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ABSTRACT

Autophagic flux involves formation of autophagosomes and their degradation by lysosomes. Autophagy can either promote or restrict
viral replication. In the case of Dengue virus (DENV), several studies report that autophagy supports the viral replication cycle, and
describe an increase of autophagic vesicles (AVs) following infection. However, it is unknown how autophagic flux is altered to result in
increased AVs. To address this question and gain insight into the role of autophagy during DENV infection, we established an unbi-
ased, image-based flow cytometry approach to quantify autophagic flux under normal growth conditions and in response to activation
by nutrient deprivation or the mTOR inhibitor Torinl. We found that DENV induced an initial activation of autophagic flux, followed
by inhibition of general and specific autophagy. Early after infection, basal and activated autophagic flux was enhanced. However, dur-
ing established replication, basal and Torin1-activated autophagic flux was blocked, while autophagic flux activated by nutrient depri-
vation was reduced, indicating a block to AV formation and reduced AV degradation capacity. During late infection AV levels in-
creased as a result of inefficient fusion of autophagosomes with lysosomes. In addition, endolysosomal trafficking was suppressed,
while lysosomal activities were increased. We further determined that DENV infection progressively reduced levels of the autophagy
receptor SQSTM1/p62 via proteasomal degradation. Importantly, stable overexpression of p62 significantly suppressed DENV replica-
tion, suggesting a novel role for p62 as a viral restriction factor. Overall, our findings indicate that in the course of DENV infection,
autophagy shifts from a supporting to an antiviral role, which is countered by DENV.

IMPORTANCE

Autophagic flux is a dynamic process starting with the formation of autophagosomes and ending with their degradation after
fusion with lysosomes. Autophagy impacts the replication cycle of many viruses. However, thus far the dynamics of autophagy in
case of Dengue virus (DENV) infections has not been systematically quantified. Therefore, we used high-content, imaging-based
flow cytometry to quantify autophagic flux and endolysosomal trafficking in response to DENV infection. We report that DENV
induced an initial activation of autophagic flux, followed by inhibition of general and specific autophagy. Further, lysosomal
activity was increased, but endolysosomal trafficking was suppressed confirming the block of autophagic flux. Importantly, we
provide evidence that p62, an autophagy receptor, restrict DENV replication and was specifically depleted in DENV-infected
cells via increased proteasomal degradation. These results suggest that during DENV infection autophagy shifts from a proviral
to an antiviral cellular process, which is counteracted by the virus.

Dengue virus (DENV) is a member of the family Flaviviridae
and is responsible for one of the most common infections
transmitted to humans by mosquitoes. DENV is a positive-strand
enveloped RNA virus, which enters the cell via clathrin-dependent
endocytosis (1). RNA translation, replication and virus particle
assembly occur at the endoplasmic reticulum (ER) and ER-de-
rived membranes that are induced by the virus in infected cells (2).
Owing to their morphologies, these rearranged membrane struc-
tures have been designated convoluted membranes and vesicle
packets (3). Recent studies have demonstrated that DENV repli-
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cation requires autophagy (4-8), a process that targets proteins
and/or organelles to lysosomes for degradation. Autophagy in-
volves formation of the double-membrane autophagosome,
which sequesters target cytosolic content and then fuses with the
lysosome to form an autolysosome where sequestered compo-
nents are degraded (9). Autophagy is induced upon activation of
the class III phosphatidylinositol 3-kinase (PI3K)-Beclinl com-
plex, which signals formation of the isolation membrane and
recruitment of cytosolic autophagy factors, which build the au-

8026 jvi.asm.org

Journal of Virology

ralf.bartenschlager@med.uni-heidelberg.de, or Nathan R. Brady, n.brady@dkfz.de.

* Present address: Abhilash Chiramel, NIH/NIAID, Rocky Mountain Laboratories,
Hamilton, Montana, USA; Rodrigo Mora-Rodriguez, Centro de Investigacion en
Enfermedades Tropicales CIET, Faculty of Microbiology, University of Costa Rica;
Gang Long, Virus Assembly and Host Dependency, Institute Pasteur of Shanghai,
Shanghai, China.

P.M.and A.C. contributed equally to this article.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JV1.00787-15

August 2015 Volume 89 Number 15

VYAOQVd 1 VL1ISHIAINN Ad 9102 ‘02 Arenuer uo /610" wse'IAl//:dny woiy papeojumoq


http://dx.doi.org/10.1128/JVI.00787-15
http://dx.doi.org/10.1128/JVI.00787-15
http://jvi.asm.org
http://jvi.asm.org/

tophagosome. During the maturation process, the cytosolic mi-
crotubule-associated protein light chain 3 (LC3-I) is conjugated
to phosphatidylethanolamine, and the lipidated form of LC3
(LC3-1I) is attached to the autophagosome membrane. The mem-
brane-associated LC3-1II provides docking sites for receptors, such
as SQSTM1/p62 or NDP52/Calcoco2, that target ubiquitinylated
cargo to the autophagosome during selective autophagy (10, 11).
This process is also important for the maturation of the autopha-
gosome (12). After closure of the autophagosome, the vesicle fuses
with endosomes/lysosomes to form an amphisome. At this stage,
lysosomal hydrolases degrade the earlier loaded content.

Autophagy is a crucial component of immunity-linked path-
way activities, including NF-kB signaling, the antioxidant re-
sponse (13), and the generation of viral peptides for presentation
via major histocompatibility complex class I (MHC-I) and
MHC-II (14, 15). Importantly, viruses can manipulate the au-
tophagic pathway in order to promote different aspects of the viral
replication cycle, ranging from virus entry up to egress (16). It is
well established that positive-strand RNA viruses utilize au-
tophagy to promote viral RNA translation, RNA replication, and
virus particle production (17-24). Several lines of evidence sug-
gest a proviral role of autophagy during DENV infection. Au-
tophagy-deficient fibroblasts have 3-fold decrease in DENV pro-
duction (4), inhibition of autophagy using 3-methyladenine
(3MA) or gene knockdown of autophagy mediators (4-8) limits
DENYV replication, and the autophagic degradation of lipid drop-
lets is required for DENV replication (7).

Overall, these findings implicate that autophagy supports
DENV replication, without affecting RNA translation and virus
assembly (7). However, the impact of DENV on autophagic flux,
i.e., the dynamics of coupled formation and degradation pro-
cesses, has not been sufficiently addressed, and it is therefore un-
clear whether DENV might co-opt only some specific autophagy
factors and thus interfere with the whole process. Autophagic flux
is determined by the capacity of the cell to degrade forming au-
tophagosomes, which occurs within minutes (25), and AV con-
tent increases upon disruption to lysosomal activity. It is com-
monly reported that DENV infection increases AV number as
detected by high-resolution microscopy (6, 7, 24, 26, 27) and
Western blot analysis of lipidated LC3-1I levels (5, 6, 28, 29). No-
tably, in autophagosomes colocalizing with lysosomes, pro-
nounced pH-dependent quenching of green fluorescent protein
(GFP)-LC3 fluorescence (30) was not observed (7), suggesting
that DENV may reduce lysosomal acidification and so disrupt
lysosomal function.

