www.the-innovation.org

Co-existence and co-infection of influenza A viruses

and coronaviruses: Public health challenges

Jing Yang," Yuhuan Gong,"? Chunge Zhang,"-? Ju Sun," Gary Wong,?? Weifeng Shi,* Wenjun Liu,"-? George F. Gao,"-? and Yuhai Bi'.2*

*Correspondence: beeyh@im.ac.cn

Received: May 19, 2022; Accepted: August 14, 2022; Published Online: August 17, 2022; https://doi.org/10.1016/j.xinn.2022.100306

© 2022 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

GRAPHICAL ABSTRACT

N

— ¥

Co-circulation of
IAVs and CoVs in nature

PUBLIC SUMMARY
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= Co-existence and co-infection of IAVs and/or CoVs are inevitable based on virus-host ecology

Co-circulation and co-infection could alter virus evolution and drive novel variant emergence

Co-circulation and co-infection could affect disease transmission and burden in humans

= Active surveillance and countermeasures are necessary for the public health challenges
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Since the 20™ century, humans have lived through five pandemics caused by
influenza A viruses (IAVs) (H1N1/1918, H2N2/1957, H3N2/1968, and HIN1/
2009) and the coronavirus (CoV) severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). IAVs and CoVs both have broad host ranges and share
multiple hosts. Virus co-circulation and even co-infections facilitate genetic
reassortment among IAVs and recombination among CoVs, further altering
virus evolution dynamics and generating novel variants with increased
cross-species transmission risk. Moreover, SARS-CoV-2 may maintain long-
term circulation in humans as seasonal IAVs. Co-existence and co-infection
of both viruses in humans could alter disease transmission patterns and
aggravate disease burden. Herein, we demonstrate how virus-host ecology
correlates with the co-existence and co-infection of IAVs and/or CoVs, further
affecting virus evolution and disease dynamics and burden, calling for active
virus surveillance and countermeasures for future public health challenges.

INTRODUCTION

Five pandemics have been documented in history since the 20" century. The
first four pandemics were caused by influenza A virus (IAV) H1N1 (in 1918 and
2009), H2N2 (1957), and H3N2 (1968) subtypes, which led to substantial eco-
nomic losses and severe social panic.' After the pandemics, HIN1 and H3N2
subtype IAVs have become seasonal influenza viruses and currently cause
annual epidemics in humans. Notably, avian influenza viruses (AlVs) contributed
gene segments to the genesis of causative pathogens for each influenza
pandemic. In addition, sporadic human cases infected by AlVs, including H3,
H5, H7, H9, and H10 subtypes, were also reported.®* The seasonal influenza ep-
idemics and occasional zoonotic influenza infections in humans have become a
significant disease burden of great concern globally.

Especially, the current coronavirus disease 2019 (COVID-19) pandemic
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
led to unprecedented challenges to public health and devastating economic los-
ses. Asof July 21,2022, WHO reported 564.12 million confirmed cases of COVID-
19, including about 6.37 million deaths in over 200 countries and regions (https://
covid19.who.int). Although a series of stringent non-pharmaceutical and phar-
maceutical interventions have been implemented to contain the spread of the
disease,” ’ the pandemic has not been brought under control. Moreover, the
emerging novel variant, Omicron, has caused a rapid resurgence of cases world-
wide since late 2021 (https://covid19.who.int).® Hence, SARS-CoV-2 may
become a long-term problem for humans, similar to seasonal influenza. Further-
more, another six human coronaviruses (HCoVs) are known to infect humans.
The HCoVs HCoV-229E, HCoV-0C43, HCoV-NL63, and HCoV-HKU1 are circu-
lating around the world and typically result in mild diseases, with symptoms
resembling the common cold.® In addition, SARS-CoV and Middle East respira-
tory syndrome CoV (MERS-CoV) can cause severe respiratory disease in hu-
mans. SARS-CoV has vanished in the human population after its sudden emer-
gence in 2002, but MERS-CoV still circulates between dromedary camels and
humans in the Middle East region.'® "2

