Chapter 14 )
Influenza A Virus: Cellular Entry s
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Abstract The frequent emergence of pathogenic viruses with pandemic potential
has posed a significant threat to human health and economy, despite enormous
advances in our understanding of infection mechanisms and devising countermea-
sures through developing various prophylactic and therapeutic strategies. The recent
coronavirus disease (COVID-19) pandemic has re-emphasised the importance of
rigorous research on virus infection mechanisms and highlighted the need for our
preparedness for potential pandemics. Although viruses cannot self-replicate, they
tap into host cell factors and processes for their entry, propagation and dissemina-
tion. Upon entering the host cells, viruses ingeniously utilise the innate biological
functions of the host cell to replicate themselves and maintain their existence in the
hosts. Influenza A virus (IAV), which has a negative-sense, single-stranded RNA as
its genome, is no exception. IAVs are enveloped viruses with a lipid bilayer derived
from the host cell membrane and have a surface covered with the spike glycoprotein
haemagglutinin (HA) and neuraminidase (NA). Viral genome is surrounded by an
M1 shell, forming a “capsid” in the virus particle. AV particles use HA to recognise
sialic acids on the cell surface of lung epithelial cells for their attachment. After
attachment to the cell surface, IAV particles are endocytosed and sorted into the
early endosomes. Subsequently, as the early endosomes mature into late endosomes,
the endosomal lumen becomes acidified, and the low pH of the late endosomes
induces conformational reaggangements in the HA to initiate fusion between the
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endosomal and viral membranes. Upon fusion, the viral capsid disintegrates and the
viral ribonucleoprotein (VRNP) complexes containing the viral genome are released
into the cytosol. The process of viral capsid disintegration is called “uncoating”.
After successful uncoating, the vRNPs are imported into the nucleus by importin o/
(IMP o/p), where viral replication and transcription take place and the new VRNPs
are assembled. Recently, we have biochemically elucidated the molecular mecha-
nisms of the processes of viral capsid uncoating subsequent viral genome dissocia-
tion. In this chapter, we present the molecular details of the viral uncoating process.
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Molecular Mechanisms of Influenza A Virus Entry

To establish successful infection in the target cell, virus particles need to deliver their
genome and the accessory proteins for replication and transcription. Due to small
viral particle sizes, viruses can only accommodate a limited number of protein-
producing genes to help with their multiplication and spread. Therefore, they largely
rely on the host proteins and processes to carry out essential functions. Virus
particles produced from infected cells need to be stable enough to endure the
challenges in the hostile extracellular environment for their survival. The stability
of the virion is imparted by strong macromolecular interactions among the viral
genome and accessory proteins during viral packaging, ensuring highly ordered
condensation of the viral components into an extremely compact structure. How-
ever, when a highly stable virus in the extracellular environment finds its target cell,
the macromolecular interactions that lead to its assembly need to be reversed to
release its genome into the cell for replication and viral protein synthesis. Growing
evidence suggests that viruses alone are unable to undergo self-disassembly in the
host cell, therefore, they exploit various cellular factors to accomplish uncoating
(Edinger et al. 2015; He et al. 2013; Huotari et al. 2012; Konig et al. 2010; Pohl et al.
2014; Su et al. 2013; Yanguez et al. 2018; Banerjee et al. 2014; Gschweitl et al.
2016).

Upon binding to the cell surface, IAV enters the target cell via either receptor-
mediated endocytosis (Eierhoff et al. 2010; Fujioka et al. 2018) or macropinocytosis
(de Vries et al. 2011). Receptor-mediated endocytosis is a process by which cells
internalise specific proteins, metabolites, hormones, viruses, etc., by inwardly bud-
ding the plasma membrane and forming endocytic vesicles, whereas in
macropinocytosis, cells engulf non-specific soluble materials in bulk into large
uncoated vesicles called macropinosomes (Mercer et al. 2010). After entry into the
host cells, IAV is sorted into the mildly acidic, Rab5-positive early endosomes
(Chavrier et al. 1990; Gorvel et al. 1991). The activity of vacuolar ATPase
(vATPase) present on the early endosomes causes a gradual drop in the luminal
pH, and as the early endosomes mature into Rab7-positive late endosomes, the pH
drops to 5.0 (Liang et al. 2016). The low pH in the late endosomes induces rapid
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structural rearrangements in the HA, exposing the fusion peptide which mediates the
fusion between the viral membrane and the limiting membrane of the late endosome
(Harrison 2008, 2015; Chlanda et al. 2016; Kanaseki et al. 1997; Lee 2010).

