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Influenzaviruses hijack host cell factors at each stage of the viral life cycle. After host cell entry
and endosomal escape, the influenza viral ribonucleoproteins (vRNPs) are released into the
cytoplasm where the classical cellular nuclear import pathway is usurped for nuclear trans-
location of the vRNPs. Transcription takes place inside the nucleus at active host transcription
sites, and cellular mRNA export pathways are subverted for export of viral mRNAs. Newly
synthesized RNP components cycle back into the nucleus using various cellular nuclear
import pathways and host-encoded chaperones. Replication of the negative-sense viral
RNA (vRNA) into complementary RNA (cRNA) and back into vRNA requires complex inter-
play between viral and host factors. Progeny vRNPs assemble at the host chromatin and
subsequently exit from the nucleus—processes orchestrated by sets of host and viral proteins.
Finally, several host pathways appear to play a role in vRNP trafficking from the nuclear
envelope to the plasma membrane for egress.

All viruses usurp the host machinery to assist
their replication and influenza virus is no

exception. There are four distinct influenza virus
types—namely, A, B, C, and D. Respiratory dis-
ease in humans is caused predominantly by in-
fluenza A and B viruses (IAV and IBV), whereas
influenza C virus (ICV) is known to cause spora-
dic disease in children. Influenza D virus infects
cattle. Two IAV subtypes (H3N2 and H1N1,
based on antigenic diversity of the hemaggluti-
nin [HA] and neuraminidase [NA] glycopro-
teins), and two IBV lineages (Victoria and
Yamagata) currently circulate in humans, caus-
ing seasonal epidemics that affect millions
(Krammer et al. 2018). The single-stranded neg-
ative-sense RNA genome of IAV (vRNA) con-

sists of eight segments encoding 10 core poly-
proteins: the RNA-dependent RNA polymerase
(RdRp) subunits polymerase basic 1 (PB1), po-
lymerase basic 2 (PB2), and polymerase acidic
(PA), the glycoproteins HA and NA, nucleo-
protein (NP), the matrix protein M1, the M2
ion channel, the nonstructural protein NS1,
and, finally, the nuclear export protein (NEP)
(previously known as NS2). An additional suite
of virus strain–dependent, nonessential accesso-
ry proteins has been described (Vasin et al.
2014).

Eighteen HA subtypes and 11 NA subtypes
have been identified in IAV to date, all of which
present in avian species except H17N10 and
H18N11, which infect bats (Tong et al. 2012,
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2013). A large and antigenically diverse reser-
voir of IAV subtypes is present in wild waterfowl
from whence viruses transfer into mammalian
host species including pigs, horses, dogs, and
humans (Lycett et al. 2019). Although most of
these zoonoses will be dead-end infections, zoo-
notic events can lead to pandemics when the
virus accumulates sufficient mutations to allow
for effective transmission among members of
the new host species. Recent species jumps of
H5 and H7 subtypes, lethal in poultry, have
led to substantial worry among global health
experts. Influenza pandemics occur every few
decades, most recently in 2009 (H1N1 swine
flu) but also in 1968 (H3N2 Hong Kong flu),
1957 (H2N2 Asian flu), and, most notoriously,
in 1918 (H1N1 Spanish flu), the latter killing at
least 50 million people.

Mammalian adaptive mutations are re-
quired by avian influenza strains before they
can cause a pandemic. These include changes
in HA, NA, and the heterotrimeric RdRp and
NP (for review, see Long et al. 2019b). The PB2
subunit of the polymerase in particular is well
known to undergo mammalian adaptions. Sub-
stitution of the avian-signature glutamate at
position 627 and aspartate 701 to mammalian-
signature 627K and 701N are common in zoo-
notic and human-adapted strains (Subbarao
et al. 1993; Czudai-Matwich et al. 2014) and
adapt polymerase to using mammalian host fac-
tors as discussed in this review. Additional ad-
aptations are believed to counteract mammalian
antiviral immune pathways. The retinoic acid–
inducible gene 1 protein (RIG-I) recognizes
influenza vRNA on the basis of a 50-terminal
triphosphate moiety and an adjacent patch of
double-stranded RNA (dsRNA) that is the viral
promoter binding the RdRp (for review, see Fo-
dor and te Velthuis 2019; Wandzik et al. 2020).
During infection, the viral NS1 protein counter-
acts RIG-I, which would otherwise result in the
induction of interferon (IFN) and IFN-stimulat-
ed gene (ISG) expression, such as MX1, protein
kinase R (PKR), and IFITM3 (Pichlmair et al.
2006; Rehwinkel et al. 2010; Rajsbaum et al.
2012). It has also been suggested that the PB2
host-adapting mutation E627K masks the path-
ogen-associated molecular pattern (PAMP) on

the incoming genome from detection by RIG-I
(Weber et al. 2015).

Antivirals against influenza virus are in lim-
ited supply. The M2 ion channel inhibitors
amantadine and rimantadine have been discon-
tinued as all circulating human influenza viruses
have developed resistance in the form of an
S31N substitution in the RNA segment encod-
ing M2. Oseltamivir (Tamiflu) is an NA inhib-
itor targeting the sialidase activity of NA, but
NA inhibitors are also compromised by resis-
tance-conferring mutations such as NA-
H275Y that spread through the seasonal H1N1
viral population. Recently, a variety of com-
pounds that target the replication machinery
has come to the fore (for review, see Takashita
2020). Active sites for RNA binding, cleavage,
and elongation are highly conserved among in-
fluenza viruses, so the RdRp is a potentially
promising target for antiviral agents. The PB1-
targeting purine analog favipiravir acts as a
chain terminator and has been approved for
use in Japan. Resistance mutations have, howev-
er, been described, in particular, a K229R
substitution in the PB1 subunit alongside
a fitness-compensating PA-P653L mutation
(Goldhill et al. 2018). Pimodivir occupies the
N7-methyl guanosine (m7G) cap-binding do-
main of the PB2 subunit, which is required for
cap snatching and, therefore, transcription of the
vRNA. Pimodivir-resistant H1N1 and H3N2 vi-
ruses are routinely detected in clinical trials with
this compound (Trevejo et al. 2018; Finberg et al.
2019). Finally, baloxavir marboxil binds to the
PA endonuclease domain, also required for cap
snatching (Omoto et al. 2018). Approved in Ja-
pan and in theUnited States, an I38T substitution
in PA seems to confer resistance against the
drug in circulating H1N1 and H3N2 viruses
(Hayden et al. 2018; Noshi et al. 2018; Hirotsu
et al. 2020; Uehara et al. 2020).

Given that influenza virus acquires resis-
tance to antivirals targeting virus-encoded pro-
teins rapidly and consistently, an alternative
strategymay be called for. Host-directed therapy
targets host-encoded rather than virus-encoded
factors and as such aims to sidestep rapid accu-
mulation of resistancemutations on the premise
that viruses cannot directly control the physical
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appearance of host proteins. The strategy is to
interfere with host cell factors that are required
by a pathogen for replication or persistence (for
review, see Kaufmann et al. 2018).

The viral life cycle involves the following
steps, all of which require host factors (for re-
view, see Eisfeld et al. 2015; Peacock et al. 2019).
Upon virus binding and endocytosis, the viral
ribonucleoproteins (vRNPs) are released into
the cytoplasm and imported into the host cell
nucleus. Once inside the nucleus, the negative-
sense vRNA is transcribed into mRNA, which is
transferred to the cytoplasm for translation (for
review, see Wandzik et al. 2020). Newly gener-
ated HA, NA, M1, and M2 traffic to lipid rafts
in the plasma membrane, whereas PB1, PB2,
PA, NP, NEP, and a subset of M1 are recycled
into the nucleus where they are required for ge-
nome replication and nuclear export of progeny
vRNPs. Replication takes place in two steps—
namely, synthesis of an intermediate positive-
sense complementary RNA (cRNA), which in
turn is used as a template for the synthesis of
additional vRNA for secondary transcription
and assembly into vRNPs for packaging in prog-
eny virions (for review, see Fodor and te Velth-
uis 2019). The final steps of the life cycle are
vRNP transport from the perinuclear region to
the plasma membrane, followed by particle as-
sembly.

In this review, we will examine the host fac-
tors required for nuclear import of the vRNPs
and vRNP subunits, transcription and replica-
tion of the genome, nuclear export of progeny
vRNPs, and trafficking of vRNPs for egress.

