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SUMMARY
Host adaptive mutations in the influenza A virus (IAV) PB2 protein are critical for human infection, but their
molecular action is not well understood. We observe that when IAV containing avian PB2 infects mammalian
cells, viral ribonucleoprotein (vRNP) aggregates that localize to the microtubule-organizing center (MTOC)
are formed. These vRNP aggregates resemble LC3B-associated autophagosome structures, with aggre-
some-like properties, in that they cause the re-distribution of vimentin. However, electronmicroscopy reveals
that these aggregates represent an accumulation of autophagic vacuoles. Compared to mammalian-PB2 vi-
rus, avian-PB2 virus induces higher autophagic flux in infected cells, indicating an increased rate of autopha-
gosomes containing avian vRNPs fusing with lysosomes. We found that p62 is essential for the formation of
vRNP aggregates and that the Raptor-interacting region of p62 is required for interaction with vRNPs through
the PB2 polymerase subunit. Selective autophagic sequestration during late-stage virus replication is thus an
additional strategy for host restriction of avian-PB2 IAV.
INTRODUCTION

Host barriers serve to restrict cross-species infections. Howev-

er, some avian influenza viruses have evolved multiple host-

adaptive strategies, including the ability to infect mammalian

hosts and achieve cross-species transmission. Pandemic influ-

enza is caused by efficient cross-species transmission of a novel

subtype of influenza virus, arising either through reassortment or

direct host adaptation processes (Taubenberger and Kash,

2010). Host-adaptive mutations have been identified in viral

functions associated with different stages of the influenza virus

life cycle, including receptor binding for cell entry, viral genome

replication, and late-stage viral genome trafficking for virion

packaging (Cauldwell et al., 2014; Schrauwen and Fouchier,

2014). While switching of receptor-binding specificity to the

new host will ultimately determine the efficiency of cross-species

transmission, adaptation of viral polymerase for replication in a

novel host could occur first, thereby priming the virus for a

cross-species jump (de Graaf and Fouchier, 2014; Wang et al.,

2019). Adaptive mutations in the viral replication complex are

thought to be important for preparing a virus for the evolution

or acquisition of other mutations that promote cross-species
This is an open access article under the CC BY-N
infection (Huang et al., 2017; Wang et al., 2019). Multiple adap-

tation markers in the polymerase subunits, nucleoprotein, and

non-structural proteins have been identified in various influenza

viruses causing human infections. Among all known host-adap-

tive substitutions, mutations in the PB2 subunit are the most

commonly found and extensively studied (Huang et al., 2017;

Mänz et al., 2012; Mehle and Doudna, 2009; Naffakh et al.,

2008; Soh et al., 2019; Song et al., 2014; Subbarao et al.,

1993; Yamada et al., 2010).

Influenza virus uses the viral polymerase complex, which is

composed of PB1, PB2, and PA subunits, to replicate and tran-

scribe the viral genome in the cell nucleus. Various influenza virus

subtypes containing polymerases with host-adaptive mutations

such as E627K, D701N, K526R, or G590S/Q591R (H1N1) display

higher polymerase activity in mammalian cells than viruses with

polymerases lacking adaptive mutations (Gabriel et al., 2005;

Mehle and Doudna, 2009; Song et al., 2014). Some of these

characterized mutations are associated with human infections

caused by H5 and H7 subtype avian influenza viruses (Chen

et al., 2006b; Hatta et al., 2001; Song et al., 2014). However, de-

tails of themolecular basis for the promotion of cross-species vi-

rus replication in mammalian cells by these adaptive mutations
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remains largely unknown. Acquiring the positively charged

E627K substitution may facilitate PB2 interaction with viral

nucleoprotein (NP) in the ribonucleoprotein (RNP) polymerase

complex, enhancing viral polymerase activity in mammalian cells

(Gabriel et al., 2005; Labadie et al., 2007; Naffakh et al., 2008).

The host protein, ANP32A, has recently been found to play a

role in restricting virus replication inmammalian cells through dif-

ferential regulation of the activity of viral polymerases carrying

PB2-627K (human) or PB2-627E (avian) signatures (Domingues

and Hale, 2017; Long et al., 2016, 2019). The effect of PB2

host-adaptive mutations is not limited to the enhancement of

viral polymerase activity. Interaction with host machinery is inte-

gral to the export of the viral genome to the cytoplasm for pack-

aging into new virions that bud from the membrane of infected

cells (Lakdawala et al., 2016). Host-adaptation mutations in

PB2 have also been observed to affect viral interactions with

host nuclear import machinery (Boivin and Hart, 2011; Gabriel

et al., 2008; Pumroy et al., 2015). Retinoic acid-inducible gene-

I (RIG-I) plays an important role in antiviral immunity and func-

tions as a sensor of RNA viruses, binding to the influenza virus

nucleocapsid to directly inhibit virus infection in a manner inde-

pendent of interferon induction (Weber et al., 2015). The

segmented viral genome structure allows influenza viruses to

consolidate optimal replication fitness within different genome

constellations through reassortment and adaptive mutations.

Host restrictions act on different stages of the virus life cycle,

and influenza viruses have evolved with multiple layers of adap-

tive strategies to evade these restrictions. Selective autophagy

has been shown to play an important role in innate and acquired

immunity, facilitating the capture and clearance of incoming

pathogens; however, influenza viruses have evolved not only to

evade this host restriction but also to hijack the autophagy pro-

cess to facilitate virus replication (Ding et al., 2014; Levine, 2005).

To explore other mechanisms underlying the host restriction of

avian influenza virus replication in mammalian cells, and in

particular those occurring after nuclear export of the newly syn-

thesized viral genome, we analyzed intracellular trafficking of

viral RNP (vRNP) in influenza virus-infected cells. We found

that influenza viruses carrying avian-type PB2 consistently

form vRNP aggregates in infected cells, while viruses carrying

mammalian-type PB2, regardless of the type of mutation, do

not form such aggregates. We further demonstrated that these

vRNP aggregates are closely associated with the autophagic

process. Human influenza viruses have evolved to subvert host

restriction by autophagy to promote virus replication, and it

seems that one of the adaptive strategies associated with PB2

may involve evasion of the antiviral effects of the cellular auto-

phagy process during intracellular trafficking of viral genomes

to the assembly site for packaging. Our data show that influenza

viruses carrying avian-type PB2 evade autophagic inhibition less

effectively than those with human-type PB2, leading to lower

replication efficiency. Different mechanisms lead to the auto-

phagy process in cells. We identified p62/SQSTM1, an important

cargo receptor for autophagy (Bjørkøy et al., 2005; Pankiv et al.,

2007), as critical for the formation of vRNP aggregates in cells in-

fected with viruses bearing avian-type PB2, leading to auto-

phagy-related host restriction of avian influenza virus replication

in mammalian cells.
2 Cell Reports 35, 109213, June 8, 2021
RESULTS

Aggregates of vRNP accumulate in mammalian cells
infected with influenza virus containing avian PB2
The H7N9 virus has caused more human infections than any

other subtype of avian influenza virus since its 2013 emergence

in China (Chen et al., 2013; Wang et al., 2017). We have specu-

lated that the 2013 H7N9 virus uses multiple host adaptive stra-

tegies to cause human infections (Huang et al., 2017; Song et al.,

2014). To explore the molecular mechanism of mammalian

adaptation for avian influenza viruses, we examined cellular traf-

ficking of vRNA using combined RNA fluorescence in situ hybrid-

ization (FISH) and immunofluorescence analysis. The 2013H7N9

virus is a reasssortant virus containing internal genes from circu-

lating avian H9N2 and hemagglutinin (HA) and neuraminidase

(NA) genes from influenza viruses present in wild birds (Gao

et al., 2013). In this experiment, vRNA probes for the specific

recognition of PB2 from H9N2 or NP from WSN were used.