Although some viruses can enter the host cells by penetrating at the plasma
membrane, the vast majority of enveloped viruses depend on the host cell endocytic
pathways for entry and subsequent penetration at endosomes for transmission of
their genome into the host cells (Yamauchi and Greber 2016; Mercer et al. 2010).
Upon fusion at the endosomes, the uncoating process may differ from various
viruses and cell types; however, the general processes of capsid disassembly and
genome release are still not well understood. Previously it was believed that the viral
fusion process is coupled to the capsid disassembly process, but recent studies
indicate that host molecules play a critical role in capsid disassembly after fusion
(Hao et al. 2013; Banerjee et al. 2014; Miyake et al. 2019; Kawaguchi et al. 2003).
Uncoating is a highly regulated, step-wise process, which is dependent on host cell
cues; dysregulation of the endocytic pathways or absence of critical host factors may
lead to abortive uncoating.

After initial attachment to the plasma membrane, IAV, is internalised by either
clathrin-mediated endocytosis or macropinocytosis, and the virus is sorted into early
endosomes. The vATPase present in the early endosome causes an accumulation of
protons (H") in the lumen of the early endosome, as a result of which the luminal pH
gradually drops. As the early endosome matures to late endosome while travelling
toward the microtubule organising centre (MTOC) from the cell periphery, the pH
drops to 5.0-5.5, which serves as the cue for HA conformational change to make the
virus fusion-competent (Alvarado-Facundo et al. 2015; Grambas and Hay 1992).
The low pH also opens up the viral M2 channel through which, H" and potassium
ions (K¥) enter the viral core, loosening up the macromolecular interactions and
priming the virus for uncoating (Stauffer et al. 2014). The pH-induced fusogenic HA
brings the viral and endosomal membranes in close proximity, which is followed by
the merging of the two membranes (Harrison 2015). Fusion of the virus in the late
endosome is followed by uncoating, which ensures the escape of the virus from the
endosome and the release of the VRNPs into the cytosol (Yamauchi and Helenius
2013; Yamauchi and Greber 2016; Staring et al. 2018; Yamauchi 2020). For
example, IAV uncoating requires free ubiquitin chains in the virus and the host
histone deacetylase 6 (HDACG6) (Banerjee et al. 2014).