NUCLEAR IMPORT

Unlike most RNA viruses that infect vertebrates,
influenza virus transcribes and replicates its ge-
nome in the host cell nucleus. The advantages of
nuclear over cytoplasmic replication are at least
fourfold (Hutchinson and Fodor 2012). First, ac-
cess to the nucleus facilitates cap snatching, the
process by which the viral RdRp obtains 50 cap
structures from cellular RNA species to act as
primers for transcription of the viral mRNA.
Although cap snatching is found also in some
cytoplasmic replicating viruses, including the Bu-

nyaviridae and Arenaviridae families (Mir et al.
2008), nuclear cap snatching is deemed more ef-
ficient and provides direct access to cellular path-
ways of cotranscriptional mRNA processing and
nuclear export (Engelhardt andFodor 2006). Sec-
ond, nuclear replication allows access to the splic-
ing machinery, enabling expansion of the coding
capacity of the small genome (∼13.5 kb). Indeed,
spliced segments 7 and 8 encode the ion channel
M2 and the NEP, respectively, whereas the full-
length transcripts encode the M1 matrix protein
and the multifunctional innate immune antago-
nist NS1. Third, direct interaction with the car-
boxy-terminal domain (CTD) of the cellular
RNA polymerase II (RNA Pol II) via the PA sub-
unit of the RdRp leads to inhibition of RNAPol II
elongation and causes it to be degraded, leading
to efficient host shutoff (Rodriguez et al. 2007;
Vreede and Fodor 2010; Vreede et al. 2010).
Fourth, one of the main mechanisms by which
influenza virus is detected by the host is via the
cytoplasmic pathogen recognition receptor
(PRR) RIG-I. Encapsidating newly synthesized
RNA within RNPs in the nucleus may partially
mask theRNAmolecular patterns capable of trig-
gering an antiviral response (Rehwinkel et al.
2010).

Prior to Nuclear Import

Upon entry into the target cell, vRNPs are dis-
sociated from the viral matrix protein M1 in the
low-pH environment of the endocytosed virion
whenM2 ion channels open within the acidified
endosome (Martin and Heleniust 1991a; Bui
et al. 1996). The vRNPs are then actively trans-
ported into the nucleus where transcription and
replication take place (Fig. 1; Martin and Helen-
ius 1991b; Kemler et al. 1994). Recently, TNPO1
(transportin 1), a member of the importin β
(IMPβ) family, was implicated in the removal
of M1 matrix protein and debundling of vRNPs
just after release of the viral cores into the cyto-
plasm (Miyake et al. 2019). During virus entry,
acidification triggers a conformational change
in M1 that exposes a noncanonical proline–ty-
rosine nuclear localization signal (PY-NLS)
close to the amino terminus (Lee et al. 2006).
TNPO1 then associates with the PY-NLS ex-
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posed in the primed M1, stripping M1 from
vRNPs and allowing dissociation of the eight
vRNPs from each other. vRNPs are subse-
quently transferred to α importins for nuclear
import. IAVs thus use different α and β impor-
tins for distinct steps in host cell entry.

The Classical Nuclear Import Pathway

The classical pathway of cellular protein nuclear
import is mediated by IMPα adaptor proteins,
which recognize basic NLSs on cargo proteins.
IMPα isoforms, of which there are seven in hu-

Cytoplasm Nucleus

Ran-GTP
M1

TNPO1

?

?

vRNP import

Import of
translation
products

NPC

IMPα

IMPβ

Hsp90

RanBP5 CLUH

NP CSE1L

PB2

PAAN
PB1 PAIPAN

Figure 1. Nuclear import of viral ribonucleoproteins (vRNPs) and translation products. Following fusion of the
viral and endosomal membranes, incoming vRNPs associated with M1 matrix protein enter the cytoplasm. The
importin β (IMPβ) family member TNPO1/transportin 1 strips M1 from the vRNPs, thus allowing dissociation
of the eight vRNPs from each other and releasing them for interactions with the classical nuclear import
machinery. vRNPs interact with importin α (IMPα) adaptor proteins that recognize a nonclassical nuclear
localization signal (NLS) at the surface-exposed amino terminus of the nucleoprotein (NP). Direct interaction
between IMPα and the polymerase basic 2 (PB2) subunit of the viral RNA–dependent RNA polymerase (RdRp)
has also been described, but the biological relevance of this is not known. IMPα is complexed with the IMPβ
transport receptor, which mediates translocation into the nucleus by interactions with the nuclear pore complex
(NPC). IMPβ is dissociated from the cargo in the nucleus by Ran-GTP associated with the NPC. IMPα is
removed separately by CSE1L, although some IMPα may remain associated with the vRNP and support viral
replication via unknownmechanisms. The importins subsequently cycle back into the cytoplasm. After primary
transcription and translation of viral proteins, NP andRdRp components are transported back into the nucleus to
support replication and synthesis of progeny vRNPs. PB2 and NP are imported on their own via classical nuclear
import, the former in conjunction with its chaperone Hsp90. PB1 and PA are imported as heterodimers in a
nonclassical manner through direct interaction with the β importin RanBP5. PB1 and PA are maintained in a
stable conformation and protected against degradation by the nonproteinaceous chaperones long noncoding
RNA IPAN (lncRNA-IPAN) and PA-associated noncoding RNA (lncRNA-PAAN), respectively. A subset of
newly synthesized M1, required for the vRNP nuclear export complex later in the viral life cycle, is believed to
associate with the mitochondrial host protein CLUH for nuclear translocation.
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mans, are in turn recognized by the importin β
(IMPβ) transport receptor via the amino termi-
nal importin β-binding (IBB) domain, which is
a functional NLS in itself and autoinhibits IMPα
so that recognition of NLSs occurs only when
IMPβ is available. The ternary IMPα–IMPβ-
cargo complex subsequently traverses the nucle-
ar pore complex (NPC) through interaction of
IMPβ with phenylalanine–glycine (FG) repeats
on the nucleoporins that compose the NPC.
Once inside the nucleus, IMPβ is dissociated
by Ran-GTP associated with the NPC. IMPα is
dissociated from the cargo by a separate mech-
anism involving the cellular CSE1L protein
(Kutay et al. 1997). Subtle differences in NLS
affinity, conformational flexibility, and IBB
autoinhibition between IMPα isoforms lead to
a flexible and functionally redundant transport
machinery. It has been proposed that IMPα sub-
families α2 and α3 provide a fast track for nu-
clear import of important cellular cargos, and
that these subfamilies are specifically targeted by
influenza vRNPs (Pumroy et al. 2015).

Nuclear Import of vRNPs

Influenza vRNPs are transported into the nucle-
us by the interaction between the NP subunits
associated with the genome and IMPα (O’Neill
et al. 1995). IAVNP carries a “nonclassical”NLS
(ncNLS) at the amino terminus, which is sur-
face-exposed and thus available for IMPα bind-
ing (Arranz et al. 2012; Moeller et al. 2012). This
motif binds IMPα isoforms and is vital for
vRNP nuclear import in digitonin-permeabi-
lized cells and for influenza virus replication
(Neumann et al. 1997; Wang et al. 1997; Cros
et al. 2005). Ultrastructural analysis of the sur-
face availability of the ncNLS on purified vRNPs
revealed multiple exposed motifs along the
vRNP filament (Wu et al. 2007). IMPα 5 bind-
ing prevents the oligomerization of NP in vitro
(Boulo et al. 2011), suggesting an additional role
for α importins as NP chaperones. It is highly
likely that the same IMPα isoform also imports
newly synthesized NP into the nucleus during
replication.

Once the vRNP has entered the nucleus and
primary transcription given rise to new viral

proteins, newly synthesized NP and polymerase
subunits must be imported into the nucleus to
support replication of cRNA and of new vRNA
genomes. PB2 has been shown to interact with
multiple IMPα isoforms (Tarendeau et al. 2007;
Gabriel et al. 2008, 2011), but NP is sufficient to
traffic vRNA into the nucleus. Thus, the PB2–
IMPα interaction is likely more important for
trafficking newly synthesized PB2 into the nu-
cleus to support and transactivate replication
(Cros et al. 2005). The mammalian-adaptive
D701N substitution in the PB2 subunit has
been suggested to specifically bind IMPα iso-
forms in different host species (Gabriel et al.
2008, 2011; Boivin and Hart 2011), and was
shown to promote nuclear import of vRNPs in
mammalian cells (Sediri et al. 2015). The latter
observation implies some role for PB2 in import
of vRNPs but this has not been entirely resolved.

The differential use of different IMPα
isoforms has been associated with host range
restriction of avian origin polymerases in mam-
malian cells. Mammalian-adapted viruses are
affected most by silencing of importins α1 and
α7, whereas avian-origin viruses require impor-
tins α1 and α3 (Gabriel et al. 2011). IMPα 7
knockout (KO) mice are less susceptible to in-
fluenza infection, and specifically show reduced
tropism of virus in the lung (Resa-Infante et al.
2014). Viral mutants that can regain infectivity
in this system acquire mutations allowing bind-
ing of NP to different isoforms (Resa-Infante
et al. 2015, 2019). Adaptation of an avian-sig-
natureH7N7 virus by serial lung passage inmice
include key adaptations in PB2 (D701N) andNP
(N319K) that increase affinity to mammalian
IMPα 1.