Thus, an outstanding question is whether DENV infection in-
creases or suppresses autophagic flux, resulting in an imbalance
between formation and degradation rates, and consequently re-
sults in the observed increase in AV levels. To test this hypothesis,
we developed an unbiased, high-content approach to quantify au-
tophagic flux in cell populations using a high-resolution, image-
based flow cytometer. In addition, we studied the effect of DENV
on the autophagy receptor SQSTM1/p62 and its role in the viral
replication cycle.

MATERIALS AND METHODS

Antibodies. The polyclonal antibody against DENV NS4B and NS3 was
produced as described previously (2, 31). For cellular markers, primary
antibodies used were of the following specificities: rabbit polyclonal LC3B
and rabbit polyclonal B-actin (Cell Signaling, USA), mouse monoclonal
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GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Santa Cruz, USA),
mouse monoclonal Lamp2 (BD Bioscience, Heidelberg, Germany),
mouse monoclonal p62 (BD Bioscience, Heidelberg, Germany), rabbit
monoclonal ubiquitin (Cell Signaling), and polyclonal NDP52 (Cell Sig-
naling). Secondary goat antibodies used for indirect immunofluorescence
microscopy were conjugated to Alexa Fluor 488 (Molecular Probes,
Karlsruhe, Germany) or Cy5 (Jackson ImmunoResearch Laboratories,
USA). For all Western blot assays, secondary rabbit or mouse antibodies
coupled to horseradish peroxidase (Sigma, Deisenhofen, Germany) were
used.

Cell culture. Huh7 cells (32) and subclones thereof were maintained
in Dulbecco modified Eagle medium (DMEM; Invitrogen, Karlsruhe,
Germany), supplemented with 2 mM L-glutamine, nonessential amino
acids, 100 U of penicillin/ml, 100 g of streptomycin/ml, and 10% fetal
calf serum (DMEM cplt). Huh7-GFP-LC3 or Huh7-mCherry-LC3 cells
were generated by transduction with lentiviral vectors encoding GFP-LC3
or mCherry-LC3, as previously described (33). Transduced cells were se-
lected and maintained with 5 g of puromycin (Invitrogen)/ml. At 24 h
before the experiments started, puromycin was removed.

Plasmid constructs. Standard molecular biology techniques were
used for cloning, and the nucleotide sequences of all used plasmids were
verified. pWPI-Puro-GFP-LC3 and pWPI-Puro-mCherry-LC3 were gen-
erated by insertion of a Nhel-Xbal fragment, isolated from either
mCherry-LC3 or pEGFP-LC3, into the Spel-linearized vector pWPI-Blr
(33). The constructs were propagated in the dam-negative Escherichia coli
strain GM2163 to allow restriction digestion of the purified plasmid DNA
with Xbal. For pWPI-p62, Gateway technology was used.

Viruses. Cells were infected with the DENV 2 isolate New Guinea C
(kindly provided by Progen Biotechnik GmbH, Heidelberg, Germany).
For all infection experiments, virus was diluted in DMEM containing 10%
fetal calf serum, and the cells were incubated at 37°C and 5% CO, with
gentle rocking. Two hours later, the inoculum was replaced by DMEM
cplt, and the cells were incubated as specified in Results.

Determination of virus titers by plaque assay. For titration using
plaque assays, virus preparations were serially diluted in complete DMEM
and used to infect VeroE6 cells that were plated the day before in 24-well
plates (200,000 cells/well). At 2 h postinfection, the inoculum was re-
moved, and 1 ml of serum-free MEM containing 1.5% carboxymethyl
cellulose was added. Cells were incubated at 37°C for 5 days. The cells were
then fixed for 2 h with formaldehyde (5% final concentration). The cells
were then extensively rinsed with water and stained with 1% crystal vio-
let—10% ethanol for 15 to 30 min. After extensive washing with water, the
plaques were counted, and the titers were calculated by taking into ac-
count the corresponding dilution factor.

Immunoblot analyses. Samples were denatured in 2X protein sample
buffer (200 mM Tris [pH 8.8], 5 mM EDTA, 0.1% bromophenol blue,
10% sucrose, 3% sodium dodecyl sulfate [SDS], 1 mM dithiothreitol) and
incubated for 5 min at 95°C. The proteins were separated by SDS-PAGE
and transferred onto polyvinylidene difluoride membranes by using a
Mini-SDS-PAGE wet blotting apparatus (Bio-Rad, Munich, Germany).
Membranes were blocked with 5% bovine serum albumin (BSA) in Tris-
buffered saline—0.5% Tween 20 (TBST) and then incubated with primary
antibodies overnight at 4°C. After three washes with TBST, the mem-
branes were incubated with secondary horseradish peroxidase-conju-
gated antibodies, developed with the Western Lightning Plus-ECL reagent
(Perkin-Elmer, Waltham, MA), and bands were imaged using an Intas
ChemoCam Imager 3.2 (Intas, Gottingen, Germany). Signal intensities
were quantified by using Intas LabImage 1D software.

RNA isolation and RT-qPCR analysis. Total RNA was isolated from
~10° Huh?7 cells by using a NucleoSpin RNA II kit according to the in-
structions of the manufacturer (Macherey-Nagel, Diiren, Germany). Pu-
rified RNA was eluted with 60 pl of double-distilled RNase-free water,
quantified by spectrophotometry, and stored at —80°C until further use.
All reverse transcription-quantitative PCRs (RT-qPCRs) were carried out
with a two-step real-time RT-PCR kit (Applied Biosystems). Reverse tran-
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scription and real-time PCR were carried out in separate reactions. RNA
was reverse transcribed by using Multiscribe reverse transcriptase (Ap-
plied Biosystems), as recommended by the manufacturer, and random
primers. cDNA synthesis was carried out in a TGradient thermocycler
(Biometra, Géttingen, Germany) using the following settings: 25°C for 10
min, 37°C for 120 min, and 85°C for 5 min. cDNAs were either directly
used for real-time PCR or stored at —80°C. The final volume of the real-
time PCR mix was 15 pl and contained the following components: 7.5 pl
of 2X green dye master mix (Qiagen, Hilden, Germany), 1.5 .l of primer
mix (5 uM each), 3 pl of double-distilled water, and 3 .l of cDNA. Reac-
tions were performed on an ABI Prism 7000 Sequence detection system
using the following settings: 95°C for 10 min followed by 40 cycles at 95°C
30 s, 55°C for 60 s, and 72°C for 60 s. For each cell-specific primer set,
reactions were carried out in triplicates. The following primers were used
(MWG-Biotech, Martinsried, Germany): p62 (forward primer, 5'-AGGC
GCACTACCGCGAT-3'; reverse primer, 5'-CGTCACTGGAAAAGGCA
ACC-3"), GAPDH (forward primer, 5'-GAAGGTGAAGGTCGGAGT-3';
reverse primer, 5-GGGTCTCCTCTAACCTCTAGTCCT-3"), and
DENV (forward primer, 5'-CAATATGCTGAAACGCGAGAGAA-3';
reverse primer, 5'-CCCCATCTATTCAGAATCCCTGC-3"). For all
genes, the AAC; method was used to calculate the relative expression
levels.