In influenza virions, the VRNPs are attached to the viral envelope by nucleopro-
tein (NP) and M1 interactions (Martin and Helenius 1991). M1 also interacts with
the cytoplasmic tails of HA and NA (Sempere Borau and Stertz 2021). The influx of
H* and K" triggers conformational rearrangements in M1, leading to the disruption
in the M1-NP interactions. Although priming of the virus in the late endosome is a
prerequisite for uncoating, it is not sufficient for efficient capsid disassembly; the
virus needs assistance from the host to complete the process of uncoating to release
the vRNPs into the cytosol. One of the host proteins found to play a critical role in
IAV uncoating is HDAC6, which deacetylases tubulin, Hsp90, cortactin and
DDX3X (Zhang et al. 2006; Zhang et al. 2008; Hubbert et al. 2002; Kovacs et al.
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2005; Zhang et al. 2007; Saito et al. 2019). HDAC6 plays a role in the transport of
ubiquitinated protein aggregates to the aggresome for clearance via recruitment of
the motor protein dynein (Fig. 14.1) (Hao et al. 2013; Kawaguchi et al. 2003;
Banerjee et al. 2014). HDAC6 has two catalytic domains whose functions have
been reported to involve tubulin deacetylation and the regulation of liquid phase
separation of target proteins (Miyake et al. 2016; Saito et al. 2019). On the other
hand, the ZnF domain of HDACS6 at the C-terminus recognises and strongly binds to
the—LRGG sequence at the free C-terminus of the ubiquitin chain (Hao et al. 2013;
Banerjee et al. 2014). The ubiquitin-binding activity of HDAC6 has been shown to
be important for [AV uncoating. Although IAV could successfully internalise and
fuse at the late endosome in the HDAC6-knockout (KO) mouse embryonic fibro-
blasts (MEFs), it was unable to undergo uncoating, and the virus particles remained
trapped in the endosomal compartments. A similar phenotype was observed in the
lung alveolar cell line (A549) deficient in HDACG6. The block in uncoating resulted
in the inhibition of viral replication. Further, it was found that uncoating was
independent of the mutations abrogating the enzymatic functions of HDAC6 but
required the ubiquitin-binding activity; a point mutation in the ubiquitin-binding
ZnF motif suppressed uncoating to the level observed in the HDAC6 KO cells.
Biochemical investigations and super-resolution microscopy of purified IAVs
revealed the presence of host-derived free ubiquitin chains within the virus particles.
After confirming the presence of free ubiquitin chains within virions, the localisation
of the ubiquitin chains was examined; if ubiquitin molecules were present on the
viral surface, they should have been degraded by protease K in the absence of
detergent (Triton). But no degradation of the ubiquitin molecules was observed
upon protease K treatment. On the other hand, viral particles wrapped in the lipid
bilayers showed membrane breakdown in the presence of Triton, and the ubiquitins
present inside the particles were degraded by proteases. This suggests that ubiquitin
molecules are present beneath the viral membrane and inside the core (Fig. 14.1). An
in vitro assay with purified HDAC6 and IAV revealed an interaction of the viral
ubiquitin with the ZnF domain of HDAC6. HDACS6 is a factor that responds to
various cellular stresses and is known to transport untranslated mRNAs to stress
granules (SGs). Misfolded and ubiquitinated proteins that have not moved to
microtubule organising centres (MTOCs) along microtubules form aggregates
corresponding to membraneless organelles called aggresomes. HDAC6 has been
reported to interact with dynein motor proteins that move on microtubules in the
retrograde direction (Kawaguchi et al. 2003), and HDAC6 mutants lacking the
dynein binding motif also showed reduced viral infection. In addition to dynein,
HDAC6 was found to interact with the actin-based motor protein myosin
10 MYO10). We found that after fusion at the late endosome, the free ubiquitin
chains present in the viral particles are detected by HDAC6, which, after binding to
the ubiquitin molecules, recruit dynein and MYO10 to the fusion site. The activity of
the motor proteins generates a pulling force on the softened virus capsid, which
further helps in the dissociation of the capsid and release of the VRNPs into the
cytosol. This suggests that AV, with its packaged ubiquitin chains, make clever use
of the HDAC6-dependent ubiquitin-sensing pathways lined to aggresome
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Fig. 14.1 Schematic of influenza A virus entry. Viral particles are taken up into the cell by endocytosis
and become acidified in the endosomes as they mature (Priming). Within matured endosomes, HA
undergoes structural conformation change and fuses to the endosomal membrane. Then, host histone
deacetylase HDAC6 is recruited by the ubiquitin chains derived from the virus. The ubiquitin-binding
domain of HDAC6 tightly binds to unanchored ubiquitin chains. By protein quality control mechanisms,
unfold or misfold proteins that are no longer required are ubiquitinated for its degradation and transport
to the aggresome by binding to HDACG6. As a stress response, HDAC6 bound to ubiquitin chains in the
virus interacts with microtubules and actin fibres to promote uncoating response. After uncoating, the
viral nucleoprotein complexes (VRNPs) are released into the cytoplasm. Host factor TNPO1 pulls off the
M1 protein on the VRNPs bundle, and the eight bundles of vVRNPs are separated into each vVRNP.
Dissociated VRNPs bind to IMPo/p and migrate into the nucleus for replication and transcription
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Fig. 14.2 Biochemical analysis of the endosomal fraction of virus-infected cells. (a) After collec-
tion of the virus-infected cells, the supernatant of the cell lysate was fractionated by Optiprep-
density gradient centrifugation. NPTs; Nuclear pellet fractions. (b) Analysis of each fraction after
density gradient centrifugation by Western blotting. Fraction (2) up to fraction (7) is positive for the
late endosomal marker Rab7. The M1 matrix protein, used as a marker for AV, is also co-localised
in the endosomal fraction (right panel). Fraction (7) is considered to be the endosomal fraction from
which HDACS6 is recruited immediately after uncoating

