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Starvation after infection restricts enterovirus D68 replication
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ABSTRACT
Enterovirus D68 (EV-D68) is a respiratory pathogen associated with acute flaccid myelitis, a childhood 
paralysis disease. No approved vaccine or antiviral treatment exists against EV-D68. Infection with this 
virus induces the formation of autophagosomes to enhance its replication but blocks the down-
stream autophagosome- lysosome fusion steps. Here, we examined the impact of autophagy induc-
tion through starvation, either before (starvation before infection, SBI) or after (starvation after 
infection, SAI) EV-D68 infection. We showed that SAI, but not SBI, attenuated EV-D68 replication in 
multiple cell lines and abrogated the viral-mediated cleavage of host autophagic flux-related pro-
teins. Furthermore, SAI induced autophagic flux during EV-D68 replication and prevented production 
of virus-induced membranes, which are required for picornavirus replication. Pharmacological inhibi-
tion of autophagic flux during SAI did not rescue EV-D68 titers. SAI had the same effect in multiple 
cell types, and restricted the replication of several medically relevant picornaviruses. Our results 
highlight the significance of autophagosomes for picornavirus replication and identify SAI as an 
attractive broad-spectrum anti-picornavirus strategy.

Abbreviations: BAF: bafilomycin A1; CCCP: carbonyl cyanide m-chlorophenylhydrazone; CQ: chloro-
quine; CVB3: coxsackievirus B3; EV-D68: enterovirus D68; hpi: hour post-infection; MAP1LC3/LC3: micro-
tubule associated protein 1 light chain 3; MOI: multiplicity of infection; NSP2B: nonstructural protein 2B; 
PV: poliovirus; RES: resveratrol; RV14: rhinovirus 14; SAI: starvation after infection; SBI: starvation before 
infection; SNAP29: synaptosome associated protein 29; SQSTM1/p62: sequestosome 1; TFEB: transcription 
factor EB.
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Introduction

First discovered in 1962, the incidence of enterovirus D68 
(EV-D68) infection has been on the rise over the past decade. 
Since its discovery, EV-D68 has caused clusters of acute 
respiratory illness in multiple countries, and recent shreds of 
evidence implicate its infection with a rare polio-like neuro-
logical disease, acute flaccid myelitis, in children making EV- 
D68 a respiratory pathogen of public health importance [1–3]. 
Currently, there are no effective antivirals or prophylactic 
vaccines against EV-D68 infection. Therefore, understanding 
how EV-D68 interacts with the machinery of its host cells 
could open avenues for therapeutic interventions against the 
enterovirus.

EV-D68 belongs to the Piconarviridae family of viruses, 
which includes important human and animal viruses such as 
poliovirus, coxsackievirus B3, enterovirus A71, hepatitis 
A virus, and Seneca Valley virus, among others [4,5]. The 
viral genome is 7500 nucleotides long and encodes a single 
polyprotein that is processed by viral proteases to four struc-
tural proteins (VP1, VP2, VP3, and VP4), which enwrap the 
viral RNA and are responsible for viral binding and entry into 
the susceptible cells, and seven nonstructural proteins (2A, 2B, 
2C, 3A, 3B, 3C, and 3D) which among other functions, 
rearrange cellular membranes and are responsible for viral 
replication. Picornavirus replication is thought to occur on 
single and double-membrane vesicles, which resemble 

autophagosomes [6]. Indeed, multiple lines of evidence have 
shown that picornaviruses utilize autophagosomes for RNA 
replication [7–9].

Macroautophagy (hereafter autophagy) is a conserved cata-
bolic process that targets long-lived proteins and damaged 
cytoplasmic organelles to the lysosomes for degradation. The 
cellular process can also target microorganisms, including 
bacteria and viruses, for degradation through xenophagy, 
forming an essential part of the immune response [10]. 
Autophagy can be induced by several stress stimuli, including 
amino acid starvation. Autophagy begins with the formation 
of the phagophore, which expands and elongates through two 
ubiquitin-like conjugation systems: the conjugation of ATG5, 
ATG12, and ATG16L1; and the addition of phosphatidyletha-
nolamine (PE) to MAP1LC3B/LC3B (microtubule associated 
protein 1 light chain 3 beta) to form the autophagosome, 
which then fuses with the lysosomes to degrade the cargo 
[11]. The lipidation of LC3B (conversion of soluble LC3B-I 
to the membrane-bound LC3B-II) and the degradation of the 
receptor protein, SQSTM1, is widely used to monitor auto-
phagy [12].

