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Abstract

Aim/hypothesis Human enteroviral infections are suggested to be associated with type 1 diabetes. However, the mechanism by
which enteroviruses can trigger disease remains unknown. The present study aims to investigate the impact of enterovirus on
autophagy, a cellular process that regulates beta cell homeostasis, using the clonal beta cell line INS(832/13) and human islet cells
as in vitro models.

Methods INS(832/13) cells and human islet cells were infected with a strain of echovirus 16 (E16), originally isolated from the
stool of a child who developed type 1 diabetes-associated autoantibodies. Virus production and release was determined by 50%
cell culture infectious dose (CCIDs() assay and FACS analysis. The occurrence of autophagy, autophagosomes, lysosomes and
autolysosomes was detected by western blot, baculoviral-mediated expression of microtubule-associated protein light chain 3
(LC3)II-GFP and LysoTracker Red, and quantified by Cellomics ArrayScan. Autophagy was also monitored with a Cyto-ID
detection kit. Nutrient deprivation (low glucose [2.8 mmol/1]), amino acid starvation (Earle’s Balanced Salt Solution [EBSS]) and
autophagy-modifying agents (rapamycin and chloroquine) were used in control experiments. Insulin secretion and the expression
of autophagy-related (A¢g) genes and genes involved in autophagosome—-lysosome fusion were determined.

Results E16-infected INS(832/13) cells displayed an accumulation of autophagosomes, compared with non-treated (NT) cells
(grown in complete RPMI1640 containing 11.1 mmol/I glucose) (32.1+1.7 vs 21.0+1.2 um?/cell; p = 0.05). This was
accompanied by increased LC3II ratio both in El6-infected cells grown in low glucose (LG) (2.8 mmol/l) (0.42+0.03 vs
0.11+0.04 (arbitrary units [a.u.]); p <0.0001) and grown in media containing 11.1 mmol/l glucose (0.37+0.016 vs 0.05+
0.02 (a.u.); p < 0.0001). Additionally, p62 accumulated in cells after E16 infection when grown in LG (1.23 £0.31 vs 0.36 £0.12
(a.u.); p=0.012) and grown in media containing 11.1 mmol/l glucose (1.79 £0.39 vs 0.66 +0.15 (a.u.); p=0.0078). mRNA
levels of genes involved in autophagosome formation and autophagosome-lysosome fusion remained unchanged in E16-
infected cells, except Atg7, which was significantly increased when autophagy was induced by E16 infection, in combination
with LG (1.48 +0.08-fold; p=0.02) and at 11.1 mmol/l glucose (1.26 £0.2-fold; p=0.001), compared with NT controls.
Moreover, autophagosomes accumulated in E16-infected cells to the same extent as when cells were treated with the lysosomal
inhibitor, chloroquine, clearly indicating that autophagosome turnover was blocked. Upon infection, there was an increased viral
titre in the cell culture supernatant and a marked reduction in glucose-stimulated insulin secretion (112.9+24.4 vs 209.8 +
24.4 ng [mg protein] ' h™'; p=0.006), compared with uninfected controls, but cellular viability remained unaffected.
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What is already known about this subject?

e Human enteroviral infections are suggested to be associated with functional impairment of beta cells and type 1

diabetes onset

e Autophagy is a major regulator of beta cell function and insulin production

e  Autophagy can be either proviral or antiviral

What is the key question?

e  How does human enteroviral infection influence autophagy in clonal INS(832/13) cells and primary human

pancreatic islet cells?

What are the new findings?

e  Enteroviral infection inhibits autophagic flux in clonal INS(832/13) cells and human islet cells

e Accumulation of autophagosomes in enterovirus-infected INS(832/13) cells may promote viral replication and

non-lytic viral spread

e Enteroviral-induced autophagy disruption hampers beta cell function

How might this impact on clinical practice in the foreseeable future?

e A better understanding of how enteroviruses utilise autophagosomes to subvert the immune system and induce
beta cell loss and dysfunction could pave the way for novel treatment strategies for type 1 diabetes

Importantly, and in agreement with the observations for INS(832/13) cells, E16 infection impaired autophagic flux in primary

human islet cells (46.5+ 1.6 vs 34.4+2.1 um?/cell; p=0.01).

Conclusions/interpretation Enteroviruses disrupt beta cell autophagy by impairing the later stages of the autophagic pathway, without
influencing expression of key genes involved in core autophagy machinery. This results in increased viral replication, non-lytic viral
spread and accumulation of autophagic structures, all of which may contribute to beta cell demise and type 1 diabetes.