Notably, we found that cells infected with avian H9N2 virus

display distinct large vRNA aggregates and that these colocalize

with Rab11 in the perinuclear area (Figure 1A). Similar vRNA ag-

gregates were not observed during infection with a mammalian

cell-adapted virus, A/WSN/33. Interestingly, vRNA aggregates

containing WSN NP genome segments were observed in WSN

and H9N2 virus co-infected cells; these co-localized with H9N2

PB2 segments, suggesting that formation of vRNP aggregates

is dictated by the presence of avian PB2. To understand which

viral component from H9N2 virus contributes to the presence

of vRNA aggregates, we tested two viruses, one containing

RNP genes (PA, PB1, PB2, and NP) derived from an H7N9 virus

isolated from a human case (Song et al., 2014) and the other con-

taining RNP genes from the avian H9N2 virus, which provided

the internal genes of the 2013 H7N9 virus, with the remaining

genome segments of each virus being derived from the WSN

strain. The infection of A549 cells showed that only cells infected

with virus containing avian H9N2 RNP, but not RNP derived from

the H7N9 human virus, produced vRNP aggregates (Figure 1B).

We then tested a panel of reassortant WSN viruses with human-

origin H7N9 RNPs containing PB2 with various adaptive muta-

tions or individual RNP components derived from an avian-origin

H7N9 strain. No vRNP aggregates were observed in cells in-

fected with viruses containing known PB2 adaptive mutations

or viruses containing avian-type PB1, PA, or NP. However,

vRNP aggregates were observed in cells infected with reassor-

tant virus containing avian-type PB2 (Figure 1C; Table S1).

Growth analysis revealed that RNPs containing avian-type PB2

cause attenuation of viral growth rate in A549 cells (Figure S1).

To facilitate subsequent experiments analyzing the contribution

of avian-type PB2 to the accumulation of vRNA aggregates in

mammalian cells, we constructed a reassortant WSN virus in

which the PB2 was mutated from 627K (wild type [WT]) to

627E to create an avian-type PB2 (Figure S2A). This pair of vi-

ruses, which differ only in the 627 residues (WSN-WT and

WSN-627E), were examined, confirming that A549 cells infected

with WSN-627E but not WSN-WT develop vRNA aggregates,

which became apparent from 8 h post-infection (Figure 1D). To

further validate this difference between influenza viruses con-

taining either 627K or 627E PB2, we infected normal human



Figure 1. Accumulation of vRNA aggregates

in mammalian cells infected with influenza

virus containing avian PB2

A549 cells were mock infected or infected with the

indicated viruses at an MOI of 5. At 10 hpi (hours

post-infection), cells were fixed and combined

RNA FISH and immunofluorescence analysis was

performed.

(A) Infection with WSN or avian H9N2 virus or co-

infection with WSN and avian H9N2 viruses. FISH

staining with NP vRNA probe derived from WSN

(shown in red) or PB2 vRNA probe derived from

avian H9N2 (shown in purple) and immunofluo-

rescence staining for endogenous Rab11 (shown

in green) are shown. vRNA aggregates that co-

localized with endogenous Rab11 are labeled with

arrows. For co-infection, the cell infected only with

the WSN strain is labeled with a star. NP (WSN)

vRNA and PB2 (H9N2) vRNA probes were used to

differentiate viral RNP complexes in cells co-in-

fected with both viruses.

(B) Infection with WSN-RNP (human) or WSN-RNP

(avian) viruses, with FISH staining using PB2 vRNA

probes derived from WSN or H9N2 strains,

respectively, and antibody staining of endogenous

Rab11 (green).

(C) A549 cells were infected with the indicated re-

assortant viruses and stained using PB2 vRNA

probe (purple) and endogenous Rab11-specific

antibody (green).

(D) A549 cells were infected with the indicated re-

assortant viruses and combined FISH and immu-

nofluorescence staining performed at different

time points with PB2 vRNA probe (purple) and

endogenous Rab11-specific antibody (green).

(E) NHBE primary cells were infected with WSN-

WT or WSN-627E viruses at an MOI of 5. Cells

were fixed at 10 hpi and stained with PB2 vRNA

probe (purple).

(F) DF-1 cells were mock infected or infected with

WSN-WT or WSN-627E viruses at an MOI of 5.

Cells were fixed at 10 hpi and stained using PB2

vRNA probe (purple) and antibody specific for the

viral NP protein (green).

Merge images also include DAPI staining (blue).

Images were acquired by confocal LSM 780 mi-

croscopy. Scale bars (5 or 10 mm) are displayed at

the bottom right of each panel. All of the results are

representative of 3 independent experiments.
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bronchial epithelial (NHBE) primary cells with WSN-WT or WSN-

627E and examined them using PB2-specific vRNA probes.

Similar to the observation in A549 cells, vRNA aggregates were

observed in WSN-627E but not in WSN-627K-infected NHBE

cells (Figure 1E). In contrast, infection of DF-1 avian cells with

either WSN-WT or WSN-627E virus does not produce vRNA

aggregates (Figure 1F), suggesting that formation of vRNA ag-

gregates only occurs in mammalian cells infected with virus con-

taining avian-type PB2. Growth rate analysis also revealed that

WSN-WT replicates to a higher level in A549 cells than WSN-

627E, but there is no apparent difference between WSN-WT

and WSN-627E virus replication in infected DF-1 cells
(Figure S2B). WSN-WT virus also induces a higher level of

expression of the host cytokine gene IFIT1 in A549 cells than

WSN-627E, while there is no apparent difference in cytotoxicity

between the two viruses (Figures S2C and S2D). Examination

with a probe recognizing viral mRNA showed that viral mRNA

does not associate with aggregates (Figure S2E). It has been re-

ported that influenza virus containing PB2-627E is prone to

increased RIG-I recognition (Weber et al., 2015). However, we

observed no apparent effect of RIG-I knockout (KO) on the accu-

mulation of vRNA aggregates in A549 cells infected with WSN-

627E or WSN-WT virus, although RIG-I KO did increase the

growth of WSN-WT, but not WSN-627E virus (Figure S3). These
Cell Reports 35, 109213, June 8, 2021 3



Figure 2. Characterization of vRNA aggre-

gates in WSN-627E virus-infected cells

(A) A549 cells were infected with WSN-WT or

WSN-627E viruses at anMOI of 5 for 10 h and cells

processed for FISH and IFA assays using PB2

vRNA probe (red) and antibodies specific for the

indicated viral proteins (green), respectively.

(B) A549 cells were mock infected or infected with

WSN-WT or WSN-627E viruses at an MOI of 5. At

4 hpi, 10 mMnocodazole or DMSO (solvent control)

was added to cells. Cells were fixed at 10 hpi, and

combined RNA FISH and immunofluorescence

staining with vRNA probe (purple) and antibodies

against endogenous g-tubulin (red) and Rab11

(green) was performed.

(C) A549 cells were mock infected or infected with

WSN-WT or WSN-627E virus at an MOI of 5. Cells

were fixed at 10 hpi and FISH assay staining with

vRNA probe (purple) and immunofluorescence

staining with antibody against endogenous vi-

mentin protein (green) was performed.

Merge images also include DAPI staining (blue).

Images were acquired by confocal LSM 780 mi-

croscopy. Scale bars (10 mm) are included on each

panel. Results are representative of 3 independent

experiments.
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results reveal a mechanism of host restriction involving the accu-

mulation of vRNP aggregates during avian virus replication in

mammalian cells; these vRNP aggregates occur exclusively in

the presence of avian-type PB2, with the acquisition of mamma-

lian adaptive mutations preventing vRNA accumulation.

