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1  |  INTRODUC TION

Autophagy is a pro-survival mechanism supporting eukaryotic cell ad-
aptation to various environmental stressors, such as nutrient starva-
tion, UV irradiation, and microbial infections (Hussey et al., 2009; Kim 
et al., 2011; Kuballa et al., 2012; Qiang et al., 2017; Shang et al., 2011). 
The current concepts in cellular biology attribute plurality of func-
tions to autophagy, including sustenance of healthy cellular physiology 
and energy homeostasis; regulation of inflammation; and support of 

innate and adaptive immunity through pathogen clearance and anti-
gen presentation (Abdulrahman et al., 2011; Deretic et al., 2013; Harris 
et al., 2011; Kim et al., 2019b; Mintern et al., 2015; Paul & Münz, 2016; 
Saitoh et al., 2008; Siqueira et al., 2018; Valečka et al., 2018). While 
the cell signaling pathways regulating autophagy initiation are stress 
factor specific, the core mechanism of autophagosome biogenesis 
invariably leads to the formation of double-membraned vesicles that 
randomly or selectively engulf cytoplasmic cargo. For the degradation 
of the captured cargo, autophagosomes fuse with lysosomes forming 
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Abstract
Autophagy is a critical mechanism deployed by eukaryotic cells in response to stress, 
including viral infection, to boost the innate antimicrobial responses. However, an in-
creasing number of pathogens hijack the autophagic machinery to facilitate their own 
replication. Influenza A virus (IAV), responsible for several global pandemics, has an 
intricate dependence on autophagy for successful replication in mammalian cells. To 
elucidate key chokepoints in the host stress responses facilitating IAV replication, we 
constructed a meta-transcriptome of IAV and host gene expression dynamics during 
early (1–3 hpi), mid (4–6 hpi), and late (8–12 hpi) stages of the viral replication cycle 
at two multiplicities of infection (MOI): 1 and 5. We supplemented the global tran-
scriptome study with phosphoproteomic analysis of stress-activated protein kinase 
(SAPK/JNK) signaling in lung carcinoma (predominantly used as an in vitro model of 
IAV replication) and normal human bronchial epithelial cells. We report significant dif-
ferences in the activation profiles of autophagy regulating genes upon IAV infection 
at the two MOI as well as divergent dependence on ULK1 signaling within the normal 
and cancer cells. Regardless of the cell model, JNK-Thr187 signaling was crucial for 
the production of infectious viral particles.
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autolysosomes where low pH and abundance of proteolytic enzymes 
aid the recycling of damaged organelles into anabolic building blocks 
and energy source molecules. Additionally, microbes engulfed by the 
eukaryotic cells via endocytosis are targeted to the autolysosomes for 
degradation (Levine & Kroemer, 2019; Mizushima et al., 2010).

The role of autophagy as an intrinsic mechanism of eukaryotic 
cell resistance to pathogens has sparked interest in host-directed 
therapeutics development (Kim et  al.,  2019b; Liang et  al.,  1998). 
Due to the great diversity of DNA and RNA virus replication 
mechanisms, development of broad-spectrum antiviral thera-
peutics remains an impossible task. To address this problem, 
anti-viral treatment protocols based on augmentation of host cell 
antimicrobial mechanisms, such as autophagy, can be implemented 
(Campbell & Spector, 2011; Kobayashi et al., 2020; Shoji-Kawata 
et al., 2013). Paradoxically, a growing list of viruses and intracellu-
lar bacteria take advantage of host autophagic machinery to pro-
mote their own replication (Deretic et al., 2013; Levine et al., 2011; 
Li et al., 2011; Starr et al., 2012). To further complicate the issue, 
in discrete cases, autophagy activation has both pro- and anti-viral 
function (Campbell & Spector, 2011; Kyei et al., 2009). Therefore, 
identification of pharmacological targets for broad-spectrum an-
tiviral therapeutics demands in depth understanding of the auto-
phagic machinery components that enhance host defenses and 
those co-opted for virus replication.

Influenza A virus (IAV) is an enveloped respiratory pathogen caus-
ing seasonal infections with morbidity and mortality among human 
and animal populations. Historically, influenza viruses have been re-
sponsible for several devastating global pandemics (Smith et al., 2009; 
Sriwilaijaroen & Suzuki, 2020). Periodic cycling of influenza subtypes 
and strains requires the design of seasonal vaccines that often miss 
unexpected rearrangements of viral antigens (Viboud et  al.,  2020). 
IAVs evolve resistance to antiviral drugs and genomic re-assortment 
events further accelerate the global dissemination of resistant viruses 
(Nelson et al., 2009; Simonsen et al., 2007).

When traditional anti-viral treatments fail, therapeutics against 
host regulatory proteins may come to the rescue. It has been pre-
viously shown that chemical inhibition of autophagy improved the 
survival rate of the H5N1-infected host by reducing inflammation 
and severe lung damage (Sun et al., 2012). Notwithstanding the ev-
idence, the relationship between IAV and autophagy is quite com-
plicated. The autophagy machinery was found to facilitate influenza 
virus replication, while at the same time most IAV strains hijack 
host translational machinery by activating the mechanistic target of 
rapamycin (mTOR) complex 1 to ensure viral protein synthesis (Kuss-
Duerkop et  al.,  2017; Zhirnov & Klenk,  2013; Zhou et  al.,  2009). 
The IAV dependence on both mTORC1 and autophagy is seemingly 
paradoxical because activation of mTORC1 through phosphoinosit-
ide 3-kinase (PI3K) and AKT signaling results in mTORC1-directed 
phosphorylation and inhibition of autophagy activation kinase 1 
(ULK1) complex (Ganley et al., 2009; Jung et al., 2009; Laplante & 
Sabatini, 2012; Ma & Blenis, 2009).

The IAV causing seasonal epidemics in humans (strains H1N1 and 
H3N2) utilize their nonstructural protein 1 (NS1) as an anti-apoptotic 

agent via direct interaction with the p85β subunit of PI3K and activa-
tion of AKT1 signaling pathway (Ehrhardt et al., 2007; Shin et al., 2007; 
Zhirnov & Klenk, 2007). Thus, the viral NS1 stimulates mTORC1 kinase 
function to facilitate protein synthesis and cap-dependent translation 
initiation through cascade of phosphorylation events, including p70 
S6 kinase and 4E-BP1 (Kuss-Duerkop et  al.,  2017; Ma et  al.,  2011). 
Activated mTORC1 is supposed to inhibit autophagy through ULK1 
signaling; however, it supports the synthesis of viral proteins acting 
as autophagy stimulation factors, including hemagglutinin (HA) and 
ion channel matrix 2 (M2) (Zhirnov & Klenk, 2013). Specifically, the in-
fluenza virus M2 protein interaction with the microtubule-associated 
protein light chain 3 (LC3), a core structural protein of the autophago-
somes, was found to inhibit autolysosome formation while redirecting 
the LC3–M2 complex to the plasma membranes (Beale et  al.,  2014; 
Zhirnov & Klenk, 2013). This process is associated with delays in apop-
tosis initiation and facilitation of virion assembly and budding (Beale 
et al., 2014; Gannagé et al., 2009).

Current models describe autophagy as a host response mech-
anism activated during the late stage of IAV replication (Gannagé 
et al., 2009), while mTORC1 and mTORC2 activation by IAV infec-
tion was reported to occur midway through the IAV replication cycle 
(Kuss-Duerkop et al., 2017). These models, based on Western blot 
(WB) phosphoproteomic data analysis, are influenced by two main 
experimental shortcomings: sensitivity limitations of WB and use of 
cancer cells as host models for in vitro IAV infection studies. Here, 
we sought to elucidate the autophagy-regulating component that 
is essential for IAV replication in lung epithelial cells. We applied 
a highly sensitive analytical approach and validated our findings in 
a noncancer cell model. We performed a RNA-sequencing-based 
meta-transcriptomic study of IAV and host gene activation dynamics 
throughout the virus replication cycle at two multiplicities of infec-
tion (MOI), 1 and 5. We found that viral load has a strong influence 
on the mode and dynamics of host cell protective responses and au-
tophagy activation. With a protocol that does not induce autophagy 
due to serum starvation of the host cells during the virus absorp-
tion stage, we detected simultaneous activation of mTOR complex 
1 genes and key autophagy regulating genes early upon virus infec-
tion (1–3 hr post infection [hpi] at MOI 1). Subsequent phosphopro-
teomic analysis verified that the classical autophagy activation 
pathway through ULK1 signaling did not play a significant role in 
the autophagy activation upon IAV infection, while the activation 
of c-jun N-terminal kinase (JNK) was essential for viral protein accu-
mulation. JNK, a stress-activated protein kinase (SAPK) activated by 
various viruses (Clarke et al., 2001; Eliopoulos et al., 1999; McLean 
& Bachenheimer, 1999), is stimulated by direct interaction with the 
IAV NS1 protein (Nacken et al., 2014). We show that chemical inhibi-
tion of JNK abrogated viral protein accumulation in lung carcinoma 
A549 cells and significantly inhibited infectious viral titer in noncan-
cer cells. Host-directed antiviral therapy targeting key regulators of 
nonclassical autophagy pathways, such as JNK/SAP, could show less 
toxicity in vivo compared with a pharmacological inhibition of the 
classical autophagy pathways that are essential for proper host im-
mune defenses.
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2  |  RESULTS

