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ARTICLE INFO ABSTRACT

Keywords: Background: Rhinovirus (HRV) is a significant seasonal pathogen in children. The emergence of SARS-CoV2, and
Rhinovirus the social restrictions introduced in, disrupted viral epidemiology. Here we describe the experience of Great
SARS-CoV2

Ormond Street Hospital (GOSH), where HRV almost entirely disappeared from the paediatric intensive care units
(PICU) during the first national lockdown and then rapidly re-emerged with a fast-increasing incidence, leading
to concerns about possible nosocomial transmission in a vulnerable population.

Objectives: To describe alterations in HRV infection amongst PICU patients at GOSH since the emergence of SARS-
cov2

Study Design: 10,950 nasopharyngeal aspirate viral PCR samples from GOSH PICU patients from 2019 to 2023
were included. 3083 returned a positive result for a respiratory virus, with 1530 samples positive for HRV. 66
HRV isolates from August 2020 — Jan 2021, the period of rapidly increasing HRV incidence, were sequenced.
Electronic health record data was retrospectively collected for the same period.

Results: Following a reduction in the incidence of HRV infection during the first national lockdown, multiple
genotypes of HRV emerged amongst GOSH PICU patients, with the incidence of HRV infection rapidly surging to
levels higher than that seen prior to the emergence of SARS-CoV2 and continuing to circulate at increased
incidence year-round.

Conclusions: The incidence of HRV infection amongst GOSH PICU patients is markedly higher than prior to the
emergence of SARS-CoV2, a pattern not seen in other respiratory viruses. The increased burden of HRV-infection
in vulnerable PICU patients has both clinical and infection prevention and control Implications.

Respiratory virus
Paediatric infection

1. Introduction frequent precipitant of acute asthma exacerbations [20,21]. In addition,

HRYV is commonly detected in febrile infants with no other detectable

Rhinovirus, a member of the Picornaviridae family, is a non-
enveloped virus with an icosahedral capsid and positive single-
stranded RNA genome [1-3]. HRV is classified into three species:
HRV-A, HRV-B and HVR-C [4,5] with over 160 known serotypes [6,7].

HRYV are the predominant cause of the common cold and are also
frequently detected in individuals reporting no symptoms [8,9]. How-
ever, this belies HRV’s potential virulence: HRV is a major cause of
upper and lower respiratory tract infections and is a particularly sig-
nificant pathogen in young children, in whom it is associated with both
hospitalisation and poor outcome from acute respiratory illness
[10-12]. Notably, HRV bronchiolitis poses a particularly high risk of
subsequent development of asthma [13-19] and HRV infection is also a

cause [22]. Infection with HRV poses a significant burden to healthcare
resources [23,24]. No vaccine or specific antiviral treatment exists; HRV
infection management is therefore limited to supportive care [18].
Disease severity may not be equally distributed across the HRV
species. HRV-B is least prevalent and most frequently isolated from
asymptomatic individuals; HRV- A and HRV-C are more prevalent, and
infection is more commonly associated with clinical illness [7,25-27].
HRV-C is particularly associated with worse manifestations of infection
[26]. HRV infections are seasonal, with a large peak in incidence in
autumn, perhaps associated with the return of children to school, and a
smaller peak in the spring [28-30]. However, there also appear to be
distinctions in the seasonality of HRV species, with HRV-C
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predominantly detected in winter, while HRV-A is detected year round
[19].

HRV is usually transmitted through aerosols or droplets or alterna-
tively via contact with contaminated hands or objects [28,31-34]. The
lockdown measures introduced in 2020 in response to the global
SARS-CoV2 pandemic would be expected to reduce the transmission of
other respiratory viruses, including HRV [35]. Consistent with this, a
reduction in the incidence of many respiratory viruses including HRV
was observed, however, HRV continued to be detected in several
geographic locations throughout [36-47]. In countries where the HRV
incidence had fallen during lockdown, it typically rose again to prior
levels when restrictions were lifted [44-51]. Interestingly, in Australia
HRV appeared to reach incidence levels higher than that seen before the
SARS-CoV2 pandemic [51]. This study describes the rapid
re-emergence, and subsequent increasing burden, of HRV infection
amongst GOSH PICU patients since the lifting of the first national
SARS-COV2 lockdown, a pattern that has not been seen in other respi-
ratory viruses.