Characterization of vRNP aggregates in WSN-627E
virus-infected cells
To understand the molecular properties of the vRNA aggregates

observed above and investigate whether aggregated vRNAs are

stalled at a checkpoint in the usual virion assembly process, we

examined the co-localization of viral proteins with vRNP in in-

fected cells. While a previous report using mass spectrometry

showed that the non-structural protein (NS1) may be included

in the virion (Hutchinson et al., 2014), it is understood that nor-

mally viral polymerases (PB1, PB2, and PA), which combine
4 Cell Reports 35, 109213, June 8, 2021
with vRNA and NP to form the RNP com-

plex, together with M1, M2, HA, and NA

are required for the packaging of new vi-

rions during virus replication (Lamb and

Krug, 2001). The staining of viral proteins

by immunofluorescence and vRNA by

RNA FISH showed that vRNP aggregates

co-localize with NP, polymerases, and

other structural proteins, but not with

NS1 (Figure 2A), indicating that these ag-

gregates contain all of the components of

the viral RNP complex, not only viral RNA.

Upon nucleocytoplasmic export, vRNAs

are subject to intracellular trafficking to

the plasma membrane for packaging

and budding (Amorim et al., 2011). Nu-
clear exported vRNPs have been reported to accumulate tran-

siently around microtubule organizing centers (MTOCs) before

being further transported to packaging sites via a microtubule

and Rab11-dependent mechanism (Eisfeld et al., 2011; Momose

et al., 2007). We examined whether the vRNP aggregates asso-

ciate withMTOCand found that in PB2-627E virus-infected A549

cells, they co-localize with Rab11 and g-tubulin, and that treat-

ment with nocodazole to interfere with microtubule polymeriza-

tion leads to the disassociation of vRNA aggregates (De

Brabander et al., 1976) (Figure 2B). These results suggest that

the accumulation of vRNP aggregates is related to the intercel-

lular trafficking process occurring after nuclear export. The en-

docytic recycling compartment (ERC)/trans-Golgi system and

endoplasmic reticulum (ER) are involved in the assembly and

packaging processes during influenza virus replication (de Cas-

tro Martin et al., 2017; Guichard et al., 2014). Co-staining using
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the Golgi markers TGN46 (trans-Golgi) and GM130 (cis-Golgi)

showed vRNP aggregates localized in the vicinity of the Golgi

apparatus and rearrangement of Golgi complexes, compared

to those in mock infected cells (Figure S4A). We found that

vRNP aggregates are not associated with calnexin, a chaperone

that assists in protein folding and quality control in the ER appa-

ratus (Figure S4A). Vimentin, the major component of the cyto-

skeleton, is important for anchoring organelles in the cytosol

and has been shown to eliminate toxic proteins (Johnston

et al., 1998; Ogrodnik et al., 2014; Rujano et al., 2006). It is

notable that the presence of vRNP aggregates in WSN-627E vi-

rus-infected cells is associated with the displacement of vimen-

tin, whereas this effect was not observed with WSN-WT virus

(Figure 2C). We observed that vRNP aggregates appear to be

wrapped by vimentin, and suspect that this action may be

related to the eventual removal of aggregates. Another study

showed that an autophagy-associated protein, TUFM, interacts

with the PB2 of influenza virus (Kuo et al., 2017). However, we

found that TUFM is not associated with vRNP aggregates in

WSN-627E virus-infected cells (Figure S4B), suggesting that

TUFM may be involved in another host restriction mechanism

during avian influenza virus replication. These data suggest

that the accumulation of vRNP aggregates is associated with

the intracellular trafficking process during influenza virus replica-

tion and that the observed vRNA aggregates appear to exhibit

aggresome-like properties.

WSN-627E-induced vRNP aggregates are associated
with the autophagy process
We then investigated whether these vRNP aggregates are

involved in the autophagy process, since previous studies have

reported that influenza viruses hijack the autophagy process to

facilitate virus replication (Beale et al., 2014; Gannagé et al.,

2009; Yeganeh et al., 2018). We reasoned that the accumulation

of vRNP aggregates during virus replication may be caused by a

difference in the interaction betweenRNPs containing PB2-627K

or PB2-627E, with the host autophagy process following nucleo-

cytoplasmic export. Combined vRNA FISH and immunofluores-

cence assays showed that the autophagosome marker LC3B

over-accumulates within and co-localizes with vRNP aggregates

in WSN-627E virus-infected cells, but that this pattern is not

observed in WSN-WT virus-infected cells (Figure 3A). Previous

studies on the autophagy-related protein Atg5 suggested that

the Atg12-Atg5/Atg16 complex helps to form the autophago-

some membrane (Chen and Zhong, 2012; Eskelinen, 2008).

Antibody staining for endogenous Atg5 showed partial co-local-

ization of vRNA aggregates with Atg5 in cells infected withWSN-

627E virus (Figure 3B), suggesting that Atg5 also contributes to

vRNA aggregate formation. Upon autophagy induction, the cyto-

plasmic form of LC3, LC3-I, is conjugated with phosphatidyleth-

anolamine (PE) to form LC3-II and recruited to the isolationmem-

brane for the elongation and maturation of autophagosomes

(Kabeya et al., 2004). The amount of LC3-II is a conventional indi-

cator for the number of autophagosomes and autophagy-related

structures (Kabeya et al., 2000). Consistent with previous studies

(Beale et al., 2014; Gannagé et al., 2009), the levels of LC3-II

increased in influenza virus-infected cells along the course of vi-

rus replication and RNP nuclear export (Figure 3C, left panel). It
should be noted that levels of the M2 protein, which is required

for blocking the fusion of autophagosomes with lysosomes to

disrupt the autophagy process during virus replication, are signif-

icantly lower inWSN-627E virus-infected cells,while levels of NP,

PB1, and PB2 are not apparently affected. Quantitative analysis

of LC3-II to actin ratios in bothWSN-WT andWSN-627E virus-in-

fected cells indicates that the accumulation of autophagosomes

in WSN-WT infected cells is significantly higher than in WSN-

627E virus-infected cells at the late stage of infection (Figure 3C,

right panel). To further investigate themechanismsunderlying the

accumulation of autophagosomes induced by influenza virus

infection, we used transmission electron microscopy (TEM) to

visualize autophagic structures in WSN-WT and WSN-627E vi-

rus-infected cells. In uninfected cells, autophagic structures (au-

tophagosomes and autolysosomes) were rarely observed. In

contrast, upon BafA1 (bafilomycin A1, a V-ATPase inhibitor and

inhibitor of lysosome degradation) treatment, large autolyso-

somes enclosed by a single membrane were observed in

mock-infected cells, due to the effect of BafA1 in blocking the

degradation of autolysosomes, thereby causing the accumula-

tion of autophagic substrates in autolysosomes (Figure 3D). In

A549 cells infected with WSN-WT virus, there were significantly

increased numbers of phagophores (structures with isolation or

sequestration membranes) and autophagosomes (structures

with completed double membranes), suggesting the continuous

formation and accumulation of autophagosomes. In contrast,

more autolysosomes than autophagosomes were observed in

cells infected with WSN-627E. Moreover, cells infected with

WSN-627E virus showed an obvious increase in the numbers of

autolysosomes following treatment with BafA1, suggesting an

increased autophagic flux in cells infected with WSN-627E

compared to those infected with WSN-WT virus. While these re-

sults confirm that influenza virus infection induces the formation

of autophagosomes, our data further suggest that vRNAs of

WSN-627E virus are driven to degradation through the autolyso-

somal process in a more aggressive way than those of WSN-

627K virus in infected cells.