Etiological pathogens responsible for past pandemics could continue to plague
humans even after the declared end of the pandemic. Given the virus-host
ecology of IAVs and CoVs, multiple influenza subtypes and CoVs could simulta-
neously circulate in animals and humans and even co-infect one host."®'® This

review will describe the virus-host ecology and host range for IAVs and CoVs and
highlight the inevitable co-existence and co-infection of multiple IAVs or CoVs or
IAVs and CoVs in one host. Secondly, the co-infection of different IAV subtypes or
multiple CoV lineages or two types of viruses could alter the genetic evolution dy-
namics, molecular characteristics, and related phenotypes for both viruses.
Lastly, co-existence and co-infection of IAVs and SARS-CoV-2 in humans have
been reported, which could alter disease transmission dynamics and increase
disease burden.””""? The cell tropism?°~?* for viruses and respective receptors
could be a mechanism for co-infection. Hence, global cooperation on prepared-
ness and response to the current and next pandemics or disease outbreaks
comes into focus.

ECOLOGY OF IAVs AND CoVs

Typically, wild waterfowls of the order Anseriformes (especially the family Ana-
tidae, eg, ducks, geese, and swans) and Charadriiformes (mainly gulls and shore-
birds) are considered the natural reservoirs for IAVs.'® The H1-H16 and N1-N9
influenza subtypes have all been isolated in waterfowls (Figure 1; Table ST), which
are usually asymptomatic.'®?*?* In addition, the H17N10 and H18N11 subtype
influenza viruses have been identified from bats.”>*° Of note, the recent
increasing outbreaks in aquatic birds with significant morbidity and mortality
caused by highly pathogenic AlVs (HPAIVs) H5NT, HSN8, and H5N6 have been
reported”’ >* after the first identification of H5N1 outbreak among migratory
birds at Qinghai Lake in 2005.%%°¢

Inaddition, IAVs circulating in waterfowls often jump to infect domestic poultry
and occasionally mammalian species.'® Seasonal influenza H1N1 and H3N2 vi-
ruses have been well adapted to and maintained in humans, resulting in annual
recurrence of seasonal epidemics in the temperate zones and year-round circu-
lation in the tropical zone.*” Moreover, multiple IAVs (eg, HON2, H5N1, and HSN6
AlVs) have persisted in poultry for a long time and have evolved into different ge-
netic lineages.*®° Notably, at least 15 AlV subtypes (H1N2, H3N8, H5N1, H5N,
H5N8, H6N1, H7N2, H7N3, H7N4, H7N7, H7N9, HON2, HT10N3, H10N7, and
H10N8) could sporadically overcome species barriers to cause human infections
directly (https://www.who.int/teams/global-influenza-programme/avian-influe
nza).>* Of grave concern are H5 and H7 AIVs due to their persistence in poultry
and occasional human infections. Several IAV subtypes have also been identified
in other animals,*° *? such as H5 in captive tigers and lions*® and domestic pigs
and H4, H13, and H16 in sea animals.*’ Moreover, some IAVs persist in several
animals, such as the Eurasian avian-like HTN1 virus in pigs, H3N8 in horses, and
H3N2 in dogs (Figure 1).474344

The host range for CoVs is also as broad as influenza, ranging from mammals
and reptiles to rodents and birds (Figure 1). Bats may be the major natural reser-
voirs for alpha- and beta-CoVs.**“® Regarding HCoVs, bats are likely the natural
hosts for SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-NL63, and HCoV-229E; ro-
dents are speculated to be the natural hosts for HCoV-0C43 and HCoV-HKU1.%°
During the genetic origin tracing for SARS-CoV-2, multiple SARS-CoV-2-related
CoVs have beenidentified from horseshoe bats (Rhinolophus) in Southeast Asian
regions'>*”*¢ and in Malayan pangolins (Manis javanica) smuggled into south-
ern China.'**° The genetically closest SARS-CoV-2-related CoV was identified
in Rhinolophus bats from Laos with up to 96.8% sequence identity compared
with the whole-genome sequence of SARS-CoV-2.*" Live SARS-CoV-2 virus has
not been isolated from these bats to date. However, animal infections with
SARS-CoV-2 have been reportedin 14 species, including cats, dogs, minks, otters,
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Figure 1. The shared host species of influenza A viruses and coronaviruses The reservoir hosts for influenza A viruses (IAVs; aquatic birds) and multiple coronaviruses (CoVs; bats)
are highlighted by a dashed circle in blue and orange color, respectively. Dominant IAVs and CoVs isolated in each host species are listed in the text next to the stick figure. Names of
IAVs and CoVs are colored in blue and orange, respectively. The same subtypes of IAVs and CoVs related to the pandemics are colored in red.