Keywords Autophagy - Betacells - Enterovirus - Insulin secretion - Lysosomes - Type 1 diabetes - Viral replication - Virus spread

Abbreviations

ATG Autophagy-related

a.u. Arbitrary units

BCA Bicinchoninic acid

CCIDsy  50% cell culture infectious dose

dsRNA  Double-stranded RNA

El6 Echovirus 16

EBSS Earle’s Balanced Salt Solution

GMK Green monkey kidney

GSIS Glucose-stimulated insulin secretion

hpi Hours post infection

LAMP2 Lysosome-associated membrane protein 2
LC3 Microtubule-associated protein light chain 3
LDH Lactate dehydrogenase

LG Low glucose (2.8 mmol/l)

MOI Multiplicity of infection

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide
NT Non-treated (cell)
gPCR Quantitative RT-PCR

Introduction

Type 1 diabetes is one of the most common chronic diseases
occurring in childhood and adolescence, thought to be trig-
gered by viral infections. Evidence supports a scenario where
an enteroviral infection could spread to the pancreas and
establish a persistent infection within beta cells [1-3]. Such
infections could trigger autoimmunity and type 1 diabetes
development in genetically susceptible individuals [1]. How
enteroviruses can establish a persistent infection in the pancre-
as is unclear as the underlying mechanisms of enterovirus-
mediated beta cell dysfunction remain unknown.
Macro-autophagy (hereafter referred to as autophagy) is a
process that ensures cellular survival under stressful condi-
tions related to metabolic stress, nutrient deprivation and viral
infections [4]. In addition, autophagy regulates insulin homeo-
stasis and plays a critical role in resolving beta cell stress [5].
Autophagy begins with the formation of a double-
membrane structure, the phagophore, that engulfs cytosolic
constituents into vesicles (autophagosome). Lipidation of
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cytosolic microtubule-associated protein light chain 3 (LC3)I
produces a membrane-associated form (LC3II), essential for
autophagosome formation. The autophagosome formation
process is tightly regulated by more than 32 autophagy-
related (Azg) genes [6], and autophagosomes subsequently
fuse with lysosomes to generate autolysosomes with a single
membrane morphology, where the sequestered cargo, includ-
ing LC3II and the scaffolding protein sequestosome 1
(SQSTM1)/p62 (referred to as p62), are degraded by prote-
ases. Autophagosome-lysosome fusion can be achieved
through soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs) and anchoring proteins (i.e.
lysosome-associated membrane protein 2 [LAMP2], syntaxin
17 [STX17] and UV radiation resistance-associated protein
[UVRAG]) [7]. The overall dynamic process is termed
autophagic flux [8].

Enteroviruses are obligate intracellular pathogens and have
evolved strategies to escape lysosomal degradation [9, 10]. In
addition, enteroviruses have co-opted the autophagy machin-
ery as a proviral host factor favouring viral replication [11].
Infections of poliovirus, Coxsackievirus and enterovirus 71 in
RD-A (human rhabdomyosarcoma) and HeLa cells, induced
double-membrane vesicles resembling autophagosomes,
which promoted viral RNA replication [12—14]. Similar find-
ings were observed in vivo, where autophagosome-like vesi-
cles acted as membrane scaffolds for viral replication in
cardiomyocytes and pancreatic acinar cells of mice infected
with coxsackievirus B3 [15, 16].

Even though both in vitro and in vivo studies suggest that
enteroviruses are capable of subverting the autophagic
machinery to facilitate their own replication, the role of beta
cell autophagy, enteroviral infection and its impact on the
pathogenesis of type 1 diabetes still remains unexplored. In
fact, determining the molecular basis of enteroviral infection
in beta cells may aid in understanding the pathogenesis of type
1 diabetes. As such, targeting autophagy or viral infections
may provide novel strategies to prevent or treat the disease.
Thus, the aim of this study was to investigate the impact of
enteroviral infection on autophagy in clonal INS(832/13) cells
and primary human pancreatic islet cells.

Methods

Cells and virus Mycoplasma tested INS(832/13) [17] were
cultured at 37°C and 5% CO, in complete RPMI11640
(11.1 mmol/l glucose supplemented with 2 mmol/l L-gluta-
mine, 1 mmol/l sodium pyruvate, 50 pmol/l 3-
mercaptoethanol, 10 mmol/l HEPES and 10% FBS; Sigma
Aldrich, St Louis, MO, USA).

