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In human astrocytes neurotropic flaviviruses increase autophagy, 
yet their replication is autophagy‑independent
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Abstract
Astrocytes, an abundant type of glial cells, are the key cells providing homeostasis in the central nervous system. Due to 
their susceptibility to infection, combined with high resilience to virus-induced cell death, astrocytes are now considered 
one of the principal types of cells, responsible for virus retention and dissemination within the brain. Autophagy plays an 
important role in elimination of intracellular components and in maintaining cellular homeostasis and is also intertwined 
with the life cycle of viruses. The physiological significance of autophagy in astrocytes, in connection with the life cycle and 
transmission of viruses, remains poorly investigated. In the present study, we investigated flavivirus-induced modulation of 
autophagy in human astrocytes by monitoring a tandem fluorescent-tagged LC3 probe (mRFP-EGFP-LC3) with confocal and 
super-resolution fluorescence microscopy. Astrocytes were infected with tick-borne encephalitis virus (TBEV) or West Nile 
virus (WNV), both pathogenic flaviviruses, and with mosquito-only flavivirus (MOF), which is considered non-pathogenic. 
The results revealed that human astrocytes are susceptible to infection with TBEV, WNV and to a much lower extent also to 
MOF. Infection and replication rates of TBEV and WNV are paralleled by increased rate of autophagy, whereas autophago-
some maturation and the size of autophagic compartments are not affected. Modulation of autophagy by rapamycin and 
wortmannin does not influence TBEV and WNV replication rate, whereas bafilomycin A1 attenuates their replication and 
infectivity. In human astrocytes infected with MOF, the low infectivity and the lack of efficient replication of this flavivirus 
are mirrored by the absence of an autophagic response.

Keywords Astrocyte · Autolysosome · Autophagosome · Flavivirus · Infection · LC3

Abbreviations
Baf  Bafilomycin A1
BBB  Blood–brain barrier
CNS  Central nervous system
DAPI  4′,6-Diamidino-2-phenylindole
EBSS  Earle’s balanced salt solution

EGFP  Enhanced green fluorescent protein
EM  Electron microscopy
FBS  Fetal bovine serum
FKBP12  FK506-binding protein
hpi  Hours post infection
JEV  Japanese encephalitis virus
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LC3  Microtubule associated protein 1 light chain 3
MOF  Mosquito-only flavivirus
MOI  Multiplicity of infection
mRFP  Monomeric red fluorescent protein
mTORC1  Mammalian target of rapamycin complex 1
PBS  Phosphate-buffered saline
PtdIns3K  Phosphoinositide 3-kinase
Rapa  Rapamycin
RT-PCR  Reverse transcription polymerase chain 

reaction
SIM  Structured illumination microscopy
TCID50  Median tissue culture infectious dose
TBEV  Tick-borne encephalitis virus
TEM  Transmission electron microscopy
WNV  West Nile virus
Wort  Wortmannin
ZIKV  Zika virus

Introduction

Autophagy is an evolutionary conserved pathway for lyso-
some-mediated degradation of intracellular components [1]. 
Macroautophagy (hereafter referred to as autophagy) is a 
form of autophagy in which substrates destined for degrada-
tion are sequestered in specialized double-membrane com-
partments termed autophagosomes [1–3]. Various intrinsic 
and environmental factors trigger autophagy [4] by inducing 
the formation of a phagophore, which engulfs cytoplasmic 
components, including proteins, protein aggregates, ribo-
somes and organelles, all finally ending up in an autophago-
some [3, 5]. Then autophagosomes mature by fusing with 
endosomes and lysosomes forming amphisomes and autol-
ysosomes, respectively [6–8]. Ultimately, cellular cargo is 
degraded by lysosomal hydrolases in autolysosomes, and 
recycled nutrients are released back into the cell cytoplasm 
[1]. In normal conditions, autophagy maintains cellular 
homeostasis by removing long-lived or damaged proteins 
and organelles [2, 9]. However, in various stress conditions, 
including starvation, growth factor deprivation, hypoxia and 
intracellular pathogen infections, autophagy is induced to 
supply nutrients from intracellular material and to promote 
cell survival [1, 10, 11]. Moreover, during various pathogen 
infections, autophagy is involved in regulating immunity and 
inflammation to contain the pathogen burden [12].

After infections with pathogenic viruses, host cell 
autophagy can be exploited and manipulated in different 
ways. Depending on the virus, host species, cell type and 
cellular environment, autophagy plays either an anti- or 
pro-viral role in the virus life cycle and its pathogenesis 
[13–18]. The antiviral effect of autophagy has been linked 
to selective virus degradation via xenophagy, a process 
that involves clearing microorganisms, including viruses, 

as well as autophagy-mediated pathogen recognition and 
activation of inflammatory response, leading to elimination 
of infected cells [12, 13, 15]. However, some viruses have 
evolved mechanisms to bypass the autophagy-mediated anti-
viral response or even to modify the autophagic machinery 
to support virus survival and replication within the host cell 
[13, 18, 19].

Several members of the genus Flavivirus, which include 
single-stranded positive-sense RNA viruses transmitted by 
arthropods (mosquitos and ticks), are severe human patho-
gens, eliciting millions of infections annually over a wide 
geographic range [20–22]. Some, including West Nile virus 
(WNV), tick-borne encephalitis virus (TBEV), Japanese 
encephalitis virus (JEV) and Zika virus (ZIKV), are con-
sidered neurotropic, which reflects their ability to invade 
the central nervous system (CNS) and infect neural cells 
[22–24]. They enter the CNS by crossing the blood–brain 
barrier (BBB) and/or through the peripheral nervous system 
[22, 23, 25, 26]. In the CNS, they may become neurovirulent 
(i.e., they replicate and cause damage in the CNS), evoking 
severe and life-threatening neurological complications, such 
as encephalitis, meningitis, myelitis and cognitive impair-
ment [19, 20, 22, 27]. These conditions are inevitably linked 
to multiple responses at the cellular level; flavivirus-medi-
ated infections have been shown to trigger neuronal death, 
activation of microglia, reactive astrogliosis and astrocyte 
demise, BBB disruption, and accumulation of leukocytes 
and macrophages in different brain regions, including the 
cerebral cortex [20, 21, 23, 26, 28]. Viral infections of astro-
cytes, the most heterogeneous and abundant glial cells in the 
CNS [29], have gained a particular interest in recent years, 
because these cells execute key homeostatic and metabolic 
functions in the CNS (e.g., they control ionic and water bal-
ance, regulate blood flow, uptake and recycle neurotransmit-
ters and are actively involved in synaptic signaling) [30, 31], 
and are highly susceptible to infections with viruses circulat-
ing in the vascular system [22, 24, 28, 32–34]. After a virus 
crosses the BBB, astrocytes are one of first CNS cell types 
where virus uptake occurs [22]. Recent reports revealed 
high susceptibility of astrocytes to infection with ZIKV 
[34–36] and TBEV [24, 33]. In addition, high resilience to 
virus-induced cell death was reported for astrocytes after 
infection with ZIKV, TBEV and WNV [24, 33, 34, 37, 38], 
indicating that astrocytes might serve as hubs and reservoirs 
for viral replication, retention and dissemination within the 
brain [22]. Not all flaviviruses have recognized pathogenic 
effects in mammals, because the existence of flaviviruses 
without a known vertebrate host has been reported [39, 40]. 
Flaviviruses affect various cellular processes in astrocytes. 
In particular, alterations in organelle morphology, cytoskel-
eton polymerization and structure, vesicle trafficking, pro-
duction of inflammatory mediators and reactive oxygen 
species, were observed in flavivirus-infected astrocytes [24, 
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33, 41–43]. However, autophagy in astrocytes infected with 
viruses is poorly explored.

In this study, we infected human astrocytes with two con-
firmed neurovirulent flaviviruses (TBEV and WNV) and 
with mosquito-only flavivirus (MOF), which is considered 
non-pathogenic. We assessed their infectivity, replication 
rate, and their effect on autophagy, as well as the involve-
ment of autophagy in virus replication. Human astrocytes 
proved to be susceptible to infection with TBEV, WNV 
and, surprisingly, also to MOF. Moreover, using a validated 
fluorescence reporter system to monitor the dynamics of 
autophagy, we have demonstrated that TBEV and WNV, 
which successfully infect and replicate in human astrocytes, 
increase the rate of autophagy. However, the autophagosome 
maturation process and the size of the autophagic com-
partments (autophagosomes and autolysosomes) were not 
affected. In addition, pharmacological modulation of early 
stages of autophagy had no effect on TBEV and WNV rep-
lication. Interestingly, the infection rate of human astrocytes 
with MOF was found to be significant, albeit very low, in 
line with the concentration of MOF RNA, which remained 
low throughout the experiment. MOF also did not affect 
autophagy dynamics or autophagic compartment size in 
this cell type. In summary, our results show that pathogenic 
flaviviruses efficiently trigger the autophagic response in 
astrocytes. However, replication of flaviviruses is likely an 
autophagy-independent process in this cell type.

Materials and methods

Cell cultures

Cryopreserved primary human astrocytes were purchased 
from Innoprot (P10251, P10254). After thawing, cells were 
grown in cell culture flasks for 4 days and then plated on 
glass coverslips coated with poly-d-lysine (diameter 22 mm; 
Sigma-Aldrich, P6407) at a cell density of 1.5 ×  104 cells per 
coverslip (transfection and immunocytochemistry experi-
ments) or on 12-well culture plates (TPP, 92112) at a cell 
density of 3 ×  104 cells per well (RT-PCR experiments) as 
measured by a Scepter cell counter (Merck KGaA, Darm-
stadt, Germany). Cell cultures were maintained in astrocyte 
growth medium (high glucose Dulbecco’s modified Eagle’s 
medium [Sigma-Aldrich, D5671] supplemented with 10% 
fetal bovine serum [FBS; Sigma-Aldrich, F7524], 1 mM 
sodium pyruvate [Sigma-Aldrich, S8636], 2 mM l-glu-
tamine [Sigma-Aldrich, G3126], 5 U/ml penicillin, and 5 µg/
ml streptomycin [Sigma-Aldrich, P0781]) at 37 °C, 5%  CO2 
atmosphere, and 95% relative humidity. Cells were used in 
experiments approximately 24 h after plating on coverslips/
culture plates.

Flaviviruses and infection of human astrocytes

Experiments involving viruses were carried out in biosafety 
level 3 facility. For infection of human astrocytes, the fol-
lowing strains were used: TBEV (TBEV strain Ljubljana 1; 
deposited in the EVA-GLOBAL Virus Archive under ref-
erence number Ref-SKU: 007v-EVA71), WNV (West Nile 
virus/Slovenia/Ko169/2018; Ref-SKU: 007V-03831), and 
MOF (isolated from Aedes albopictus in Slovenia [44]).

Virus stock solutions were prepared by growing TBEV 
and WNV in Vero E6 cells in Dulbecco’s modified Eagle’s 
medium with high glucose and GlutaMAX supplement 
(Thermo Fisher Scientific, 61965026) supplemented with 
4% FBS (Euroclone, ECS0180L) at 37 °C for 7 days. A 
stock solution of MOF was prepared by growing virus in 
C6/36 cells (Aedes albopictus cell line, kindly provided by 
Dr. David H. Walker, University of Texas Medical Branch, 
Department of Pathology, Galveston, Texas, USA) in Leibo-
vitz’s L-15 medium (Thermo Fisher Scientific, 11415064) 
supplemented with 10% FBS (Euroclone, ECS0180L) at 
28 °C. Cell culture supernatants were collected and cen-
trifuged twice at 4 °C (10 min at 3200×g and 5 min at 
20,800×g) in an Eppendorf 5804R centrifuge (Eppendorf, 
Hamburg, Germany). Supernatants containing viruses were 
diluted and collected into aliquots.

To mimic conditions that are present during natural infec-
tion of cells, the lowest concentration of viruses that yielded 
reliable infections were used. Infections of human astrocytes 
performed with all three viruses (TBEV, WNV, and MOF), 
at the multiplicity of infection (MOI) of 0.1 and of 1, pro-
duced similar replication kinetics and infection rates, except 
of WNV at an MOI of 0.1 where the replication kinetics 
was minute (data not published). Cultured human astrocytes 
were inoculated with respective flaviviruses at an MOI of 0.1 
(TBEV, MOF) or 1 (WNV), and incubated at 37 °C, 5%  CO2 
atmosphere, and 95% relative humidity.

Quantitative reverse transcription polymerase chain 
reaction (RT‑PCR)

To monitor the production of flavivirus RNA with RT-
qPCR, supernatants were collected at 0, 24, 48, 72, and 
96 h post infection (hpi). Using an EZ1 Virus Mini Kit 
(QIAGEN, 955134) the total nucleic acid was extracted 
from cell culture supernatants and viral RNA was quanti-
fied using RT-qPCR on a QuantStudio 7 Pro Real-Time PCR 
System (Thermo Fisher Scientific, Waltham, MA, USA). 
Assays were performed in duplicate on cells from at least 
two human donors (purchased from Innoprot, see chapter 
Cell cultures for details).

In experiments where the role of autophagy in flavivi-
rus replication was assessed, cells were first exposed to 
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autophagy modulators (see chapter Autophagy modulation) 
for 2 h and then inoculated with viruses.

Measurements of virus infectivity by TCID50 assay

Virus infectivity of progeny virus released from astro-
cytes was determined by calculating the median tissue 
culture infectious dose (TCID50). Briefly, Vero E6 cells 
(ATTC CRL-1586) were seeded at the concentration of 
1 ×  105/100 µl/cells in 96-well plates (TPP, 92196), sup-
plemented with the growth medium consisting of DMEM 
with GlutaMAX supplement (Thermo Fisher Scientific, 
61965026) and 10% FBS (Euroclone, ECS0180L) and incu-
bated for 24 h at 37 °C in 5%  CO2. Then, 50 µl of the media 
was removed from the cells and supplemented with tenfold 
serial dilutions of suspension collected from the super-
natant of virus-infected human astrocytes in 8 replicates. 
Plates were further incubated at 37 °C with 5%  CO2. After 
6 days plates were inactivated with 100 µl of 4% formalde-
hyde solution for 30 min. Inactivated plates were visually 
inspected under the microscope for the presence of cyto-
pathic effect. TCID50 was calculated by the Spearman & 
Kärber algorithm [45].

Immunocytochemistry

Immunocytochemical labeling was performed as described 
previously [33]. Briefly, cells were washed with phosphate-
buffered saline (PBS; Sigma-Aldrich, P4417) and fixed in 
4% formaldehyde solution (in PBS) for 15 min at room 
temperature. Cells were then permeabilized with Triton 
X-100 (Merck Millipore, 1086031000) for 10 min at room 
temperature. After fixation and permeabilization, cells were 
washed with PBS and incubated in 10% goat serum (Sigma-
Aldrich, G6767) and 3% bovine serum albumin (Sigma-
Aldrich, A2153) solution in PBS for 1 h at 37 °C to reduce 
non-specific immunostaining. After washing with PBS, cells 
were incubated with primary antibodies against flavivirus 
group antigen (Sigma-Aldrich, MAB10216; dilution 1:600), 
early endosome antigen 1 (EEA1; Abcam, ab2900; dilu-
tion 1:1000) or p62/SQSTM1 (Abcam, ab109012; dilution 
1:800), for 2 h at 37 °C or overnight at 4 °C. When double 
immunostaining was performed, samples were incubated 
with the first primary antibodies for 2 h at 37 °C, washed 
with PBS, and then incubated with the second primary 
antibodies overnight at 4 °C. Afterward, cells were washed 
with PBS and secondary antibodies against mouse or rabbit 
IgGs coupled to Alexa Fluor 546 (Invitrogen, Thermo Fisher 
Scientific, A11003; dilution 1:600) and/or Alexa Fluor 488 
(Invitrogen, Thermo Fisher Scientific, A11008; dilution 
1:600), respectively, were applied for 45 min at 37 °C, pro-
tected from light (the mixture of secondary antibodies was 
applied simultaneously). To diminish fluorescence bleaching 

and to stain nuclei, SlowFade Gold Antifade Mountant with 
4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Sci-
entific, S36942) was used. Control samples (incubated with 
secondary antibodies alone) were prepared in parallel to 
determine non-specific staining.