2.1  |  Serum depletion activates autophagy prior to 
Influenza A virus replication in vitro

Cleavage of IAV hemagglutinin (HA) is required for fusion of the 
viral capsid with host-cell endosomal membranes. Proteases se-
creted by the respiratory epithelium are responsible for HA cleav-
age in vivo IAV infection (Klenk & Garten, 1994; Steinhauer, 1999; 
Zhirnov et al., 2002). The majority of in vitro cell models (MDCK, 
HEK293, or A549) utilized to study the role of autophagy in IAV 
replication do not produce proteases that cleave HA necessitating 
the addition of trypsin to promote virus infectivity. Typically, dur-
ing the 1-hr virus absorption stage, the host cells are incubated in 
serum-free media containing the infectious virus and TPCK-trypsin 
(Beale et al., 2014; Gannagé et al., 2009; Kuss-Duerkop et al., 2017; 
Wang et al., 2019; Zhirnov & Klenk, 2013). Applying time-lapse mi-
croscopy, we monitored the cellular localization of transcription 
factor EB (TFEB) in live cells, as a biomarker of autophagy activa-
tion (Napolitano & Ballabio, 2016), and registered TFEB transloca-
tion into the nucleus of mock-treated A549 cells within 40 min of 
incubation in serum and virus-free media (Figure S1a). Consistent 
with TFEB nuclear localization, we observed a significant drop 
in the levels of phosphorylated ribosomal protein S6 kinase β-1 
(p70S6K1) indicating inhibition of mTORC1 activity (Figure S1b). 
Thus, serum depravation protocols for in vitro infection of can-
cer cell lines with IAV generate data that are biased to a condi-
tion where mTORC1 function is downregulated and autophagy is 
induced prior to the initiation of viral replication. To investigate the 
role of IAV infection on autophagy activation, we adapted a proto-
col that did not include a serum starvation step. With this protocol, 
we were able to study the normal course of autophagy activation 
upon IAV infection (Figure S1c) and found that H3N2 strain, A/Port 
Chalmers/1/73, showed higher tropism to A549 cells compared 
with the H1N1 strain, A/PR/8/1934 (Figure S1d). Therefore, in this 
study we used the H3N2 strain to investigate the role of autophagy 
in IAV replication in lung epithelial cells.

2.2  |  Autophagy activation correlates with 
Influenza virus A load

Employing strand-specific RNA-sequencing (RNA-seq) of infected 
A549 cells, we simultaneously measured the kinetics of A/PCh/1/73 
replication and the expression of host genes affected by IAV replica-
tion at 1, 3, 4, 6, 8, and 12 hpi. In order to measure virus replication, 
we generated RNA-based growth curves by normalizing the total 
virus reads to the total host read coverage (Figure 1a). The viral RNA 
accumulation profile was consistent with the virus titration growth 
curves (Figure S1d). To reproducibly detect reads from genes with 
low transcription rates, we performed infections with moderate (1) 
and high (5) multiplicities of infection (MOI) representing the ratios 
of host cells to infectious virus particles. At MOI5, we observed a 

rapid increase in the viral transcript levels that accounted for 10% of 
the total RNA reads within 2 hr of infection and plateaued between 
4 and 8 hpi, accounting for 75% of the total RNA reads (Figure 1a). In 
contrast, we observed exponential viral growth within 4 hr of infec-
tion at MOI1. By 12 hpi, viral RNA levels started to decline in both 
infection conditions.

The objective of our study was to evaluate the effect of IAV 
replication on the expression profiles of genes involved in the reg-
ulation of autophagy, mTOR signaling pathways, and innate immu-
nity. We observed greater dynamics in global host transcriptome 
(with DGE ≥ twofold change) during early stages of IAV infection 
compared with later timepoints of virus replication when data 
were normalized to time-matched mock-treated cells (Figures  1 
and 2). Virus load played a significant role in the gene expression 
dynamics.

At a moderate virus load (MOI1), within 4 hr of infection, we 
observed a sequential activation of genes that regulate the early 
stages of the autophagy pathway (Figure  1b). We witnessed ini-
tiation of autophagy elongation phase by the activation of ULK2 
and Autophagy and Beclin-1 Regulator protein (AMBRA1) (1 hpi) 
followed by ATG13 and RUBCN (3  hpi) transcript accumulation. 
Activation of ATG7 and ATG10 gene expression corresponds to 
the elongation of nascent autophagosomal membrane at 1  hpi. 
ATG4A, a regulator of the final stage of functional autophago-
some formation (phagophore membrane fusion), was differentially 
upregulated at 6 hpi, while the MAPK1LC3 gene activity, facilitat-
ing the phagophore membrane fusion, remained unchanged up to 
12 hpi.

During the period of exponential virus replication (1–4 hpi), we 
observed a gradual accumulation of the AMBRA1 transcripts en-
coding for a core subunit of the PI3K complex that is essential for 
the initiation and maturation of autophagosomes. AMBRA1 gene 
expression declined at later stages of infection (6–12 hpi) when the 
viral load surpassed 50% of total RNA reads, overwhelming the host 
transcription machinery.

The gene activation dynamics of autophagy regulators showed 
oscillatory pattern at high virus load (MOI5). Compared with 
DGE in cells infected with lower MOI, at MOI 5 gene expression 
of AMBRA1, ULK2, ATG10, and ATG16L spiked 3  hpi instead of 
1  hpi. We could not detect ATG13 activation in the samples in-
fected with IAV at MOI5, while this key regulator of the autophagy 
initiation was differentially activated for 5  hr (3–8  hpi) in A549 
cells infected at MOI1. It is possible that DGE dynamics could have 
been accelerated at high virus load (MOI5), and therefore, we were 
only able to detect the “tail” of the gene activation burst at 1 hpi 
for genes regulating the early stages of autophagosome forma-
tion: ATG5, ATG16L1, and ATG3 (Figure 1b). The observed delay 
of ATG10 activation at MOI5 (3–4 hpi) compared with infection at 
MOI1 (1–3 hpi) may be indicative of a secondary oscillatory burst 
in the activation of autophagy gene regulators due to increased 
virus burden.

A steady accumulation of BAD gene transcripts was the charac-
teristic of the A549 cells infected at MOI5 (Figure 1b). BAD protein 
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positively regulates apoptosis by forming dimers with cell death-
reversing BCL-2 protein. Consequently, the transcript levels of 
BCL2L1 were upregulated within 1 hr of infection at MOI5. Another 
DGE profile specific to lung carcinoma cells infected with high IAV 
load was the upregulation of RPS6KB2, a mTOR substrate respon-
sible for stimulation of protein synthesis through phosphorylation 
of S6 ribosomal protein and eukaryotic translation initiation factor 
4B (eIF4B). In contrast, RPS6KB2 was not differentially expressed 
in A549 cells infected at MOI1, while the transcript levels of global 
protein synthesis inhibitor, EIF2AK3, increased between 4 and 6 hpi. 
The cause for EIF2AK3 gene activation could be energy depletion in 
the lung cells hosting rapidly replicating virus. Interestingly, EIF2AK3 
gene transcription exceeded background levels within the first 3 hr 
of infection at a high viral load. These data suggest that host cells 
attempted to counteract viral replication by shutting down protein 
synthesis, while virus co-opted host cell protein synthesis machinery 
for replication (Figure 1b).

MAPK3/ERK controls various biological functions, including 
cell growth, survival, and differentiation. Depending on interaction 
with a pathway-specific substrate, MAPK3 can activate translation 
through EIF4EBP1 and apoptosis through phosphorylation of BAD. 

