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Introduction: The world is still struggling against the pandemic of coronavirus
disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), in 2022. The pandemic has been facilitated by
the intermittent emergence of variant strains, which has been explained and
classified mainly by the patterns of point mutations of the spike (S) gene.
However, the profiles of insertions/deletions (indels) in SARS-CoV-2 genomes
during the pandemic remain largely unevaluated yet.

Methods: In this study, we first screened for the genome regions of polymorphic
indel sites by performing multiple sequence alignment; then, NCBI BLAST
search and GISAID database search were performed to comprehensively
investigate the indel profiles at the polymorphic indel hotspot and elucidate
the emergence and spread of the indels in time and geographical distribution.

Results: A polymorphic indel hotspot was identified in the N-terminal domain
of the S gene at approximately 22,200 nucleotide position, corresponding to
210-215 amino acid positions of SARS-CoV-2 S protein. This polymorphic
hotspot was comprised of adjacent 3-base deletion (5’-ATT-3’; Spike_N211del)
and 9-base insertion (5'-AGCCAGAAG-3’; Spike_ins214EPE). By performing
NCBI BLAST search and GISAID database search, we identified several types
of tandem repeats of the 9-base insertion, creating an 18-base insertion
(Spike_ins214EPEEPE, Spike_ins214EPDEPE). The results of the searches
suggested that the two-cycle tandem repeats of the 9-base insertion were
created in November 2021 in Central Europe, whereas the emergence of the
original one-cycle 9-base insertion (Spike_ins214EPE) would date back to the
middle of 2020 and was away from the Central Europe. The identified 18-
base insertions based on 2-cycle tandem repeat of the 9-base insertion were
collected between November 2021 and April 2022, suggesting that these
mutations could not survive and have been already eliminated.

Discussion: The GISAID database search implied that this polymorphic indel
hotspot to be with one of the highest tolerability for incorporating indels
in SARS-CoV-2 S gene. In summary, the present study identified a variable
number of tandem repeat of 9-base insertion in the N-terminal domain of
SARS-CoV-2 S gene, and the repeat could have occurred at different time
from the insertion of the original 9-base insertion.
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1. Introduction

The pandemic of coronavirus disease 2019 (COVID-19), caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
is still ongoing worldwide still in end of 2022 (Alexandridi et al.,
2022; Biancolella et al., 2022). The pandemic has been sustained in
the last 3 years, driven by the intermittent emergence of
consequential variant strains (Papanikolaou et al., 2022; Viana et al.,
2022). By now, the lineages of the variant strains have been classified
mainly based on the types of point mutations in the spike (S) gene
of the virus. This is reasonable because SARS-CoV-2 Sprotein has
been known to play major roles in binding to the receptor
angiotensin-converting enzyme 2 (ACE2) and also as the target
antigen of most neutralizing antibodies (Liu et al., 2020; Zhang
et al,, 2020; Min and Sun, 2021). Recently, the genomes of many
SARS-related coronavirus species, including SARS-CoV-2 from
humans, have reported to incorporate many mutation hotspots with
relatively long and highly divergent insertions/deletions (indels;
Alkaishi, 2022b; Akaishi et al., 2022b), which are not common in
many of other virus families (Willemsen and Zwart, 2019; Akaishi,
2022a). These indel hotspots with highly divergent RNA sequences
in SARS-related coronavirus species were identified to be clustered
in several specific genome positions, including the non-structural
protein 2 (Nsp2) and Nsp3 of the open-reading frame 1a (ORFla),
N-terminal domain (NTD) of S gene, and ORF8 gene (Akaishi et al.,
2022a). Many of these divergent and complex indel hotspots are
away from the known genomic recombination sites in the viruses
(Alexandridi et al., 2022; Lytras et al., 2022). However, the genomic
regions and patterns of highly polymorphic indel sites in the
genomes of SARS-CoV-2 from humans have not been enough
evaluated until now. Moreover, the geographical distributions and
prevailing periods of each indel pattern remains largely unevaluated.
Therefore, in this report, we searched for the polymorphic indel
hotspots in the genomes of SARS-CoV-2 collected from humans
and estimated the time period and geographical locations of the
emergence of such polymorphic indels. Furthermore, we are going
to report an insertion site with variable number tandem repeat of
9-base insertion, found in the NTD of the SARS-CoV-2 S gene.

2. Materials and methods
2.1. Initially evaluated genome sequences
In this study, a total of 20 SARS-CoV-2 genome sequences

from different timings and countries were initially collected to
search for the presence of polymorphic indel sites, which were
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randomly selected from the NCBI GenBank Database in October
2022, based on the sample collection time and geographic
distribution. These sequences were first used to preliminarily
search for the location of the polymorphic site across the SARS-
CoV-2 genome in the last 3 years. The list of the initially collected
20 sequences is shown in Table 1 (Holland et al., 2020; Wu et al.,
2020; Wilkinson et al., 2021; De Marco et al., 2022).

2.2. Multiple sequence alignment

By using the initially collected 20 virus genome sequences,
multiple sequence alignment was performed by using Molecular
Evolutionary Genetics Analysis Version 11 (MEGA11) software
(Tamura et al., 2021). The Multiple Sequence Comparison by
Log-Expectation (MUSCLE) program was run to align the whole
genome sequences. As for the alignment parameters, gap opening
penalty score was set with —400 and gap extension penalty score
was set with 0. The presence of polymorphic indel sites were
manually searched across the whole genomes using the aligned
sequences. Polymorphism of the indel site was determined if more
than two patterns of indels at the indel site, including the nearby
sequences of 10 bases, were observed. Point mutation patterns in
the indel sites were not considered to decide the polymorphism of
the indels.

2.3. Basic Local Alignment Search Tool
(BLAST) search

The identified sites of polymorphic RNA sequences based on
sequence alignment were further evaluated by performing
sequence search with NCBI basic local alignment search tool
(BLAST) to know the numbers of registered sequences with 100%
sequence identity with each of the identified polymorphic RNA
sequence.' Sequences those are 100% identical to the reference
sequence were determined when they achieved 100% both for
with the query cover rate and percent sequence identity. To pick
up other types of overlooked polymorphic RNA sequence
patterns, the identified sequences upon highly similar sequence
search method (megablast) with <100% sequence identity were
further checked manually and visually one by one.

Furthermore, to search for other patterns of polymorphic
sequence which are not included in the initially recruited 20

frontiersin.org
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TABLE 1 List of the initially recruited 20 SARS-CoV-2 strains.

10.3389/fmicb.2022.1089399

GenBank accession ID Collection date Country Sequence names

MN908947 December 2019 China Wuhan-Hu-1 (original)

ON507065 January 17, 2022 Italy SARS-CoV-2/human/ITA/ID6_170122/2022
MT339039 May 17, 2020 United States SARS-CoV-2/human/United States/AZ-ASU2922/2020
MT844030 July 20, 2020 Brazil SARS-CoV-2/human/BRA/R]-DCVN4/2020
0OP699312 October 09, 2021 United States SARS-CoV-2/human/United States/WA-S21827/2021
OW981938 May 07, 2022 Switzerland hCoV-19/Switzerland/SG-ETHZ-674753/2022
OL989090 April 26, 2021 Philippines SARS-CoV-2/human/PHL/210430-1/2021

OP355305 January 15, 2022 India SARS-CoV-2/Homosapiens/IND/EPI_ISL_11887846/2022
OL989098 July 05, 2021 Argentina SARS-CoV-2/human/ARG/210711-54/2021

OP024160 March 03, 2022 Japan SARS-CoV-2/human/JPN/HiroC311¢/2022

ON513706 January 17, 2022 United States SARS-CoV-2/human/United States/TG996464/2022
ON819429 January 07, 2022 Australia SARS-CoV-2/human/AUS/QIMR01/2022

OM945722 February 11, 2022 Turkey SARS-CoV-2/human/TUR/ERAGEM-OM-1104/2022
ONO032859 January 25, 2022 Russia SARS-CoV-2/human/RUS/Altufjevo/2022

OM640073 January 19, 2022 Austria SARS-CoV-2/human/AUT/SKV-316/2022

OM773467 January 19, 2022 South Africa SARS-CoV-2/human/South Africa/NHLS-UCT-LA-Z842/2022
OP107796 July 01, 2022 Brazil SARS-CoV-2/human/BRA/LACENAL-270228624/2022
OP279916 July 15, 2022 South Africa SARS-CoV-2/human/ZAF/NHLS-UCT-LA-7ZB06/2022
OP430898 2022 Germany SARS-CoV-2/human/DEU/C63/2022

ON966115 March 31, 2022 Thailand SARS-CoV-2/human/THA/BKK-ST023.8/2022

The initially recruited 20 SARS-CoV-2 sequences were randomly selected from NCBI GenBank Database, according to the sample collection time and geographical distribution. The

countries of the sequences were selected to cover all of the five continents. These initially selected 20 sequences were aligned to screen for the presence of polymorphic indel sites in the

genomes of SARS-CoV-2, developed during the COVID-19 pandemic since 2019.

sequences or are failed to be picked up by the megablast search,
several patterns of hypothetical virtual sequences were prepared
by gradually shortening the bases with deletion by 3 nucleotides
or duplicating the bases with insertion up to 3 tandem repeats.
For the collected sequences with indel polymorphisms,
recombination analyses were performed using the Recombination
Detection Program Version 5 (RDP5) to detect potential
recombination sites across the whole virus genomes (Martin
etal., 2021).

2.4. Global Initiative on Sharing All
Influenza Data (GISAID) database search

Next, to investigate the prevalence of each observed indel type
at the identified polymorphic indel site, the registered virus
genome sequences worldwide were accessed via the Global
Initiative on Sharing All Influenza Data (GISAID; Elbe and
Buckland-Merrett, 2017; Shu and McCauley, 2017; Khare et al,,
2021). A total of 14,066,931 genome sequences, which were
registered and available up to December 1, 2022, were evaluated
in the present study. The associated EPI_SET Identifier ID is
specified in the subsequent data availability statement.

Frontiers in Microbiology

3. Results
3.1. Identified polymorphic site

First, the presence and location of polymorphic indel sites
were screened with the initially recruited 20 virus genome
sequences, which identified only one polymorphic indel site in the
S1-NTD at approximately 22,190-22,210 nucleotide positions of
the overall 29,903 nucleotides of SARS-CoV-2 Wuhan-Hu-1
genome. The aligned sequences around the identified polymorphic
indel site with some of the randomly selected first 20 sequences
are shown in Figure 1, together with the aligned sequences of
some of the additional sequences detected by BLAST search. This
indel site was comprised of two adjacent but distinct indels: 3-base
deletion (5’-ATT-3") and 9-base insertion (5-AGCCAGAAG-3").
Among the initially recruited 20 sequences, both of the 3-base
deletion and 9-base insertion were confirmed in the same 5
sequences, all of which were sampled and sequenced in 2022.
These 5 sequences were distributed across the countries worldwide
(United States, Japan, Italy, Australia, and Turkey). Sequences with
these mutations accounted for 35.7% of the randomly selected
sequences sampled in 2022 (n=5/14 sequences). The estimated
prevalence of these 3-base deletion and 9-base insertion among

frontiersin.org
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Muitiple sequence alignment in SARS-CoV-2 S1 N-terminal domain
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2022 Apr) BLAST search.
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A SARS-CoV-2 (Genmany 2021 Dec) BLAST search
15.OW662000.1: SARS.CoV-2 (Gesmany 2022 Jan) BLAST seasch
19.0WS$67593.1: SARS-CoV-2 (Genmany 2022 Feb) BLAST search
20.0W967752.1: SARS.CoV-2 (Germany 2022 Feb) BLAST search
21.0WS94513.1: SARS-CoV-2 (Germany 2022 Feb) BLAST search

(continue)

(continued)

| S

%r—l
9-base insertion Repeat

FIGURE 1

Polymorphic insertion/deletion hotspot in SARS-CoV-2 S1-NTD. The result of the multiple sequence alignment with some of the initially recruited
sequences by random selection based on geographical distribution and other additional sequences identified with subsequent BLAST searches.
This polymorphic indel site was comprised of two adjacent distinct indels: 3-base deletion and 9-base insertion. The combination of these 3-base
deletion and 9-base insertion was confirmed in 5 of the randomly selected initial 20 sequences. Further BLAST searches with virtual RNA
sequences of different indel patterns revealed the presence of SARS-CoV-2 strains with a 2-cycle tandem repeat of the 9-base insertion in the
past. BLAST, basic local alignment search tool; S1-NTD, N-terminal domain of S1 gene; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.

the viruses worldwide in 2022 was approximately 20-50%,
suggesting the rapid spread of the combination of these two indels
all over the globe in the early 2022. To be noted here, more than
half of the randomly selected virus strains in 2022 (n=9/14
sequences) still preserved the original reference RNA sequences
(i.e., sequence of Wuhan-Hu-1) in this polymorphic indel
hotspot site.

3.2. BLAST search results for the
polymorphic indels

Based on the finding of polymorphic indels basically
comprised of 3-base deletion and 9-base insertion in the
SARS-CoV-2 S1-NTD, NCBI BLAST search was performed for
the identified sequences and other conceivable non-lethal
virtual sequences. The search with a virtual sequence
conceived from 2-cycle tandem repeat of the 9-base insertion
identified a total of 1,257 registered sequences, 5 of which
were from Germany and the others were from Switzerland.
The presence of two different cycles of tandem repeat of the
9-base insertion exhibited the presence of variable number
tandem repeats (VN'TD) in RNA sequence of the SARS-CoV-2
genomes. The detailed sequences close to this polymorphic

Frontiers in Microbiology

indel hotspot among the initially recruited and additionally
identified sequences are shown in Figure 2A, together with the
number of the identified sequences with 100% sequence
identity to the entered search sequence based on the BLAST
search. Recombination analysis using RDP5 was performed
with these collected sequences, which did not detect any
potential recombination signals across the whole virus
genomes.

The identified sequences including both of the 3-base
deletion (Spike_N211del) and one-cycle of 9-base insertion
(Spike_ins214EPE) distributed across the countries worldwide
(e.g., Germany, Switzerland, United Kingdom, Russia,
United States, Kenya, Gambia, Australia, Denmark, New Zealand,
India, Brazil, Myanmar, Korea, and Japan) in all five continents,
as shown in Figure 2B. Based on the BLAST search, the exact
time and geographical location of the emergence of Spike
ins214EPE mutation could not be determined. Meanwhile, the
origin in time and location of the 18-base insertion, based on
2-cycle tandem repeat of the 9-base insertion, was more obvious
because the number of the sequence was much smaller with 1,257
registered sequences. The geographical distribution of the 18-base
insertion by the BLAST search result is shown in Figure 2C, most
of which were collected in Switzerland since the late
November 2021.
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A Tandem repeat of 9-base insertion in SARS-CoV-2 S1 N-terminal domain

MN908947.3: SARS-CoV-2 Wuhan-Hu-1 (China 2019 Dec) original strain

MT339039.1: SARS-CoV-2/human/USA/AZ-ASU2922/2020 (USA 2020 May) random selection
MT844030.1: SARS-CoV-2/human/BRA/RI-DCVN4/2020 (Brazil 2020 July) random selection
OP699312.1: SARS-CoV-2/human/USA/WA-S21827/2021 (USA 2021 Oct) random selection
OW981938.1: hCoV-19/Switzerland/SG-ETHZ-674753/2022 (Switzweland 2022 Feb) random selection
OP699016.1: SARS-CoV-2/human/USA/JW§225/2022 (USA 2022 Oct) random selection
OP550479.1: SARS-CoV-2/human/HKG/WHP5470/2022 (China 2022 Feb) random selection
ON845063.1: SARS-CoV-2/human/USA/KY-GD 02588/2022 (USA 2022 Feb) random selection
OP024160.1: SARS-CoV-2/human/JPN/HiroC311¢/2022 (Japan 2022 March) random selection
ON819429.1: SARS-CoV-2/human/AUS/QIMR01/2022 (Australia 2022 Jan) random selection
OP012521.1: SARS-CoV-2/human/USA/MO-UW22010162780/2022 (USA 2022 Jan) BLAST search
ON776445.1: SARS-CoV-2/human/USA/CA-CDPH-6000010971/2022 (USA 2022 Apr) BLAST search
OV385645.1: hCoV-19/Switzerland/BS-UHB-43233217/2021 (Switzerland 2021 Dec) BLAST search
OV912442.1: hCoV-19/Switzerland/BS-UHB-43340483/2022 (Switzerland 2022 Feb) BLAST search
OW8§51685.1: hCoV- i -UHB-dxe0xly/2022 2022 Apr) BLAST search
OW308764.1: SARS-CoV-2 (Germany 2021 Dec) BLAST search

OW867593.1: SARS-CoV-2 (Germany 2022 Feb) BLAST search

B 3-base deletion & 9-base insertion (1 cycle)

FIGURE 2
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BLAST search results and geographic distribution of two-cycle tandem repeat of the 9-base insertion. (A) The aligned sequences at the identified
polymorphic indel hotspot in SARS-CoV-2 S1-NTD are shown, together with the numbers of identified sequences with 100% sequence identity for
each sequence based on the NCBI BLAST search. Both of the one-cycle and two-cycle tandem repeat of the 9-base insertion were dated from
the November 2021 in Switzerland. The two-cycle tandem repeat did not spread across the globe, whereas the one-cycle 9-base insertion rapidly
spread across the globe in 2022, estimated to account for 20—-50% of the overall SARS-CoV-2 sampled from humans in 2022. (B,C) Geographic
distributions of the one-cycle and two-cycles of the 9-base insertion with the nearby 3-base deletion. Although both cycles were suggested to
originate in November 2021 in central Europe, the former rapidly spread across the globe, whereas the latter was limited in Switzerland. BLAST,
basic local alignment search tool; S1-NTD, N-terminal domain of S1 gene; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

3.3. GISAID database search results for
the polymorphic indels

To further investigate the exact time and location of the
emergence of the 9-base insertion (Spike_ins214EPE) and its
2-cycle tandem repeats (Spike_ins214EPEEPE and Spike_
ins214EPDEPE), we decided to perform the sequence search via
the GISAID database. The obtained numbers of the identified
sequences are listed in Table 2. More than 95% of the sequences
with insertions at 214 amino acid position in the S protein were
with a 9-base insertion (ins214EPE), which accounted for 13.84%
of all registered sequences worldwide by November 2022. The first
sample with this 9-base insertion in the GISAID database was
collected in May 2020 in the United States. Regarding the 18-base
insertion, we could identify two types in the GISAID database
(214EPDEPE, 214EPEEPE). The first sample with ins214EPDEPE
was collected in November 2021 in Switzerland, and that with
ins214EPEEPE was collected in December 2021 in Brazil. The
finding of the different seasons and geographical locations of the
9-base insertion and its two-cycle tandem repeat suggests that the
observed set of VN'TR were not created all at once, but developed
gradually in different seasons at different places.

Frontiers in Microbiology

Finally, to confirm that the finding of polymorphic insertion
at the 214 amino acid position in the S protein is truly site-
specific and it not common in other amino acid positions, the
site-specific numbers of registered sequences in the GISAID
database with insertions or deletions at each amino acid position
in the S1-NTD and receptor-binding domain (RBD) of SARS-
CoV-2 § gene are shown with line graphs in Figure 3. As can
be seen, the 214 amino acid position in the S protein showed the
highest peak of sequences with insertions in the evaluated 400
amino acid positions (i.e., 130-530 amino acid positions). This
hotspot was also a hotspot for the point mutations in the previous
variants of concern (VOCs), suggesting that this amino acid
position has some potential roles for the survival of the virus and
mutations at this position including indels would often function
as beneficial mutations for the virus. Another notable finding of
the line graphs was the asymmetrical distributions between the
S1-NTD and the S1 RBD, although the frequency of point
mutations in the previous VOCs was not apparently different
between the two domains or even higher in the S1 RBD. This
finding may suggest the different tolerability for incorporating
indels between the two domains, with a lower tolerability in the
S1 RBD compared to the SI-NTD.
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FIGURE 3

GISAID database search for the insertions/deletions in the N-terminal domain and receptor-binding domain of SARS-CoV-2 spike gene. The line
graphs show the numbers of sequences sampled from humans with insertions/deletions (indels) at each amino acid position in the N-terminal
domain (NTD) and receptor-binding domain (RBD) of the SARS-CoV-2 spike gene, which were registered in the GISAID database by December 01,
2022. The observed variable numbers tandem repeat of this study matches to the peak of insertion at 214 amino acid position of the S1-NTD. The
asymmetrical line graphs suggest the different tolerability for incorporating indels between the SARS-CoV-2 S1-NTD and the S1-RBD, with a lower

10.3389/fmicb.2022.1089399

tolerability in the S1 RBD. The Y-axis scale is logarithmic.

4. Discussion

In this study, the presence of highly polymorphic indel
hotspot in SARS-CoV-2 genomes, sampled from humans
during the pandemic of COVID-19, was identified in the
S1-NTD. This polymorphic indel site was comprised of the
combination of adjacent 3-base deletion and nearby 9-base
insertion. Furthermore, the NCBI BLAST search and GISAID
database search identified several derivatives of the 9-base
insertion, some of which were 18-base insertions based on
two-cycle repeats of the 9-base insertion. The two-cycle
tandem repeats of the 9-base insertion were suggested to have
emerged in November 2021, possibly in the Central Europe
including Switzerland and Germany, whereas the original
one-cycle 9-base insertion could have dated back to the
middle of 2020 away from the Central Europe. The two-cycle
tandem repeat types have not been identified in samples
collected after the April 2022, suggesting that this type of
mutation could have already eliminated. Meanwhile, the
one-cycle 9-base insertion type is still prevailing, known as
Spike_214EPE insertion, which is one of the characteristic
mutations of the Omicron variant BA.1 (Dhawan et al., 2022;
Singh et al., 2022).

One of the notable findings of the present study was that it
implied the possible importance of paying attention to mutations
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in genomic regions other than the SARS-CoV-2 S1 RBD, including
SI-NTD,
consequential variant strains. Although the exact role of highly
polymorphic indel site in the SARS-CoV-2 evolution and the

in monitoring and classifying the emerging

emergence of VOCs remains undetermined, the high tolerability
of SI-NTD for incorporating indels may suggest that the
occurrence of polymorphic indels in this domain may be beneficial
for the virus via some unknown mechanisms like escaping from
host immunity. Another notable finding was that this study
suggested the potential roles of indels and tandem repeats of
inserted sequences, in addition to point mutations, in the process
of SARS-CoV-2 genomic evolution. From before, VNTR has been
broadly identified in the DNA sequences of the genomes in many
organisms, including animals and wide variety of bacteria (Chang
etal.,, 2007; Bilgin Sonay et al., 2015; Bakhtiari et al., 2021), but the
reports of VNTR in virus genomes are currently limited (Sun
et al, 1995; Avarre et al, 2011). Therefore, the process of
emergence, prevalence, and potential role in virus evolution of
VNTR remain largely unknown at present. The obtained results
suggested that the one-cycle and two-cycle tandem repeat of the
9-base insertion emerged at different seasons in remote areas. This
finding may suggest the possibility that previously inserted
nucleotides in the virus genome are likely to be repeated and
exhibit VNTR. While most of the extraordinarily long indels
involving dozens of bases in coding regions would be deleterious
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TABLE 2 Numbers of the registered genome sequences with each insertion type at Spike_214 amino acid position in GISAID database.