pet ferrets, tigers, lions, snow leopards, pumas, gorillas, white-tailed deer, fishing
cats, binturongs, and South American coatis (https://www.oie.int/en/what-we-
offer/emergency-and-resilience/covid-19/). Of note, SARS-CoV-2 caused mink
infections in farms, and the mink-derived mutant was found to be transmitted
back to humans, highlighting the animal-to-human transmission risk for SARS-
CoV-2."°? Experimentally, SARS-CoV-2 can infect hamsters, ferrets, dogs, rhe-
sus macaques (Macaca mulatta), cynomolgus monkeys (Macaca fascicularis),
and African green monkeys (Chlorocebus sabaeus).' > >° The potential host
range of SARS-CoV-2 has also been estimated according to the binding ability be-
tween SARS-CoV-2 and angiotensin-converting enzyme 2 (ACE2) receptors of
various species.”’

Given the overlapping ecology of IAVs and CoVs, multiple influenza subtypes
and CoV variants co-circulate in wild and domestic animals and humans,”'*'®
which undoubtedly increases the probabilities of co-infections among different
IAVs, different CoVs, or both IAVs and CoVs in one host. The co-infections may
alter the genetic evolution trajectory of viruses and facilitate mutations related
to cross-species transmission and adaption to humans. Moreover, the potentially
long-term co-existence and co-infections of I1AVs and SARS-CoV-2 in humans
could aggravate the disease burden compared with independent infections.

GENETIC EVOLUTION AND MOLECULAR CHARACTERISTICS
Phylogenetic dynamics for IAVs and SARS-CoV-2

IAVs (eg, H1, H3, H5, and H7) have experienced rapid evolution and established
divergent lineages and genotypes. Phylogenies of hemagglutinin (HA) genes of
seasonal influenza HINT and H3N2 viruses exhibit ladder-like tree topologies
and constant genetic diversity within lineages across time, and some lineages
persist from one influenza season through to the next years.*®° Given the ge-

netic divergence and phylogeny relationship of HA genes, global HIN1 and
H3N2 viruses can be divided into different clades (Figure 2).°"%? Of multiple co-
existent clades, HIN1 clade A5a and H3N2 clade A1b are the currently dominant
clades circulating the world (Figure 2; https://nextstrain.org/flu/seasonal/).*%3
Regarding H5, H7, and H9 AlVs of public health concern, H5 influenza was desig-
nated into multiple clades by the WHO/OIE/FAO H5N1 Evolution Working Group
according to the phylogenetic topology and genetic divergence of HA genes.®
Two main lineages of novel H7N9 have been established based on the HA
phylogeny relationship, the Yangtze River Delta lineage and the Pearl River Delta
lineage, since its emergence in 2013.°%%¢ At least three HA clades of H9 AlVs are
co-circulating among poultry.>® Moreover, new subclades or lineages are gradu-
ally emerging as the evolution of H5, H7, and H9 AlVs.®%%°

A dynamic nomenclature system has been proposed for the expanding phylo-
genetically divergent SARS-CoV-2 viruses (https://cov-lineages.org/lineage_list.
html).%” The phylogeny of global SARS-CoV-2 can be grouped into two main lin-
eages: lineage A and lineage B. Lineage A is a minor group and shares two nucle-
otides, at 8782 nt of ORF1ab and 28144 nt of ORF8, with the genetically close
SARS-CoV-2-related bat CoVs RaTG13 and RmYN02.'**/ Lineage B includes
the currently persistent and dominant SARS-CoV-2 variants. Based on the
increased risk of SARS-CoV-2 variants to public health and corresponding biolog-
ical and clinical features, WHO designated the variants of concern (VOC) and var-
iants of interest (VOI) using the Greek alphabet (https://www.who.int/en/
activities/tracking-SARS-CoV-2-variants/). On July 14, 2022, the VOC group in-
cludes Omicron (B.1.1.529) SARS-CoV-2 variants, and previously circulating
VOCs, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2), have
been removed from this group. The VOCs and VOIs can be reclassified
given the circulation, epidemiological situation, and biological properties of
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Figure 2. Time-scaled phylogenies of global HIN1 and H3N2 seasonal IAVs (A) Time-scaled phylogeny of HTN1 seasonal IAVs around the globe. Current seasonal influenza HTN1
viruses derivate from the A(H1N1)2009 pandemic strains and completely replaced the seasonal HTN1 circulating before 2009 with different genetic and antigenic characteristics. (B)
Time-scaled phylogeny of H3N2 seasonal IAVs around the globe. The tips in the tree are colored by the clade classification. The red asterisks represent the vaccine strains. The ladder-
like evolution dynamics and seasonal epidemics of HTN1 and H3N2 are, to a large extent, attributed to their partial cross-immunity and the acute and short infectious period.
Figures are reannotated from Nextstrain (https://nextstrain.org/influenza/, adapted from and courtesy of Creative Commons Attribution Licensing).