Additionally, MAPK3 activates mTORC1 by phosphorylation of 
RAPTOR and TSC complex (Carriere et al., 2011; Zoncu et al., 2011). 
Activated mTORC1 positively regulates protein synthesis and in-
hibits activation of autophagy pathway through ULK1/2 complex. 
Surprisingly, MAPK3 and autophagy regulating genes were simulta-
neously activated during the exponential phase of IAV replication 
(Figure 1b, MOI1). At higher MOI (5), MAPK3 gene expression spiked 
at 3 hpi and returned to base levels thereafter. These results suggest 
that cell stress induced by the high burden of viral protein synthe-
sis could initiate negative feedback mechanisms to activate MAP3K 
transcription.

Collectively, our unbiased transcriptome study of lung cancer 
cells infected with IAV demonstrated that the autophagy path-
way was activated during the exponential stage of virus replica-
tion. High virus load (MOI5) stimulated both pro-apoptotic gene 
groups (BAD and BCL2L1) and genes essential for enhanced pro-
tein synthesis (RPS6KB2) within an hour of infection. At MOI1, 
genes regulating initiation of autophagy were activated during the 
exponential phase of IAV replication. Autophagy gene expression 
showed oscillatory behavior both at high (MOI5) and low (MOI1) 
virus load.

F I G U R E  1  The activation dynamics of genes involved in autophagy regulation are determined by IAV titer. Accumulation of viral 
transcripts (a) and autophagy regulating gene transcripts (b) in A549 cells at early (1–3 hpi), mid (6–8 hpi), and late stage (12 hpi) of the viral 
replication cycle at two multiplicities of infection (MOI) as determined by RNA-seq analysis (FDR-corrected p < .01). (b) Dendrograms of the 
hierarchical clustering of DGE show significant difference in gene expression dynamics at the two MOIs. (c) Schematic of the autophagy 
pathway showing key regulatory proteins involved in each step of autophagosome formation
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2.3  |  IAV replication simultaneously activated 
genes regulating mTORC1 and ULK1 pathways

mTOR regulatory complex is activated at nutrient-rich environment 
to positively regulate protein synthesis, cell growth, and differen-
tiation. A common set of protein kinase regulatory proteins asso-
ciate with the proteins Raptor and Rictor to form two complexes: 
mTORC1 and mTORC2 respectively, each complex carrying a dis-
tinct function. Activation of mTOR1 facilitates protein synthesis 
through phosphorylation of ribosomal protein kinase S6K (RPS6K), 
while mTORC2 regulates cytoskeleton dynamics and cell survival 
(Jung et al., 2009; Laplante & Sabatini, 2012). To promote cell sur-
vival, mTORC2 phosphorylates and activates SGK1 and AKT kinases. 
Growth factors activate mTORC1 through the phosphoinositide-3 
kinase (PI3K)-AKT or SOS-MAPK3/ERK signaling axis (Mendoza 
et al., 2011; Xu et al., 2020). Additionally, the LRP-GSK axis neutral-
izes the inhibitory action of the TSC1/2 complex (Inoki et al., 2006).

Previous studies have shown that H1N1 IAV ramps up the produc-
tion of viral proteins through direct activation of PI3K (Kuss-Duerkop 
et al., 2017; Zhirnov & Klenk, 2013). Here, we observed transcription 
activation of PI3K catalytic subunit alpha (PI3KCA) within an hour of 
H3N2 IAV infection at MOI1. Thereafter, PI3KCA transcript levels 
gradually decreased during the exponential accumulation of viral RNA 
to spike again at 12 hpi (Figure 2a, MOI1). In contrast, we detected no 
activation of PI3KCA gene expression upon infection with high MOI 
(Figure 2a, MOI5). Similarly, gene transcription of Raptor (RPTOR) and 

its activator AKT1 was stimulated early upon IAV infection at MOI1 
and was inhibited at later stage of the virus replication cycle (Figure 2, 
MOI1). Both genes were slightly activated within an hour of IAV infec-
tion at high virus load (Figures 1a and 2, MOI5).

Interestingly, the AKT isoforms were activated upon IAV infec-
tion in a sequential order: AKT1 at 3–4 hpi, AKT2 at 4–8 hpi with 
maximum expression levels at 6 hpi, and AKT3 at 3–8 hpi (Figure 2, 
MOI1). At high virus load, the AKT3 levels peaked at 6 hpi (Figure 2, 
MOI5). AKT kinases regulate many processes including cell metab-
olism and survival via mTOR dependent and independent signaling 
pathways. The timing of AKT1/2/3 isoform, RPTOR, and RICTOR 
gene activation suggested that AKT1 and AKT2 regulate protein 
synthesis through mTORC1 signaling, while AKT3 gene function can 
be linked to cell survival through mTORC2 activation. Exponential 
IAV growth coincided with activation of RICTOR gene transcription 
(Figures 1a and 2, MOI1). RICTOR gene activation followed oscilla-
tory pattern similar to DGE of the major autophagy regulators both 
at lower and high virus load. In comparison, SOS1 and SGK1 genes 
regulating cell survival and stress responses were upregulated only 
at the early stages of virus replication (Figure 2).

The ULK1 gene was upregulated upon IAV infection at MOI 1 
and sustained transcription activity until the later stage of viral rep-
lication (12 hpi). In contrast, at high virus infection load (MOI5) we 
observed a less pronounced ULK1 upregulation at 3 hpi followed by 
gene inhibition at later stages of virus replication (Figure 2, MOI5). 
Notably, ULK2 gene transcription was inhibited in host cells infected 

F I G U R E  2  Transcriptional activation of mTORC and ULK1 pathways in IAV-infected A549 cells. Gene activation dynamics were 
determined in A549 cells infected with IAV P/Ch/1/73 at MOI1 and MOI5 versus mock treated cells at 1, 3, 4, 6, 8, and 12 hpi. Fold change 
differences of gene expression levels in IAV-infected relative to mock-treated cells are statistically significant between the two groups (FDR-
corrected p < .01)
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with the lower viral load (MOI1). In contrast, ULK2 gene was acti-
vated at the early stage (3 hpi) of IAV infection at MOI5. The ULK2 
expression profile was consistent with that of AMPK subunit alpha 
(PRKAA1) and showed inverse DGE pattern to the ULK1 gene ex-
pression (Figure 2). In summary, our transcriptome data indicate that 
upon IAV infection at MOI1 nutrient depletion may not contribute to 
the stimulation of the autophagy pathway.

Collectively, we observed steady accumulation of ULK1, 
MAPK3/ERK (Figure  1b, MOI1), and LRP6 (Figure  2, MOI1) gene 
transcripts throughout the virus replication cycle indicating that 
genes regulating autophagy and mTORC1 activation were simulta-
neously activated. The oscillatory pattern of key autophagy (ATG7, 
Figure 1b, MOI1) and mTORC2 (RICTOR, Figure 2, MOI1) gene ex-
pression profiles suggests that viral replication activates two major 
cell survival pathways: autophagy and mTORC2.

2.4  |  IAV replication activates autophagy in 
lung epithelium cells independently of the ULK1 
signaling pathway

Our global transcriptome analysis revealed previously uncharacter-
ized correlation between IAV load and activation of ULK gene tran-
scription. While ULK1 gene was consistently transcribed in A549 cells 
throughout the IAV virus replication cycle at MOI1, its expression 
dynamics remained mostly unchanged at MOI5 (Figure 2, Figure S2). 
Therefore, we further investigated the role ULK1 plays in autophagy 
activation and IAV replication at a post-transcriptional level.

Applying Western blot (WB) analysis, we could barely detect viral 
protein accumulation 12 hpi at MOI1 (Figure S3), while the transcrip-
tome analysis showed that viral RNA had reached maximum levels at 
4 hpi (Figure 1a). We could detect accumulation of viral proteins (M2 
and NP) with WB as early as 6 hpi at MOI5 (Figure 3a). At this high 
virus load, total IAV transcript levels reached their maximum levels 
between 3 and 4 hpi and declined at 6 hpi (Figure 1). The observed 
time gap between transcript and protein accumulation is largely due 
to the substantial difference in target detection sensitivity between 
the two analytical methods. Quantitative analysis of percentage in-
fected cells via flow cytometry indicated that at MOI1 close to 10% of 
the total cell population harbored the virus, while at MOI5 half of the 
population become infected (Figure S3). Since both methods analyze 
bulk transcript or protein levels, the WB data could only reveal the 
biomarkers with the most prominent changes elicited by IAV infection.