Infectionwith virus containingPB2-627E induces higher
autophagic flux
Theaccumulationof autophagosomes is abalancebetweenauto-

phagosomebiogenesisandautophagosomedegradationby lyso-

somes (Mizushima et al., 2010). We hypothesize that mammalian

cells responddifferently to infectionwith influenzavirusescontain-

ing either PB2-627K or PB2-627E, leading to distinct effects on

viral replication. To confirm this, we used the tandem mRFP/

mCherry-EGFP-LC3 reporter system to monitor the autophagic

flux in virus-infected cells (Kimura et al., 2007). Due to the differen-

tial pH stability of red and green fluorescent proteins, the fluores-

cent signal of EGFP is quenchedby the lowpHenvironment inside

lysosomes, whereas the fluorescence of mRFP/mCherry remains

stable. Therefore, EGFPandmRFP/mCherry double-positive (yel-

low) dots correspond to autophagosomes before fusion, while af-

ter fusion with lysosomes only mRFP/mCherry single-positive

(red) dots are left (Figure 4A). In our experiment, mammalian

A549 cells were transfected with mRFP/mCherry-EGFP-LC3

(ptfLC3) and then infected with virus. Combined vRNA FISH and

immunofluorescence assays showed that in cells infected with
Cell Reports 35, 109213, June 8, 2021 5



Figure 3. vRNA aggregates in WSN-672E vi-

rus infected cells are associated with the

autophagy process

(A) A549 cells were mock infected or infected with

the indicated reassortant viruses at an MOI of 5. At

10 hpi, cells were processed for combined RNA

FISH and immunofluorescence assay by staining

with PB2 vRNA probe (purple) and endogenous

LC3-specific antibody (green). Scale bar, 10 mm.

Images are representative of 3 independent ex-

periments.

(B) A549 cells were mock infected or infected with

WSN-WT or WSN-627E viruses at an MOI of 5.

Cells were fixed at 10 hpi and combined RNA FISH

and immunofluorescence staining with vRNA

probe (purple) and antibodies against endogenous

Atg5 (green) was performed. Merge images also

include DAPI staining (blue). Images were acquired

by confocal LSM 780 microscopy. Scale bar,

10 mm. Images are representative of 3 independent

experiments.

(C) Confluent HEK293T cells were mock infected

or infected with WSN-WT or WSN-627E at an MOI

of 2. Cells were collected at 6, 8, and 10 hpi and

whole-cell lysates analyzed for the expression of

PB1, PB2, NP, M1, M2, LC3, and actin (loading

control) by western blot using specific antibodies.

Ratios of LC3-II to actin band intensity at the

different time points were calculated, based on the

results of 3 independent experiments.Mean values

are displayed, and error bars represent standard

deviations (SDs). Statistical significance was

analyzed by 1-way analysis of variance: ***p <

0.001, ****p < 0.0001, NS, not significant.

(D) A549 cells were mock infected or infected with

the indicated reassortant viruses for 4 h at an MOI

of 5, then treated with DMSO (solvent control) or

100 nM BafA1 for 6 h. Cells were fixed via high-

pressure freezing, followed by freeze substitution,

and observed under transmission electron micro-

scopy. Boxes within areas are shown enlarged on

the right of each pair of electron micrograph im-

ages. Developing and mature autophagosomes

(red arrows) and autolysosomes (yellow stars) are

indicated. Scale bar, 1 mm.
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WSN-WT virus, both mRFP/mCherry and EGFP are observed,

indicating that mature autophagosomes have not fused with lyso-

somes (Figure 4B). However, only the red fluorescence of mRFP/

mCherry is seen in cells infected with WSN-627E virus, where the

avian-type PB2 induces formation of vRNP aggregates; presum-

ably the EGFP has been quenched by the low pH inside autolyso-

somes following the fusion of autophagosomes and lysosomes,

indicating that the autophagy process is complete.

To quantitatively measure the level of autophagic flux, murine

embryonic fibroblast (MEF) cells stably expressing mRFP/

mCherry-EGFP-LC3 fusion protein were infected with WSN-WT

orWSN-627Evirus, treatedor untreatedwithBafA1 and subjected

to flow cytometry analysis of EGFP to mCherry ratios. The ratio of
6 Cell Reports 35, 109213, June 8, 2021
EGFP tomCherry is used as an indicator to

quantify the autophagic flux level, with a

higher ratio of EGFP tomCherry represent-
ing lower autophagic flux. Compared to mock-infected and posi-

tive-control Earle’s balanced salt solution (EBSS)-starved cells,

the ratio of EGFP:mCherry in both WSN-WT and WSN-627E in-

fected cells is higher, indicating that influenza virus infection trig-

gers autophagosome formation (Figure 4C). However, the ratio

of EGFP:mCherry is significantly higher in cells infected with

WSN-WT than in those infected with WSN-627E virus, indicating

the upregulation of degradation events in autolysosomes in

WSN-627E virus-infected cells. BafA1 works by inhibiting auto-

phagosome, lysosome, and autolysosome acidification, therefore

treatment with BafA1 decreases EGFP-LC3 degradation in virus-

infected cells. To further verify that the accumulation of vRNP ag-

gregates iscausedbya failure tosubvert theautophagyprocess to



Figure 4. PB2-627E containing virus in-

duces higher autophagic flux activity

(A) Illustration of MEF cell line stably expressing

mRFP/mCherry-EGFP-LC3 and a representation

of different levels of autophagic flux. Due to dif-

ferential sensitivity to pH changes, when fusion of

autophagosomes with lysosomes decreases the

pH in the vesicle, EGFP is degraded, but not

mCherry.

(B) A549 cells were first transfected with a ptfLC3

plasmid encoding the mRFP/mCherry-EGFP-LC3

fusion protein for 36 h and then mock infected or

infected with the indicated reverse genetic ver-

sions of viruses. At 8 hpi, cells were fixed, FISH

stained with PB2 vRNA probe (purple), and

analyzed by confocal fluorescence microscopy.

Images are representative of 3 independent ex-

periments.

(C) The MEF mRFP/mCherry-EGFP-LC3 stable cell

line was mock infected or infected with WSN-WT or

WSN-627E virus at an MOI of 2 for 16 h and cells

then processed for flow cytometry analysis. EBSS

(Earle’s balanced salt solution) was used to induce

autophagy in positive control cultures. Cells were

treated with BafA1 as in the procedure described

above. Data are presented as means ± SDs (n = 3).

Statistical significance was analyzed by 1-way

analysis of variance: **p < 0.01 and ***p < 0.001.

(D) A549 cells were transfected with a plasmid for

expression of M2 tagged with V5 for 36 h and then

mock infected or infectedwith the indicated reverse

genetic versions of viruses. Cells were stained with

PB2 vRNA probe (purple), a-V5 antibody (red), and

a-LC3 antibody (green) and analyzed by fluores-

cence microscopy.

Merge images also include DAPI staining (blue).

Images were acquired by confocal LSM 780 mi-

croscopy. Scale bars, 10 mm. Results shown are

representative of 3 independent experiments.

Article
ll

OPEN ACCESS
promote virus assembly, we used ectopic expression of M2 to

block the autophagic flux in WSN virus-infected cells. In WSN-

WT virus-infected cells, no apparent vRNP aggregates were

observed and LC3 was evenly distributed in the cytoplasm (Fig-

ure 4D). It is notable that in the WSN-627E virus-infected cells,

vRNP aggregates disappeared only in cells expressing M2-V5.

While previous studies have reported different mechanisms asso-

ciated with influenza virus PB2 host adaptation, the current data

suggest a formerly uncharacterizedmechanism for host restriction

of viruses containingavian-typePB2 through selective autophagic

degradation of vRNP during virus replication.