Human islets from 11 non-diabetic individuals (six male
and five female donors, BMI 31.03 +4 kg/mz, HbA,, 40.3
+3.9 mmol/mol or 5.3 £0.4%; see human islets checklist in
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the electronic supplementary material [ESM]) were used in
evaluation of autophagy, viral replication and viability analy-
sis. Islets were hand-picked under a stereo microscope and
dissociated in Ca**-free medium (20 min at 37°C), by pipet-
ting, into single cells. Cells were cultured at 37°C and 5% CO,
in RPMI1640 medium with 5.5 mmol glucose and 10% FBS
(vol./vol.) (Sigma Aldrich) for 24 h.

Echovirus 16 (E16) was isolated from the stool of an indi-
vidual who developed type 1 diabetes autoantibodies [18].
Virus identity was confirmed with type-specific antisera and
VP1 sequence primer pairs 187 (VP1; 5'-
ACIGCIGYIGARACIGGNCA-3") and 011 (2A; 5'-
GCICCIGAYTGITGICCRAA-3’) (Thermo Fisher Scientific,
Waltham, MA, USA). E16 stocks were prepared by infecting
90% confluent green monkey kidney (GMK) cells until cyto-
pathic effects were observed. Centrifugation removed debris
(400 g for 10 min) and titres were determined by end-point
dilutions in microwell cultures of GMK cells, expressed as a
50% cell culture infectious dose (CCIDsq)/ml according to the
Spearman—Karber method [19]. UV-irradiation was used to
inactivate the virus, with a 15 W UV lamp at 10 cm distance
for 45-60 min. Inactivation was verified by titration in GMK
cells.

Human islets were acquired from the Human Tissue
Laboratory in Malmo, Sweden via the Nordic Network for
Clinical Islet Transplantation, Uppsala, Sweden. The study
was approved by the ethics committees in Malmo and
Uppsala, Sweden.

Viral replication INS(832/13) cells were seeded at 1 x 10°/ml
in 24-well plates and infected the next day with E16 at the
indicated multiplicity of infection (MOI). Plates correspond-
ing to specific time points were infected and incubated.
Following adsorption for 2 h at 36°C, one plate was taken
out and cells were washed twice with PBS removing unat-
tached virus, to determine viral background levels. For
remaining plates, 1 ml of fresh RPMI1640 medium with 2%
FBS/well was added. Cells and supernatant were harvested at
24,48 and 72 h post infection (hpi). Supernatant samples were
used to determine extracellular infection, after centrifugation.
Adherent cells were rinsed twice with PBS and frozen
(—=80°C). Intracellular infection was assessed from cell pellets
after three freeze—thaw cycles to release the virus. Viral parti-
cle dose (CCIDsg) was determined both in supernatants and
cell pellet by end-point dilutions in microwell cultures of
GMK cells [19]. To confirm intracellular viral replication,
cells were harvested by mechanical scraping. Detached cells
were stained with double-stranded RNA (dsRNA)-specific
mAb J2 (SCICON, English and Scientific Consulting,
Szirak, Hungary) and data were acquired using a CytoFlex
Flow Cytometer (Beckman Coulter, Brea, CA, USA).
Results were analysed with CytExpert 2.0 Software
(Beckman Coulter).
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Dispersed human islets were cultured (50,000 cells/well) in
non-attach 24-well plates and infected with E16 at the indicat-
ed MOL. Infectious medium was left on cells to minimise loss
due to low cell adhesion. Supernatant samples were harvested
at 0 h (directly after infection) and thereafter at an interval of
24 h for 3 days. The CCIDs of each sample was determined
by end-point titration in GMK cells [19].

Starvation and drug treatments For glucose starvation,
INS(832/13) and islet cells were grown for 24 h in complete
RPMI1640 medium containing 2.8 mmol/l glucose (low
glucose, LG). Controls/non-treated (NT) INS(832/13) cells were
grown in complete RPMI1640 medium containing 11.1 mmol/l
glucose. Cells were also incubated with 0.5 pmol/l rapamycin,
dissolved in 0.04% DMSO (an autophagy inducer; Enzo,
Plymouth Meeting, PA, USA [24 h incubation]), 10 pumol/1 chlo-
roquine (a lysosomal inhibitor; Enzo [24 h incubation]) or in
amino-acid- and serum-free buffer (Earle’s Balanced Salt
Solution [EBSS], Sigma Aldrich [4 h incubation]).