Insertion types

Any types of insertion at Spike_214 amino acid position

n (%)

2,032,091/14,066,931 (14.45%)

Collected seasons and places

March 2020 (Slovenia) - Present (worldwide)

18-base insertion (Spike_214EPDEPE)

1,259/14,066,931 (0.009%)

November 2021 (Switzerland) — April 2022 (Switzerland)

18-base insertion (Spike_214EPEEPE)

82/14,066,931 (0.0006%)

December 2021 (Brazil) — February 2022 (Brazil)

15-base insertion (Spike_214EPEEP)

0/14,066,931 (0.00%)

n.a.

12-base insertion (Spike_214EPEE)

0/14,066,931 (0.00%)

n.a.

9-base insertion (Spike_214EPE)

1,947,137/14,066,931 (13.84%)

May 2020 (United States) - Present (worldwide)

9-base insertion (Spike_214EPK)

1,133/14,066,931 (0.008%)

December 2021 (United Kingdom) — Aug 2022 (United States)

9-base insertion (Spike_214EPD)

284/14,066,931 (0.002%)

December 2021 (United Kingdom) - March 2022 (United States)

9-base insertion (Spike_214EPQ)

82/14,066,931 (0.0006%)

December 2021 (South Africa) - April 2022 (worldwide)

9-base insertion (Spike_214EPV, 214EPG)

26/14,066,931 (0.0002%)

ins214EPV: November 2021 (South Africa) - Aug 2022 (United

States)

ins214EPG: December 2021 (India) - May 2022 (United States)

9-base insertion (Spike_214EPA)

11/14,066,931 (< 0.0001%)

January 2022 (Germany) — March 2022 (Canada)

9-base insertion (Spike_214EPL)

4/14,066,931 (< 0.0001%)

ins214EPL: February 2022 (United Kingdom)

9-base insertion (Spike_214EPstop)

4/14,066,931 (<0.0001%)

January 2022 (United States) — May 2022 (United States)

9-base insertion (Spike_214EPP)

1/14,066,931 (<0.0001%)

January 2022 (United States)

9-base insertion (Spike_214EPE, EPL, EPS, EPM, EPT, EPY, | 0/14,066,931 (0.00%) n.a.

EPH, EPN, EPC, EPW, EPR)

6-base insertion (Spike_214EP) 405/14,066,931 (0.003%) Unknown
3-base insertion (Spike_214E) 361/14,066,931 (0.003%) Unknown

The amino acids are written in one-letter code. For example, “214EPE” denotes that 9-base insertion with the resultant three amino acids insertion of “glutamic acid - proline - glutamic

acid” occurred at the 214 amino acid position of the SARS-CoV-2 spike protein.

and the virus with such mutations will be removed from the
population, some of the tandem repeats of relatively short
sequences could be non-lethal and survive in the environments,
which could partially contribute to the genomic evolution of the
virus. Considering from the numbers of identified sequences with
the evaluated insertion types, the observed two-cycle tandem
repeat of the 9-base insertion (Spike_ins214EPEEPE) and its
derivative (Spike_ins214EPDEPE,) may have been non-lethal,
although whether the mutations were beneficial or deleterious for
the survival of the virus remains uncertain. Studies to elucidate the
roles in virus evolution and exact mechanisms of tandem repeat
of inserted bases are warranted.

There are several limitations for the present study. First, this
study could not determine the exact process of emergence, origin
in the environments, and geographical location of the original
one-cycle 9-base insertion. Therefore, whether the 9-bases
insertion had occurred at one time or had gradually extended by
accumulations of 3-base insertion is uncertain. However, because
the identified number of the 3-base insertion (Spike_ins214E) or
6-base insertion (Spike_ins214EP) was much smaller than that
of the 9-base insertion (Spike_ins214EPE), it could be inferred
that the insertion of the nine nucleotides had occurred at once.
The environmental origin of the inserted 9-bases
(AGCCAGAAG) could not be determined with BLAST search
because of its short sequence length. Second, the significance of
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the observed VNTR for the severity of symptoms in hosts could
not be estimated in this study. Determining the severity with the
lineages incorporating the 2-cycle tandem repeat seems to
be difficult, because the number of the registered sequences with
the 18-base insertions was relatively small and the mutations
have not been identified later than April 2022, as far as we could
search. Lastly, although the BLAST search and GISAID database
search could not identify the matched sequences to the two-cycle
tandem repeat of 9-base insertion in samples collected after April
2022, this result may not necessarily mean that the tandem
repeat insertion had failed to spread and had already been
eliminated completely from the environments. As a possibility,
the mutation may have subsequently incorporated additional
mutations and the BLAST search and GISAID database search
in this study could have failed to identify such possible
resultant variants.

In summary, the present study identified a polymorphic
indel hotspot with different tandem repeat cycles of inserted
bases at the 214 amino acid position in SARS-CoV-2 S1-NTD,
sampled and sequenced from humans during the COVID-19
pandemic. The obtained results implied the polymorphic
patterns of indels could emerge gradually in different seasons at
different geographical locations. This finding may imply that
tandem repeat may be likely to occur at the indel hotspots and
can repeat the previously inserted sequences. Furthermore, the
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tolerability for incorporating indels was suggested to
be significantly different between the genomic regions and could
be distinct from the distribution of tolerability for incorporating
point mutations. Further studies are warranted to elucidate the
potential roles of polymorphic indels and tandem repeat of
insertion in the evolutionary process of viruses including
SARS-CoV-2.
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Introduction: Rhinovirus (RV) infections constitute one of the main triggers of asthma
exacerbations and an important burden in pediatric yard. However, the mechanisms
underlying this association remain poorly understood.

Methods: In the present study, we compared infections of in vitro reconstituted
airway epithelia originating from asthmatic versus healthy donors with representative
strains of RV-A major group and minor groups, RV-C, RV-B, and the respiratory
enterovirus EV-D68.

Results: We found that viral replication was higher in tissues derived from asthmatic
donors for all tested viruses. Viral receptor expression was comparable in non-infected
tissues from both groups. After infection, ICAM1 and LDLR were upregulated, while
CDHR3 was downregulated. Overall, these variations were related to viral replication
levels. The presence of the CDHR3 asthma susceptibility allele (rs6967330) was not
associated with increased RV-C replication. Regarding the tissue response, a significantly
higher interferon (IFN) induction was demonstrated in infected tissues derived from
asthmatic donors, which excludes a defect in IFN-response. Unbiased transcriptomic
comparison of asthmatic versus control tissues revealed significant modifications, such
as alterations of cilia structure and motility, in both infected and non-infected tissues.
These observations were supported by a reduced mucociliary clearance and increased
mucus secretion in non-infected tissues from asthmatic donors.

Discussion: Altogether, we demonstrated an increased permissiveness and
susceptibility to RV and respiratory EV infections in HAE derived from asthmatic
patients, which was associated with a global alteration in epithelial cell functions.
These results unveil the mechanisms underlying the pathogenesis of asthma
exacerbation and suggest interesting therapeutic targets.

rhinovirus, enterovirus-D68, asthma, airway epithelial barrier, viral replication

1. Introduction

Rhinoviruses (RVs) are among the most frequent pathogens in human worldwide, involved in
more than 50% of common colds. Members of the Enterovirus genus, those small non-enveloped
positive-stranded RNA viruses are classified into three species: RV-A, RV-B, and RV-C and can
be further divided according to their receptor usage. RVs from the major group (most RV-As and
all RV-Bs) bind ICAMI1 (Greve et al., 1989), RV-As from the minor group bind the low-density
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lipoprotein receptor (LDLR; Hofer et al., 1994) and RV-Cs use cadherin
related family member 3 receptor (CDHR3), expressed on ciliated
airway cells (Bochkov et al.,, 2015; Everman et al., 2019). Some other
non-RV enteroviruses (EVs), including EV-D68, share biological
properties with RV's such as acid lability and optimal growth at 33°C and
induce respiratory symptoms similar to RVs (Royston and
Tapparel, 2016).

It is widely accepted that respiratory and particularly RV infections
constitute a major trigger of asthma exacerbations and a risk factor for
asthma development (Gern, 2010; Jackson and Gern, 2022). Concerning
EV-D68, an association between EV-D68-related symptoms severity and
a history of asthma has also been reported (Moss, 2016; Hayashi et al.,
2018; Korematsu et al., 2018). The mechanisms linking viral infections
to asthma exacerbation remain, however, poorly understood. While
upper respiratory tract RV infections are not increased in asthmatic
patients, more frequent and more severe lower respiratory tract
infections are observed (Corne et al., 2002). How viral infections
contribute to these clinical manifestations remains unknown. A
dysregulated immune and particularly IFN-response upon infection has
been shown in asthmatic patients (Contoli et al., 2006; Edwards et al.,
2013; Zhu et al., 2019; Jackson and Gern, 2022; Liew et al., 2022), but
remains controversial (Baraldo et al., 2012; Sykes et al., 2014; Da Silva
etal,, 2017; Hansel et al., 2017; Sopel et al., 2017; Jazaeri et al., 2021; Yang
etal., 2021).

RV-As and RV-Cs are more frequently detected in childhood
asthma exacerbations than RV-Bs. This could be explained by the
difference of virulence between isolates of distinct species, but remains
hypothetical (Iwane et al., 2011; Lee et al., 2012). RV-A, B, and C may
induce distinct host antiviral responses, possibly through the use of
different cellular receptors. A single-nucleotide polymorphism (SNP) in
CDHR3, the RV-C receptor, is associated with greater risk of asthma
hospitalizations in homozygous and heterozygous children (Bonnelykke
et al,, 2014; Kanazawa et al., 2017; Bonnelykke et al., 2018). This SNP
(rs6967330) results in a C529Y amino acid (aa) change in the CDHR3
protein, associated with increased expression at the cell surface upon
transfection, favoring RV-Cs infection (Bochkov et al., 2015). Increased
expression of the mutated allele was also reported in human bronchial
epithelial cells cultured at the air-liquid interface (ALI) (Basnet et al.,
2019). Accordingly, the CDHR3 risk allele was associated with increased
RV-C infection incidence in two birth cohorts (Bonnelykke et al., 2018).
However, the interaction between RV-C and this receptor and the role
of this interaction in asthma exacerbations remains speculative. Recent
studies have reported different consequences of CDHR3 mutation on
tissue differentiation, protein subcellular localization, and RV-C binding
(Basnet et al., 2019; Everman et al., 2019). Everman and colleagues
found that CDHR3 knockdown affected RV-C binding but not
replication and suggested that RV-Cs use a coreceptor for infection
(Everman et al., 2019; Lutter and Ravanetti, 2019). Regarding major
group RVs, ICAM1 expression is very low in the airways but increases
upon inflammation (Bianco et al., 2000). Similarly, LDLR expression
may vary in response to inflammation (Zhang et al., 2016). The asthma-
associated inflammatory response could enhance the accessibility of
viral receptors and improve infectivity (Bochkov and Gern, 2016).
However, RV-Bs that are less frequently associated with asthma
exacerbations, also use ICAM1 to infect cells. Further research is needed
to better define the role of viral receptors in RV-A, RV-B, and RV-C-
induced asthma exacerbations.

In this study, we aimed to explore the involvement of different RV's
and of EV-D68 in asthma and assess the role of viral receptors and
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innate immune induction, using human airway epithelia (HAE) and
clinical viral isolates. We highlighted overall increased viral replication
in tissues from asthmatic patients, but could not link receptor expression
or IFN-induction with this phenotype. Unbiased transcriptomic analysis
showed basic morphological and physiological differences between
tissues from asthmatic versus control donors, even in absence of
infection, an observation supported by diminished mucociliary
clearance (MCC) and increased mucus secretion in asthma-derived
tissues. Our observations suggest an alteration in the mechanical defense
of the respiratory mucosae in tissues derived from asthmatic patients,
resulting in increased permissiveness and susceptibility to RV or
respiratory EV infections.

2. Materials and methods
2.1. Human airway epithelia

HAE (“MucilAir™") were reconstituted from airway cells obtained
from patients undergoing surgical nasal polypectomy (for nasal tissues)
or lung lobectomy (for bronchial tissues). Patients presenting no atopy,
asthma, allergy, or other known respiratory comorbidity were used as
controls (Supplementary Table S1). All experimental procedures were
explained, and all subjects provided informed consent. The study was
conducted according to the Declaration of Helsinki on biomedical
research (Hong Kong amendment, 1989), and the research protocol was
approved by the local ethics committee (commission cantonale déthique
de la recherche CCER from Geneva). Cultures are performed in an ALI
system according to the procedure previously detailed in (Essaidi-
Laziosi et al., 2018). Once differentiated, epithelia contain ciliated,
goblet, and basal cells, with a pseudostratified structure and mucociliary
clearance functions.

2.2. Viral stocks and tissue infection

Anonymized clinical samples were screened by semi-quantitative
real-time PCR (RT-sqPCR; Ambrosioni et al., 2014) and RV/EV were
subtyped by sequencing as previously described (Tapparel et al., 2011;
Essaidi-Laziosi et al., 2018). A respiratory EV (EV-D68), a major group
RV (RV-A16), a minor group RV (RV-A49), and representatives of the
B (RV-B48) and C (RV-C15) species were selected. Viral stocks were
produced directly in MucilAir to avoid any adaptation in immortalized
cells and titrated as described (Essaidi-Laziosi et al., 2020). Serial
dilutions were performed in MucilAir to evaluate viral infectious doses
within each stock. The viral inoculum was then normalized according
to the determined endpoint, which corresponds to the highest inoculum
dilution allowing virus replication as described (Essaidi-Laziosi
et al., 2020).

Tissues were infected as previously described (Essaidi-Laziosi et al.,
2018, 2020). For each virus, the inoculum was normalized based on the
infectious titer to contain identical doses of infectious particles (MOI of
~0.001 per accessible cell). Four hours after inoculation, tissues were
washed 3 times with PBS. At various times post-infection, 200 pL of
medium was applied on the apical surface during 20 min at 33°C for

1 http://www.epithelix.com/products/mucilair
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sample collection. Basal medium was collected at the same time and
replaced with 500 pL of fresh medium.

2.3. Viral load quantification, gene
expression quantification, and CDHR3

genotyping

RNA was extracted (E.Z.N.A viral RNA kit I, Omega, R687402), and
quantified by one-step real-time quantitative PCR (RT-qPCR) with the
QuantiTect kit (Qiagen) in a StepOne ABI thermocycler (Essaidi-Laziosi
etal., 2018).

Gene expression of the receptors and IFNs at 4dpi was determined
by semi-quantitative RT-PCR (RT-sqPCR) on total RNA extracted from
tissue lysates using total RNA extraction kit (E.Z.N.A total RNA kit I,
Omega, R8334A) and normalized to RNAseP housekeeping gene.
IFNA1 mRNA was amplified using primers and probe (Fwd
GGACGCCTTGGAAGAGTCACT, revn AGAAGCCTCAGGTCC
CAATTC and probe AGTTGCAGCTCTCCTGTCTTCCCCG) as
previously described (Dolganiuc et al.,, 2012), while mRNAs from
CDHR3, ICAM1, LDLR, ISGI15, IFNa, IFNf, and RNAseP were
amplified using specific gene expression assay kits (Thermo Fisher
Scientific, ref. 4331182, Cat N° Hs00541677_m1, Hs00164932_ml,
Hs00181192_m1, Hs01921425, Hs04190680_gH, Hs01077958_s1, and
4403326). Fold changes were calculated after normalization with the
RNAseP housekeeping gene with the 2(-Delta Delta C(T)) (Livak and
Schmittgen, 2001). Regarding CDHR3 genotyping, the gene was
amplified by PCR from extracted DNA and then sequenced using
specific primers (Fwd ATTCCTCCAGCCAGAACCCG and Rew.
TGTTTCTCACCACATCCGCAGQG).

2.4. ELISA and Western blot

Interferon lambda (IFNA1/ A3, IL-29 /IL-28B) was measured in the
basal medium by ELISA (R&D DY1598B-05) according to the
manufacturer’s instructions.

Western blot assays were performed as previously described
(Essaidi-Laziosi et al., 2014). Infected and non-infected tissues
from healthy and asthmatic donors were lysed using RIPA buffer
(NaCl 150 mM, EDTA 1mM, Tris HCl pH=7.4 50mM, NP40 1%,
SDS 0.1%, and Sodium deoxycholate 1%) containing protease
inhibitors (Roche, 04693159001). Cell lysates were clarified and
resuspended in SDS-PAGE sample buffer and electrophoresed on
8 or 10% SDS polyacrylamide gel. Gel transfer was made onto a
polyvinylidene difluoride membrane (PVDE, Biorad, 1,620,177)
using Trans-Blot SD Transfer Cell (Biorad). The membranes were
first blocked with 5% skim milk (AppliChem) in TTBS (20 mM Tris
HCI, pH 7.5, 500 mM NacCl, and 0.05% Tween 20) at RT for 30 min
and then incubated with Anti-ICAM1 (diluted 1/500, Abcam,
ab2213), -LDL-R (diluted 1/1,000, R&D systems, AF2148), CDHR3
(diluted 1/500, Sigma-Aldrich, HPA011218), and Actin (diluted
1/1,000 Millipore, MAB1501) primary antibodies overnight at
4°C. The membranes were then washed 3 times with TTBS and
incubated at RT for 1 h with corresponding anti-mouse or anti-
rabbit horseradish peroxidase (HRP)-coupled secondary antibodies
(Cell Signaling). Membranes were washed and viral receptors were
detected using an enhanced chemiluminescence solution (ECL, ref.
K-12043-D10 Western Bright Sirius Advansta) for 2min.
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Immunoblot images were acquired using Fujifilm LAS 4000
luminescence imager.

2.5. Transcriptomic analysis

Infected and non-infected tissues were lysed in 800 pL of trizol
(Ambion, 5,596,018) and RNA was extracted according to the
manufacturer’s instruction. Total RNA was quantified with Qubit (Life
Technologies) and RNA integrity was assessed with a Bioanalyzer
(Agilent Technologies). The TruSeq Stranded Total RNA kit with Ribo-
Zero Gold was used for the library preparation with 150ng of total RNA
as input. The 18 libraries were pooled at equimolarity and loaded at 8.5
pM for clustering on a single-read Illumina Flow cell.

Library molarity and quality for all samples were assessed with a
Qubit and a Tapestation using a DNA High sensitivity chip (Agilent
Technologies). All 100-base sequencing was performed using the
TruSeq SBS HS v3 chemistry on an Illumina HiSeq 2,500 sequencer. The
sequencing raw data are available at GEO with accession
number GSE222129.

Quality control of the resulting reads was done with FastQC and the
reads mapped to the Homo sapiens UCSC hg38 genome with the STAR
program (version 2.5.2a; Dobin et al., 2013), and count tables containing
the number of mapped reads per gene were produced with featureCounts
(version 1.6.0). Count tables were then imported into R (version 2.13)
to do the differential expression analysis with edgeR (version 3.12.1;
Robinson et al., 2010). Data were filtered for genes with weak expression
level (average CPM < 1). Library sizes were adjusted with a scaling factor
calculated using a trimmed mean of M-values (TMM) between each
pair of samples. The common dispersion and tagwise dispersions were
estimated with the estimateDisp function. After negative binomial glm
fitting the quasi-likelihood (QL), F-test was applied for the testing
procedure. The significantly differentially expressed gene lists
(FDR<0.05) obtained with this procedure were then used to do GO
enrichment analysis on the cellular component subset of GO term
database with ClusterProfiler functions (version 2.4.3) (Yu et al., 2012).

2.6. Mucociliary clearance, mucin
measurement with enzyme-linked lectin
assay

The mucociliary clearance was monitored using a Sony
XCD-U100CR camera connected to an Olympus BX51 microscope with
a 5% objective. Polystyrene microbeads of 30 pm diameter (Sigma,
84,135) were added on the apical surface of MucilAir. Microbeads
movements were video tracked at 2 frames per second for 30 images at
room temperature. Three movies were taken per insert. Average beads
movement velocity (pm/s) was calculated with the ImageProPlus
6.0 software.

Mucin secretion was quantified using an Enzyme-linked Lectin Assay
(ELLA) in-house protocol detecting the carbohydrate groups of the
collected mucus. 96-well plates were coated with 6 pg/mL Lectin from
Triticum vulgaris (wheat) (Sigma, L0636) in PBS adjusted at pH 6.8 and
incubated 1h at 37°C. After washing steps with high 0.5M NaCl, 0.1%
Tween-20 in PBS, samples, and standards (Mucin from porcine stomach
Type 11, Sigma, M2378) were incubated 30 min at 37°C. After washing,
plates were incubated 30 min at 37°C with a detection solution containing
1pg/mL of Peroxidase conjugated Lectin from Glycine Max (soybean)
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(Sigma, L2650), in 0.1% BSA-PBS adjusted at pH 7.4. After the last washing
steps, the TMB substrate reagent (3,3,5,5-tetramethylbenzidine purchased
from ThermoFisher Scientific 34,021) was added and incubated for 10 min
in the dark at RT. The reaction was stopped with 2N H,SO, and the plates
were read at 450 nm.

2.7. Muc5AC immunohistochemistry

Tissues were fixed using 4% formaldehyde in PBS with Ca®*/Mg**
for 30 min. One epithelium per donor was evaluated for the presence
of goblet cells with anti-Muc5AC-specific antibody (Abcam ab3649)
and percentage of positive area were assessed. Briefly, inserts were
processed for immunohistochemistry using four central transversal
paraffin sections of 4 pm. Immunostaining of the slides was performed
with the Benchmark automated platform (Ventana-Roche) and the
Autostainer Link 48 (Dako) with the detection kit Ultraview DAB
(DAB chromogeny).

The sections were pre-treated using heat-mediated antigen retrieval
with sodium citrate buffer, pH 6, for 20 min. The sections were then
incubated with primary Ab for 1h at room temperature. A biotinylated
secondary Ab (Dako) was used to detect the primary, and visualized
using an HRP conjugated ABC system. DAB was used as the chromogen
to reveal Muc5AC immune reaction. The sections were then
counterstained with hematoxylin and mounted with DPX.

Image analysis using ImagePro Plus software (version 6.2, Media
Cybernetics) was conducted to quantify goblet cells on four sections
per insert. The whole images of stained sections were scanned and total
DAB labeled dark areas were measured using “count and measure
object” function based on dark brown color selection. The results are
expressed as percentage of Muc5AC stained area of the total surface
area of the epithelial sections. Data from the four sections were
averaged for one insert.

2.8. Statistics

Results were expressed as scatter plots with the median. Statistical
significance was calculated using ordinary one-way ANOVA (no
matching), two-way ANOVA (no matching), with multiple comparisons

10.3389/fmicb.2023.1106945

or unpaired t-tests, and Spearman’s analysis for correlation analyzes
using GraphPad Prism 7.02 software.

3. Results

3.1. All tested viruses replicate more robustly
in respiratory tissues originating from
asthmatic compared to control patients

Viral stocks were prepared and titrated in HAE to avoid cell-
adaptation. Viruses (MOI of ~0.001) were applied at the apical surface
of the tissues and removed after 4h by extensive washes. RNA was
extracted from apically released viruses and quantified by RT-qPCR as
previously described (Essaidi-Laziosi et al., 2018).