Regardless of WB sensitivity limitations, we could observe acti-
vation of autophagy through accumulation of lipidated LC3B-II form 
of the microtubule-associated light chain protein that coincided with 
IAV protein accumulation (Figure 1a) (Mizushima et al., 2010). When 
autophagy is activated via the classical pathway, the levels of ULK1 
phosphorylation at Ser757 subside due to inhibition of mTORC1 activ-
ity (Kim et al., 2011). Since the global transcriptome analysis showed 
continuous activation of ULK1 gene expression at MOI1 and no signif-
icant changes in gene activity at MOI5, we further investigated the role 
of ULK1 in infected cells enduring metabolic stress due to high virus 

protein levels at MOI5. Inhibition of ULK1 phosphorylation at S757 
with small molecule SBI0206965 did not change the course of auto-
phagy activation upon IAV infection as we observed continuous accu-
mulation of lipidated LC3-II form in virus-infected cells (Figure 3a,b). At 
the same time, we observed no reduction of viral protein levels in A549 
cells treated with the ULK1 inhibitor (Figure 3a).

We further validated our WB results by applying immunocytoflu-
orescence with anti-LC3B antibodies. We observed autophagosome 
vesicle formations in IAV-infected A549 cells when ULK1 signaling 
was inhibited with a small molecule (Figure 3c) thus confirming the 
WB-based proteome data. Collectively our data indicated that auto-
phagy was activated through an alternative to ULK1 signaling path-
way during IAV infection.

2.5  |  IAV infection upregulates AKT and Stress 
Response Kinase JNK activity in A549 cells midway 
through the virus replication cycle

Previous in vitro studies of IAV infection have demonstrated that 
viral proteins stimulate mTORC1 activity to ensure virus protein ex-
pression and promote successful replication (Zhirnov & Klenk, 2007, 
2013). Additionally, mTORC2 function supports host survival in the 
later stages of IAV replication when cells undergo significant stress 
(Kuss-Duerkop et al., 2017).

To validate our findings from the global transcriptome analysis 
of mTOR-regulatory complex differential gene expression, we mea-
sured mTORC1 and mTORC2 activity in IAV infected A549 cells. We 
observed that at MOI1 the phosphorylation levels of p70 S6 kinase 1 
(S6K), a mTORC1 substrate, remained unchanged, while AKT1-Ser473 
phosphorylation, a mTORC2 substrate, increased throughout the virus 
replication cycle (Figure 4a). Notably, the exponential increase in phos-
phorylated AKT-Ser473, an indicator of cell stress, coincided with the 
accumulation of viral transcripts (Figure 1a). Our results also demon-
strated that the Thre389 phosphorylation on the S6K increased propor-
tionally to the virus load at the later stage of virus replication (Figure 4b).

The phosphoproteomic data presented here demonstrated that 
pro-survival mechanisms dependent on AKT-Ser473 phosphoryla-
tion were activated at mid throughout the late stage of the virus 
replication cycle, while mTORC1 activity was not affected in cells 
infected with IAV at MOI1. We detected mTORC1 activation in the 
later stages of IAV replication specifically at very high MOI, when 
mTORC1 function was required to satiate the high demand for pro-
tein synthesis (Figure 4b: 9 hpi vs. 6 hpi).

Together with the activation of AKT anti-apoptotic signaling, we 
investigated the JNK stress-response regulator upon virus infec-
tion. JNK activation is a common response to many stress stimuli, 
including endoplasmic reticulum (ER) excessive stress, causing apop-
totic cell death through regulation of the BCL2 family proteins (Raciti 
et al., 2012; Wei et al., 2008; Yamamoto et al., 1999). Our Western blot 
results showed consistent accumulation of Thr183-phosphorylated 
JNK in IAV-infected cells. This was proportional to the synthesis of 
viral proteins (Figure 4c). Activation of JNK signaling occurred midway 
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through the IAV (H3N2) replication cycle and coincided with the AKT-
pSer473 anti-apoptotic signaling (Figure 4a,c). For comparison, we 
detected accumulation of phosphorylated JNK-Thr185 at later time 
upon infection with similar MOI of IAV (H1N1) subtype (Figure S3c).  
These findings underline strong correlation between the accumula-
tion of high virus protein amount and stress-activated JNK signaling. 
Importantly, pharmacological inhibition of JNK signaling through 
Thr183 phosphorylation resulted in a significant decrease in IAV 
protein synthesis and a weaker autophagy pathway stimulation, 
measured as reduced levels of the lipidated LC3B-II (Figure 4d). We 
observed that the LC3-II/LC3-I ratio increased eightfold within 12 hr 
of virus infection compared to the time matched mock-treated A549 
cells with functional JNK signaling and only twofold in the IAV in-
fected cells exposed to JNK inhibitor (Figure 4d).

Taken together, the phosphoproteomic analysis of AKT-Ser473 
and JNK-Thr187 signaling upon infection of A549 cells with IAV in-
dicate that viral proteins stimulated host anti-apoptotic adaptations 
through activation of AKT and JNK stress response mechanisms. 
Pharmacological inhibition of JNK signaling dramatically reduced 
viral protein synthesis in IAV-infected lung carcinoma A549 cells.

2.6  |  Pharmacological inhibition of JNK-Thr187 
signaling decreased IAV titer in normal human 
bronchial epithelial cells (NHBE) in vitro

Since the cancer cells, including the A549 line, used as models to 
study IAV replication may regulate stress response and survival 

F I G U R E  3  Activation of autophagy in IAV P/Ch/1/73 infected A549 cells is not dependent on ULK-S757 phosphorylation by mTORC1. (a) 
Western blot analysis was performed on total protein isolated from IAV-infected (+) and mock-treated (−) A549 cells at mid (6 hpi) and later stage 
(7–8 hpi) of virus replication cycle. The ratio between lipidated (LC3B-II) and unprocessed (LC3B-I) forms of MAP1LC3B protein was used to 
determine the autophagy activation event. Untreated and SBI0206965 [10 μM] treated A549 cells were infected with IAV P/Ch/1/73 at MOI5 
and total protein was collected at the indicated hours post infection (hpi) together with the time-matched mock treated samples. Accumulation of 
the viral nucleoprotein (NP) and matrix 2 (M2) protein was analyzed relative to beta-Actin protein levels. (b) Quantitative analysis of LC3B protein 
band densities was performed on five independent experiments with Image Lab 6.0 (BioRad). Shown are the mean and standard deviations. 
(c) Fluorescent microscopy of A549 cells mock-treated or infected with IAV P/Ch/1/73 at MOI5. A549 cells treated with the ULK inhibitor, 
SBI0206965 [10 μM], were equally infected and processed. Cells were fixed 8 hpi and were treated with primary antibodies against LC3B protein 
(red) and IAV matrix 2 (green). The cell nuclei were stained with DAPI (blue). The yellow arrows indicate at autophagosome formations. The white 
scale bar corresponds to 10 μm. Shown is a representative of three independent biological replicas of IAV infected A549 cells
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F I G U R E  4  Phosphorylation of SAPK/JNK-Thr183/Tyr185 coincides with AKT-pSer473 anti-apoptotic signaling and is essential for viral 
protein accumulation in IAV P/Ch/1/73-infected A549 cells. (a) The mTORC1 and mTORC2 activity was deduced from the phosphorylation 
status of their corresponding substrates, p70S6K-Thr389 and AKT-S473, in IAV-infected (MOI1) cells. (b) mTORC1 activity was measured at 
later stage of IAV infection (6 and 8 hpi) at MOI 1, 5, and 10. (c) Western blot analysis of phosphorylated JNK-Thr183/Tyr185, total JNK, and 
IAV nucleocapsid protein (IAV-NP) in samples isolated from virus-infected (V) A549 cells at MOI5 and mock-treated (M) cells. JNK signaling 
was consequently activated with accumulation of viral protein at mid-to-late stage of the virus replication cycle. (d) Western blot analysis 
shows that chemical inhibition of SAPK/JNK signaling with SP600125 [10 μM] resulted in inhibition of virus protein (IAV-M2) accumulation 
in A549 cells. In the same samples, increase in the LC3B-II/LC3B-I ratio indicates that high viral protein levels are responsible for the SAPK/
JNK and autophagy activation. Shown is a representative of four independent virus infection (MOI5) experiments
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mechanisms differently in comparison to normal human lung cells, 
we further investigated the role of JNK signaling in NHBE cells in 
vitro infected with the H3N2 A/PCh/1/73 strain.