Plasmids and transfection

To visualize autophagic compartments (autophagosomes and 
autolysosomes), cells were transfected with plasmid ptfLC3, 
which encodes fusion protein mRFP-EGFP-LC3 (Addgene, 
plasmid #21,074 [46]) for 48 h. The transfection protocol 
was performed with FuGENE 6 reagent (Promega Corpora-
tion, E2691) according to the manufacturer’s instructions. 
In experiments designed to monitor the effect of flaviviruses 
on autophagy, cells were transfected for 48 h and inoculated 
with respective viruses 12, 24 or 48 h prior to the fixation, 
which terminated the experiment. Autophagy modulators 
(when applicable) were added to the growth medium, which 
was used in the last step of the transfection protocol (cells 
were maintained in the same medium for the total duration 
of 48 h).

Autophagy modulation

For induction or inhibition of autophagy, the following 
reagents were used: Earle’s balanced salt solution (EBSS; 
Sigma-Aldrich, E6267), 1 μM rapamycin (Rapa; Sigma-
Aldrich, FL37094), 100 nM wortmannin (Wort; Cayman 
Chemical Company, 10010591), and 100 nM bafilomycin 
A1 (Baf; Santa Cruz Biotechnology, sc201550). Rapa, Wort, 
and Baf stock solutions were prepared in dimethyl sulfox-
ide (Sigma-Aldrich, D2438) and stored at − 20 °C. Working 
solutions were prepared in astrocyte growth medium imme-
diately before the experiments.

After transfection with ptfLC3 (for 48), human astrocytes 
were either exposed to starvation conditions induced by 
EBSS or treated with pharmacological autophagy modula-
tors for 3 h. In experiments where a combination of modu-
lators was used, cells were first exposed only to Wort/Baf 
for 30 min and then to a solution containing Wort/Baf and 
Rapa for additional 3 h. Control astrocytes were maintained 
in astrocyte growth medium. During treatment, cells were 
maintained at 37 °C, 5%  CO2 atmosphere, and 95% relative 
humidity. After 3 h, cells were fixed in 4% formaldehyde 
solution (in PBS) for 15 min at room temperature, mounted 
onto glass slides using SlowFade Gold Antifade Mountant 
(Thermo Fisher Scientific, S36940). In experiments involv-
ing infection with flaviviruses, pharmacological modulators 
were added either 2 h before the inoculation with viruses 
(measurements of viral replication, infectious virus produc-
tion and percentages of infected cells) or in the last step of 
ptfLC3-transfection protocol, which was shortly followed by 
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virus inoculation (measurements of autophagy in flavivirus-
infected astrocytes).

Fluorescence microscopy

After exposing cells to starvation conditions or autophagy 
modulators for 3 h (experiments for validation of the ptfLC3 
autophagy reporter), mRFP-EGFP-LC3-expressing cells 
were imaged by SIM (ELYRA PS.1, Zeiss, Oberkochen, 
Germany) using an oil-immersion objective (Plan-Apochro-
mat 63 × /1.4 Oil DIC M27, Zeiss). Individual cells were 
imaged by obtaining multiple 500-nm-thick z stacks (3–7 
stacks per cell). EGFP and mRFP fluorescence was excited 
with 488 and 561 nm laser beams, respectively. The emit-
ted fluorescence was collected through bandpass emission 
filters (495–575 nm [EGFP] and 570–650 nm [mRFP]) 
and detected with an EMCCD camera (iXon 885, Andor, 
Oxford Instruments, Abingdon, UK). Imaging settings were 
determined based on the fluorescence intensity profiles of 
control samples and maintained unchanged for imaging of 
all samples.

In the experiments, where we investigated flavivi-
rus infection rates and flavivirus-induced modulation of 
autophagy, imaging was performed with confocal micro-
scopes LSM780 and LSM800 (Zeiss, Oberkochen, Ger-
many). To determine the percentage of flavivirus-infected 
cells and to monitor autophagy after flavivirus infection, 
we used LSM800, a dry objective (20 × /0.8 M27, Zeiss) 
and an oil-immersion objective (63 × /1.4 Oil DIC M27, 
Zeiss), respectively. Alexa Fluor 564 dye was excited with 
the 561 nm diode laser and the emission was measured at 
560–700 nm. DAPI was excited with the 405 nm diode laser 
and the emission at 400–530 nm was detected. EGFP and 
mRFP fluorescence was excited with 488 and 561 nm laser 
beams, respectively. Emitted fluorescence was measured at 
410–560 nm (EGFP) and 560–654 nm (mRFP), respectively. 
As described above, multiple stacks (500 nm thick) were 
imaged per individual cell expressing mRFP-EGFP-LC3. 
Imaging of p62/SQSTM1 as well as of the colocalization 
between EEA1 and TBEV or WNV was performed with 
LSM780, using an oil immersion objective (63 × /NA 1.4, 
Zeiss). Fluorescence of p62/SQSTM1 and EEA1, immuno-
labeled with Alexa Fluor 488, was excited by argon laser 
(488 nm), and the emission light was collected through a 
band-pass filter (505–530 nm). Fluorescence of TBEV and 
WNV, immuno-labeled with Alexa Fluor 546, was excited 
with the He/Ne laser (546 nm), and the emission light was 
filtered with a long-pass filter with a cut-off below 560 nm.

Transmission electron microscopy (TEM)

Astrocytes were grown on translucent Corning polyethyl-
ene terephthalate Transwell permeable supports (Merck, 

Darmstadt, Germany). Controls and Rapa-treated cells were 
fixed using modified Karnovsky fixative. After post-fixation 
with 1%  OsO4 and dehydration in a series of ethanol solu-
tions, astrocytes were embedded in EPON resin (Serva, Hei-
delberg, Germany). Ultrathin sections were contrasted with 
3% lead citrate and 0.5% uranyl acetate using an automatic 
contrasting system (EM AC 20; Leica, Wetzlar, Germany). 
Sample imaging was performed at 120 kV using TEM JEM-
1400 Plus (JEOL, Tokyo, Japan) and Ruby CCD camera 
(JEOL, Tokyo, Japan).

Image analysis

Autophagy dynamics

The number of fluorescently labeled objects in a single cell 
expressing mRFP-EGFP-LC3 was determined with ImageJ 
software (JACoP plugin [47]). We determined the number 
of co-localized objects  (mRFP+EGFP+) and red-only objects 
 (mRFP+EGFP−), which correspond to autophagosomes 
and autolysosomes, respectively. Objects in all imaged z 
stacks (in the whole cell) were counted. The total number 
of autophagic compartments was calculated as a sum of 
autophagosomes and autolysosomes and was normalized to 
a unit volume (1000 μm3) to compensate for the variability 
in cell sizes. The ratio of autolysosomes to autophagosomes 
was determined to assess potential differences in autophago-
some maturation between control cells and cells treated with 
autophagy modulators or infected with flaviviruses. We cal-
culated the estimated volume of each cell by multiplying the 
cell area (determined by delineating individual cells imaged 
under the transmission light) with the height of a cell (the 
number of imaged z stacks multiplied by 500 nm, which 
represents the thickness of an individual z stack).

The density, the volume and the fluorescence intensity of 
immuno-labeled p62/SQSTM1 particles were determined in 
all imaged z stacks (in the whole cell) with ImageJ software 
(3D Objects Counter plugin [47]).

Size of autophagic compartments

The diameter of individual autophagic compartments 
(autophagosomes and autolysosomes) was determined 
in mRFP-EGFP-LC3-expressing cells, imaged by fluo-
rescence microscopy (SIM and confocal microscopy). 
Specifically, the full width at half maximum of the red 
fluorescence (mRFP) signal intensity was measured using 
ZEN microscope software (Zeiss, Oberkochen, Germany). 
All vesicle diameter values represent an average of two 
independent measurements made in the equatorial plane in 
two perpendicular directions (horizontally and vertically) 
to improve the accuracy of the measurement. We measured 
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the diameter of all autophagic compartments that were in 
focus in the equatorial z stack of individual imaged cells.

The size of the autophagic compartments was also 
determined on TEM micrographs. Autophagy-related 
structures were identified based on specific morphological 
characteristics, such as spherical structures with a double-
layered membrane containing different intercellular mate-
rial, and their diameter was measured using SightX Viewer 
software (JEOL, Tokyo, Japan).

Infection rate, viral replication and colocalization 
between viral particles and early endosomes

To determine the infection rates of different flaviviruses, 
cells were immuno-labeled with antibodies against flavi-
virus group antigen and stained with DAPI. We counted 
the flavivirus group antigen-positive cells and the number 
of DAPI-stained nuclei in multiple fields of view. The per-
centage of infected cells was calculated as a ratio between 
the number of flavivirus group antigen-positive cells and 
the number of all cells in individual fields of view. In addi-
tion, virus replication dynamics (in control conditions and 
after exposure to pharmacological autophagy modulators) 
was assessed by measuring the concentration of viral RNA 
in the supernatant of infected cell cultures at different time 
points after infection. Data were normalized to initial val-
ues (obtained at 0 hpi time point) of each sample. The 
production of infectious viral particles was determined by 
TCID50 assay. The colocalization between viral particles 
(TBEV or WNV) and early endosomes was measured in all 
imaged z stacks (in the whole cell) with ImageJ software 
(JACoP plugin [47]).

Statistical analysis

All experiments were performed at least in a duplicate, in 
one (exposure to starvation conditions, flavivirus infection 
experiments with and without autophagy modulators), or 
two (exposure to pharmacological autophagy modulators 
for validation of the ptfLC3-based autophagy reporter, viral 
RNA and TCID50 measurements) independent repetitions. 
We used the Mann–Whitney U test (SigmaPlot, Systate Soft-
ware Inc) to assess statistical differences between two groups 
of data (*P < 0.05, **P < 0.01, ***P < 0.001) or one-way 
ANOVA followed by Dunn’s test or Dunnett’s test (Sig-
maPlot, Systate Software Inc) for comparison of multiple 
groups (*P < 0.05 was considered statistically significant). 
Data are presented as boxplots (full lines represent median 
values and dotted lines represent average values), bar plots 
(average ± standard error) or logarithmic scale graphs (single 
time point is presented as the average ± standard error).

Results

To learn whether flavivirus infection affects autophagy 
in human astrocytes, we first validated the methodologi-
cal approach to evaluate the dynamics of autophagy. We 
transfected human astrocytes with the plasmid ptfLC3, 
which encodes tandem fluorescent-tagged LC3 (microtu-
bule associated protein 1 light chain 3), a marker protein 
integrated in the inner and outer membranes of autophagic 
structures [48–50]. This fusion protein consists of LC3 and 
two fluorescent tags: monomeric red fluorescent protein 
(mRFP) and enhanced green fluorescent protein (EGFP) 
(mRFP-EGFP-LC3; Fig. 1a) [46]. The difference in the 
pKa values of these two fluorophores (4.5 for mRFP and 6 
for EGFP [51, 52]), and consequently their pH sensitivity, 
was exploited to differentiate between neutral and acidic 
autophagy intermediates. In the neutral environment of 
autophagosomes, mRFP and EGFP are both stable and 
emit fluorescence (observed as a yellow signal; Fig. 1a). 
However, after the transition from autophagosomes to 
autolysosomes, the luminal environment becomes more 
acidic, leading to EGFP fluorescence attenuation, whereas 
mRFP fluorescence remains bright (observed as red-only 
puncta; Fig.  1a) [46]. Hence, in fluorescence micro-
graphs, autophagosomes are recognized as dually labeled 
 mRFP+/EGFP+ objects, and autolysosomes are observed 
as  mRFP+/EGFP− puncta (Fig. 1b).

Autophagy dynamics is affected by starvation 
and pharmacological modulators in human 
astrocytes

To validate the use of plasmid ptfLC3 for measurement of 
autophagy dynamics, human astrocytes were exposed to 
either starvation (incubation in EBSS, devoid of nutrients 
and growth factors) or to pharmacological autophagy mod-
ulators (1 μM Rapa, 100 nM Wort, 100 nM Baf). These 
autophagy modulators have been shown to either induce 
or impede the course of autophagy (Fig. 2a). Deprivation 
of nutrients and/or growth factors was shown to stimulate 
autophagic activity by interacting with various signaling 
pathways, ultimately leading to inhibition of the mam-
malian target of rapamycin complex 1 (mTORC1) [53]. 
mTORC1 is a key signaling hub coordinating nutrient 
status and cell growth, crucially involved in autophagy 
regulation [4, 54]. In addition, starvation can also induce 
autophagy in an mTORC1-independent fashion [4]. Rapa 
induces autophagy by forming a complex with FK506-
binding protein (FKBP12) and allosterically inhibiting the 
mTORC1 [55]. Wort is an inhibitor of phosphoinositide 
3-kinases (PtdIns3K) [56], including class III PtdIns3K, 
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i.e., a component of the complex involved in phagophore 
nucleation [57], and thus inhibits the early stages of 
autophagy. On the other hand, Baf inhibits autophagy at 
late stages by inhibiting V-ATPase proton pumps in autol-
ysosomes, thus blocking their acidification [58, 59], and/
or by preventing the fusion of autophagosomes with lys-
osomes [59].

After exposure to starvation conditions or selected 
autophagy modulators, human astrocytes expressing mRFP-
EGFP-LC3 were imaged by SIM (Fig. 2b) and the autophagy 

rate was assessed based on measurements of the total num-
ber of autophagic compartments (calculated as the sum of 
autophagosomes and autolysosomes) per cell volume and 
the ratio of autolysosomes to autophagosomes (Fig. 2c, d). 
Fluctuations in the overall number of LC3-positive puncta 
are an indicator of autophagic activity, with higher num-
bers normally representing increased autophagy [50]. How-
ever, an increase in the amount of LC3-positive puncta can 
also be a result of accumulation of autophagosomes due 
to blockage of events downstream of autophagosome for-
mation (e.g., fusion of autophagosomes with lysosomes 
and autolysosomal acidification) [49, 50]. To distinguish 
between these two scenarios, we also assessed the ratio of 
autolysosomes to autophagosomes. A higher number of 
LC3-positive compartments combined with an unchanged 
or even increased ratio of autolysosomes to autophagosomes 
correspond to increased rate of functional autophagy. In con-
trast, a decreased ratio of autolysosomes to autophagosomes 
is associated with blockage of late autophagy steps, such 
as diminished autophagosome maturation due to inhibited 
fusion between autophagosomes and lysosomes.

Starvation, which affects the early stages of autophagy 
(Fig. 2a), increased autophagy in human astrocytes. Spe-
cifically, in cells maintained in a nutrient-deprived envi-
ronment, the total number of autophagic compartments 
per unit volume was ~ twofold higher compared with 
controls maintained in normal growth conditions (38 ± 5 
versus 20 ± 3 autophagic objects per 1000 μm3; Fig. 2ci; 
**P < 0.01, Mann–Whitney U test). Conversely, the ratio 
of autolysosomes to autophagosomes remained unchanged 
(Fig. 2cii; P > 0.05, Mann–Whitney U test), indicating 
that in human astrocytes, starvation enhances autophagy 
without affecting the transition rate between early and 
late intermediates of this pathway. Similarly, treatment of 
human astrocytes with Rapa also stimulated autophagic 
activity, because we observed a ~ twofold increase in the 
total number of autophagic compartments (58 ± 4 ver-
sus 28 ± 3 autophagic objects per 1000 μm3; Fig.  2di; 
*P < 0.05, one-way ANOVA followed by Dunn’s test) and 
an unchanged ratio of autolysosomes to autophagosomes 
(Fig. 2dii; P > 0.05, one-way ANOVA). In agreement with 
the established mechanism of the inhibitory action of Wort 
(Fig. 2a), treatment of human astrocytes with Wort pre-
vented the induction of autophagy by Rapa. Specifically, 
in cells co-treated with Wort and Rapa, the total number 
of autophagic compartments was ~ 1.5-fold lower com-
pared with cells treated with Rapa alone (38 ± 4 versus 
58 ± 4 autophagic objects per 1000 μm3) and comparable 
with untreated control cells (Fig. 2di; *P < 0.05, one-way 
ANOVA followed by Dunn’s test). In contrast, human 
astrocytes co-treated with Baf and Rapa did not differ in 
the total number of autophagic compartments (Fig. 2di; 
P > 0.05, one-way ANOVA), but exhibited a ~ sixfold 

Fig. 1  Expression of fusion protein mRFP-EGFP-LC3 as a tool for 
monitoring autophagosomes and autolysosomes in human astrocytes. 
a Schematic representation of the method for monitoring autophagy 
by fluorescence microscopy. The panel highlights a cell transfected 
with plasmid ptfLC3 that encodes mRFP-EGFP-LC3, where LC3, 
a marker of autophagic compartments, is tandem fluorescent-tagged 
with mRFP (red fluorescence) and EGFP (green fluorescence). The 
pH of autophagosomes (AP) is close to neutral, which facilitates the 
fluorescence of both fluorophores, resulting in yellow objects. Fusion 
of AP with lysosomes yields autolysosomes (AL), i.e., organelles 
with acidic pH, where the EGFP fluorescence is quenched, resulting 
in red-only objects. Fluorescence imaging of ptfLC3-transfected cells 
allows quantification of AP and AL, and hence can be used to evalu-
ate the extent of autophagosome formation and maturation in single 
cells. b Human astrocyte expressing mRFP-EGFP-LC3, imaged by 
structured illumination microscopy. Arrows 1 and 2 point to two fluo-
rescent objects magnified in panels adjacent to the larger micrograph. 
Object 1 represents an AP, as it exhibits red and green fluorescence 
 (mRFP+EGFP+), and object 2 can be identified as an AL, consider-
ing that only the red fluorescence is present  (mRFP+EGFP−). The cell 
shape is outlined with the white line
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decrease in the ratio of autolysosomes to autophagosomes 
compared with cells treated with Rapa alone (1.5 ± 0.2 
versus 8.9 ± 1.1; Fig. 2dii; *P < 0.05, one-way ANOVA 
followed by Dunn’s test), indicating that Baf blocks 
autophagosome maturation and the formation of functional 
autolysosomes in human astrocytes. Similar results were 
obtained also in rat astrocytes (Fig. S1a).