Immunofluorescence and confocal microscopy. Huh7 cells or Huh7
cells stably expressing mCherry-LC3 or GFP-LC3 were seeded into
24-well-plates containing glass coverslips. At 36 h postinfection, the
cells were washed twice with phosphate-buffered saline (PBS), fixed
with PBS—4% paraformaldehyde (PFA) for 15 min at room tempera-
ture and permeabilized with digitonin (50 pg/ml) or 0.2% Triton
X-100 in PBS for 15 min at room temperature. The permeabilized cells
were washed twice with PBS and blocked with PBS containing 5% BSA
and 10% goat serum for 20 min at room temperature. Primary anti-
bodies were added for 1 h at room temperature, and the cells were
washed three times with PBS and incubated with a 1:1,000 dilution of
secondary antibody in PBS containing 5% BSA for 1 h in the dark. The
cells were washed once with PBS, incubated for 1 min with a 1:5,000-
diluted solution of DAPI-PBS, and immediately washed three times
for 10 min with PBS. Finally, the cells were mounted on glass slides
with Slow-Fade Gold antifade reagent (Invitrogen/Molecular Probes,
Darmstadt, Germany). The cells were imaged on a Nikon TE2000-E
inverted confocal microscope equipped with an Ultraview ERS spin-
ning disk system and a Plan-Apochromat VC 100X lens (NA 1.4). An
EMCCD camera was used to sequentially record channels by defining
emission discrimination in the following order: 647/700 nm, 568/610
nm, 488/510 nm, and 405/440 nm (emission/excitation). The acquired
images were processed using the ImageJ and the Fiji software package
(34).

Quantification of autolysosome formation. Huh7 mCherry-LC3
cells were infected with the DENV NGC strain (multiplicity of infection
[MOI] of 5) for 36 h, fixed in 4% PFA for 10 min, and immunostained
against the lysosome marker Lamp2. Regions of interest were marked
manually, and images were analyzed in an automated manner by using a
Fiji script as follows. First, noise was suppressed by Gaussian filtering
(sigma, 2 pixels), before the local background was estimated by applying
morphological opening with a circular disc filter (radius, 8 pixels). Second,
this background was subtracted, and the structures were provisionally iden-
tified in each channel using an automated threshold (the “triangle” method).
Structures were retained if their areas exceeded 10 pixels. ImageJ’s “Find Max-
ima” command was then applied to identify peaks in the “spots” channel
surviving the previous thresholding steps, and the numbers and proportions
of these peaks, overlapping with detected regions in the “other” channel, were
counted for each cell. The data were extracted from n = 70 cells for DENV,
under uninfected or infected conditions.

ImageStream image-based, high-content flow-cytometry. (i) Quan-
tification of autophagic flux. For sample processing, 1.8 X 10*or 2 X 10°
stable GFP-LC3-expressing Huh7 cells were seeded into each well of a
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six-well plate (BD Biosciences, Falcon) and infected with DENV or mock
inoculated. Further incubation of cells with drugs, chemicals, or dyes was
conducted as specified in Results. After the indicated treatments, the cells
were treated with trypsin, fixed in 4% PFA for 20 min, resuspended in PBS
(Sigma), and analyzed using an ImageStream X system (Amnis, Seattle,
WA). For image analysis, IDEAS software (Amnis) was used. Briefly, the
population of in-focus, single cells was selected for analysis. Segmentation
masks of single cells and intracellular GFP-LC3 vesicles were generated.
From these masks, the cellular area and intensity fractions for autophagy
vesicles (AVs) and the number of AVs were calculated for each cell. Au-
tophagic flux was determined based on the mean steady-state and BafA1-
mediated cumulative population responses, as described in the legends to
Fig. 1 and 2. The means for flux measurements are represented as bar
graphs and bubble plots. For bubble plots, the circle size corresponds to
mean steady-state AV content for each condition and time point. For
experiments correlating AV content and NS3 expression, the cells were
permeabilized with 0.3% Triton X-100 for 10 min, blocked with 3% BSA,
and stained with anti-NS3 antibody overnight. NS3 immunofluorescence
measurements were scaled between 0 and 1, based on the minimum and
maximum fluorescence intensities, for each experiment.

(ii) Quantification of endolysosomal activities. DQ-BSA was used
according to the manufacturer’s protocol (Molecular Probes). Huh7 cells
were treated with DQ-BSA (20 wg/ml) for 12 h at 37°C and then harvested
for ImageStream analysis. The DQ-BSA signal was measured at a wave-
length of 620 nm. Lysosomal (cathepsin B) activity was measured using
Magic Red (MR; [Cresyl violet]MR-[RR]2; ImmunoChemistry Technol-
ogies, USA). Prior to harvesting, cells were treated with MR (20 pg/ml)
during the last 2 h. Harvested cells were fixed in 4% PFA and subjected to
ImageStream analysis. For image analysis, IDEAS software was used.
Briefly, the population of in-focus single cells was selected for analysis.
Segmentation masks of single cells and either DQ-BSA or MR-positive
vesicles were generated. From these masks, the cellular area, vesicle inten-
sity, and area fractions were calculated for each cell. Means for vesicle
fraction intensities and vesicle sizes are represented as dot plots.

Statistical analyses. Statistical analyses were performed as specified in
the figure legends, and significance values were calculated by applying the
two-tailed, unpaired Student ¢ test.

RESULTS

Quantification of autophagic flux by image-based flow cytom-
etry. LC3 specifically associates with autophagosome membranes
(35) and is the standard for monitoring autophagy through detec-
tion of its two processed forms: LC3-I, which is cytosolic, and
LC3-1I1, which is bound to the autophagosomal membrane (Fig.
1A). To measure autophagic flux, steady-state LC3-labeled AV
levels can be compared to AV levels accumulating upon inhibition
of lysosomal activity with bafilomycin A1 (BafA1l), termed cumu-
lative AV levels (36, 37) (Fig. 1A and B). In the present study, we
calculated from these two autophagy states two autophagic flux
metrics. First, by subtracting steady-state AV levels from BafAl-
induced AV levels (BafAl-treated — steady-state), we calculated
an index of “autophagic flux capacity.” Second, from the ratio
of cumulative to steady-state AVs (BafAl-treated/steady-state),
we calculated the “autophagic flux responsiveness.” Thus, “au-
tophagic flux capacity” reflects the amount of autophagosomes
being formed and degraded in a given period of time, and “au-
tophagic flux responsiveness” reports the fold change, which cor-
responds to sensitivity of a cell to autophagy induction for a given
experimental condition.