Replication was greater for EV-D68 and lower for RV-B48
compared to all other viruses independently of the condition
(Figure 1), as previously shown (Essaidi-Laziosi et al, 2018).
Interestingly, for all viruses, viral replication was increased in tissues
from asthmatic patients compared to controls. This difference was
observed independent on the tissue origin [nasal or bronchial
(Supplementary Table S1)]. A C529Y mutation in CDHR3 has been
shown to increase asthma susceptibility. We sequenced this allele and
found 5/12 (42%) and 6/14 (43%) donors, from the control and
the
susceptibility allele and one control donor homozygous. No

asthma groups, respectively, heterozygous for asthma
association between the presence of the susceptibility allele and viral

growth could be observed (Supplementary Figure S1).

3.2. RV receptor expression does not
account for the increased replication
observed in tissues from asthmatic donors

We next assessed whether increased receptor expression could
account for the enhanced replication observed in tissues from
asthmatic donors. ICAM1, LDLR, and CDHR3 mRNA levels were
quantified in non-infected or infected tissues derived from asthmatic
or control donors by RT-sqPCR and no significant difference was
observed between their basal levels (Figure 2A). This absence of
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FIGURE 1

Virus production at the apical side of ALI culture of reconstituted HAE derived from non-asthmatic (control) or asthmatic patients represented as scatter
plots with medians. Twelve control and 14 asthmatic donors were included (Supplementary Table S1). Statistically significant differences between HAE from
asthmatic or control donors are indicated. ns: non-significant, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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difference in basal expression levels of RV receptors in tissues from
control or asthmatic patients speaks against their involvement as an
initial trigger of the increased viral replication observed in tissues
from asthmatic donors. Of note, ICAM basal expression is lower than
LDLR and CDHR3 (1 to 2 logs) and CDHR3 expression is higher than
LDLR (Figure 2A).

In contrast, in epithelia infected for 4 days (Figures 2B-D), LDLR
and ICAM1 expression was induced by the infection and this induction
was significantly stronger in asthmatic donors. Correlation analysis
(Supplementary Table S2) further highlighted a significant positive
correlation between LDLR and ICAM1I expression and the replication
of RV-A49 and RV-B48 in tissues derived from healthy donors and
between LDLR expression and replication of RV-C15 in tissues derived
the
downregulation of CDHR3 and more significantly in asthmatic donors

from asthmatic donors. Conversely, infection induced

(Figure 2D). Accordingly, a significant negative correlation was found
between CDHR3 level and the replication of RV-A16, RV-A49, RV-B43,
and RV-CI5
(Supplementary Table S2). Of note, changes in receptor expression

in tissues derived from asthmatic donors

10.3389/fmicb.2023.1106945

levels induced by RV-B48 were smaller in both control tissues and
tissues from asthmatic donors. These observations were confirmed at
the protein level by western blot (Supplementary Figure S2). Again,
these data and the correlation analyzes do not support a causative role
of receptor expression levels in the observed increased replication in
tissues derived from asthmatic donors. This is particularly relevant for
CDHR3, for which a decreased expression in tissues from asthmatic
donors correlated with increased RV-C15 replication. As variation in
receptor expression levels follows replication levels, it seems a
consequence rather than a cause of the high replication observed in
tissues from asthmatic donors.

3.3. Antiviral response is more important in
infected tissues from asthmatic donors

Type I and type III IFN-responses and induction of the
interferon-stimulated gene 15 (ISG15) were compared by RT-sqPCR
in control and tissues from asthmatic donors, 4 dpi (Figure 3).
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Expression of the different RV receptors in (A) mock-infected and in (B—D) infected tissues derived from asthmatic and control donors and measured by
RT-sqPCR on total tissue lysates. In (A) the fold change (FC) is calculated relative to ICAM1 expression in tissues derived from control donors. In (B), (C), and
(D), the fold change of LDLR, ICAM1, and CDHR3 is calculated relative to expression in mock-infected tissues derived from donors within the same group
(asthmatic or control). Eleven control and 12 asthmatic patients were included (Supplementary Table S1). The signs directly above each scatter plot indicate
significance between mock-infected and infected tissues for each of the condition (asthma or control). The enlarged signs indicate significant differences
between control and asthmatic donors. ns: non-significant, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001

B ;
LDLR (mRNA) 4dpi
371 ns ns ns ns *
~ 1 1 1 1 CL*
g . o
) % -
~ * =
8 11 r-‘|.s r;s ns * n-s
£ sl bw . < g
g s B RT oMl B
O M 2 -
e - . .
L
-1 T T L T T
o o > o %
A R
& & & & ¢
D ;
CDHR3 (mRNA) 4dpi
3-
g 2
g ns ns ns ns ns
= 1171 1 [l 1
[} XXX ns ns NS xx+
g = 5 A X o
£ 0-.‘;,. g P I OO S e
g . = e s L ] [ [N #
O 4 = -~ g -2
T8 H oo
i
-2 T T T T T
© ) > & %
T N AR
& & & & ¢

Frontiers in Microbiology

18

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1106945
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Essaidi-Laziosi et al.

10.3389/fmicb.2023.1106945

IFNS (mRNA) 4dpi
5-
S 44
> ns ns ns ns ns
é 3- %ok ke ,_| l_‘ ,:|** ,_\
§ 2 xx5x **-****** I’IS**** *:** **::**'
E | . 5 - i
o " - by 1 - - T t > r
A - —— L= -
8 0-..?_.. ......... B AR é A D T T o
-1 T T r T T
o ) S ) >
REANEEN N AN AN
& & & & ¢
ISG15 (mRNA) 4dpi
5_
S 44 ns ns ns ns ns
e
[o2]
2 3_***:*** ***:*** ******** . :*** ***:***
S 2 } i o o= o
o -+ = s .
£ ] - e " T
o 14 ™= X L] - atn
o - » s
R T T e R R R
'1 T T T T T
o O o) ) >
& E S
& & & & ¢

Asthmatic patients

Expression of type I IFN, type IIl IFN, and ISG15 in infected tissues derived from asthmatic and non-asthmatic donors and measured by RT-sqPCR on total
tissue lysates. The fold change (FC) is calculated relative to expression in mock-infected tissues derived from donors within the same group (asthmatic or
control). Eleven control and 12 asthmatic patients were included (Supplementary Table S1). The signs directly above each scatter plot indicate significance
between mock-infected and infected tissues for each of the condition (asthma or control). The enlarged signs indicate significant differences between
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FIGURE 3
control and asthmatic donors. ns: non-significant, *p<0.05, ***p<0.001, and ****p<0.0001.

While IFNa was almost not induced in both tissue types, in line
with the low induction of this cytokine in infected respiratory
tissues (Essaidi-Laziosi et al., 2018; Filipe et al., 2022), IENS, IFNAI
and ISG15 were significantly induced with a significantly higher
IFNAI induction in tissues from asthmatic donors. This increase
was confirmed in a subset of tissues (Supplementary Table S1) by
IFNA1/A3-cytokine measurement in the basal medium collected
from day 1 to 4 pi (Supplementary Figure S3). The increased
antiviral effector production was striking for RV-B, probably due
to the significantly higher viral production in tissues from
asthmatic donors (Figure 1). Correlation analysis indeed
highlighted a significant positive correlation between RV-A49 viral
load and IFNA induction in tissues from healthy donors and
between RV-B48 viral load and both IFNA and P induction in
both  healthy

(Supplementary Table S2). In conclusion, we observed higher

tissues  from and asthmatic  donors

rather than lower IFN-induction in tissues from asthmatic donors
and the level of induction seems to follow viral replication trend.
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3.4. Transcriptomic analysis highlights
structural differences in the response to
infection in tissues from asthmatic or
control patients

We performed a comparative transcriptomic analysis of tissues
from control or asthmatic patients in the presence or absence of viral
infection. We previously reported modifications of tissue metabolism
and activation of innate immunity by RV-C15 and RV-B48 in control
tissues (Essaidi-Laziosi et al., 2018). To compare the epithelial
response of tissues derived from asthmatic donors, a larger
transcriptomic analysis was carried out at 3dpi with the same viruses
in tissues from control or asthmatic donors. RV-C15 induced more
genes than RV-B48 in control tissues (9,320 versus 274 genes)
(Figure 4A) as previously reported (Essaidi-Laziosi et al., 2018).
Gene-induction by RV-B48 drastically increased in tissues from
asthmatic donors (5,588 versus 271 genes), reflecting changes in
replication levels. Differential gene expression was considerably
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higher in infected tissues compared to mock-infected tissues
(Figures 4B-D).

Pathway enrichment analysis in tissues from controls versus
asthmatic donors using Gene Ontology highlighted modified
pathways. In non-infected tissues, enriched components were
mostly related to envelope and membrane composition (Figure 5A).
More focused comparison of genes involved in the differentiation
and function of ciliated cells highlighted striking differences
between asthmatic and control donors (Figure 5B). Similar
pathways were differentially enriched after infection, particularly
for RV-B. Again, the higher enrichment for RV-B is in line with
the enhanced replication observed in asthmatic donors for
this virus.

3.5. Tissues from asthmatic patients exhibit
reduced MCC and increased mucus
secretion

As most changes between asthmatic and controls (infected or

not) were linked to tissue structure rather than induced tissue
response, we compared the histology of tissues derived from

Frontiers in Microbiology

healthy or asthmatic donors (Supplementary Figure S4A), as well
as the tubulin expression and subcellular localization in infected or
uninfected tissues (Supplementary Figure S4B). We did not observe
macroscopic differences between the two groups. Since changes in
transcriptomic profiles were already present in non-infected tissues
(Figure 4; Essaidi-Laziosi et al., 2018), we then compared the
MCC and mucus secretion in multiple non-infected tissues
originating froma panel of distinct donors (Supplementary Table S1).
As shown in Figure 6, tissues derived from asthmatic donors
display a significantly decreased MCC and a significantly increased
mucus secretion,

confirmed by immunostaining of the

muc5AC protein.

4. Discussion

In this study, we compared infections by RV-A major and
minor group, RV-B, RV-C, and EV-D68, in HAE derived from
asthmatic or control patients. First, we observed that RVs of all 3
species and, to some extent EV-D68, show increased replication in
tissues from asthmatic patients and this increase is inversely
associated with the replication of each virus in healthy tissues, with
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EV-D68 and RV-B48 showing the lowest and highest increase,
respectively. The enhanced replication of RV-B48 in tissues from
asthmatic donors was unexpected as this virus is less frequently
associated with asthma exacerbation (Choi et al., 2021). However,
RV-B replication and IFN-induction remained below the levels of
the other viruses. In addition, the lower number of RV-B types
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lower detection in asthma exacerbations.
This overall effect on replication, indep

21

(32 RV-B versus 80 RV-A and 57 RV-C) may also account for its

endent of the species

analyzed, made a causal association with viral receptor usage unlikely.
Indeed, we observed no difference in basal receptor expression in the
two groups of tissues. Nevertheless, after infection, ICAM1 and
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LDLR, the major and minor group receptors, were significantly
induced, and this induction was proportional to viral replication
levels. ICAM1 and LDLR are induced by inflammation (Bianco et al.,
2000; Zhang et al., 2016) explaining these results. However, correlation
analyzes did not highlight a positive correlation between RV-A16,
RV-B48, and RV-A49 viral loads and expression of their respective
receptor ICAMI or LDLR, in tissues derived from asthmatic donors.
In contrast, CDHR3 expression was decreased and the decrease was
inversely proportional to the replication level, with a significant
negative correlation observed for all viruses (except EV-D68) in
tissues derived from asthmatic donors, even for RV-C15 whose
replication is increased in this group. Because CDHR3 is expressed
on ciliated cells, the primary target of RVs and EV-D68, this decrease
is likely related to disruption of ciliated cell metabolism and/or
ciliated cell death. Overall, these data indicate that different baseline
expression levels of receptors do not represent the initial trigger for
increased replication in tissues derived from asthmatic donors.
However, after the onset of infection, the higher expression of ICAM1
and LDLR could possibly favor multiplication of major and minor
group RVs in tissues from asthmatic donors. The situation differs for
RV-Cs, where decreased CDHR3 expression would instead limit
viral spread.

Concerning CDHR3, we also assessed the impact of the rs6967330
SNP on viral replication. We identified, respectively, 5/12 and 6/14
tissues from control and asthmatic donors heterozygous for the asthma
susceptibility allele plus one homozygous control. We did not observe
any significant increase in RV-C replication in presence of the CDHR3
susceptibility allele. Our data thus contradict previous studies performed
in similar models, where increased RV-C binding and/or replication was
observed (Basnet et al., 2019; Everman et al., 2019). This may be due to
the differentiation stage of the tissues at the time of infection. Basnet and
colleagues have shown that the difference of expression between the
mutated and non-mutated allele is higher before 21 days of tissue
differentiation (Basnet et al., 2019). Everman and colleagues (Everman
et al, 2019) also highlighted a greater CDHR3 expression in
differentiating airway epithelial cells. Both studies showed increased
RV-C replication using in-house developed tissues less differentiated
than the commercially available, fully differentiated tissues used in this
study. Additional investigations are needed to assess the true impact of
the CHDR3 mutation on RV-C replication in fully differentiated HAE
from asthmatic donors. Apart from its role as RV-C receptor, CDHR3 is
involved in the differentiation of ciliated airway cells (Lutter and
Ravanetti, 2019) and participates in the tissue barrier function (Basnet
etal., 2019; Everman et al., 2019). Its involvement in asthma exacerbation
may thus rely on several pleiotropic effects.

We next assessed whether a deficient IFN-response could account
for the increased viral replication. As in our previous study conducted
on HAE of control donors (Essaidi-Laziosi et al., 2018), we observed
differential replication and IFN-induction between the studied strains,
with RV-B48 inducing a weak IFN-response compared to the other
viruses. We also confirmed that compared to IFNA, IFN is weakly
induced and IFNo almost not expressed from infected HAE. An
observation confirmed by others using primary bronchial epithelial
cells (Liew et al., 2022). We could not highlight a reduced IFN-response
in tissues from asthmatic donors, in contrast, this induction turned to
be higher at 4 dpi due to the increased viral replication. Our data on
increased RV replication in asthmatic conditions are in line with many
studies (Xatzipsalti et al., 2008; Jackson et al., 2014; Hansel et al., 2017;
Dhariwal et al., 2021), while others do not observe increased replication
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(Kennedy et al., 2014; Heymann et al., 2020). Data on IFN-response
remain also debated. It is widely accepted that asthma exacerbation
after RV infection is in part related to a deficient IFN-response which,
in turn, leads to T2-inflammation (Duerr et al., 2016). Nevertheless,
many studies, particularly in adult populations, did not observe such a
deficient IFN-response, or even found an increased response (Krammer
etal, 2021; Yang et al,, 2021; Jackson and Gern, 2022; Liew et al., 2022).
These inconsistent observations may rely on the baseline level of asthma
control and severity between studies, the population age, the model
used, and/or the experimental settings. We are using fully differentiated
commercially available HAE derived from nasal or bronchial biopsies
of adult patients. Furthermore, this model lacks immune cells and as
such, the complex interplay between infected epithelial cells and
neighbor immune cells. It is thus not fully adapted to study innate
response in its entirety. In addition, we measured IFN mRNA at 4 dpi
and IL28/29 cytokine from 1 dpi. Some studies report a delayed
IFN-response rather than a decreased one (Veerati et al., 2020).
We cannot exclude that in our setting, antiviral response was delayed
before 24 hpi, allowing increased replication which in turn resulted in
higher IFN-induction. This hypothesis is supported by a recent
experimental infection with RV-A16 highlighting strong IFN-response
at 4dpi in asthmatic patients (Farne et al.,, 2022). Nevertheless, if
defective very shortly after infection, this IFN-response was very strong
afterward and even stronger in asthma patients. At later time points,
IFN-induction appears thus to be a consequence rather than a cause of
the differences in viral replication between asthma and controls.

As neither receptor expression nor IFN-induction after 24 hpi
could consistently account for the overall increased viral replication
observed in tissues from asthmatic patients, we performed unbiased
transcriptomic analysis of tissues, infected or not with RV-B48 and
RV-C15. This analysis highlighted basic morphologic and
physiologic differences between tissues derived from controls or
asthmatic donors, even in absence of infection. These data were
supported by diminished MCC in asthma-derived tissues. The
critical role of MCC to limit viral infections is well established and
patients presenting defective MCC (due to genetic or environmental
causes) suffer from repeated infections (Adivitiya Kaushik et al.,
2021). Altogether our observations suggest that the intrinsic
defense mechanisms of the respiratory mucosae are affected in
tissues derived from asthmatic patients, increasing permissiveness
and susceptibility to RV or EV-D68 infections. Perturbation of the
epithelial barrier function was observed previously in asthmatic
patients (Xiao et al., 2011; Looi et al., 2018). Similarly, mucus
hypersecretion was reported in asthmatic settings (Rogers and
Barnes, 2006; Evans et al., 2009; Martinez-Rivera et al., 2018).
Interestingly, this defective barrier function and perturbed mucus
secretion are retained in this ex vivo reconstituted tissue culture
model, derived after over 45 days from isolated cells taken out of
the context of the asthmatic host. This strongly indicates an
involvement of genomic imprinting mechanisms, as suggested in
the scientific literature (Gruzieva et al., 2021).

To conclude, we could show increased replication of RV-A major
and minor groups, RV-B, RV-C, and EV-D68 in HAE derived from
asthmatic patients. Our data highlight that a global disruption of
epithelial cell barrier function, rather than changes in receptor
expression or a deficient IFN response, is likely a key factor in the
increased permissiveness and susceptibility to RV or EV-D68 infections.
All in all, this work provides novel insights into the mechanism
underlying asthma exacerbations upon respiratory enterovirus infections.
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The ongoing SARS-CoV-2 pandemic and the influenza epidemics have revived the
interest in understanding how these highly contagious enveloped viruses respond
to alterations in the physicochemical properties of their microenvironment. By
understanding the mechanisms and conditions by which viruses exploit the
pH environment of the host cell during endocytosis, we can gain a better
understanding of how they respond to pH-regulated anti-viral therapies but
also pH-induced changes in extracellular environments. This review provides
a detailed explanation of the pH-dependent viral structural changes preceding
and initiating viral disassembly during endocytosis for influenza A (IAV) and SARS
coronaviruses. Drawing upon extensive literature from the last few decades and
latest research, | analyze and compare the circumstances in which IAV and
SARS-coronavirus can undertake endocytotic pathways that are pH-dependent.
While there are similarities in the pH-regulated patterns leading to fusion, the
mechanisms and pH activation differ. In terms of fusion activity, the measured
activation pH values for 1AV, across all subtypes and species, vary between
approximately 5.0 to 6.0, while SARS-coronavirus necessitates a lower pH of 6.0
or less. The main difference between the pH-dependent endocytic pathways
is that the SARS-coronavirus, unlike AV, require the presence of specific pH-
sensitive enzymes (cathepsin L) during endosomal transport. Conversely, the
conformational changes in the AV virus under acidic conditions in endosomes
occur due to the specific envelope glycoprotein residues and envelope protein
ion channels (viroporins) getting protonated by H+ ions. Despite extensive
research over several decades, comprehending the pH-triggered conformational
alterations of viruses still poses a significant challenge. The precise mechanisms
of protonation mechanisms of certain during endosomal transport for both
viruses remain incompletely understood. In absence of evidence, further research
is needed.

respiratory virus, influenza A, SARS-coronavirus, pH, endocytosis, enveloped virus

1. Introduction

During the first two decades of the 21st century, humanity has faced significant
difficulties due to the emergence of highly pathogenic and contagious respiratory viruses,
including severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East
respiratory syndrome coronavirus (MERS-CoV), IAV virus subtype HIN1, and the current
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severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
The substantial levels of illness (Shi et al., 2017; James et al.,
2018; Lopez-Leon et al., 2021), increased mortality (Zucs et al,
2005; Iuliano et al., 2018; Hansen et al., 2022; Msemburi et al.,
2023), and significant socioeconomic consequences (Fendrick et al.,
2003; Cutler and Summers, 2020) caused by these respiratory
viruses have emphasized the need for effective measures to contain
their spread. To mitigate the transmission of these viruses, both
occupational and public health measures have been implemented,
such as physical distancing, mask-wearing, disinfection, and
the development of antiviral drugs, antibody-based therapies,
and vaccines. In addition, since the recognition of airborne
transmission as the main route of spread, engineering strategies
have recommended the enhancement of indoor air quality through
improved ventilation, air purifiers, and/or filtration of recirculated
air (Sachs et al., 2022). Other approaches have also sought to take
advantage of the sensitivity of enveloped viruses to environmental
conditions, including temperature (Dabisch et al., 2020; Biryukov
et al, 2021), UV levels (Dabisch et al., 2020; Biasin et al.,
2021), and relative humidity (Dabisch et al., 2020). However, one
environmental factor that has received limited attention during the
pandemic is the potential impact of the pH value of the virus aerosol
microenvironment (Luo et al., 2023).

Compared to the limited knowledge on the pH impact on
viral survival in extracellular environments including aerosols
and surfaces, inquiry into the impact of pH on respiratory
viruses in intracellular environments began decades ago (Maeda
et al,, 1981). Both influenza and coronaviruses are known to
be sensitive to changes in pH during the endocytosis process,
which is a critical step in the infection cycle by which viruses
enter host cells from the extracellular environment. For example,
it is well-accepted that low pH induces viral disassembly and
promotes the release of genetic material within the host cell
(Stegmann et al., 1987). When the pH within the host cell becomes
acidic (i.e., the concentration of hydrogen ions increases), the
protein residues of the lipid membrane may become protonated,
which eventually induces conformational changes in the envelope
glycoproteins to a large extent, and to a lesser extent, in the
viroporins (Caffrey and Lavie, 2021). This can cause the envelope
to become more permeable, which may allow ions and other
molecules to enter the virus and disrupt its structure. Additionally,
changes in pH can also affect the electrostatic interactions between
the viral proteins and the envelope, further destabilizing the
virus (Shtykova et al, 2017). The COVID-19 pandemic has
reignited interest in this topic, and recent studies have tried to
elucidate the mechanisms involving pH-induced changes in the
envelope disassembly of SARS-CoV-2 (Kreutzberger et al., 2022;
Luo et al, 2023). In addition, the technological advancements
in microscope technologies have enabled scientists to gain new
insights into the mechanisms by which viruses are affected by
changes in pH during endocytosis (Assaiya et al., 2021; Guaita et al.,
2022).

In this review, I discuss developments in our understanding
of the pH-induced endocytosis mechanisms in IAV and SARS-
coronavirus. Drawing upon extensive literature from the last few
decades and latest research, this mini-review provides a detailed
explanation of the pH-dependent structural changes necessary
for viral disassembly and fusion during endocytosis. Using this
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summary, I recognize the significant differences that result in pH-
induced structural changes preceding the viral disassembly and
initiating fusion with the host cell. The main aim of this review is
to provide a better understanding of how the structural changes of
two the highly contagious enveloped respiratory viruses differ in
response to intracellular acidic environments.