Western blot analysis of total protein extracted from mock-
treated and IAV-infected NHBE cells showed different responses to 
ULK1 and JNK signaling inhibition when compared with the A549 
cancer cell line. The NHBEC were more sensitive to the small mole-
cule compounds SBI0206965 and SP600125 targeting ULK1 and JNK 
signaling, respectively, therefore we applied lower drug concentra-
tions. Unexpectedly, ULK1 inhibition caused a decline of JNK-T183 
phosphorylation in IAV-infected NHBEC, although the viral protein 
(M2) accumulation and activation of LC3B synthesis remained unaf-
fected (Figure 5a). In contrast to the A549 cancer cells, we detected 
LC3B accumulation only in IAV-infected NHBEC, either untreated or 
treated with SBI0206965 to inhibit ULK1 signaling. LC3B in NHBEC 
treated with the JNK inhibitor SP600125 was barely detectable 
even in IAV-infected populations (Figure  5a). Immunofluorescence 
analysis, a more sensitive protein detection method, showed that 
IAV-infected NHBEC produced LC3B. Furthermore, the percentage 
of NHBEC harboring IAV_M2 protein dropped significantly upon 
pharmacological inhibition of JNK signaling (Figure 5b) indicating at 
its significance for the IAV (H3N2) replication.

We further validated the role of JNK and ULK1 signaling in IAV 
replication analyzing the infectious virus titers generated by NHBE, 
adenovirus transformed NHBE (BEAS-2B) and lung epithelium car-
cinoma cell line (A549). We found that NHBE from three genetically 
unrelated healthy donors produced infectious virus titers compara-
ble to those released by the immortalized cell lines. Pharmacological 
inhibition of JNK function reduced the levels of infectious IAV par-
ticles by twofold in the transformed cell lines and by 20-fold in the 
NHBE cells (Figure  5c). These results complemented our Western 
blot and immunocytochemistry studies and demonstrated that JNK-
signaling inhibition in NHBEC has stronger effect on IAV replication 
in comparison to cell models based on immortalized cell lines.

Collectively, our data indicated that IAV (H3N2) activates au-
tophagy independently of the classical ULK1 signaling pathway in 
normal and cancer (A549) lung epithelial cells. Although, IAV infec-
tion universally activated JNK signaling in all tested cell models, the 
immortalized cell lines were less dependent on this regulatory re-
sponse for production of infectious virus compared with NHBEC. 
The JNK-Thr187 signaling appeared as a stress regulatory mecha-
nism activated by the rampant synthesis of viral proteins. Therefore, 
inhibition of JNK-Thr187 signaling decreased the host cell capacity 
as a virus “factory” and resulted in a significant reduction of infec-
tious IAV titer in vitro.

2.7  |  IAV matrix protein M2 interaction 
with the host LC3B protein activates 
autophagosome formation

Our Western blot results have consistently indicated that IAV infec-
tion activates autophagy in strict correlation to accumulation of viral 

proteins (Figures  3a, 4d, and 5a). Since detection of the lipidated 
LC3B-II form was contingent to high viral protein load, we designed 
experiments to test whether direct interaction between the viral M2 
protein and the autophagosome core protein occurs in situ and acti-
vates autophagy independently of the classical (ULK1) or alternative 
(JNK) signaling cascades. Previous studies have inferred interaction 
between the two proteins from in vitro binding studies and infec-
tions with M2-deficient H1N1 virus (Beale et al., 2014). Here, we uti-
lized split green fluorescent protein (GFP) methodology (Cabantous 
et al., 2005) to directly test M2-LC3 interaction in live cells. We tagged 
each LC3B and M2 proteins with GFP fragments 10 (G10) and 11 (G11). 
Plasmids expressing proteins tagged with the GFP fragments were 
co-transfected in HEK293T cells. No fluorescence was detected in 
transfected cells prior to addition of the GFP1-9 scaffold domain (data 
not shown). Since the GFP1-9 utilized in this study was not optimized 
to fold properly in mammalian cells, we supplied purified and folded 
GFP1-9 peptide in trans similar to the antibody staining techniques. 
Thus, we indirectly registered protein–protein interactions between 
G10 and G11 fragments that occurred in live cells after we visualized 
this interaction in fixed cells supplemented with the GFP1-9 scaffold.

Guided by previous knowledge that IAV M2 protein forms homo-
dimer and tetramer complexes (Holsinger & Lamb,  1991), we co-
transfected plasmids expressing M2 protein tagged with G10 and G11 
as a positive control for our assay. As expected, complementation of 
the split-GFP fragments in HEK293T cells expressing M2-tagged pro-
teins resulted in fluorescence that highlighted the extracellular mem-
brane and intracellular membranous structures where M2 resides 
(Figure 6a, upper left panel). Self-oligomerization of LC3B protein has 
not been previously reported; therefore, we applied G10 and G11-
tagged at the N-terminus of LC3B-expresing plasmids as a negative 
control. Unexpectedly, split-GFP complementation of the LC3B-tagged 
proteins recovered the GFP fluorescence activity (Figure  6a, upper 
right panel). The fluorescent signal was consistent with that of native 
LC3B-I protein cellular localization (Figure 3c). Finally, co-transfection 
of plasmids expressing tagged LC3B and M2 proteins produced fluo-
rescently labeled cell membrane and phagosomes consistent with the 
localization of LC3B-II and M2 (Figure 6a, lower panel).

Altogether, data presented here demonstrate direct interaction 
between the viral M2 protein and LC3B that occurs on the cell mem-
branes. The split-GFP assay shows that the IAV matrix protein re-
cruited LC3B to the extracellular membrane and vice versa, the M2 
protein localized at the autophagosome membranes where LC3B-II 
naturally resides. The viral M2 protein stimulated the LC3B lipida-
tion required for the autophagosome maturation.

3  |  DISCUSSION

Autophagy has been shown to significantly impact the virus life 
cycle, particularly the fledgling phase of viral RNA synthesis (Wang 
et al., 2019) and presents an appealing target for host-directed an-
tiviral therapeutics. However, the role of autophagy during viral 
infection varies by cell type and viral strain—making the critical 
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investigation of autophagy during IAV infection, of which there are 
an estimated 198 subtypes, uniquely challenging. Here, we evaluated 
the effect of IAV replication on the expression profiles of genes in-
volved in autophagy regulation and mTOR signaling. The majority of 
in vitro IAV infection studies are based on cell models in which au-
tophagy activation predated virus infection. By omitting cell serum 
starvation during the virus absorption step, we were able to capture 
autophagy activation during IAV infection that is more representa-
tive of the events occurring in vivo.

We observed global host transcriptome changes (LFC ≥2) that var-
ied between the early stages of IAV replication and later timepoints 
depending on the ratio between infectious virus and host cells, indi-
cating that virus load played a significant role in host gene expres-
sion dynamics (Figures  1 and 2). Despite host cells' efforts to shut 
down protein synthesis, IAV replication activated mTORC1 signaling, 
positively regulating protein synthesis in nutrient-rich conditions. 
Both mTORC1 and mTORC2 carry out distinct functions: activation 
of mTOR1 facilitates protein synthesis and inhibits autophagy via 
repression of ULK1 signaling, while mTORC2 regulates cytoskeleton 

dynamics and cell survival (Oh & Jacinto,  2011; Sabatini,  2017). 
Despite the activation of mTORC1, IAV replication also simulta-
neously activated autophagy independent of ULK1 signaling. The 
ULK1 gene executes a feedback loop between mTORC1 signaling 
and the autophagy pathway, inhibiting mTORC1 via interaction with 
RPTOR during stress (Dunlop et  al.,  2011; Jung et  al.,  2011; Luo 
et al., 2018). RPTOR gene activation was limited to the early stages 
of IAV infection and may not have had the capacity to inhibit ULK1 
function, particularly given the continuous ULK1 transcript accumu-
lation throughout the virus replication cycle (Figure 2 and Figure S2). 
At the same time, RICTOR gene activation occurred throughout the 
viral replication cycle playing a major role for mTORC2 signaling in 
IAV infected cells (Luo et al., 2018; Sarbassov et al., 2004). Our global 
transcriptome analysis of IAV (H3N2)-infected cells revealed remark-
able dependence of ULK1 and ULK2 gene activation on the viral load. 
At lower MOI1, the ULK1 gene was continuously activated through-
out the IAV replication cycle. At MOI5, ULK1 gene expression was 
mostly suppressed and ULK2 was activated briefly at the early stage 
of IAV replication. We further examined the role of ULK1 signaling on 