The diameter of autophagic compartments differs 
in normal and stimulated conditions in human 
astrocytes

To measure the size of autophagic compartments in human 
astrocytes, we first used TEM (Fig. 3a). There have been 
reports that autophagic compartment size differs in normal 
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and stimulated conditions, therefore we measured the diam-
eter of the autophagic compartments in control and Rapa-
treated cells. The diameter of identified autophagosomes 
and autolysosomes was in the range of 305–584 nm in 
control conditions, and 155–1300 nm in cells treated with 
Rapa (Fig. 3b). Moreover, we observed a trend of larger 
autophagic compartments in Rapa-treated cells compared 
with controls (the average diameter was 575 nm ± 62 nm 
[n = 22] versus 449 nm ± 29 nm [n = 10]), although the dif-
ference was not statistically significant (Fig. 3b; P > 0.05, 
Mann–Whitney U test).

To further investigate possible differences in the size of 
autophagic compartments between normal and stimulated 
conditions, we next determined the diameter of autophago-
somes and autolysosomes expressing mRFP-EGFP-LC3 
using SIM. SIM achieves high spatial resolution (up to 
100 nm in the lateral plane) [60]. Therefore, this technique 
enables accurate size measurements of fluorescently labeled 
cellular compartments, including vesicular structures that 
are larger than 100 nm [61, 62]. The diameter of individual 
vesicles was determined as depicted in Fig. 3c. In normal 
conditions, the diameter of autophagosomes ranged from 

157 to 749 nm, with an average value of 304 nm ± 6 nm 
(n = 197), whereas autolysosomes were significantly larger 
with a diameter in the range of 189–1545 nm and an average 
value of 355 nm ± 6 nm (n = 482) (Fig. 3d; ***P < 0.001, 
Mann–Whitney U test). Only ~ 4.5% of autophagosomes 
and ~ 0.5% of autolysosomes in control resting conditions 
had a diameter less than 200 nm.

We next investigated whether Rapa and starvation condi-
tions affect the diameter of autophagosomes and autolys-
osomes in human astrocytes (Fig. 3d). In Rapa-treated cells, 
the average diameter of autophagosomes and autolysosomes 
was 350 nm ± 8 nm (n = 209), and 384 nm ± 7 nm (n = 391), 
respectively. This indicates that Rapa significantly increases 
the diameter of both autophagic structures (*P < 0.05, one-
way ANOVA followed by Dunn’s test). A similar trend was 
observed in cells exposed to starvation conditions; the aver-
age diameter of autolysosomes (389 nm ± 6 nm, n = 368) 
was ~ 10% larger compared with controls (*P < 0.05, 
one-way ANOVA followed by Dunn’s test). Interestingly, 
starvation conditions did not affect the average diameter 
of autophagosomes (308 nm ± 7 nm, n = 192) (P > 0.05, 
one-way ANOVA). In cells challenged by Rapa and star-
vation conditions, autolysosomes were significantly larger 
than autophagosomes (Fig. 3d; ***P < 0.001, **P < 0.01, 
Mann–Whitney U test), as observed in control cells.

TBEV and WNV infect and successfully replicate 
in human astrocytes, and MOF displays low 
infectivity

To determine the infection rates of different flaviviruses 
in human astrocytes, we infected cells with TBEV, WNV, 
or MOF. At different time points post infection (12, 24, 
and 48  h) cells were fixed, immuno-labeled with anti-
bodies against flavivirus group antigen (Fig. 4a), and the 
percentage of infected cells was determined (Fig.  4b). 
Generally, the infection rates of all flaviviruses increased 
with time post infection. Specifically, the percentages of 
infected cells at 12 hpi were low for all flaviviruses tested 
(0.8% ± 0.3%, n = 1363 for TBEV; 2.1% ± 0.6%, n = 674 for 
WNV; 1.6% ± 0.3%, n = 1010 for MOF). At 24 hpi, only the 
percentage of TBEV-infected cells increased significantly 
compared with the 12 hpi time point (*P < 0.05, one-way 
ANOVA followed by Dunn’s test). In addition, we observed 
significant differences between the percentages of infected 
cells at 12 hpi and 48 hpi for TBEV, WNV, and also MOF 
(*P < 0.05, one-way ANOVA followed by Dunn’s test). At 
48 hpi, significant differences in the infection rates were 
observed between all three flaviviruses (#P < 0.05, one-way 
ANOVA followed by Dunn’s test); TBEV reached the high-
est percentage of infected cells (37.0% ± 2.7%, n = 1550), 
followed by WNV (29.6% ± 6.0%, n = 1081) and MOF 
(4.0% ± 0.7%, n = 773). These results indicate that TBEV 

Fig. 2  Starvation and pharmacological autophagy modulators affect 
autophagy dynamics in human astrocytes. a Schematic representation 
of the autophagic pathway showing the proposed action of selected 
autophagy modulators. Inhibition of mammalian target of rapamy-
cin complex 1 (mTORC1) complex by rapamycin (Rapa) or starva-
tion conditions (Starv) increases autophagy [4, 53, 55]. Wortmannin 
(Wort) suppresses the early stages of autophagy by inhibiting class 
III phosphoinositide 3-kinase (PtdIns3K) complex [56]. Bafilomycin 
A1 (Baf) inhibits the late stages of autophagy by preventing fusion 
of autophagosomes (AP) with lysosomes and by impeding autol-
ysosome (AL) acidification (inhibition of V-ATPase proton pumps) 
[59]. b Representative structured illumination micrographs of human 
astrocytes expressing mRFP-EGFP-LC3 in control conditions (Con-
trol), nutrient and serum deprivation conditions (Starv), and after 
exposure to selected autophagy modulators (Rapa, Wort + Rapa, 
Baf + Rapa). White rectangles delineate a cell area, which is magni-
fied in four smaller panels adjacent to the image of the cell, show-
ing mRFP fluorescence (mRFP), EGFP fluorescence (EGFP), colo-
calization of both signals (Col.mask), and an overlay of both signals. 
White arrows in the panels showing an overlay of mRFP and EGFP 
fluorescence indicate AL (red-only objects), and colocalized sig-
nals (Col.mask) represent AP. White outlines delineate cell shapes. 
c Starv induces an increase in the total number of autophagic com-
partments (ci, **P < 0.01, Mann–Whitney U test) without affecting 
the ratio AL:AP (cii, P > 0.05, Mann–Whitney U test) versus control 
conditions. d Rapa and Baf + Rapa, but not Wort + Rapa, increase the 
total number of autophagic compartments compared with controls 
(di, *P < 0.05, one-way ANOVA followed by Dunn’s test). Treatment 
with Wort + Rapa results in a lower number of autophagic compart-
ments versus Rapa (di, *P < 0.05, one-way ANOVA followed by 
Dunn’s test). Conversely, of all treatments, only Baf + Rapa signifi-
cantly decreases the ratio AL:AP (dii, *P < 0.05, one-way ANOVA 
followed by Dunn’s test). Full lines in the boxplots represent median 
values and dotted lines correspond to average values. The numbers 
below the boxplots are the number of cells analyzed for each condi-
tion. ULK1, Unc-51-like autophagy activating kinase 1

◂
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and WNV are more efficient in infecting human astrocytes 
than MOF.

In parallel, we assessed the rates of viral replication and 
infectious virus production in human astrocytes by meas-
uring the number of viral RNA copies in the cell culture 
supernatants and the TCID50 at different time points post 
infection (0, 24, 48, 72, and 96 h) for all three flaviviruses 
(Fig. 4c).

A time-dependent increase in viral RNA concentration, 
compared with 0 hpi, was detected for TBEV and WNV 
(*P < 0.05, Mann–Whitney U test) reaching a plateau for 
both viruses at ~ 48 hpi, while the concentration of MOF 
RNA remained unchanged (Fig. 4c, top graph). Likewise, 
a similar time-dependent enhancement in the production of 
infectious astrocyte-released TBEV and WNV in compari-
son to 0 hpi (*P < 0.05, Mann–Whitney U test) was detected 
by TCID50 assay (Fig. 4c, bottom graph). The increase in 
infectious virus concentration was in the case of TBEV 
observed already at 24 hpi. For WNV, a statistically signifi-
cant increase in infectious virus production was observed 
slightly latter, at 48 hpi. However, both, the RNA ampli-
fication dynamics and the production of infectious viruses 
were similar between TBEV and WNV (P > 0.05, one-way 
ANOVA). Human astrocyte failed to produce infectious 
MOF (Fig. 4c, bottom graph).

In summary, our results show that TBEV and WNV suc-
cessfully infect human astrocytes, replicate in them, and lead 
to the production of infectious viral particles. Moreover, we 
show that MOF can also infect human astrocytes, albeit at a 
much lower level compared with the other two flaviviruses 

tested, and with absent production of infectious virus. The 
amount of MOF RNA detected in supernatant of infected 
astrocytes and the concentration of infectious MOF does not 
change significantly with time, which renders replication of 
MOF in human astrocytes uncertain.

Infection of human astrocytes with TBEV 
and WNV, but not MOF, stimulates autophagy 
without affecting the autophagosome maturation 
process

Viral infections can interact with many host cell processes 
and consequently affect cell functioning. Among others, 
autophagy is often affected by viruses from different viral 
families [14, 19]. Therefore, we next investigated whether 
TBEV, WNV, and MOF affect autophagy in these cells. 
To this end, human astrocytes were first transfected with 
the plasmid ptfLC3 to express mRFP-EGFP-LC3 and then 
infected with the flaviviruses (Fig. 5a). The total number of 
autophagic compartments (Fig. 5bi) and the ratio of autol-
ysosomes to autophagosomes (Fig. 5bii) were determined 
by confocal microscopy in mock-infected and flavivirus-
infected cells at 12, 24, and 48 hpi. Notably, all cells, mock-
infected and infected with respective viruses, were main-
tained in the growth medium for the duration of 48 h (see 
“Materials and methods” for details). The volume of growth 
medium (2 ml) was sufficient to prevent the starvation stress 
over the course of the experiment (Fig. S1b).

TBEV infection induced an increase in the total num-
ber of autophagic compartments at all time points (12, 24, 
and 48 hpi) compared with mock-infected cells (Fig. 5bi; 
*P < 0.05, one-way ANOVA followed by Dunn’s test), with-
out affecting the ratio of autolysosomes to autophagosomes 
(Fig. 5bii; P > 0.05, one-way ANOVA). This indicates that 
in human astrocytes infected by TBEV, autophagy dynam-
ics is increased early post infection. Among the time points 
of our measurements, the most prominent TBEV-triggered 
autophagic response was observed at 48 hpi when cells 
exhibited an ~ 2.5-fold increase in the number of LC3-posi-
tive autophagic compartments compared with mock-infected 
cells (*P < 0.05, one-way ANOVA followed by Dunn’s test). 
Interestingly, infection with WNV also resulted in a higher 
total number of autophagic compartments compared with 
mock-infected cells; however, the increase was signifi-
cant only at 48 hpi, when ~ twofold increase was observed 
(Fig. 5bi; *P < 0.05, one-way ANOVA followed by Dunn’s 
test). Similarly, as in the case of TBEV, infection of astro-
cytes with WNV did not affect the ratio of autolysosomes 
to autophagosomes (Fig. 5bii; P > 0.05, one-way ANOVA). 
Infection of cells with MOF did not affect either the total 
number of autophagic compartments or the ratio of autol-
ysosomes to autophagosomes (Fig. 5b; P > 0.05, one-way 
ANOVA), indicating that MOF does not affect autophagy 

Fig. 3  The size of the autophagic compartments differs in nor-
mal and stimulated conditions in human astrocytes. a Representa-
tive transmission electron micrographs of non-treated (Control) and 
rapamycin-treated (Rapa) human astrocytes. White arrows indicate 
autophagy-related structures. A single autophagic specimen (marked 
with a white asterisk) is enlarged in the bottom left corner of the 
larger micrograph. GA Golgi apparatus, M mitochondria, N nucleus. 
b Ultrastructural analysis of human astrocytes reveals that the diam-
eter of the autophagic compartments is similar between controls 
and Rapa-treated cells (P > 0.05, Mann–Whitney U test), although a 
trend of larger structures was observed after Rapa treatment. c Diam-
eter of autophagic compartments in mRFP-EGFP-LC3-expressing 
human astrocytes, imaged by structured illumination microscopy, 
was determined by measuring the full width at half maximum of 
the red fluorescence intensity (F intensity) along the equatorial line 
in the horizontal and vertical directions. d Rapa induces an increase 
in the diameter of autophagosomes (AP) and autolysosomes (AL) 
in human astrocytes compared with controls (*P < 0.05, one-way 
ANOVA followed by Dunn’s test). Alternatively, in starved (Starv) 
human astrocytes, only AL, but not AP, are larger compared with 
controls (*P < 0.05, one-way ANOVA followed by Dunn’s test). In 
all conditions tested, AL are significantly larger compared with AP 
(***P < 0.001, **P < 0.01, Mann–Whitney U test). Full lines in the 
boxplots represent median values and the dotted lines correspond to 
average values. Numbers below the boxplots are the number of com-
partments analyzed in 5 control and 10 Rapa-treated cells (b) or in 16 
control, 12 starved, and 10 Rapa-treated cells (d)

◂
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in human astrocytes. In conclusion, infection of human 
astrocytes with TBEV and WNV, but not MOF, stimulates 
autophagy without affecting the autophagosome maturation 
process.

Next, the diameter of mRFP-EGFP-LC3-labeled 
autophagic compartments (autophagosomes and autol-
ysosomes) was determined in mock-infected cells at 48 h 
after infection with selected flaviviruses (TBEV, WNV, and 
MOF) (Fig. 5c). None of these viruses affected the size of 
the autophagic compartments, because the average diameter 

of autophagosomes and autolysosomes was similar in mock-
infected cells and in flavivirus-infected cells (P > 0.05, 
one-way ANOVA). Moreover, in all conditions, autolys-
osomes were larger than autophagosomes (***P < 0.001, 
Mann–Whitney U test).