corresponding variants. In addition, the within host diversity of SARS-CoV-2 is
relatively low, with narrow transmission bottlenecks at high viral loads (at least
at the early infection), but the transmitted SARS-CoV-2 variant could spread
rapidly.%®

The IAV and SARS-CoV-2 underwent genetic diversity and relatively rapid evo-
lution dynamics. The partial cross-immunity and the acute and short infectious
period, to a large extent, facilitate the evolutionary dynamics and seasonal epi-
demics of human H1NT and H3N2 1AVs.%° Of note, the vaccine breakthrough
infection and reinfection with SARS-CoV-2"%"" mean that vaccine-induced and
natural immunity are not enough to protect humans from virus infection, espe-
cially for the current variants, suggesting probably long-term co-circulation of
SARS-CoV-2 with seasonal influenza viruses. In addition, the rapid evolution
with antigenic changes and global persistence of seasonal influenza require
the intensive surveillance of influenza activity and formulation of well-matched
vaccines before each annual influenza season.’? These valuable lessons and ex-
periences should be learned to control the current pandemic and possibly annual
SARS-CoV-2 epidemics in the future.

Genetic reassortment and recombination in IAVs and HCoVs

Virus ecology affects the genetic evolution of IAVs and CoVs. When co-infec-
tion of multiple IAVs or CoVs happens in the same host, genetic reassortment
among IAVs and recombination among CoVs potentially occur and further facil-
itate virus evolution and novel variant emergence. To our knowledge, the genetic
interactions between 1AVs and HCoVs have not yet been documented, while the
potential recombination between the two types of viruses might also occur during
their co-infections in one host.

IAV is an enveloped virus with a negative-sense, RNA-segmented genome that
can encode for more than 17 proteins.”® The segmented genome drives the ex-
change of gene segments between I1AVs (genetic reassortment) when they simul-
taneously infect the same host or cell.”* Reassortment facilitates the formation of
novel influenza variants with new genomic constellations. Moreover, the reassor-
tant virus could obtain fitness advantage, cross-species transmission, evasion
from host immune responses, and even cause pandemics/epidemics in hu-
mans.'® Since the 20" century, at least three of four influenza pandemics were
caused by reassortants: the 1957/H2N2 virus (HA, NA, and PB1 from AlV, the
other five genes from human IAV), the 1968/H3N2 virus (HA and PB1 from
AlV, the other six genes from human IAV), and the 2009/H1N1 virus (PB2 and
PAfrom AIV, PB1 from human IAV, and others from swine IAV). Notably, the novel
H7NO9 AlVs also emerged by reassortment in 2013 and have caused five infection
waves in humans.®>’® The internal genes of H7N9 originate from HIN2 AlVs that
adapted well in chickens and H7 and N9 genes from viruses found in aquatic
birds (Figure 3). Later, the novel H7N9 strain evolved into more genotypes by
further reassortments with diverse HON2 variants and other AlV subtypes.®®’®

CoV is also an enveloped virus but carries a large, positive-sense, single-
stranded RNA genome.”” The common mutations and recombination in the pos-
itive-strand RNA viruses with the largest genome contribute to genetic divergence
and novel CoV variant emergence.”’®”® Following co-infection with more than
one CoVs, recombination may occur during virus replication when multiple sub-
genomic RNAs are generated, and genetically related genes are readily recombi-
nant among different CoVs by template switching.®® Genetic recombination has
been reported in human and animal CoVs, but the recombination breakpoints are
commonly random.”!%#1#2 |n addition, the novel recombinant CoVs could lead to
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Figure 3. Reassortment and recombination facilitate the emergence of novel variants for IAVs and CoVs The novel H7N9 avian influenza virus (AlV) was found to have emerged by
reassortment, obtaining the HA and NA genes from viruses circulating in waterfowls and the internal genes from HON2 AV circulating in chickens. MERS-CoV lineage 5 was generated

by the genetic recombination between lineage 3 and 4 strains.