2. Methods

A retrospective search for all nasopharyngeal aspirate (NPA) viral
PCR results from PICU patients January 2019 to December 2023 was
performed on the GOSH laboratory information management system,
yielding 10,950 results, 3083 of which were positive for a respiratory
virus, 1530 of which were positive for HRV. These samples had been
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Fig. 1. (a) Number of NPA PCR results
positive for HRV amongst GOSH PICU
patients by month from 2019 to 2022.
Years separated by dotted lines; grey
shaded areas represent the time periods
of national lockdown measures. (b)
Total NPA PCR tests performed on SOH
PICU patients (bars, plotted against left
Y axis) and the percentage of these NPA
PCR tests positive for HRV (black line,
plotted against right Y axis) or SARS-
CoV2 (grey line, plotted against right Y
axis), the hashed area represents the
time before an electronic health record
was introduced and total test numbers
could not be obtained. (¢) Number of
NPA PCR results positive for SARS-CoV2
amongst GOSH PICU patients (d) Num-
ber of patients admitted to GOSH PICU
(bars, plotted against left Y axis) and
number of clinical respiratory infection
diagnoses (black line, plotted against
80— right Y axis), hashed area represents the
time before an electronic health record
was introduced and admission and
clinical data could not be obtained. (e)
Number of clinical respiratory infection
diagnoses at different prevalence of
HRV infection detected by NPA PCR,
linear regression performed by Graph-
20 T T T T 1 PadPrism 9: solid line Y = 0.7642*X +
15.90, 95% CI dotted lines, slope
% NPA PCR e 2

HRV positive significantly non-zero, r* 0.097, p

0.0375. (f) Number of patients admitted

to GOSH PICU at different prevalence of

HRV infection detected by NPA PCR,

linear regression performed by Graph-

Pad Prism 9: solid line Y = 0.4523*X +
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45.38, 95% CI dotted lines, slope
significantly non-zero, r*> 0.097, p
0.0088.

tested as per GOSH routine diagnostic testing protocols, using the
Hamilton STAR platform for automated nucleic acid extraction and PCR
set-up, followed by PCR with Takara mastermix on a Quantstudio 5
thermal cycler within-house primers and probes validated through
External Quality Assurance. This was consistent throughout the study
period. For all HRV positive samples, the full PCR panel result was ob-
tained including cycle threshold (CT) values for HRV and all co-infecting
viruses.

PICU admission numbers and clinical respiratory infection diagnoses
were obtained through retrospective searching of the EPIC electronic
health record (EHR) system from April 2019, when the EHR was intro-
duced, until December 2022.

When time periods were used, they were defined as per below:

Start End Duration (days)
Pre-lockdown 1 01/01/2020 22/03/2020 81
Lockdown 1 23/03/2020 23/06/2020 92
Post-lockdown 1 24/06/2020 30/10/2020 128
Lockdown 2 31/10/2020 02/12/2020 32
Post-lockdown 2 03/12/2020 05/01/2021 33
Lockdown 3 17/05/2021 18/07/2021 62
Post-Lockdown 3 19/07/2021 31/10/2021 104

The spatial location of the patient and timing of samples were used
for initial clustering. Subsequently, 66 HRV samples were randomly
selected from GOSH patients primarily from PICU, between 28/8/20
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and 28/1/21, the period of rapidly increasing HRV incidence, for whole
genome sequencing.

Viral whole genome sequencing was carried out by bait capture with
biotinylated RNA oligonucleotides used in the Agilent SureSelectXT
(SSXT) protocols. A design targeting DNA and RNA respiratory viruses
(Coronavirus, Influenza A/B, Measles, Mumps, Rubella, RSV A/B,
Rhinovirus, Metapneumovirus, Parainfluenza virus, Adenovirus and
Bocavirus) was designed in-house and synthesised by Agilent Technol-
ogies (available through Agilent’s Community Designs (NGS) pro-
gramme as the SureSelectXT CD Pan Respiratory panel).

11 ul RNA extract was used in first-strand cDNA synthesis with
random primers and SuperScript IV (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Second-strand cDNA was synthesised
using the NEBNext Ultra II Non-Directional RNA Second Strand Syn-
thesis Module (New England BioLabs) according to the manufacturer’s
instructions. Double-stranded ¢cDNA was purified using AMPure XP
Beads (Beckman Coulter) with a 40 ul elution volume and was quantified
using a high-sensitivity dsDNA Qubit kit (Fisher Scientific).