F I G U R E  5  Noncancer lung bronchial epithelial cells exhibit higher dependence on JNK signaling for production of infectious IAV 
particles. (a) Chemical inhibition of ULK (SBI0206965 [1 μM]) and JNK (SP600125 [5 μM]) signaling showed divergent effects on the 
production of viral protein and LC3B in normal human bronchial epithelial cells (NHBE). Shown is a representative of three independent 
Western blot experiments of later stage (24 hpi) IAV infection at MOI5. (b) Immunofluorescence with antibodies targeting LC3B and IAV 
protein M2 demonstrated the effect of JNK-phT183 inhibition on the reduction of virus-infected NHBEC. Images were acquired 24 hpi at 
MOI5. The white scale bar corresponds to 60 µm. The graph presents the percent of cells harboring viral M2 protein. Image quantification 
of IAV-M2-labeled cells was performed on >300 cells in random fields for four independent infection experiments. (c) Inhibition of virus 
protein synthesis was consistent with reduction of infectious virus load, measured as plaque forming units per ml conditioned media (PFU/
ml), generated by A549, BEAS-2B, and NHBE treated with inhibitors of ULK or JNK signaling compared with the not treated (NT) controls. 
The PFU/ml were determined 40 hpi with IAV-A/PCh/1/73 at MOI5. The statistical significance of the results was determined from four 
independent infection experiments with Student t-test (*p < .01 and **p < .001)
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post-transcriptional level and found that pharmacological inhibition 
of ULK1 had no significant effect on IAV replication and activation of 
autophagy in the lung cancer A549 cell line (Figure 3).

In response to increased viral burden, we observed secondary 
oscillatory burst of autophagy gene regulator activation as infec-
tion progressed (3–4  hpi), particularly related to protein synthe-
sis (EIF2AK3 and MAPK3). However, at a higher viral load (MOI5), 
MAPK3 gene expression spiked at 3 hpi and subsequently returned 
to base levels. This suggests that cell stress burdened by viral protein 
synthesis could initiate a feedback mechanism activating MAP3K 
transcription. These findings implicate host cell protein synthesis 
downregulation as a mechanism for impeding viral replication. In 
turn, activation of genes regulating mTORC1 activity at early stage of 
IAV replication signified viral hijacking of host protein synthesis ma-
chinery (Figure 1b and Zhirnov & Klenk, 2007; Ehrhardt et al., 2007; 
Shin et  al.,  2007). However, the steady accumulation of MAPK3/
ERK (Figure 1b, MOI1) and LRP6 (Figure 2, MOI1) gene transcripts 
throughout IAV infection indicates that mTORC1 activation could be 
sustained on a post-transcriptional level (Figure 4b: 9 hpi vs. 6 hpi).

The oscillatory pattern of key autophagy (ATG7, Figure  1b, 
MOI1) and mTORC2 (RICTOR, Figure  2, MOI1) gene expression 

profiles demonstrates that viral replication activates two major cell 
survival pathways: mTORC1 and autophagy that is independent of 
ULK1 signaling, also found in Poliovirus infection (Corona Velazquez 
et al., 2018). This observation and the known relationship between 
LC3B-II and viral protein (M2) accumulation leading to autopha-
gosome formation (Beale et al., 2014; Gannagé et al., 2009) could 
explain an autophagy activation alternative to the classical ULK1 sig-
naling pathways. Furthermore, our data show that pharmacological 
inhibition of ULK1 function prior to and upon IAV infection did not 
change the course of autophagy activation. Together, these results 
demonstrate that ULK1-independent simultaneous activation of 
mTORC1 and autophagy is possible when orchestrated by IAV pro-
teins boosting their own amplification (Kuss-Duerkop et  al.,  2017; 
Shin et al., 2007; Zhirnov & Klenk, 2007).

Previous studies have shown that direct interaction between 
IAV Matrix 2 (M2) ion-channel protein with LC3 blocks autopha-
gosome fusion with lysosomes (Gannagé et al., 2009) and redirects 
LC3 to the plasma membrane to facilitate virus budding (Beale 
et  al.,  2014). High levels of M2 responsible for accumulation of 
LC3II and formation of autophagosomes were linked to retardation 
of viral growth and decreased shedding of infectious virus particles 

F I G U R E  6  IAV-M2 recruits LC3B in the cell membranes. Fluorescent microscopy of HEK293T cells transfected with plasmids expressing 
G10- and G11-tagged IAV-M2 and LC3B proteins demonstrate that direct interaction between the two proteins occurs on the cell plasma 
membrane or intracellular membranous vesicles. Shown are images of split-GFP complementation assay 48 hr after transfection of HE293T 
cells with the corresponding plasmids. The GFP1-9 scaffold was supplied as purified and folded protein in fixed and permeabilized cells
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(Calderon et al., 2019). Applying split-GFP technology, we provided 
direct evidence for IAV/M2-LC3 protein interaction causing lo-
calization of the LC3 to the cell wall membranes (Figure 6a). This 
method is superior to the derivation of protein–protein interactions 
from colocalization studies of LC3 and M2 fused to full-length fluo-
rescent proteins since the fluorescent proteins tend to dimerize and 
produce false-positive puncta formations. We observed increased 
formation of autophagosomes in stable cell lines expressing LC3–
GFP or LC3–Cherry fusion proteins and ruled out their application 
for autophagy activation studies. Thus, our study concurs with the 
hypothesis that the viral protein M2 is responsible for the activation 
of autophagy independently of the classical or alternative signaling 
pathway.

Additionally, we found that cell survival responses regulated by 
AKT-Ser473 and JNK-Thr187 became activated midway throughout 
the virus replication cycle. Pharmacological inhibition of JNK sig-
naling dramatically reduced viral protein synthesis in IAV-infected 
NHBE cells, while there was a modest effect in the cancer cell line 
A549. Our findings are in agreement with previous study reporting a 
key role of JNK signaling in the host cell permissiveness to Influenza 
virus replication. Avian IAV subtypes, H5N1 and H9N2, activated 
JNK signaling in chicken fibroblasts. In the same host cells, infec-
tion with the H1N1 subtype, known as swine flu causing seasonal 
epidemics in humans, did not activate JNK phosphorylation (Zhang 
et al., 2019). In our studies, we observed that both H1N1 and H3N2 
subtypes activated JNK signaling in human lung cell line and this 
correlated with the replication efficiency of the virus (Figures 4 and 
5 and Figures S1d and S3c). Additionally, we observed unexpected 
decrease in JNK-Thr187 levels in normal human lung epithelium cul-
tures infected with IAV (H2N3) when ULK1 signaling was targeted 
with a selective inhibitor SBI0206965. This could be the cause of off-
target inhibition of kinases regulating JNK function in this cell type, 
including FAK (Egan et al., 2015; Liu et al., 2007; Martin et al., 2018). 
Regardless, the IAV replication and production of infectious virus 
particles remained unchallenged when compared with the ex-
perimental group treated with JNK-specific inhibitor SP600125 
(Figure  5) indicating that even at reduced activity JNK signaling 
could support IAV infection. Only upon complete inhibition of the 
JNK function, the IAV titer was reduced. Collectively, our data in-
dicate that lung carcinoma A549 show reduced sensitivity to inhibi-
tion of JNK signaling during IAV replication compared with NHBEC, 
supporting the idea that cell models utilized to study host–pathogen 
interaction would produce subjective results. Our study solidified 
the link between IAV infection and JNK-Thr187 signaling as a stress 
regulatory mechanism accompanying the rampant synthesis of viral 
proteins and activating alternative autophagy pathways (Clarke 
et al., 2001; Eliopoulos et al., 1999; McLean & Bachenheimer, 1999; 
Nacken et  al.,  2014; Zhang et  al.,  2019). Therefore, therapies that 
decrease the host cell capacity as a viral particle “factory” through 
inhibition of JNK-Thr187 signaling can result in a significant reduc-
tion of infectious IAV titer.

In conclusion, our findings indicate that the IAV load is respon-
sible for differential gene expression dynamics within the cell host. 