Viability 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Thermo Fisher) was used to determine
cell viability of INS(832/13) cells. Quantification of apoptosis
was performed in plated cells (8-well chambers; Nalgene
Nunc, Thermo Fisher). Briefly, cells were washed with PBS
and incubated with annexin V, Alexa Fluor 488 conjugate (Life
Technologies, Stockholm, Sweden) for 5 min at room tempera-
ture in the dark. Cells were washed twice in PBS and then fixed
for 10 min in 2% paraformaldehyde, washed twice again in PBS
and mounted with VECTASHIELD containing DAPI
(VectaLabs, Murarrie, QLD, Australia). Thereafter cells were
visualised and counted using an epi-fluorescence microscope
(Olympus, BX60, Tokyo, Japan), with a digital camera (Nikon
DS-2Myv, Tokyo, Japan).

Cell membrane integrity was assessed by lactate dehydro-
genase (LDH) cytotoxicity assay kit (Thermo Fisher) accord-
ing to the manufacturer’s guidelines. Islet cell viability was
assessed using 7-aminoactinomycin D (7-AAD; Sigma
Aldrich). Islets were dissociated using accutase (BD
Bioscience, East Rutherford, NJ, USA) at 37°C for 5 min.
RPMI 1640 cell culture medium (FBS 10%) was added to
stop the process. Viability was determined using a CytoFlex
Flow Cytometer (Beckman Coulter) and data analysed with
CytExpert 2.0 Software (Beckman Coulter). Cells were first
gated for singlets using forward scatter height (FSC-H) by
FSC area (FSC-A) followed SSC-A by FSC-A to exclude
false positive events. Following this, cells were further
analysed for their uptake of 7-AAD to determine live versus
dead cells. Each analysis included fluorescence minus
controls to ensure correct gating.

Western blot analysis INS(832/13) cells were lysed in RIPA
buffer (50 mmol/l Tris-HCI, pH 7.4, 150 mmol/l NaCl, 1%

NP40, 0.5% sodium deoxycholate, 0.1% SDS supplemented
with complete, EDTA-free Protease Inhibitor Cocktail
[Roche, Mannheim, Germany]). 10 ul of lysed cells was used
for protein analysis (bicinchoninic acid [BCA] kit, Pierce
Biotechnology, Rockford, IL, USA). Proteins (15-25 nug)
were loaded onto 12% Criterion XT Bis-Tris Protein gels
and blotted (0.2 um PVDF membranes BioRad, CA, USA).
Membranes were incubated (1 h at room temperature) in
blocking solution (5% skimmed milk in Tris-buffered saline
pH 7.5 containing 20 mmol/l Tris-HCI, 150 mmol/l NaCl,
with 0.1% Tween 20, Sigma Aldrich), followed by overnight
incubation (4°C) with primary antibodies anti-LC3I/II (#4108,
1:1000) anti-p62 antibody (#5114, 1:1000), anti-autophagy-
related (ATG)7 (#8558, 1:1000) (Cell Signaling), anti-STX17
(Sigma HPA001204, 1:500) and anti-LAMP2 (Abcam
ab203224, 1:500). «-Tubulin or 3-actin was used as loading
control (anti-x-tubulin, T5168, 1:1000, Sigma Aldrich;
anti-3-actin, Cell Signaling 3700S, 1:1000). Blots were incu-
bated (1 h) with secondary horseradish peroxidase (HRP)-
linked goat anti-rabbit IgG (SC2004, 1:10,000, Santa Cruz).
Immunoreactivity was detected by chemiluminescence.
Quantification was performed using relative densities,
normalised to o/B-tubulin bands from the same gel (Biorad,
Hercules, CA, USA), and shown as arbitrary units (a.u.).

LC3Il and LysoTracker detection INS(832/13) and islet cells
were seeded in 8-well chambers (Nalgene Nunc, Thermo
Fisher). After 48 h, cells were either left untreated (NT cells)
or infected with E16. Cells treated with LG were included as a
positive control for autophagy. Thereafter, LC31I-GFP (1:400)
(Premo Autophagy sensors BacMam 2.0, Life Technologies,
OR, USA) was introduced for 18 h. Two hours prior to the end
of the incubation period (i.e. at 16 h), LysoTracker Red DND-
99 (1:2000) (Life Technologies) was added. LysoTracker Red
stains lysosomes and autolysosomes. Islet cells were counter-
stained with polyclonal guinea pig anti-insulin (1:500)
(DAKO, Jena, Germany) and secondary antibody Alexa
Flour 594 anti-guinea pig IgG (H+L) conjugate (Thermo
Fisher). Cells were washed twice in PBS, pH 7.4, fixed with
4% paraformaldehyde, washed twice again in PBS and
mounted in VECTASHIELD Mounting Medium with DAPI
(nuclear staining).