Double stranded cDNA (bulked with male human gDNA (Promega) if
required) was sheared using a Covaris E220 focused ultra-sonication
system (42 s, PIP 75, duty factor 10, cycles per burst 1000). End-
repair, non-templated addition of 3' poly A, adaptor ligation, pre-
capture PCR, hybridisation, post-capture PCR and all post-reaction
clean-up steps were performed using the SureSelectXT Low Input kit
(Agilent Technologies) with minor modifications to the manufacturer’s
protocol to account for variable pathogen loads. Quality control steps
were performed using the 4200 TapeStation (Agilent Technologies).
Samples were sequenced using the MiSeq platform (Illumina). Base

2020 2021 2022
Month

calling and sample demultiplexing were performed onboard the MiSeq
generating paired FASTQ files for each sample.

The reads were first quality checked for low quality reads, and
ambiguous bases and adapters trimmed from ends. The trimmed reads
were mapped to a curated panel of Rhinovirus genotypes to identify the
best reference genotype to use for mapping. Genotypes were assigned
based on the genotype of the best reference match. The top reference
genotype was used to remap the trimmed reads. Duplicate reads were
then removed, and consensus sequences were called at 10X minimum
threshold. The entire analysis was carried out using CLC Genomics
Workbench 11.01. 26 (39.4%) complete genomes with high read depth
were assembled and typed.

As the polymerase of HRV is highly error prone, we considered 30 bp
to be adequate to determine relatedness over a 3 week period, based on
accumulation of ~30 mutations at an approximate rate of 1.5 x 10~*
mutation per nucleotide per replication cycle over the genome and
taking a replication cycle of 8 hrs. Therefore, 3 criteria were used to
identify possible linked cases:

i Genetic similarity: pairwise polymorphic difference <30 bp
ii Time: sampling date within 3 weeks of each other
iii Place: sampling done in the same ward

3. Results
The first COVID lockdown in the UK, which began on the 23rd March

2020, led to a marked decline in the detection of HRV by NPA PCR in
PICU patients at GOSH (Fig. 1a). Following the end of national lockdown
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Table 1

Rhinovirus genotype results of the 26 samples successfully

sequenced.
Sample Genotype
1 C15
2 A49
3 C43
4 B83
5 C45
6 C15
7 A47
8 C
9 C42
10 C15
11 A22
12 C11/New Recombination
13 C11/New Recombination
14 C
15 B42
16 Cl1
17 Bl
18 A47
19 A49
20 C43
21 All
22 A61
23 A49
24 A49
25 A
26 A

Table 2

Samples of the same genotype, which of the criteria they met to be considered as
possibly linked: i. Genetic similarity: pairwise polymorphic difference <30 bp,
ii. Time: sampling date within 3 weeks of each other, iii. Place: sampling done in
the same ward; and which of the samples fulfilled this criterion.

Genotype Samples Criteria fulfilled: relevant sample numbers
A49 2,19, 23,24 2,19

C15 1,6, 10 i, ii & iii: 1, 6

Cc43 3,20 i: 3, 20

A47 7,18 i:7,18

C11 12,13

A 25, 26

C 8,14 i: 8,14

measures on the 23rd June 2020 there was a rapid increase in both
incidence (Fig. 1a) and prevalence (Fig. 1b) of HRV. This was not the
result of increased testing (Fig. 1b). SARS-CoV2 took longer than HRV to
re-emerge following the lifting of the first national lockdown measures
(Fig. 1c). This rise in HRV detection occurred during a period of
increasing PICU admissions, as well as an increase, albeit small, in
clinical diagnoses of respiratory infection (Fig. 1d). Over the study
period, the prevalence of HRV as detected by NPA PCR correlated with
the number of clinical diagnoses of respiratory infection amongst PICU
patients at GOSH (Fig. le), as well as with the number of PICU admis-
sions (Fig. 1f).

Considering the time periods of the pandemic incidence rate of HRV
infection amongst GOSH PICU patients dropped during the first and
third lockdowns, but not the shorter second lockdown and rose each
time following the lifting of lockdown measures (Fig. 2a) with a marked
and prolonged increasing incidence rate (Fig. 2b). This pattern was not
mirrored by SARS-CoV2 (Fig. 2a). The pattern of persistently increasing
cases following the lifting of national restrictions was not seen in other
respiratory viruses (Fig. 2b), resulting in HRV accounting for a markedly
higher proportion of respiratory viral infections (Fig. 2c).