Noncanonical Roles of α Importins

An additional role for IMPα isoforms 1 and 7 as
positive regulators of mammalian-signature but
not avian-signature viral polymerase activity in
mammalian cells has been suggested indepen-
dent of nuclear import functions (Resa-Infante
et al. 2008; Hudjetz and Gabriel 2012). Impor-
tins may remain associated with the viral poly-
merase even after nuclear import suggesting
they play a role in polymerase function. Muta-
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tion of the PB2 NLS resulted in reduced RdRp
activity in a minireplicon assay despite proper
formation of polymerase complexes (Resa-In-
fante et al. 2008). Moreover, replacing the PB2
NLS with an ectopic SV40 NLS enabled PB2
nuclear import but abrogated polymerase func-
tion, again implying that specific IMPα associ-
ation with the PB2 subunit in the nucleus is
required for RdRp activity. RNAi-mediated si-
lencing of IMPα 1 and 7 in human 293 T cells
resulted in reduced activity of human-adapted
PB2-627K polymerase as measured by minire-
plicon assay, but the avian-signature 627E poly-
merase was unaffected (Hudjetz and Gabriel
2012). The exact role of this interaction of PB2
with specific IMPα isoforms is not yet clear.

IMPα-Independent Import of PB1 and PA

Whereas newly synthesized PB2 and NP are im-
ported into the nucleus on their own via the
classical import pathway, PA-PB1 is imported
as a dimeric subcomplex (Loucaides et al. 2009;
Huet et al. 2010; Hutchinson et al. 2011). PB1
contains a bipartite NLS that directly interacts
with the β importin-binding protein 5 (RanBP5)
(Deng et al. 2006). PA contains NLSs between
residues 124–139 and 186–247. PA-PB1 forms a
stable heterodimeric submodule that strongly
interacts with 50 vRNA, and moreover forms a
stable and stoichiometric 1:1:1 complex with
RanBP5 as modeled by small-angle X-ray scat-
tering (SAXS) (Swale et al. 2016). Interestingly,
when bound to RanBP5, the PA-PB1 dimer los-
es its capacity to bind the viral RNA promoter,
suggesting that PA-PB1 will pick up the vRNA
once it dissociates from RanBP5 after nuclear
entry. A recent X-ray crystallography study
identified the residues of RanBP5 required for
the interaction with influenza virus PA-PB1 het-
erodimer (Swale et al. 2020). The classical
IMPα–IMPβ import pathway is thus not re-
quired for nuclear accumulation of PB1 and PA.

TRANSCRIPTION

Upon entry into the nucleus, the incoming viral
RdRp associated with the vRNPs transcribes the
negative-sense genomic RNA segments into

positive-strand mRNA in cis (Fig. 2). mRNA
molecules are capped at the 50 end by an m7G
cap, derived from capped nascent host RNA Pol
II transcripts, in particular small nucleolar
RNAs (snoRNAs) and small nuclear RNAs
(snRNAs) (Gu et al. 2015; Koppstein et al.
2015). Cap snatching is carried out by the
RdRp utilizing the PB2 cap-binding domain
(residues 320–485) and the PA endonuclease
(residues 1–196). The 10- to 15-nt capped
host RNA fragments are then used as primers
for transcription of viral mRNA (for review, see
Fodor and te Velthuis 2019; Wandzik et al.
2020).

The Role of Host RNA Polymerase II

Cap snatching is enabled by direct interaction of
the large PA CTD (residues 258–713) with the
CTD of host RNA Pol II (for review, see Walker
and Fodor 2019).Human cellular RNAPol II is a
complex composed of 12 core subunits; the large
subunit RPB1 has an unstructured flexible CTD
consisting of 52 heptad repeats with the con-
sensus sequence Tyr1-Ser2-Pro3-Thr4-Ser5-
Pro6-Ser7 (Y1S2P3T4S5P6S7). Posttranslational
modification of the CTD regulates transcription
and cotranscriptional processing of host RNAs
(Zaborowska et al. 2016). Early in cellular tran-
scription, Ser5 on the CTD is phosphorylated as
a trigger for mRNA-capping enzymes to associ-
ate with the CTD. Throughout elongation, CTD
Ser5 is gradually dephosphorylated and Ser2 be-
comes phosphorylated instead. The switch be-
tween Ser5P and Ser2P is coupled with the
release of 50 end processing factors and recruit-
ment of 30 end processing factors. Influenza
RdRp interacts directly with Pol II by binding
to SerP5 CTD at transcription start sites, which
puts it in close proximity to the capped host
transcripts it requires for initiating its own tran-
scription (Engelhardt et al. 2005). Fluorescence
recovery after photobleaching (FRAP) analysis
was harnessed to analyze the intranuclear dy-
namics of GFP-tagged RdRp in living cells.
Treatment of the cells with inhibitors of RNA
Pol II actinomycin D and α-amanitin led to
mobility shifts of the RdRp, confirming the in-
fluence that the cellular Pol II transcription
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complex has on the viral RNP (Loucaides et al.
2009).

RdRp does not associate with promoter re-
gions of Pol I or Pol III genes, and furthermore
showsnoaffinitywith Ser2PCTDassociatedwith
elongatingPol II. Pol II activity is required forviral
mRNA synthesis but not cRNAor vRNA synthe-
sis.Moreover, viral infection leads to inhibition of
polymerase elongation; fewer Pol II units were
found associated with internal regions of host
genes in infected cells (Chan et al. 2006). This
elongation inhibition is likely a result of compet-
itive binding of the viral RdRp to theCTD, block-
ing its normal interface with host transcriptional
machinery. Alternatively or in addition, the re-
moval of 50 caps from nascent host transcripts
by the RdRp may lead to degradation of the re-
maining transcript by Xrn2 exonuclease, leading
to early termination (Brannan et al. 2012).

Interaction of influenzaviruswithRNAPol II
results in profound changes to the host cell tran-
scripts. A recent study using mammalian native
elongating transcript sequencing (mNET-seq)
confirmed there is decreased RNA Pol II occu-
pancy downstream of transcription start sites in
influenza virus–infected cells. The authors also
detected generation of polyadenylated down-
stream-of-gene transcripts (DoGs) that extend
beyond normal poly(A) sites as a result of cata-
strophically altered termination (CAT) reminis-
cent of a cellular reaction to severe stress like
osmotic shock or heat shock (Bauer et al. 2018).

Recent structural work has provided insight
in the molecular details of RdRp PA subunit
interaction with the RNA Pol II CTD and how
influenza A, B, and C polymerases compare to
one another (Lukarska et al. 2017; Serna Martin
et al. 2018). Ser5P Pol II CTD binding, in com-

Host DNA

Ser5P P
CTD

RdRp

CMTR1

Capped host
transcript

RNA Pol II
NXF1-NXT1

Host mRNA

Influenza mRNA

Influenza mRNA

Nucleus Cytoplasm

AAAA AAAA

NS1
NS1

NXF1-NXT1

AAAAm7G

vRNP

m7G

Figure 2. Transcription and export of viral mRNA. Influenza virus acquires 50 N7-methyl guanosine (m7G)-
capped host transcripts from actively transcribing host RNA polymerase II (RNA Pol II), which it subsequently
uses to prime viral transcription. To facilitate cap snatching, the viral RdRp associates with the carboxy-terminal
domain (CTD) of the large subunit of RNA Pol II through interaction between the PA subunit and the serine 5
phosphorylated (Ser5P) CTD. The methyltransferase CMTR1 appears to have a role in cap snatching but the
mechanism is not known. Influenza mRNAs are exported via the NXF1/TAP pathway through interaction with
the mRNA export receptor NXF1-NXT1, which mediates translocation across the nuclear pore complex (NPC)
via interaction with nucleoporins. Later in infection, as viral proteins accumulate, NXF1-NXT1 complexes are
targeted by the virus-encoded virulence factor nonstructural protein 1 (NS1) to block host mRNA export, in
particular, antiviral transcripts. (vRNP) Viral ribonucleoprotein.
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bination with vRNA promoter binding to the
RdRp, is believed to promote a transcription
preinitiation conformation in the RdRp to facil-
itate cap snatching; in other words, association
with RNA Pol II activates the transcriptase con-
formation of the viral polymerase. As a result of
RdRp interacting with host RNA Pol II, it has
been estimated that 8 hr postinfection more
than one-half of all the mRNA in an influenza
virus–infected cell is viral mRNA (Bercovich-
Kinori et al. 2016).

A Role for CMTR1 in Cap Snatching

CMTR1 is the human 20-O-ribose cap methyl-
transferase that adds a methyl group to the 50-7-
methylguanosine cap of eukaryotic mRNA to
form the cap1 structure (Smietanski et al.
2014). As influenza virus requires 20-O-methyl-
ation of the mRNA cap for efficient recognition
and cleavage by PA (Bouloy et al. 1980; Wakai
et al. 2011), it was interesting to findCMTR1 as a
major hit in a pooled genome-wide CRISPR–
Cas9 screen (Li et al. 2020). Infection of
CMRT1 KO A549 cells showed that loss of this
protein conferred protection against a variety of
H1N1 and H3N2 virus strains. Immunoprecip-
itation of capped viral and host mRNA using an
anti-eIF4E antibody revealed that there was
less cap1-associated viral mRNA in CMTR1
KO cells, presumably because cap snatching
was impaired. Furthermore, loss of CMTR1 re-
sulted in an increased antiviral IFN response in
infected cells and conferred synergistic protec-
tion against IAV infection with the endonucle-
ase inhibitor baloxavir marboxil. How exactly
CMTR1 facilitates cap snatching remains to be
elucidated.