Here, we sought to measure the autophagic flux in large pop-
ulations of human hepatoma Huh?7 cells stably expressing GFP-
LC3, which we generated for this purpose, using the ImageStream
system. This approach unites flow cytometry with high-resolu-
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FIG 1 Quantification of autophagic flux. (A) Schematic describing LC3 processing from cytosolic LC3-I to lipid-bound LC3-II, which imbeds on forming
autophagosomes. LC3-11 is degraded upon fusion with the lysosome. Formation and degradation of LC3-II-labeled autophagosomes constitutes autophagic flux.
The lysosomal inhibitor bafilomycin A1 (BafA1) blocks degradation of autophagosomes by the lysosome. (B) Schematic illustrating used approaches to quantify
autophagic flux in single cells. Different autophagy states of cells are based on the levels of autophagic vesicles (AVs). A steady-state level of AVs (SS) refers to the
AV signal intensity in dimethyl sulfoxide (DMSO)-treated control cells, and BafA1 refers to the cumulative signal intensity of AVs due to blocked AV degradation.
From steady-state and BafA1-treated conditions, we calculated the “autophagic flux capacity” by subtracting the steady-state AV levels from the BafA1-mediated
cumulative AV levels (BafAl — SS). “Autophagic flux responsiveness” refers to the ratio of AV signal intensity in BafAl-treated cells to AV signal intensity in
untreated cells reflecting the steady-state (BafA1/SS). (C) Examples of image-based flow cytometry detection of GFP-LC3 expressing Huh7 cells, under full
medium conditions, in the absence or presence of BafAl (upper and lower panels, respectively). In addition, bright-field images of the steady-state and
BafAl-mediated (i.e., cumulative) AV contents of single cells, collected at high resolution (40X), are shown. For each cell, masks for AVs and the cell were
generated. Signal intensities of AVs and total cell GFP-LC3 fluorescence were used to calculate the fractional AV intensity (intensity AV/intensity cell). WF, wide
field.

tion, fluorescence imaging (38), thus combining high sampling ment), ND-mediated activation of autophagy resulted in small,
with spatial information obtained by high-resolution imaging, re-  nonsignificant changes for all time points (Fig. 2A). However, in
spectively. Therefore, the sensitivity and information content on  BafAl-treated cells the AV levels increased with lengthened incu-
autophagic flux are very much increased compared to standard  bation period. Example images of cells kept in full medium and
flow cytometry (39—41). From each cell, an image was created, and  treated for 3 h with BafA1 revealed the accumulation of AV fall-
segmentation masks for the cell and for AVs were generated and  inginto three phenotypic classes: low (0 to 0.06), medium (0.06 to
used to calculate the total cellular and vesicular GFP-LC3 fluores-  0.12), and high (>0.12) cell AV fractions (Fig. 2B), indicating the
cence (see Fig. 1C for a representative set of images). The obtained ~ expected cell-to-cell heterogeneity due to differences in cell cycle
values were then used to calculate the normalized fraction (scaled  or nutrient availability, for example.

from 0 to 1) of GFP-LC3 localized within AVs for each cell within To validate the approach further, we compared population
a population as follows: autophagy state of a single cell = cell AV means of basal flux under full medium conditions to the induction
fraction = AV fluorescence/total cell fluorescence. of autophagic flux by either nutrient deprivation or treatment

Of note, LC3 is present on AVs of different maturation stages,  with the specific mTOR inhibitor Torin1 (2.5 pM). The latter was
and therefore GFP-LC3 punctae can represent pre-autophago- used as positive control since it increases autophagosome produc-
somal structures, autophagosomes, amphisomes or virus-induced  tion (42). These conditions, in the absence or presence of BafAl
autophagosome-like vesicles. All of these structures were consid- (100 nM), were analyzed at 1, 3, and 6 h of treatment (Fig. 2C). At
ered in our autophagic flux measurements. 1 and 3 h, BafA1 increased AV levels; however, only small differ-

We first established the conditions for detecting autophagic  ences were detected between basal (full medium) and activated
flux in cell populations. Cells were subjected to nutrient depriva-  (nutrient deprivation, Torin1) autophagy conditions. After 6 h of
tion (ND), in the absence or presence of BafAl (100 nM), for 1,3, treatment, the AVs were significantly increased in cells treated
and 6 h of treatment. As deduced from the cell AV fraction re- with Torinl or subjected to nutrient deprivation, relative to basal
sponse, under steady-state condition (i.e., without BafAl treat- autophagy. Moreover, steady-state AV levels were increased by

—~
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FIG 2 ImageStream-based quantification of autophagic flux in Huh7 cells. (A) Time course cell population analysis of AVs in cells at steady-state (SS) and after
BafAl treatment. Huh7 GFP-LC3 cells were subjected to nutrient deprivation for 1, 3, and 6 h, in the absence (SS) or presence (BafAl) of 100 nM BafAl.
Population distributions of cell AV fractions (see the calculation in Results) are shown. Lines indicate mean responses at indicated times. (B) Example
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Torinl, relative to both full medium and nutrient deprivation
conditions (Fig. 2C). By using calculated flux metrics to determine
the time dependency of autophagic flux, we were able to distin-
guish population fold increases between all conditions and the
population flux capacities between nutrient deprivation and
Torinl treatment (Fig. 2D). Thus, 6 h of cotreatment with BafA1l
was required to significantly discriminate basal from activated au-
tophagic flux in our cell system.

High-content imaging revealed that DENV blocked AV deg-
radation and the induction of autophagosome formation. We
next infected Huh7 GFP-LC3 cells with DENV-2 (NGC strain)
using an MOI of 5. Under these conditions, which we used for all
subsequent experiments reported here, nearly 100% of cells were
infected, as deduced from the detection of DENV nonstructural
protein 3 (NS3) by immunofluorescence. Cells were infected for
30 h and then treated for 6 h with BafAl (100 nM). Strikingly,
relative to a mock-infected control, DENV-infected cells dis-
played increased levels of steady-state AVs (Fig. 3A and B). Con-
sistent with these imaging results, Western blot analysis for LC3-I
and -II levels in Huh?7 cells revealed that after 36 h of infection,
DENV increased the amounts of lipidated LC3 (LC3-II) under
steady-state conditions (Fig. 3C).

To determine the impact of DENV on autophagic flux, we
evaluated whether a block of autophagosomal degradation after 6
h BafAl treatment would interfere with viral replication. We did
not detect significant differences between control and BafAl-
treated Huh?7 cells that were electroporated with a subgenomic
DENV NGC replicon encoding a firefly luciferase gene (Fig. 3D).
Furthermore, in response to 6 h of BafAl treatment, we observed
a tendency for LC3-1I to increase under full medium, Torinl, and
nutrient depletion conditions, a finding consistent with a cumu-
lative effect due to the BafAl-mediated inhibition of lysosomal
degradation (Fig. 3C). In contrast, such accumulation was not
seen in DENV-infected cells, arguing for a block of autophagic
flux. For a more accurate quantification of this phenotype, we
performed ImageStream analyses. We compared the signal inten-
sities of AVs (i.e., the amount of GFP-LC3, which had accumu-
lated with the vesicle), the number of AVs, and the AV areas (re-
flecting the sizes of vesicles). These parameters were compared
between DENV-infected cells, cells with basal (control) au-
tophagy, and cells in which autophagy was activated by either
Torinl treatment or nutrient deprivation. The mean population
responses revealed that DENV infection resulted in increased lev-
els of steady-state AVs, reaching levels that were equivalent to
BafAl-mediated cumulative AV levels under conditions of acti-
vated autophagy (Fig. 3E to G). Based on the AV intensities, we
calculated the autophagic flux, which clearly demonstrates that
DENV induced a full block of the autophagic flux resulting in
increased steady-state AVs (Fig. 3H).