The diameter of both autophagosomes and autolys-
osomes in controls measured in confocal micrographs 
was ~ 10% larger compared with compartments in controls 
imaged by SIM (the average diameter of autophagosomes 
and autolysosomes determined by confocal microscopy was 

Fig. 4  Tick-borne encephalitis virus (TBEV), West Nile virus 
(WNV), and mosquito-only flavivirus (MOF) infect human astro-
cytes, but only TBEV and WNV replicate efficiently in human astro-
cytes. a Human astrocytes infected with TBEV, WNV, and MOF and 
immuno-labeled with antibodies against flavivirus group antigen 
(red) at 12, 24, and 48 h post infection (hpi). Cell nuclei are stained 
with 4′,6-diamidino-2-phenylindole (DAPI; blue). Arrows indi-
cate weakly infected cells. b The percentages of TBEV-, WNV- and 
MOF-infected cells at 12, 24, and 48 hpi were determined as the ratio 
between the number of flavivirus group antigen-positive cells and 
the number of DAPI-stained nuclei. Infection rates in human astro-
cytes increase with time for all three flaviviruses (*P < 0.05, one-way 
ANOVA followed by Dunn’s test). TBEV infection yields the high-
est percentage of infected cells at 48  hpi compared with WNV and 
MOF (#P < 0.05, one-way ANOVA followed by Dunn’s test). Data 
are presented as an average ± standard error. Statistical comparison 
was made between the groups of cells infected with the same virus at 
different hpi (*P < 0.05, one-way ANOVA followed by Dunn’s test) 
and between samples infected with different viruses at the same infec-
tion duration (#P < 0.05, one-way ANOVA followed by Dunn’s test). 
Number of cells analyzed at 12, 24, and 48 hpi: TBEV (1363, 1169 

and 1550), WNV (674, 1047 and 1081), MOF (1010, 1064 and 773). 
Number of fields of view analyzed at 12, 24, and 48 hpi: TBEV (20, 
20 and 20), WNV (19, 21 and 24), MOF (22, 22 and 21). c Replica-
tion rates of TBEV, WNV, and MOF in human astrocytes, determined 
by quantifying the amount of viral RNA in the cell culture superna-
tant (Viral RNA copies/ml; top graph) and the median tissue culture 
infectious dose (TCID50/ml; bottom graph) at different hpi (from 0 
to 96). The concentration of TBEV and WNV RNA increases with 
time post infection, reaching the plateau at 48  hpi for both viruses 
(*P < 0.05, Mann–Whitney U test), whereas the quantity of MOF 
RNA does not change with time post infection in human astrocytes 
(P > 0.05, Mann–Whitney U test). TCID50 of TBEV and WNV con-
firms infectivity of astrocyte-released virus in Vero E6 cells and the 
concentration of infectious TBEV and WNV increases with time post 
infection (*P < 0.05, Mann–Whitney U test), while released MOF is 
not infective (P > 0.05, Mann–Whitney U test). Data are presented 
on a logarithmic scale as an average ± standard error. Statistical com-
parison was made against initial values obtained at 0 time point. Cells 
were infected with TBEV and MOF at an MOI 0.1 and with WNV at 
an MOI 1
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332 nm ± 8 nm (n = 133) and 386 nm ± 11 nm (n = 112), 
respectively). The differences observed between the meas-
urements performed with the different fluorescence micros-
copy techniques likely derive from the limitations of con-
ventional fluorescence microscopy, which enables accurate 
measurements of structures larger than 200 nm [63]. How-
ever, as demonstrated by TEM and SIM, only a small per-
centage of autophagic compartments have a diameter below 
this limit.

To further assess the effect of infection of human astro-
cytes with TBEV and WNV on autophagy, we immuno-
labeled p62/SQSTM1 at 12, 24, and, 48 hpi. p62/SQSTM1 
was the first selective autophagy receptor discovered in 
mammals that recruits ubiquitinated proteins and orga-
nelles to the autophagosomes [64, 65]. p62/SQSTM1, which 
is degraded in the process of autophagy, is often used as 
a marker to monitor autophagy, as its levels are inversely 
proportional to the autophagic activity [65]. Our results, 
summarized in Fig. 5, show that infection of human astro-
cytes with TBEV or WNV stimulates autophagy. In line 
with these results, the fluorescent signal of p62/SQSTM1, 
showing punctiform appearance, was visibly less bright in 
astrocytes infected with TBEV or WNV, compared to mock-
infected cells (Fig. 6a). This observation was confirmed also 
by the analysis, where we measured the density, as well as 
the volume and the fluorescence intensity of respective 
p62/SQSTM1 fluorescent puncta. Elevated p62/SQSTM1 
degradation, indicated by the decrease of the fluorescence 
intensity and the volume of fluorescent puncta, was observed 
already at 12 hpi with TBEV and WNV, respectively 
(Fig. 6b; *P < 0.05, one-way ANOVA followed by Dunn’s 
test). Moreover, at 48 hpi also, the density of p62/SQSTM1 
puncta was significantly decreased (Fig. 6b; *P < 0.05, one-
way ANOVA followed by Dunn’s test), corroborating the 
results obtained with mRFP-EGFP-LC3 autophagy reporter.

Rapamycin and wortmannin do not affect 
the replication of TBEV and WNV, while bafilomycin 
A1 inhibits it

To examine a possible pro-viral role of flavivirus-induced 
autophagy in human astrocytes, cells were treated with phar-
macological autophagy modulators (1 μM Rapa, 100 nM 
Wort, and 100 nM Baf) and the consequent effect on the 
dynamics of viral replication was assessed by measuring the 
concentration of viral RNA in the supernatant of TBEV- or 
WNV-infected cells (Fig. 7a, b). Furthermore, the infectiv-
ity of released virus particles at 72 hpi (time point when 
viral RNA copies in the cell culture supernatants reached the 
plateau), was determined by TCID50 assay in the presence 
or absence of selected autophagy modulators (Fig. 7a, b).

Treatment of astrocytes with modulators of early stages of 
autophagy, Rapa and Wort, did not affect the concentration 

of TBEV and WNV RNA in the cell culture supernatant, 
compared with non-treated controls at any of the tested time 
points (Fig. 7ai,  bi; P > 0.05, one-way ANOVA). In contrast, 
treatment of astrocytes with Baf resulted in decreased levels 
of detected viral RNA at 48, 72, and 96 hpi compared with 
non-treated cells for both flaviviruses (*P < 0.05, one-way 
ANOVA followed by Dunn’s test). In agreement with these 
observations, Rapa and Wort did not affect the production 
of infectious virus particles of TBEV and WNV at 72 hpi 
compared with non-treated controls (Fig. 7aii,  bii; P > 0.05, 
one-way ANOVA). The quantity of infectious virus in Baf-
treated astrocytes was below the detection limit in the case 
of TBEV and significantly reduced in the case of WNV 
(*P < 0.05, one-way ANOVA followed by Dunnett's test).

To test the efficiency of selected autophagy modula-
tors in virus-infected cells, we transfected astrocytes with 
ptfLC3, treated them with Rapa, Wort, or Baf, and infected 
them with TBEV and WNV, respectively, for 48 h (Figs. 7c, 
S2). In mock-infected cells treatment with Rapa-stimulated 
autophagy by increasing the total number of autophagic 
compartments (*P < 0.05, one-way ANOVA followed by 
Dunn’s test), while Wort did not affect the total number of 
autophagic compartments and the ratio of autolysosomes 
to autophagosomes, compared with non-treated controls 
(P > 0.05, one-way ANOVA). As expected, in the absence 
of autophagy modulators, the total number of autophagic 
compartments was higher in TBEV- and WNV-infected 
astrocytes versus mock-infected astrocytes (*P < 0.05, one-
way ANOVA followed by Dunn’s test). While treatment of 
TBEV- and WNV-infected astrocytes with Rapa did not 
augment autophagy further (P > 0.05, one-way ANOVA), 
treatment with Wort significantly decreased the total number 
of autophagic compartments (*P < 0.05, one-way ANOVA 
followed by Dunn’s test) to levels comparable with mock-
infected controls, indicating that Wort prevents virus-
induced autophagy at 48 hpi. Treatment of astrocytes with 
Baf significantly increased the total number of autophagic 
compartments and decreased the ratio of autolysosomes to 
autophagosomes in all tested conditions (Mock, TBEV, and 
WNV) (*P < 0.05, one-way ANOVA followed by Dunn’s 
test).

To further assess the effect of Baf on TBEV- and WNV-
infected astrocytes, we determined the infection rates in non-
treated and Baf-treated cells at 48 hpi (Fig. 7d). Treatment 
with Baf significantly decreased the percentages of infected 
human astrocytes for both viruses (Fig. 7dii; ***P < 0.001, 
Mann–Whitney U test), in agreement with decreased RNA 
replication and infectious virus production in Baf-treated 
human astrocytes. Baf is a specific inhibitor of V-ATPase 
proton pumps [58, 59], and thus prevents acidification of dif-
ferent V-ATPase containing intracellular vesicles, including 
endosomes [66, 67]. As flaviviruses predominantly enter the 
cell through receptor-mediated endocytosis [27], they are 
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initially enclosed in endosomes. The residence time of viruses 
inside an endosome depends on endosome acidification, as 
acidic intraluminal pH is needed for conformational rearrange-
ment of viral glycoproteins and fusion of viral and endoso-
mal membranes [27, 68]. To test whether TBEV and WNV 
remain entrapped in early endosomes of human astrocytes, 
we next evaluated co-localization between immuno-labeled 
viral particles and EEA1-positive endosomes in non-treated 
and Baf-treated cells at 48 hpi (Fig. 7e). Interestingly, our 
results demonstrate that following the treatment with Baf, the 

percentage of virus particles in endosomes decreases in the 
case of TBEV (Fig. 7eii; *P < 0.05, Mann–Whitney U test) and 
remains unchanged in the case of WNV (Fig. 7eii; P > 0.05, 
Mann–Whitney U test).
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Discussion

Starvation and pharmacological modulators alter 
autophagy dynamics and autophagic compartment 
sizes in human astrocytes

Since the discovery of macro-autophagy in the late 1950s 
(for a detailed historical overview, see Ohsumi [69]), a major 
effort has been made to develop methodological approaches 
to study different intermediates of the autophagic pathway. 
In particular, the multistep nature of autophagy increases 
the need to evaluate autophagy dynamics, including the 
rate of conversion between different autophagic compart-
ments [49, 50, 70, 71]. In this study, we show that plasmid 
ptfLC3, encoding tandem fluorescent-tagged LC3 (mRFP-
EGFP-LC3) [46], in combination with different fluorescence 
microscopy techniques enables robust measurements of 
autophagic activity and the size of autophagic compartments 
in human astrocytes.

We validated the efficacy of the mRFP-EGFP-LC3 
probe in human astrocytes by exposing them to EBSS, a 
medium mimicking nutrient and growth factor deprivation, 
and to selected pharmacological autophagy modulators. 

Assessment of autophagic activity was based on measure-
ments of the number of LC3-positive autophagic compart-
ments and on the ratio of autolysosomes to autophago-
somes in individual mRFP-EGFP-LC3-expressing cells. 
Starvation conditions increased the rate of autophagy 
in human astrocytes, as previously observed in cultured 
murine and sheep astrocytes [72–74], as well as in many 
other cell types [75–78]. Modulation of autophagy with 
established pharmacological modulators of autophagy, 
i.e., Rapa, Wort, and Baf, further validated the use of 
mRFP-EGFP-LC3 in human astrocytes. Specifically, 
Rapa induced an increase in the number of LC3-positive 
autophagic compartments, Wort prevented Rapa-induced 
autophagy, and treatment with Baf altered the ratio of 
autolysosomes to autophagosomes in favor of autophago-
somes. These observations are in agreement with accepted 
mechanisms of action of the respective pharmacological 
modulators [50, 79].

Furthermore, we report that human astrocytes exhibit a 
relatively high rate of autophagy at rest, because numerous 
LC3-positive compartments were observed in cells main-
tained in nutrient-rich conditions. This observation is in line 
with reports on some other cell types, such as liver cells, 
podocytes, lens epithelial cells, and post-mitotic cells (such 
as neurons), where high constitutive autophagy is likely 
needed to cope with high energy turnover and/or to provide 
efficient quality control by constitutively removing long-
lived and damaged cellular components [76, 80, 81]. Moreo-
ver, a group of researchers previously demonstrated a high 
rate of autophagy in astrocytes, based on western blot meas-
urements of the levels of LC3-II and Beclin 1 [82]. However, 
the number of LC3-positive compartments further increased 
under starvation conditions and after treatment with Rapa in 
our experimental conditions, indicating that astrocytes are 
capable of increasing autophagy when necessary.

Using mRFP-EGFP-LC3, we cannot distinguish 
between all autophagic intermediates, i.e., phagophores, 
autophagosomes, amphisomes, and autolysosomes [50]. 
The lipidated form of LC3 (termed LC3-II) integrates in 
the inner and outer autophagic membranes during pha-
gophore elongation and remains attached until degrada-
tion in autolysosomes (although LC3 is released to some 
extent from the outer autophagosome membrane during 
the maturation process) [3, 48, 83], indicating that LC3 
marks a number of autophagy intermediates. In our analy-
sis, we assumed that all  mRFP+EGFP+ objects correspond 
to autophagosomes, and all  mRFP+EGFP− objects denote 
autolysosomes. However, a proportion of the  mRFP+EGFP+ 
objects most likely correspond to phagophores, the first 
intermediates of the autophagy pathway, all of which at 
some point become autophagosomes. Similarly, some of the 
 mRFP+EGFP− structures may correspond to amphisomes, 
because fusion of autophagosomes with late endosomes also 

Fig. 5  Tick-borne encephalitis virus (TBEV), West Nile virus 
(WNV), but not mosquito-only flavivirus (MOF), increase autophagy 
in human astrocytes. a Representative fluorescence micrographs 
documenting mRFP-EGFP-LC3 expression in mock-infected human 
astrocytes (Mock) and after exposure to selected flaviviruses (TBEV, 
WNV, and MOF) for 48 h. Selected rectangular areas within the cells, 
enlarged at the corners (bottom, right), show superimposed images of 
mRFP (red) and EGFP (green) fluorescence. Arrows indicate autol-
ysosomes (AL, red-only objects). Adjacent, smaller panels display 
mRFP and EGFP fluorescence as well as co-localization masks (Col.
mask) (co-localized objects correspond to autophagosomes [AP]) 
of the enlarged images. The white outlines in the large panels show 
the cell shape. b The total number of autophagic compartments (bi) 
and the ratio of AL to AP (bii) in mock-infected cells and after infec-
tion with TBEV, WNV, and MOF at 12, 24, and 48 h post infection 
(hpi). Infection with TBEV increases the total number of autophagic 
compartments compared with mock-infected cells at all three time 
points tested (*P < 0.05, one-way ANOVA followed by Dunn’s test), 
but does not affect the AL:AP ratio (P > 0.05, one-way ANOVA). 
WNV infection induces an increase in the total number of autophagic 
compartments at 48  hpi (*P < 0.05, one-way ANOVA followed by 
Dunn’s test), and does not affect the ratio AL:AP (P > 0.05, one-
way ANOVA). MOF infection does not affect either the number of 
autophagic compartments or the AL:AP ratio compared with mock-
infected cells at any time point tested (P > 0.05, one-way ANOVA). 
c Diameter of AP and AL in mock-infected cells and 48  hpi with 
selected flaviviruses. Infection with TBEV, WNV, and MOF does 
not affect the size of autophagic compartment compared with mock-
infected cells (P > 0.05, one-way ANOVA). AL are larger than AP in 
all experimental conditions (***P < 0.001, Mann–Whitney U test). 
Full lines in the boxplots represent median values and the dotted lines 
correspond to average values. The numbers below the boxplots are 
the number of cells (a, b) or compartments (c) analyzed for each con-
dition. Cells were infected with TBEV and MOF at an MOI 0.1 and 
with WNV at an MOI 1
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results in a decrease in pH [84], which creates conditions 
where EGFP fluorescence is possibly quenched [46].