Influenza mRNA Nuclear Export

Cellular mRNAs are predominantly exported to
the cytoplasm via the NXF1/TAP pathway
through acquisition of the principal mRNA ex-
port receptor NXF1-NXT1. NXF1-NXT1 inter-
acts with the FG repeats of nucleoporins, which
is required for translocation of mRNAs through
the NPC (Stewart 2010). The IAV nonstructural
protein NS1 is known to inhibit nuclear export

of host mRNA, thus contributing to NS1-medi-
ated inhibition of host immune responses (Sat-
terly et al. 2007). Recently, the structural basis
for this block was elucidated by cocrystallization
of NS1 in complex with NXF1-NXT1, revealing
that NS1 acts by preventing binding of NXF1-
NXT1 to nucleoporins by occupying the nucle-
oporin-binding domain of NXF1 (Zhang et al.
2019b). Transcripts of IFN- or immune-regu-
lated genes were among the top transcripts
retained in the host nucleus following IAV in-
fection. A mutant virus unable to inhibit NXF1-
NXT1 was attenuated.

On the other hand, NXF1 has been routinely
detected as an important host factor for influen-
za replication in genome-wide screens (Hao
et al. 2008; Shapira et al. 2009; Karlas et al.
2010; Watanabe et al. 2010) and was also shown
to interact with RdRp subunits using a split lu-
ciferase complementation screen (Munier et al.
2013). Influenza mRNAs are transported from
the nucleus by different host factors including
the NXF1 and CRM1 pathways (Wang et al.
2008; Carmody and Wente 2009). RNAi-medi-
ated knockdown of NXF1 showed that segment
4 (HA), 7 (M), and 8 (NS1) mRNAs were the
most reliant on this pathway (Read and Digard
2010), and this explains the attenuation of virus
replication in cells lacking this host factor. Thus,
there is an interesting and unresolved dichot-
omy between viral reliance on the NXF1 path-
way for nuclear export of viral mRNAs and its
shutoff via NS1 to avoid expression of antiviral
genes.

REPLICATION

Replication of the influenza virus genome oc-
curs in two steps (for review, see Fodor and te
Velthuis 2019; Wandzik et al. 2020). First, the
RdRp synthesizes cRNA, a process that requires
newly synthesized RdRp components and NP
(Jorba et al. 2009; York et al. 2013). These cRNPs
are then used as templates for the synthesis of
additional vRNPs for secondary transcription
and later for export across the nuclear mem-
brane and to the plasma membrane for incor-
poration into progeny virions. cRNA synthesis
on the vRNA template is subtly distinct from
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vRNA synthesis on a cRNA template, which
requires primer realignment (for review, see te
Velthuis and Fodor 2016). Host factors have
been postulated to play supportive roles in all
steps of the replication cycle (Fig. 3). Oligomer-
ization of trimeric RdRp molecules into dimers,
trimers, or even higher-order complexes is now
believed to be required for efficient replication
(Chang et al. 2015; Chen et al. 2019; Fan et al.
2019; Peng et al. 2019).

MCM

The minichromosome maintenance (MCM)
complex was identified as a nuclear factor sup-
porting de novo replication initiation of cRNA
on a vRNA template (Kawaguchi and Nagata
2007). MCM was shown to interact with the

PA subunit of the RdRp, and siRNA-mediated
knockdown of subunits MCM2 and MCM3 led
to reduced viral RNA accumulation in infected
human cells. The authors propose a model in
which MCM stabilizes replication elongation
complexes during the transition from replica-
tion initiation to elongation, preventing abortive
replication and allowing the synthesis of full-
length cRNA.

Hsp90 and UAP56

Host factors stimulating influenza virus poly-
merase in vitro were isolated from nuclear ex-
tract of uninfected HeLa cells (Shimizu et al.
1994; Momose et al. 1996). Initially called
RNA polymerase activating factor (RAF) 1 and
RAF2, these distinct fractions were subsequently

Nucleus

IMPαβ

NP
NP

NPNP
NP

NP

Hsp90

Hsp90

RdRp
assembly

RanBP5IPAN

PAAN

ANP32A/B vRNA

cRNP

cRNA

vRNP

MCM

UAP56
UAP56

NP storage

ANP32A/B

PB2

PB1 PA

Cytoplasm

Figure 3. Replication and ribonucleoprotein (RNP) assembly. As newly synthesized nucleoprotein (NP) and
RNA-dependent RNA polymerase (RdRp) components accumulate in the nucleus, the genome is replicated into
a positive-sense complementary genome (cRNA), which is packaged into a cRNPby newly synthesizedRdRp and
NP. cRNA synthesis from a vRNA template is believed to require the minichromosome maintenance (MCM)
complex, which stabilizes the transition from initiation to elongation. Functional RdRp complexes are assembled
from PA-PB1 dimers and PB2 as their respective chaperones PA-associated noncoding RNA (lncRNA-PAAN),
long noncoding RNA IPAN (lncRNA-IPAN), and Hsp90 dissociate. NP assembles with UAP56 after nuclear
import, which shields it from aggregation and stores it as trimeric units. UAP56 is subsequently competed off the
NP as the latter encapsidates newly synthesized viral RNA. ANP32 proteins are shown as stabilizing a trans-
activating polymerase required for cRNA-to-vRNA replication or stabilizing a trimeric RdRp associatingwith the
30 end of nascent vRNA. (IMP) Importin.
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identified as Hsp90 and UAP56, respectively
(Momose et al. 2001, 2002).

Hsp90 is an abundant heat shock protein that
functions as a molecular chaperone and contrib-
utes to the correct folding, activation, and assem-
bly of a wide variety of transcription factors,
steroid receptors, and protein kinases (Picard
2002; Pearl and Prodromou 2006). Hsp90 was
found to interact with PB2 in the absence or pres-
ence of vRNA, but its RdRp stimulatory activity
wasmapped to the acidicmiddle regionofHsp90,
not the amino terminal chaperone domain. Nor-
mally exclusively cytoplasmic, Hsp90 relocalized
to the nucleus in influenza virus–infected cells.
Exogenous expression of PB2 or the heterotri-
meric RdRp inHeLa cells also resulted in nuclear
relocalization ofHsp90 (Naito et al. 2007). Hsp90
was also found to interact with PB1. Treatment of
cells with Hsp90 inhibitors resulted in impaired
viral growth and reduced the nuclear levels of
RNPs, presumably owing to selective degradation
of PB1 and PB2 in the absence of functional
Hsp90 (Chase et al. 2008).

RAF2/UAP56 is a member of the DExD/
H-box RNA helicase family and plays critical
roles in healthy cells in pre-mRNA splicing
and mRNA nuclear export (Luo et al. 2001;
Shen 2009). The ATPase and unwinding activi-
ties of UAP56 are required for spliceosome as-
sembly and maturation (Shen et al. 2007, 2008).
Furthermore, UAP56 forms part of the tran-
script export (TREX) complex for efficient
export of spliced mRNAs to the cytoplasm
(MacMorris et al. 2003).

UAP56 was shown to interact with H1N1
PR8NP by yeast two-hybrid assay. UAP56 stim-
ulated vRNA synthesis in in vitro assays; inter-
estingly, the helicase activity was not required
for this. Furthermore, although interaction of
UAP56 with free NP was demonstrated, it did
not bind RNA-associated NP. The amino termi-
nal 20 amino acids of NP were found to be suf-
ficient for UAP56 binding. As this is also where
the NLS of NP is located, it is possible that IMPα
and UAP56 bind competitively to the same mo-
tif on NP. The proposal is that UAP56 acts as a
chaperone for NP, facilitating formation of NP–
RNA complexes. Indeed, chaperones are impor-
tant for nucleic acid binding of basic proteins

such as histones, which tend to aggregate and
become inactive in the absence of appropriate
substrates (Momose et al. 2001).

UAP56 stimulates the elongation activity of
the viral polymerase, possibly by facilitating the
encapsidation of nascent cRNA, which is de-
graded by host cellular nucleases unless it is sta-
bilized by newly synthesized RdRp and NP
(Vreede et al. 2004; Kawaguchi et al. 2011);
this might work in conjunction withMCM (Ka-
waguchi and Nagata 2007). Accumulation of
vRNA and cRNA was reduced and delayed in
UAP56 knockdown cells. Thus, UAP56 facili-
tates replication reaction–coupled encapsida-
tion of the nascent viral RNA as an NP
molecular chaperone (Kawaguchi et al. 2011).
Again, the ATP-dependent RNA helicase activ-
ity of UAP56 was not required for the encapsi-
dating function.