We next examined the relationship between infection and the
block to autophagy. For this purpose, we measured the viral infec-
tion state by immunodetection of DENV NS3 and correlated its

Relationship of Dengue Virus to Autophagy

content per cell with AV intensity levels by ImageStream analysis.
No correlation was found under steady-state or BafA1 treatment
conditions (Fig. 4A and B), suggesting that the block to autophagy
is unrelated to the level of viral infection. Furthermore, we ob-
served that in mock-inoculated cells, those with a low AV content
massively responded to BafA1 treatment. In contrast, no popula-
tion shift was detectable in DENV-infected cells (Fig. 4C). Even
the low AV fraction (<0.1), which in mock-infected cells exhibits
a high potential for further AV accumulation, did not respond to
BafAl treatment in DENV-infected cells, suggesting that AV con-
tent in DENV-infected cells is not maximal, thus implicating al-
terations to AV formation and/or degradation rates (Fig. 4D).

Previously, the supporting role for autophagy in viral replica-
tion and lipid metabolism was detected during the first 24 h of
infection (7). Therefore, we sought to determine the time point at
which autophagy activity was disrupted by DENV. To do so, we
measured basal (full medium) and activated (nutrient depriva-
tion, Torinl) autophagic flux at 12, 24, and 36 h after infection. At
12 h of DENV infection, under all conditions, infected cells exhib-
ited higher levels of autophagic flux compared to the correspond-
ing mock-treated cells (Fig. 4E). In contrast, at 24 h postinfection,
infected cells exhibited high steady-state AV levels under full me-
dium and Torinl-treated conditions and fully inhibited au-
tophagic flux. However, DENV-infected cells still exhibited au-
tophagic flux in response to nutrient deprivation, albeit reduced
compared to the control (Fig. 4F). At 36 h, DENV-infected cells
exhibited high steady-state AV levels and a full block to au-
tophagic flux under all conditions (Fig. 4G). These findings sug-
gest a biphasic response of autophagy to DENV infection, where
DENV infection activates (12 h) and then inhibits autophagy (at
later time points). At 24 h postinfection, Torinl, which increases
autophagosome production (42), had no impact on flux in
DENV-infected cells. Basal autophagic flux was similarly blocked
at this time point, whereas nutrient deprivation, which promotes
lysosomal degradation of AV, was still able to activate autophagic
flux in DENV-infected cells. These findings suggest that DENV
first blocks the formation of autophagosomes and then progres-
sively reduces lysosomal AV degradation, which was complete by
36 h after infection.

Enhanced lysosomal activity in response to DENV infection.
In order to understand why AVs accumulate in DENV-infected
cells, we next sought to investigate whether DENV infection af-
fected lysosomal degradation capacity. Cathepsin B is a cysteine
protease that belongs to a family of lysosomal proteases that are
fully activated in the lysosomal low-pH environment (7). To mea-
sure protease activity, we utilized Magic Red (MR), a substrate
that fluoresces upon cleavage by cathepsin B (Fig. 5A) (43). Cells
were infected with DENV for 36 h and treated with MR for 2 h.
Thereafter, ImageStream analysis was performed to calculate ves-
icle intensity, as well as vesicle area responses that were normal-
ized to mock conditions. Although BafAl treatment fully inhib-

heterogeneity of AV content in cells treated with BafA1 for 3 h in full medium. AV signal intensities were divided into three classes: low (0 to 0.06), medium (0.06
to 0.12), and high (>0.12) intensities. For each panel of a class, the fluorescence signal is shown on the left (raw data), and the AV mask overlays are shown on
the right. (C) Bar graphs describing mean population responses of AV intensity fraction in the absence or presence of 100 nM BafA1 (SS or BafA1l, respectively).
Cells were additionally treated with Torin1 (2.5 uM) or cultured under nutrient deprivation (ND) or in full medium (Control). The data set represented here is
an average of at least three independent experiments. The level of significance is denoted by an asterisk (*, P < 0.05). (D) Significant block of autophagic flux in
Huh7 GFP-LC3 cells after 6 h BafAl treatment. Bubble plots represent calculated flux metrics as described in the legend to Fig. 1B. The sizes of the bubbles
represent the steady-state AV levels. The data set represented here is an average of at least three independent experiments.
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FIG 3 DENV impact on autophagic flux. (A) Examples of image-based flow cytometry detection of uninfected and DENV-infected Huh7 GFP-LC3 cells (upper
and lower panels, respectively). Cells were mock infected or infected with the NGC isolate (MOI = 5). At 36 h postinfection, the cells were fixed and analyzed by
ImageStream. For further details, see the legend to Fig. 1C. (B) Example of an immunofluorescence analysis of DENV-infected and uninfected Huh7/GFP-LC3
cells to validate infection rates. DENV NS3 was stained to visualize viral protein expression. (C) Measurement of endogenous LC3-1I in untreated Huh7 GFP-LC3
cells (steady-state, SS) or BafAl-treated cells (BafA1l). At 30 h after infection (NGC strain, MOI = 5), the cells were treated for 6 h with BafA1 (100 nM) or left
untreated. The LC3-1 and LC3-II levels were analyzed by Western blotting. In addition, LC3-II levels of three independent experiments were quantified by
measuring the signal intensities with the INTAS software package and normalized to GAPDH. (D) Impact of BafA1 treatment on DENV replication kinetics. A
subgenomic NGC replicon encoding a Renilla luciferase was electroporated into Huh7 cells. At 6 h before the indicated time points, the cells were treated with
100 nM BafA1 or a DMSO control. The cells were lysed, and the luciferase activity was measured. The data set represented here is an average of three independent
experiments. (E to G) Bar graphs describing the mean population responses of the AV intensity fraction, the AV spot counts, and the AV area of Huh7 GFP-LC3
cells. (H) DENV blocks autophagic flux. Bubble plots represent calculated flux metrics as described in the legend to Fig. 1B. Bubble sizes represent steady-state
(SS) AV levels. The data shown here represent the averages of three independent experiments.
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FIG 4 Time-dependent influence of DENV infection on autophagic flux. (A) No correlation between NS3 and AV levels. Huh7 GFP-LC3 cells were infected with
DENV (NGC isolate, MOI = 5) or mock inoculated. After 30 h, cells were either treated with DMSO control or 100 nM BafAl for 6 h, followed by an
immunostain against NS3 and ImageStream analysis. NS3 and normalized AV fraction intensities were plotted, and the intensities were tested for correlation. (B)
Population mean AV fractions and NS3 signal intensities (scaled to 1) from three independent experiments, as described in panel A. (C) AV fraction shifts in cell
populations. The experimental setup is as described for panel A. Population steady-state and BafA1-mediated cumulative AV fraction intensities at 36 h of mock
or DENV infection are shown. Dots represent single cells, and the colored shape indicates the distribution of the population. (D) No shift of AV fraction in
DENV-infected cells with high shift potential. The percentages of cells with a low AV fraction (<0.1) that respond to BafA1l treatment as described for panel C
were determined. (E to G) Kinetics of autophagic flux during DENV infection. Time course population analysis of AV levels in mock-treated cells (steady-state,
SS) and in cells treated with BafA1l. Huh7 GFP-LC3 cells were infected with DENV NGC (MOI = 5) or mock treated for 12, 24, and 36 h. AT 6 h before harvesting,
the cells were subjected to nutrient deprivation (ND), Torinl (2.5 wM), or full medium (FM) conditions in the presence or absence of 100 nM BafA1l. Bubble
plots represent the calculated flux metrics, as described in the legend to Fig. 1B. The size of the bubble represents the steady-state AV levels (cells in the absence
of BafAl). The data shown here represent the averages of three independent experiments.