Next, we report that in human astrocytes, autophagic 
compartments vary considerably in size; structures with 
diameter of 157–1545 nm were observed in normal growth 
conditions (nutrient-rich medium), as monitored by super-
resolution microscopy. The mean diameter of autolysosomes 
was ~ 15% larger than that of autophagosomes. Previ-
ous reports on the diameter of autophagic compartments, 
obtained mostly by electron microscopy (EM), state values 
between 200 and 900 nm in yeast cells [85, 86] and values 
between 500 and 1500 nm in mammalian cells [5, 87, 88]. 
In our measurements, 93% of autophagic compartments 
(autophagosomes and autolysosomes) were smaller than 
500 nm. Similar observations were reported for neurons, 
where more than 90% of autophagic compartments were 
smaller than 750 nm, as measured by a fluorescent reporter 
system [89]. A possible explanation for the relatively larger 
EM-based measurements is that bigger structures are more 
easily recognized on ultrathin sample slices and thus more 
likely analyzed [86]. In agreement, in our study, the diam-
eter of autophagic compartments determined by TEM was 
larger than the values obtained by SIM. Specifically, the 
average diameter of autophagic compartments determined 
by TEM in control resting conditions was 449 nm ± 29 nm, 
whereas SIM measurements yielded an average diameter 
of 304 nm ± 6 nm and 355 nm ± 6 nm for autophagosomes 
and autolysosomes, respectively. Fluorescence micros-
copy techniques (SIM and confocal microscopy) have two 
advantages over EM when monitoring autophagic compart-
ments. First, they allow optical sectioning of cells, which 
enables assessment of cellular structures within the whole 
cell as opposed to EM, where relatively small cellular sec-
tions are observed [90]. Second, fluorescent reporters, such 
as mRFP-EGFP-LC3, facilitate identification of autolys-
osomes, whereas in EM slices, autolysosomes are difficult 
to distinguish from other membranous organelles (in con-
trast to autophagosomes, which can be easily recognized 
due to the double-membrane morphology) [49, 90]. Con-
sequently, clear discrimination between autolysosomes and 
autophagosomes observed by fluorescence microscopies 
enables accurate determination of autophagy dynamics, 
which is not possible by EM. One major advantage of EM 
over any fluorescence microscopy technique, even super-
resolution techniques, is the superior resolution. Considering 
that the smallest autophagic compartment had a diameter of 
155 nm, as determined by TEM, this advantage is not per-
tinent in this particular case, because structures of this size 
are clearly discernible with SIM. Moreover, reported sizes of 
autophagic compartments are often determined in stimulated 
conditions, which ensure a high rate of autophagy, but can 
also induce formation of larger autophagic compartments 
compared with non-stimulated conditions [91]. For example, 

Fig. 6  Infection of human astrocytes with tick-borne encephalitis 
virus (TBEV) and West Nile virus (WNV) decreases the level of p62/
SQSTM1, a selective autophagy receptor. a Representative fluores-
cence micrographs showing immuno-labeled p62/SQSTM1 in mock-
infected human astrocytes (Mock) and after exposure to TBEV and 
WNV for 48 h. Selected rectangular areas within the cells, enlarged 
at the bottom right corners, show fluorescent puncta (p62/SQSTM1), 
indicated by arrows. Following the infection with TBEV and WNV 
the density of fluorescent puncta, their size and the intensity of fluo-
rescence is decreased at 48 h post infection (hpi). The white outlines 
in the large panels show the cell shape. b The density (bi), the vol-
ume (bii) and the fluorescence intensity (biii) of immuno-labeled p62/
SQSTM1 in mock-infected astrocytes (Mock) and after infection with 
TBEV and WNV at 12, 24, and 48 hpi. Infection with TBEV and 
WNV decreases the density of fluorescent puncta at 48 hpi, whereas 
the volume and the intensity of fluorescent puncta is decreased 
at all three time points tested, compared with mock-infected cells 
(*P < 0.05, one-way ANOVA followed by Dunn’s test). Full lines in 
the boxplots represent median values and the dotted lines correspond 
to average values. The numbers below the boxplots in panel biii are 
the number of cells analyzed for each condition. Cells were infected 
with TBEV at an MOI 0.1 and with WNV at an MOI 1
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a starvation-induced increase in the size of autophagosomes 
was observed in multiple mice tissues [76, 78]. Our results 
support these observations, because autolysosomes were 
larger in starved and Rapa-treated human astrocytes com-
pared with non-stimulated conditions. Interestingly, treat-
ment of astrocytes with Rapa also affected the diameter of 
autophagosomes, whereas starvation did not, which could 
indicate these two stimulators exploit different signaling 
pathways to regulate the autophagic response.

TBEV and WNV efficiently infect and replicate 
in human astrocytes in a time‑dependent manner, 
whereas MOF displays low infectivity

Measurements of the infection rates, RNA amplification 
dynamics and production of infectious viral particles con-
firmed that TBEV and WNV infect and replicate in human 
astrocytes, which is in line with previously demonstrated 
astrocyte susceptibility to infection with various neurotropic 
flaviviruses, including TBEV [24, 33, 41], WNV [38, 92, 
93], JEV [94, 95], and ZIKV [34, 36, 43]. At 48 hpi, when 
the RNA replication rate for both viruses (TBEV and WNV) 
and the infectious virus production from TBEV- or WNV-
infected human astrocytes reached a plateau, the infection 
rate of TBEV was approximately 20% higher than that of 
WNV. In addition, we report for the first time that MOF 
isolated from mosquito species Aedes albopictus [44], which 
belongs to a group of viruses without a known vertebrate 
host and are considered non-pathogenic, as the name of 
these viruses implies [39], can actually infect human astro-
cytes. At present, the mechanism of MOF entry into cells 
is not known; i.e., it is not clear if MOF enters cells via 
a yet unidentified attachment factor located on the surface 
of astrocytes, followed by endocytosis, or via pinocytosis. 
Alternatively, detected MOF signals could correspond to 
MOF particles non-specifically bound to the plasma mem-
brane. However, the time-dependent increase in the percent-
age of infected cells, albeit remaining relatively low through-
out the observation period (reaching a maximum of 4% at 
48 hpi), renders this explanation unlikely. A related question 
is what happens with MOF after its presumed entry into 
astrocytes. MOF RNA levels in the supernatant remained 
very low throughout the experiment. This indicates that 
MOF either did not replicate in astrocytes and that the RNA 
detected represents unwashed virus, or that its replication 
was at best very modest. Similarly, we could not detect any 
infectious virus production from MOF-infected human astro-
cytes. Our results are in line with previous findings that vari-
ous MOFs replicate in mosquito cells but not in mammalian 
cells [96–98]. Nevertheless, our results show that astrocytes 
are somewhat susceptible to MOF infection; however, we 
do not assume that MOF presents a threat to human health. 
Viruses must invade the CNS to infect astrocytes and other 

types of neural cells. Flaviviruses typically replicate locally 
and in regional lymph nodes, resulting in viremia, which 
can be maintained only if there is continuing introduction of 
virus into the bloodstream from infected tissues to counter 
the continual removal of virus by macrophages and other 
cells and the natural decay of virus infectivity over time 
[99]. Because MOF is not capable of efficient replication 
in vertebrate cells, the occurrence of high viremia and/or 
breaching of the BBB is a highly unlikely event. However, 
the importance of MOFs may be their ability to drive the 
evolution of medically important arthropod-borne flavivi-
ruses [96]. Recently, we have been witnessing increased 
awareness of a high prevalence and biodiversity of MOFs 
in nature; and these findings should drive future research on 
MOFs to increase our current very limited understanding of 
their significance and implications for their evolution and 
transmission [100]. Clearly, further research is warranted 
to explore the possibility of MOF replication in vertebrate 
cells.

TBEV and WNV trigger autophagic response 
in human astrocytes, but the replication of these 
viruses is independent of autophagy

In human astrocytes, infection with TBEV and WNV 
induced an increase in the number of autophagic com-
partments without affecting the ratio of autolysosomes to 
autophagosomes, suggesting that autophagy is augmented 
while the autophagosome maturation process remains intact 
in flavivirus-infected astrocytes. The rate of autophagy 
following infection was comparable to Rapa-stimulated 
conditions and Wort efficiently prevented virus-triggered 
autophagy increase, which is in line with the view that 
TBEV and WNV activate autophagy through canonical 
mechanism of autophagy (PtdIns3K-dependent mechanism). 
In agreement, infection with TBEV and WNV decreased 
levels of p62/SQSTM1, which acts as a substrate during 
autophagic degradation. These observations are consist-
ent with findings on other mammalian cell types, since the 
majority of reports associate flavivirus infections with undis-
turbed autolysosome formation and functional autophagic 
degradation [19, 101–104]. Induction of autophagy by 
TBEV was more prominent than by WNV, as the observed 
autophagic response, measured by the ptfLC3 autophagy 
reporter, was faster (observed already at 12 hpi) and the 
number of detected LC3-positive autophagic compartments 
at 48 hpi was ~ 20% higher. These effects could be related to 
higher infectivity and faster production of infectious TBEV 
in human astrocytes compared with WNV and/or could be 
attributed to distinct regulation of autophagy by respective 
viruses. Infection with TBEV has been shown to deplete 
AKT levels, which induces autophagy by inhibiting the 
AKT-mTOR pathway [105]. On the other hand, the observed 
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delay in augmentation of autophagy upon WNV infection 
could be due to indirect mechanisms of autophagy activa-
tion. Specifically, autophagy can be initiated by other cel-
lular stress pathways, such as endoplasmic reticulum stress 
and unfolded protein response [106, 107]. Modulation of the 
pathways of the unfolded protein response is a characteristic 
of many RNA viruses [108–110] and has been previously 
confirmed for WNV in human neural cells [111]. In our 
experiments, the rate of p62/SQSTM1 degradation, follow-
ing the infection with TBEV and WNV, was similar. How-
ever, the intracellular level of p62/SQSTM1 depends not 
only on autophagic degradation, but also on transcriptional 
regulation. The latter is affected by several factors; e.g., p62/
SQSTM1 transcription is induced by NF-E2-related factor 
2 (NRF2) during oxidative stress [112]. In contrast to WNV 
infection, which does not lead to characteristic oxidative 

stress, TBEV has been shown to activate NRF2 pathway 
[113]. Consequently, the upregulation of p62/SQSTM1 
expression during the TBEV infection may partly mask the 
difference in p62/SQSTM1 degradation, compared to the 
p62/SQSTM1 degradation during WNV infection. In line 
with the low extent of viral replication and release, MOF 
infection does not affect autophagy in human astrocytes.

Although autophagy is considered a primordial mecha-
nism of antiviral defense, it appears to have the opposite 
function in the case of the pathogenesis of many RNA 
viruses, including flaviviruses [18, 101, 102, 114, 115]. 
For example, virus-triggered autophagy facilitates dengue 
virus replication and growth in many cell lines [116, 117] 
and supports JEV replication in early stages of infection 
[118]. To better understand possible involvement of astro-
cytic autophagy in life cycle of pathogenic flaviviruses, we 
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examined the TBEV and WNV replication rate and infec-
tious virus production in the presence of autophagy modula-
tors. Rapa (a classic activator of autophagy) and Wort (an 
inhibitor of early stages of autophagy) did not affect the 
viral replication dynamics or efficiency of infectious virus 
release for either TBEV or WNV, indicating that autophagy 
is not required for flavivirus replication in human astrocytes. 
Similarly, several reports have suggested that autophagy 
modulation does not influence WNV replication [104, 119]. 
In contrast, TBEV replication and growth can depend on 
autophagy modulation as previously demonstrated in human 
neuroblastoma cells [120]. In short, interactions between 
flavivirus life cycle and autophagy may be cell type-specific.

Interestingly, treatment of astrocytes with Baf, which is 
an inhibitor of late stages of autophagy, resulted in signifi-
cantly altered parameters of flavivirus infections; it reduced 
the amounts of TBEV and WNV RNA in the cell culture 
supernatant, completely abolished and strongly inhibited 
the astrocyte-mediated production of infectious TBEV 
and WNV, respectively, and decreased the rate of infection 
of cultured human astrocytes. This could imply that late 
autophagy events, such as autophagosome maturation and 
autolysosome acidification, regulate infectivity of flavivi-
ruses. Treatment with Baf can also result in autophagy-inde-
pendent effects, since it prevents acidification of endosomes, 
an important organelle in the life cycle of flaviviruses [27]. 
Therefore, co-localization between viruses and endosomes 
was evaluated in the presence of Baf. However, Baf treat-
ment did not lead to entrapment of virus in endosomes, but 
had the opposite effect, as it decreased the amount of virus 
in endosomes in the case of TBEV. Of note, the observed 
amount of viral particles in endosomes in non-treated astro-
cytes was relatively low at 48 hpi, compared with previ-
ous studies [33]. Virus entry, trafficking and replication are 
highly dynamic processes; e.g., the infection of cultured rat 
astrocytes with TBEV peaks at ~ 18 hpi and the presence 
of TBEV in endosomes increases from 4 to 18 hpi [33]. 
WNV has even shorter latent period, as the accumulation 
of a large number of virus-containing late endosomes and 
lysosomes was observed within ~ 1 hpi in Vero cells [121]. 
Nevertheless, if the predominant mechanism, by which Baf 
reduces the astrocyte-mediated production of infectious 
TBEV and WNV, was associated with the entrapment of 
viruses in endosomes, accumulation of viral particles in 
endosomes should be observed also at 48 hpi. In short, 
our results suggest that in human astrocytes Baf-mediated 
inhibition of flavivirus replication and spread is not a con-
sequence of diminished release of viral nucleocapsid from 
endosomes into the cytoplasm. Possibly, Baf may inhibit 
early stages of viral infections, such as viral entry, which 
was recently demonstrated for ZIKV infection of human cell 
lines [122, 123]. Alternatively, Baf could inhibit viral rep-
lication through autophagy-related mechanisms. There are 

Fig. 7  Replication rate of tick-borne encephalitis virus (TBEV) and 
West Nile virus (WNV) is independent of autophagy, but bafilomy-
cin A1 decreases replication and infectivity of respective viruses in 
human astrocytes. a, b Human astrocytes, exposed to pharmacologi-
cal autophagy modulators (rapamycin (Rapa), wortmannin (Wort) 
and bafilomycin A1 (Baf)), were inoculated with TBEV (a) or WNV 
(b); their replication rates (viral RNA copies/ml) (ai, bi) and the 
median tissue culture infectious dose (TCID50) (aii, bii) is shown at 
different time points post infection (from 0 to 96 hpi). Treatment of 
astrocytes with Rapa and Wort does not affect RNA levels of either 
TBEV or WNV in the cell supernatant at any time point (P > 0.05, 
one-way ANOVA). On the other hand, treatment of astrocytes with 
Baf reduces TBEV and WNV RNA in the cell culture supernatant 
from 48 to 96 hpi (*P < 0.05, one-way ANOVA followed by Dunn’s 
test). Similarly, treatment with Rapa or Wort does not affect the con-
centration of infectious TBEV (aii) and WNV (bii), released from 
astrocytes at 72  hpi (P > 0.05, one-way ANOVA), while the con-
centration of infectious WNV is significantly decreased following 
treatment with Baf (*P < 0.05, one-way ANOVA followed by Dun-
nett’s test). Of note, stimulation with Baf reduces the concentration 
of infectious TBEV below the limit of detection. Data are presented 
as an average ± standard error. c Autophagy rate in mock-infected 
(Mock) and flavivirus-infected (TBEV and WNV) human astrocytes 
in control conditions (Control) and after exposure to Rapa, Wort 
and Baf at 48  hpi; the total number of autophagic compartments 
(ci) and the ratio of autolysosomes to autophagosomes (AL:AP; cii) 
is shown. Rapa increases the total number of autophagic compart-
ments in mock-infected cells (*P < 0.05, one-way ANOVA followed 
by Dunn’s test), but not in TBEV- and WNV-infected cells. In con-
trast, the treatment with Wort results in a lower number of autophagic 
compartments following infection with TBEV and WNV (*P < 0.05, 
one-way ANOVA followed by Dunn’s test), but not in mock-infected 
cells. Baf increases the total number of autophagic compartments 
in mock-infected, TBEV- and WNV-infected cells (*P < 0.05, one-
way ANOVA followed by Dunn’s test). The ratio AL:AP is affected 
only in Baf-treated cells (mock-infected, TBEV-infected and WNV-
infected) (*P < 0.05, one-way ANOVA followed by Dunn’s test). di 
Representative fluorescence micrographs of TBEV-infected cells that 
were either treated with Baf or not and immuno-labeled with antibod-
ies against flavivirus group antigen (red) at 48  hpi. Cell nuclei are 
stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Arrows 
indicate weakly infected cells. dii The percentages of TBEV- and 
WNV-infected cells at 48  hpi, determined as the ratio between the 
number of flavivirus-positive cells and the number of DAPI-stained 
nuclei, were lower in cells treated with Baf (***P < 0.001, Mann–
Whitney U test). Data are presented as an average ± standard error. 
The number of cells analyzed for Control and Baf: TBEV (885 and 
368), WNV (777 and 249) and of fields of view analyzed for Con-
trol and Baf: TBEV (26 and 20), WNV (22 and 20). ei Representa-
tive fluorescence micrographs of TBEV-infected cells that were either 
treated with Baf or not and immuno-labeled with antibodies against 
flavivirus group antigen (red) and endosome marker EEA1 (green) 
at 48 hpi. Selected rectangular areas within the cells, enlarged at the 
bottom right, show superimposed images of red (TBEV) and green 
(EEA1) fluorescence. Arrows point to co-localized puncta. Cell out-
lines are delineated in white. eii Treatment of human astrocytes with 
Baf reduces the percentage of TBEV, but not also of WNV in early 
endosomes (*P < 0.05, Mann–Whitney U test). The numbers below 
the boxplots are the number of cells analyzed for each condition. Full 
lines in the boxplots represent median values and the dotted lines cor-
respond to average values. Cells were infected with TBEV at an MOI 
0.1 and with WNV at an MOI 1. All statistical comparisons were 
made against controls
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some reports indicating late autophagy events can regulate 
viral infections. Specifically, l-asparagine-induced inhibi-
tion of fusion between autophagosomes/amphisomes and 
lysosomes decreases production of dengue virus 3 in human 
hepatoma cell line [124], and complete autolysosomal matu-
ration is necessary for hepatitis C virus genome replication 
and expression of viral proteins [110].