Autophagy analysis Image data were acquired with an
ArrayScan XTI Live High Content Platform, with a x20
magnification (Cellomics, Thermo Fisher). For image analy-
sis, 300 validated cells for each treatment group were analysed
with Thermo Scientific Co-localisation BioApplication, to
obtain the LC3II, LysoTracker and co-localisation fluores-
cence area per cell (in um?). Using an epi-fluorescence micro-
scope we acquired representative images (Olympus, BX60,
Tokyo, Japan), captured with a digital camera (Nikon DS-
2Mv, Tokyo, Japan).
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Flow cytometric detection of autophagosomes in cells was
performed using a Cyto-ID Autophagy Detection Kit (Enzo
Life Science, New York, NY, USA). After treatments, cells
were collected by centrifugation and resuspended in 1 x assay
buffer. CYTO-ID Green stain solution was added to each
sample, then incubated for 30 min at 37°C in dark. After
washing the cells with 1 x assay buffer, data were acquired
using a CytoFlex Flow Cytometer (Beckman Coulter) and
analysed with CytExpert 2.0 Software (Beckman Coulter).
Cells were first gated for viable cells (FSC-A vs SSC-A).
Cells were then gated to exclude apoptotic cells (FSC-A vs
FSC-H). Using Cyto-ID fluorescence in the FITC-A channel,
autophagic vesicles were quantified and plotted as cell counts
in superimposed histograms.

gPCR of INS(832/13) cells Total RNA was extracted from cells
using RNeasy mini kit (Qiagen, Venlo, the Netherlands).
cDNA was obtained by reverse transcription with Maxima
First strand cDNA synthesis kit for RT-quantitative (q)PCR
(Thermo Fisher). mRNA levels were quantified using a
Maxima Probe/ROX qPCR Master Mix (Thermo Fisher) on
an ABI PRISM 7900 (Applied Biosystems ViiA Real-Time
PCR System, Life Technologies, Foster City, CA, USA).
Samples were run in triplicate for each assayed gene, and
presented as the fold change in gene expression normalised
to the endogenous reference genes (Ppia, Polr2a and Hprt,
Applied Biosystems, Sweden) and relative to the control
condition (2~2*“ method).

Insulin secretion assay Glucose-stimulated insulin secretion
(GSIS) was performed in 24-well plates where INS(832/13)
cells were infected 24 h prior to assessment. Cells were
washed and pre-incubated for 2 h in secretion assay buffer
(SAB), containing (in mmol/l): 2.8 glucose, 114 NaCl, 4.7
KCl, 1.2 KH,POy, 1.16 MgS0,, 25.5 NaHCO;, 20 HEPES,
2.5 CaCl, and 0.2% BSA. Afterwards, cells were incubated in
SAB with either low (2.8 mmol/l) or high (16.7 mmol/l)
glucose for 1 h; each condition was run in triplicate.
Aliquots from each well/condition were used to measure insu-
lin (Rat Insulin ELISA, Mercodia, Uppsala, Sweden). Total
protein content was extracted and measured using the BCA
assay kit (Pierce Biotechnology).

Statistical analysis Statistical analyses were performed using
Prism software (with GraphPad Prism version 7).
Experiments were performed a minimum of three times,
unless otherwise stated. All Cellomics ArrayScan quantifica-
tions and apoptosis measurements were analysed using ordi-
nary one-way ANOVA, with correction for multiple compar-
ison (Tukey’s). Gene expression, viral titres and viability
assays were analysed using unpaired Student’s ¢ test with
Welch’s correction. Insulin secretion was analysed with non-
parametrical Mann—Whitney U test. Data are presented as
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means £ SEM and a p value of <0.05 was considered signif-
icant in all experiments (*p <0.05, **p <0.01, ***p <0.001).
All experiments were performed and analysed in a
randomised and blinded fashion when possible. Outliers were
identified using Grubbs test for outliers.