ited cathepsin activity, nutrient depletion resulted in a minor DENV reduced endolysosomal trafficking and decreased au-
increase; in contrast, DENV increased cathepsin B activity >2-  tolysosome formation. Based on these results, we explored the
fold compared to uninfected cells (Fig. 5A). Thus, reduced au- possibility that DENV alters the fusion of autophagosomes with
tophagic flux by DENV infection did not correlate with a de- lysosomes to form the degradative autolysosome. For optimum
creased lysosomal activity, arguing for an uncoupling between  spatial resolution, required for colocalization analysis of autopha-
autophagosome and autolysosome formation. gosomal and lysosomal markers, confocal microscopy was used.
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FIG 5 Reduced autolysosome formation in DENV-infected cells. (A) Measurement of lysosomal activity in DENV-infected cells. Huh7 cells were mock infected
or infected with DENV NGC (MOI = 5) for 36 h. In addition, mock-inoculated cells were subjected to nutrient deprivation, 100 nM BafA1l, or full medium
conditions for 6 h before harvesting. The cells were treated with Magic Red (20 wg/ml) for 2 h, fixed with 4% PFA, and further processed for flow cytometry-based
image analysis. The data set represented here is an average of three independent experiments. The data were analyzed analogous to the description in the legend
to Fig. 1B. (B) Colocalization of lysosomes with LC3-positive vesicles. Huh7 cells stably expressing the autophagic vesicle marker mCherry-LC3 were either mock
treated or infected with DENV NGC (MOI = 5) for 36 h, respectively. The cells were fixed with 4% PFA and stained for lysosomes (Lamp2) and viral protein
(NS4B). Samples were analyzed by confocal microscopy imaging. Images on the right represent magnifications of the regions highlighted in the corresponding
merge images in the left. Note the colocalization of mCherry-LC3 punctae and lysosomes (marked with white arrow). Quantification of the total number of
colocalizing spots in DENV-infected cells, as determined by signal overlap between mCherry-LC3 and the lysosomal marker Lamp2, was performed. For each
condition, more than 50 cells were analyzed. The level of significance is measured by a Student  test and denoted as an asterisk (¥, P = 0.05). (C) Endolysosomal
trafficking in DENV-infected cells. Huh7 cells were mock inoculated or infected with DENV NGC (MOI = 5) for 36 h. The cells were treated with DQ-BSA (20
pg/ml) for 12 h. Mock-inoculated cells were subjected to nutrient deprivation, 100 nM BafA1 treatment, or full medium conditions for 6 h before harvesting. The
left panel shows examples of image-based flow cytometry detection of DQ-BSA; the right panel displays the relation of DQ-BSA vesicle areas and intensities. The
data shown here represent the averages of three independent experiments.
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FIG 6 Impact of DENV infection on degradation of p62. (A) Time course analysis of p62 protein amounts. Huh7 cells were mock inoculated or infected with
DENV NGC (MOI = 5) for given periods. Samples were harvested, and 40 pg of total cell protein was subjected to SDS-PAGE and Western blotting with p62-
and B-actin (loading control)-specific antisera. p62- and B-actin-specific signals were quantified by using the Image] software package. The bar graphs on the
right represent the p62 amounts relative to those detected in mock-inoculated cells at the indicated time points. (B) Immunodetection of p62 in DENV-infected
cells. Huh7 cells were either mock treated or infected with DENV NGC (MOI = 5) for 36 h. The cells were fixed with 4% PFA and stained for the viral NS3 protein
and p62. Samples were analyzed by confocal microscopy imaging. The scatter blot on the right shows the total p62-specific signal/cell. Signals were quantified by
using the Image]J software package. The level of significance is denoted by asterisks (***, P < 0.001).

Huh?7 cells stably expressing mCherry-LC3 were mock inoculated
or infected with DENV for 36 h, and lysosomes were detected by
using an antibody against the lysosomal marker Lamp2. Thus, in
both uninfected and infected cells, autolysosomes were deter-
mined from the colocalization of autophagic vesicles (mCherry-
LC3) with lysosomes (Lamp2). Analogous to earlier reports (7,
20), DENV NS4B did not colocalize with autophagosomal or lys-
osomal compartments (Fig. 5B). Quantitative image analysis re-
vealed that DENV-infected cells exhibited a significant reduction
in the fraction of LC3-positive vesicles overlapping with Lamp2-
positive vesicles, compared to uninfected cells (Fig. 5B). Further-
more, in DENV-infected cells the number of autophagic vesicles
not associated with lysosomes was increased, suggesting a block to
fusion between autophagosomes and lysosomes (Fig. 5B).

We further investigated whether an altered potential of vesicle
trafficking in DENV-infected cells could be the reason for the
reduced autolysosome formation. Since both autophagy and en-
dolysosomal pathways converge at lysosomes where intra- and
extracellular material is degraded (44, 45), we determined the im-
pact of DENV on endolysosomal trafficking. For this purpose, we
used a BSA-derived fluorogenic substrate (DQ-BSA) (Fig. 5C) to
measure endocytic trafficking of cargo to the lysosome (46). DQ-
BSA is endocytosed and transported to the lysosome, where deg-
radation decreases fluorophore self-quenching. The resulting in-
crease of fluorescence is thus an indicator for endocytic flux and
activity. Huh7 cells were left uninfected or were infected with
DENV for 36 h and treated with DQ-BSA for 12 h prior to Im-
ageStream analysis of vesicle intensity and area responses. Al-
though nutrient deprivation increased the DQ-BSA response,
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DENV infection resulted in a decrease in DQ-BSA signal intensity
compared to uninfected cells, suggesting that DENV infection
strongly impairs endolysosomal trafficking to levels comparable
to BafA1 inhibition of lysosomal activity (Fig. 5C), supporting the
notion of a block to fusion between autophagosomes/endosomes
and lysosomes (Fig. 5B and C).

DENV infection activates selective degradation of the p62
autophagy receptor. Given the global inhibition of autophagic
flux, we sought to determine whether DENV might alter the abun-
dance of the autophagy receptor p62, which is involved in au-
tophagic vesicle maturation (47). Cells were infected with DENV
and harvested at different time points after infection, and samples
were analyzed by Western blotting (Fig. 6A) and immunofluores-
cence (Fig. 6B). Uninfected cells exhibited a moderate time-de-
pendent decrease in p62 abundance (Fig. 6A), likely due to
changes in cell confluence altering autophagy activity. In contrast,
DENV infection resulted in a profound and time-dependent de-
crease in p62 protein levels. In comparison to uninfected cells, in
DENV-infected cells p62 amounts were reduced by up to 65% at
36 h postinfection (Fig. 6A). Accordingly, similar results were ob-
tained by quantitative image analysis 36 h after infection, revealing
a 71% decrease of total p62 in DENV-infected cells (Fig. 6B).