We demonstrate that IAV replication simultaneously activated tran-
scription of key genes regulating mTORC1 and autophagy in human 
lung epithelial cells. Host stress response mechanisms regulated by 
the c-jun N-terminal kinase are co-opted by the IAV replication ma-
chinery to boost viral titer and their inhibition has the propensity to 
serve as host-directed antiviral therapy. We also observed differ-
ences between NHBE cells and cancer cell lines in their response to 
virus invasion. In the search of universal, effective and safe antiviral 
therapies, we call for comprehensive comparison of data originating 
from diverse and relevant cell models of virus infection.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Cell culture, media, and chemical reagents

A549 carcinoma human alveolar epithelial cells (ATCC, CCL-185) 
and Madin-Darby canine kidney (MDCK) cells (ATCC, CCL-34) 
were maintained in high-glucose DMEM (Gibco-Thermo Fisher, 
Grand Island, NY) and EMEM (Gibco-Thermo Fisher, Grand Island, 
NY), respectively, supplemented with 10% (v/v) fetal bovine serum 
(Gibco-Thermo Fisher, Grand Island, NY). BEAS-2B (ATCC, CRL-
9609), a polyoma virus transformed normal human lung bronchial 
epithelial cells, and Normal Human Bronchial Epithelial (NHBE, 
Lonza-CC2541) were maintained in Bronchial Epithelial Cell Growth 
medium obtained from Lonza/Clonetics Co as a BEGM kit (CC-3170). 
All cells were cultured at 37°C and 5% CO2.

To inhibit ULK1 signaling, A549 cells were cultured in 10%-
DMEM media supplemented with 10 μM SBI0206965 (Selleckchem, 
Pittsburgh, PA) for 6 hr prior to IAV infection, and drug concentration 
was maintained in the media post-virus infection. Since BEAS-2B 
and NHBE have lower expression levels of ULK1, SBI0206965 was 
added at 1 μM to the BEGM growth media. We observed high tox-
icity at 10 μM SBI0206965 for both noncarcinoma cell types, which 
could be caused by an off-target drug effect at this concentration. 
To inhibit JNK-Thr187 phosphorylation, we added 10 μM SP600125 
(Selleckchem, Pittsburgh, PA) to A549 growth media 6 hr prior to 
IAV infection, while 5 and 1 μM were added to the culture media of 
NHBE and BEAS-2B, respectively, due to sensitivity issues resulting 
from JNK inhibition.

4.2  |  Viruses and virus infection procedures

The following IAV strains were used in this study: A/PR/8/1934 
(H1N1) and A/Port Chalmers/1/73 (H3N2). The virus work was 
performed in compliance with CDC guidelines for biosafety level 
2 agents. Virus stocks were prepared from MDCK cells infected 
at MOI of 0.01 in the following media: EMEM, 10  mM HEPES 
(Gibco), 0.125% BSA (Gibco), 1 µg/ml TPCK trypsin (Worthington 
Biomedical Corporation). MDCK cells were incubated for 1 hr at 
37°C in virus media, washed with PBS, and overlaid with serum-
free EMEM containing 1 µg/ml TPCK trypsin. Conditioned media 
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was harvested when a cytopathic effect was observed (usually 
24 and 48 hpi for A/PCh/1/73 and, A/PR/8/34 respectively), cen-
trifuged at 1,000 g for 10 min, passed through 0.45 μm Nalgene 
filter units, and aliquoted in 50% BSA media for storage at −80°C. 
The virus titer was determined in MDCK cells by plaque assays, 
as described previously (Szretter et al., 2006), and immunoplaque 
analysis was performed with anti-NP antibody (ThermoFisher, 
PA5-32242) and alkaline phosphatase-conjugated anti-rabbit 
antibody.

To study the dynamics of viral RNA replication, A549 cells were 
plated 18 hr prior to infection in high glucose DMEM supplemented 
with 5% or 10% fetal clone III serum at 1 × 106 per well in six-well 
format dishes. In order to standardize the multiplicity of virus in-
fection (MOI) between independent virus infection experiments, 
the cell number was calculated from a control sample immediately 
before IAV infection. A549 cells were mock treated in six-well plates 
with virus free media or were infected with 250 µl virus containing 
media. To compare the effect of serum starvation on autophagy ac-
tivation we utilized two protocols of virus activation for absorption.

The serum-starved protocol has been broadly used in in vitro 
IAV infections and is based on dilution of viral stocks in serum-free 
media supplemented with 1 µg/ml TPCK trypsin followed by incuba-
tion of virus media and host cells for 1 hr at 37°C. After 1 hr, 1 ml of 
EMEM supplemented with 5% Fetal clone III serum (5% DMEM) was 
added and cells were incubated at 37°C prior to harvest.

In the serum replete protocol, 20  µg TPCK-treated trypsin 
(Warthington, Lakewood, NJ) was added to 1  ml virus stock (har-
vested from MDCK producer cells in serum free media) and was 
incubated for 10 min at 37°C to activate cleavage of viral HA gly-
coprotein to HA1 and HA2. Equal volume (1 v/v) of EMEM supple-
mented with 10% Fetal clone III serum (10% EMEM) was added to 
the TPCK trypsin-treated virus to neutralize the enzyme. To deter-
mine the titer of infectious IAV particles, 250 µl of the trypsin pre-
activated virus diluted to 2 × 105 (approximated from the pfu/ml of 
the original virus stock) in 10%-EMEM were layered over 2 ×  106 
MDCK cells in a 6-well plate and incubated for 1 hr at 37°C. In par-
allel, 250 µl of the original virus stock diluted to MOI 0.1 in serum-
free EMEM supplemented with 1 µg/ml TPCK-treated trypsin was 
layered over 2 × 106 MDCK cells in a 6-well plate and incubated for 
1 hr at 37°C. Following the 1 hr virus absorption step, 2 ml 10%-
EMEM were added to the infected cells and the incubation at 37°C 
continued for 48  hr. Conditioned media from IAV-infected MDCK 
cells was serially diluted (log10) in serum-free EMEM media sup-
plemented with 1  µg/ml TPCK-treated trypsin to determine the 
virus titer in MDCK cells by plaque assays, as described previously 
(Szretter et  al.,  2006). On average, the titer (pfu/ml) produced by 
cells infected with trypsin pre-activated IAV in serum replete media 
was tenfold lower compared with the infections in serum-free 
media. To normalize the MOI between the two protocols, A549 
cells were infected at tenfold higher virus titer for the serum re-
plete protocol compared with the serum-free protocol. Cells were 
collected at 1, 3, 6, and 8 hpi and the levels of viral RNA were de-
termined via quantitative RT-PCR with Taqman probe (5′-/56-FAM/

AGCTCTCGG/ZEN/ACGAARGGCARCGA/3IABkFQ/-3′) and prim-
ers (5′-TCCTCTGCATTGTCTCCGAA-3′ and 5′-TGTCYTTYCAGGGG​
CGGG-3′) targeting the IAV NP6 transcript. With this quantitative 
method, we observed comparable levels of viral transcripts (ϪCt nor-
malized to GAPDH transcripts) between the two infection protocols 
when tenfold higher virus titer was applied in the serum-replete pro-
tocol. For the transcriptome and WB studies, A549 cells were plated 
18 hr prior to infection in 10% DMEM at 1 × 106 per well in six-well 
format dishes. Pre-activated virus stock was adjusted to the required 
MOI in 10% DMEM and was layered on target cells at 250 µl. After 
1 hr of incubation at 37°C, A549 mock and virus infected cells were 
topped with fresh 10%-DMEM to a total volume of 2 ml and were 
incubated at 37°C prior to harvest.

4.3  |  RNA isolation and sample preparation for 
Illumina RNA Mi-seq analysis

At indicated time points, post initiation of infection, cells were 
washed with cold phosphate buffered saline (PBS) and lysed in the 
well with 350 µl 1% beta-mercaptoethanol supplemented RLT buffer 
from the RNeasy Plus Mini kit (QIAGEN, Maryland). Total RNA was 
isolated according to the manufacturer's protocol, including on-
column removal of gDNA. After elution, total RNA was treated with 
Turbo DNA-free Kit (AM1907, Thermo Fisher Scientific) for com-
plete elimination of gDNA. RNA quality was determined by both 
direct observation of rRNA on 1% denaturing agarose gel and by 
Agilent bioanalyzer scan. For the preparation of Illumina libraries, 
5 µg total RNA per sample was processed with the TruSeq Stranded 
Total RNA Ribo-Zero H/M/R kit (RS-122-2201, Illumina). Following 
rRNA removal, polyA-mRNA species were separated from the non-
polyA RNA pool with the polyA Spin mRNA Isolation Kit (S1560S, 
NEB). The two RNA sample pools were further quantified by Qubit 
(Invitrogen) and 15 ng was subjected to size fragmentation followed 
by cDNA synthesis and the addition of a terminal tagged oligonucle-
otide. Tagged cDNA was purified with Agencourt AMpure XP beads 
and amplified with 15 cycles of PCR. Fragment length distribution of 
all libraries was analyzed on a BioAnalyzer high-sensitivity LabChip. 
Diluted libraries (5  pmol) were multiplexed and sequenced on the 
Illumina MiSeq (2- by 250-bp paired-end run with 3–4 million reads/
sample).