Results

E16 infects INS(832/13) cells and human islet cells without
influencing viability We determined intracellular and extracel-
lular virus release over time in E16-infected INS(832/13) cells
(MOI 1, 0.1, 0.01). In parallel, we monitored viability and
plasma membrane integrity. This revealed an increase in viral
titres above background levels at all MOls tested (Fig. 1a and
ESM Fig. 1a,b). Peak titres of intracellular viral production
(1.87 log;o CCIDso/ml) and infectious extracellular virus
(1.11 log; ¢ CCIDs¢/ml) showed no signs of cell death (MTT
assay) or leakage of LDH 24 hpi (MOI of 0.1) (Fig. 1b,c and
ESM Fig. 1c—f). In addition, E16-infected cells did not show
signs of apoptosis (assessed by annexin V staining) 24 hpi
(MOI 0.1), when compared with cells grown in LG medium
(2.8 mmol/l) or NT cells grown in medium containing
11.1 mmol/l glucose (Fig. 1d). dsRNA, a viral intermediate
during its replication cycle, was detected in E16-infected cells
(Fig. 1e). This shows that, regardless of viral replication,
INS(832/13) cells remained viable 24 hpi.

Next, cell viability and replication of E16 in dissociated
islet cells (MOI 0.1) was assessed. Similar to E16-infected
INS(832/13) cells, islets cells showed an increased viral titre
in the culture medium at 24 hpi (Fig. 1f), but cell viability
remained unaffected (92.7 +0.58 vs 91.7+0.68; p=0.32)
(Fig. 1e). In subsequent experiments, we therefore used an
MOI of 0.1 when studying autophagy in INS(832/13) cells
and islets cells after 24 h.

E16 infection hampers autophagic flux in INS(832/13) cells
We next utilised high resolution tools to examine autophagy
and flux in E16-infected INS(832/13) cells using baculoviral
vectors expressing LC3II-GFP and LysoTracker Red (a lyso-
somal dye) [20]. As beta cells are highly dependent on ample
glucose to function properly we added an LG control to these
experiments as low glucose may be sufficient to induce
autophagy in beta cells [21, 22]. Quantification of LC3II-
GFP puncta per cell (um?/cell) revealed a significant increase
of autophagosomes in cells grown in LG media (44.0 £3.7 vs
21.0£1.2; p=0.0001) and El6-infected cells (32.1+1.8 vs
21.0£1.2; p = 0.05) compared with NT cells (Fig. 2a).
LysoTracker Red-stained areas (in um?/cell) were increased
in LG-treated cells (15.3+0.8 vs 10.3+1.3; p=0.001) as well
as in cells infected with E16 (17.1+0.4 vs 10.3£1.3; p=
0.001; Fig. 2b).
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Fig. 1 Infectivity and viability in INS(832/13) cells and human islet cells
infected with E16. Increase over time of intracellular virus production and
extracellular virus release determined by CCIDsy in cell pellets and corre-
sponding cell culture supernatant following infection of cells with E16
(MOI 0.1) (a). Cell viability at indicated time points after E16 infection
(MOI 0.1) compared with NT cells (b). Plasma membrane integrity of
cells (LDH leakage) at indicated time points after E16 infection (MOI 0.1)
compared with NT cells (¢). Ratio of apoptotic cells quantified by annexin

The percentage of LC31I-GFP-positive structures overlapping
with LysoTracker-positive structures was significantly elevated
in LG-treated cells compared with NT cells (48.6 3.7 vs 31.5+
2.7, p=0.004; Fig. 2c). LC31I-GFP-positive puncta overlapping
LysoTracker-positive areas in E16 infected cells was similar to
that of NT controls (Fig. 2c). Representative images of LC3II-
GFP and LysoTracker staining support the quantitative data (Fig.
2d). Together, this suggests that autophagosomes in cells grown
in LG fuse with lysosomes for subsequent degradation, while
El6-infected cells display reduced fusion events leading to accu-
mulation of autophagosomes.