Binding stoichiometry analysis showed that
the NP–UAP56 complex consists of NP and
UAP56 at a 3:1 molar ratio, indicating that
UAP56 interacts predominantly with trimeric
NP. The molecular weight of the complex on
the gel filtration column—∼440 kDa—suggests
that the NP–UAP56 complex consists of sixmol-
ecules of NP and two molecules of UAP56 (Hu
et al. 2017). This suggests a model in which a
UAP56 dimer binds to two trimericNP complex-
es, stimulating transfer of NP trimers onto viral
RNA as a molecular chaperone. Indeed, trimeric
NP has higher RNA-binding activity thanmono-
meric NP (Tarus et al. 2012). Atomic force mi-
croscopy (AFM) analysis of NP–UAP56 shows a
dumbbell-shaped complex considered as two tri-
meric NP units connected by dimeric UAP56.

Although not required for its chaperone
function, the helicase function of UAP56 (and
its paralog URH49) may serve the purpose of
preventing dsRNA formation in the cell during
influenza virus infection, which would be favor-
able for the virus to avoid innate immune
sensing by PRRs. Indeed, virus infection of
UAP56-depleted cells leads to the rapid accu-
mulation of dsRNA in the perinuclear region
as well as activation of the dsRNA-dependent
PKR, which is part of the antiviral response.
Although it cannot be ruled out that accu-
mulation of viral dsRNA was caused by aggre-
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gation of NP in the absence of its chaperone
UAP56, UAP56 may thus be utilized directly
by influenza virus to prevent the formation of
dsRNA (Wisskirchen et al. 2011). UAP56 was
also found to interact with NS1 but the bio-
logical significance of this association remains
unclear (Chiba et al. 2018). URH49 shows an
identity of 90% at the amino acid level with
UAP56 and also interacts withNP. Interestingly,
depletion of either URH49 or UAP56 by RNAi
led to increased expression levels of the paralog,
and URH49, like UAP56, is involved in the nu-
clear export of viral mRNA (Wisskirchen et al.
2011).

ANP32 Proteins

Acidic (leucine-rich) nuclear phosphoproteins of
32 kDa, a small family comprising ANP32A,
ANP32B, andANP32E, fulfil many cellular func-
tions including the regulation of gene expression,
cell death, and intracellular transport (for review,
see Reilly et al. 2014). All of the ANP32 proteins
associate with histones, albeit in different ways
(Tochio et al. 2010; Obri et al. 2014; Saavedra
et al. 2017; Kleiner et al. 2018) and they have
been linked to the replication cycles of a variety
of viruses including paramyxoviruses and retro-
viruses (Bodem et al. 2011; Wang et al. 2019b;
Günther et al. 2020). ANP32 proteins have an
amino-terminal leucine-rich repeat (LRR) do-
main and a low-complexity acidic region
(LCAR) (Huyton and Wolberger 2007; Tochio
et al. 2010) and are believed to have histone acetyl
transferase (HAT) inhibitory activity, placing
them at the chromatin within the nucleus.

ANP32A and ANP32B proteins have been
identified as host factors for influenza replica-
tion in proteomics, RNAi, and CRISPR screens
(Bradel-Tretheway et al. 2011; Watanabe et al.
2014; Li et al. 2020). ANP32A (pp32) and
ANP32B (APRIL) were purified from nuclear
extract of uninfected HeLa cells and were shown
to support in vitro synthesis of vRNA on a
cRNA template (Sugiyama et al. 2015).

ANP32 proteins have been implicated as key
host factors that determine host range restric-
tion of avian influenza viruses in mammalian
cells. A functional screen led to the discovery

that avian ANP32A, which carries an additional
33 amino acids between the LRR and the LCAR
domains, is able to rescue activity of avian-sig-
nature (PB2-627E) RdRp in human cells (Long
et al. 2016). This finding addressed a long-
standing debate about whether restriction of avi-
an influenza polymerase in mammalian cells
was due to a positive factor in avian cells (Mon-
corgé et al. 2010) or a restriction factor in mam-
malian cells (Mehle and Doudna 2008; Weber
et al. 2015). The E627K mutation often seen in
adaptation of avian influenza viruses to replica-
tion in mammalian cells allows the RdRp to co-
opt the shorter mammalian ANP32 proteins,
which lack the 33-amino-acid insertion. Artifi-
cial insertion of the avian ANP32A-specific 33
amino acids into human ANP32A or ANP32B
enabled avian RdRp activity when coexpressed
in human cells. ANP32A has since been shown
to interact directly with influenza RdRp and
localize to the cell nucleus (Domingues and
Hale 2017; Baker et al. 2018; Long et al. 2019a;
Mistry et al. 2020). In vitro binding assays with
purified RdRp components showed that this in-
teraction maps to the 627 domain of PB2 but is
independent of the nature of the amino acid at
position 627; thus, interaction alone does not
explain the host specificity phenotype (Baker
et al. 2018).

Twenty-seven of the 33 additional amino
acid residues in chicken ANP32A derive from
a gene duplication event in the flighted bird
ancestor, but the six remaining amino acids
are unique to avian ANP32A and contain a
SUMO interaction motif-like sequence (SIM)
(Domingues and Hale 2017). The SIM confers
increased binding to the RdRp complex and is
key for the ability to complement avian RdRp.
Different bird species encode one or more splice
variants of ANP32A, containing either 33, 29, or
no additional amino acids. ANP32A lacking the
SIM (ANP32A29) was shown to support avian
RdRp but to a lesser extent than the variant
containing the full 33 amino acids (Baker et al.
2018). Interestingly, ratites like the ostrich lack
the gene duplication and thus the additional 33-
amino-acid sequence. In support of the notion
that the PB2-E627K adaptation facilitates use of
shorter mammalian ANP32 proteins, viral rep-
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lication in ostriches selected for this or other
humanizing PB2 mutations (Shinya et al. 2009).

The ratios of ANP32A splice variants (full-
length including the 33-amino-acid insertion,
29 amino acids lacking the putative SIM, or
mammalian-like lacking the whole 33 amino
acids) vary among avian species with passerine
species like swallows, blackbirds, and magpies
encoding amuch larger proportion of the short-
er (mammalian-like) splice variants than the
migratory reservoir species like ducks and geese
normally considered IAV carriers. Competitive
replication assays in the presence of mixtures of
ANP32A splice variants suggested different
splice variants can drive mammalian adapta-
tions in the PB2 gene, and mathematical mod-
eling supported the concept that ANP32A splice
ratios in birds could be harnessed to track and
predict acquisition and maintenance of mam-
malian RdRp adaptations (Domingues et al.
2019).

A split luciferase complementation assay was
used to demonstrate robust interaction between
chicken (chA) or human ANP32A (huA) with
IAV RdRp and it was confirmed that chA inter-
actsmuchmore stronglywith theRdRp thanhuA
(Mistry et al. 2020). Bimolecular fluorescence
complementation (BiFC) assays showed the in-
teraction between the RdRp andANP32A occurs
in the cell nucleus, placing the host factor at the
site of influenza replication. Removal of the PB2-
627 domain resulted in decreased binding of chA
but not huA, suggesting the sequences within the
33-amino-acid insertion in chA are responsible
for the increased binding to the RdRp. Indeed,
removal of the 33 amino acids, as well as removal
of the first four amino acids containing the puta-
tive SIM, strongly reduced the interaction and
likewise abolished avian-signature RdRp activity.
Binding of ANP32A to the RdRp was affected by
the presence of viral-like RNA molecules of var-
ious lengths, binding of which by the RdRp is
known to result in major conformational shifts
(Thierry et al. 2016). Binding affinity to ANP32A
was increased if the RdRp was inactive, but bind-
ing of active RdRp to ANP32A decreased in the
presence of the RNA template, suggesting that
ANP32A does not interact with actively synthe-
sizing RdRp. Mutations in the vRNA promoter

have been shown to enable avian-origin RdRp
activity in human cells in the absence of mam-
malian adaptations in PB2 (Neumann and Ho-
bom 1995; Crescenzo-Chaigne et al. 2002).
ANP32 proteinswere still essential for replication
of this altered RNA however (Mistry et al. 2020).

Solution-state NMR spectroscopy com-
bined with quantitative ensemble analysis was
used to analyze complexes formed between the
avian and human ANP32A LCAR domain and
the avian (PB2-627E) or human-adapted (PB2-
627K) IAV polymerase. It was found that the
unique avian hexapeptide containing the SIM-
like motif likely interacts specifically with the
linker between the 627 and NLS domains of
PB2. In this study, the E627Kmutation did con-
fer tighter binding with the negatively charged
human ANP32A LCAR, as it completes a con-
tinuous ridge of solvent-exposed positively
charged residues available for interaction. Bear-
ing in mind that in other studies binding differ-
ences between 627E and 627K RdRp to human
ANP32 proteins were not observed, it is still not
clear whether interaction alone explains the host
range mutation or whether the differences in
binding can only be observed using certain
methodologies. Interestingly, the authors ob-
served an electrostatic interaction between the
known proviral aspartate at position 130 of
ANP32A and the basic arginine residue R646
in the 627 domain of PB2 (Camacho-Zarco
et al. 2020). Overall, the interactions were shown
to be highly flexible and polyvalent. Any role of
the LRR domain in binding the RdRp remains
unclear.