Although autophagy has long been known for its antimi-
crobial activity, several RNA viruses, including picornaviruses, 
are known to subvert and even repurpose the cellular process 
to benefit their replication [13]. While autophagy serves as 
a proviral mechanism in the life cycle of many picornaviruses, 
these viruses tend to block autophagic flux [14], which is 
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thought to both maximize viral replication by providing more 
autophagosomes and prevent degradation of virions or viral 
proteins. Indeed, we and others have recently shown that EV- 
D68 employs multiple strategies, including cleavage of both 
SQSTM1 and SNAP29 (synaptosome associated protein 29), 
a SNARE protein which is critical for autophagosome- 
lysosome fusion, to attenuate autophagic flux [15,16]. Given 
the importance of autophagosomes in the picornavirus life-
cycles and the multiple strategies employed by these infectious 
agents to block flux, we hypothesized that inducing autopha-
gic flux early in EV-D68 infection could restrict viral replica-
tion. Here, we demonstrated that Starvation After Infection 
(SAI) reduces EV-D68 replication in multiple cell lines. We 
suggest that this is because expediting the turnover of auto-
phagosomes depletes the cell of resources to build replication 
membranes, which are crucial for viral RNA replication. 
Furthermore, we show that the anti-picornavirus activity of 
our SAI protocol does not implicate degrading viral compo-
nents in the autolysosomes, as pharmacological inhibition of 
autophagic flux did not rescue the viral titer. Our results 
highlight the importance of autophagosome development 
during infection, and by subverting the normal stepwise gen-
eration of membranes during infection, SAI shows that with 
the right context and timing, induction of autophagy can be 
a negative for picornaviruses.

Results

SAI restricts EV-D68 infection

Several picornaviruses, including EV-D68, are known to 
hijack the cellular autophagy machinery to benefit multiple 
steps of their life cycle, including RNA replication, nonlytic 
release, and capsid maturation. However, the interplay 
between these viruses and autophagy is complex. While 
several members of the Piconarviridae family induce the 
formation of the double-membrane autophagosomes, they 
also block the fusion of autophagosomes and lysosomes, 
preventing cargo degradation. Indeed, we and others have 
recently shown that EV-D68 employs several strategies to 
obstruct autophagic flux [15]. For this reason, we hypothe-
sized that inducing flux immediately upon initiation of EV- 
D68 infection might attenuate viral replication. To this end, 
we treated H1HeLa cells with starvation media before (SBI) 
or after (SAI) viral infection, followed by viral titer deter-
mination by plaque assay. While SBI did not significantly 
impact the viral titer compared to the infection-only con-
trol, SAI reduced both the intracellular (Figure 1a) and 
extracellular (Figure 1b) viral titers and protected cells 
from EV-D68-mediated cytopathic effects (Figure 1f).

To determine how long post-infection this effect would still 
be observed, cells were infected, and starvation media was 
added 0, 1, or 2 hours post-infection (hpi). At all timepoints, 
SAI significantly decreased EV-D68 intracellular titers 
(Figure 1d). To further substantiate the effect of SAI on EV- 
D68 replication, we starved the cells immediately post adsorp-
tion, then titered cell-associated virus at one to five hours 
post-infection. This growth curve in Figure 1e shows that 
production of EV-D68 was delayed during starvation.

To verify that the effect of SAI on EV-D68 replication is 
not specific to starvation-induced autophagy, we treated the 
cells post-infection with resveratrol (RES) (a known autopha-
gy inducer) and CCCP (a chemical that blocks autophagic 
flux) after infection for a plaque assay. As shown in Figure 1c, 
RES, not CCCP, diminished EV-D68 replication. Together, 
these results show that in contrast to SBI, which did not 
significantly alter EV-D68 replication, SAI potently decreased 
EV-D68 reproduction.

SAI overrides EV-D68-mediated blockage of autophagic 
flux

We have previously demonstrated that EV-D68 cleaves 
SQSTM1/p62 (sequestosome 1) and SNAP29 at later time 
points of infection, which coincides with the accumulation 
of lipidated MAP1LC3B/LC3B, known as LC3B-II. This sug-
gests that cleavage of SNAP29 and SQSTM1 inhibits autopha-
gic flux during EV-D68 infection. Therefore, to understand 
how SAI disrupts EV-D68 infection, we examined SAI’s effect 
on the viral-mediated cleavage of the aforementioned pro-
teins. H1HeLa cells were left untreated (mock), starved (star-
vation only), infected (infection only), or starved before and 
after infection for a western blot assay. Consistent with our 
previous findings, EV-D68 induced cleavage of both SQSTM1 
and SNAP29 and caused the accumulation of LC3B-II. SBI 
did not significantly affect these phenomena (Figure 2a, b). In 
contrast, SAI abrogated the viral-mediated cleavage of these 
autophagic flux-related proteins and blocked nonstructural 
protein 2B (NSP2B) translation (Figure 2a, b); delaying star-
vation induction led to a partial rescue of both SQSTM1 and 
SNAP29 cleavages and NSP2B expression (Figure 2b). 
Interestingly, we observed that SAI, similar to starvation 
only control, decreased LC3B-II expression to the basal 
level, indicating that SAI induced autophagic flux during EV- 
D68 infection (Figure 2a). To confirm that our SAI protocol 
induces autophagic flux during EV-D68 infection, we trans-
fected the cells with an RFP-EGFP-LC3B construct and trea-
ted/infected them as in Figure 2a. While GFP signal is 
quenched in autolysosomes due to its acid lability, RFP signal 
is acid-resistant. Hence colocalization of the green and red 
signals into yellow puncta denotes autophagosomes, and sin-
gular red puncta represent amphisomes and autolysosomes. 
As indicated in Figure 2c, EV-D68 infection triggered the 
accumulation of yellow puncta, which was not substantially 
affected by SBI. In contrast, starvation and SAI both induced 
the accumulation of red puncta. These changes are quantified 
in Figure 2d by measuring the total area of red puncta vs. red 
+green (yellow) puncta.