processing for its entry and establishment of a successful infection (Rudnicka and
Yamauchi 2016). Biochemical fractionation of endosomal fractions of IAV-infected
cells by ultracentrifugation revealed the presence of HDAC6 in one fraction
containing viral component M1 and a late endosome marker Rab7 in the soluble
endosomal fraction (Fig. 14.2; see fraction (7)). As a fraction containing Rab7 is also
found in the pellet fraction, the endosomes that are undergoing uncoating may be
precipitated in complex with various other proteins (Fig. 14.2). A recent study on
Zika virus has shown how a similar HDAC6-dependent uncoating mechanism is
exploited by the virus for uncoating. Designed ankyrin repeat proteins (DARPins)
that bind to the ZnF motif of HDAC6 disrupt ubiquitin binding to HDAC6 and
prevent Zika virus infection by suppressing viral uncoating (Wang et al. 2022).

In addition to HDACS6, several other host factors have been found to promote
IAV uncoating. Larson and colleagues reported that the epidermal growth factor
receptor pathway substrate 8 (EPS8) physically interacts with AV NP and facilitates
viral uncoating at a post-fusion step. IAV uncoating and subsequent infection
processes were significantly compromised in the EPSS8-deficient cells, and
complementing EPS8 in the cells restored infection (Larson et al. 2019). IAV
uncoating is also blocked in cells with endosomal maturation defect. Houtari and
colleagues found that Cullin-3, which serves as a scaffolding subunit in a large
family of E3 ubiquitin ligases, plays a critical role in endosome maturation. Upon
Cullin-3 depletion, although IAV can enter the cell and the HA can assume an acid-
induced conformation in the acidic lumen of the late endosome, the virus fails to
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uncoat due to impaired endosomal maturation (Huotari et al. 2012). Another study
found that the lymphocyte antigen 6 family member E (LY6E) promotes IAV
uncoating; ectopic expression of LY6E increases capsid disassembly, suggesting
the supporting role of the protein in uncoating at a post-fusion step (Mar et al. 2018).
A genome-wide pooled shRNA screen identified an E3 ubiquitin ligase ITCH, which
participates in the release of IAV from late endosomes. In the early stage of IAV
infection, ITCH is activated by phosphorylation and is recruited to endosomes. In
ITCH-depleted cells, the amount of mono- and poly-ubiquitinated M1 was reduced
and the M1 co-immunoprecipitated with ITCH. Together, the results suggested that
ITCH ubiquitinates M1 in the endosomes and facilitates IAV uncoating after fusion
(Su et al. 2013). It is clear from the above studies that IAV uncoating is not a
spontaneous event that follows fusion at the late endosome, but requires the partic-
ipation of the host molecules. Additional uncoating factors could be involved, and
future studies may illuminate new molecules that promote IAV uncoating.

