI screens
more frequently) [5]. We highlight that continual enterovirus surveil-
lance, not only in molecular diagnostic laboratories but also in waste-
water and in healthy control patients, is crucial to understand the
burden and prevalence of GI pathogens within the community, partic-
ularly in patients with underlying conditions.
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