LClI ratio and p62 in E16-infected INS(832/13) cells To further
monitor autophagy in El6-infected cells we investigated the
LC3II/LC3I ratio and p62 protein levels (shown as a.u.). Cells
were cultured in either LG, NT or in EBSS (amino-acid-free

72h

V staining in NT, El6-infected or LG-treated cells after 24 h (d). Flow
cytometry analysis of intracellular double-stranded (ds) RNA in NT-treat-
ed and El6-infected cells at 24 hpi (e). Extracellular virus release from
islets cells at indicated time points after E16 infection (MOI 0.1) (f).
Viability of dissociated islet cells at indicated time points after E16 infec-
tion (MOI 0.1) compared with NT cells (g). Results include data from 3—4
independent experiments, with each measurement performed in triplicate.
Data are presented as mean = SEM; *p < 0.05, **¥*p < 0.001

medium) in the presence or absence of E16 (MOI 0.1 or 10 (10
MOI for EBSS only) or UV-inactivated E16. Rapamycin-
treated cells were included as a control for total autophagy
flux (e.g. complete lysosomal degradation of LC3II and p62)
[6, 20, 23]. We observed no changes in LC3II ratio (LC3II/
[LC3I+ LC3II]) in cells grown in LG and NT or with
rapamycin. However, the LC3II ratios in El6-infected cells
grown in LG (0.42+0.03 vs 0.11+0.04 p<0.0001) and NT
(0.37+£0.016 vs 0.05+0.02; p<0.0001) were significantly
increased, compared with their respective controls (LG and
NT) (Fig. 3a). Similar results were obtained for p62, where
levels were increased for E16 infection in LG compared with
LG control treatment. Moreover, p62 levels were also
increased for E16 infection in NT compared with NT control
(1.23+£0.31vs 0.36 £0.12, p=0.012 and 1.79 £ 0.39 vs 0.66
+0.15, p=0.0078; Fig. 3b). This shows that LG and
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Fig.2 Autophagosome and lysosome detection in E16-infected INS(832/
13) cells. Quantification of LC3II-GFP-positive area per cell (umz) in
NT- and LG-treated and El6-infected cells (a). Quantification of
LysoTracker-positive area per cell (um?®) in NT- and LG-treated and
El6-infected cells (b). Percentage of LC3II-GFP-positive areas

rapamycin equally well induce complete turnover of autoph-
agy and that E16 infection effectively inhibits breakdown of
p62 and LC3II, thus disrupting autophagy flux.

E16 infection and Atg gene expression in INS(832/13) cells
mRNA expression of Atzg genes and genes involved in
autophagosomal/lysosomal fusion was assessed in cells cultured
at the same conditions as for western blot experiments (shown in
Fig. 3 and discussed in the previous paragraph). mRNA expres-
sion levels of most of these genes were increased in cells either by
LG or EBSS treatment, compared with NT cells. Fold change of
Atg3 (1.28+0.07, p=0.001 for LG treatment and 1.24 +£0.08,
p=0.005 for EBSS treatment; Fig. 4a), Atg5 (1.17+0.02, p=
0.01 and 1.15+0.07, p = 0.02, respectively; Fig. 4b), Atg7 (1.30
+0.04, p=0.0003 and 1.38 +0.13, p =0.0001, respectively; Fig.
4c), Atg9a (1.23+0.06, p=0.03 and 1.30+0.19, p=0.008,
respectively; Fig. 4d), Atg10 (1.24+0.06, p=0.0002 and 1.11
+0.06, p=0.04, respectively; Fig. 4e), Atgl2 (1.25+0.02, p=
0.04 and 1.64+0.24, p=0.0001, respectively; Fig. 4f) Lamp2
(1.48 £0.05, p=0.0001 and 1.28 +0.23, p = 0.003, respectively;
Fig. 4g), Stx17 (1.48+0.01, p=0.0001 and 1.35+0.02, p=
0.0001, respectively; Fig. 4h) and Uvrag (1.16+0.04, p =
0.006 and 1.13£0.11, p=0.02, respectively; Fig. 4i). E16
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infection did not alter the expression of most genes. Notably,
the expression of Azg7 was significantly increased by E16 infec-
tion at the LG condition (1.48 +0.08-fold, p = 0.02; Fig. 4c) and
in cells grown in NT (1.26 £0.2-fold, p =0.001; Fig. 4c)
compared with uninfected cells. Thus, E16 stimulates the accu-
mulation of autophagosomes by inhibiting the autophagy flux
without influencing the transcription of most Azg genes (except
for Arg7). 1t is possible, that E16 regulates these events at the
protein level; therefore we examined the presence of ATG7,
LAMP?2 and STX17 at the protein level, but western blot analysis
did not reveal any changes of these proteins in E16 infected cells
(data not shown).

Autophagosome accumulation in E16-infected INS(832/13)
cells enhances viral replication and production but impairs
insulin secretion Chloroquine and rapamycin are agents that
can be utilised to study specific events in the autophagic
process. Chloroquine inhibits autophagic degradation in lyso-
somes [24] and rapamycin targets the major negative regulator
of autophagy, mammalian target of rapamycin (mTOR), thus
inducing autophagy [7].