2. Influenza A

Influenza is a negative-strand RNA virus with eight
ribonucleoprotein particles (RNPs) contained within a lipid
envelope derived from the host plasma membrane. The IAV
viral envelope contains two major glycoproteins proteins,
hemagglutinin (HA) and neuraminidase (NA), that project
from the lipid membrane as spikes (Sriwilaijaroen and Suzuki,
2012). A third envelope protein is a homotetrameric protein
2 (AM2) consisting of an extracellular N-terminal segment,
a transmembrane segment, and an intracellular C-terminal
segment (Pielak and Chou, 2011). The lipid membrane envelope
encapsulates the M1 protein, consisting of the N-terminal domain,
middle domain, and C-terminal domain, which forms a rigid
matrix layer under the lipid envelope and interacts with both the
viral RNP particles and lipid envelope with the cytoplasmic tails of
HA and NA (Lamb and Choppin, 1983; Bouvier and Palese, 2008;
Dou et al., 2018).

2.1. IAV pH-regulated endocytic
pathways: clathrin-mediated endocytosis

There are several types of viral entries to the cell, also
known as endocytic pathways that can be utilized by influenza
viruses, including predominantly clathrin-mediated and caveolin-
mediated endocytosis (Lakadamyali et al., 2004; Brandenburg and
Zhuang, 2007; de Vries et al., 2011). The pathways differ in the
manner by which the virus particle attaches to the surface of the
host cell. Caveolin-mediated endocytosis does not require sialic
acid receptors for internalization of the virus, unlike clathrin-
mediated endocytosis (Lakadamyali et al., 2004). The trafficking
of clathrin-mediated endosomes relies on acidic pH, while the
transport of caveolae containing vesicles to the destination is
a neutral pH selection (Kiss and Botos, 2009). Therefore, pH-
independent caveolin-mediated endocytosis is not considered in
this paper. Before attaching to sialic acid, the HA glycoprotein in
the viral membrane initially exists as a single polypeptide known
as HAO, which must be cleaved by the hosts trypsin and serine-
like proteases (TMPRSS2) to form a complex consisting of three
HA1 (positively charged) and three HA2 (negatively charged)
polypeptide chains linked by two disulfide bonds (Chen et al.,
1998). HA1, which is located distal to the virus membrane, is
responsible for receptor binding. On the other hand, HA2, which
is located proximal to the membrane, anchors HA in the envelope
and contains the fusion peptide (Benton et al., 2020a). As shown
on Figure 1, once the HA cleavage occurs, the receptor binding
pocket at the top of the positively charged HA1 subunit becomes
available for binding with negatively charged sialic-acid receptors
(Mair et al., 2014a). After viral internalization, the incoming virus
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FIGURE 1
Pre-viral entry of Influenza virus and binding to sialic acid receptors during clathrin-mediated endocytosis at neutral pH (1-3). Viral entry and
transport through endosomes during clathrin-mediated endocytosis: low pH-induced conformational changes (4-6).

is transported through early endosomes (pH range ~5.6-6.5)
(Padilla-Parra et al., 2012), late endosomes (pH range ~5.0-5.5)
(Wallabregue et al., 2016), and lysosomes (pH range between 4.6
and 5.0) (Luzio et al., 2007).

Eventually, the cleaved pre-fusion neutral pH HA (Staschke
et al., 1998) is attached to the cell surface via sialic acid receptors.
According to experimental observations (Carr et al., 1997), the
cleaved extracellular HA protein is trapped in a metastable state at
neutral pH before viral entry. At neutral pH, molecular modeling
studies have demonstrated that there is a strong electrostatic
attraction between the positively charged HA1 and negatively
charged HA2 monomers, while there is a repulsive electrostatic
force between three subunits of either HA1 or HA2 (Huang et al,,
2002). Consequently, electrostatic repulsion between the three HA1
monomers and three HA2 monomers is offset by electrostatic
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attraction between the HA1 and HA2 domains, thereby preserving
a metastable trimeric association of the monomers. The binding of
HAL to sialic residues on membrane cells triggers the initiation of
clathrin-coated pit formation beneath the virions bound to the cell
surface (Rust et al., 2004). These pits then bud from the membrane
to form small intracellular clathrin-coated vesicles containing the
virions and their bound receptors (Matlin et al., 1981; Lakadamyali
et al., 2004). When the vesicle is fully intracellular it loses its
clathrin coat and ultimately fuses with early endosomes where
it is exposed to an acidic environment (pH range ~5.6-6.5)
(Padilla-Parra et al., 2012). The high concentration of hydrogen
ions (H+) in the endosome causes protonation of specific to
envelope glycoprotein residues, leading to eventual conformational
changes within the virus critical for later fusion with the host
cell.
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2.1.1. pH-induced hemagglutinin conformational
changes

The pH dependence of the early stages of HA conformational
change is regulated by the histidine residue HR184 of the HA1 and
HA2 monomers (Mair et al., 2014b; Trost et al., 2019). The side
chain of histidine is uncharged at physiological pH (~7.4) because
ithas a pKa of approximately 6. As the environmental pH decreases,
the HA histidine residue with a pKa value greater than the
environmental pH becomes protonated (Mair et al., 2014b; Trost
et al., 2019). Protonation leads to a significant increase in positive
net charge, inducing the repulsion of HA1 monomers (Huang
et al., 2002) and the partial dissociation of HA1 globular domains
(Zhou et al,, 2014). Thus, protonation triggers the enlarging of the
cleavage between HA1 and HA2 monomers. As a consequence,
water can enter the central cavity, which in turn induces the
structural transitions of the HA2 monomer/sequences (Kemble
et al., 1992) which have originally been shielded from contact with
water (Bottcher et al., 1999; Huang et al., 2002). Interaction with
water induces extrusion of the HA-2 fusion peptide from its buried
position in the HA trimer to the distal tip of the HA spike (Ruigrok
et al., 1989), eventually triggering the disintegration of the viral
membrane by forming a pore through which the genomic segments
of the virus are released (Cross et al., 2009; Rice et al., 2022). An HA
that is too acid stable may not be sufficiently sensitive to trigger
fusion pH-dependent uncoating, meaning that acid stability could
restrict a virus’ ability to replicate in intracellular environments.
Measured HA activation pH values across all subtypes and species
range from ~5.0 to 6.0, trending higher in highly pathogenic H5N1
(Zaraket et al., 2013) and H7N9 strains (pH 5.6-6.0) (Chang et al.,
2020) whereas seasonal human strains are more acid-stable (pH of
fusion 5.0 to 5.6) (Galloway et al., 2013).

2.1.2. pH-induced AM2 conformational changes
The AM2 protein forms a pH-activated proton-selective
channel (Sakaguchi et al., 1996; Cady et al, 2009) essential
for the acidification of the virus interior, thereby facilitating
the dissociation of the matrix protein M1 from the viral
nucleoproteins—a step that precedes fusion-pore formation
(Zebedee and Lamb, 1988; Ivanovic et al., 2012). As the pH of the
endosome encapsulating the virus is lowered, the AM2 channel
becomes activated, allowing a unidirectional proton across the
membrane to equilibrate the pH of the virus interior with that of
the acidic endosome (Kelly et al., 2003). Once activated, the M2
channel conducts 10 to 10,000 protons per second (Mould et al.,
2000a; Lin and Schroeder, 2001). This pH-activated protonation is
mediated by an interplay between four proton-selective histidine
residues His-37 and the proton conductive four tryptophan 41
(Trp 41) residues, both located in a narrow aqueous pore of the
transmembrane domain (TMD) (Wang et al., 1995; Venkataraman
et al., 2005; Hu et al., 2006; Schnell and Chou, 2008). Two proton
conduction mechanisms have been proposed: the “water wire
model” and the “proton relay model” mechanism. According to
the “water-wire model,” the pore is essentially closed at neutral
pH (pH = 7.5) as the Val 27 residue at the N terminal and the
Trp 41 gate block water from freely entering into the pore, thus
preventing proton diffusion across the membrane (Schnell and
Chou, 2008). Lowering the pH protonates the imidazole rings of
His-37, resulting in several imidazolium per channel, which repel
each other and destabilize the transmembrane-helices packing.

Frontiers in Microbiology

10.3389/fmicb.2023.1190463

This conformational rearrangement breaks interactions between
Trp 41 and Asp 44 residue and widens the pore, followed by
a formation of a continuous hydrogen-bonded water network
over which protons hop utilizing the Grotthuss mechanism (Chen
et al., 2007). Carr-Purcell-Meiboom-Gill (CPMG) experiments
have found that lowering the pH from 7.5 to 6.0, increases the
frequency of Trp 41 gate opening by more than fourfold, while no
significant frequency is changed when lowered to pH = 7.0 (Schnell
and Chou, 2008). Under ideal conditions of the “water-wire model,
the constricted N-terminal only allows protons to penetrate the
aqueous pore through a hydrogen-bonded water network. This
assumption is confirmed by many electrophysiological studies that
show that the highly selective M2 channel is virtually impermeable
to Na™, K*, or Cl™ ions regardless of external pH conditions
(Chizhmakov et al., 1996, 2003; Mould et al., 2000b; Lin and
Schroeder, 2001; Intharathep et al., 2008). Accordingly, the M2
protein only transports protons, and this permeation increases
tenfold as the pH drops from below 8.5 until it reaches a saturation
level close to pH = 4 (Chizhmakov et al., 1996). The selectivity,
however, may not be absolute as the permeation of other ions
through this channel has been suggested from earlier experiments
(Pinto et al, 1992). It has been suggested that experimental
artifacts from earlier studies are responsible for these differences
(Chizhmakov et al., 1996).

On the other hand, the “proton-relay model” mechanism
requires at least one non-protonated histidine at the gating region,
with its two nitrogen atoms facing the extracellular side (Pinto et al.,
1997; Chen et al., 2007). This model hypothesizes that one His-37
imidazole nitrogen atom is protonated by the entering hydronium
ion before the other imidazole nitrogen releases its proton to the
interior of the virus. Finally, the process is completed by flipping
of imidazole rings, or tautomerization, to establish the original
configuration to prepare for the next proton relay. The reliability
of the model is uncertain as it appears that for a His residue to act
as a proton relay two nitrogens from the same histidine residue
must be exposed to water within the channel pore (Pinto et al,
1997). However, simulation studies have not revealed this specific
conformation of His-37 (Phongphanphanee et al., 2010).

2.1.3. pH-induced neuraminidase conformational
changes

Neuraminidase (NA)’s primary role is in the later stages of
infection, where it aids in the detachment and spread of the virus to
new cells by removing sialic acids from cellular receptors and newly
synthesized HA and NA on nascent virions (Palese et al., 1974;
Basak et al., 1985). This process prevents the virus from binding
back to the dying host cell and enables the efficient release of RNA
genomes (Palese et al., 1974). NA is most effective at a pH range
of 5.5-6.0 (Mountford et al., 1982; Lentz et al., 1987; McKimm-
Breschkin, 2000), although certain viruses have been found to
maintain stable NA activity at a lower pH range of 4.0-5.0, resulting
in enhanced replication kinetics (Takahashi and Suzuki, 2015).

2.1.4. pH-induced M1 conformational changes
The M1 protein binds both to the RNP complex and the lipid
membrane. The M1-lipid binding is mediated through electrostatic
interactions between the positively charged N-terminal domain
residues (Arg76 and Arg78) and negatively charged cytoplasmic
tails of HA and NA (Hofer et al., 2019), while the matrix
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protein interacts with the viral RNP complex inside the virus
via the C-terminal domain (Shtykova et al., 2017) but also the
middle domain (Noton et al., 2007). It is hypothesized that the
acidification in the endosome causes the M1 protein to undergo
a conformational change which ultimately allows the disassembly
of the RNP-MI-lipid membrane complex and RNP detachment
from the membrane (Calder et al., 2010; Fontana et al., 2012).
Research by cryo-electron tomography (ET) further showed that
the intermolecular interactions in the M1 layer are affected when
the virions were incubated at pH 5.0, and the matrix layer was no
longer seen in the virions (Lee, 2010). Specifically, other cryo-ET
studies have indicated that acidification affects the oligomerization
state of the M1 protein; it has been demonstrated that intact M1
display multiple-ordered forms of oligomers at neutral pH 7.4
which are dissociated at pH 5.0 (Zhang et al, 2012). Not until
recently has the first full structure of full-length M1 been observed;
subtomogram observations showed it contains a five histidine
residues cluster that may serve as the pH-sensitive disassembly
switch (Peukes et al., 2020). Despite these findings, the precise
mechanism of protonation of the M1 protein during endosomal
transport remains poorly understood, and further research is
needed (Selzer et al., 2020).

3. SARS-coronavirus

The positive-stranded RNA genome of SARS-coronavirus
encodes three membrane proteins: the spike (S) glycoprotein,
responsible for binding the cell-surface receptor to induce virus-
host cell fusion (Huang et al., 2020); and the viral envelope proteins
consisting of the membrane (M) glycoprotein and the envelope
(E) protein. The S protein anchored in the viral membrane is
a trimer with each protomer composed of SI1 and S2 subunits
non-covalently bound in the pre-fusion state (Ord et al., 2020).

3.1. pH-dependent infection routes:
S protein conformational changes
activated by cathepsin L during
clathrin-mediated endocytosis

SARS-coronavirus entry into target cells starts with protease-
induced preactivation of the S1/S2 cleavage (Peacock et al., 2021).
The protease-activated cleavage is followed by S1 binding to the
host cellular receptor angiotensin-converting enzyme 2 (ACE2)
(Li et al, 2003). Successive ACE2 binding further weakens the
protease-induced preactivation of the S1/S2 cleavage, followed by
cleavage of the S2 unit to generate S2’ (Benton et al., 2020b). The S2’
fusion peptide is then liberated and eventually penetrated the host
target cell, ultimately leading to the fusion of the viral and host cell
membranes after which viral RNA is released into the cytoplasm,
where it replicates (Walls et al., 2017; Benton et al., 2020b). The
conformational changes in the S2 unit can be triggered by either
the transmembrane serine protease TMPRSS2 (Tortorici et al,
2019) or lysosomal cysteine protease cathepsin L in the endosomal
compartment following ACE2-mediated endocytosis (Hoffmann
et al., 2020; Zhao et al., 2021). However, the timing and dynamics
of these proteolytic cleavages differ for different coronavirus
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types. After protease-preactivation of the S1/S2 cleavage, SARS-
CoV-2 can use mutually exclusive routes to penetrate cells: one
fast TMPRSS2-mediated plasma membrane entry (10 min) and
one slower (40-50 min) clathrin-mediated endocytosis where S2
cleavage is performed by cathepsin L (Koch et al., 2021; Jackson
et al,, 2022). TMPRSS2 is active at the cell surface regardless of pH
conditions (Koch et al., 2021; Jackson et al., 2022), unlike cathepsin
L, which requires a low-pH environment typical of endolysosomes
(Mohamed and Sloane, 2006; Koch et al., 2021; Jackson et al., 2022).

Thus, SARS-CoV-2 fusion is essentially independent of pH
value as endosomal acid-dependent penetration through cathepsin
L occurs only in cells devoid of TMPRSS2 (Koch et al., 2021) as
shown in Figure 2. Although several studies support the view that
TMPRSS2-dependent early entry route is more efficient and results
in a more productive infection than the cathepsin L-activated
mechanisms for some CoV strains (Shirato et al., 2017, 2018),
other studies indicate that more recent Omicron SARS-CoV-2
variants favor the low-pH endosomal entry route (Meng et al,
2022). For fusion activity in SARS-CoV, cathepsin Ls have been
shown to require reduced pH of at least 6.0 or lower, found in the
endolysosomal compartment (Luzio et al., 2007; Padilla-Parra et al.,
2012; Wallabregue et al., 2016). Human cathepsin L is very unstable
(kinact = 0.15 s—1) at close to neutral conditions (pH = 7.4;
37°C) and the inactivation rates increase for at least one order of
magnitude between pH 7.0 and 8.0 at 37°C [L109]. Interestingly,
the cathepsin L activity is very temperature dependent: at pH = 7.4,
a temperature rise from 5 to 37°C results in a thousand-fold
increase in the inactivation rate (Turk et al., 1993). Bound to
negatively charged surfaces, the cathepsin L activity also depends
on the ionic composition of the exposed milieu (Dehrmann et al.,
1995). Studies focusing on the composition of buffers have shown
that different ionic solutions and ionic strengths have unique
impacts on cathepsin L activity (Dehrmann et al,, 1995, 1996).
While in phosphate solutions the enzymatic activity occurs at a
slightly acidic condition range of pH = 5.5-6.0 (Mason and Massey,
1992), the cathepsin L activity peaks at pH = 6.5 in acetate-MES2-
Tris (AMT) buffers (Dehrmann et al., 1996) at constant molarity.
In most enzyme-catalyzed reactions carried out in the laboratory
the ionic strength is usually fairly high due largely to the high
buffer concentrations needed to ensure constant pH. The higher
the ionic strength, the greater the electrostatic interactions between
ions in the solution, which can affect various chemical and physical
properties of the solution (Kennedy, 1990). For instance, when
increasing the ionic strength of a weak acid its optimum pH shifts
to lower pH values at constant molarity, and the opposite trend
is true for weak bases (Dennison, 2003). It has been observed
that cathepsin L activity time is reduced with an increase in the
ionic strength of phosphate buffer-a weak acid (Kennedy, 1990),
implying increasing the ionic strength in weak acids may increase
the optimum pH activity range for cathepsin L and vice versa. The
effects of ionic strength on the activities of cathepsin Ls may be of
key significance in establishing their true potential for extracellular
activity processes such as anti-viral drug development (Turk et al.,
1993; Dehrmann et al., 1995). While cathepsin L activity generally
favors slightly acid conditions, in sodium citrate buffers cathepsin
L is irreversibly inactivated at pH values lower than 4.0 (Turk et al.,
1993), an acidic environment that can occur in intact cells where
matured lysosomes may reach a pH as low as 3.8 (Berg et al., 1995;
Van Dyke, 1995).
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FIGURE 2
Pre-viral entry of SARS-coronavirus and binding to ACE-2 receptors during clathrin-mediated endocytosis in absence of TMPRSS2 (1-3). Viral entry
and transport through endosomes during clathrin-mediated endocytosis: low pH-induced conformational changes induced by cathepsin L
activation in acidified endosomes (4-6).

3.1.1. pH-induced M protein conformational
changes

The M protein is the most abundant structural protein and
contains three transmembrane helices, with a short amino-terminal
ectodomain and a large carboxy-terminal endodomain (Kuo et al.,
2007). The M protein defines the envelope shape and is directly
involved in virus assembly, replication, and membrane budding
(Hu et al,, 2003; Neuman et al., 2011). Although the structure of M
protein forms a dimer that is structurally related to the SARS-CoV-
2 jion channel ORF3a (Ouzounis, 2020; Dolan et al., 2022), reported
cryo-electron microscopy structures revealed that is unlikely that
the so far known forms of M protein function as an ion channel
because its transmembrane region is highly hydrophobic and has
no apparent ion permeation pathway (Zhang et al., 2022). These

Frontiers in Microbiology 30

findings do not rule out the possibility that the two currently
recognized forms of the M protein, an elongated and a compact
one (Neuman et al, 2011; Dolan et al., 2022), represent closed
conformations, and that a different, unknown form is responsible
for ion conduction. Although the function of coronavirus M
appears to be analogous to that of the virus M1 protein of influenza
A (Neuman et al., 2011), no similar pH-sensitive behavior has yet
been observed.

3.1.2. pH-induced E protein conformational
changes

The smallest of the major
multifunctional E protein acts on several aspects of the virus’
life cycle, including virus assembly, budding and pathogenesis

structural proteins, the
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(Schoeman and Fielding, 2019). The E protein is composed of a
short hydrophilic N-terminal, followed by a large hydrophobic
TMD, and ends with a long hydrophilic C-terminal domain,
which compromises the majority of the protein Structurally, the
TM domain of E forms a pH-sensitive pentameric ion channel
(viroporin) on the ER/Golgi membrane, which is generally
permeable to Ca2+, Na+, Mg2+ and K+ ions (Verdid-Biguena
et al., 2012; Nieto-Torres et al., 2015; Cabrera-Garcia et al., 2021;
Xia et al., 2021), but also to H+ ions according to in silico studies
and pH imaging (Cabrera-Garcia et al., 2021; Xia et al, 2021).
In mammalian cells, the SARS-CoV-2 viroporin is activated at
pH = 6.0 and 7.4, whereas at alkaline pH values of 8 and above
the viroporin activity is reduced (Cabrera-Garcia et al., 2021; Xia
et al.,, 2021). However, some inconsistencies between studies and
tests have been noted. The varying ion channel characteristics of E
proteins across different coronaviruses and even within different
experimental settings have led to concerns that certain outcomes
could be erroneous.