After uncoating, the IAV genome is transferred into the nucleus, where the
genome is transcribed and replicated. The IAV genome is divided into eight
VRNPs segments, which encode 11 structural and non-structural proteins. These
eight vRNPs are linked to each other by RNA-RNA interactions or protein-mediated
interactions (Hutchinson et al. 2010; Noda et al. 2012; Dadonaite et al. 2019; Noda
2021). When the vRNPs are released into the cytosol following uncoating, they are
bundled together and, therefore, cannot travel into the nucleus due to size limitation
for the passage of the vVRNPs through the nuclear pores. To identify the host factors
promoting VRNP nuclear import, we conducted an RNAI screen targeting 70 poten-
tial genes involved in nucleocytoplasmic transport and identified transportin
1 (TNPO1) as one of the top hits (Miyake et al. 2019). RNAi-mediated knockdown
of TNPOL1 significantly arrested vVRNP nuclear import. In the TNPO1-deficient cells,
both viral capsid uncoating and vRNP nuclear import were impeded, and strong NP
and M1 signals were observed in the cytoplasm. We reasoned that reduced uncoating
and the block in VRNP nuclear import was possibly due to clustered vVRNPs that
needed to be debundled into individual segments in order to pass through the nuclear
pores. Close examination of the amino acid sequence of the M1 protein revealed the
presence of a sequence similar to the existing Proline-Tyrosine nuclear localisation
signal (PY-NLS) at the N-terminus of the protein. TNPOl was previously
documented to interact with PY-NLS. Hydrophobic-rich amino acid sequences,
including proline, tyrosine and glycine and their neighbouring basic sequences are
widely conserved in the sequences of proteins interacting with TNPO1. This
TNPO1-binding sequence is also conserved in the capsid protein CA of HIV-1,
and it was reported that TNPOI is an essential factor that facilitates HIV-1 uncoating
(Fernandez et al. 2019). IAVs are exposed to acidic conditions in late endosomes for
fusion, but upon penetration, the matrix protein M1, vVRNPs and the accessory
proteins are released into the cytosol at an almost neutral pH. Mimicking both
endosomal and cytosolic pH conditions, we examined in vitro whether TNPO1
interacts with M1. Extracts were prepared after treatment of the virus in a buffer
solution of pH 5.6 containing potassium salts mimicking the late endosome luminal
environment, and immunoprecipitation with purified TNPO1 protein was attempted.
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Interestingly, TNPOI1 interacted with M1 exclusively at pH 5.6 but failed to bind to
the protein at pH 7.0, indicating the interaction of TNPO1 with M1 was dependent
on the acidic pH environment found in the lumen of late endosomes. On the other
hand, in a mutant (G18A) virus in which the glycine at position 18 of M1, the most
conserved protein in the TNPO1-binding sequence, was replaced by alanine, the
interaction with TNPO1 was abrogated, and the infectivity of the virus was also
greatly reduced. X-ray crystallography of the M1 protein with mutation at glycine
18 revealed a significant structural change around the mutated amino acid. This
conformational change is expected to have a significant impact on the interaction
with TNPOI, but molecular interaction details are still unclear and are currently
being investigated. Taken together, these results suggest that TNPO1 acts on the
eight-bundle VRNPs complex of IAVs and binds to the M1 protein, dissociating
them into individual vRNPs to be subsequently imported into the nucleus for
replication and transcription (VRNPs uncoating, Fig. 14.1).

Uncoating Reaction In Vitro

To further understand the mechanism of IAV uncoating, we performed an in vitro
assay, exposing purified viruses to buffer solutions at neutral or acidic pH conditions
to mimic reactions within late endosomes, and analysed the properties of ubiquitin
molecules interacting with HDACS6 in the viral extracts. Virus particles exposed to
pH 7.0 or pH 5.4 were disrupted by lysis buffer. Viral lysates were reacted with ZnF,
the ubiquitin-binding domain of HDACS6, and purification was attempted by histi-
dine tagging of the ZnF domain. Samples that reacted with viral extracts and were
exposed to acidic conditions resulted in smears on the gel, corresponding to high
molecular weight ubiquitin chains (Fig. 14.3; lane (12)). This suggests that upon
acidification, the ubiquitin chains in the virus can increase to higher molecular
weight. A detailed molecular mechanism of viral uncoating is currently being
investigated.