cross-species transmission and outbreaks in humans and/or animals.'>¢%2 The
MERS-CoV lineage 5 is a recombinant between lineage 3 and 4 and caused hu-
man outbreaks in Saudi Arabia in 2015 (Figure 3).'? The SARS-CoV TOR2 strain
might originate from recombination among SARS-CoV, alpha CoV (HCoV-229E),
and gamma CoV (avian infectious bronchitis virus)." Further, genetic evi-
dence'® %449 suggests that SARS-CoV-2 is of natural origin by genetic recom-
bination and is related to bat CoVs.

Cleavage sites with polybasic amino residues in the surface proteins of
AlVs and HCoVs

The HA protein of IAVs and spike (S) protein of HCoVs can be cleaved into two
subunits at their respective cleavage sites (CS) by host cell proteases. The sea-
sonal 1AVs HIN1 and H3N2 do not contain multibasic amino acids at their
CSs. In the case of AlVs, HPAIVs always possess a motif with polybasic amino
acids at the HA cleavage site (HA1/HA2 junction) (Figure 4), which is a genetic
marker for H5 and H7 HPAIVs.25* Also, a polybasic motif was identified at the
S cleavage site (51/S2 junction) in four HCoVs, including SARS-CoV-2, MERS-
CoV, HCoV-0C43, and HCoV-HKU1 (Figure 5). Furthermore, the analogous poly-
basic CS on HA of HPAIV and S of SARS-CoV-2 could be correlated with increased
virus virulence in poultry and/or mammals.'##>¢’

Regarding AlVs, the CSis flanked by PQ/L for H5 and PE for H7 at the N termi-
nus and by GLF for both H5 and H7 AlVs at the C terminus (Figure 4). H5 and H7
low pathogenic AlVs (LPAIVs) can evolve into HPAIVs by the insertion of a poly-
basic motif at the HA CS (Figure 4).°8 In addition, varied lengths and polymor-
phisms of the CS were observed in naturally occurring viruses.%® There are
several potential mechanisms for the insertion of a polybasic CS: (1) substitution
of non-basic amino acids with the basic R or K residues, (2) insertion related to
duplication of purine triplets due to the polymerase slippage, and (3) recombina-
tion with other gene segments of IAVs or host 28S ribosomal RNA, #2859

The polybasic CS is a crucial determinant for the infectivity and virulence of
AIVs.® Generally, multibasic CSs of HPAIV HA protein can be recognized and
cleaved by the ubiquitous expressed cellular proteases such as furin and PC6,
causing systemic infection and even a fatal outcome in poultry.®® However, the
monobasic CS of LPAIV HA can merely be cleaved by trypsin and trypsin-like pro-
teases.®®#° The distribution of proteases for LPAIV HA cleavage restricts virus
replication in respiratory and/or intestinal tracts and causes asymptomatic or
mild symptoms in birds.2%%° Further, the multibasic motif at CS also affects
AIV virulence in mammals.°

The SARS-CoV-2 also has a polybasic CS (PRRAR) and forms a furin site at the
S1/S2 junction of the S protein; this insertion has not been previously observed in
other beta-CoVs of clade 2b (lineage B) (Figure 5).4”#>°T The mutations at the CS

have been found in the Alpha (HRRAR), Delta (RRRAR), and Omicron (HRRAR)
SARS-CoV-2 variants. In addition, SARS-CoV-2 variants with deletions and muta-
tions at the CS were readily found during virus passage in Vero-E6 cells (Fig-
ure 5).%%° Furthermore, a three-residue (PAA) insertion at the S1/S2 junction
was identified in a bat SARS-CoV-2-like virus (RmYN02).*/ Currently, how the
insertion of polybasic residues into the SARS-CoV-2 CS occurred is still elusive.
However, these results support the natural diversity of the polybasic CS in
SARS-CoV-2 or SARS-CoV-2-related viruses.