DENV-induced loss of p62 was surprising, since p62 is de-
graded by autophagy, which we determined to be progressively
blocked upon DENV infection. We therefore compared the ex-
pression of p62 and another autophagic receptor, NDP52 (48), in
mock- and DENV-infected cells, in the presence or absence of
BafAl treatment for 6 h. A 50% increase in p62 was detected in
response to BafAl treatment in uninfected cells compared to a
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negligible increase in DENV-infected cells, a finding that is con-
sistent with a block of AV lysosomal targeting (Fig. 7A). NDP52
was also responsive to BafAl in mock-treated cells, but the levels
were unchanged in DENV-infected cells, further indicating a
block to autophagy. Moreover, since BafA1l treatment did not res-
cue p62 expression in infected cells, DENV appears to modulate
p62 protein amounts in a lysosome-independent manner.

We next determined whether reduced p62 amounts were due
to altered mRNA levels. p62 mRNA was measured at 12, 24, and 36
h after DENV infection. Surprisingly, compared to the control,
DENV induced p62 mRNA level up to 10-fold, indicating that
mRNA abundance is not limiting for p62 protein expression (Fig.
7B). Since p62 expression is regulated by miRNAs encoded in the
17/20/93/106 cluster (49), we evaluated the possibility for sup-
pression of p62 mRNA translation in DENV-infected cells. To this
end, reporter constructs encoding the Renilla luciferase gene fused
at the 3" end to the full-length 3" untranslated region (3'UTR)
sequence of p62 of the wild-type sequence or containing muta-
tions in the seed sequence binding site of the endogenous p62-
targeting miRNA were generated (Fig. 7C). These constructs were
transfected into Huh7 cells, together with a firefly luciferase con-
trol vector, in order to normalize the transfection efficiency. After
24 h of expression, the cells were infected with DENV, and both
Renilla (Rluc) and firefly luciferase activities were determined 24 h
later. In mock- and DENV-infected cells, the luciferase activity of
the reporter containing the wild type, but not the mutant 3'UTR,
was reduced compared to control Rluc mRNA, supporting a role
for the miRNA 17/20/93/106 cluster in the basal regulation of p62
expression in Huh7 cells (Fig. 7C). However, only minor differ-
ences were observed between mock- and DENV-infected cells
containing the wild-type p62 3"UTR reporter construct, suggest-
ing that p62 mRNA translation is not altered in DENV-infected
cells (Fig. 7C). These findings argue against a translational block to
p62 by DENV infection.

Asp62 can be degraded by the proteasome (50), we determined
the impact of proteasomal degradation of p62 upon DENV infec-
tion. Huh7 cells were mock inoculated or infected with DENV and
then, after 30 h, treated with the proteasome inhibitor epoxomy-
cin (Epox) for 6 h, and the cell lysates were analyzed by Western
blotting (Fig. 7D). In both mock- and DENV-infected cells, Epox
increased the levels of ubiquitinylated proteins, demonstrating
Epox-mediated inhibition of proteasome activity in both cell pop-
ulations. Importantly, p62 levels were increased ~50% in mock-
inoculated cells and ~300% in DENV-infected cells, arguing that
proteasomal degradation might be the main mechanism of p62
depletion in DENV-infected cells. In contrast, the DENV-depen-
dent decrease of NDP52 levels was insensitive to proteasomal, as
well as lysosomal inhibition (Fig. 7D and A, respectively), arguing
for a translational regulation in response to infection. In conclu-
sion, these findings suggest that the loss of p62 in DENV-infected
cells results from enhanced proteasomal degradation.

Novel role for p62 in the suppression of DENV replication.
Since DENV induced the loss of p62, we reasoned that increased
p62 abundance might interfere with viral replication. To test this
hypothesis, we generated a Huh7 cell line stably overexpressing
p62. Overexpression was confirmed at the level of p62 mRNA and
protein (Fig. 8A and B). Importantly, while the levels of overex-
pressed p62 were also decreased over the course of DENV infec-
tion (Fig. 8C), the decline was attenuated compared to the one
observed for endogenous p62, suggesting that, under these condi-
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tions, p62 levels exceed DENV-induced degradation capacity. We
then determined the impact of increased p62 amounts on the
DENV life cycle. Cells were infected with DENV (MOI = 0.25),
and virus replication was determined by quantifying the amounts
of intracellular viral RNA by RT-qPCR and infectious virus titers
by plaque assay. DENV RNA was reduced 4-fold in response to
p62 overexpression (Fig. 8D, left panel). Consistently, the titers of
infectious DENV particles were significantly lower in response to
p62 overexpression, although by 36 h after infection this pheno-
type leveled out (Fig. 8D, right panel). Overall, these findings show
that high abundance of p62 inhibits DENV replication, arguing
that virus-induced proteasomal degradation of this receptor and,
more generally, autophagy inhibition are favorable to viral infec-
tion.

DISCUSSION

Autophagy activity can either promote or inhibit viral replication
cycles (51-55). Here, we report findings that suggest a biphasic
response of autophagy to DENV infection, where DENV infection
initially activates and then later on inhibits autophagy. Although it
has been reported by several groups that multiple components of
the autophagy pathway are required for DENV replication (4, 6, 7,
27-29), we demonstrate here that DENV activates autophagy only
during the early infection stage. Moreover, we established that, by
24 h after infection with the NGC strain, autophagosome forma-
tion is inhibited and lysosomal degradation of AVs is reduced. We
determined that, by 36 h postinfection, the accumulation of AVs is
the result of a block of lysosomal AV degradation. Surprisingly, we
discovered that the autophagy receptor p62 was specifically de-
pleted in DENV-infected cells via increased proteasomal degrada-
tion, and by overexpressing p62 we identified its role as a suppres-
sor of DENV replication. Based on these systemic alterations of
the autophagic flux, we propose a model how DENV manipulates
autophagy during the course of infection (Fig. 8E): while au-
tophagy activity is increased and supports DENV replication early
during infection, at the later stage of infection specific autophagy
suppression provides a viral replication advantage.