Several attempts have been made to reproduce this uncoating reaction in vitro
using biochemical experimental methods so far (Zhirnov 1990; Stauffer et al. 2014;
Stauffer et al. 2016). To mimic the maturation process in endosomes, viral particles
were exposed to different pH conditions. The lipid bilayer containing surface
glycoproteins was biochemically removed by treatment with non-ionic detergents
such as NP-40. In a follow-up study, we attempted to extract VRNP complexes from
viral particles using this method. The surface glycoproteins of IAV particles that
passed through a buffer containing NP-40 at pH 7.4 (near neutral) were removed,
and only the viral core was purified in the pellet fraction (Fig. 14.4a, b). In contrast,
under acidic conditions (pH 5.4) mimicking late endosomes, the shell consisting of a
lipid bilayer and M1 was removed and the eight segments of vVRNPs, were observed
in the lower fractions by glycerol density gradient centrifugation (Fig. 14.4c). Thus,
this process allowed the extraction of vVRNPs with rod-like octameric segments of
different lengths from the viral particles without shells, as previously demonstrated
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by Noda et al. (2006) in ultrathin sections. Negative staining electron microscopy of
the vVRNPs fraction containing NPs extracted from this intermediate layer revealed
individually dispersed vRNPs as well as multiple segments of vRNPs. Since many
octameric VRINPs have been observed, it is likely that IAV vRNPs are organised by
RNA-RNA interactions and/or RNA-protein interactions (Fig. 14.4d). In future,
such purified vVRNPs could be used as substrates to reveal the molecular mechanisms
of dispersion and assembly of vRNPs.

Application to Coronavirus Endosomal Uncoating

The in vitro uncoating approach to extracting VRNPs of IAVs can be applied to other
viruses. For example, coronaviruses, such as SARS-CoV-2, are also RNA viruses
covered with a lipid bilayer. As with SARS-CoV-2, common cold coronaviruses
have spike proteins on their viral surface and a 30 kb positive-sense single-stranded
RNA genome inside the virus (V’Kovski et al. 2021; Evans and Liu 2021).
Coronaviruses have been reported to have an envelope protein (E protein) on the
lipid bilayer membrane, which functions as an ion channel (Ruch and Machamer
2012). Since the 229E and OC43 strains have been reported to be taken up into cells
in a Rab7-dependent manner (Schneider et al. 2021), the seasonal coronaviruses also
internalise via endosocytosis and uncoat after fusion at the late endosome. However,
the detailed mechanisms of coronavirus uncoating are still unclear. Similar to IAV,
intact viral particles were precipitated by in vitro uncoating by ultracentrifugation
under neutral conditions without NP-40 (Fig. 14.5; left panel). On the other hand,
when ultracentrifugation was performed at neutral and/or acidic pH conditions in a
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NP-40 (-) NP-40 (+)

Fig. 14.5 In vitro uncoating of coronavirus 229E strain. Purified coronavirus strain 229E was
ultracentrifuged in two-layer glycerol buffer as in IAV. Virus particles precipitate in the buffer
without NP-40 (left panel). Viral genome vRNPs are purified when ultracentrifuged in the buffer
containing NP-40. Under neutral conditions, the structure was dissociated (centre panel). Under
acidic conditions, VRNPs from each virus particle condensed (right panel). Viral genomes incor-
porated within endosomes in the cell may form condensates under acidic conditions as the
endosomes mature. Scale bar; 200 nm

buffer containing NP-40, cleaved vVRNP fragments were observed under neutral
conditions at pH 7.4. Interestingly, individual vRNPs form condensates at pH 5.4,
mimicking the late endosomal luminal environment, and some condensates were
also observed with the neighbouring virus-derived vRNPs (Fig. 14.5). The aggre-
gation of these N-protein-wrapped RNA complexes under acidic conditions may
favour the efficient release of the genome into the cytoplasm during uncoating from
the endosome. It has also been suggested that coronavirus RNA-N-protein com-
plexes may undergo phase separation (Carlson et al. 2020; Iserman et al. 2020; Jack
et al. 2021), and there may be a mechanism by which, the phenomenon of phase
separation can be successfully exploited to facilitate genome packaging and
uncoating reactions (Etibor et al. 2021).

Conclusions

As viral entry represents the first step in the life cycle of a virus, inhibition of these
early infection events can block the downstream infection processes. Therefore, a
mechanistic understanding of virus entry has important implications for vaccine
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development and drug discovery research. Moreover, by targeting the entry path-
ways, it should be possible to inhibit different viruses that exploit the same entry
route(s). In the future, the design of host-targeted molecular compounds that can
block the intracellular entry of emerging and re-emerging viruses is expected to lead
to the development of prophylactic and therapeutic agents common to different
viruses. Alternatively, if efficient uncoating can be inhibited by drugs, viral infection
can also be attenuated.
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