The correlation between the furin CS and the infectivity and pathogenicity of
SARS-CoV-2 was explored in in vivo and in vitro experiments. Loss of the furin
CS (PRRA) decreased SARS-CoV-2 replication in human respiratory cells and
attenuated virus pathogenesis in both hamster and mouse models compared
with its parental virus.2%%®®® Further, the cell-passaged SARS-CoV-2 variant
with eight-residue deletions at CS was deficient in transmission among co-
housed ferrets.”* These results about AlVs and SARS-CoV-2 suggest that the pol-
ybasic CS is a crucial determinant for infection and replication ability, virulence,
and transmissibility of HPAIVs and SARS-CoV-2 in poultry and/or mammals.

RECEPTORS, TARGET CELLS, AND MECHANISMS OF IAV AND HCoV
CO-INFECTIONS
Sialic acid receptor and cell and organ tropisms for IAVs

IAVs utilize sialic acid receptors linked to glycoproteins and gangliosides for cell
entry, especially N-acetyl-neuraminic acids, which are crucial in influenza viruses
infecting hosts.”" The tissue distribution and expression of the sialic acid recep-
tors are different in humans and avian hosts.”® In humans, «-2,6 sialic acid (a2-
6-SA) is predominantly expressed in the upper respiratory tract, while ¢2-3-SA is
mainly expressed in the lower respiratory tract.”® However, 02-6-SA and «2-3-
SA were also occasionally detected in the lower respiratory tract and nasal mu-
cosa, respectively.”””® However, in avian species, a2-3-SA predominates in both
upper and lower respiratory tracts, and it is also extensively expressed in the intes-
tinal epithelial cells of birds.”® Typically, human IAVs (eg, H3N2) preferentially bind
to humanr-type receptors (2:2-6-SA), while AlVs preferentially bind to avian-type re-
ceptors (2-3-SA). Hence, receptor specificity is a major determinant for the host
range of influenza viruses. The preference of AlVs for human-type receptors was
considered a crucial warning for cross-species infection of AlVs to humans.

The tissue distribution of sialic acid receptors corresponds to cell and organ
tropisms for IAVs. The respiratory system is the primary target for IAV infections.
Human IAVs have been documented to infect nasal mucosa, the epithelial cells of
trachea, bronchi, and bronchioles, and type | pneumocytes (AT1) in the alveoli
(Figure 6).°%"%° In contrast, the antigens of AlVs were primarily detected in the
lower respiratory tract of humans;”® AlVs tend to target cells in bronchioles
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Figure 4. Cleavage site motif on HA protein of H5 and H7 AIVs (A) Schematic pattern for the HA protein of IAV. The HA protein can be cleaved into HA1T and HA2 subunits at the
cleavage site. The receptor-binding domain (RBD) is located in HA1. (B) The amino acid sequences at the cleavage site for H7 AlVs. H7 LP means low pathogenic AlVs, and other H7
strains are highly pathogenic AlVs. (C) The amino acid sequences at cleavage site for H5. The H5 LP is a low pathogenic AlV, and other H5 strains are highly pathogenic AlVs. In the
rightmost column, the red colors represent the key basic residues; “/" represents the cleavage position; the residues of insertion mutation are underlined.

and also infect epithelial cells, AT2, and macrophages in the alveoli
(Figure 6).291%

Sialic acids also act as receptors for some alpha-, beta-, and gamma-CoVs.?!
Specifically, O-acetylated sialic acids serve as receptors for beta-CoVs, eg, HCoV-
0C43 and bovine CoV.?" N-acetyl- and N-glycolylneuraminic acids were recog-
nized as receptor determinants of cell infection for transmissible gastroenteritis
virus (alpha-CoV) and infectious bronchitis virus (gamma-CoV).?’

ACE2 receptor and cell and organ tropisms for SARS-CoV-2

ACE2 serves as a receptor for SARS-CoV-2, SARS-CoV, and HCoV-NL63 to
enter cells.”>'%" SARS-CoV-2 can efficiently use ACE2 as a receptor for cell en-
try, with up to 10- to 20-fold higher affinity than for SARS-CoV.'%? ACE2 is ex-
pressed in the lungs, hearts, kidneys, livers, testes, and intestines of humans.'®
The ratio of ACE2-expressing cells of human lungs is relatively low.'*'%> About
0.64% cells that can express ACE2 in normal human lungs were profiled by sin-
gle-cell RNA sequencing.'® Specifically, in human lungs, ACE2 expresses in
AT2, AT1, airway epithelial cells (ciliated and club cells), fibroblasts, endothelial
cells, and immune cells (macrophages and T cells)."*'% In the trachea, ACE2-

expressing cells include club, goblet, ciliated, and proliferative cells.'®® The
expression patterns of ACE2 are variable in current reports, so more samples
and studies on ACE2 expression and distribution are needed to obtain solid re-
sults and understanding.