4. Discussion

In this review, I analyze and compare the conditions and
mechanisms of pH-dependent endocytic pathways for IAV and
SARS-coronavirus. While there are similarities in the pattern,
there are notable differences in the mechanisms and incidence of
pH-dependent endocytosis. Influenza viral entry primarily takes
place via clathrin-mediated and caveolin-mediated endocytosis, but
only the former is regulated by pH. After viral clathrin-mediated
internalization, the incoming virion is transported through an
acidic environment in early endosomes, late endosomes, and
lysosomes. As the pH of the endosome encapsulating the virus
is lowered, the virus structure undergoes several conformational
changes. The lowered pH value induces the extrusion of the HA-
2 fusion peptide from its buried position which forms a pore
through which the genomic segments of the virus are released.
In addition, the AM2 proton channel becomes activated, allowing
a unidirectional proton across the membrane to equilibrate the
pH of the virus interior with that of the acidic endosome.
Lowered pH also induces conformational changes to the influenza
NA and M1 protein, however, unlike HA and AM2 the precise
mechanisms remain poorly understood, and further research
is needed. Measured influenza activation pH values across all
subtypes and species range from ~5.0 to 6.0, trending higher
in highly pathogenic H5N1 and H7N9 strains whereas seasonal
human strains are more acid-stable (pH of fusion 5.0 to 5.6).
Similar to TAV, SARS-CoV-2 can use mutually exclusive routes
to penetrate cells: one fast pH-independent TMPRSS2-mediated
plasma route, and one pH-dependent slow clathrin-mediated
endocytosis via cathepsin L. The clathrin-mediated endocytosis
through cathepsin L occurs only in cells devoid of TMPRSS2.
Unlike TMPRSS2, which is active at the cell surface regardless of
pH conditions, cathepsin L requires a low-pH environment typical
of endolysosomes. Although several studies support the view that
TMPRSS2-dependent early entry route is more efficient and results
in a more productive infection than the cathepsin L-activated
mechanisms for some SARS-coronavirus strains, recent studies
indicate that Omicron SARS-CoV-2 variants favor the low-pH
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endosomal entry route. For fusion activity in SARS-coronavirus,
cathepsin Ls have been shown to require reduced pH of at least
6.0 or lower. Although research has verified that the envelope
E-protein serves as an ion channel when pH levels decrease, there
have been certain inconsistencies observed between various studies
and tests. Furthermore, unlike the influenza M1 protein, there
has been no evidence of similar pH-sensitive behavior in the
SARS-coronavirus M1 protein. However, studies also suggest that
cathepsin L is irreversibly inactivated at pH values lower than 4.0,
an acidic environment that may occur in matured lysosomes. The
pH sensitivity of influenza A and SARS-CoV-2 viral glycoproteins is
a potential target for therapeutic interventions and anti-viral drug
treatments. So far, there is evidence suggesting that chloroquine,
a weak base, inhibits the replication of those influenza A strains
whose hemagglutinins require a low pH for their fusion activation
(DiTranietal., 2007). Chloroquine has shown potential in blocking
the SARS-CoV-2 infection cycle by releasing basic side chains
that raise the endosomal pH and inactivate cathepsin-L (Lan
et al.,, 2022). However, the use of chloroquine for the treatment
of COVID-19 triggered significant debate, especially since the
drug is associated with side effects and exhibits only marginal
efficacy (Chen et al, 2021; Kashour et al, 2021). With regard
to alternative approaches for achieving endosomal deacidification,
endosomal acidification inhibitors bafilomycin A1 and NH,Cl were
shown to exert antiviral effects against SARS-CoV-2 in vitro cell
models and in vivo in hACE2 transgenic mice, and thus should be
evaluated as potential COVID-19 treatments (Shang et al., 2021).
In summary: while both influenza and coronavirus may pursue
pH-regulated endocytic pathways, the influenza virus does not
require the presence of specific pH-sensitive enzymes (cathepsin L)
during endosomal transport to activate fusion with the host cell.
The review also notes that the precise mechanism of protonation
mechanisms of certain envelope glycoproteins during endosomal
transport for both viruses remains incompletely understood, and
further research is needed.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
in humans can lead to various degrees of tissue and organ damage, of which
cardiovascular system diseases are one of the main manifestations, such as
myocarditis, myocardial infarction, and arrhythmia, which threaten the infected
population worldwide. These diseases threaten the cardiovascular health of
infected populations worldwide. Although the prevalence of coronavirus disease
2019 (COVID-19) has slightly improved with virus mutation and population
vaccination, chronic infection, post-infection sequelae, and post-infection
severe disease patients still exist, and it is still relevant to study the mechanisms
linking COVID-19 to cardiovascular disease (CVD). This article introduces the
pathophysiological mechanism of COVID-19-mediated cardiovascular disease
and analyzes the mechanism and recent progress of the interaction between
SARS-CoV-2 and the cardiovascular system from the roles of angiotensin-
converting enzyme 2 (ACE2), cellular and molecular mechanisms, endothelial
dysfunction, insulin resistance, iron homeostasis imbalance, and psychosocial
factors, respectively. We also discussed the differences and mechanisms involved
in cardiovascular system diseases combined with neocoronavirus infection in
different populations and provided a theoretical basis for better disease prevention
and management.

SARS-CoV-2, COVID-19, cardiovascular disease, metabolic syndrome, endothelium,
ACE2

1. Introduction

The global pandemic of the new coronavirus poses a great challenge to health care systems.
In addition to the direct physical damage, the economic and social stress caused by the rampant
virus is affecting the psychological health of people around the world to varying degrees (Liu
D. etal, 2021; Isath et al., 2023a). Different cardiovascular system (CVD) complications can
occur after the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection,
including myocarditis (0.128%-0.15%; Fairweather et al., 2023; Keller et al., 2023), stress
cardiomyopathy (0.1%-5.6%; Chung et al., 2021; Davis et al., 2023), pulmonary embolism (PE;
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1.9%; Hobohm et al., 2023), heart failure (3%-33%; Chung et al.,
2021), and myocardial infarction (0.9%-11%; Chung et al., 2021). In
this general situation, SARS-CoV-2 combined with cardiac disease
can lead to a worse clinical prognosis, and patients usually have a
higher mortality rate. For example, patients with combined
myocarditis have a higher mortality rate than those without
myocarditis (24.3% vs. 18.9%; Keller et al., 2023), and patients with
combined pulmonary embolism have a significantly higher mortality
rate (28.7%) than patients with neocoronavirus without combined PE
(17.7%; Hobohm et al., 2023). Currently, a large number of studies
have taken the first step toward revealing the interaction between the
coronavirus disease 2019 (COVID-19) and the cardiovascular system,
but some of the specific mechanisms are still unclear. Also, due to
individualized differences, different populations tolerate and respond
differently to the disease (Liu F. et al., 2021; Tobler et al., 2022). In this
review, we seek to explore how cardiac structure and function are
affected in the context of COVID-19 and to discuss inter-population
differences in COVID-19 comorbid cardiovascular disease for better
risk stratification and precise management in the post-
epidemic period.

2. Mechanism of interaction between
SARS-CoV-2 and the cardiovascular
system

2.1. ACE2

ACE2 is an important receptor for neocoronavirus invasion of
human cells and is widely distributed in various organs of the body,
such as the lung, heart, gastrointestinal tract, and kidney, and it has a
high affinity for the viral protein receptor-binding domain (RBD). The
binding of the two induces spatial folding and conformational changes
in the RBD, promotes membrane fusion, and induces viral entry into
cells through endocytosis (Chung et al., 2021). ACE2 is an extremely
important and beneficial biomolecule for the cardiovascular system,
which can promote the conversion of AnglI to Angl-7, reduce cardiac
pathological remodeling, and exert cardiovascular protective effects
(Kuriakose et al., 2021). When ACE2 binds and interacts with SARS-
CoV-2 spike (S) protein, the structural domain of metalloprotease
protein-17 (ADAM17) is activated and cleaves the extracellular region
of ACE2, leading to an increase in soluble ACE2 (sACE2) in the
plasma and a decrease in cell surface ACE2 expression. In turn, a
decrease in ACE2 not only amplifies the deleterious effects of AngII
but also further upregulates ADAM17 expression, creating a vicious
cycle (Lambert et al., 2005; Zipeto et al., 2020; Liu E et al., 2021;
Garcia-Escobar et al., 2022).

There is a correlation between the tropism and severity of viral
infections and the expression of host cell receptors. Increased
expression of plasma soluble ACE2 was found in patients with
myocardial infarction, atrial fibrillation, valvular disease, and heart
failure, reflecting a higher basal ACE2 expression and increased
susceptibility in this population (Garcia-Escobar et al., 2022; Silva
et al., 2022). Therefore, patients with pre-existing cardiovascular
disease may experience more severe complications and adverse events
In an ACE2-deficient
environment, SARS-CoV-2 entry into cells induces further
downregulation of ACE2, amplifying the adverse effects of the ACE/

after infection with neocoronavirus.
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AnglI/AT1 axis and attenuating the beneficial effects of the ACE2/
Angl-7 (Angiotensinl-7) /mas axis, leading to cardiomyocyte fibrosis,
endothelial damage, mediating inflammatory responses and
vasoconstriction, and accelerating cardiovascular diseases such as
hypertension and heart failure’s further progression (Verdecchia et al.,
2020; Garcia-Escobar et al., 2021).

Hypertension, diabetes, and smoking, as risk factors for
neocoronavirus infection, can increase ACE2 expression and promote
viral entry into cells, leading to energy metabolism and dysfunction
(Gaoetal,, 2021; Kato et al., 2022). This was confirmed by Kato et al.,
who used rat cardiomyocytes as a model for SARS-CoV-2 pseudovirus
infection and found that stimulation by risk factors for cardiac disease
can promote ACE2 expression and increase viral susceptibility. In
addition, upregulation of ACE2 expression could be achieved by the
SARS-CoV-2S protein by promoting the formation of the
TRPC3-NoX2 complex, which is an important target of viral infection
and can lead to structural and functional damage of the heart, and the
SARS-CoV-2 pseudovirus could promote the release of extracellular
ATP through pannexinl (Panx1), leading to increased reactive oxygen
species production while promoting the formation of the
TRPC3-NoX2 complex (Kato et al., 2022).

Among the isoforms of apolipoprotein E (APOE), APOE4 has
been recognized as a risk factor for the cardiovascular system, which
increases the risk of atherosclerosis by increasing LDL levels (Mahley,
2016; Marais, 2019). It has been found that APOE binding to ACE2
attenuates the interaction of ACE2 with viral stinger proteins, inhibits
SARS-CoV-2 pseudovirus infection, and attenuates the inflammatory
response (Zhang et al., 2022). However, the inhibitory effect of APOE4
was lower due to different conformational structures. In addition to
this, patients carrying the APOEe4 gene have a higher susceptibility
to SARS-CoV-2 and increased inflammatory factors in the serum
(Zhang et al., 2022). Therefore, exploring the relationship between
APOE and COVID-19 may provide new ideas to further investigate
the interaction between SARS-CoV-2 and cardiovascular disease,
which is expected to further accurately assess patient risk and
guide treatment.

2.2. Cellular and molecular mechanisms

It has been more than 2 years since the prevalence of COVID-19,
and with the changing trend of the disease epidemic, the focus of
research has transitioned from the study of pathogenesis in the acute
phase to the exploration of clinical symptoms that persist after
recovery from infection. Long COVID refers to signs and symptoms
that persist or develop after acute neocoronavirus infection, affect
almost all organs of the body, and can lead to more than 200 different
clinical manifestations (Gyongyosi et al., 2023). Among them,
cardiovascular disease is very common, often with a poor prognosis,
and its cellular and molecular pathological mechanisms have been
investigated by several research teams.

Neutrophils produce neutrophil extracellular traps (NETs),
structures composed of granular and nuclear components that are
involved in pathophysiological processes such as autoimmune and
inflammatory responses, platelet activation, and the promotion of
inflammatory storms and thrombotic disease (Lee et al, 2017;
Cedervall, 2018). COVID-19 was found to trigger increased
expression of NETs through multiple mechanisms, and NETs play an

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1213111
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhao et al.

important role in the transition from acute to chronic persistent
neocoronavirus infection (Zuo et al., 2020; Gyongyosi et al., 2023). In
addition, Warnatsch et al. showed that cholesterol crystals in
atherosclerosis promote the release of NETs, which activate
macrophages to release cytokines and lead to the further development
of atherosclerotic aseptic inflammation (Warnatsch et al., 2015).
Therefore, the persistence of long COVID cardiovascular symptoms
is closely associated with NETs, and targeted inhibition of NETs may
be an effective therapeutic option to mitigate cardiac injury. In
addition to this, epigenetic reprogramming of hematopoietic
progenitor cells and cellular dysregulation may be involved in the
clinical manifestations of the long COVID cardiovascular system, but
the above mechanisms are only highly speculative, and the exact
pathological process needs to be further clarified (Gyongyosi
etal., 2023).

Numerous researchers attention has recently turned to the role
played by cellular senescence in long COVID. The invasion of SARS-
CoV-2 into humans is found to increase the host cell’s stress response
and induce cellular senescence, which increases the pro-inflammatory,
tissue-damaging senescence-associated secretory phenotype (SASP)
via Toll-like receptor 3 (TLR3; Tripathi et al., 2021). SASP activates
neutrophils to produce NETs, promotes platelet activation, and
enhances the inflammatory response of the virus to the body.
Meanwhile, SASP can expand cellular senescence through a paracrine
pathway, which further leads to tissue and organ damage (Schmitt
etal,, 2023). Therefore, targeted inhibition of TLR3 or senescent cells
is meaningful to mitigate the adverse clinical outcomes caused by
COVID-19, and further exploration of this is warranted.

2.3. Endothelial cell dysfunction

Endothelial
vasoconstriction and diastole, regulating the flow of cells, molecules,

cells are very important for maintaining
and fluids inside and outside the blood vessels, maintaining the
balance of coagulation and fibrinolysis, and participating in immune
inflammatory responses (Kriiger-Genge et al, 2019). When
endothelial cells become structurally and functionally impaired, it will
promote the development of many cardiovascular diseases, such as
atherosclerosis, coronary artery disease, and hypertension (Incalza
et al., 2018). Numerous studies have shown that neocoronavirus
infection can cause serious cardiovascular system complications and
that patients with pre-existing cardiac disease have a higher incidence
of adverse events and mortality after infection with neocoronavirus,
with endothelial damage being an important part of the pathogenesis
(Kang et al., 2020; Shi et al., 2020; Gu et al., 2021; Rossouw et al.,
2022). Histological and pathological findings of patients who died
from neointimal pneumonia suggested the presence of endothelial
inflammation and degradation of endothelial cells in multiple organs
throughout the body, and the presence of viral structures in
endothelial cells was observed by electron microscopy (Fodor et al.,
2021). Thus, the involvement of endothelial cells in the pathological
development of the neocoronavirus was further confirmed.

The pathological mechanism of endothelial cell structure and
dysfunction caused by SARS-CoV-2 is complex. First, the virus itself
attacks and damages endothelial cells. Among the SRAS-CoV-2
proteins, S protein disrupts endothelial cell integrity, and nucleocapsid
protein (NP) induces a pro-inflammatory cell phenotype that triggers
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the release of inflammatory factors and cytokines by binding to
TLR2 in endothelial cells, triggering the NF-kB and MAPK signaling
pathways (Qian et al, 2021). Both of these proteins drive viral-
mediated endothelial injury. S proteins consist of S1 and S2 subunits
that bind to glycosaminoglycans on vascular endothelial cells,
enabling them to recognize and interact with ACE2 on the cell surface,
thereby inducing viral infection of cells (Rossouw et al., 2022). Unlike
cardiomyocytes, S protein-mediated viral entry into pulmonary
vascular endothelial cells is followed by an upregulation of ACE2
expression and an accompanying decrease in endothelial NO synthase
(eNOS) activity (Lei et al., 2021). eNOS reduction can lead to
decreased NO synthesis and increased catabolism, resulting in
endothelial injury (Cai and Harrison, 2000). In addition to structural
damage, this experiment also demonstrated the presence of
endothelial dysfunction: endothelium-dependent dilation was blocked
in the pulmonary arteries of hamsters receiving a sham virus infection,
whereas non-endothelium-dependent dilation was unaffected (Lei
etal,, 2021). An in vitro study showed that the endothelial permeability
of brain microvascular endothelial cells in normal and diabetic mice
treated with SARS-CoV-2 S protein increased in both groups, and the
expression of vascular endothelial (VE)-cadherin, junctional adhesion
molecule-A (JAM-A), connexin 43, and platelet endothelial cell
adhesion molecule-1 (PECAM-1), which are essential for maintaining
the structural integrity and normal function of the endothelium, was
significantly reduced. This study demonstrated that SARS-CoV-2 can
cause impaired endothelial structure and function and reduce vascular
barrier function, providing strong theoretical support for the
mechanism of virus-endothelial cell interaction (Raghavan et al,
2021). In addition to the above mechanisms, S proteins can activate
the alternative pathway of complement (APC) to increase endothelial
cytotoxicity and activate NLRP3 present in vascular endothelial cells,
leading to endothelial cell dysfunction (Yu et al., 2020; Rossouw
etal., 2022).

Studies have shown that in addition to direct viral damage to
endothelial cells, SARS-CoV-2 can also indirectly damage endothelial
cells through oxidative stress, which is a long-lasting pathological
process (Fodor et al,, 2021). SARS-CoV-2 can induce activation of
NADPH-oxidase and promote superoxide (O,”) production, which
leads to mitochondrial damage (Fodor et al., 2021). Montiel et al.
found that after viral infection, damaged mitochondria can promote
f-oxidation of fatty acids in vascular endothelial cells to increase
oxidative stress (Montiel et al., 2022). In addition to this, oxidative
stress can promote the oxidation of thiols in SARS-CoV-2 and SARS-
CoV-2 proteins to disulfides, increasing viral binding to ACE2 and
thus aggravating the infection (Hati and Bhattacharyya, 2020).
Therefore, the reduction of oxidative stress is an essential component
for the intervention and control of the recent and long-term
complications of a neocoronavirus infection.

Under normal conditions, endothelial cells prevent thrombosis by
inhibiting platelet aggregation and fibrin formation. Increased
expression of adhesion molecules and platelet aggregation occur when
severe infections lead to endothelial cell damage (Gavriilaki et al.,
2020; Prasad et al., 2021; Rossouw et al., 2022). A new coronavirus
infection can cause a greatly increased incidence of thrombotic events,
such as pulmonary embolism and myocardial infarction, which are
inextricably linked to endothelial cell dysfunction. It was found that
some patients with neocoronavirus infection have different types of
antibodies in their sera that activate endothelial cells to increase the
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expression of surface adhesion molecules such as intercellular
adhesion molecule-1, E-selectin, and vascular cell adhesion
molecule-1, increasing the incidence of adverse thrombotic events
(Shi et al., 2022). Meanwhile, Toll receptor 7 (TLR7) on the platelet
surface during SARS-CoV-2 infection binds to the single-stranded
RNA of SAR2-CoV-2, accelerating endothelial damage and leading to
increased thrombotic susceptibility (Rossouw et al., 2022). Severe
SAR2-CoV-2 can lead to endothelial cell injury, causing excessive
platelet stress, and the interaction between the two disrupts the
pre-existing homeostatic balance of the vasculature, thereby causing
cardiovascular system disorders by mechanisms involving
microvascular occlusion, cellular oxidative stress, and the release of
pro-thrombotic/pro-coagulant factors (Rossouw et al., 2022). In
addition to coagulation disorders, endothelial cell dysfunction can
be secondary to inflammatory responses and increased vascular
permeability, leading to the development of myocardial edema and
myocarditis (Gavriilaki et al., 2020; Prasad et al., 2021; Rossouw
etal., 2022).

2.4. Insulin resistance

Insulin resistance is closely associated with cardiovascular disease
and can cause myocardial fibrosis and myocardial injury and even
induce cardiac insufficiency through abnormal insulin metabolism,
mitochondrial dysfunction, hyperglycemia, and glucose toxicity (Jia
et al,, 2018; Nakamura et al., 2022). Currently, several studies have
demonstrated that COVID-19 can induce the development of insulin
resistance, which increases the incidence of cardiovascular disease and
more severe infectious complications. Shin et al. found that SARS-
CoV-2 infection can mediate an impaired insulin/insulin-like growth
factor signaling pathway through interferon regulatory factor 1
(IRF1), resulting in metabolic abnormalities and tissue damage such
as insulin resistance, new-onset diabetes, etc., and IRF1 expression is
higher in men, diabetic, and obese populations, a group that can
develop a more severe outcome of SARS-CoV-2 infection (Shin et al.,
2022). He et al. demonstrated that insulin resistance is due to SARS-
CoV-2 upregulation of RE1 silencing transcription factor (REST)
expression to regulate the metabolic factors myeloperoxidase (MPO),
apelin, and myostatin gene expression, that such metabolic disorders
are not improved by the disappearance of the virus in vivo, and that
this pathology develops over time (He et al., 2021). The above study
not only provides an important reference for exploring the mechanism
of interaction between COVID-19 and metabolic disorders but also
provides an important theoretical basis for risk stratification and the
prognosis of infected patients.

2.5. Iron homeostasis imbalance

Several studies have recently demonstrated the involvement of
iron metabolism in the development of COVID-19. Baier et al.
demonstrated for the first time that SARS-CoV-2 infection can cause
an imbalance in iron homeostasis and intracellular iron accumulation,
leading to decreased iron storage capacity, which induces ROS
production to cause increased oxidative stress and cellular damage in
cardiomyocytes (Baier et al., 2022). The interaction between SARS-
CoV-2 and iron metabolism disorders was also demonstrated by Han
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et al. SARS-CoV-2 induces ferroptosis in human sinoatrial node
pacemaker cells, causing severe lipid peroxidation, which results in
pacing dysfunction and bradycardia (Han et al., 2022). Reducing
intracellular iron accumulation and improving the dysregulation of
iron metabolism might be important in reducing myocardial injury
and arrhythmogenesis, which need further exploration and research.

2.6. Psychosocial factors

COVID-19 has altered people’s old lifestyles, impaired physical
functioning, increased economic and social stress, and put the
physical and mental health of people worldwide at great risk. A study
of a global meta-analysis of anxiety, depression, and stress before and
during the COVID-19 pandemic showed that the prevalence of each
of these negative emotions increased during the pandemic (Daniali
etal.,, 2023). In addition to this, the COVID-19 outbreak and epidemic
and some of the measures taken to reduce the further spread of the
disease led to unemployment, reduced income, a lack of physical
activity, and social isolation, all of which are adverse effects that are
risk factors for cardiovascular disease and increase the incidence and
potential for worsening of the disease (Lau and McAlister, 2021).
COVID-19, affective disorders, and cardiovascular disease do not
exist independently but can coexist and interact with each other,
increasing the risk of adverse outcomes (Bucciarelli et al., 2022). Older
adults are a vulnerable population for cardiovascular disease and
COVID-19 and are susceptible to the negative effects of stressful life
events. Ward et al. showed a significant increase in depression and
loneliness in the elderly population during the neocoronavirus
epidemic (Ward et al., 2023), while Gerhards et al. similarly
demonstrated that during the COVID-19 epidemic, patients with
cardiovascular disease in the elderly population were significantly
more likely to be depressed and lonely compared to depression and
psychological burden in healthy individuals (Gerhards et al., 2023).
Interestingly, it has been documented that the correlation between life
isolation and cardiovascular disease was stronger in participants <
65 years of age compared to those >65 years of age (Holt-Lunstad et al.,
2015; Gronewold et al., 2020). In general, the potential psychological
disorders brought on by neocoronavirus infection cannot be ignored
and can increase the risk of cardiovascular disease through a variety
of physiological mechanisms in the body, despite the fact that there
are varied results regarding the risk of cardiovascular disease at
various ages under the influence of significant social events
(Gronewold et al., 2021; Figure 1).

3. Differences and analysis of
cardiovascular system diseases
combined with COVID-19 in different
populations

3.1. Gender

Gender differences are one of the key determinants of disease
progression and outcome and have received increasing attention and
research. Several studies have found that among patients infected with
SARS-CoV-2, disease morbidity, severity, and mortality appear to
be higher in men than in women (Chen et al., 2020; Marik et al., 2021;

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1213111
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhao et al.

10.3389/fmicb.2023.1213111

Mechanism

ACE2 + Spike protein— ADAM17

Cellular senescencet

NETs T — Inflammatory response

Oxidation stress — Indirect damage

Spike protein ——— Direct damage
Nucleocapsid protein

—— MPO., Apelin, Myostatin
REST/ p y ~

Iron homeostasis

Emotional disorder

FIGURE 1

SACE2 in plasma |

Q ACE2 on the cell surface |

Endothelial cells

Insulin resistance

- Ferroptosis =—— Lipid peroxidation | l

Intracellular iron accumulation — ROS I

Mechanism of interaction between COVID-19 and the cardiovascular system. SARS-CoV-2 interacts with the cardiovascular system through multiple
mechanisms, leading to a variety of adverse outcomes such as atherosclerosis, myocardial fibrosis, excessive platelet activation, cardiomyocyte injury,
and arrhythmias, resulting in structural and functional damage to the heart. (By Figdraw).