SAI degrades autophagosomes and attenuates EV-D68 
RNA replication

Many viruses are known to use complex membrane vesicular 
structures for RNA replication, often derived from the auto-
phagy machinery [17–20]. Since SAI induces autophagic flux 
during EV-D68 replication, we asked whether our SAI proto-
col prevents the accumulation of autophagosomes, thereby 
depriving the virus key replication organelles. To address 
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Figure 1. Starvation after infection restricts EV-D68 infection. H1HeLa cells were infected with EV-D68 (Infection Only), pretreated with starvation media for 4 h 
before infection, then fed (SBI), or treated with starvation media at 1 h post adsorption (SAI) for 4 h. The intracellular (a) and extracellular (b) viral particles were 
collected at 5 h post-infection for viral titer determination by plaque assay. (c) H1HeLa cells were infected with EV-D68 (infection only) or infected and treated at 
0 hpi with either resveratrol (RES) or carbonyl cyanide m-chlorophenylhydrazone (CCCP) for 4 h. The intracellular titers were determined by a plaque assay. (d) 
H1HeLa cells were infected with EV-D68 (infection only), starved before infection (SBI), or starved at 0 h, 1 h, and 2 h post infection followed by intracellular viral titer 
determination by a plaque assay. (e) Cells were infected for the indicated time points in the presence of DMEM or starvation media before being subjected to 
a plaque assay. (f) H1HeLa cells were left uninfected (mock), treated with the starvation media (Starvation only), infected with EV-D68 (infection), or starved before 
(SBI) or after (SAI) infection. Images were captured using an EVOS microscope. Bars: 12.5 µm. An MOI of 30 was used for all infections. Error bars indicate mean ± 
SEM. n = 3 independent repeats for all experiments. Unpaired student’s t-test was used for the statistical analyzes (*** = p < 0.001; ** = p < 0.01;* = p ≤ 0.05; 
ns = not significant.).
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Figure 2. SAI induces autophagic flux during EV-D68 infection. (a) Cells were treated/infected as described in Figure 1. Lysates were collected at 5 hpi and analyzed 
by western blot against the indicated proteins. (b) Cells were mock-infected or infected then starved for 2 h pre-infection (SBI), or starved post-infection and fed with 
normal media at the indicated time point (SAI, 0, 1, or 2 h) and subsequently subjected to western blot analyses. (c) Cells were transfected with the RFP-GFP-LC3B 
plasmid overnight and left uninfected (mock), treated with the starvation media (Starvation only), infected with EV-D68 at an MOI of 30 (infection), or starved before 
(SBI) or after (SAI) infection. The cells were fixed at the end of the infection and examined by fluorescence microscopy. Bars: 3.5 µm. (d) Quantification of area of red 
(acidic) and yellow (nonacidic) puncta. (* = p value < 0.05; n = 3.) An MOI of 30 for 4 h was used for all infections.
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Figure 3. SAI degrades autophagosomes and inhibits viral RNA replication. (a) Cells were mock- infected, infected with EV-D68 (Infection only) for 4 h, or starved 
before (SBI) and after (SAI) infection. The cells were then fixed and analyzed by EM. Scale bar: 500 nm. (b) H1HeLa cells were infected for the indicated time points in 
the presence and absence of starvation for western blot (c) Cells were infected, then normal media or starvation media were added. Cells were then collected at the 
indicated time points, and total RNA was extracted and subjected to qPCR RNA analysis following cDNA synthesis. (d and e) H1HeLa cells were transfected with the 
indicated siRNA or the scramble control for 48 h, before being subjected to western blot analyses against the indicated proteins. (f and g) Cells were infected and 
cell-associated titers obtained at 5 hpi. For all experiments, MOI = 30, except for F and G, for which MOI = 0.1. Unpaired student’s t-test was used for the statistical 
analyzes. (*** = p < 0.001; ** = p < 0.01; * = p ≤ 0.05; ns = not significant.).
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this question, we starved H1HeLa cells before or after infec-
tion for electron microscopy analysis. As depicted in 
Figure 3a, mock infection did not induce the formation of 
autophagosome-like structures, but EV-D68 infection led to 
the accumulation of vesicles with the approximate size and 
electron-light interiors of later-infection autophagy-derived 
vesicles, as opposed to the tubular, electron-dense structures 
seen as early-infection replication organelles for picorna-
viruses [6,8]. The physical appearance of these structures 
was not impacted by our SBI protocol. In contrast, we do 
not observe accumulation of autophagosomes during our SAI 
protocol. To gauge the differential kinetics of autophagosome 
formation and accumulation due to SAI, we infected H1HeLa 
cells with and without starvation for western analysis against 
LC3B and SQSTM1. As shown in Figure 3b, EV-D68 infection 
triggered LC3B-II accumulation beginning at 3 h post- 
infection.