CRISPR–Cas9-mediated KO of human
ANP32A and ANP32B carried out in 293 T cells
or low-ploidy eHAP cells demonstrated that
ANP32A and ANP32B are functionally redun-
dant essential host factors for influenza virus po-
lymerase activity and replication in human cells
(Staller et al. 2019; Zhang et al. 2019a). Deletion
of either ANP32A or ANP32B had negligible ef-
fects on virus replication, but replication was se-
verely restricted in cells lacking both paralogs
(double KO). Residues 129 and 130 at the car-
boxy-terminal end of the LRR have been heavily
implicated in proinfluenza virus function (Long
et al. 2019a; Staller et al. 2019; Zhang et al. 2019a).
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Chicken ANP32B, mouse ANP32A, and human
ANP32E lack proinfluenza viral function owing
to amino acid substitutions in the proviral dyad
129N-130D. Thus, the redundancy for proviral
activity of ANP32 proteins seen in human cells
is not present in mice or chickens. Indeed, a con-
ditional ANP32BKOmousemodel was shown to
resist IAV-induced morbidity and mortality
(Beck et al. 2020), despite the presence of wild-
type ANP32A in the animals. A recent preprint
identified both homozygous and heterozygous
individuals for the single-nucleotide variant
(SNV)ANP32B-D130A in the Latino population
of the gnomADdatabase (Staller et al. 2020). This
variant might exert a dominant-negative effect
over both the wild-type ANP32B allele and the
functionally redundant wild-type ANP32A al-
leles, which would mean carriers of the SNV
have some protection against influenza virus in-
fection.

It has recently been shown that swine
ANP32A (swA), uniquely among mammalian
ANP32proteins, is somewhat capable of support-
ing avian-signature polymerases in mammalian
cells (Peacock et al. 2020; Zhang et al. 2020). This
observation supports the notion of pigs as a “mix-
ing vessel” or intermediate host in the generation
of pandemic viruses: avian influenza viruses may
be capable of just enough replication in the pig
host to obtain the necessary mutations for suc-
cessful zoonosis into other mammalian species.
Overexpression experiments in human cells lack-
ing ANP32A and ANP32B expression (dKO)
with ANP32A and ANP32B proteins from a va-
riety of natural mammalian host species includ-
ing human, swine, dog, horse, seal, and bat
showed that swA had a unique capacity to rescue
polymerase activity and viral replication of awide
variety of avian IAV subtypes (H7N9, H7N2,
H5N1, H1N1) as well as swine-origin 2009
pH1N1 and Eurasian avian-like isolates from
pigs (Peacock et al. 2020; Zhang et al. 2020). Re-
ciprocalmutations inhuman and swineANP32A
showed that proavian polymerase activity
mapped to residues 106 and 156, which are valine
and serine in swA but isoleucine and proline in
other mammalian ANP32A proteins. These sub-
stitutions result in increased binding of swA to
avian-signature influenza RdRp (Peacock et al.

2020; Zhang et al. 2020). Although swine
ANP32B has the ability to support RdRp activity,
it would appear that in swine cells ANP32A is the
dominant proviral factor. CRISPR–Cas9-mediat-
ed ablation of swA in pig epithelial PK15 cells
(AKO) resulted in a sharp reduction in IAV
H7N9 and H9N2 polymerase activity as well as
reduced H9N2 titers. Complementation in PK15
AKO cells with huA-I106V/P156S double-mu-
tant increased, whereas swA-V106I/S156P dou-
ble-mutant reduced H9N2 titers (Zhang et al.
2020). The 2009 pandemic virus had its immedi-
ate precursor in swine. A PA-N321K substitution
found in second- and third-wave 2009 pH1N1
isolates was likely selected as a direct adaptation
to humanANP32 proteins. Direct comparison of
the activity of polymerase constellations from a
pair of first- (PA-321N) and third-wave (PA-
321K) pH1N1 isolates in human and pig cells
revealed that human ANP32A has a greater ca-
pacity to boost activity of the latter constellation,
compared with swine ANP32A (Peacock et al.
2020).

Chicken cells lacking ANP32A expression
(chA KO) or expressing a mammalian-like
ANP32A protein lacking the 33-amino-acid in-
sertion resulted in restriction of 627E but not
627K polymerase (Long et al. 2019a; Park et al.
2020). As chicken ANP32B and ANP32E tran-
scripts were readily detected in these cells, it is
clear that these family members could not sup-
port IAV RdRp activity (Long et al. 2019a). The
chicken Anp32B gene (chB) encodes isoleucine
and asparagine at positions 129 and 130, and
this is the reason why it lacks proinfluenza virus
function. Split luciferase complementation and
coimmunoprecipitation assays show that bind-
ing of chB to the viral polymerase is abrogated
due to this sequence difference (Long et al.
2019a; Zhang et al. 2019a). In fact, the N129I
mutation alone is sufficient to break interaction
and proviral activity of ANP32 proteins from a
variety of relevant species including humans
and pigs (Peacock et al. 2020).

Many avian H7N9 and H9N2 viruses ac-
quire the PB2-E627K substitution when pas-
saged in MDCK cells or mice, but some H9N2
isolates do not. Recombinant viruses in an
H7N9 background sensitive to 627K acquisition
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were generated with single-genome segments
from an H9N2 virus that did not evolve 627K.
The gene driving the emergence of PB2-E627K
inmicewas found to be PA; theH7N9 virus with
H9N2 PA did not acquire 627K in a mouse pas-
sage experiment, whereas the H7N9 PA con-
ferred low RdRp activity in human cells. This
phenomenon was mapped to four highly con-
served residues in the amino-terminal domain
of PA (Liang et al. 2019). H7N9 viruses were
further found to replicate poorly in human
ANP32A KO cells and mice, which is surprising
as KO of bothANP32A andANP32B is normally
required in human cells to see reduced H1N1,
H3N2, and humanized H5N1 titers (Staller
et al. 2019; Zhang et al. 2019a), whereas murine
ANP32A has been shown to lack proinfluenza
viral activity (Staller et al. 2019; Zhang et al.
2019a).

To sum up, ANP32 proteins are essential
proviral factors that support the replication of
influenza virus RNAs by the RdRp. Differences
in ANP32 sequences in different species play
important roles in host range restriction, and
these proteins represent perhaps the most
promising host targets for future influenza con-
trol strategies.

Nonproteinaceous Host Factors Support
Replication

Long noncoding RNAs (lncRNAs) are tran-
scripts of >200 nt that lack peptide-coding ca-
pacity but nonetheless fulfil important functions
in diverse cellular processes. In addition, many
lncRNAs play a role in virus–host interactions
(Meng et al. 2017). Hundreds of lncRNAs are
up- or down-regulated upon IAV infection, the
majority of which are associated with immune
responses that contribute to antiviral defense
(Peng et al. 2010; Winterling et al. 2014).
Some IFN-independent lncRNAs promote rath-
er than counteract influenza virus infection (for
review, see Wang and Cen 2020).

In one study, RNA sequencing (RNA-seq)
and real-time PCR were used to identify up-reg-
ulated lncRNAs in influenza virus–infected
A549 cells. Repression of the lncRNA PSMB8-
AS1 by CRISPR interference (CRISPRi) led to

reduced viral protein accumulation in infected
cells and a slight but significant drop in virus
titers (More et al. 2019). Another IAV-induced
IFN-independent lncRNA, lncRNA-ACOD1
(aconitate decarboxylase 1), was shown to pro-
mote viral replication indirectly through its ef-
fects on cellular metabolism (Wang et al. 2017).
Knockdown of lncRNA-ACOD1 by RNAi re-
sulted in lower H1N1 PR8 viral load in A549
cells. The authors identified glutamic-oxaloace-
tic transaminase (GOT2), a key metabolic en-
zyme, as an lncRNA-ACOD1-binding cellular
protein. Virus-induced metabolic changes in
wild-type cells were abolished when lncRNA-
ACOD1 was depleted. The authors propose a
model in which lncRNA-ACOD1 facilitates vi-
rus replication through stimulating GOT2 activ-
ity and production of its metabolites, which can
subsequently be harnessed by the virus to sup-
port its energy-dependent activities.

Using microarray analysis, several lncRNAs
were identified that were differentially expressed
during H1N1 WSN infection of A549 cells
(Winterling et al. 2014). One of these, the
IFN-independent large intergenic ncRNA
(lincRNA) VIN (virus-inducible lincRNA),
was up-regulated by IAVs of subtypes H7N7,
H1N1, and H3N2, but not by IBV. VIN is local-
ized in the cell nucleus and knockdown byRNAi
resulted in a tenfold decrease in WSN titers in
A549 cells. However, the mechanism through
which VIN supports IAV replication has not
been elucidated.