The tissue expression and distribution of ACE2 receptors correlate with the cell
and organ tropisms for SARS-CoV-2 infection. SARS-CoV-2 can infect multiple or-
gans, including the lung, trachea, pharyn, intestine, kidneys, pancreas, brain, and
heart of humans.?>"'%’ The respiratory system is also the primary target for SARS-
CoV-2 infection. The co-location of viral antigens with cell markers by immunoflu-
orescence staining was used to uncover cell tropism details for SARS-CoV-2.7% In
lungs of postmortem specimens, viral antigens were found in basal cells, ciliated
cells, club cells, AT2, AT1, proliferative cells, and vascular endothelial cells (Fig-
ure 6).%1% SARS-CoV-2 infections in alveolar cells and airway cells have also
been reported in human distal lung organoids'® and ex vivo cultures of human
bronchus and lung."'® In AT2-AT1 cell cultures, AT2 cells are preferentially in-
fected by SARS-CoV-2 over AT1 cells.'” In the trachea of autopsied humans, viral
infection was reported in ciliated and goblet cells of the mucosa and epithelial
cells of conduits and glands.?
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Target cells and receptors responsible for co-infection of IAV and SARS-
CoV-2

The IAV and SARS-CoV-2 are airborne pathogens, and they primarily target the
respiratory system of humans, including the nasal mucosa, trachea, bronchi, and
alveoli."" The co-location and expression of sialic acid and ACE2 receptors may
contribute to the co-infection of 1AVs and SARS-CoV-2 in the same organs and
cells. For example, both IAV and SARS-CoV-2 could target and infect AT2 cells
inalveoli.'®®""? Further, co-infections in the same organs and cells could facilitate
pathogenic and immunological interactions between the two types of viruses.
Moreover, 1AVs could promote the infectivity of SARS-CoV-2, probably due to
IAV pre-infection elevating ACE2 expression in a human cell line."""

DISEASE BURDEN AND DYNAMICS FOR CO-INFECTION OF IAVs AND

SARS-CoV-2

Disease burden of co-infection with seasonal IAVs and SARS-CoV-2
During the COVID-19 pandemic, co-infections of SARS-CoV-2 with other respi-

ratory pathogens have been reported, and IAVs were one of the most common

corinfections.!™® Patients co-infected with IAV and SARS-CoV-2 have been

other respiratory viruses did not enhance SARS-
CoV-2 infectivity in cells."""

During the COVID-19 pandemic, the prevalence of patients co-infected with IAV
and SARS-CoV-2 varied substantially across regions and studies.'®'®""%120
Some studies documented a co-infection rate of influenza and COVID-19 as
high as 57.3% in Wuhan,'*'?° while a relatively low ratio of influenza infections,
0.8%, was also reported in patients with COVID-19 based on a systematic review
and meta-analysis."® Non-pharmaceutical interventions for the pandemic,
including mask wearing, social distancing, and travel restrictions, could reduce
the transmission of IAVs, resulting in a low co-infection rate.'’

Disease dynamics caused by the co-existence of seasonal IAVs and
SARS-CoV-2

The COVID-19 pandemic suppressed the number of influenza infections in the
2020-2021 season.'?>'?* In the Southern and Northern Hemispheres, seasonal
influenza cases reduced drastically in the 2020 and 2020-2021 influenza sea-
sons, respectively.'?? In the United States and Europe, the positive influenza
rate of samples in the 2020-2021 influenza season is about 0.15%—0.2%, which
is estimated to be 18%-23% in the 2019-2020 influenza season.'** The
decreased influenza burdens may have resulted from several factors. One
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explanation could be the interference and competition between distinct viruses in
shared niches.'?? At the onset of the A(HTN1)2009 pandemic, rhinovirus infec-
tions delayed the circulation of the A(HTN1)2009 in France.'?* Also, the negative
transmission dynamics between the seasonal IAV and rhinovirus were docu-
mented in the UK."?® Influenza infections could destroy cells and/or the surface
receptors of the cells and thus decrease the number of susceptible cells for sub-
sequent infection by other viruses.'?® Additionally, non-specific innate immune
responses, such as interferon secretion, could be activated by prior virus infection
and then suppress other virus infections.'?*'?® Third, the non-pharmacedutical
mitigation measures for the current pandemic could limit the influenza transmis-
sion routes analogous to SARS-CoV-2.'?® Also, the changed physician visiting be-
haviors and limited surveillance capacity could affect the documented transmis-
sion patterns of influenza during the pandemic.’”® Fourth, many countries (eg,
the United States, Australia, and France) increased and accelerated the influenza
vaccine uptakes to reduce the burden of overwhelming health systems in the
COVID-19 pandemic.'*? Given the above factors, the ecological and immunolog-
ical relationship between SARS-CoV-2 and IAVs is a key determinant for their
future infection dynamics,'>>'?” which should be evaluated in a unified model
incorporating the interaction of multiple pathogens.