In summary, our results indicate that TBEV and WNV 
replicate independently of autophagy in human astrocytes, 
which mitigates a pro-viral role of autophagy in human 
astrocytes infected with these viruses. Nevertheless, virus-
induced enhancement of autophagy may benefit the virus 
by interfering with other viral or host cell processes. For 
example, in the case of dengue virus and ZIKV, involvement 
of autophagy in viral particle maturation and packaging was 
recently demonstrated [114, 125]. Induction of autophagy 
can act favorably for infection also by postponing cell death 
of infected cells [102, 115]. Indeed, expression of flavivi-
rus protein NS4A was shown to induce autophagy and pre-
vent cell death of epithelial cells, which results in virtually 
persistent flavivirus infection in certain cell types [126]. In 
addition, viruses can also use autophagy for shielding from 
immune sensors and/or regulating innate immune response, 
as shown for hepatitis C virus [110].

In conclusion, we show for the first time that in addition 
to TBEV and WNV, also MOF infects human astrocytes, 
although to a lesser extent. In contrast to TBEV and WNV, 
MOF is most likely unable to replicate efficiently in this 
cell type. In human astrocytes, the infectivity of pathogenic 
flaviviruses (TBEV and WNV) is mirrored by increased rate 
of autophagy. Conversely, flavivirus replication is independ-
ent of autophagy in this cell type. In addition, Baf displays 
strong antiviral effect in replication and infectivity of patho-
genic flaviviruses in astrocytes.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04578-7.

Acknowledgements The authors gratefully acknowledge Patricija Poz-
vek and Primož Runovc for their help with experiments.

Author contributions PTV performed experiments, analyzed data, pre-
pared figures, and wrote the manuscript. MP assisted with the study 
conception and design, analyzed data and wrote the manuscript. MK, 
MK and KRR performed experiments, analyzed data and wrote the 
manuscript. TAŽ and RZ co-wrote the manuscript. JJ designed and 
directed the study, prepared figures and wrote the manuscript. All 
the authors commented on previous versions of the manuscript and 
approved the final manuscript.

Funding This work was supported by the Slovenian Research Agency 
(grant numbers P3-0310, P3-0083, J3-9266, J3-7605, and J3-2515), 
the European Union’s Horizon 2020 research and innovation program 
(Grant agreement no. 964997), the EVA-GLOBAL project (Grant 
agreement no. 871029), EuroCellNet COST Action (Grant number 
CA15214) and Network of infrastructure Centres of University of 
Ljubljana (MRIC-UL-IC-BSL3+, IP-022). This publication reflects 

only the author’s view and the Commission is not responsible for any 
use that may be made of the information it contains.

Data availability All data that support the findings of this study are 
published in the article and are available from the corresponding author 
upon reasonable request.

Declarations 

Conflict of interest The authors declare no conflict of interest.

Ethics approval Primary human astrocytes, used in this study, were 
purchased from Innoprot biotechnology company, which provided cells 
together with appropriate certificates. The care of experimental animals 
and euthanasia of animals were performed in accordance with the fol-
lowing ethical codes and directives: International Guiding Principles 
for Biomedical Research Involving Animals developed by the Council 
for International Organizations of Medical Sciences and the Directive 
on Conditions for Issue of License for Animal Experiments for Scien-
tific Research Purposes (Official Gazette of the Republic of Slovenia 
40/85, 22/87, 43/07). The protocol for the euthanasia of animals used 
in our study was approved by the Veterinary Administration of the Min-
istry for Agriculture and the Environment of the Republic of Slovenia 
(permit no. U34401-26/2020/4), issued on 2 December 2020.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Dikic I, Elazar Z (2018) Mechanism and medical implications 
of mammalian autophagy. Nat Rev Mol Cell Biol 19:349–364. 
https:// doi. org/ 10. 1038/ s41580- 018- 0003-4

 2. Ravikumar B, Futter M, Jahreiss L, Korolchuk VI, Lichtenberg 
M, Luo S, Massey DC, Menzies FM, Narayanan U et al (2009) 
Mammalian macroautophagy at a glance. J Cell Sci 122:1707–
1711. https:// doi. org/ 10. 1242/ jcs. 031773

 3. Feng Y, He D, Yao Z, Klionsky DJ (2014) The machinery of 
macroautophagy. Cell Res 24:24–41. https:// doi. org/ 10. 1038/ cr. 
2013. 168

 4. Sarkar S (2013) Regulation of autophagy by mTOR-depend-
ent and mTOR-independent pathways: autophagy dysfunction 
in neurodegenerative diseases and therapeutic application of 
autophagy enhancers. Biochem Soc Trans 41:1103–1130. https:// 
doi. org/ 10. 1042/ bst20 130134

 5. Mizushima N, Ohsumi Y, Yoshimori T (2002) Autophagosome 
formation in mammalian cells. Cell Struct Funct 27:421–429. 
https:// doi. org/ 10. 1247/ csf. 27. 421

https://doi.org/10.1007/s00018-022-04578-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1242/jcs.031773
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1042/bst20130134
https://doi.org/10.1042/bst20130134
https://doi.org/10.1247/csf.27.421


In human astrocytes neurotropic flaviviruses increase autophagy, yet their replication is…

1 3

Page 21 of 24   566 

 6. Eskelinen EL (2005) Maturation of autophagic vacuoles in mam-
malian cells. Autophagy 1:1–10. https:// doi. org/ 10. 4161/ auto.1. 
1. 1270

 7. Zhao YG, Codogno P, Zhang H (2021) Machinery, regulation 
and pathophysiological implications of autophagosome matura-
tion. Nat Rev Mol Cell Biol 22:733–750. https:// doi. org/ 10. 1038/ 
s41580- 021- 00392-4

 8. Ganesan D, Cai Q (2021) Understanding amphisomes. Biochem 
J 478:1959–1976. https:// doi. org/ 10. 1042/ bcj20 200917

 9. Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, 
Suzuki-Migishima R, Yokoyama M, Mishima K, Saito I et al 
(2006) Suppression of basal autophagy in neural cells causes 
neurodegenerative disease in mice. Nature 441:885–889. https:// 
doi. org/ 10. 1038/ natur e04724

 10. Yin Z, Pascual C, Klionsky DJ (2016) Autophagy: machinery 
and regulation. Microb Cell 3:588–596. https:// doi. org/ 10. 
15698/ mic20 16. 12. 546

 11. Kroemer G, Mariño G, Levine B (2010) Autophagy and the 
integrated stress response. Mol Cell 40:280–293. https:// doi. 
org/ 10. 1016/j. molcel. 2010. 09. 023

 12. Levine B, Mizushima N, Virgin HW (2011) Autophagy in 
immunity and inflammation. Nature 469:323–335. https:// doi. 
org/ 10. 1038/ natur e09782

 13. Ahmad L, Mostowy S, Sancho-Shimizu V (2018) Autophagy-
virus interplay: from cell biology to human disease. Front Cell 
Dev Biol 6:155. https:// doi. org/ 10. 3389/ fcell. 2018. 00155

 14. Lennemann NJ, Coyne CB (2015) Catch me if you can: the link 
between autophagy and viruses. PLoS Pathog 11:e1004685. 
https:// doi. org/ 10. 1371/ journ al. ppat. 10046 85

 15. Jackson WT (2015) Viruses and the autophagy pathway. Virol-
ogy 479–480:450–456. https:// doi. org/ 10. 1016/j. virol. 2015. 03. 
042

 16. Choi Y, Bowman JW, Jung JU (2018) Autophagy during viral 
infection—a double-edged sword. Nat Rev Microbiol 16:341–
354. https:// doi. org/ 10. 1038/ s41579- 018- 0003-6

 17. Kudchodkar SB, Levine B (2009) Viruses and autophagy. Rev 
Med Virol 19:359–378. https:// doi. org/ 10. 1002/ rmv. 630

 18. Mehrbod P, Ande SR, Alizadeh J, Rahimizadeh S, Shariati A, 
Malek H, Hashemi M, Glover KKM, Sher AA et al (2019) The 
roles of apoptosis, autophagy and unfolded protein response 
in arbovirus, influenza virus, and HIV infections. Virulence 
10:376–413. https:// doi. org/ 10. 1080/ 21505 594. 2019. 16058 03

 19. Ke PY (2018) The multifaceted roles of autophagy in flavivi-
rus–host interactions. Int J Mol Sci. https:// doi. org/ 10. 3390/ 
ijms1 91239 40

 20. Pierson TC, Diamond MS (2020) The continued threat of 
emerging flaviviruses. Nat Microbiol 5:796–812. https:// doi. 
org/ 10. 1038/ s41564- 020- 0714-0

 21. Ludlow M, Kortekaas J, Herden C, Hoffmann B, Tappe D, 
Trebst C, Griffin DE, Brindle HE, Solomon T et al (2016) Neu-
rotropic virus infections as the cause of immediate and delayed 
neuropathology. Acta Neuropathol 131:159–184. https:// doi. 
org/ 10. 1007/ s00401- 015- 1511-3

 22. Potokar M, Jorgačevski J, Zorec R (2019) Astrocytes in Flavi-
virus Infections. Int J Mol Sci. https:// doi. org/ 10. 3390/ ijms2 
00306 91

 23. Maximova OA, Pletnev AG (2018) Flaviviruses and the central 
nervous system: revisiting neuropathological concepts. Annu 
Rev Virol 5:255–272. https:// doi. org/ 10. 1146/ annur ev- virol 
ogy- 092917- 043439

 24. Palus M, Bílý T, Elsterová J, Langhansová H, Salát J, Vancová 
M, Růžek D (2014) Infection and injury of human astrocytes 
by tick-borne encephalitis virus. J Gen Virol 95:2411–2426. 
https:// doi. org/ 10. 1099/ vir.0. 068411-0

 25. Mustafá YM, Meuren LM, Coelho SVA, de Arruda LB 
(2019) Pathways exploited by flaviviruses to counteract the 

blood–brain barrier and invade the central nervous system. 
Front Microbiol 10:525. https:// doi. org/ 10. 3389/ fmicb. 2019. 
00525

 26. Sips GJ, Wilschut J, Smit JM (2012) Neuroinvasive flavivirus 
infections. Rev Med Virol 22:69–87. https:// doi. org/ 10. 1002/ 
rmv. 712

 27. Neufeldt CJ, Cortese M, Acosta EG, Bartenschlager R (2018) 
Rewiring cellular networks by members of the Flaviviridae 
family. Nat Rev Microbiol 16:125–142. https:// doi. org/ 10. 
1038/ nrmic ro. 2017. 170

 28. Soung A, Klein RS (2018) Viral encephalitis and neurologic 
diseases: focus on astrocytes. Trends Mol Med 24:950–962. 
https:// doi. org/ 10. 1016/j. molmed. 2018. 09. 001

 29. Oberheim NA, Goldman SA, Nedergaard M (2012) Heterogene-
ity of astrocytic form and function. Methods Mol Biol 814:23–
45. https:// doi. org/ 10. 1007/ 978-1- 61779- 452-0_3

 30. Zorec R, Županc TA, Verkhratsky A (2019) Astrogliopathology 
in the infectious insults of the brain. Neurosci Lett 689:56–62. 
https:// doi. org/ 10. 1016/j. neulet. 2018. 08. 003

 31. Verkhratsky A, Nedergaard M (2018) Physiology of Astroglia. 
Physiol Rev 98:239–389. https:// doi. org/ 10. 1152/ physr ev. 00042. 
2016

 32. Tavčar P, Potokar M, Kolenc M, Korva M, Avšič-Županc T, 
Zorec R, Jorgačevski J (2021) Neurotropic viruses, astrocytes, 
and COVID-19. Front Cell Neurosci 15:662578. https:// doi. org/ 
10. 3389/ fncel. 2021. 662578

 33. Potokar M, Korva M, Jorgačevski J, Avšič-Županc T, Zorec R 
(2014) Tick-borne encephalitis virus infects rat astrocytes but 
does not affect their viability. PLoS One 9:e86219. https:// doi. 
org/ 10. 1371/ journ al. pone. 00862 19

 34. Jorgačevski J, Korva M, Potokar M, Lisjak M, Avšič-Županc 
T, Zorec R (2019) ZIKV strains differentially affect survival of 
human fetal astrocytes versus neurons and traffic of ZIKV-laden 
endocytotic compartments. Sci Rep 9:8069. https:// doi. org/ 10. 
1038/ s41598- 019- 44559-8

 35. Jurado KA, Yockey LJ, Wong PW, Lee S, Huttner AJ, Iwasaki 
A (2018) Antiviral CD8 T cells induce Zika-virus-associated 
paralysis in mice. Nat Microbiol 3:141–147. https:// doi. org/ 10. 
1038/ s41564- 017- 0060-z

 36. Stefanik M, Formanova P, Bily T, Vancova M, Eyer L, Palus M, 
Salat J, Braconi CT, Zanotto PMdA et al (2018) Characterisa-
tion of Zika virus infection in primary human astrocytes. BMC 
Neurosci 19:5. https:// doi. org/ 10. 1186/ s12868- 018- 0407-2

 37. van Marle G, Antony J, Ostermann H, Dunham C, Hunt T, Halli-
day W, Maingat F, Urbanowski MD, Hobman T et al (2007) West 
nile virus-induced neuroinflammation: glial infection and capsid 
protein-mediated neurovirulence. J Virol 81:10933. https:// doi. 
org/ 10. 1128/ JVI. 02422- 06

 38. Diniz JA, Da Rosa AP, Guzman H, Xu F, Xiao SY, Popov VL, 
Vasconcelos PF, Tesh RB (2006) West Nile virus infection of pri-
mary mouse neuronal and neuroglial cells: the role of astrocytes 
in chronic infection. Am J Trop Med Hyg 75:691–696

 39. Calzolari M, Zé-Zé L, Růžek D, Vázquez A, Jeffries C, Defilippo 
F, Osório HC, Kilian P, Ruíz S et al (2012) Detection of mos-
quito-only flaviviruses in Europe. J Gen Virol 93:1215–1225. 
https:// doi. org/ 10. 1099/ vir.0. 040485-0

 40. Blitvich BJ, Firth AE (2015) Insect-specific flaviviruses: a sys-
tematic review of their discovery, host range, mode of transmis-
sion, superinfection exclusion potential and genomic organiza-
tion. Viruses 7:1927–1959. https:// doi. org/ 10. 3390/ v7041 927

 41. Růžek D, Vancová M, Tesařová M, Ahantarig A, Kopecký J, 
Grubhoffer L (2009) Morphological changes in human neural 
cells following tick-borne encephalitis virus infection. J Gen 
Virol 90:1649–1658. https:// doi. org/ 10. 1099/ vir.0. 010058-0

 42. Lindqvist R, Mundt F, Gilthorpe JD, Wölfel S, Gekara NO, 
Kröger A, Överby AK (2016) Fast type I interferon response 

https://doi.org/10.4161/auto.1.1.1270
https://doi.org/10.4161/auto.1.1.1270
https://doi.org/10.1038/s41580-021-00392-4
https://doi.org/10.1038/s41580-021-00392-4
https://doi.org/10.1042/bcj20200917
https://doi.org/10.1038/nature04724
https://doi.org/10.1038/nature04724
https://doi.org/10.15698/mic2016.12.546
https://doi.org/10.15698/mic2016.12.546
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1038/nature09782
https://doi.org/10.1038/nature09782
https://doi.org/10.3389/fcell.2018.00155
https://doi.org/10.1371/journal.ppat.1004685
https://doi.org/10.1016/j.virol.2015.03.042
https://doi.org/10.1016/j.virol.2015.03.042
https://doi.org/10.1038/s41579-018-0003-6
https://doi.org/10.1002/rmv.630
https://doi.org/10.1080/21505594.2019.1605803
https://doi.org/10.3390/ijms19123940
https://doi.org/10.3390/ijms19123940
https://doi.org/10.1038/s41564-020-0714-0
https://doi.org/10.1038/s41564-020-0714-0
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.3390/ijms20030691
https://doi.org/10.3390/ijms20030691
https://doi.org/10.1146/annurev-virology-092917-043439
https://doi.org/10.1146/annurev-virology-092917-043439
https://doi.org/10.1099/vir.0.068411-0
https://doi.org/10.3389/fmicb.2019.00525
https://doi.org/10.3389/fmicb.2019.00525
https://doi.org/10.1002/rmv.712
https://doi.org/10.1002/rmv.712
https://doi.org/10.1038/nrmicro.2017.170
https://doi.org/10.1038/nrmicro.2017.170
https://doi.org/10.1016/j.molmed.2018.09.001
https://doi.org/10.1007/978-1-61779-452-0_3
https://doi.org/10.1016/j.neulet.2018.08.003
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.3389/fncel.2021.662578
https://doi.org/10.3389/fncel.2021.662578
https://doi.org/10.1371/journal.pone.0086219
https://doi.org/10.1371/journal.pone.0086219
https://doi.org/10.1038/s41598-019-44559-8
https://doi.org/10.1038/s41598-019-44559-8
https://doi.org/10.1038/s41564-017-0060-z
https://doi.org/10.1038/s41564-017-0060-z
https://doi.org/10.1186/s12868-018-0407-2
https://doi.org/10.1128/JVI.02422-06
https://doi.org/10.1128/JVI.02422-06
https://doi.org/10.1099/vir.0.040485-0
https://doi.org/10.3390/v7041927
https://doi.org/10.1099/vir.0.010058-0