The p62 cellular protein targets vRNP to the
autophagosome
We have shown that mammalian cells respond differently to

infection by influenza viruses carrying human or avian PB2
polymerases, demonstrated by the selec-

tive formation of vRNP aggregates, pre-

sumably through an altered autophagic

process that promotes the degradation

of vRNAs from viruses containing avian-
type PB2. Consequently, a greater proportion of avian-type virus

vRNAs are directed to the autophagosome degradation pathway

than vRNA complexes of mammalian-adapted viruses carrying

PB2-627K. Since autophagy is required for human-type influ-

enza virus replication, it would be interesting to understand

how this selective degradation is initiated depending on whether

the influenza virus has avian- or mammalian-type PB2. Since the

host factor p62 has been reported to mediate delivery of auto-

phagic substrates for degradation through selective autophagy

(Komatsu et al., 2010; Rogov et al., 2014), we tested whether

p62 may be involved in the formation of influenza vRNP aggre-

gates containing avian-type PB2. Blocking the fusion of auto-

phagosomes with lysosomes leads to the accumulation of p62

in the autophagy pathway (Pankiv et al., 2007). Confirming this,

we observed an obvious speckled pattern of p62 accumulation

in BafA1-treated cells and co-localization of vRNP aggregates
Cell Reports 35, 109213, June 8, 2021 7



Figure 5. vRNP is targeted to autophago-

somes through the cargo receptor p62

(A) A549 cells were mock infected or infected with

the indicated reassortant viruses at an MOI of 5.

Cells were treated with DMSO (solvent control) or

BafA1 (100 nM) at 4 hpi, fixed at 10 hpi, and then

FISH staining for PB2 vRNA (purple) and immu-

nofluorescence staining for endogenous Rab11

(green) and endogenous p62 (red) performed.

Merge images also include DAPI staining (blue).

Images were acquired by confocal LSM 780 mi-

croscopy. Scale bar, 10 mm. Images are repre-

sentative of 3 independent experiments.

(B) Quantification of vRNA and p62 double-positive

dots in 30 BafA1-treated A549 cells infected with

either WSN-WT or WSN-627E virus. Data are

presented as means ± SDs (n = 3). Statistical sig-

nificance was analyzed by 1-way analysis of vari-

ance: ****p < 0.0001.

(C) Proposed role of p62 in targeting influenza virus

vRNP complexes to the autophagosome.
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and Rab11 in untreated WSN-627E-infected cells, and dimin-

ished vRNP aggregates in WSN-PB2-627E virus-infected cells

treated with BafA1 (Figure 5A). Staining with LAMP1 showed

that lysosomes were more concentrated in the areas where

vRNP aggregates localized in WSN-PB2-627E virus-infected

cells (Figures S5A and S5B), supporting the contention that

vRNP aggregates are associated with the autolysosome degra-

dation process. The quantification of vRNA and p62 double-pos-

itive dots revealed a significantly higher occurrence of co-local-

ization of vRNA and p62 in WSN-627E virus-infected cells,

compared to those infected withWSN-WT (Figure 5B). However,

no co-localization of another autophagy receptor, optineurin

(OPTN), and vRNA aggregates was observed (Figure S5C). A

possible role for p62 in mediating the direction of influenza virus

vRNP to the autophagic process is proposed (Figure 5C). Co-

immunoprecipitation (coIP) of vRNP complexes (PB1, PB2, PA,

and NP) with FLAG-tagged p62 showed interaction between
8 Cell Reports 35, 109213, June 8, 2021
vRNPs and p62, with PB2-627E vRNPs

demonstrating a higher level of interaction

than PB2-627K vRNPs (Figure 6A). To

determine which component of vRNPs in-

teracts with p62, coIP assays were per-

formed and showed no clear interaction

between p62 and individual PB1, PA, or

NP proteins (Figure 6B). The p62 protein

contains multiple domains and serves as

a hub for several signaling pathways (Kat-

suragi et al., 2015). To further define

which regions of p62 are essential for

interaction with viral PB2, a series of trun-

cated p62 constructs (Figure 6C) were

generated and subjected to immune co-

precipitation assays with PB2-627K or

-627E. As expected, both PB2-627K and

-627E interact with full-length p62. Inter-

estingly, PB2 still interacts with C-termi-

nal truncated p62, which lacks ubiquitin-
associated (UBA) domain, PEST, LC3 interacting region (LIR),

and the tumor necrosis factor receptor-associated factor 6

(TRAF6) domain (D2) and all intermediary C-terminal truncated

versions of p62 (D3–D6). However, the N-terminal region of

p62, containing only the PB1 domain (D1), does not interact

with PB2 protein (Figure 6C), suggesting that viral PB2 proteins

interact with p62 through the region containing the ZZ domain

(amino acid [aa] residues 128–225). Further analysis showed

that the region of p62 that is between the ZZ and TRAF6 domains

(residues 163–225) is involved in the interaction between viral

PB2 proteins and p62 (Figures S6B and S6C).

Having established that vRNP complexes are involved in the

autophagic process during infection through the association of

viral PB2 and p62 protein, we sought to determine whether the

host protein p62 plays a role in the formation of vRNA aggregates

duringWSN-627E infection. We examined multiple lines of virus-

infected p62 KO A549 cells for vRNA aggregates. Notably, vRNA



Figure 6. p62 interacts with vRNP through

the viral PB2 protein

(A) HEK293T cells were co-transfected with vRNP

complex components derived from WSN-627K or

-627E viruses and FLAG-tagged p62. Whole-cell

lysates were used for immunoprecipitation (IP) with

a-FLAG, followed by immunoblotting with a-FLAG

(for p62), a-PB2, and a-tubulin.

(B) HEK293T cells were co-transfected with PB1,

PA, or NP alone, plus FLAG-tagged p62. Whole-

cell lysates were used for IP with a-FLAG, followed

by immunoblotting with a-FLAG (for p62), a-PB1,

a-PA, a-NP, and tubulin.

(C) Illustration of p62 functional domains and p62

mutant proteins with progressively large C-termi-

nal deletions (D1–D6) (upper panel). HEK293T cells

were co-transfected with plasmids encoding pro-

gressively deleted FLAG-tagged p62 mutants, as

indicated, and V5-tagged PB2 proteins derived

from WSN-WT or WSN-627E viruses. Whole-cell

lysates were used for IP with a-V5, followed by

immunoblotting with a-FLAG (for p62), a-V5 (for

viral PB2), and actin (lower panel).

Results shown are representative of 3 independent

experiments.
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aggregates were not observed in any of the different clones of

A549-p62-KO cells infected with WSN-627E virus (Figure 7A),

suggesting that the formation of vRNA aggregates in WSN-

627E influenza virus infections is p62 dependent. In addition, it

was shown that the ectopic expression of p62 by transfection

restored vRNP aggregate formation in p62-KO cells infected

with WSN-627E virus, while the expression of p62 with deletion

of residues 163–225 did not have such an effect (Figure S6A).

We reasoned that formation of vRNP aggregates in WSN-627E

virus-infected mammalian cells must affect virus replication effi-

ciency. We further examined the effect of p62 KO on influenza vi-

rus replication and found that the depletion of p62 significantly

enhances the replication of WSN-627E virus, but has only a

limited effect on WSN-WT virus (Figure 7B). However, the KO

of p62 had no apparent effect on the polymerase activity of
PB2-WT or PB2-627E (Figure 7C). These

results reveal a host restriction strategy

targeting avian-type influenza virus PB2

following nucleocytoplasmic export and

support a mechanism associated with

early events in the autophagic process,

mediated through p62, that interferes

with vRNP intracellular trafficking and

promotes the formation of autolysosomes

to sequester vRNPs of influenza viruses

containing avian polymerase PB2; host

adaptive mutations in PB2 allow influenza

viruses to evade such restriction

(Figure 7D).