Consequences

Q Atherosclerosis

Myocardial fibrosis

r* Platelet activation

y = Cardiomyocyte injury

Structural and
Functional Impairment
of the Heart

Wehbe etal., 2021; Torres et al., 2023). Cardiovascular system disease
is one of the common comorbidities and complications of
neocoronavirus infection, and their interaction can increase the risk
of death in patients (Wehbe et al., 2020; Woodruff et al., 2023).
Recently, a series of explorations have been conducted regarding
gender differences in cardiac disease combined with COVID-19. The
prevalence of COVID-19 in combination with cardiovascular disease
is higher in male patients worldwide (Gebhard et al., 2020). The
increased mortality associated with acute myocardial infarction in
COVID-19 patients is higher in men than in women (Yeo et al., 2023).
Isath et al. found more men among patients with COVID-19
combined with heart failure by analyzing the baseline characteristics
of patients admitted with heart failure in the United States (Isath et al.,
2023b). The above studies suggest that men may have greater
susceptibility to and more severe adverse clinical outcomes from
neocoronavirus infections.

The reasons for this are the involvement of ACE2 and type II
transmembrane serine protease (TMPRSS2) expression, sex
hormones, and immune and inflammatory responses. ACE2 and
TMPRSS?2 are key factors in promoting SARS-CoV-2 entry into cells
(Hoffmann et al., 2020), and it was found that plasma concentrations
of ACE2 were higher in males, while TMPRSS2 is more expressed in
males and regulated by androgens (Okwan-Duodu et al., 2021), which
may lead to an increased initial viral load (Viveiros et al., 2022). When
SARS-CoV-2 binds to ACE2, it activates metalloproteinase 17
(ADAM17), which induces ACE2 membrane shedding, exacerbates
the accumulation of AnglI, and diminishes the cardioprotective effects
of ACE2 (Gheblawi et al., 2020). TLR7 recognizes single-stranded
RNA and promotes interferon production, playing an important role
in the immune response to new coronary infections. Females can
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express higher amounts of TLR7, thereby increasing resistance to
viruses (Bienvenu et al., 2020; Wehbe et al., 2021). Sex hormone-
dependent innate immunity leads to gender differences in the face of
viral infections. Estradiol enhances the antiviral response by increasing
the number of neutrophils and natural killer cells and decreasing
cytokines,
immunosuppressive effects (Viveiros et al., 2021; Bechmann et al,,

pro-inflammatory whereas  androgens  have
2022; Brandi, 2022). Recently, the first exploration regarding the effect
of COVID-19 on patients with stress cardiomyopathy was conducted
by Hajra et al. This study found that stress cardiomyopathy combined
with COVID-19 was predominantly in men, and, interestingly, stress
cardiomyopathy was more common in women (Hajra et al., 2023). It
is worth noting that there are still flaws and controversies regarding
the above mechanisms and studies. For example, it is too limited to
consider only the ACE2 expression and ignore ACE2’s own function.
Differences in sex hormone levels in older patients may affect the
observed sex differences. Both confounding factors and vaccination
may affect the outcome of the studied patients.

Currently, the exploration of gender differences for COVID-19
combined with CVD is more based on physiological mechanisms.
However, the impact of the new coronavirus on the psychological
aspects of humans cannot be ignored. It has been found that the
COVID-19 pandemic can lead to more stress in women from various
aspects such as social, economic, work, and family, exacerbating the
development of psychological disorders such as depression and
anxiety and thus leading to an increased risk of CVD (Gulati and
Kelly, 2020; Bucciarelli et al., 2022).

Gender differences in COVID-19 combined with CVD should
be investigated further, not only in terms of physiological mechanisms
but also to emphasize the importance of psychosocial factors in
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disease development. Not only will this allow for better risk
stratification for patients, but it will also allow for more refined and
accurate treatment.

3.2. Age

Age is an important risk factor for increased mortality in patients
with COVID-19, and older adults usually have a higher susceptibility
as well as more severe clinical outcomes (Bonanad et al., 2020; Zhou
etal,, 2020; Torres et al., 2023). As previously mentioned, COVID-19
can increase the incidence of cardiovascular disease through
endothelial damage, an immune inflammatory response, and
coagulation abnormalities, and patients with underlying cardiac
disease or the presence of cardiovascular disease risk factors are more
likely to experience serious outcomes (Tian et al., 2020). Several
studies have demonstrated that the risk of cardiovascular
complications is greatly increased in the elderly population with a
COVID-19 infection. Pellicori et al. found that some patients with
COVID-19 can develop different types of cardiovascular complications
during hospitalization and that the risk of CVD increases with age
(Pellicori et al., 2021). Hajra et al. demonstrated that advanced age is
arisk factor for stress cardiomyopathy and an independent predictor
of mortality in patients with combined COVID-19 (Hajra et al., 2023).
Hypertension is a common cardiovascular comorbidity in patients
with COVID-19 (Harrison et al., 2021; Pellicori et al., 2021), and its
pathogenesis is closely related to ACE2. ACE2 is both an important
target of SARS-CoV-2 infected cells, and its elevated expression may
be associated with an increased risk of infection while acting as a
protective factor of the cardiovascular system to mitigate the
deleterious effects of AngIl. SARS-CoV-2-infected cells result in a
further reduction of ACE2, while downregulation of ACE2 expression
leads to more severe cardiac dysfunction. Thus, elderly people with
down-regulated ACE2 expression have a more severe infection
outcome (AlGhatrif et al., 2020). Older adults with cardiometabolic
disease (CMD) have more severe adverse outcomes when infected
with neocoronavirus, making social isolation particularly important
for this high-risk population. However, DOVE et al. found that this
population is more vulnerable to the negative psychological effects of
social isolation, which can exacerbate the severity of cardiovascular
disease, which requires us to weigh the pros and cons of each aspect
in our clinical work and give targeted treatment and prevention
recommendations (Dove et al., 2022).

Age is an uncontrollable risk factor for COVID-19 and
cardiovascular disease, and exploring the link between age and disease
pathogenesis will facilitate better risk stratification and management
of patients. The physical and mental health of the elderly is highly
vulnerable to disease itself and social factors; therefore, both “body”
and “mind” should be the focus of our care and support for
this population.

3.3. Metabolic syndrome

Metabolic syndrome (MetS) is a complex group of metabolic
disorder syndromes, including obesity, dyslipidemia, hyperglycemia,
and hypertension, which are closely associated with the development
of cardiovascular diseases (Hamjane et al., 2020; Fahed et al., 2022).
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Epidemiology has shown that the prevalence of MetS has increased in
all regions of the world, posing a huge health, economic, and medical
burden and becoming an important health problem in modern society
(Saklayen, 2018; Li et al., 2022). The pathogenesis of MetS is closely
related to insulin resistance, chronic inflammation, mitochondrial
dysfunction, and neurological activation, and interestingly, the above
pathological processes are also involved in the development of
cardiovascular disease and COVID-19 (Fahed et al, 2022;
Dissanayake, 2023). A large body of evidence suggests that MetS leads
to an increased risk of death and the development of serious
complications in patients with COVID-19, often with a worse clinical
outcome when combined with cardiovascular disease (Rico-Martin
et al,, 2021; Frere and tenOever, 2022).

Obesity, as a manifestation of the metabolic syndrome, can
enhance SARS-CoV-2 susceptibility by increasing ACE2 expression.
In addition, it was found that obese patients have elevated levels of
n6-acetyl-lI-lysine and p-cresol, which induce cytokine storm
production and exacerbate the severity of COVID-19 (Jalaleddine
et al., 2022). Protein lysine acetylation leads to impaired cardiac
energy metabolism, and p-cresol enhances the risk of atherosclerosis
and thrombosis in uremic patients (Jalaleddine et al., 2022). Increased
blood glucose increases the risk of SARS-CoV-2 infection and the
possibility of cardiovascular system disease through mechanisms such
as the promotion of viral replication, platelet activation, and an
excessive inflammatory response. Conversely, COVID-19 infection
can cause disturbances in glucose regulation and induce serious
complications (Aluganti Narasimhulu and Singla, 2022). Lipids are
not only the structural basis of cells but also involved in several
physiological or pathological activities in the body, which are essential
for the development of the cardiovascular system and COVID-19.
Lipid metabolism plays an important role in the processes of virus-cell
fusion, endocytosis, replication, and cytokinesis, so statins are
beneficial in reducing viral infections, while their plaque stabilizing
effect reduces the probability of cardiovascular disease (Abu-Farha
et al., 2020). Much controversy remains regarding the interaction
between hypertension and COVID-19. Studies suggest that
hypertension can occur in the acute phase of SARS-CoV-2 infection
or as a sequela and has the potential to be a long-term predictor of
COVID-19, but the evidence against the above view is not sufficient,
and there are no studies to prove that pre-existing hypertension is an
independent risk factor for increased mortality in COVID-19 (D'Elia
et al., 2023; Matsumoto et al., 2023; Shibata et al., 2023). However, it
is undeniable that hypertension, as a systemic disease, can lead to
serious adverse clinical outcomes in patients with COVID-19, posing
a significant threat to individual health and the global health care
system (Abdalla et al., 2023; Figure 2).

4. Summary and outlook

The incidence of cardiovascular disease was significantly higher
in the SARS-CoV-2 infection state, with significant differences across
populations. COVID-19 patients with preexisting cardiovascular
disease risk factors or cardiac disease had worse clinical outcomes. In
addition to ACE2-mediated viral entry, endothelial dysfunction, iron
homeostasis imbalance, and psychosocial factors involved in
pathological development, severe electrolyte disturbances, respiratory
failure, and impaired mitochondria can also lead to cardiac
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Differences in cardiovascular system diseases combined with COVID-19 in different populations. Men, older adults, and patients with metabolic
syndrome have worse clinical outcomes when faced with COVID-19 combined with cardiovascular disease. (By Figdraw).

involvement (Wu et al., 2020; Adeghate et al., 2021; Chang et al,,
2023). Take consideration of the spreading time of COVID-19 and the
multiple variant strains, the long-term effects of SARS-CoV-2 on the
heart are not yet known, and we still need to conduct long-term
follow-up and a lot of research and exploration.
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Respiratory syncytial virus (RSV) remains a leading cause of hospitalizations and
death for young children and adults over 65. The worldwide impact of RSV has
prioritized the search for an RSV vaccine, with most targeting the critical fusion
(F) protein. However, questions remain about the mechanism of RSV entry and
RSV F triggering and fusion promotion. This review highlights these questions,
specifically those surrounding a cleaved 27 amino acids long peptide within F,
p27.

KEYWORDS

respiratory syncytial virus (RSV), p27, fusion protein (F), cleavage, F protein trimer

1. The RSV F protein: cleavage sites and the p27
peptide

Respiratory syncytial virus (RSV) remains a leading cause of hospitalizations and death for
young children and adults over 65 (Rha et al., 2020; McLaughlin et al., 2022). RSV is an
enveloped, single-stranded, negative-sense RNA virus belonging to the Prneumoviridae family
(Amarasinghe et al., 2019). Similar to paramyxoviruses, pneumoviruses consist of a nucleocapsid
protein complex (a nucleocapsid protein (N) encapsidating the genetic material, the polymerase
(L) and polymerase co-factor, P (phosphoprotein)), a matrix (M) protein layer linking the
nucleocapsid protein complex with the phospholipid envelope, and three transmembrane
glycoproteins (King et al., 2012). The fusion protein (F) and attachment (G) glycoproteins
promote membrane fusion and viral entry. Functional and structural studies suggest that the
pneumovirus small hydrophobic (SH) protein forms pH-dependent viroporin that regulates
membrane permeability, infectivity, and prevent host cell apoptosis (Fuentes et al., 2007; Gan
et al., 2012; Masante et al., 2014).

RSV F is synthesized as an inactive precursor (FO) which undergoes cleavage by host cell
proteases to yield two disulfide-linked subunits, F1 and F2 (Collins and Mottett, 1991; Day et al.,
2006), which are fusion competent. Fusion active F is in a metastable “prefusion” state until a
triggering event induces conformational changes, exposing the fusion peptide, which inserts
into the target membrane, followed by formation of a six-helix bundle which is hypothesized to
drive membrane fusion (Smith et al., 2009; King et al., 2012). This process is similar for all
paramyxo- and pneumoviruses; however, RSV F has several differences that remain to
be fully understood.

Collins et al. (1984) and Elango et al. (1985), respectively, first sequenced RSV F, showing
it is 574 amino acids with a polybasic motif (KKRKRR136) corresponding to a furin
consensus site. Unlike closely related paramyxovirus F proteins, the polybasic sequence is
six amino acids long, leading Bolt et al. to suggest that other proteases could be involved in
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cleavage (such as proprotein convertase 5 and 7; Basak et al., 2001)
and activate RSV F (Bolt et al., 2000). However, it was not until 2001
that Gonzilez-Reyes et al. (2001) and Zimmer et al. (2001a)
independently demonstrated that RSV F is cleaved at two polybasic
sites (RARR109 and KKRKRR136), generating two major subunits:
the F2 subunit (20kDa, AA 26 to 109), and F1 (50kDa, AA 137 to
574), and releasing an internal peptide of 27 amino acids, termed
P27 (AA 110-136) (Figure 1A). The fate of this fragment post-
cleavage is still unknown.

Through site-directed mutagenesis of Bovine Respiratory
Syncytial Virus (BRSV), Zimmer et al. (2002) determined that furin
cleavage at site R109 impaired but did not abolish fusion activity in
vitro, highlighting the importance of cleavage at site R136, which
exposes the fusion peptide at the N-terminus of the F1 subunit.
Rawling et al. (2011) generated chimeric mutations of Sendai virus
(SeV) fusion to include one or both RSV furin recognition sites rather
than the single cleavage site normally in SeV E. SeV F normally
requires the HN attachment protein for fusion triggering, while. RSV
F can promote fusion in cell culture without the G protein
(Techaarpornkul et al., 2001). Interestingly, all SeV F/RSV cleavage
site chimeric mutants formed syncytia without HN protein, suggesting
that the ability of RSV F to fuse without the attachment protein is
facilitated, at least in part, by the additional cleavage site.

There are two known RSV subtypes, A and B, classified as such by
divergences in antigenic profile from the RSV/A Long strain
(prototypic strain historically used for in vitro studies and vaccine

10.3389/fmicb.2023.1219846

development; McLellan et al., 2013¢; Pandya et al., 2019). Hause et al.
(2017) compared sequence variability of more than 1,000 RSV
sequences of subtypes A and B to the RSV/A Long, showing that
although the F protein is well-conserved across RSV genotypes, the
p27 region of RSV/B strains exhibited significantly more
non-synonymous amino acid changes than the RSV/A strains.
However, entropy analysis — the measure of variability at each amino
acid position - revealed that within the same subtype, several amino
acid positions within the p27 sequence of RSV/As are more variable
than in RSV/Bs.

As reported by Rajan et al. (2022), RSV infection in HEp-2 or
A549 cells (commonly used for in vitro studies) have different viral
growth Kkinetics and host response when infected with RSV/A or
B. Additionally, the efficiency of p27 cleavage shows to be cell line
dependent, as higher levels of mature F proteins retaining p27 are
found on the surface of RSV-infected HEp-2 cells compared to A549
cells, independent of RSV subtypes (Rezende et al., 2023). On the
other hand, cleavage of p27 is also subtype dependent, since F proteins
from RSV/A were less efficiently cleaved (retaining more p27) than
the F proteins expressed on the surface of cells infected with RSV/B
(Rezende et al., 2023). Moreover, the authors showed that for both
subtypes, the p27 cleavage efficiency declines over time (Rezende
etal., 2023).

These studies highlight that despite a highly conserved F protein
sequence among RSV subtypes and genotypes, the cleavage of p27
relies on host factors (e.g., enzyme turnover, vesicular transport,

RARR KKRKRR

mg\& 7
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FIGURE 1
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Structure of the RSV F protein on prefusion and postfusion conformations. (A) primary structure showing the disulfide bonds between F1 and F2

subunits (thin lines), N-glycosylation sites (\/), and the Fusion Peptide (FP) on F1 N-term; the p27 peptide is shown between cleavage sites R109 and
R136 (arrows). F protein trimer on the (B) prefusion and (D) postfusion conformations with N-Glycans N27, N70, and N500 modeled as sticks. F1+F2
protomers on prefusion (C) and postfusion (E) conformations. The RSV F protein prefusion trimer (B) is formed by the interaction between three F1+F2
protomers (C). In the process of viral entry, the prefusion trimer (B) undergoes structural rearrangement to a final postfusion conformation (D). The FP
(F: N-term), p3/p4 hairpin, and alpha-helices a2, a3, and a4 rearrange, fusing with a5 (C) to form an extended postfusion helix, a5,. (E); the prefusion
22 parallel strand unravels so the «10 helix (C) can meet a5, finalizing the postfusion conformation (E). Although not shown in crystal structures, the
p27 peptide remains at the F1 N-term when partially cleaved, capping the Fusion Peptide, which hinders the fusion efficiency. From McLellan et al
(2013b). Structure of RSV Fusion Glycoprotein Trimer Bound to a Prefusion-Specific Neutralizing Antibody. Science (80- ) 340:1113-1117. Reprinted
with permission from AAAS.
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post-translational modifications, and innate immunity) rather than
exclusively on enzymatic accessibility to cleavage sites.

2. Insights on the p27 glycosylation
sites

Glycosylation is a crucial post-translational modification, as it
impacts structure, function, stability, and translocation to the cell
surface (Beyene et al., 2004; Vigerust and Shepherd, 2007; Ellgaard
et al,, 2016). RSV F has five N-linked glycosyolation sites which are
well conserved among subtypes (N27, N70, N116, N126, and N500)
(Zimmer et al., 2001b); with an additional N120 glycosylation site for
some strains (Tan et al., 2012; Kimura et al., 2017). Two and for some
strains three glycosylation sites are located within the p27 segment
(N116, N120, and N126; Figure 1A).

Zimmer et al. (2001b) and Leemans et al. (2018) used systematic
N - Q mutations to show that glycosylation in the p27 segment does
not impact cleavage or transport of the F protein to the cell surface.
Furthermore, F proteins containing the mutations N116Q or N126Q
did not display molecular weight differences compared to wild-type.
Therefore, Leemans et al. concluded that p27 was cleaved entirely off
in a mature F protein. Both groups observed formation of larger
syncytia in BSR T7/5 cells transfected with the mutant N116Q. Viral
proteins can use glycosylation to shield antigenic sites, evading
antibody recognition (Klink et al., 2006); however, Leemans et al.
demonstrated that glycosylation of p27 at N116 and N126 did not
significantly compromise binding of Palivizumab or other neutralizing
antibodies targeting the prefusion conformation.

Leemans et al. (2019), incorporated the same mutations into
recombinant viruses. During infection of HEp-2 cells, the molecular
weight of the F proteins expressed by viruses encoding mutations
N116Q or N126Q was comparable to F from wild-type virus.
However, infection with mutant virus RSV F N116Q showed a
decrease in syncytium formation compared to wild-type
RSV. Although the presence of glycosylated p27 was not confirmed,
changes in syncytium format in vitro and in vivo indicate that
glycosylation of at least one site on p27 might have an important role
in RSV biology.

3. The impact of p27 on RSV entry

RSV F on the cell surface is generally thought to be cleaved and
fusogenically active (Gonzalez-Reyes et al., 2001; Zimmer et al.,
2001a). FO could not be detected on the cell surface in an RSV
infection model (Bolt et al.,, 2000). However, p27 was recently
reported on the cell surface of infected cells, leading to the
suggestion that uncleaved or partially cleaved F was on the cell
surface (Lee et al., 2022). Krzyzaniak et al. (2013) also suggested
that RSV F exists on the viral surface in a partially cleaved state
(Figure 2). They detected peptides corresponding to the p27 region
on purified RSV/A particles through Liquid Chromatography
coupled with Mass Spectrometry (LC/MS) analysis. Western blot
analysis of infected HeLa cells was consistent with cleavage at site
R109 occurring before viral assembly, while cleavage at R136
occurred only after viral micropinocytosis upon viral entry
(Krzyzaniak et al., 2013). However, contrary to the closely related
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human metapneumovirus (HMPV), RSV fusion is pH-independent,
indicating that acidification of endosomes may not be required for
cleavage of F, and consequently, for RSV entry (Srinivasakumar
et al., 1991). The question of when both cleavage events occur has
remained controversial, and additional work is needed to clarify the
differing studies.

4. Insights on the impact of p27 on the
F protein trimer

Fusion-competent RSV F is formed by non-covalent interactions
between three disulfide-linked F1 and F2 protomers (Figures 1B-E)
(McLellan et al., 2013¢; Gilman et al., 2015; Krarup et al., 2015).
Gilman et al. in 2015 characterized an RSV-neutralizing antibody,
AM14, that recognizes cleaved, trimeric prefusion F (Gilman et al.,
2015). AM14 binding was dependent on furin cleavage, either because
of interference of p27 on AM14 binding through steric inhibition, or
because F is unable to trimerize prior to cleavage. In the same year, a
study by Krarup et al. determined that p27 destabilizes the protein
trimer (Krarup et al., 2015). When incubating soluble F proteins in
0.1% SDS at room temperature, 50% of trimers without p27 were
monomerized, while 97% of trimers containing p27 did (Krarup
etal., 2015).

Gilman et al. evaluated stability of trimerized F using an antibody
specific for soluble, prefusion F trimers (Gilman et al., 2019). The
trimers of F1+F2 heterodimers on the cell surface existed in dynamic
equilibrium of associated-dissociated trimers, suggesting a “breathing”
mechanism for the trimerization (Liu et al., 2008; Munro et al., 2014;
Rutten et al., 2018).

5. The impact of p27 on F protein
structure

The first evidence study of RSV F quaternary structure was in
2000 when Calder et al. used electron microscopy to show that F
protein trimers from the RSV/A Long strain aggregated in rosette
structures that were cone-like or lollipop-like rods (Calder et al.,
2000). Morphological comparison between the RSV F protein and the
parainfluenza 3 and 5 (PIV3 and PIV5) F protein structures indicated
that cone-shaped trimers likely corresponded to a prefusion F
(pre-triggered) while the lollipop-shaped trimers corresponded to a
postfusion F (post-triggered) protein (Yin et al., 2005, 2006; Liljeroos
etal., 2013).

Gozales-Reyes et al. and Ruiz-Argiiello et al. reported that
complete enzymatic cleavage of FO (release of p27) or partial cleavage
at R136 alone (p27 remaining uncleaved from F2) led to the formation
of rosettes and changes in morphology from cone to lollipop
structures (Gonzélez-Reyes et al., 2001; Ruiz-Argtello et al., 2002).
However, Chaiwatpongsakorn et al., expressing F protein trimers from
the RSV/A D53 strain, found cleavage of p27 was not the driving
factor for morphological changes, but instead thermodynamic and
physicochemical factors (e.g., temperature and low molarity) were the
triggers (Chaiwatpongsakorn et al., 2011).

In 2011, McLellan et al. and Swanson et al. independently
determined the crystal structure of the postfusion conformation of
the F protein of RSV/A A2 strain. Both constructs truncated the
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viral surface in a half-cleaved state. Newly synthesized virus enters host cells through macropinocytisis, allowing for FCS2 to be cleaved by cathepsin L
in an endosome. This activates F, facilitating fusion with the endosomal membrane and releasing the viral genetic material into the host cell cytoplasm.
(B) in the direct plasma membrane method of entry, F traffics through the secretory pathway to be cleaved at both FCS1 and FCS2 by furin, expressing
on the viral surface in a fully cleaved state. Entry occurs through receptor binding, resulting in the fusion of the viral and host cell membranes
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initial portion of the fusion peptide to minimize aggregation, keeping
the furin cleavage sites intact (McLellan et al., 2011; Swanson et al.,
2011). Similar to parainfluenza viruses, the stalk portion of the
postfusion F monomer is composed of two anti-parallel helices
formed by the N- and C-terminus of the F1 subunit, juxtaposing the
fusion peptide and transmembrane region. The stalk of the lollipop-
shaped postfusion F is formed by a bundle of six alpha-helices,
creating a thermodynamically stable structure. The absence of p27 on
the postfusion structure was attributed to the complete cleavage of
both furin sites during protein synthesis (Figure 1).