Given the rapidity of the rise in cases of HRV within the PICU in the
summer of 2020 (Fig. 1a), there was concern that this may represent a
nosocomial HRV outbreak. There were no evident clusters of cases,
either temporally or spatially to substantiate this hypothesis so
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Fig. 3. (a) Typical seasonal pattern of respiratory viruses, based on [62]. (j)
Proportion of positive nasopharyngeal PCR results attributable to each respi-
ratory virus amongst GOSH PICU patients by month from 2019 to 2022.

genotypic analysis was performed. Of the 26 complete genomes
assembled, the majority were HRV-C (12 samples) or HRV-A (11 sam-
ples), the remaining 3 were HRV-B (Table 1). Within each HRV species,
there was a broad range of genotypes identified (Table 1).

Given the lack of evident phylogenetic linkage, we next looked for
evidence of transmission pairs, using the criteria defined in Methods.
Only 1 pair of samples, numbers 1 & 6, fulfilled all three criteria
(Table 2), with a further four pairs meeting criteria i. genetic similarity
(Table 2), however these sample pairs were separated in both time and
place and could not be epidemiologically linked. The rapid increase in
HRV cases amongst PICU cases therefore could not be attributed to an
outbreak or a common source of infection.

Many respiratory viruses, including HRV, have a typical seasonality
(Fig. 3a), which was reflected in the prevalence of respiratory viruses
amongst GOSH PICU patients prior to the pandemic (Fig. 3b). Following
the pandemic, HRV was detected year-round in 2021 and 2022, and no
September peak in 2021 despite the normal opening of schools (Fig. 3b).
The seasonality of several other respiratory viruses also deviated from
the classical pattern, with notable alterations in RSV and IV seasonality,
as well as markedly reduced detection of AdV (Figs. 2b & 3b).

HRV was frequently identified alongside another respiratory viral
pathogen, here termed co-infection: this may represent true simulta-
neous active infection or detection of residual viral DNA/RNA due to a
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Fig. 4. (a) Proportion of HRV in-
fections where HRV was isolated alone
(HRV only) or alongside another res-
piratory virus (coinfection) during the
time periods of the pandemic, as
defined in the methods section: pre-
lockdowns (Pre-LD), Lockdowns (LD)
1/2/3, and post lockdown periods
(post-LD). (b) Non-directional chord
diagram of coinfecting viruses,
showing relative frequency with which
each was identified alongside HRV
(the external band) and frequency of
co-detection of each with each other
(the chords linking the two viruses, the
width of which represent the fre-
quency of co-detection of the two vi-
ruses). Generated using flourish studio.
(c) PCR cycle threshold (CT) of HRV
identified as the only infection path-
ogen (HRYV alone), or in the context of
coinfection, and then broken down by

PCRCT
E-y
)

Table 3

(f)

RSV CT

(8)

SCoV2 CT

Coinfecting respiratory virus detected by PCR in the 312 patients simultaneously
infected with more than one respiratory virus.

Coinfecting virus

Number patients

% of all HRV cases

Adenovirus 90 11.73
Bocavirus 71 9.26
Parainfluenza 67 8.74
RSV 50 6.52
SARS-CoV2 38 4.95
Coronavirus 30 3.91
Human metapneumovirus 17 2.22
Influenza 10 1.30

recent past infection with one or more of the pathogens identified. The
relative frequency of co-infections fell as the incidence of HRV rose
(Fig. 4a). Of the patients with HRV infection in the context of coinfection
with at least on other respiratory viral pathogen, and no concern

. . coinfecting virus. (c) PCR CT of the
: coinfecting virus identified alongside
HRV in patients with coinfection. (d)
PCR CT of coinfecting adenovirus and
rhinovirus. (e) PCR CT of coinfecting

15 20 25 30 35 40

HRVCT
RSV and rhinovirus. (d) PCR CT of
coinfecting SARS-CoV2 (SCoV2) and
rhinovirus.
40
30 T L.
L C .
20 L€
¢ ]

15 20 25 30 35 40

HRVCT
40 |

BRI A
30 P
20 .

regarding the possibility of specimen contamination, 198 patients had 2
respiratory viruses detected (including HRV), 86 had 3 respiratory vi-
ruses detected, 22 had 4 respiratory viruses detected, 6 had 5 respiratory
viruses detected and 1 patient had 6 respiratory viruses detected.
Adenovirus was the most common coinfecting virus, with BoV and HPIV
also frequently detected; conversely influenza was rarely identified in
patients with HRV (Table 3). Given the context of the COVID pandemic,
SARS-CoV2 was rarely identified alongside HRV, being detected in only
4.95% of cases. Co-infections occurred in myriad combinations (Fig. 4b).