In contrast, induction of LC3B accumulation under our 
SAI protocol was quick and transient: it triggers LC3B-II 
accumulation at 1 h post-infection, which was cleared by 
2 h post-infection, suggesting that SAI induces complete 
autophagic flux within 2 h post-infection. Given the impor-
tance of autophagosomes for picornavirus RNA replication 
and because SAI prevents the accumulation of these vesicles, 
we reasoned that SAI might attenuate viral RNA replication. 
To confirm this hypothesis, we infected H1HeLa cells with 
and without starvation media for various time points for RNA 
isolation and cDNA synthesis. Our qPCR results indicate that 
SAI robustly reduced EV-D68 replication (Figure 3c). To 
further understand the significance of this transient induction 
of autophagic signals for EV-D68 reproduction, we generated 
a knockdown (KD) of TFEB (transcription factor EB), the 
master transcriptional regulator of autophagy and lysosomal 
biogenesis, and measured the viral titer following low MOI 
infection [21]. Our results show that KD of TFEB impeded 
the autophagic signaling and reduced EV-D68 replication 
(Figure 3e, g). Knockdown of ATG7 (Figure 3d) also 
decreased viral titer (Figure 3f). Together, these results suggest 
that SAI attenuates EV-D68 replication by inducing a rapid 
autophagic response that prevents the formation of autopha-
gosomes essential later in the viral life cycle.

SAI restricts EV-D68 replication in physiologically 
relevant cell lines

To ensure that the effect of our SAI protocol on EV-D68 
replication and proteolytic activity is not cell type- 
dependent, we infected A549 lung cancer cells and differen-
tiated SH-SY5Y neuronal cells with EV-D68, followed by 
a western blot analysis. As shown in Figure 4a, EV-D68 
infection induces SQSTM1 cleavage and decreased SNAP29 
expression in A549 cells. While SBI appears to enhance 2B 
expression, SQSTM1 cleavage, and loss of full-length 
SNAP29, SAI abrogated expression of 2B and SQSTM1 clea-
vage while restoring SNAP29 expression to basal levels. 
Similar results were observed in the differentiated SH-SY5Y 
cells, wherein SAI abrogated SQSTM1 cleavage and restored 
SNAP29 expression (Figure 4b). Interestingly, SBI appeared 
to attenuate the viral-mediated cleavage of SQSTM1 and the 

induction of LC3B-II accumulation in the SH-SY5Y cells 
(Figure 4b), suggesting that these cells are more sensitive to 
starvation and recover slower relative to H1HeLa and A549 
cells.

Furthermore, analysis of the viral titer in both A549 and 
differentiated SH-SY5Y cells reveals that SAI disrupted EV- 
D68 replication in these cells (Figure 4c, d). In contrast to the 
A549 cells in which SBI did not impact the viral titer, SBI 
significantly decreased EV-D68 replication in the differen-
tiated SH-SY5Y cells, which could partly explain the SBI- 
mediated attenuation of both SQSTM1 cleavage and LC3B-II 
observed in Figure 3b. Together, these results suggest that 
SAI’s effect on EV-D68 replication is not cell type-dependent.

SAI impedes the replication of several medically 
important picornaviruses

Given the significance of autophagy for picornavirus replica-
tion, we asked whether SAI could restrict the replication of 
medically relevant picornaviruses, such as poliovirus (PV), 
coxsackievirus (CVB3), and rhinovirus 14 (RV14). We first 
examined whether SAI could abrogate SQSTM1 cleavage 
induced by these viruses. For this purpose, H1HeLa cells 
were starved before or after infection for western blot analysis. 
Similar to EV-D68, these viruses induce LC3B accumulation 
and cleave SQSTM1 (Figure 5a). In contrast to SBI, which did 
not significantly affect these phenomena, SAI abrogated 
SQSTM1 cleavage and attenuated LC3B-II accumulation for 
all viruses (Figure 5a). Finally, we examined the effect of SAI 
on the replication of these viruses. Our plaque assay data 
showed that SAI inhibited the replication of PV, CVB3, and 
RV14 to a similar extent, indicating that all these viruses 
require functional autophagosomes for their replication. In 
contrast, SBI did not significantly alter the titer of these 
viruses, except for PV, for which SBI increases viral replica-
tion (Figure 5b, c, and d).