In 2012, Smith et al. reported the expression and purification of a
near full-length F protein based on the RSV/A A2 strain (Smith et al.,
2012), optimized by mutating the furin cleavage R136 (from
KKRKRR136 to KKQKQQ136, cleaving FO on R109 only) and
deleting the first ten amino acids of the N-terminus of the F1 subunit.
This construct generated antibodies targeting antigenic sites specific
to pre- and postfusion RSV structures, including antibodies sharing
the same antigenic site as Palivizumab.

McLellan et al. first published a partial structure of RSV F in the
prefusion conformation in 2013 by co-crystalizing the prefusion-
specific D25 antibody with a near wild-type F protein from the
RSV/A A2 strain. The same group then published the structure of
a prefusion construct without co-crystallizing monoclonal
antibodies, named DS-Cavl (McLellan et al, 2013a,b). The
prefusion monomer structure is compact, made of two lobes (one
proximal and one distal from the viral membrane) connected by
two parallel beta-strands (one from F1 and one from F2) stabilized
by several inter-monomer contacts. The membrane-proximal lobe
from the neighboring monomer stabilizes the highly hydrophobic
fusion peptide at the N-terminus of the F1 subunit. In 2015, a
mutational analysis by Krarup et al. led to a model where p27
cleavage is needed to allow trimerization and fusion peptide burial
in a hydrophobic cavity (Krarup et al., 2015).
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The conformational change of RSV F trimers from prefusion to
postfusion requires drastic rearrangements, which led Gilman et al. to
study the dynamics of F in solution and on lipid membranes (Gilman
et al., 2019). They observed that the prefusion trimer alternates
between discrete open-and-closed states in a breathing-like motion
similar to the HIV Env protein, and the same dynamics are observed
on the surface of cells expressing the full-length RSV F protein.
Moreover, on the surface of immortalized cell lines transfected with
wild-type RSV F protein or F variants harboring a Foldon
trimerization motif, the authors concluded that the F protein naturally
exists in an equilibrium between monomer and trimer on
cellular membranes.

To date, no structural determination method could characterize
the most flexible regions of the F protein (the transmembrane
domain, the cytoplasmic segment, and the p27 peptide region;
Krueger et al., 2021). However, in 2021, Krueger et al., using small-
angle neutron and small-angle X-ray scattering techniques (SANS
and SAXS, respectively), determined the quaternary structure of
prefusogenic F formulated on Polysorbate 80 nanoparticles and
modeled the positioning of such regions within the trimeric
structure (Krueger et al., 2021). When formulated on nanoparticles,
trimeric prefusogenic F was recognized by monoclonal antibodies
specific to either pre- or postfusion arrangements. Most
importantly, prefusogenic F retains a partially cleaved p27,
indicating that the flexibility of p27 did not destabilize the F
protein trimeric arrangement. Moreover, RSV-infected cells
displaying F protein trimers with partially cleaved protomers
shows higher levels of surface F protein on prefusion conformation
(Rezende et al., 2023); F protein trimers with detectable p27 are
more thermally stable than those comprised of completely cleaved
F proteins protomers (Rezende et al., 2023), although more studies
are needed to evaluate the impact of p27 on RSV infectivity and
replication cycle.
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According to Krueger et al., in the prefusogenic structure, the p27
on the N-terminus of the F1 subunit would be solvent exposed,
supporting Krarup’s observation that fusion peptide+p27 would not
fit in the cavity formed within the prefusion structure (Krarup et al.,
2015). On the other hand, the partially cleaved RSV F proteins can
form trimers without the assistance of a Foldon trimerization motif
(Krueger et al., 2021).

6. Humoral and mucosal immune
response to p27 during natural
infection

In 2016, Fuentes et al. published the first report demonstrating an
immune response to p27 upon natural RSV infection (Fuentes et al.,
2016). Looking at sera from five infants before and after their first RSV
infection, the authors identified new antigenic sites using whole-
genome-phage display libraries (GFPDL) encoding peptides covering
the length of F. One new antigenic site mapped to p27. The authors
then synthesized peptides covering the p27 region and surveyed
serum samples from a cohort of children (<2 years old), adolescents
(10-14years old), and adults (30-45 years old) using Surface Plasmon
Resonance (SPR). Although p27-binding antibodies were identified in
all age groups, reactivity was higher in children than adolescents and
lowest in adults. The authors suggested the immune response to p27
came from an uncleaved FO precursor, present in immature virions
and dying infected cells. Based on the work from Tapia et al., the
immune pressure caused by the high mutation rate in the p27 region
may be the driver for a high antibody response to p27 (Tapia
etal., 2014).

Humoral and mucosal immunity to p27 was found in RSV
infected hematopoietic cell transplant (HCT) recipients (Fuentes et al.,
2019). Fuentes et al. again used GFPDL and SPR to examine blood
serum and nasal washes of 11 HCT patients infected with RSV/A who
stopped shedding the virus in less than 14 days (early recovery) or over
14 days (late recovery). Both groups developed antibodies recognizing
p27. However, early-recovered patients generated mucosal antibodies
with higher binding to p27 than late-recovered patients.

Leemans et al. evaluated the immune response to recombinant F
proteins lacking glycosylation on N116 or N126. BALB/c mice
immunized with plasmids encoding F N116Q generated an enhanced
neutralizing antibody response compared to the control (Leemans
et al., 2018). Immunization of BALB/c mice with a recombinant
infectious RSV harboring the N116Q mutation (Leemans et al., 2019)
generated higher neutralizing antibody titers compared to the wild-
type RSV F virus.

Ye et al. quantified the amount of IgG, IgA, and p27-like
antibodies (P27LA, natural antibodies capable of competing with a
monoclonal anti-p27) in serum and nasal washes of 33 HCT patients
during (acute) and post (convalescent) RSV infection (Ye et al,
2020). Anti-p27 IgG and IgA concentrations in both serum and
nasal wash samples were about 1,000-fold lower than other F-specific
sites (Ye et al,, 2018, 2019). P27LA also showed a 1,000-fold lower
concentration level than the correlate of immunity PCA
(Palivizumab Competitive Antibody; Ye et al., 2018, 2019). Anti-p27
antibodies did not appear to improve the overall neutralizing
antibody activity against RSV. However, a reduction in antibody
concentration in nasal wash samples from convalescent HCT
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patients suggests that mucosal anti-p27 antibodies bind to either
released viruses or virus-infected epithelial cells, aiding in
controlling respiratory tract infection.

In 2019, Patel et al. demonstrated that prefusogenic F protein
formulated in nanoparticles is recognized by pre-F specific
monoclonal antibodies (antigenic sites @ and VIII - also called V) and
by monoclonal antibodies targeting antigenic sites shared between
pre-F and post-F conformations (sites IT and IV; Patel et al., 2019). The
prefusogenic F protein also elicited significant levels of functional
neutralizing antibodies and competitive antibodies to antigenic sites
@, VIIL, 11, IV, and p27 in a challenge cotton rat model, preventing
viral replication in the lungs with no significant histopathology. The
prefusogenic nanoparticle formulation was further developed into a
vaccine candidate for maternal immunization, eliciting a strong, broad
antibody response and neutralizing antibody activity. It was the first
RSV vaccine candidate targeting protection of newborns by
vaccinating pregnant individuals during late gestation showing
efficient antibody transplacental transfer [reviewed elsewhere (Blunck
etal., 2021)].

Blunck et al. (2022) reported the kinetics of immunity to p27 in
healthy adults under age 65, naturally infected with RSV/A or RSV/B
during the 2018-2019 RSV season. The cohort of 19 subjects was
divided into uninfected, acutely infected, and recently infected
individuals based on levels of neutralizing antibody titers. As observed
in HCT patients, all subjects presented detectable anti-p27 IgG and
IgA levels. Throughout the study, uninfected individuals maintained
constant levels of serum IgG anti-p27, while acutely infected and
recently infected individuals experienced an increase and decrease in
anti-p27 antibodies, respectively. However, p27 was not an
immunodominant epitope in this cohort of healthy adults.

7.p27 in vitro and in vivo: first
evidence of p27 detection on the
surface of infected cells and
histopathology sections

To better understand the protective antigenic sites within F, Lee
et al. (2022) chemically synthesized peptides spanning the entire F
protein. BALB/c mice were vaccinated with these peptides and
challenged intranasally with RSV/A A2 strain. At 5days post-
challenge, mice immunized with the p27 region had significantly
lower lung viral titers and pathology scores compared to mock-
vaccinated mice (Lee et al., 2022), suggesting that p27 may elicit a
protective immune response; however, the protective effect is unlikely
due to neutralizing antibody activity. The authors instead speculate
that p27 may induce antibody-dependent cell cytotoxicity (ADCC)
and T cell-mediated effector functions.

Additionally, lung tissues immunostained with anti-F-p27 antisera
showed p27 surface expression post-infection. A549 cells infected
with RSV/A A2 showed comparable surface staining, confirming p27
surface expression in vitro (Lee et al., 2022). The authors attribute this
to the expression of FO on the surface of infected cells, consistent with
the results seen in 2013 by Krzyzaniak et al. (2013). However, other
studies have determined that FO is inefficient in reaching or unable to
reach the cell surface (Collins and Mottett, 1991; Bolt et al., 2000;
Sugrue et al., 2001). A mechanistic understanding of how p27 is
expressed on the cell surface has yet to be uncovered.
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8. Gaps in knowledge and future
directions

Important work in electron microscopy, crystallography, and
structure modeling over the past 20years has increased our
understanding of the RSV F protein structure; however, the biological
roles and fate of p27 remain elusive.

Cleavage of p27 is not a requirement for cellular transport, as
the F protein can exist in a heterogenous population of uncleaved,
partially cleaved, and fully cleaved F proteins on the cell surface
(San-Juan-Vergara et al., 2012; Krzyzaniak et al., 2013; Lee et al.,
2022). However, it is unknown if the fully cleaved p27 is secreted
as free peptide or if it has an intracellular role that improves
viral fitness. In addition, although the F protein sequence is
well-conserved between RSV subtypes and genotypes, the p27
region is variable (Hause et al., 2017); therefore, future
studies that address such sequence differences may shed light on
F protein structure,
(Fuentes et al., 2016).

It is unclear if complete cleavage of the F protein is required for

entry mechanism, and infectivity

trimerization of F1+ F2 heterodimers, although it is accepted that a
partially cleaved p27 within the F protein cavity would disrupt the
trimerization (Krarup et al., 2015). On the other hand, the “breathing”
motion of the F protein trimer and models of prefusogenic F trimer
indicate that the RSV F protein could trimerize while harboring a
partially cleaved p27 (Gilman et al., 2019).

While immunological data showed that p27 elicits serum antibody
responses in RSV-infected individuals of all ages, the lackluster
neutralizing activity of anti-p27 IgG antibodies raises the possibility
that protection might come from ADCC or other cell-mediated
immune mechanisms, and this deserves further investigation (Blunck
etal., 2022). Likewise, the role of mucosal anti-p27 IgA antibodies in
viral clearance requires additional studies. Lastly, the humoral and
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Background: The influenza virus poses a significant threat to global public health
due to its high mutation rate. Continuous surveillance, development of new
vaccines, and public health measures are crucial in managing and mitigating the
impact of influenza outbreaks.

Methods: Nasal swabs were collected from individuals with influenza-like
symptoms in Jining City during 2021-2022. Reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) was used to detect influenza A viruses,
followed by isolation using MDCK cells. Additionally, nucleic acid detection
was performed to identify influenza A HIN1, seasonal H3N2, B/Victoria, and B/
Yamagata strains. Whole-genome sequencing was conducted on 24 influenza
virus strains, and subsequent analyses included characterization, phylogenetic
construction, mutation analysis, and assessment of nucleotide diversity.

Results: A total of 1,543 throat swab samples were collected. The study revealed the
dominance of the B/Victoria influenza virus in Jining during 2021-2022. Whole-genome
sequencing showed co-prevalence of B/Victoria influenza viruses in the branches of
Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2, with a higher incidence observed
in winter and spring. Comparative analysis demonstrated lower similarity in the HA,
MP, and PB2 gene segments of the 24 sequenced influenza virus strains compared
to the Northern Hemisphere vaccine strain B/Washington/02/2019. Mutations were
identified in all antigenic epitopes of the HA protein at R133G, N150K, and N197D, and
the 17-sequence antigenic epitopes exhibited more than 4 amino acid variation sites,
resulting in antigenic drift. Moreover, one sequence had a D197N mutation in the NA
protein, while seven sequences had a K338R mutation in the PA protein.

Conclusion: This study highlights the predominant presence of B/Victoria
influenza strain in Jining from 2021 to 2022. The analysis also identified amino
acid site variations in the antigenic epitopes, contributing to antigenic drift.

influenza virus, whole-genome sequencing, mutation, genome characterization, Jining City

1. Introduction

The influenza virus is a common pathogen in the human respiratory tract, causing
approximately 290,000 to 650,000 deaths each year. It is considered one of the major public health
problems worldwide (Chavez and Hai, 2021; Tyrrell et al., 2021). Influenza virus is a single positive-
stranded RNA virus, which is further divided into four types: type A, type B, type C, and type D
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based on the antigenicity of nucleoprotein and matrix protein (Carascal
etal, 2022). Influenza A and B viruses are the primary cause of illness in
humans. Influenza A viruses are divided into subtypes based on the
antigenicity of hemagglutinin (HA) and neuraminidase (NA). HA is
divided into 18 subtypes, while NA is divided into 11 subtypes (Duraes-
Carvalho and Salemi, 2018). In contrast, the influenza B virus has only
one subtype, which is further divided into two lineages: Victoria lineage
and Yamagata lineage based on the antigenic characteristics and HA
sequence of influenza B (Hay et al.,, 2001; Toure et al., 2022).

Both influenza A and B viruses are composed of eight segments
of the gene, including haemagglutinin (HA), neuraminidase (NA),
matrix protein (MP), nucleoprotein (NP), nonstructural (NS),
polymerase acidic (PA), polymerase basic 1 (PB1), and polymerase
basic 2 (PB2) genes. These gene segments between different types can
undergo genetic recombination (Zhu et al., 2013; Liang et al., 2022).
Among these segments, the HA protein of influenza virus is a major
surface antigen prone to mutation, which can cause antigenic changes
that help the virus evade host immunity and cause influenza outbreaks
(Liu et al, 2018; Wu and Wilson, 2020). Currently, the seasonal
influenza virus pathogens that infect humans are mainly influenza A
HINI influenza virus, seasonal influenza A H3N2 subtype virus, B
Victoria series influenza virus, and B Yamagata series influenza virus
(Wu and Wilson, 2020). These four influenza viruses alternate in
prevalence during different years (Liu et al., 2022).

The influenza virus can cause fever, cough, sore throat,
pneumonia, and even death, and the general population is susceptible.
Vaccination is an effective method to prevent influenza. However, the
influenza virus is prone to mutation, undergoes antigenic drift, and
produces immune escape. Both NA and PA inhibitors are specific
drugs for treating influenza; however, with the continuous use of
drugs, the virus may develop drug-resistant mutations, which reduces
the therapeutic effectiveness of the drugs.

Influenza is highly prevalent during the winter and spring months
in northern China, and monitoring typically occurs from April to
March of the following year (Liu et al., 2022). Jining, being one of the
most densely populated cities in northern China, the threat of seasonal
flu outbreaks in this region should not be underestimated. In this
study, we analyzed the epidemic patterns and genome-wide
characteristics of the influenza virus monitored in Jining City from
2021 to 2022. Our goal was to gain insight into the epidemic
characteristics of the influenza virus and the evolutionary trends of
circulating strains in order to improve outbreak prevention strategies.

2. Materials and methods
2.1. Specimens collection

According to the requirements of the National Influenza Center of
China, between 1 April 2021 and 31 March 2022, throat swab specimens
for influenza-like illness (ILI) (body temperature >38°C, with either
cough or sore throat) were collected at Jining First People’s Hospital and
Rencheng District Maternal and Child Health Planning Service Center.
A minimum of 10 samples were collected each week from April 2021 to
September 2021, and a minimum of 20 samples were collected each week
from October 2021 to March 2022, resulting in a total of 1,543 samples.
The collected specimens were immediately stored at 2-8°C and
transferred to the Influenza Surveillance Network Laboratory of Jining
Center for Disease Control and Prevention within 24 h for testing.
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2.2. Laboratory testing

A volume of 200pl throat swab sample was taken, and the
automatic nucleic acid extraction instrument (GeneRotex 96) of Xian
Tianlong Technology Co., Ltd. and the virus nucleic acid extraction
reagent (T138) of Xian Tianlong Technology Co., Ltd. for nucleic acid
extraction were used. Also, Guangzhou Daan Biotechnology Co., Ltd.
Type A HIN1 (DS0042), Seasonal H3N2 (DS0091), B/Victoria series
(D0970), and B/Yamagata series (D0960) influenza virus nucleic acid
detection kit (PCR-fluorescent probe method) were used for nucleic
acid detection.

2.3. Influenza virus culture

Madin-Darby canine kidney (MDCK) cells were cultured in
DMEM (GIBCO 11995-065) medium with 10% FBS (GIBCO 16000~
044) at 37°C. After the cells reached 90% confluence, the culture medium
was discarded and washed with 5-ml PBS for three times. Then, 1 ml of
a throat swab sample with positive influenza virus was inoculated;
incubated at 35°C for 1h; discarded the throat swab sample; added 5mL
of DMEM (containing 2 pg/mL TPCK-trypsin, 100 U/ml penicillin, and
100 pg/ml chain tetracycline), and incubated at 35°C. After 3-4 days, the
cells were frozen—thawed three times, and 1% red blood cells were used
to measure the HA titer of influenza virus strains. Twenty-four influenza
virus strains with virus titer >1:8 was isolated, and the strain numbers
were as follows: B/shandongrencheng/11484, 11,485, 11,486, 11,487,
11,488, 11,494, 11,495, 11,499, 11,504, 11,506/2021; B/
shandongrencheng/1115, 1,122, 1,125, 1,126, 1,127, 1,128, 1,169, 1,176,
1,210, 1,211, 1,252, 1,291, 1,354, 1,356/2022. Sampling dates for the 24
strains were 5 November 2021 (5 strains), 5 December 2021 (5 strains),
6 January 2022 (6 strains), 5 February 2022 (5 strains), and 3 March 2022
(3 strains). Of the 24 strains, 16 strains were isolated from the male
patients and 8 strains were isolated from the female patients. Age
distribution was as follows: 1 patient aged 0-5years, 8 patients aged
6-15years, 6 patients aged 16-25years, 8 patients aged 26-60years, and
1 patient aged above 61 years.

2.4. Whole-genome sequencing

Influenza virus gene capture using Beijing Micro Future’s
ULSENTM® Ultra-Sensitive Influenza Virus Whole-Genome Capture
Kit. Reaction system: DEPC-treated ddH,O, 12 pl; B whole-genome
amplification mix, 25 pl; BWGP-Mix, 4 pl; EF Enzyme 1 pl; and virus
culture cell line nucleic acid, 8 pl. Reaction conditions: 45°C, 60 min;
55°C, 30min; 94°C, 2 min; 94°C, 20s; 40°C, 305s; 68°C, 3min 30s;
5cycles; 94°C, 205; 58°C, 30s; 68°C, 3min 30s; 40 cycles; and 68°C,
10 min. After purifying the product with AMPure XP (BECKMAN
A63880), the library was amplified with Nextera® XT Library Prep Kit
(Illumina 15032352) and sequenced with Illumina NextSeq2000
sequencer and NextSeqTM 2000 P3 Reagent Cartridge 300 cycles
(Mumina 20045959) sequencing reagent.

2.5. Genome assembly and analysis

Whole genome of the influenza virus on sequenced data was
assembled using the QIAGEN CLC Genomics Workbench 21
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software. Download 2021-2022 Northern Hemisphere BV influenza
virus vaccine representative strain B/Washington/02/2019 (EPI_
ISL_341131), 2021-2022 global BV influenza virus sequence, and BV
early isolate sequence from the GISAID database. Using the Kimura
two-parameter model of the Neighbor-joining method of the MEGA
7.0.14 software to construct the evolutionary tree of eight gene
segments of the influenza virus. Nucleotide and amino acid homology
analysis was performed using MegAlign of the DNASTAR 7.0.1
software; the amino acid sequence alignment was performed using the
align of the MEGA 7.0.14 software to analyze the amino acid
difference sites; and analysis of protein N-glycosylation sites was
carried out using the NetNGlyc 1.0 Server software. The data presented
in the study are deposited in the e Global Initiative on Sharing All
Influenza Data (GISAID)' repository, accession number list in
Supplementary Table S1.

3. Results
3.1. Positive rate of BV influenza virus

From April 2021 to March 2022, 1,543 specimens from patients
with influenza-like illness (ILI) were tested, of which 380 (24.63%)
were positive for BV influenza virus. No cases of influenza A HIN1,
seasonal H3N2, and BY influenza viruses were detected. The BV
influenza viruses were not detected from April 2022 to September
2022, but began to be detected in ILI in late October 2022. The highest
positive rate of influenza viruses in ILI was observed in December
2022 and January 2022. The favorable rates of BV influenza viruses in
different months were statistically significant (y*=409.002, p<0.001).
The favorable rates of BV influenza virus in males and females were
22.67 and 26.69%, respectively (y*=3.382, p=0.07). The positive rates
of BV influenza virus in different age groups were 8.15% for 0-5 years;
32.22% for 6-15years; 26.91% for 16-25years, 33.98% for 26-60 years,
and 9.46% for those above 60years, respectively (y*=103.411,
p<0.001) (Table 1). In summary, the study found a high prevalence of
BV influenza virus in ILI cases in Jining City from October 2021 to
March 2022, with the highest positive rate observed in December 2021
and January 2022. The virus showed significant differences in favorable
rates across different age groups and months.

3.2. Nucleotide diversity of B/Victoria
influenza viruses

This study successfully sequenced 24 whole genomes of B/Victoria
influenza viruses. The nucleotide similarity of 8 gene fragments in the
sequences of 24 strains ranged from 98.3 to 100%. Compared with the
WHO-recommended BV influenza virus vaccine strain B/
Washington/02/2019 for the Northern Hemisphere 2021-2022, the
nucleotide similarity of the 8 gene segments varied from 98.2 to
99.7%. The amino acid similarity of the encoded protein was the
lowest at 97.2% and was the highest at 100% (Table 2).