 P. Tavčar Verdev et al.

1 3

  566  Page 22 of 24

protects astrocytes from flavivirus infection and virus-induced 
cytopathic effects. J Neuroinflammation 13:277. https:// doi. org/ 
10. 1186/ s12974- 016- 0748-7

 43. Ledur PF, Karmirian K, Pedrosa CdSG, Souza LRQ, Assis-de-
Lemos G, Martins TM, Ferreira JdCCG, de Azevedo Reis GF, 
Silva ES et al (2020) Zika virus infection leads to mitochon-
drial failure, oxidative stress and DNA damage in human iPSC-
derived astrocytes. Sci Rep 10:1218. https:// doi. org/ 10. 1038/ 
s41598- 020- 57914-x

 44. Kalan K, Avšič-Županc T, Rus KR, Bužan E, Duh D (2018) 
Mosquito-only flaviviruses, isolated from Aedes albopictus in 
Slovenia: results of a pilot mosquito monitoring program. Bio-
logia 73:1277–1282. https:// doi. org/ 10. 2478/ s11756- 018- 0135-1

 45. Hierholzer JC, Killington RA (1996) Virus isolation and quan-
titation. Virol Methods Manual. https:// doi. org/ 10. 1016/ B978- 
01246 5330-6/ 50003-8

 46. Kimura S, Noda T, Yoshimori T (2007) Dissection of the 
autophagosome maturation process by a novel reporter protein, 
tandem fluorescent-tagged LC3. Autophagy 3:452–460. https:// 
doi. org/ 10. 4161/ auto. 4451

 47. Bolte S, Cordelières FP (2006) A guided tour into subcellular 
colocalization analysis in light microscopy. J Microsc 224:213–
232. https:// doi. org/ 10. 1111/j. 1365- 2818. 2006. 01706.x

 48. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, 
Noda T, Kominami E, Ohsumi Y, Yoshimori T (2000) LC3, 
a mammalian homologue of yeast Apg8p, is localized in 
autophagosome membranes after processing. Embo J 19:5720–
5728. https:// doi. org/ 10. 1093/ emboj/ 19. 21. 5720

 49. Mizushima N, Yoshimori T, Levine B (2010) Methods in mam-
malian autophagy research. Cell 140:313–326. https:// doi. org/ 
10. 1016/j. cell. 2010. 01. 028

 50. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M, 
Abdoli A, Abel S, Abeliovich H, Abildgaard MH, Abudu YP 
et al (2021) Guidelines for the use and interpretation of assays 
for monitoring autophagy (4th edition)(1). Autophagy 17:1–382. 
https:// doi. org/ 10. 1080/ 15548 627. 2020. 17972 80

 51. Campbell RE, Tour O, Palmer AE, Steinbach PA, Baird GS, 
Zacharias DA, Tsien RY (2002) A monomeric red fluorescent 
protein. Proc Natl Acad Sci USA 99:7877–7882. https:// doi. org/ 
10. 1073/ pnas. 08224 3699

 52. Kneen M, Farinas J, Li Y, Verkman AS (1998) Green fluorescent 
protein as a noninvasive intracellular pH indicator. Biophys J 
74:1591–1599. https:// doi. org/ 10. 1016/ S0006- 3495(98) 77870-1

 53. He C, Klionsky DJ (2009) Regulation mechanisms and signaling 
pathways of autophagy. Annu Rev Genet 43:67–93. https:// doi. 
org/ 10. 1146/ annur ev- genet- 102808- 114910

 54. Kim J, Guan KL (2019) mTOR as a central hub of nutrient sig-
nalling and cell growth. Nat Cell Biol 21:63–71. https:// doi. org/ 
10. 1038/ s41556- 018- 0205-1

 55. Li J, Kim SG, Blenis J (2014) Rapamycin: one drug, many 
effects. Cell Metab 19:373–379. https:// doi. org/ 10. 1016/j. cmet. 
2014. 01. 001

 56. Powis G, Bonjouklian R, Berggren MM, Gallegos A, Abraham 
R, Ashendel C, Zalkow L, Matter WF, Dodge J et al (1994) Wort-
mannin, a potent and selective inhibitor of phosphatidylinositol-
3-kinase. Cancer Res 54:2419–2423

 57. Simonsen A, Tooze SA (2009) Coordination of membrane events 
during autophagy by multiple class III PI3-kinase complexes. J 
Cell Biol 186:773–782. https:// doi. org/ 10. 1083/ jcb. 20090 7014

 58. Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y 
(1991) Bafilomycin A1, a specific inhibitor of vacuolar-type 
H(+)-ATPase, inhibits acidification and protein degradation in 
lysosomes of cultured cells. J Biol Chem 266:17707–17712

 59. Mauvezin C, Neufeld TP (2015) Bafilomycin A1 disrupts 
autophagic flux by inhibiting both V-ATPase-dependent 

acidification and Ca-P60A/SERCA-dependent autophagosome-
lysosome fusion. Autophagy 11:1437–1438. https:// doi. org/ 10. 
1080/ 15548 627. 2015. 10669 57

 60. Gustafsson MGL (2000) Surpassing the lateral resolution limit 
by a factor of two using structured illumination microscopy. J 
Microsc 198:82–87. https:// doi. org/ 10. 1046/j. 1365- 2818. 2000. 
00710.x

 61. Lisjak M, Potokar M, Rituper B, Jorgačevski J, Zorec R (2017) 
AQP4e-based orthogonal arrays regulate rapid cell volume 
changes in astrocytes. J Neurosci 37:10748. https:// doi. org/ 10. 
1523/ JNEUR OSCI. 0776- 17. 2017

 62. Lisjak M, Potokar M, Zorec R, Jorgačevski J (2020) Indirect role 
of AQP4b and AQP4d isoforms in dynamics of astrocyte volume 
and orthogonal arrays of particles. Cells. https:// doi. org/ 10. 3390/ 
cells 90307 35

 63. Huang B, Bates M, Zhuang X (2009) Super-resolution fluores-
cence microscopy. Annu Rev Biochem 78:993–1016. https:// doi. 
org/ 10. 1146/ annur ev. bioch em. 77. 061906. 092014

 64. Bjørkøy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn 
A, Stenmark H, Johansen T (2005) p62/SQSTM1 forms protein 
aggregates degraded by autophagy and has a protective effect on 
huntingtin-induced cell death. J Cell Biol 171:603–614. https:// 
doi. org/ 10. 1083/ jcb. 20050 7002

 65. Liu WJ, Ye L, Huang WF, Guo LJ, Xu ZG, Wu HL, Yang C, Liu 
HF (2016) p62 links the autophagy pathway and the ubiqutin–
proteasome system upon ubiquitinated protein degradation. Cell 
Mol Biol Lett 21:29. https:// doi. org/ 10. 1186/ s11658- 016- 0031-z

 66. Johnson LS, Dunn KW, Pytowski B, McGraw TE (1993) Endo-
some acidification and receptor trafficking: bafilomycin A1 slows 
receptor externalization by a mechanism involving the receptor’s 
internalization motif. Mol Biol Cell 4:1251–1266. https:// doi. org/ 
10. 1091/ mbc.4. 12. 1251

 67. Marshansky V, Futai M (2008) The V-type H+-ATPase in vesicu-
lar trafficking: targeting, regulation and function. Curr Opin Cell 
Biol 20:415–426. https:// doi. org/ 10. 1016/j. ceb. 2008. 03. 015

 68. Zhang X, Sheng J, Austin SK, Hoornweg TE, Smit JM, Kuhn 
RJ, Diamond MS, Rossmann MG (2015) Structure of acidic pH 
dengue virus showing the fusogenic glycoprotein trimers. J Virol 
89:743–750. https:// doi. org/ 10. 1128/ jvi. 02411- 14

 69. Ohsumi Y (2014) Historical landmarks of autophagy research. 
Cell Res 24:9–23. https:// doi. org/ 10. 1038/ cr. 2013. 169

 70. Loos B, du Toit A, Hofmeyr JH (2014) Defining and measuring 
autophagosome flux—concept and reality. Autophagy 10:2087–
2096. https:// doi. org/ 10. 4161/ 15548 627. 2014. 973338

 71. Yang KC, Sathiyaseelan P, Ho C, Gorski SM (2018) Evolution of 
tools and methods for monitoring autophagic flux in mammalian 
cells. Biochem Soc Trans 46:97–110. https:// doi. org/ 10. 1042/ 
bst20 170102

 72. Simonovitch S, Schmukler E, Bespalko A, Iram T, Frenkel D, 
Holtzman DM, Masliah E, Michaelson DM, Pinkas-Kramarski R 
(2016) Impaired autophagy in APOE4 astrocytes. J Alzheimers 
Dis 51:915–927. https:// doi. org/ 10. 3233/ jad- 151101

 73. Kulkarni A, Dong A, Kulkarni VV, Chen J, Laxton O, Anand 
A, Maday S (2020) Differential regulation of autophagy during 
metabolic stress in astrocytes and neurons. Autophagy 16:1651–
1667. https:// doi. org/ 10. 1080/ 15548 627. 2019. 17033 54

 74. Mura E, Lepore G, Zedda M, Giua S, Farina V (2014) Sheep 
primary astrocytes under starvation conditions express higher 
amount of LC3-II autophagy marker than neurons. Arch Ital Biol 
152:47–56

 75. Mortimore GE, Pösö AR (1987) Intracellular protein catabolism 
and its control during nutrient deprivation and supply. Annu Rev 
Nutr 7:539–564. https:// doi. org/ 10. 1146/ annur ev. nu. 07. 070187. 
002543

https://doi.org/10.1186/s12974-016-0748-7
https://doi.org/10.1186/s12974-016-0748-7
https://doi.org/10.1038/s41598-020-57914-x
https://doi.org/10.1038/s41598-020-57914-x
https://doi.org/10.2478/s11756-018-0135-1
https://doi.org/10.1016/B978-012465330-6/50003-8
https://doi.org/10.1016/B978-012465330-6/50003-8
https://doi.org/10.4161/auto.4451
https://doi.org/10.4161/auto.4451
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1073/pnas.082243699
https://doi.org/10.1073/pnas.082243699
https://doi.org/10.1016/S0006-3495(98)77870-1
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1038/s41556-018-0205-1
https://doi.org/10.1038/s41556-018-0205-1
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1083/jcb.200907014
https://doi.org/10.1080/15548627.2015.1066957
https://doi.org/10.1080/15548627.2015.1066957
https://doi.org/10.1046/j.1365-2818.2000.00710.x
https://doi.org/10.1046/j.1365-2818.2000.00710.x
https://doi.org/10.1523/JNEUROSCI.0776-17.2017
https://doi.org/10.1523/JNEUROSCI.0776-17.2017
https://doi.org/10.3390/cells9030735
https://doi.org/10.3390/cells9030735
https://doi.org/10.1146/annurev.biochem.77.061906.092014
https://doi.org/10.1146/annurev.biochem.77.061906.092014
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1186/s11658-016-0031-z
https://doi.org/10.1091/mbc.4.12.1251
https://doi.org/10.1091/mbc.4.12.1251
https://doi.org/10.1016/j.ceb.2008.03.015
https://doi.org/10.1128/jvi.02411-14
https://doi.org/10.1038/cr.2013.169
https://doi.org/10.4161/15548627.2014.973338
https://doi.org/10.1042/bst20170102
https://doi.org/10.1042/bst20170102
https://doi.org/10.3233/jad-151101
https://doi.org/10.1080/15548627.2019.1703354
https://doi.org/10.1146/annurev.nu.07.070187.002543
https://doi.org/10.1146/annurev.nu.07.070187.002543


In human astrocytes neurotropic flaviviruses increase autophagy, yet their replication is…

1 3

Page 23 of 24   566 

 76. Mizushima N, Yamamoto A, Matsui M, Yoshimori T, Ohsumi Y 
(2004) In vivo analysis of autophagy in response to nutrient star-
vation using transgenic mice expressing a fluorescent autophago-
some marker. Mol Biol Cell 15:1101–1111. https:// doi. org/ 10. 
1091/ mbc. e03- 09- 0704

 77. Young JE, Martinez RA, La Spada AR (2009) Nutrient depriva-
tion induces neuronal autophagy and implicates reduced insulin 
signaling in neuroprotective autophagy activation. J Biol Chem 
284:2363–2373. https:// doi. org/ 10. 1074/ jbc. M8060 88200

 78. Oliva Trejo JA, Tanida I, Suzuki C, Kakuta S, Tada N, Uchiy-
ama Y (2020) Characterization of starvation-induced autophagy 
in cerebellar Purkinje cells of pHluorin-mKate2-human LC3B 
transgenic mice. Sci Rep 10:9643. https:// doi. org/ 10. 1038/ 
s41598- 020- 66370-6

 79. Yang YP, Hu LF, Zheng HF, Mao CJ, Hu WD, Xiong KP, 
Wang F, Liu CF (2013) Application and interpretation of cur-
rent autophagy inhibitors and activators. Acta Pharmacol Sin 
34:625–635. https:// doi. org/ 10. 1038/ aps. 2013.5

 80. Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) 
Autophagy fights disease through cellular self-digestion. 
Nature 451:1069–1075. https:// doi. org/ 10. 1038/ natur e06639

 81. Bork T, Liang W, Yamahara K, Lee P, Tian Z, Liu S, Schell 
C, Thedieck K, Hartleben B et al (2020) Podocytes maintain 
high basal levels of autophagy independent of mtor signaling. 
Autophagy 16:1932–1948. https:// doi. org/ 10. 1080/ 15548 627. 
2019. 17050 07

 82. Gabryel B, Kost A, Kasprowska D, Liber S, Machnik G, Wia-
derkiewicz R, Łabuzek K (2014) AMP-activated protein kinase 
is involved in induction of protective autophagy in astrocytes 
exposed to oxygen-glucose deprivation. Cell Biol Int 38:1086–
1097. https:// doi. org/ 10. 1002/ cbin. 10299

 83. Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Ela-
zar Z (2010) LC3 and GATE-16/GABARAP subfamilies are 
both essential yet act differently in autophagosome biogenesis. 
Embo J 29:1792–1802. https:// doi. org/ 10. 1038/ emboj. 2010. 74

 84. Fader CM, Colombo MI (2009) Autophagy and multivesicular 
bodies: two closely related partners. Cell Death Differ 16:70–
78. https:// doi. org/ 10. 1038/ cdd. 2008. 168

 85. Baba M, Osumi M, Scott SV, Klionsky DJ, Ohsumi Y (1997) 
Two distinct pathways for targeting proteins from the cyto-
plasm to the vacuole/lysosome. J Cell Biol 139:1687–1695. 
https:// doi. org/ 10. 1083/ jcb. 139.7. 1687

 86. Backues SK, Chen D, Ruan J, Xie Z, Klionsky DJ (2014) Esti-
mating the size and number of autophagic bodies by electron 
microscopy. Autophagy 10:155–164. https:// doi. org/ 10. 4161/ 
auto. 26856

 87. Nguyen N, Shteyn V, Melia TJ (2017) Sensing membrane cur-
vature in macroautophagy. J Mol Biol 429:457–472. https:// 
doi. org/ 10. 1016/j. jmb. 2017. 01. 006