Neither blocking autophagic flux, nor amino acid 
supplementation, rescued viral replication

Although autophagy is mostly proviral during picornavirus 
replication, recent evidence suggests that the cellular process 
could target specific viral proteins for degradation through 
virophagy, thereby decreasing the viral titer [22–24]. Because 
SAI induces autophagic flux during EV-D68 replication, we 
asked whether autophagy could degrade viral components. 
We reasoned that if SAI degrades viral components (viral 
RNA or protein), blocking SAI-induced flux should rescue 
the viral titer. For this purpose, we treated the cells after 
infection with and without the starvation media in the pre-
sence and absence of chloroquine for western blot analyzes. 
Chloroquine (CQ) is a lysosomotropic agent that increases 
lysosomal pH and hence blocks autophagic degradation. The 
result in Figure 6a showed that the addition of CQ in both fed 
and starved conditions stopped autophagic flux, as demon-
strated by the buildup of SQSTM1 and LC3B-II.

Interestingly, despite blocking autophagic flux during SAI, 
CQ treatment failed to rescue SQSTM1 cleavage (Figure 6a). 
We then examined the effect of CQ treatment on viral titer. 
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Whereas CQ treatment marginally increased viral titer in the 
infection-only group, the drug treatment failed to rescue viral 
titer upon SAI (Figure 6b). We used bafilomycin A1 (BAF), 
a widely used vacuolar-type H+-ATPase inhibitor that stops 
autophagic flux. As expected, BAF treatment triggered LC3B- 
II accumulation in uninfected cells. (Figure 6c) However, this 
same treatment did not rescue viral titer during SAI 

(Figure 6d). These results suggest that SAI does not target 
viral components for autophagic degradation.

Next, given that starvation media is an amino acid-deficient 
media and amino acids are required for translation, we reasoned 
that starving the cells after infection may attenuate viral transla-
tion, and decrease the overall viral titer [25]. Our western blot 
results revealed that supplementing the starvation media with 
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10% of normal levels of essential and nonessential amino acids 
actually inhibited autophagic flux, as evidenced by an increase in 
SQSTM1 levels compared to regular starvation media 
(Figure 6e). To examine the effect of this amino acid 

supplementation on viral titer, we infected H1HeLa cells 
(MOI = 0.1) and starved them after infection with and without 
amino acid supplementation. As indicated in Figure 6f, amino 
acid supplementation did not rescue viral replication despite 
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+). Error bars indicate mean ± SEM and unpaired student’s t-test was used for statistical analyzes. (* = p ≤ 0.05; ns = not significant.).
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inhibiting flux, suggesting that the anti-EV-D68 activity of our 
SAI protocol does not implicate amino acid-dependent transla-
tion inhibition.

Discussion

Our experiments demonstrate that inducing autophagosome 
formation immediately post-infection inhibits EV-D68 infec-
tion. This is somewhat counter-intuitive, since our lab and 
many other groups have shown that the autophagic machin-
ery is required for efficient replication of many picornaviruses 
[26–28]. However, we show that here as well: the ATG7 gene, 
required for efficient lipidation of the autophagosome resident 
protein LC3, is required for efficient replication of EV-D68 
(Figure 3d, f.) We propose that the solution to this apparent 
paradox is in the limited pool of membrane-shaping resources 
in the cell. In our model, the cell activates autophagic stress 
pathways before the virus has a chance to access the autopha-
gosome-making machinery. Our experiments suggest, as 
shown in our model in Figure 7, that activating starvation- 
induced autophagy leaves cellular membrane-building 
reserves depleted.

Our data show that, as for other picornaviruses, EV-D68 
infection induces autophagosome formation. Starving cells 
before infection (SBI) did not significantly impact the virus- 

induced generation of autophagosomes. Starving cells after 
infection (SAI) prevented autophagosome accumulation and 
decreased viral replication (Figure 3a, c). To understand how 
SAI prevents autophagosome accumulation, we performed 
a time-course analysis. We observed that EV-D68 infection 
induces autophagosome formation at 3 hpi, which coincided 
with NSP2B expression, suggesting that viral RNA replication 
is required for autophagosome formation (Figure 3b). In 
contrast, autophagosomes could be detected as early as 1 hpi 
in our SAI protocol; however, by 2 hpi, the autophagosomes 
had been cleared from the cell (Figure 3b). One possibility is 
that virus replication components could be sequestered inside 
autophagosomes and unavailable for producing viral RNA 
and capsids. However, given that SAI prevented autophago-
some accumulation, we think this is unlikely. Since SAI inhib-
ited accumulation of autophagosomes prior to the peak of 
viral RNA replication, which typically occurs between 3–4 hpi 
for high MOI infection, we posit that SAI’s anti-EV-D68 
activity involves attenuating viral RNA replication. 
Consistent with the above hypothesis, SAI decreased EV- 
D68 RNA replication (Figure 3c).