The atypically low influenza circulation in the seasons overlapping with the
COVID-19 pandemic indicated a reduction in natural population-level immunity
for influenza, which could shift the immune landscape, build up a susceptible
pool, and further alter the timing, trajectories, and severity of influenza in future
seasonal epidemics.'?>'?® Moreover, the low influenza circulation could chal-
lenge the choice of vaccine strains and the vaccine efficacy and therefore in-
crease the influenza disease burden, including overwhelmed healthcare capac-
ities and severe morbidity and mortality, in the next season. Further, rapid virus
evolution and immunity dynamics in humans could complicate the forecast
modeling of influenza.’*® Anticipating the potentially atypical transmission pat-
terns of influenza epidemics, especially after the COVID-19 pandemic, alongside
well-prepared vaccines and antivirals, could guide targeted interventions and
reduce the burden on healthcare systems.

Mitigation strategies of co-infection with seasonal IAVs and SARS-CoV-2
As the pandemic wanes and the countermeasures against COVID-19 become
relaxed worldwide, circulation of IAVs and HCoVs may resume at pre-pandemic
levels, together with SARS-CoV-2 continuing to circulate in humans. Co-infections
with IAVs and SARS-CoV-2 may increase, complicating the diagnosis, treatment,
and prognosis for patients and aggravating the disease burden for the medicine
and healthcare system.'?" Given this, the early detection of co-infection by multi-
plex molecular diagnostics should be implemented to timely initiate antiviral ther-
apy andimprove the prognosis of patients.''®'?" Practical preventive actions (eg,
wearing masks, washing hands, and social distancing) could protect against
infection with these airborne pathogens.'?' Further, vaccinations could reduce

co-infections, clinical severity, and disease burden, especially in high-risk individ-
uals and the elderly.'?® Moreover, the live attenuated influenza virus-vectored
COVID-19 vaccine has been designed to induce co-immunity against influenza
virus and SARS-CoV-2,'?° and vaccine deployments will simplify the vaccination
strategy against these two types of viruses.

CONCLUSIONS

Giventhat the current pandemic is not yet under control, the long-term co-existence
and co-infection of seasonal influenza and SARS-CoV-2 in humans may be unprevent-
able. Hence, targeted development and distribution of antiviral drugs and therapeutics
should be underscored for long-standing disease control. Moreover, non-pharmaceu-
tical interventions containing hand washing, mask wearing, and social distancing
should be highlighted, especially during regional outbreaks of these viruses.

As etiological agents for pandemics documented, the co-existence and co-
infection of 1AVs and CoVs could be potential candidates for the next pandemic
and come into focus. Given the virus-host ecology circles for IAVs and CoVs, pro-
active surveillance and evaluations for emerging virus variants, along with inter-
species transmission, outbreak, and even pandemic risks, should be strength-
ened in animals (eg, birds and bats). Sporadically, novel AlV variants could directly
infect humans from birds; the spillover of SARS-CoV-2 from humans to minks
could transmit back to humans, and the mink SARS-CoV-2 mutant could further
transmit between humans.>? Early discovery and identification of VOIs/VOCs can
provide sufficient time for technological preparedness about diagnosis and anti-
viral drugs and vaccines prior to the virus spilling over from animals to humans. In
addition, real-time surveillance of human infections with novel variants or patho-
gens is crucial to accomplish early diagnosis, intervention, and quarantine of
confirmed cases, especially super-spreaders, and hereafter timely containing
further disease outbreaks and even pandemics in humans. At least, lessons
and experiences from past pandemics should be learned in order to be better pre-
pared against the next one, with enhanced global cooperation.
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