Fundamental to our work was the establishment of a quantita-
tive approach to measure AVs under steady-state and BafAl treat-
ment conditions, from which we determined the impact of DENV
infection on autophagic flux. This image-based flow cytometry
analysis offers several advantages to conventional approaches.
First, high sampling of cell populations permits accurate distribution
measurements and high-confidence phenotype measurements. Sec-
ond, the normalization of AV formation at the single-cell level per-
mitted direct comparison among different conditions. Third, it is
remarkable that under basal and activated conditions, steady-state
AV levels were often comparable, and autophagic flux capacity in
Huh7 cells was measurable only through a 6-h lysosomal inhibition
by BafAl. These findings reinforce the concept of autophagy as a
dynamic process and suggest that autophagy needs to be analyzed in
a quantitative and time-resolved manner (7, 8, 17, 24). Our findings
suggest that the accumulation of AVs was at least in part due to the
block to lysosomal degradation and, beginning 24 h postinfection,
DENV has already reduced autophagy induction capacity, at least in
case of the NGC strain used here. This interpretation is consistent
with a previous study that reported GFP-LC3 colocalization with Ly-
soTracker Red (7), arguing that lysosomes were not sufficiently acidic
to quench GFP fluorescence (30). Therefore, based on our findings,
we suggest that AV accumulation is caused by a perturbation to AV
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FIG 7 Enhanced proteasomal degradation of p62 in DENV-infected cells. (A) p62 is not degraded by the lysosome in DENV-infected cells. Huh7 cells were mock
inoculated or infected with DENV NGC (MOI = 5). After 30 h, BafAl (100 nM) was added for 6 h, or the cells were incubated in the absence of the drug
(steady-state, SS). Samples were harvested, and 40 g of total cell protein was subjected to SDS-PAGE and Western blotting with p62-, NDP52-, and GAPDH-
specific antibodies. The bar graphs on the right display signal intensities that were quantified by using Intas quantification software to determine the levels of p62,
NDP52, and GAPDH. Error bars represent the standard deviations (SD) of three independent experiments. (B) p62 RNA is upregulated in DENV-infected cells.
Huh?7 cells were infected with DENV NGC (MOI = 5) and harvested 12, 24, and 36 h after infection. Total RNA was purified and processed for RT-qPCR analysis
to quantify mRNA amounts of GAPDH and p62. Values obtained with mock-inoculated cells were set to 1 and used for normalization. Error bars represent the
SD of three experiments. (C) Translational repression of p62 is not enhanced in DENV-infected cells. A schematic of the luciferase reporter plasmids containing
the full-length p62 3"UTR wild-type (wt) sequence or a mutated sequence containing two nucleotide substitutions in the seed sequence of the corresponding
miRNA binding site (mut) is shown at the top. Each plasmid was cotransfected with a firefly luciferase control vector into Huh7 cells. After 24 h, the cells were
mock inoculated or infected with DENV NGC (MOI = 5). After an additional 24 h, the cells were lysed, and the luciferase activity in cell lysates was quantified.
The luciferase values were normalized to the luciferase 3'UTR (set tol) and to the firefly transfection control. Error bars represent the SD of three experiments.
(D) p62 is degraded by the proteasome in DENV-infected cells. Huh7 cells were mock inoculated or infected with DENV NGC (MOI = 5). After 30 h, cells were
treated for 6 h with epoxomycin (Epox; 100 nM) or mock treated (corresponding to steady-state, SS). Samples were harvested, and 40 g of total cell protein was
subjected to SDS-PAGE and Western blotting with p62-, NDP52-, GAPDH-, and ubiquitin-specific antibodies. Graphs on the right display the means signal
intensities of three independent experiments, as quantified with the Intas software package, to determine the relative levels of p62, NDP52, and GAPDH.
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(ctrl) were generated by lentiviral transduction. p62 mRNA levels were quantified by RT-qPCR and normalized to GAPDH. (B) Quantification of p62 protein
overexpression. A total of 40 pg of total cell protein was subjected to SDS-PAGE and Western blotting with p62- and B-actin-specific antibodies. (C) Degradation
of overexpressed p62 in DENV-infected cells. Huh7 cells overexpressing p62 were infected with DENV NGC (MOI = 5) for the indicated periods, and lysates
were analyzed by Western blotting for p62 and B-actin. The signal intensities were quantified by using Intas quantification software to determine the relative
levels of p62 and B-actin. Error bars represent the SD of three independent experiments. (D) DENV RNA replication and virus production in p62-overexpressing
cells. Huh7 cells overexpressing p62 or an empty vector control (ctrl) were infected with DENV NGC (MOI = 0.25) for the indicated periods. RNA was extracted
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the SD of three independent experiments. The level of significance is denoted by asterisks (***, P =< 0.001). (E) Model for the differential impact of DENV on
autophagic flux in the course of infection. For further details, see the text.

turnover by DENV-2 infection. Although RNAi and Atg5 knockout
studies clearly implicate autophagy as a DENV replication-promot-
ing process, the results obtained using PI3K inhibitors are open to
interpretation. 3MA has been used to show that autophagy induction
is required for efficient virus production. However, 3MA suppresses
autophagy induction by nutrient deprivation, whereas under typical
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growth conditions 3MA activates autophagy (56). Furthermore, in-
hibition of autophagy with the drug spautin-1 leads to increased pro-
duction of noninfectious DENV particles (28), suggesting a role of
autophagy during infectious particle production and/or release. The
block of lysosomal targeting may be required by DENV for furin-
mediated maturation of viral particles in a post-Golgi compartment.
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Alternatively, the excessive amount of DENV particles present in the
cytoplasm may affect the general vesicular trafficking, hence disrupt-
ing AV lysosomal targeting. However, this remains controversial
since in another study, 3MA and knockdown of Beclinl expression
had no impact on virus assembly while impairing RNA replication
(7). In the present study, using the mTOR inhibitor Torin1, we dem-
onstrate that autophagy induction is fully blocked in DENV-infected
cells, suggesting that the virus renders the cell insensitive/uncoupled
from PI3K. Since spautin-1 also promotes degradation of Vps34 (57),
which is a regulator not only for autophagy but also for endocytic
trafficking and cytokinesis (58), PI3K signaling may have nonauto-
phagy roles in DENV replication.

Autolysosomes are reported as potential DENV replication
sites, atleast for DENV serotype 3 (6). Notably, that study revealed
a similar increase in LC3-II levels upon DENV-3 infection. It
would be interesting to determine similarities and differences be-
tween the DENV serotypes. Of note, it is quite possible that DENV
induces autophagy at the early time points of infection to favor
RNA replication but later in the replication cycle interferes with
lysosomal targeting of AVs to favor the production of infectious
viral particles. The latter strategy was recently reported for para-
influenza virus type 3 (52).

When considering possible reasons why DENV blocks au-
tophagy, we note that overexpression of p62 suppressed viral rep-
lication and virus production arguing for an antiviral role of this
autophagy receptor. We observed that p62 levels were steadily
decreased in infected cells and speculate that this reduction might
be required to overcome a p62-mediated restriction. Further work
is required to determine the exact mechanism of p62 degradation
(50, 59) and whether signaling pathways regulated by p62, includ-
ing NF-kB signaling, the antioxidant response, and pathogen rec-
ognition (60), play a role in DENV restriction. In addition, since
DENV has been shown to rely on a selective form of autophagy
(i.e., lipophagy) for replication (7), it is possible that reduction of
p62 abundance alters general autophagy (47) or lipophagy (7). Itis
also conceivable that DENV impairs late steps of autophagy to
co-opt the host machinery responsible for AV biogenesis (i.e.,
ATGS5, ATG12, and ATG16L1) and to manipulate ER-derived
membranes eventually required for the formation of DENV vesi-
cles packets and convoluted membranes (2).

In conclusion, we conducted the first quantitative and time-
resolved analysis of autophagy activities in DENV-infected cells.
Our results reveal that during infection DENV first activates and
then inhibits both general and selective autophagy, blocking au-
tophagosome formation and degradation by lysosomes and re-
ducing the levels of the autophagy receptor p62. Our findings
suggest that during the DENV replication process, autophagy
shifts from a virus-supporting to a virus-suppressing process. The
kinetic control of activation and inhibition of a fundamental cel-
lular process described here illustrates the complex interaction
between a virus and its host cell in order to achieve maximal virus
replication.
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