It is important to note the speed of the autophagic process. 
Studies have shown that the time between induction of auto-
phagy and degradation is remarkably brief; as little as ten 
minutes in yeast, and thirty minutes in mammalian cells 
[29,30]. We propose that SAI induces a complete autophagic 

Figure 7. Model of competition for membrane resources. 1. Infection. Picornaviruses induce complicated and unique membrane structures referred to as replication 
organelles. Double-membraned structures resembling autophagosomes are thought to bud from this organelle and provide harbors for virion maturation and egress 
from the cell. Viruses prevent these vesicles from fusing with lysosomes. 2. Starvation before infection (SBI). When cells are starved prior to adding virus, then fed 
after virus is adsorbed to the cells, most picornaviruses are unaffected (PV being the exception.) We propose that for most viruses, after a complete autophagic 
response, the resources needed for generating virus replication membranes can be renewed quickly, and these viruses generate replication membranes as usual. 3. 
Starvation after infection (SAI). When infected cells are starved immediately after, or within a few hours of, viral adsorption, the cellular stress-induced autophagy 
response develops, diverting resources from the generation of viral replication organelles in favor of autophagosomes and attenuating virus RNA replication.
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process from induction to degradation, before the virus has 
a chance to usurp the autophagy proteins, lipids, and mem-
branes required to generate the convoluted membrane orga-
nelle for RNA replication. Several of the components required 
for these unique organelles have been identified, including 
phosphatidylinositol 4-phosphate and cholesterol, as well as 
two guanine nucleotide exchange factors for ARF1: 
ARFGEF1/BIG1-ARFGEF2/BIG2 and GBF1 [31–33]. We 
hypothesize that limited stores of one or more of these are 
rate-limiting for building virus-specific membranes when cel-
lular autophagy is induced (see model, Figure 7.)

During infection with poliovirus, longitudinal studies of 
infection using electron tomography showed formation of 
a convoluted series of membranes at 3 hpi, with double 
membraned structures visible at 4 hpi and later [6]. 
Tomographic reconstruction led to the conclusion that the 
double-membraned vesicles derive from the convoluted struc-
tures. We propose that SAI short-circuits this by generating 
double-membraned vesicles, using components of the auto-
phagic machinery such as ATG7, depleting the resources for 
building replication membranes.

It was recently shown that a specific ATG7 mutation, 
ATG7A388T [34], inhibits poliovirus-induced LC3 lipidation, 
although the effect of this mutation on cellular autophagy is 
unclear. The study also showed that ATG7 knockdown 
increased PV infection in a neuron-like cell line, so the cell- 
type specificity of picornavirus requirements for the LC3- 
lipidation machinery needs to be addressed further. Another 
recent publication suggested that the effect of autophagy on 
picornavirus replication is cell-type specific [35]. However, in 
addition to restricting EV-D68 infection in H1HeLa cells, our 
SAI protocol similarly blocked EV-D68 replication in A549 
lung cancer cells and differentiated SH-SY5Y cells, which 
display neuron-like morphology and express neuronal cell 
markers (Wagner et al, in preparation.) (Figure 4). Given 
the association of EV-D68 infection with acute flaccid myeli-
tis, our differentiated SH-SY5Y cells could help study how 
EV-D68 causes AFM. Indeed, we have shown that the differ-
entiated SH-SY5Y cells are permissive to EV-D68 infection. 
Although there has been some controversy regarding whether 
EV-D68 Fermon can infect neuronal cells, these cells are 
readily infectable [36,37] and our SAI protocol obstructs EV- 
D68 infection in these cells. Interestingly, while only SAI 
obstructed EV-D68 replication in H1HeLa and A549 cells, 
both our SBI and SAI protocols robustly hampered EV-D68 
replication in the differentiated SH-SY5Y cells (Figure 4). 
These findings suggest that the differentiated SH-SY5Y cells 
are more sensitive to autophagy-inducing stimuli, possibly 
because they do not recover from autophagy as quickly. 
Modulating autophagy could constitute a plausible treatment 
strategy against EV-D68 paralysis disease.