DISCUSSION

Influenza virus is one of the few RNA vi-
ruses that transcribes and replicates its genome in the nucleus.

Nucleocytoplasmic export and trafficking of synthesized vRNA

to the cytoplasmic site for virion packaging are critical steps in

the life cycle of influenza virus andmay be subject to host restric-

tion. Influenza viruses have evolved with the ability to use the

cellular autophagy process to facilitate viral replication and

budding through inhibition of autophagic degradation by the viral

M2 protein (Beale et al., 2014; Gannagé et al., 2009). It is noted

that these studies have used human influenza viruses that have

fully adapted to replicate in human cells. Here, we reveal amech-

anism in which mammalian cells respond differently to infection

with avian- and mammalian-type PB2-bearing influenza viruses,

restricting intracellular trafficking of avian-type PB2 virus through

the formation of vRNA aggregates following nuclear export. Mul-

tiple adaptive substitutions have been identified in the PB2
Cell Reports 35, 109213, June 8, 2021 9



Figure 7. p62 is required for formation of

vRNA aggregates in WSN-627E influenza vi-

rus-infected cells

(A) Different clones of p62-knockout A549 cells

were infected with either WSN-WT or WSN-627E

reassortant virus at an MOI of 5. Cells were fixed at

10 hpi and FISH staining for PB2 vRNA (purple)

was performed. Merge images also include DAPI

staining (blue). Images were acquired by confocal

LSM 780 microscopy. Images are representative

of 3 independent experiments. Scale bar, 10 mm.

(B) p62 KO or control A549 cells were infected with

WSN-WT orWSN-627E viruses at anMOI of 0.001.

Supernatants were collected at 24, 48, and 72 hpi

and virus titers determined by plaque assay.

Values represent the mean results of 3 separate

experiments, and error bars represent SDs Sta-

tistical significance was analyzed by 1-way anal-

ysis of variance: ***p < 0.001 and ****p < 0.0001.

(C) RNP activity of WSN-WT and WSN-627E vi-

ruses in different p62 KOHEK293T clones. An RNP

polymerase assay was conducted by co-trans-

fecting pHW2000 plasmids containing NP, PB1,

and PB2 from either WSN-627K or WSN-627E,

together with a luciferase reporter plasmid and a

thymidine kinase promoter-Renilla luciferase re-

porter plasmid (pRL_TK) construct. The luciferase

activity was measured using a Dual-Luciferase

Reporter Assay System (Promega) at 24 h post-

transfection. RNP polymerase activity was

normalized against pRL_TK activity. Data repre-

sent mean luciferase activity from 3 separate

experiments, calculated after normalization with

Renilla luciferase activity, ± SD.

(D) A working model for the interplay between virus

adaptive strategies involving the influenza virus

PB2 protein and intracellular trafficking, and

involvement of the autophagy process following

vRNP nuclear export in mammalian cells.
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polymerase subunit, and influenza virusescontainingPB2with an

adaptivemutation evade such restriction, possibly partly through

optimal expression of the M2 protein, which blocks autophago-

some fusion with lysosomes (Gannagé et al., 2009). We discov-

ered that the p62 autophagy receptor interacts with PB2 and is

crucial for this host-restriction process, as depletion of p62 pre-

vents the formation of vRNP aggregates in cells infected with

WSN-627E virus and enhances the replication of virus with

avian-type PB2 (627E) virus more greatly than it does virus with

mammalian-type PB2 (627K) (Figures 6C, 7A, and 7B). Therefore,

the adaptive strategies of the influenza virus PB2 protein also

involve evasion of host restriction of intracellular trafficking, be-

sides the facilitationof nuclear import andoptimizationof viral po-

lymerase activity in mammalian cells.
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Host specificity prevents cross-species

transmission of animal viruses, while evo-

lution and environmental changes may

drive viruses to expand their host range

through the acquisition of host-adaptive

mutations. Viruses use different adaptive

strategies to evade host restriction. Influ-
enza virus serves as an ideal model for studying virus host inter-

actions because it is one of the few RNA viruses that infects

multiple hosts and replicates in the nucleus of infected cells,

providing opportunities for dissecting host barriers and virus-

adaptive strategies throughout multiple stages of the virus life

cycle. An excellent example is the multiple adaptive mutations

acquired by different influenza viruses within the polymerase

PB2 subunit, which optimize replication in mammalian cells

(Soh et al., 2019; Song et al., 2014). Adaptive mutations in NP

and other polymerase subunits also occur, as the viral polymer-

ase functions as a complex (Chen et al., 2006a). It is hypothe-

sized that this type of host adaptation may occur before species

jumping, thereby priming the avian influenza virus to replicate

sufficiently well in mammalian cells to allow the opportunity to
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gain further adaptive mutations (Huang et al., 2017; Wang et al.,

2019). Given the complicated replication process and life cycle

of influenza A virus, there are multiple layers of host restriction

targeting different stages of virus replication. For instance,

RIG-I directly binds to incoming nucleocapsids, with enhanced

specificity for PB2-627E RNP complexes, following the release

of the viral genome from endosomes during influenza virus infec-

tion (Weber et al., 2015). Nuclear import is another barrier that

determines the replication efficiency of influenza virus and is

associated with PB2 host adaptation (Gabriel et al., 2008; Hud-

jetz and Gabriel, 2012). Upon entry to the nucleus, the influenza

virus transcribes and replicates the viral genome using the viral

polymerase complex. The effect of PB2 host adaptations on viral

polymerase activity has been extensively studied, with the host

factor ANP32A recently being found to act to restrict viral poly-

merase activity (Long et al., 2016). The present study further

demonstrates that, after replication of the viral genome and nu-

clear export, host cells use restrictions through a mechanism

involving the autophagic process to form vRNP aggregates,

most likely leading to increased sequestration of unpackaged

viral genomes and consequent limitation of virus replication effi-

ciency. It is also possible that delays in intracellular trafficking

caused by the formation of vRNP aggregates in the cytoplasm

during the late stage of virion packaging may increase exposure

to mediators of antiviral innate immunity in the cytosol, such as

RIG-I, which further inhibits influenza virus replication efficiency.

Cross-talk between influenza virus infection-associated auto-

phagy and apoptosis and modulation of these two cellular pro-

cesses may determine virus replication efficiency. Harnessing

the host response to infection through the activation of apoptosis

may be critical for the successful replication of influenza virus.

The current understanding is that in the early phase of replication,

influenza virus suppresses apoptosis, most likely through the

expression ofNS1. In the late stageof infection, influenza virus hi-

jacks the autophagy process though the function of the M2 pro-

tein to facilitate virus packaging (Gannagé et al., 2009). However,

influenza viruses that have not gained host adaptations for repli-

cation inmammalian cellsmay not have acquired the full ability to

interact with the cytoplasmic trafficking process, in addition to

dealing with the other host-restricting barriers discussed above.

Newly synthesized vRNA, which contains avian-type PB2 (e.g.,

PB2-627E) can be stalled by the impairment of cytoplasmic traf-

ficking right after nuclear export, leading to the formation of vRNA

aggregates in the perinuclear region of virus-infected cells. This

assumption is supported by the observation through electronmi-

croscopy that autolysosomes formed at the MTOC (Figure 3D)

andcolocalization of vRNPaggregates andLC3B (Figure 3A). Au-

tophagosomes formed in the cell periphery use the cytoskeletal

protein dynein to move along microtubules to the cell center

and subsequently cluster with juxtanuclear lysosomes (Kimura

et al., 2008). This process appears to be consistent with our

observations in cells infected with PB2-627E virus. Instead of

reaching the virion packaging site, vRNPs of WSN-627E virus

accumulate to form aggregates at the MTOC and tend to be tar-

geted to autolysosomes for sequestration (Figures 3 and 4).