There were notable differences in distributions of PCR cycle
threshold (CT) values, a semi-quantitative measure of viral load [52], of
HRV in the context of coinfection (Fig. 4b). The HRV CT was higher in
coinfection compared to infection with HRV alone and there were also
marked differences in HRV CT depending on the coinfecting respiratory
virus (Fig. 4c). There were also differences in the PCR CT values of the
coinfecting viruses (Fig. 4d), with notable differences between the
relatively low burden of AdV (median CT 32.1, IQR 28.8-34.6) across a
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range of HRV burdens (Fig. 4e), versus the higher burden of RSV (me-
dian 21.8, IQR 18.0-28.7), mostly at higher CT values of HRV (Fig. 4f).
SARS-COV2 was mostly detected only at high CT in the context of a high
HRV CT value (Fig. 4g).

4. Discussion

The first UK national lockdown markedly reduced the detection of
HRV amongst GOSH PICU patients. Shortly after these measures were
lifted, genetically diverse strains of HRV were identified amongst
intensive care patients at GOSH, causing a rapidly increasing burden of
infection with no evidence of an outbreak, suggesting HRV circulation
was sufficient in the wider community throughout the period of social
restrictions to preserve a broad diversity of HRV strains. Since this rapid
reemergence, HRV has been identified in GOSH PICU patients at levels
higher than prior to the national lockdown measures, with a loss of
seasonality. This pattern appears to be unique to HRV and does not
appear to be the result of increased testing. It is not clear what underlies
this phenomenon. The clinical significance of the increased detection of
HRV remains uncertain: the virus may be directly implicated in admis-
sion to PICU, a co-factor in the admission, or an incidental finding, for
example in the case of recent past, early acute or asymptomatic
infection.

The rapid reemergence of multiple highly diverse genotypes across
all three HRV species amongst GOSH PICU patients upon the lifting of
social restriction is consistent with the continued circulation of HRV
throughout the first national lockdown. It has been postulated that
facemasks could be less effective at filtering HRV out of exhaled air due
to its relative small size [53], which may have facilitated ongoing
transmission during the periods or lockdown and social distancing reg-
ulations. In addition, HRV is a non-enveloped virus and is therefore
more resistant to alcohol based disinfectant solutions than enveloped
viruses [54]. As such it may have been less successfully eradicated from
hands by the alcohol hand hygiene approaches recommended during the
SARS-CoV2 pandemic. Consistent with the hypothesized limitations of
the efficacy of public health measures introduced against SARS-CoV2 in
controlling HRV, there is evidence the HRV continued to circulate in
several countries in spite of social restrictions that markedly suppressed
SARS-CoV2 transmission [39-43,46,47]. However, it is notable that
HRYV detection within GOSH PICU patients fell markedly during the first
national lockdown, and again, although to a lesser extent, during the
third lockdown. This suggests that it is not simply that the social re-
strictions introduced in response to the SARS-CoV2 pandemic failed to
control HRV transmission, but that only the most stringent, and pro-
longed, measures reduced the circulation of HRV and hence infection of
GOSH PICU patients with HRV, and even during these periods a broad
range of HRV continued to circulate in the wider community.

In addition, HRV has not simply rebounded to its prior level amongst
GOSH PICU patients; instead HRV is being detected with an ever-
increasing incidence, markedly higher than previously. The SARS-
CoV2 pandemic, and the lockdown measures enforced in response,
have been described to have disrupted the seasonality of several respi-
ratory viruses [55-57], however, this pattern of persistently increased
incidence has not been seen in any other respiratory virus in our cohort.
It is possible that this reduced circulation of the viruses with which HRV
has negative interactions, notably RSV [58-60], has facilitated its cir-
culation at such high levels. Interestingly, in spite of the pandemic
context, SARS-CoV2 was rarely identified alongside HRV, and typically
only at high CT when it was present, consistent with proposed negative
interactions between these viruses [61]. It is also notable that AdV is
being detected at a much lower incidence than previously, despite being
the commonest coinfecting virus alongside HRV in this study.

In conclusion, amongst GOSH PICU patients, following a period of
suppression during the first national lockdown, multiple HRV genotypes
rapidly emerged and have continued to circulate amongst these patients
at higher levels than before the SARS-CoV2 pandemic, with increasing
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incidence and loss of seasonality. The marked increase in rates of HRV
infection has both clinical and infection prevention and control impli-
cations, particularly in vulnerable paediatric populations, and, if this is
occurring in a wider setting, the increased circulation of HRYV is likely to
pose a significant burden to healthcare resources.
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