One study mentioned above also demonstrated that the 
poliovirus capsid proteins contain an LC3-A like domain, 
which cannot be detected in sequence homology, but which 
drives the VP0 protein to autophagosomes through its VP4 
domain [35]. One model incorporating these data would be 
that inducing autophagy immediately upon infection draws 

nascent viral polypeptides into degradative autophagosomes, 
reducing their ability to induce infection. Autophagy plays an 
essential role in antiviral immunity by targeting viral compo-
nents for degradation [10]. An increasing body of evidence 
indicates that autophagy targets the structural proteins of 
several viruses for degradation. Recently, Wen et al. showed 
that the autophagy receptor SQSTM1 targets VP1 and VP3 of 
Seneca Valley virus, a picornavirus that causes vesicular dis-
ease and neonatal fatal loss in pigs, for degradation [22]. 
While we did not examine the interaction between EV-D68 
structural proteins and SQSTM1 during infection, blocking 
autophagic flux did not rescue EV-D68 titers upon SAI 
(Figure 6). Our findings suggest that autophagy does not 
target viral components, including viral proteins, for degrada-
tion. Instead, the cellular process induces flux, preventing the 
virus from generating unique replication organelles and con-
sequently decreasing viral replication.

In addition to impairing EV-D68 reproduction, our pro-
tocol also reduced the replication of essential picornaviruses, 
including PV, (Figure 5b), CVB3 (Figure 5c), and RV14 
(Figure 5d). SAI also attenuated SQSTM1 cleavage and 
autophagosome marker (LC3B-II) accumulation during 
infection with these viruses (Figure 5a). These findings 
underscore the importance of the virus-induced stepwise 
development of autophagosomes for picornavirus replica-
tion. Notably, our SBI protocol did not substantially affect 
the viral titers for all viruses tested, but for PV, SBI signifi-
cantly increased PV replication (Figure 5b). Consistent with 
this finding, inducing autophagy before PV infection was 
shown to increase PV titers [7]. Exactly how inducing auto-
phagy before infection enhances PV replication but not the 
other tested picornaviruses is unclear; it is possible that 
poliovirus is an outlier in terms of picornavirus relationships 
to autophagy.

In conclusion, our data show that cellular autophagy and 
virus-induced membrane formation compete with one 
another for cellular resources, and stress-induced autophagy 
post-infection can short-circuit virus replication. Future stu-
dies will focus on understanding the specific resources the 
virus requires to generate replication organelles.

Materials and methods

Cell culture and plasmids

H1HeLa (ATCC, CRL-1958) and A549 (ATCC,CCL-185) cells 
were cultured in DMEM (Gibco, 11,965–092) supplemented 
with 10% heat-inactivated fetal bovine saline (GemininBio, 100– 
106), 1x penicillin-streptomycin (Gibco, 10,378–016), and 1x 
sodium pyruvate (Gibco, 11,360–070) and incubated in a 5% 
CO2 incubator at 37°C. SH-SY5Y cells (ATCC, CRL-2266) were 
differentiated by gradually decreasing the percentage of heat- 
inactivated FBS and supplementing the cells with trans-retinoic 
acid (Fisher Scientific, AC207340010). After adapting to low FBS, 
the cells were grown at 37°C in a 5% CO2 in the final differentia-
tion media, which contains neurobasal (Invitrogen, 21,103,049), 
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50x B-27 supplement (Invitrogen, 17,504,044), potassium chloride 
(KCI) supplement, glutamax-L (35,050,061), BDNF (brain derived 
neurotrophic factor; Cell Signaling Technologies, 3897), dibutyryl 
cAMP (SelleckChem, S7858), penicillin-streptomycin, and trans- 
retinoic acid. A manuscript is in preparation to provide detail and 
verification of this differentiation protocol. The RFP-GFP-LC3B 
tandem construct was obtained from Addgene (84,573; deposited 
by Noboru Mizushima) and was transfected into the cells using the 
Lipofectamine 2000 transfection reagent (Invitrogen, 11,668–019). 
The transfection complex was removed at 6 h post-transfection 
and replaced with basal media. Viral infection/treatment was 
initiated 24 h post DNA transfection.

Western blotting

Cells were grown in 6-well plates and lysed with RIPA buffer 
(Sigma, R0278) supplemented with cOmplete Tablets Mini 
Protease Inhibitor Cocktail (ROCHE, 11,836,170,001) at the end 
of the infection or treatment. Lysates were collected in microcen-
trifuge tubes and incubated on ice for at least 30 minutes before 
being clarified at 10,625 x g for 30 minutes. The lysates were then 
loaded to SDS-PAGE and transferred to polyvinylidene fluoride 
(PVDF; Bio-Rad,1,620,177) membranes. The membranes were 
blocked for 1 h with 5% skim milk, washed twice with TBST 
(100 mM Tris hydrochloride, pH 7.4, 2.5 M sodium chloride, and 
0.125% Tween-20 [Sigma Aldrich, P1379]), and incubated with 
primary antibodies at a 1:1000 dilution overnight on a shaker at 
4°C. The membranes were rewashed twice with TBST and incu-
bated with the secondary antibody (1:2000) at room temperature 
for 1 h before being developed by western Lightning ECL. Images 
were acquired using ChemiDoc (Bio-Rad).