Autophagy is recognized as a host defense mechanism

against viral infection, and studies suggest that selective auto-

phagy to remove various cytosolic cargos, including pathogens,
is mediated by the p62 autophagy receptor. The p62 protein is

known to link ubiquitinated substrates and autophagosomes

via its UBA domain (Rogov et al., 2014). However, p62 was

also reported to play a role in ubiquitin-independent autophagic

degradation of ALS (amyotrophic lateral sclerosis) mutant SOD1

through its interaction region (residues 178–224) rather than the

UBA domain (Gal et al., 2009). Interestingly, our result showed

that the region between the ZZ and TRAF6 domains of p62 (res-

idues 163–225) is responsible for interaction with the viral PB2

protein and that p62 plays an important role in modulating the

intracellular trafficking process of avian influenza virus vRNPs.

Deletion of this region significantly impairs the interaction be-

tween p62 and PB2-627E and KO of p62 abolishes the formation

of vRNA aggregates and enhances virus replication in A549 cells

infected with PB2-627E virus (Figures 6, 7, and S6). It is impor-

tant to note that the region of p62 spanned by residues 163–

225 has been demonstrated to interact with Raptor, which is

part of the mechanistic target of rapamycin complex 1

(mTORC1), with activated mTORC1 promoting autophagy (Du-

ran et al., 2011). Our findings suggest an undefined relationship

between p62 and influenza virus replication in which p62 inter-

acts with PB2 in the viral polymerase complex through the region

encompassed by residues 163–225 and competes with Raptor,

leading to the inactivation of mTORC1 and promotion of the

autophagy process (Figure S6B). However, it remains to be

investigated how p62 mediates this process and whether other

proteins are involved.

TheM2 protein blocks autophagosomematuration and diverts

LC3-conjugated membranes to the cell surface for budding of

influenza viruses (Beale et al., 2014; Gannagé et al., 2009),

showing that human influenza viruses have evolved with the abil-

ity to both evade and exploit host antiviral responses mediated

through the autophagosome pathway. There are two possibil-

ities that may independently or in combination lead to the forma-

tion of vRNP aggregates in avian-PB2 harboring virus infections:

(1) avian influenza virus containing PB2-627E or other forms of

avian PB2 fails to express sufficient M2 protein in mammalian

cells to suppress the host antiviral process targeting the viral

genome for degradation through the autophagic process; (2)

the vRNP complexes of PB2-627E and PB2-627K viruses are

differentially recognized by host machinery, and through antiviral

activity of host factors more PB2-627E vRNP genomes are tar-

geted to the autophagic process for autolysosomal sequestra-

tion. Our results suggest that the trafficking of vRNPs containing

avian-type PB2 is disrupted and linked to the autolysosome,

although we do not know whether degradation of these vRNP

aggregates occurs. It has been previously shown that avian M

genes are more frequently spliced into the M2 form, then accu-

mulate in autophagosomes (Calderon et al., 2019). We show

that influenza virus containing avian PB2 expresses lower levels

of M2 protein and that ectopic expression of M2 blocks the for-

mation of vRNA aggregates in avian-PB2 virus-infected

mammalian cells, suggesting that viral proteins are suboptimally

expressed from avian-PB2 viruses in these conditions (Figures 3

and 4). Viral polymerase complexes can regulate the choice of

splice site for the expression of M RNAs (Shih et al., 1995). An

adaptive mutation regulating the expression of NS1 and NEP

mRNAs to facilitate virus replication in mammalian cells has
Cell Reports 35, 109213, June 8, 2021 11
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been identified in H7N9 virus (Huang et al., 2017). It remains to be

determined whether avian-type and mammalian-type PB2 pro-

teins influence influenza M mRNA splicing differently. We show

that p62 is crucial for the formation of vRNP aggregates in cells

infected with avian-type PB2 virus. Given that p62 is a key pro-

tein targeting substrates to autophagosomes through interaction

with the region containing residues 163–225 and that deletion of

this region impairs interaction between p62 and viral PB2, the

role of p62 in influenza virus host adaptation warrants further

study.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human lung carcinomacell line A549 (ATCC), human embryonic kidney cell lineHEK293T (ATCC),MouseEmbryonic Fibroblast (MEF-

ATCC),Madin-DarbyCanineKidney (MDCK-ATCC) andchicken embryonic fibroblast cell lineDF-1 (ATCC) cellswere culturedat 37�C
in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific) supplemented with 10% FBS and 1% Penicillin/Strepto-

mycin (P/S) and maintained in a 5% CO2 atmosphere. Primary normal human bronchial epithelial (NHBE) cells derived from human

tracheal/bronchial tissues were purchased from Lonza. Cells were grown in serum-free growth factor-supplemented medium and

cultured to form a confluent monolayer for subsequent infection experiments.

METHOD DETAILS

Reverse genetic (RG) influenza viruses and expression plasmids
The reverse genetic influenza virus strains A/WSN/1933 (H1N1) (WSN), A/Zhejiang/DTID-ZJU01/2013 (human H7N9), A/CK/Zhe-

jiang/DTID-ZJU01/2013 (avian H7N9) and A/HK/3239/2008 (H9N2) are as previously described (Huang et al., 2017; Song et al.,

2014; Zheng et al., 2015). Flag tagged pHW2000-PB2-N-Flag (WT or 627E) plasmids and those for expressing different PB2mutants,

including K526R, K526R/E627K, E627K, K627E, Q591K and D701N were constructed using the QuikChange site-directed mutagen-

esis kit (Agilent) according to the standard protocol and used for rescue of reverse genetic versions of viruses using the WSN

backbone with a previously described protocol (Zheng et al., 2015). The M2 gene from the WSN strain was cloned into the pEF-

N-V5 vector. Full length p62 and various truncated forms were cloned into the pcDNA3.1 vector.

Growth kinetic analysis of virus
Confluent A549, DF-1, p62 knockout A549 or RIG-I knockout A549 cells seeded in 48-well plates were washed with PBS once and

infected with diluted virus at the indicated multiplicity of infection (MOI). After 1 h adsorption, supernatant was removed, and infected

cells were washed twice with PBS, and then cultured in MEMmedium containing 0.1% TPCK-treated trypsin at 37�C. Supernatants
were collected at the indicated time points by centrifugation at 13000 x g for 1m to remove dead cells and stored at�80�C until being

titrated. Virus titers were determined by plaque assay in MDCK cells.

Generation of knockout cell line with CRISPR/Cas9
To knockout human p62, guide RNA 50-CACCGCCAGGCGCACTACCGCGATG-30/50-AAACCATCGCGGTAGTGCGCCTGGC-30

was designed for CRISPR/Cas9 by using the GenScript gRNA database. Annealed complementary oligonucleotides for guide

RNAs (gRNAs) were cloned into the pX459 CRISPR/Cas9-Puro vector (Addgene)(Ran et al., 2013). HEK293T cells and A549 cells

were transfected with pX459/gRNA using TransLT-1 (Mirus), according to the manufacturer’s instructions. After two days cells

were treated with different concentrations of puromycin (8 mg/ml for HEK293T and 2 mg/ml for A549) for two days. Colonies were

isolated after two weeks, and the p62 sequences then analyzed and protein expression detected by western blot.

Generation of GFP-RFP-LC3 stable expression cell lines
To generate GFP-RFP-LC3 stable cell lines, a retroviral vector was used to deliver heritable genes into the genome of target cells.