 88. Deter RL, De Duve C (1967) Influence of glucagon, an inducer 
of cellular autophagy, on some physical properties of rat liver 
lysosomes. J Cell Biol 33:437–449. https:// doi. org/ 10. 1083/ 
jcb. 33.2. 437

 89. Bains M, Heidenreich KA (2009) Live-cell imaging of 
autophagy induction and autophagosome-lysosome fusion in 
primary cultured neurons. Methods Enzymol 453:145–158. 
https:// doi. org/ 10. 1016/ s0076- 6879(08) 04007-x

 90. Eskelinen EL, Reggiori F, Baba M, Kovács AL, Seglen PO 
(2011) Seeing is believing: the impact of electron microscopy 
on autophagy research. Autophagy 7:935–956. https:// doi. org/ 
10. 4161/ auto.7. 9. 15760

 91. Jin M, Klionsky DJ (2014) Regulation of autophagy: modula-
tion of the size and number of autophagosomes. FEBS Lett 
588:2457–2463. https:// doi. org/ 10. 1016/j. febsl et. 2014. 06. 015

 92. Cheeran MC, Hu S, Sheng WS, Rashid A, Peterson PK, 
Lokensgard JR (2005) Differential responses of human brain 

cells to West Nile virus infection. J Neurovirol 11:512–524. 
https:// doi. org/ 10. 1080/ 13550 28050 03849 82

 93. Hussmann KL, Samuel MA, Kim KS, Diamond MS, Freder-
icksen BL (2013) Differential replication of pathogenic and 
nonpathogenic strains of West Nile virus within astrocytes. J 
Virol 87:2814–2822. https:// doi. org/ 10. 1128/ jvi. 02577- 12

 94. Chen CJ, Ou YC, Lin SY, Raung SL, Liao SL, Lai CY, Chen 
SY, Chen JH (2010) Glial activation involvement in neuronal 
death by Japanese encephalitis virus infection. J Gen Virol 
91:1028–1037. https:// doi. org/ 10. 1099/ vir.0. 013565-0

 95. Patabendige A, Michael BD, Craig AG, Solomon T (2018) 
Brain microvascular endothelial-astrocyte cell responses fol-
lowing Japanese encephalitis virus infection in an in vitro 
human blood-brain barrier model. Mol Cell Neurosci 89:60–
70. https:// doi. org/ 10. 1016/j. mcn. 2018. 04. 002

 96. Kubacki J, Flacio E, Qi W, Guidi V, Tonolla M, Fraefel C (2020) 
Viral Metagenomic analysis of Aedes albopictus mosquitos from 
Southern Switzerland. Viruses. https:// doi. org/ 10. 3390/ v1209 
0929

 97. Kuno G (2007) Host range specificity of flaviviruses: correlation 
with in vitro replication. J Med Entomol 44:93–101. https:// doi. 
org/ 10. 1093/ jmede nt/ 41.5. 93

 98. Calzolari M, Zé-Zé L, Vázquez A, Sánchez Seco MP, Amaro F, 
Dottori M (2016) Insect-specific flaviviruses, a worldwide wide-
spread group of viruses only detected in insects. Infect Genet 
Evol 40:381–388. https:// doi. org/ 10. 1016/j. meegid. 2015. 07. 032

 99. Burrell CJ, Howard CR, Murphy FA (2017) Chapter 7—patho-
genesis of virus infections. In: Burrell CJ, Howard CR, Murphy 
FA (eds) Fenner and white’s medical virology, 5th edn. Aca-
demic Press, London, pp 77–104

 100. Cook S, Moureau G, Kitchen A, Gould EA, de Lamballerie X, 
Holmes EC, Harbach RE (2012) Molecular evolution of the 
insect-specific flaviviruses. J Gen Virol 93:223–234. https:// doi. 
org/ 10. 1099/ vir.0. 036525-0

 101. Echavarria-Consuegra L, Smit JM, Reggiori F (2019) Role of 
autophagy during the replication and pathogenesis of common 
mosquito-borne flavi- and alphaviruses. Open Biol 9:190009. 
https:// doi. org/ 10. 1098/ rsob. 190009

 102. Wong HH, Sanyal S (2020) Manipulation of autophagy by (+) 
RNA viruses. Semin Cell Dev Biol 101:3–11. https:// doi. org/ 10. 
1016/j. semcdb. 2019. 07. 013

 103. Peng H, Liu B, Yves TD, He Y, Wang S, Tang H, Ren H, Zhao P, 
Qi Z et al (2018) Zika virus induces autophagy in human umbili-
cal vein endothelial cells. Viruses. https:// doi. org/ 10. 3390/ v1005 
0259

 104. Beatman E, Oyer R, Shives KD, Hedman K, Brault AC, Tyler 
KL, Beckham JD (2012) West Nile virus growth is independent 
of autophagy activation. Virology 433:262–272. https:// doi. org/ 
10. 1016/j. virol. 2012. 08. 016

 105. Kirsch JM, Mlera L, Offerdahl DK, VanSickle M, Bloom ME 
(2020) Tick-borne flaviviruses depress AKT activity during 
acute infection by modulating AKT1/2. Viruses. https:// doi. org/ 
10. 3390/ v1210 1059

 106. Deegan S, Saveljeva S, Gorman AM, Samali A (2013) Stress-
induced self-cannibalism: on the regulation of autophagy by 
endoplasmic reticulum stress. Cell Mol Life Sci 70:2425–2441. 
https:// doi. org/ 10. 1007/ s00018- 012- 1173-4

 107. Yorimitsu T, Nair U, Yang Z, Klionsky DJ (2006) Endoplasmic 
reticulum stress triggers autophagy. J Biol Chem 281:30299–
30304. https:// doi. org/ 10. 1074/ jbc. M6070 07200

 108. Jheng J-R, Ho J-Y, Horng J-T (2014) ER stress, autophagy, and 
RNA viruses. Front Microbiol 5:388

 109. Lee Y-R, Kuo S-H, Lin C-Y, Fu P-J, Lin Y-S, Yeh T-M, Liu H-S 
(2018) Dengue virus-induced ER stress is required for autophagy 
activation, viral replication, and pathogenesis both in vitro and 
in vivo. Sci Rep. https:// doi. org/ 10. 1038/ s41598- 017- 18909-3

https://doi.org/10.1091/mbc.e03-09-0704
https://doi.org/10.1091/mbc.e03-09-0704
https://doi.org/10.1074/jbc.M806088200
https://doi.org/10.1038/s41598-020-66370-6
https://doi.org/10.1038/s41598-020-66370-6
https://doi.org/10.1038/aps.2013.5
https://doi.org/10.1038/nature06639
https://doi.org/10.1080/15548627.2019.1705007
https://doi.org/10.1080/15548627.2019.1705007
https://doi.org/10.1002/cbin.10299
https://doi.org/10.1038/emboj.2010.74
https://doi.org/10.1038/cdd.2008.168
https://doi.org/10.1083/jcb.139.7.1687
https://doi.org/10.4161/auto.26856
https://doi.org/10.4161/auto.26856
https://doi.org/10.1016/j.jmb.2017.01.006
https://doi.org/10.1016/j.jmb.2017.01.006
https://doi.org/10.1083/jcb.33.2.437
https://doi.org/10.1083/jcb.33.2.437
https://doi.org/10.1016/s0076-6879(08)04007-x
https://doi.org/10.4161/auto.7.9.15760
https://doi.org/10.4161/auto.7.9.15760
https://doi.org/10.1016/j.febslet.2014.06.015
https://doi.org/10.1080/13550280500384982
https://doi.org/10.1128/jvi.02577-12
https://doi.org/10.1099/vir.0.013565-0
https://doi.org/10.1016/j.mcn.2018.04.002
https://doi.org/10.3390/v12090929
https://doi.org/10.3390/v12090929
https://doi.org/10.1093/jmedent/41.5.93
https://doi.org/10.1093/jmedent/41.5.93
https://doi.org/10.1016/j.meegid.2015.07.032
https://doi.org/10.1099/vir.0.036525-0
https://doi.org/10.1099/vir.0.036525-0
https://doi.org/10.1098/rsob.190009
https://doi.org/10.1016/j.semcdb.2019.07.013
https://doi.org/10.1016/j.semcdb.2019.07.013
https://doi.org/10.3390/v10050259
https://doi.org/10.3390/v10050259
https://doi.org/10.1016/j.virol.2012.08.016
https://doi.org/10.1016/j.virol.2012.08.016
https://doi.org/10.3390/v12101059
https://doi.org/10.3390/v12101059
https://doi.org/10.1007/s00018-012-1173-4
https://doi.org/10.1074/jbc.M607007200
https://doi.org/10.1038/s41598-017-18909-3


 P. Tavčar Verdev et al.

1 3

  566  Page 24 of 24

 110. Ke PY, Chen SS (2011) Activation of the unfolded protein 
response and autophagy after hepatitis C virus infection sup-
presses innate antiviral immunity in vitro. J Clin Investig 121:37–
56. https:// doi. org/ 10. 1172/ jci41 474

 111. Medigeshi GR, Lancaster AM, Hirsch AJ, Briese T, Lipkin WI, 
Defilippis V, Früh K, Mason PW, Nikolich-Zugich J et al (2007) 
West Nile virus infection activates the unfolded protein response, 
leading to CHOP induction and apoptosis. J Virol 81:10849–
10860. https:// doi. org/ 10. 1128/ jvi. 01151- 07

 112. Jain A, Lamark T, Sjøttem E, Larsen KB, Awuh JA, Øvervatn A, 
McMahon M, Hayes JD, Johansen T (2010) p62/SQSTM1 is a 
target gene for transcription factor NRF2 and creates a positive 
feedback loop by inducing antioxidant response element-driven 
gene transcription. J Biol Chem 285:22576–22591. https:// doi. 
org/ 10. 1074/ jbc. M110. 118976

 113. Zhang Z, Rong L, Li YP (2019) Flaviviridae viruses and oxida-
tive stress: implications for viral pathogenesis. Oxid Med Cell 
Longev 2019:1409582. https:// doi. org/ 10. 1155/ 2019/ 14095 82

 114. Abernathy E, Mateo R, Majzoub K, van Buuren N, Bird SW, 
Carette JE, Kirkegaard K (2019) Differential and convergent 
utilization of autophagy components by positive-strand RNA 
viruses. PLoS Biol 17:e2006926. https:// doi. org/ 10. 1371/ journ 
al. pbio. 20069 26

 115. Blázquez A-B, Escribano-Romero E, Merino-Ramos T, Saiz J-C, 
Martín-Acebes MA (2014) Stress responses in flavivirus-infected 
cells: activation of unfolded protein response and autophagy. 
Front Microbiol. https:// doi. org/ 10. 3389/ fmicb. 2014. 00266

 116. Lee Y-R, Lei H-Y, Liu M-T, Wang J-R, Chen S-H, Jiang-Shieh 
Y-F, Lin Y-S, Yeh T-M, Liu C-C et  al (2008) Autophagic 
machinery activated by dengue virus enhances virus replication. 
Virology 374:240–248. https:// doi. org/ 10. 1016/j. virol. 2008. 02. 
016

 117. Heaton NS, Randall G (2011) Dengue virus and autophagy. 
Viruses 3:1332–1341. https:// doi. org/ 10. 3390/ v3081 332

 118. Li JK, Liang JJ, Liao CL, Lin YL (2012) Autophagy is involved 
in the early step of Japanese encephalitis virus infection. 
Microbes Infect 14:159–168. https:// doi. org/ 10. 1016/j. micinf. 
2011. 09. 001

 119. Vandergaast R, Fredericksen BL (2012) West Nile virus (WNV) 
replication is independent of autophagy in mammalian cells. 
PLoS One 7:e45800. https:// doi. org/ 10. 1371/ journ al. pone. 00458 
00

 120. Bílý T, Palus M, Eyer L, Elsterová J, Vancová M, Růžek D (2015) 
Electron tomography analysis of tick-borne encephalitis virus 
infection in human neurons. Sci Rep 5:10745. https:// doi. org/ 10. 
1038/ srep1 0745

 121. Chu JJ, Ng ML (2004) Infectious entry of West Nile virus 
occurs through a clathrin-mediated endocytic pathway. J Virol 
78:10543–10555. https:// doi. org/ 10. 1128/ jvi. 78. 19. 10543- 10555. 
2004

 122. Sabino C, Basic M, Bender D, Elgner F, Himmelsbach K, Hildt 
E (2019) Bafilomycin A1 and U18666A efficiently impair ZIKV 
infection. Viruses. https:// doi. org/ 10. 3390/ v1106 0524

 123. Persaud M, Martinez-Lopez A, Buffone C, Porcelli SA, Diaz-
Griffero F (2018) Infection by Zika viruses requires the trans-
membrane protein AXL, endocytosis and low pH. Virology 
518:301–312. https:// doi. org/ 10. 1016/j. virol. 2018. 03. 009

 124. Khakpoor A, Panyasrivanit M, Wikan N, Smith DR (2009) A role 
for autophagolysosomes in dengue virus 3 production in HepG2 
cells. J Gen Virol 90:1093–1103. https:// doi. org/ 10. 1099/ vir.0. 
007914-0

 125. Mateo R, Nagamine CM, Spagnolo J, Méndez E, Rahe M, 
Gale M Jr, Yuan J, Kirkegaard K (2013) Inhibition of cellular 
autophagy deranges dengue virion maturation. J Virol 87:1312–
1321. https:// doi. org/ 10. 1128/ jvi. 02177- 12

 126. McLean JE, Wudzinska A, Datan E, Quaglino D, Zakeri Z (2011) 
Flavivirus NS4A-induced autophagy protects cells against death 
and enhances virus replication. J Biol Chem 286:22147–22159. 
https:// doi. org/ 10. 1074/ jbc. M110. 192500

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1172/jci41474
https://doi.org/10.1128/jvi.01151-07
https://doi.org/10.1074/jbc.M110.118976
https://doi.org/10.1074/jbc.M110.118976
https://doi.org/10.1155/2019/1409582
https://doi.org/10.1371/journal.pbio.2006926
https://doi.org/10.1371/journal.pbio.2006926
https://doi.org/10.3389/fmicb.2014.00266
https://doi.org/10.1016/j.virol.2008.02.016
https://doi.org/10.1016/j.virol.2008.02.016
https://doi.org/10.3390/v3081332
https://doi.org/10.1016/j.micinf.2011.09.001
https://doi.org/10.1016/j.micinf.2011.09.001
https://doi.org/10.1371/journal.pone.0045800
https://doi.org/10.1371/journal.pone.0045800
https://doi.org/10.1038/srep10745
https://doi.org/10.1038/srep10745
https://doi.org/10.1128/jvi.78.19.10543-10555.2004
https://doi.org/10.1128/jvi.78.19.10543-10555.2004
https://doi.org/10.3390/v11060524
https://doi.org/10.1016/j.virol.2018.03.009
https://doi.org/10.1099/vir.0.007914-0
https://doi.org/10.1099/vir.0.007914-0
https://doi.org/10.1128/jvi.02177-12
https://doi.org/10.1074/jbc.M110.192500

	In human astrocytes neurotropic flaviviruses increase autophagy, yet their replication is autophagy-independent
	Abstract
	Introduction
	Materials and methods
	Cell cultures
	Flaviviruses and infection of human astrocytes
	Quantitative reverse transcription polymerase chain reaction (RT-PCR)
	Measurements of virus infectivity by TCID50 assay
	Immunocytochemistry
	Plasmids and transfection
	Autophagy modulation
	Fluorescence microscopy
	Transmission electron microscopy (TEM)
	Image analysis
	Autophagy dynamics
	Size of autophagic compartments
	Infection rate, viral replication and colocalization between viral particles and early endosomes

	Statistical analysis

	Results
	Autophagy dynamics is affected by starvation and pharmacological modulators in human astrocytes
	The diameter of autophagic compartments differs in normal and stimulated conditions in human astrocytes
	TBEV and WNV infect and successfully replicate in human astrocytes, and MOF displays low infectivity
	Infection of human astrocytes with TBEV and WNV, but not MOF, stimulates autophagy without affecting the autophagosome maturation process
	Rapamycin and wortmannin do not affect the replication of TBEV and WNV, while bafilomycin A1 inhibits it

	Discussion
	Starvation and pharmacological modulators alter autophagy dynamics and autophagic compartment sizes in human astrocytes
	TBEV and WNV efficiently infect and replicate in human astrocytes in a time-dependent manner, whereas MOF displays low infectivity
	TBEV and WNV trigger autophagic response in human astrocytes, but the replication of these viruses is independent of autophagy

	Acknowledgements 
	References