Additionally, the evolutionary distances of HA, NA, MP, NP, NS,
PA, PBI1, and PB2 genes in the 24 sequences were 0.0076, 0.0078,

1 www.gisaid.org
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0.0069, 0.0056, 0.0045, 0.0052, 0.0048, and 0.0065, respectively, when
compared with B/Washington/02/2019. The evolutionary distances of
HA, NA, MP, NP, NS, PA, PB1, and PB2 genes were 0.0129, 0.0093,
0.0159, 0.0063, 0.0090, 0.0078, 0.0048, and 0.0159, respectively
(Table 2). Overall, this study provides valuable insights into the genetic
characteristics and evolutionary distances of B/Victoria influenza
viruses, which can help inform the development and selection of
appropriate vaccine strains.

3.3. Analysis of genetic variation and
evolution of B/Victoria influenza viruses

In this study, the genetic evolution of B/Victoria influenza viruses
in Jining was analyzed using the sequences of their eight segments. A
phylogenetic tree was constructed using the eight-segment sequences
from 24 B/Victoria strains, including the global BV influenza virus
(2021-2022), influenza vaccine strains recommended by WHO, and
early BV isolates. The results revealed that the eight segments of the
seven sequences were all closely related and located in the same
evolutionary clade. Notably, the HA genes of these sequences all
belonged to the Victoria clade 1A.3a.1. The remaining strains were
found in a separate evolutionary clade, with their HA genes belonging
to the Victoria clade 1A.3a.2 (Figure 1). Overall, the phylogenetic
analysis of the eight-segment sequences of B/Victoria influenza
viruses in Jining revealed two distinct evolutionary clades, with the
HA genes of the sequences belonging to either the Victoria clade
1A.3a.1 or the Victoria clade 1A.3a.2.

3.4. Amino acid variant analysis

Compared with B/Washington/02/2019, the HA, NA, and PA
genes showed the highest number of amino acid variation sites. HA is
crucial for the antigenic variation of the influenza virus, and its heavy
chain region contains both antigenic determinants and receptor
binding sites (Liu et al., 2018). These include the 120-loop (116-137
aa), 150-loop (141-150 aa), 160-loop (160-172 aa), and 190-helix
(193-202 aa) for antigenic epitopes, as well as the 140-loop (136-143
aa), 190-helix (193-202 aa), and 240-loop (237-242 aa) for the HA
receptor binding site (Wang et al., 2007; Liu et al., 2018). Table 3 shows
that out of the 24 HA protein sequences, 20 variations were found,
with 9 occurring in epitopes, including 5 in the 120-loop, 2 in the
150-loop, 1 in the 160-loop, and 1 in the 190-helix. Additionally, there
were three mutations in the HA receptor binding site, with 1 in the
190-helix and 2 in the 240-loop.

The active catalytic site of NA protein is composed of 19 amino
acids, including R116, E117, D149, R150, R154, W177, S178, D197,
1221, R223, E226, H273, E275, E276, R292, N294, R374, Y409, and
E428 (Chen et al.,, 2019). Among the 24 sequences, 20 sites of NA
protein were mutated, and one of the sequences had the D197N
mutation in the catalytic site of NA. The NA inhibitors are the primary
antiviral drugs used to treat influenza. However, mutations such as
E105K, P139S, G140R, D197N, and H273Y in BV influenza viruses
can cause resistance to NA inhibitors (Farrukee et al., 2015, 2018). In
this study, it was observed that one sequence had a D197N drug
resistance mutation.

Nucleoprotein is a crucial structural protein that makes up the
nucleocapsid of the influenza virus. It contains specific amino acid
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TABLE 1 The positive rate of nucleic acid testing and composition characteristics of BV influenza in Jining between 2021-2022.

Variables Testing

Specimens number

Influenza A (H1N1), Influenza A
(H3N2), Influenza B (Yamagata)

Positives number

Influenza B (Victoria)

Positive rate (%) Positives number Positive rate (%)

Month

April-September 2021 309 0 0 0 0
October 2021 171 0 0 3 1.75
November 2021 204 0 0 41 20.10
December 2021 232 0 0 129 56.60
January 2022 242 0 0 133 54.96
February 2022 180 0 0 49 27.22
March 2022 205 0 0 25 12.20
Gender

Male 790 0 0 179 22.67
Female 753 0 0 201 26.69
Age (in years)

0-5 405 0 0 33 8.15
6-15 329 0 0 106 32.22
16-25 223 0 0 60 26.91
26-60 512 0 0 174 33.98
>61 74 0 0 7 9.46
Total 1543 0 0 380 24.63

TABLE 2 Similarity analysis of the whole genome of BV influenza virus in Jining.

Protein Sequence similarity between 24 Similarity compared to B/
strains (%) Washington/02/2019(%)
Nucleotides Amino acid Nucleotides Amino acid
HA HA 98.3-100 98.2-100 98.3-99.0 97.9-98.8
NA NA 98.6-100 97.6-100 98.8-99.3 98.7-99.4
M1 99.2-100 98.8-99.6
MP 98.7-100 98.2-98.7
M2 96.3-100 97.2-99.1
NP NP 98.8-100 99.1-100 99.1-99.6 99.1-100
NS1 97.5-100 98.2-99.6
NS 99.0-100 98.8-99.2
NEP 99.2-100 97.5-98.4
PA PA 98.6-100 98.3-100 98.7-99.4 98.6-99.7
PB1 PB1 98.8-100 98.8-100 99.2-99.7 99.2-99.7
PB2 PB2 98.8-100 98.8-100 98.2-98.6 99.1-99.9

sites that are important for its nuclear import and export, including
K44, R45, and F209, and the 125-149 aa region of the RNA-binding
domain of NP (Ng et al., 2012; Sherry et al., 2014). In the 24 sequences
analyzed, nine amino acid sites in NP proteins were found to
be mutated, with the E128D mutation appearing in the RNA binding
domain of 7 sequences.

M1 is a crucial matrix protein that forms the structure of the
influenza virus. It contains a nuclear localization signal (NLS),
nuclear export signal (NES), and phosphorylation modification sites,
which play a role in promoting the nuclear export of influenza virus
ribonucleoprotein (vRNP). In the influenza B virus, the NLS is
located at amino acids 76-94, while the NES is located at amino

Frontiers in Microbiology

acids 3-14 and 124-133. The key phosphorylation sites are T80 and
S84 (Cao et al,, 2014). The present study found that none of the 24
sequences analyzed showed mutations in the NLS, NES, T80,
and S84.

NS1 and NEP are nonstructural proteins of influenza; NS1 has
diverse biological functions, including binding to host mRNA,
inhibiting interferon, and interacting with many host proteins
(Nogales et al., 2018). It consists of two functional domains, an
N-terminal RNA-binding domain (RBD, 1-90 aa) and a C-terminal
effector domain (ED, 120-261 aa), which are connected by a short
interdomain linker region (LR, 91-119 aa) (Jumat et al., 2016). Among
the 24 sequences analyzed, 14 amino acid site variations were observed
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Washington/02/2019 (green). HA, hemagglutinin. NA, neuraminidase.
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in NS1, with 1 variation found in the RBD, 4in the linker region, and
9 in the effector domain. On the contrary, NEP is a nuclear export
protein that facilitates the nuclear export of viral RNP. Its nuclear
export signal (NES) is located at 11-23 aa of NEP (Paragas et al,,
2001). In the 24 sequences, three amino acids were identified in NEP,
but none of them were found in the NES sites.

Polymerase acidic inhibitors are currently important specific
drugs for treating influenza B, and their sites of action are T20, F24,
M34, N37, and I38. None of the 24 strains examined in this study had
mutations at these sites (Takashita, 2021). However, the K338R
mutation in PA was present in 7 out of 24 sequences and is known to
enhance the replication ability of influenza (Bae et al., 2018). The PB1
gene can also undergo mutations that enhance replication ability
(Binh et al., 2013), such as D27V/N and N44Q; however, none of the
24 sequences had mutations in these sites. PB2 binds to the cap
structure through Q325, W359, and Y434 alleles (Kim et al., 2018),
and none of the 24 sequences had mutations in these sites either.

Frontiers in Microbiology

In this study, multiple amino acid variations were observed in the
PA, HA, NA, NP, and NS1 proteins of the influenza B virus, with some
mutations potentially affecting drug resistance and viral replication.
In contrast, the M1 and NEP proteins showed no mutations in the
analyzed sequences.

3.5. Glycosylation site analysis

Glycosylation of the HA and NA of influenza virus is a crucial
mechanism for immune evasion and persistent viral infection (Kim
etal, 2018). One HA sequence has an N59K mutation that eliminates a
glycosylation site in N59. The N197D variant in all 24 sequences results
in the loss of the glycosylation site at N197. An S109F mutation in NS1
of 11 sequences also leads to losing a glycosylation site at N107. Finally,
one PB2 sequence has a D473N mutation, creating a new glycosylation
site at N473 (Table 3). Overall, the mutations N59K in HA, N197D in
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TABLE 3 Analysis of amino acid variation sites of B/Victoria influenza viruses in Jining City during 2021-2022.
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both HA and NA, S109F in NS1, and D473N in PB2 alter glycosylation
sites, potentially affecting immune evasion and persistent viral infection.

4. Discussion

Over the past two decades, studies on viruses have been
extensively carried out due to their association with both acute self-
limiting and long-term chronic diseases in humans, including the
influenza virus responsible for the common “flu” (Li et al., 2016; Chen
X. et al,, 2017; Chen Y. et al., 2017; Jiao et al., 2017; Shi et al., 2017;
Duan et al,, 2018; Yuan et al., 2023). Many pathogens cause influenza-
like illnesses, the most important of which is the influenza virus
(Clementi et al., 2021). Influenza virus infection can cause severe
disease burden, causing fever, cough, headache, pneumonia, and even
death, resulting in a severe disease burden (Feng et al., 2020; Castillo-
Rodriguez et al., 2022). The WHO influenza established a global
surveillance network and recommends annual influenza vaccine
strains for the northern and southern hemispheres. China is one of
the most crucial member countries for influenza surveillance and has
established a surveillance network covering all prefecture-level cities
(Liuetal., 2022). Jining City is an ordinary medium-sized prefecture-
level city in northern China, with a total area of 11,000km” and a
population of 8.358 million. It has a warm temperate monsoon climate
with four distinct seasons. Jining City has built an influenza
surveillance network laboratory. According to the epidemic
characteristics of influenza with high incidence in winter and spring,
about 1,500 influenza-like case specimens from two sentinel hospitals
are monitored for influenza from April to March of the following year.

From April 2021 to March 2022, Jining City’s influenza surveillance
network laboratory reported a 24.63% positive rate of influenza virus
among influenza-like illnesses, with BV influenza virus being the
primary prevalent subtype during the winter and spring seasons in
northern China (Feng et al., 2020; Liu et al., 2022). The highest positive
rate was observed in December and January, followed by November and
February, while the lowest positive rate was observed from April to
September. Additionally, the percentage distributions by age category
showed slightly higher rates in the 6-60year groups and lower rates in
the 0-5year groups and above 65 year groups as shown in Table 1.

Compared to the vaccine strain B/Washington/02/2019, the HA
and PB2 gene segments of the Jining strain exhibit the lowest similarity
and the highest gene evolution distance. Although both strains belong
to the Victoria clade 1A branch on the evolutionary tree (162-164 aa
missing in HA); they are located in different clades. Jining has two
epidemic strains the Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2,
which are cocirculating. In the 2019-2020 influenza season, BV lineage
influenza viruses in Jining City were mainly located in the Victoria clade
1A.3 branch, indicating that the BV lineage influenza viruses in Jining
City have evolved from the Victoria clade 1A.3 branch to the Victoria
clade 1A.3a.1 and Victoria clade 1A.3a.2 evolutionary branches. In
addition, on the phylogenetic tree, the isolated strains worldwide are
also mainly distributed in the Victoria clade 1A.3a.1 and Victoria clade
1A.3a.2 evolutionary branches. However, a small number of strains in
the 2021-2022 season were located in the Victoria clade 1A.3 branch,
indicating that the global circulation of BV lineage influenza viruses in
the 2021-2022 season is a polymorphic epidemic with multiple units
coexisting, mainly in the Victoria clade 1A.3a.1 and Victoria clade
1A.3a.2 evolutionary branches.
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Variant strains with different amino acids on hemagglutinin (HA)
continue to emerge due to the high mutation rate of influenza viruses.
When there are more than four amino acid variations in the HA
antigenic determinants, and the variations are distributed on at least
two antigenic determinants, antigenic drift occurs, forming a new
influenza variant (Liu et al., 2018). Out of the 24 sequences analyzed,
the HA epitope of 7 sequences located in the Victoria clade 1A.3a.1
only had 3 amino acid changes. In contrast, the HA epitope of 17
sequences found in the Victoria clade 1A.3a.2 clusters had 5-8 amino
acid site variations distributed across 3 or 4 antigenic determinants.
These variations may change the antigenicity of the influenza virus,
lead to the formation of new variants, and possibly affect the protective
effect of vaccine strains. The receptor binding sites of HA have 2-3
amino acid mutations, which may impact the binding of HA and
receptors. The N197D variant found in all 24 sequences is not only
located in the antigenic epitope of HA but also in the receptor binding
site. However, the mutation of N197, an important glycosylation site in
the B/Victoria virus, resulted in the loss of the N197 glycosylation site
in these 24 sequences. This loss, in turn, affects the changes in HA
antigenicity and promotes the reproduction of the influenza virus in
embryonated eggs (Nakagawa et al., 2004; Saito et al., 2004). Currently,
NA, PA, PBI, and PB2 inhibitors are all specific drugs used for the
treatment of influenza A virus. However, only NA and PA inhibitors
are specific drugs for the treatment of influenza B infection (Takashita,
2021). The function of NA is to cleave the glycosidic bonds between the
HA and the influenza receptor, allowing the virus to be released from
the host cell surface. The NA inhibitors can specifically bind to the
active site of the NA enzyme, inhibit the activity of the NA enzyme, and
inhibit the release of the virus. PA is a component of the polymerase of
the influenza virus, and PA inhibitors can inhibit the endonuclease
activity of the viral polymerase, thereby inhibiting the replication of the
influenza virus. However, with the continuous mutation of the
influenza virus genes, especially when the active site or adjacent amino
acid sites of NA and PA undergo mutations, it may reduce the binding
of the inhibitor to NA and PA, and reduce the virus’s sensitivity to the
inhibitor, resulting in drug-resistant mutants that make the treatment
of influenza more challenging (Takashita, 2021). The D197N mutation
may result in resistance to NA inhibitors, indicating the possible
emergence of NA inhibitor-resistant variants in B/Victoria influenza
viruses in Jining City. Studies have shown that the N197D mutation can
affect the antigenic properties of the HA protein, potentially allowing
the virus to evade recognition by the host immune system. This is
because the glycosylation site can act as a shield to mask the virus from
antibodies produced by the host. Additionally, the mutation may alter
the shape of the HA protein, making it more difficult for antibodies to
bind and neutralize the virus (Tsai and Tsai, 2019). This demonstrates
that PA and NA inhibitors can still be used to treat influenza, but there
is a need to strengthen the monitoring of drug-resistant mutations.

PA, PBI, and PB2 are the three subunits that make up the RNA
polymerase of influenza virus (Wandzik et al, 2021). Among them, K338
of PA is located in the polymerase’s core position. The K338R mutation
in PA has been shown to enhance the activity of B/Victoria influenza
virus RNA polymerase, thereby increasing its pathogenicity (Bae et al,,
2018). In this study, it was found that none of the 17 sequences in the
Victoria clade 1A.3a.2 had the K338R mutation, while all 7 sequences in
the Victoria clade 1A.3a.1 had the K338R mutation in their PA subunit.

This study analyzed the influenza epidemic and gene evolution
variation in Jining City from 2021 to 2022, showing that the B/Victoria
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influenza virus’s antigenic epitopes have partially mutated and formed
new variants. These new variants are poorly matched with the
WHO-recommended northern hemisphere vaccine strains, which
should be adjusted accordingly. Furthermore, the 24 nucleic acid and
protein sequences in Jining have undergone some variation, displaying
differences in variation sites, homology, evolutionary characteristics,
and genetic distances. This suggests that the B/Victoria strain of
influenza virus is still evolving and mutating; thus, influenza
surveillance needs further strengthening.
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Respiratory Syncytial Virus (RSV) is a non-segmented negative-sense RNA virus
belonging to the paramyxovirus family. RSV infects the respiratory tract to cause
pneumonia and bronchiolitis in infants, elderly, and immunocompromised
patients. Effective clinical therapeutic options and vaccines to combat RSV
infection are still lacking. Therefore, to develop effective therapeutic interventions,
it is imperative to understand virus-host interactions during RSV infection.
Cytoplasmic stabilization of p-catenin protein results in activation of canonical
Wingless (Wnt)/p-catenin signaling pathway that culminates in transcriptional
activation of various genes regulated by T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors. This pathway is involved in various biological and
physiological functions. Our study shows RSV infection of human lung epithelial
A549 cells triggering p-catenin protein stabilization and induction of p-catenin
mediated transcriptional activity. Functionally, the activated p-catenin pathway
promoteda pro-inflammatory response during RSVinfection of lung epithelial cells.
Studies with B-catenin inhibitors and A549 cells lacking optimal p-catenin activity
demonstrated a significant loss of pro-inflammatory chemokine interleukin-8 (IL-
8) release from RSV-infected cells. Mechanistically, our studies revealed a role of
extracellular human beta defensin-3 (HBD3) in interacting with cell surface Wnt
receptor LDL receptor-related protein-5 (LRP5) to activate the non-canonical
Wnt independent p-catenin pathway during RSV infection. We showed gene
expression and release of HBD3 from RSV-infected cells and silencing of HBD3
expression resulted in reduced stabilization of p-catenin protein during RSV
infection. Furthermore, we observed the binding of extracellular HBD3 with cell
surface localized LRP5 protein, and our in silico and protein—protein interaction
studies have highlighted a direct interaction of HBD3 with LRP5. Thus, our studies
have identified the B-catenin pathway as a key regulator of pro-inflammatory
response during RSV infection of human lung epithelial cells. This pathway was
induced during RSV infection via a non-canonical Wnt-independent mechanism
involving paracrine/autocrine action of extracellular HBD3 activating cell surface
Wnt receptor complex by directly interacting with the LRP5 receptor.
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Introduction

Respiratory Syncytial Virus (RSV) is a respiratory RNA virus
causing pneumonia and bronchiolitis in infants, the elderly, and
immunocompromised patients (Falsey et al., 2005; Nair et al., 2010;
Griffiths et al., 2017). It is estimated that RSV infection is responsible
for 30 million lower respiratory tract infections annually, primarily
among children, which results in 3 million RSV infection-related
hospitalizations and 200,000 death (Nair et al., 2010). Although
prophylactic monoclonal antibodies (e.g., palivizumab; Romero, 2003)
and antiviral agents such as ribavirin show variable clinical outcomes
(Diseases, 1993), effective clinical therapeutic options to combat RSV
infection are still lacking. Additionally, the RSV vaccine is currently
and Anderson, 2013),
RSV-associated diseases like pneumonia and bronchiolitis manifest

unavailable (Hurwitz, 2011; Graham

due to exaggerated inflammation in the airway (Imai et al., 2008;
Murawski et al., 2009; Ruuskanen et al., 2011; Foronjy et al., 2016;
Russell et al., 2017). Therefore, to develop effective therapeutic and
prophylactic interventions, it is imperative to understand virus-host
mechanisms during RSV infection.

Human lung epithelial cells play an important role in RSV infection
since these cells are the major target of RSV during the early phases of
respiratory tract infection (Kong et al., 2004; Kota et al., 2008; Hosakote
et al,, 2009; Chang et al., 2012; Shirato et al., 2012; Mgbemena et al.,
2013; Hillyer et al., 2018; Corsello et al., 2022; Rajan et al., 2022).
Productive infection of human lung epithelial cells by RSV results in the
production of infectious progeny virion particles (Kong et al., 2004;
Kota et al., 2008; Chang et al., 2012; Shirato et al., 2012; Mgbemena
et al, 2013; Hillyer et al., 2018; Rajan et al, 2022). Although
macrophages are the primary pro-inflammatory response generator
during RSV infection, lung epithelial cells are the first innate immune
responders in the airway since these cells are infected during the early
phase of infection. Therefore, it is important to understand the virus-
host mechanisms in human lung epithelial cells following RSV infection.

Canonical Wingless (Wnt)/p-catenin pathway is a well-established
signaling cascade regulating the expression of Wnt target genes involved
in various biological and physiological functions (Clevers, 2006; Zhan
et al, 2017; Ren et al.,, 2021; Rim et al., 2022). Wnt is a soluble secreted
extracellular protein that interacts with the cell surface Frizzled (Fzd)
and LDL receptor-related proteins (LRP5 and LRP6) receptor complex
to activate downstream events that prevent degradation of p-catenin
protein in the cytoplasm. Stabilization of B-catenin protein results in its
activation and subsequent translocation to the nucleus to act as a
transcriptional activator of Wnt-responsive genes by associating with
T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors.
Although many viruses, including respiratory viruses like influenza A
virus, activate B-catenin via the Wnt pathway (More et al., 2018), to date,
it is unknown whether RSV induces p-catenin activation and the role of
any such activation in regulating host response during RSV infection.

Our study has demonstrated f-catenin activation by RSV in
infected human lung epithelial A549 cells. Furthermore, we show

Frontiers in Microbiology

f-catenin  mediated  transcriptional activity = promoting
pro-inflammatory response in RSV-infected A549 cells. Interestingly,
in contrast to canonical Wnt ligand-dependent f-catenin pathway
activation by extracellular Wnt ligands, we have uncovered a yet
unknown non-canonical Wnt ligand-independent p-catenin pathway
activation during RSV infection. We show extracellular human beta
defensin-3 (HBD3) released from RSV-infected cells stabilizing
f-catenin protein in infected cells. Furthermore, HBD3 interacted
with Wnt receptor LRP5 to stabilize -catenin protein for its activation
of the B-catenin pathway in RSV-infected cells. Thus, in our current
study, we have identified extracellular HBD3 as an “alarmin” molecule
stimulating Wnt-independent p-catenin pathway in RSV-infected cells

for triggering a pro-inflammatory response.

Results

Respiratory syncytial virus stabilizes
B-catenin protein to activate p-catenin
mediated transcriptional activation

Wnt/ p-catenin canonical pathway is activated following the
activation of the Fzd/LRP receptor complex by extracellular Wnt ligand
(Clevers, 2006; Zhan et al., 2017; Ren et al., 2021; Rim et al., 2022). This
event prevents the degradation of p-catenin protein. Accumulation of
f3-catenin due to its stabilization results in its translocation to the
nucleus. In the nucleus, B-catenin interacts with TCF/LEF transcription
factors to transactivate Wnt-responsive genes. So far, it is still unknown
whether RSV activates the p-catenin pathway. Therefore, we investigated
whether RSV stabilizes B-catenin protein leading to activation of TCF/
LEF transcription factor-driven transactivation of Wnt-target genes.

First, we investigated whether RSV infection triggers f-catenin
protein stabilization since this event results in -catenin-mediated
transcriptional activation of Wnt-responsive genes. To evaluate the
status of p-catenin protein, we infected human lung epithelial A549
cells with RSV. At various post-infection time-periods, the level of
[-catenin protein was assessed by western blotting with anti-p-catenin
antibody. RSV i