Briefly, one 10cm dish of 293FT cells with 50% confluency were co-transfected with pcl-Eco (ecotropic receptor for mouse cell

line) or pcl-Ampho (amphotropic receptor for human cell line) and mCherry-EGFP-LC3 plasmids (Naviaux et al., 1996). The super-

natant was harvested 48 h after transfection and centrifuged at 3000 x g for 3m at 4�C to remove cell debris. Supernatant was filtered

through a 0.45 mm syringe filter and retrovirus subsequently concentrated using PEG-it (SBI #LV825A-1) according to the manufac-

turer’s manual at 4�C overnight. MEF or A549 cells cultured in a 6-well plate were transduced with retrovirus and incubated at 37�C.
After 48 h, puromycin (1:5000) was added into the medium for selection of positive cells.

Transfection and protein expression
Trans-LT-1 was used to transfect plasmids into HEK293T cells growing at 70%–80% confluency. For plasmid transfection in a 6-well

plate, 2000ng of plasmid DNA was added into a mixture of 200 mL of OPTI-MEM and 7.5 mL of Trans-LT-1 reagent. The mixture was

then gently pipetted to mix and kept at room temperature for 30 m before being added onto the cells. The amount of plasmid and the

volume of OPTI-MEM and transfection reagent for 10cm dishes or 12-well plates was scaled up or down as needed. For protein over-

expression, HEK293T cells were transfected for 36-48 h before harvest. A549 cells were also transfected using Trans-LT-1 reagent

for immunofluorescence assay (IFA) experiments, despite a low transfection efficiency.

Co-immunoprecipitation (co-IP)
HEK293T and p62 KO HEK293T cells were seeded at 70%–80% confluency into 10cm dishes and then co-transfected with protein

expression plasmids. After 36-48 h, cells were collected and washed twice with cold PBS by centrifugation at 500 x g for 5 m. Sub-

sequently, cell pellets were lysed in 1ml lysis buffer (50mMTris HCl, pH 7.4, 150mMNaCl, 1mMEDTA, 1%Triton X-100with protease

inhibitor cocktail (Roche), and the DUB inhibitor 1,10-phenanthroline monohydrate (P9375; Sigma), as needed) on ice for 30 m and

centrifuged at 16000 x g for 10m at 4�C to remove cell debris. 10% of the supernatant was retained as INPUT and the remainder was

used for co-IP. For the standard immunoprecipitation assay, 50 mL of Dynabeads (Thermo Fisher Scientific) were washed three times
Cell Reports 35, 109213, June 8, 2021 e3
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with 500 mL of lysis buffer. Specific antibody or control IgG antibody was then added to the beads, followed by mixing at room tem-

perature for 30 m. After washing with lysis buffer, beads were evenly distributed into lysates. For co-IP using Anti-FLAG� M2 Mag-

netic Beads (Sigma), beads were washed with lysis buffer and added directly into lysates. After incubation at 4�C overnight, beads

were washed five times with 500 mL of lysis buffer, resuspended in SDS sample buffer and boiled at 95�C for 10 m.

Luciferase assay
To compare the polymerase activity of RNP complexes in different cell lines, dual luciferase activity reporter assays were performed.

RNP complex expression plasmids composed of PB2 (WT or 627E), PB1, PA and NP (50ng each), together with pYH-Luci reporter

plasmid (30ng) andRenilla reporter plasmid (10ng) were co-transfected into HEK293T cells. At 24 h after transfection, cells were lysed

and the luciferase activity was measured using the Dual-Luciferase reporter assay system (Promega).

Combined immunofluorescence (IFA) and fluorescence in situ hybridization (FISH)
A549 or NHBE cells in 8-well Millicell EZ slides (Millipore) were infected with the indicated viruses and harvested at various time

points. After fixation with 4% paraformaldehyde (PFA) at room temperature for 30 m, cells were washed twice with PBS and permea-

bilized in 70%ethanol overnight. After discarding the ethanol andwashing twice with FISHwashing buffer (10%20X SSC, 10% form-

amide in water), cells were incubated in FISH buffer (10% formamide, 10%dextran sulfate and 10%20X SSC in water) with Stellaris�
RNA probes for specific vRNA ormRNA (1:100, Biosearch Technologies Company) and up to two different primary antibodies (1:100-

200) at 37�C for 5 h. Slides were then washed twice with FISH washing buffer and incubated with the corresponding secondary an-

tibodies at room temperature for 1 h. After washing with FISH washing buffer three times, slides weremounted usingmounting buffer

containing DAPI (VECTASHIELD). Images were acquired using an LSM710 or LSM780 confocal microscope (Leica Microsystems)

and ZEN software used for analysis.

Flow cytometry
Confluent cultures of the wild-type MEF cell line stably expressing mRFP/mCherry-EGFP-LC3, generated by retrovirus infection,

were infected with WSN-WT or WSN-627E. After infection, cells were washed with PBS and detached from the culture vessel by in-

cubation with 0.05% trypsin-EDTA at 37�C for 3m. Cells were resuspended in DMEM containing 10%FBS, then transferred to a new

1.5ml Eppendorf tube for centrifugation at 500 x g for 5 m at 4�C. Cells were then washed twice with cold PBS and fixed on ice with

2%PFA. After 30m, cells were analyzed on a BD LSRFortessa Analyzer (BD Life Sciences) with detection of FITC (530/30nm) and PE/

PI (585/42nm). Twenty thousand events for each sample were acquired, with eachmeasurement being repeated three times. FlowJo

software was used to analyze the acquired data.

Transmission electron microscopy (TEM)
For high pressure freezing (HPF), A549 cells which had undergone the indicated treatments were pelleted, resuspended in 20% BSA

in DMEM with cryo-protector and immediately high-pressure frozen in a high-pressure freezer (EM PACT2, Leica), followed by sub-

sequent freeze substitution in acetone containing 0.4% uranyl acetate at �85�C in an AFS freeze-substitution unit. After gradient

infiltration with an increasing concentration of HM20 in pure ethanol, samples were embedded and ultraviolet polymerized for ul-

tra-thin sectioning and imaging. TEM examination was done with a Hitachi H-7650 transmission electron microscope with a

charge-coupled device camera operating at 80 kV (Hitachi High-Technologies Corporation).

Quantitative real-time PCR
Total RNAs were extracted from cells using RNAzol (Molecular Research Center) according to the manufacturer’s manual. Extracted

RNAs were reverse transcribed into complementary DNAs (cDNAs) using a PrimeScript RT Reagent Kit (Takara) in accordance with

the user manual. For viral and host mRNA detection, oligo-dT was used as the primer. Complementary DNAs were diluted 20-fold in

ultra-pure water before being subjected to quantitative real-time PCR (RT-qPCR), performed on a LightCycler 480 instrument (Roche)

using the SYBR Premix Ex Taq Kit (Takara). Relative mRNA expression was measured using the DDCTmethod and Delta-deltacycle

values were normalized to the average expression of GAPDH to calculate host and viral gene expression.

Cell viability assays
Cellular cytotoxicity was assessed using aCCK8 assay kit (MedChemExpress: HY-K0301). A549 cells in a 96-well plate were infected

either with WSN-WT or WSN-627E viruses, or mock infected. At the indicated time points, 10 mL of CCK8 solution was added into

each well, followed by an additional incubation at 37�C for 3 hours. The absorbance at 450nmwas thenmeasured in a Varioskan LUX

multimode micro-plate reader (Thermo Fisher Scientific). All assays were performed in biologically independent triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical analyses have been performed using Prism 8 Graph Pad Software. The significance of differences between two or

three experimental groups (cells infected with the control, WSN-WT and WSN-627E) was determined by the Student t test. All data

are presented as means ± s.d. Statistical significance was analyzed by one-way analysis of variance: ****p < 0.0001, ***p < 0.001,

**p < 0.01, *p < 0.05 and ns = not significant.
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