A loss-of-function screen using an endori-
bonuclease-prepared short interfering RNA
(esiRNA) library targeting human lncRNAs
was carried out in 293 T cells that express Gaus-
sia luciferase (Gluc) upon infection with IAV.
This approach yielded two lncRNAs that are
hijacked by the viral replication machinery to
support efficient viral RNA synthesis (Wang
et al. 2018, 2019a). The first of these, PA-asso-
ciated noncoding RNA (lncRNA-PAAN), was
specifically induced by IAV infection inmultiple
human cell types. Knockdown of lncRNA-
PAAN resulted in attenuated viral replication
and RdRp activity while also impairing associa-
tion of the PB1 and PB2 subunits. Native RNA
immunoprecipitation (RIP) analysis showed
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that lncRNA-PAAN interacted with the PA sub-
unit of the polymerase, likely acting as its chap-
erone while promoting the assembly of the viral
polymerase (Wang et al. 2018).

The other major hit lncRNA-IPAN (influ-
enza virus PB1-associated noncoding RNA) is
also induced by IAV infection and believed to
promote viral replication through its association
with PB1, preventing its degradation (Wang
et al. 2019a). IAV infection did not only increase
the level of lncRNA-IPAN but also recruited it
into the nucleus. lncRNA-IPAN silencing led
to a strong reduction of NP in knockdown
cells, whereas progeny virus titers diminished.
CRISPR–Cas9-mediated depletion of lncRNA-
IPAN led to a significant reduction in viral pro-
tein and RNA levels in KO cells infected with
IAV. Reduced RdRp activity in a minireplicon
system suggested that lncRNA-IPAN specifi-

cally supported IAV RNA replication. Acceler-
ated turnover of PB1 but not PB2 or PA in the
absence of lncRNA-IPAN suggested that it plays
a role in stabilizing PB1 and indeed PB1 copre-
cipitates with lncRNA-IPAN. The authors sug-
gest a model in which lncRNA-IPAN associates
with PB1 in the cytoplasmwhere it stabilizes and
protects the viral protein from degradation by
the host machinery. PB1 then brings lncRNA-
IPAN into the nucleus where it dissociates upon
formation of the heterotrimeric RdRp complex.

NUCLEAR EXPORT AND BEYOND

Once sufficient progeny vRNPs have been gen-
erated, thesemust be exported out of the nucleus
and toward the plasma membrane for budding
into new virus particles. Host factors are heavily
involved in both processes (Figs. 4 and 5).
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Figure 4. Nuclear export of progeny viral ribonucleoproteins (vRNPs). Nuclear export of progeny vRNPs is
triggered by the Raf/MEK/ERK phosphorylation cascade leading to S269 and S392 phosphorylation of nucle-
oprotein (NP) by the ERK effector RSK1. Progeny vRNPs are trafficked to the chromatin via SC35 nuclear
speckles where they pick up M1, which is held there by the clustered mitochondria protein homolog CLUH. At
the chromatin, the export complex is assembled proximal to the Ran guanine exchange factor Rcc1, which
regenerates Ran-GTP fromRan-GDP. The soluble export receptor CRM1, also known as exportin 1, also localizes
to the chromatin. The vRNP export complex consists of the vRNP coated withM1, which is bound in turn by the
viral nuclear export protein (NEP). NEP, in possession of a nuclear export signal (NES), is believed to form a
bridge between the vRNP and the CRM1–Ran–GTP complex, which mediates nuclear export through interac-
tion with the nuclear pore complex (NPC).
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Involvement of the Raf/MEK/ERK Signaling
Pathway

Nuclear export of progeny vRNPs does not occur
constitutively but is regulatedby cellular signaling
pathways to ensure temporal control over vRNP
migration to the cytoplasm in the later stages
of the viral life cycle. (Pleschka et al. 2001;
Nencioni et al. 2009; Eisfeld et al. 2011; Ehrhardt
et al. 2013). The Ras-dependent Raf/MEK/ERK
mitogen-activated protein (MAP) kinase signal-
ing pathway regulates many cellular functions
including proliferation, differentiation, cell me-
tabolism, and immune response. Downstream
targets of the pathway may be phosphorylated
directly by ERK or alternatively by ERK-activated

kinases like the p90 ribosomal S6 kinases (RSK1/
2) (Katz et al. 2007; Cargnello and Roux 2011).
HA accumulation in the plasmamembrane at the
late stage of the influenza viral cycle activates the
Raf/MEK/ERK pathway, triggering nuclear ex-
port of vRNPs (Ludwig et al. 2004; Marjuki
et al. 2006). This ensures timely regulation of
vRNP export late in the viral life cycle when suf-
ficient glycoproteins have accumulated for bud-
ding of progeny virions. MEK inhibitors may be
promising antivirals against IAV and IBV; no es-
cape mutants were detected after multipassage
use (Ludwig et al. 2004). MEK and ERK were
identified separately as host factors required for
influenza virus replication in a genome-wide
RNAi screen (König et al. 2010).

Rab11A
Microtubule

RE

Cytoplasm Extracellular

Budding
virion

Viral inclusions

ICVs

Modified ER

NEP

Ran-GTP

CRM1

Progeny vRNP

MTOC

RanGAP

Nucleus

Figure 5. Cytoplasmic trafficking of progeny viral ribonucleoproteins (vRNPs). The nuclear export complex
disassembles at the perinuclear region upon Ran-GTP hydrolysis to Ran-GDP by the Ran GTPase-activating
protein RanGAP, which is associated with the nuclear pore complex (NPC). The preferred model for what
happens next used to be the association of the vRNPs with recycling endosomes (REs) through interaction
with Ras-related protein Rab11A at the microtubule organizing center (MTOC). Rab11A-positive RE traffic
alongmicrotubules upon recruitment ofmolecularmotors.More recently, involvement ofmodified endoplasmic
reticulum (ER) structures rather than RE has been proposed as driving vRNP trafficking. This model comes in
various incarnations, including irregular coated vesicles (ICVs) adorned with vRNPs and viral inclusions that
resemble liquid organelles containing the vRNPs. In each of these cases, Rab11A is also associated with the
structures, which would explain the colocalization between vRNPs and Rab11A that led to the initial model. All
models result in accumulation of vRNPs at the plasma membrane where they are packaged in novel virions for
budding.
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MEK inhibition also alters the interaction
of M1 with vRNPs, thus resulting in a block in
the assembly of the export complex at the dense
chromatin (Schreiber et al. 2020). Two phos-
phorylation sites on the viral NP, serine 269
and serine 392, remained unphosphorylated
in the presence of the MEK inhibitor CI-
1040. Phosphorylation of these residues is car-
ried out by RSK1, whose activation is mediated
by virus-induced Raf/MEK/ERK pathway activ-
ity. Knockdown by siRNA of the RSK1 isoform,
as well as inhibition of both RSK isoforms by
the compound BI-D1870, led to nuclear reten-
tion of vRNPs and reduced virus titers in A549
cells. Knockdown of RSK2, a related kinase ac-
tivated in the same way, increased virus repli-
cation, which was not surprising as RSK2 is
involved in antiviral response (Kakugawa
et al. 2009). Because the RSK inhibitors block
both isoforms, the proviral function of RSK1
seems dominant over the antiviral function of
RSK2.

Involvement of the CRM1 Pathway

CRM1 is a soluble adaptor molecule that binds
to leucine-rich nuclear export signals (NESs) on
cargo proteins in the nucleoplasm. It then forms
a trimeric complex with Ran-GTP that mediates
export of the substrate (Petosa et al. 2004). Lep-
tomycin B (LMB) specifically inhibits CRM1/
exportin 1, a member of the IMPβ family, by
covalently modifying a specific cysteine residue,
which is thought to interfere with the normal
formation of a stable complex with the export
substrate (Kudo et al. 1999).

CRM1 was identified as a host factor re-
quired for influenza virus replication in a
combined Co-IP/LC/MS and RNAi screen (Wa-
tanabe et al. 2010). NP and CRM1were found to
interact in vivo and nuclear retention of both
RNA-free NP and RNPs is seen in infected cells
treated with LMB. Conversely, cotransfection of
exogenous CRM1 resulted in a significant in-
crease in cytoplasmic NP. The inhibitory effect
of LMB on RNP nuclear export was seen with a
variety of IAV strains and in multiple cell lines
including primary chicken embryo fibroblasts
(CEFs), so use of the CRM1 export pathway is

a general feature of influenza viruses (Elton et al.
2001; Watanabe et al. 2001).

vRNPs are exported in conjunction withM1
and NEP. Indeed, NEP interacted directly with
CRM1 in a mammalian two-hybrid system, and
NEP was crucial for nuclear export of vRNP
complexes (Neumann et al. 2000). Although
the amino terminal NES of NEP was not re-
quired for NEP binding to CRM1, mutations
in the NES did lead to nuclear retention of NP,
so the NES functions critically in the nuclear
export of NP and, by extension, of vRNPs (Neu-
mann et al. 2000). NEP was also the only viral
protein to interact with nucleoporins in a yeast
two-hybrid system, and antibodies directed
against NEP, injected directly into the cell nu-
cleus, inhibited the cytoplasmic accumulation of
free NP and RNPs. The NEP amino-terminal
effector domain was recognized as a bona fide
NES comparable with known NESs of viral and
cellular origin, and mapped to amino acid resi-
dues 11–23 (O’Neill et al. 1998). A second NES
has also been proposed (Huang et al. 2013).