Antibodies

Mouse monoclonal anti-SQSTM1 antibody was purchased 
from Abnova (H00008878-M01). Rabbit polyclonal anti-LC3B 
(NB600-1384) and rabbit polyclonal anti-ACTB (NB600-532) 
antibodies were purchased from Novus. Rabbit monoclonal 
anti-SNAP29 antibody (ab138500) was bought from Abcam. 
Rabbit polyclonal anti-TFEB (4240), rabbit monoclonal anti- 
ATG7 (2631), and rabbit polyclonal enterovirus D68 antibodies 
(WJ3397769C) were bought from Cell Signaling Technology.

Viral infections

Viral infection was performed as previously described with 
some modifications. An MOI of 0.1 for 5 h (low) or 30 for 4 h 
(high) was used for all infections. Virus particles were diluted 
in serum-free media, added to the cells, and incubated at 37°C 
for 1 h. The cells were washed with PBS (Quality Biological, 
114–058-101) twice and overlaid with basal media until the 
end of the infection. For starvation before infection, cells were 
washed in PBS then starved for 4 h with starvation media 
[25]. This amino acid-deficient media is used to induce auto-
phagic flux: 140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM 
glucose, 20 mM HEPES, pH 7.4, and 1% BSA (Fisher bior-
eagents, CAS 9048–46-8). Starvation media was added before 

infection, after which they were infected as the infection-only 
group. For starvation after infection, the cells were infected 
for 1 h (adsorption) and washed twice with PBS before being 
overlaid with starvation media for 4 h. The cells were either 
fixed and prepared for immunofluorescence assay or electron 
microscopy or collected in microcentrifuge tubes and stored 
at −80°C for plaque assay-based viral titer determination.

Drug treatments

Bafilomycin A1 (BAF [Sigma, 88,899–55-2]) at 100 nM and 
chloroquine (CQ Sigma, 50–63-5) at 100 µM, in complete 
(DMEM) or starvation media were added to cells after adsorp-
tion until the end of the infection. The cells were subsequently 
collected for western blot, or plaque assay analyzes.

siRNA-mediated knockdowns

siRNAs were used to knockdown the ATG7 and TFEB autopha-
gy-related genes. H1HeLa cells were grown to 40% confluency 
and transfected with the ATG7 siRNA (Sigma, 16,124,494), 
TFEB siRNA (ambion, 6616) or the scrambled siRNA (Mission 
siRNA universal negative control 1 [Sigma, SIC001]) using 
Lipofectamine 2000 and Opti-MEM (Gibco, 31,985–070). 
Briefly, for each well of a 6-well plate, 100 nM of the siRNAs 
and 5 µl of Lipofectamine (Invitrogen, 11,668–019) were sepa-
rately incubated in Opti-MEM for 5 minutes, after which they 
were mixed and incubated for 20 min at room temperature. 
Then, the cells were PBS washed and incubated with the trans-
fection mixture for 6 h, after which the transfection complex was 
replaced with complete media. Finally, the cells were processed 
for viral infection or knockdown efficiency determination by 
western blot at 48 h post transfections.

Plaque assays

For extracellular viral titer measurement, 1 ml of the supernatants 
were collected into Eppendorf tubes and stored at −80°C until use. 
For intracellular viral titers, cells were scraped using cell scrapers 
and transferred to Eppendorf tubes followed by three free-thaw 
cycles. The resulting lysates were serially diluted and added to 
H1HeLa for 30 minutes. The inoculums were then removed and 
overlaid with 2x MEM and 2% agar in a 1:1 ratio for 48 h.

RNA isolation and quantitative polymerase chain 
reaction (qPCR)

Total RNA was isolated from H1HeLa cells using TRIzol 
(Ambion, 15,596,026) according to the manufacturer’s instruc-
tions. Thermo Scientific RevertAid H Minus First Strand cDNA 
Synthesis Kit (K1632) was used to synthesize the cDNA follow-
ing the removal of the genomic DNA. qPCR was done using 
KiCqStart SYBR qPCR Ready Mix (Sigma, KCQS01) with the 
7500 Fast Dx Real-Time PCR Instrument (Applied Biosystems) 
according to the manufacturer’s protocols. The following pri-
mers, 5′ TAACCCGTGTGTAGCTTGG-3′ and 5′ - 
ATTAGCCGCATTCAGGGGC-3′, which are specific to the 5′ 
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untranslated region (UTR), were used to amplify EV-D68. The 
gene expression results were normalized to GAPDH and plotted 
as relative expression compared to the 1 h infection-only time 
point.
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