4.4  |  Analysis of RNAseq data and differential gene 
expression assay

RNAseq data were analyzed on the EDGE Bioinformatics platform 
(Li et  al.,  2017). Using the PiReT application (https://github.com/
mshak​ya/piret), we performed quality control on the RNA-seq data 
using FaQC v2.09 (Lo & Chain,  2014). The reads that passed the 
QC were mapped using HISAT2 v2.1.0 against its graph FM index 
(GFM) human reference genome (Kim et  al.,  2019a). Htseq-count 
v0.11.1 was used to calculate the number of reads mapped to coding 

https://github.com/mshakya/piret
https://github.com/mshakya/piret
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sequences (Anders et al., 2015). Applying count data, we calculated 
transcripts per kilobase per million (TPM) and found differentially 
expressed genes using the R package DESeq2 v1.18.1. Heatmaps 
showing fold change (FC) were made using the R package heatmap 
v1.0.10 which clustered both rows and columns based on FC values.

4.5  |  Data availability

All transcriptomics data have been submitted to GEO under acces-
sion number GSE16​2295 (https://www.ncbi.nlm.nih.gov/geo/query/​
acc.cgi?acc=GSE16​2295) and NCBI tracking system #21497852.

4.6  |  Western blot analysis and 
fluorescent microscopy

Uninfected cells and cells infected with A/Port Chalmers/1/73 
(H3N2) at MOI5 were collected after the treatment of interest 
and were solubilized in RIPA Lysis and Extraction Buffer (Thermo 
Scientific, Grand Island, NY) supplemented with a cocktail of pro-
tease and phosphatase inhibitor mixture (Thermo Scientific). Lysates 
were cleared at 14,000 rpm for 15 min, and the total protein amount 
in the supernatants was quantified with the BCA kit (Pierce). Equal 
amounts of protein (5 μg) were resolved by Tris–Glycine–SDS PAGE 
electrophoresis (4%–15% Mini-PROTEAN, BioRad, Hercules, CA). 
After the SDS–PAGE the proteins were transferred onto PVDF 
membranes (Millipore, Billerica, MA), blocked with 5% nonfat dried 
milk in TBST (25 mM Tris [pH 7.6], 137 mM NaCl, and 0.2% Tween 
20) and incubated overnight at 4°C with primary antibodies in 1% 
bovine serum albumin in phosphate-buffered saline. Membranes 
washed from the primary antibodies were incubated for 2 hr in HRP-
conjugated secondary antibody and were analyzed for immunore-
active proteins with luminol reagent (Santa Cruz Biotechnology) by 
BioRad Molecular Imager ChemiDoc XRS+. Image Lab 6.0 software 
was applied for quantitative analysis of the protein band intensity. The 
following primary antibodies were used in this study: anti-actin (sc-
58673, 2Q1055); anti-Influenza A Virus M2 Protein [14C2] (ab5416); 
anti-Influenza A Virus Nucleoprotein [9C11] (SAB5300169); anti-
LC3B (CST-2775); anti-mTOR [7C10] (CST-2983); anti-phospho-
mTOR(S2448) [D9C2] (CST-5536); anti-ULK1 [D8H5] (CST-8054); 
anti-phospho-ULK1(S757) [D706U] (CST-14202); anti-SAPK/JNK 
(CST-9252); anti-phospho-SAPK/JNK(Thr183/Tyr185) (CST-9251).

For the fluorescent microscopy studies, cells were plated on bo-
rosilicate chamber slides pre-coated with fibronectin. IAV-infected 
and mock-treated samples were fixed with 4% paraformaldehyde 
at various time points, incubated in blocking solution (PBS+3% bo-
vine serum albumin) and labeled with mouse anti-Influenza A Virus 
M2 Protein [14C2] (ab5416). Following overnight incubation with 
the anti-IVA/M2 primary antibody, cells were washed in PBS and 
permeabilized (PBS+0.25% TritonX) prior to incubation with rabbit 
anti-LC3B antibody (Sigma, L7543). Alexa Fluor488 goat anti-mouse 
(ab150113) and Alexa Fluor555 goat anti-rabbit IgGs were used to 

fluorescently label IVA/M2 and LC3B proteins, respectively. Images 
were obtained from Zeiss Axio Observer.Z1 using ZenPro software. 
To determine the percentage of infected cells, images with fluores-
cently labeled anti-IVA/M2 antibody were obtained with 20× objec-
tive choosing fields with >300 cells. For each culture condition, five 
images were taken from nonoverlapping fields and were analyzed 
with ImageJ. A cell counter plugin was created with the following pa-
rameters: (a) manual threshold, (b) fill holes, (c) enhance contrast and 
saturated pixels at 0.3%, (d) watershed separation, and (e) particle 
analysis at size 100-infinity and circularity at 0.2–0.1. The fraction 
of cells labeled with anti-viral antibody was calculated as percent of 
total cell population labeled with DAPI.

4.7  |  ELISA

Endogenous levels of phosphorylated AKT at Ser473 were de-
termined with FastScan™ Phospho-Akt (Ser473) ELISA Kit  (Cell 
Signaling technologies, CST#80895) in cleared cell lysates of mock 
treated and virus infected 106 A549 cells. Absolute values of phos-
phorylated Ser473-AKT were determined with a standard curve 
correlating the positive control phospho-Akt(Ser473) concentration 
(μg/ml) to absorbance at 450 nM. We utilized PathScan Phospho-p70 
S6 Kinase (Thr389) Sandwich ELISA kit (Cell Signaling technologies, 
CST#7063) to determine mTORC1 activity by measuring the phos-
phorylated levels of its primary substrate p70S6K. In this assay, the 
levels of phosphorylated Thr389 (detection antibody) were nor-
malized to the total levels of p70S6K protein (capture antibody). A 
Bioteck Synergy 2 plate reader was used to collect absorbance at 
450 nm.

4.8  |  Plasmids and reagents for split-GFP in situ 
protein-protein interactions

To study direct interaction of IAV M2 and host LC3B proteins, we 
used a split green fluorescent protein (GFP) assay, as previously de-
scribed (Cabantous et al., 2005). gBLOCK gene fragments, encoding 
for GFP11- and GFP10-tagged M2 and LC3B, were chemically syn-
thesized by Twist Biosciences Inc. The synthetic DNA contained a 
set of primer sequences for amplification and Hind III and EcoR V re-
striction enzyme sites. The genes also contained methionine required 
for the start and a stop codon. The 5′ end of all gene constructs con-
tained CGATTAACGGTCTCTGGGGAAGCTTACCATG the 3′end of 
the sequences contained TAAGATATCAAAAGGAGACCGTTAATC​
TAAAATCATTATTTG. The primers used for amplification of the 
constructs were forward primer CGATTAACGGTCTCTGGGG and 
reverse primer CAAATAATGATTTTAGATTAACGG. All genes were 
PCR amplified using Q5 proof reading polymerase (New England 
Biolabs, M0491). Purified PCR products encoding the GFP Tag 
were cloned into a pcDNA 5.1 vector plasmid encoding influenza 
A M2 protein (Gabbard et  al.,  2009). Restriction enzymes Hind III 
(NEB, #R0104) and EcoRV (NEB #R0195) were used to create sticky 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162295
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https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162295


522  |    BELL et al.

ends on the PCR and plasmid vector, followed by gel extraction 
and purification (Qiagen #28706) prior to T4 DNA (NEB, #B0202) 
ligation. The plasmid vectors encoding tagged-M2 and LC3B pro-
teins were verified via Sanger sequencing, and the amino acid se-
quence of the various constructs are presented in Supplementary 
Material (S3). For the Split GFP assay, the plasmid vectors encod-
ing for tagged M2 and LC3B proteins were transfected in HEK293T 
cells with Lipofectamine 3000 (Thermo Fisher/Invitrogen). At day 
3 post-transfection, the cells were fixed with 4% paraformaldehyde 
(15 min at room temperature) and permeabilized with 0.3% Triton 
X100 (10 min at room temperature). After blocking with 2% BSA in 
phosphate buffer saline (PBS), the cells were incubated overnight at 
4°C with purified protein fraction of GFP1-9 (10 μg/ml). Only when 
in very close proximity, the GFP11 and GFP10 peptides can be com-
plimented with the larger fraction GFP1-9 to produce folded and 
fluorescent GFP (Cabantous et al., 2013). Imaging was performed on 
Zeiss Axio Observer.Z1 and processed with ZenPro software.
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