The daisy-chain model of nuclear export of
vRNPs postulates that M1 binds directly to
vRNPs with NEP acting as a bridge between M1
and CRM1 to facilitate translocation across the
NPC. It is believed that the vRNP export com-
plexes assemble at the host chromatin, bringing
them in close contact to the Ran guanine ex-
change factor Rcc1, which is responsible for gen-
erating Ran-GTP and driving CRM1-dependent
nuclear export (Chase et al. 2011). Recycled cel-
lular CRM1–Ran-GTP complexes are thus
usurped by influenza vRNPs after nucleotide ex-
change by Rcc1 on the chromatin. In this way,
influenza virus gains preferential access to host
cell export machinery by locating vRNP cargo
proximal to the sites of Ran-GTP regeneration
(Chase et al. 2011). vRNA but not cRNA was
found in the relevant chromatin fraction, along-
side proteinaceous RNP components, M1, small
amounts of NEP, Rcc1, and core histone H3.
CRM1 was found to relocalize to the sites on
dense chromatin where vRNP export complexes
also accumulate (Chase et al. 2011).

A subset of newly synthesized M1 is import-
ed into the nucleus via its NLSswhere it interacts
with the newly formed vRNPs, in particular NP
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(Martin and Heleniust 1991a; Whittaker et al.
1996). However, H5N1 virusM1 alone appeared
incapable of interacting with the vRNP in the
nucleus. Rather, vRNP–M1 interaction was
found to require the CTD of NEP (Brunotte
et al. 2014). This leads to a slightly different
model in which the CTD of NEP enhances the
binding affinity of M1 to the vRNP. All in all, it
appears that progeny vRNPs associated with vi-
ral M1 and NEP are exported to the cytoplasm
through the CRM1-dependent nuclear export
pathway as vRNP–M1–NEP–CRM1 complexes.

The Involvement of CLUH

CLUH is a PB2-binding host protein with a role
in subcellular transport of vRNPs (Watanabe
et al. 2010). CLUH plays a key role in the sub-
nuclear transport of vRNPs to the assembly site
of viral nuclear export complexes via nuclear
speckles (Ando et al. 2016). Pandemic 2009
H1N1, seasonal H3N2, and IBV titers were re-
duced in cells depleted of CLUH by siRNA and
nuclear retention of M1, NEP, and vRNPs was
observed in the CLUH knockdown cells. CLUH
normally functions as a mitochondrial protein,
but in infected cells it translocates to the nucle-
oplasm and nuclear matrix where it colocalizes
with PB2 andM1. CLUH andM1 accumulate in
SC32-positive nuclear speckles where they are
joined by progeny vRNPs via interaction with
PB2. They are then translocated to the chroma-
tin-bound region where the vRNP export com-
plexes are assembled in the presence of NEP and
CRM1. Thus, CLUH is involved in the subnu-
clear transport of progeny vRNPs to the assem-
bly site of viral nuclear export complexes at the
dense chromatin via SC35-positive speckles.

Progeny vRNP Transport to the Plasma
Membrane

Until recently, it seemed clear-cut that vRNPs
are transported from the nucleus to the plasma
membrane on microtubule networks in associ-
ation with Rab11A-positive recycling endo-
somes (REs) (Bruce et al. 2010; Amorim
2019). Rab11A specifically marks REs, which
sort and transport cargo to the apical cell mem-

brane. Rab11A recruits molecular motors to RE
through interaction with the Rab11 family in-
teracting proteins (FIPs). Rab11-FIPs can
associate with both actin and microtubules;
therefore, Rab11A-RE can use multiple cyto-
skeletal networks for transport.

After nuclear export, progeny vRNPs accu-
mulate near the microtubule organizing center
(MTOC) adjacent to thenuclearmembrane (Mo-
mose et al. 2007; Amorim et al. 2011). Live-cell
imaging approaches using fluorescently tagged
vRNPcomponents have shownvRNPmovement
alongmicrotubuleswith a characteristic intermit-
tent saltatorymotion (Amorim et al. 2011; Avilov
et al. 2012). Cells treated with microtubule depo-
lymerizing agents had altered vRNP distribution
and reduced viral growth. Depletion of Rab11A
by RNAi and overexpression of a dominant-neg-
ative Rab11A mutant (Rab11A-GDP) impaired
the association of vRNPs with Rab11A-positive
vesicles, disrupted accumulation of vRNPs at the
plasma membrane, and sharply reduced the out-
put of infectious progeny virus (Eisfeld et al.
2011). Several recent reports, however, have put
the question to the accepted model of vRNP traf-
ficking along microtubules in association with
Rab11A.

Discrepant results included themodest reduc-
tion in viral titers seen on depolymerization of
microtubules and decrease in Rab11A binding of
FIP adaptors upon infection, suggesting that asso-
ciation between Rab11A and microtubules might
be compromised (Vale-Costa et al. 2016). Ultra-
structural inspection of cytoplasmic sites positive
forRab11AandvRNPs, using correlative light and
electron microscopy (CLEM) showed clustered
vesicles of heterogeneous sizes from where
coiled-coil structures resembling vRNPs protrud-
ed. Similar vesicles, renamed irregular coated ves-
icles (ICVs), were observed more recently by EM,
which seemed to extend froman extensively swol-
len and tubulated endoplasmic reticulum(ER) (de
CastroMartinetal. 2017).This suggeststhat itmay
be extensions of the ER and not the REs that
regulate vRNP transport. Rab11Awas found asso-
ciated with the modified ER and with irregular
coated vesicles as well. So this alternative model
postulates that once progeny vRNPs reach the cy-
toplasm, they first bind to a modified ER from
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whereRab11A-coated vesicles loadedwith vRNPs
are subsequently released and directed to the plas-
mamembrane (Amorim 2019).

Another report also suggested the existence of
a Rab11A-RE independent pathway for cytoplas-
mic transport of vRNPs, basedon the observation
that vRNP subcellular location could be uncou-
pled from Rab11A in the presence of the mi-
crotubule depolymerization agent nocodazole
(Nturibi et al. 2017). Further supporting data
for involvement of the ER rather than microtu-
bules comes from the detection of viral inclusions
forming in the vicinity of ER exit sites (ERES)
(Alenquer et al. 2019). These inclusions are not
membrane-bound, rather they have properties of
liquid organelles and contain both vRNPs and
Rab11A. Thus, accumulating evidence suggests
that Rab11 subcellular localization is redirected
and its function is impaired during IAV infection.

Three-dimensional movement of fluores-
cently tagged Rab11A-RE and IAV vRNPs was
tracked in infected A549 cells using dual-view
inverted selective-plane illumination microsco-
py (diSPIM). Although Rab11A motion was
dependent onmicrotubules in A549 cells, deple-
tion of microtubule filaments by nocodazole
treatment had little impact on vRNP movement
(Bhagwat et al. 2020). In addition, a large reduc-
tion in the amount of dynein, the minus-end-
directed microtubule motor, associated with
Rab11A was observed in IAV-infected cells.
This might be the mechanism behind altered
Rab11A movement seen during IAV infection.
As more than one-half of the IAV vRNP puncta
moved independently of Rab11A spots and vice
versa, this study provides yetmore evidence for a
microtubule and Rab11A-independent mecha-
nism of cytoplasmic vRNP transport.

A unifying explanation would be that influ-
enza virus has evolved several mechanisms of
cytoplasmic vRNP trafficking involving either
Rab11A-RE and the microtubule network or
the ER and alternative vesicles or even liquid-
phase organelles.

DISCUSSION

Cellular factors are involved in all stages of the
influenza life cycle. As details of these essential

virus–host interactions are unveiled, we may be
given the opportunity to target them specifically,
leading to novel means of intervention. Under-
standing how viral pathogens usurp the cell ma-
chinery is key for the development of antiviral
agents. At the same time, studying how and why
viruses subvert cellular proteins and pathways
will give us valuable insights in the workings
of the host cell itself. As RNA viruses are prone
to rapid evolution, compounds aimed at virus-
encoded proteins will inexorably result in the
rapid emergence of drug resistance. A focus on
host-directed therapy may lead to novel longer-
lasting therapeutics and antiviral strategies.
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