Cells treated with chloroquine resulted in a stronger
increase in Cyto-ID fluorescence signal (mean fluorescence



Diabetologia (2020) 63:2372-2384

2379

a 0 6 - *kk *kk

’ I ! T 1 oLG

° ONT
° @ EBSS
g 041 ./
<
3
o ° [ 1]
s
= °
8 0.2 4 ° ..
- ° °
O
o®

--.-—-—-1-.-. LC3l/l

—— g — > - . p62

e 0-TUbUIIN
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intensity) (Cyto-ID specifically labels autophagosomes),
compared with rapamycin-treated cells (225+14.4 vs 67+
9.5; p=0.0001). Remarkably, E16 infection enhanced the
Cyto-ID fluorescence signal to a similar extent as chloroquine
treated cells (253 £18.3 vs 225+ 14.4; p=0.10) (Fig. 5a).

Pre-treatment with rapamycin and subsequent infection with
E16 resulted in a slight increase in extracellular virus produc-
tion, albeit not significant (3.1+0.1 vs 2.8+0.1; p=0.75).
Moreover, inhibition of autophagic flux by chloroquine treat-
ment significantly increased viral titres in the supernatant (3.6 +
0.09 vs 2.8£0.1; p=0.02), compared with E16 treatment
alone. Of note, combinations of chloroquine and rapamycin
with E16 infection substantially increased the viral titres in
the culture supernatant compared with E16 (3.9+0.1 vs 2.8 +
0.1; p=0.002) and El6+rapamycin treatment alone (3.9 +0.1
vs 3.1 £0.1; p =0.006; Fig. 5b). Neither viral infection nor drug
treatment influenced cell viability for up to 24 h (Fig. 5c). These
observations suggest that accumulation of autophagosomes
promotes E16 replication and non-lytic viral release.

To examine beta cell function in El6-infected cells we
performed 1 h batch incubations with LG (2.8 mmol/l) and

aLG

p62 protein
(a.u)

Lane Sample
1 NT
2 LG
3 NT+E16 MOI 0.1
4 LG+E16 MOI 0.1
5 NT+RAP
6 LG+RAP
7 EBSS
8 EBSS+E16 MOI 0.1
9 NT+E16 inactivated
10 LG+E16 inactivated

indicating lanes (c). Data are presented as mean + SEM of protein level
relative to loading control, expressed as a.u. *p<0.05, **p<0.01,
**¥p <0.001

high glucose (16.7 mmol/l). Insulin secretion in E16-infected
cells after stimulation with high glucose was reduced (112.9 +
22.6 vs 209.8 +24.4 ng [mg protein] ' h™'; p = 0.006; Fig. 6)
compared with NT cells. This suggests that E16 infection
perturbs beta cell function.

E16 infection disrupts autophagic flux in human islet cells
Similar to INS(832/13) cells, the number of LC3II-GFP-
positive puncta (um?/cell) increased when non-diabetic
human islet cells were cultured in LG (49.9+2.1 vs 344+
2.2; p=0.001) or infected with E16 (46.5+1.6 vs 34.4£2.2;
p=0.01; Fig. 7a), compared with NT cells. LysoTracker-
positive puncta (um?*/cell) were significantly increased in islet
cells grown in LG compared with NT islet cells (26.8 £3.2 vs
13.8+1.5; p=0.003), whereas El6-infected cells, presented
similar values to NT cells (Fig. 7b). While LG conditions led
to a higher percentage of co-localisation of LC3II-GFP-
positive puncta with LysoTracker (48 +3.5 vs 37.0+1.8;
p=0.02), compared with NT islet cells, the number of
LC3II-GFP-positive puncta overlapping with LysoTracker-
positive areas in El6-infected islet cells was similar to that
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Fig. 4 Gene expression in INS(832/13) cells. mRNA expression in cells
cultured in LG, NT or EBSS in the presence or absence of E16 or UV-
inactivated E16 (E16UV): Atg3 (a), Atg5 (b), Atg7 (¢), Atg9a (d), A1gl0

of NT cells. Representative images of LC3II-GFP and
LysoTracker staining support the quantitative data (Fig. 7d).
Co-staining with LC3II-GFP and insulin-positive islet beta
cells is presented in Fig. 7e.

Collectively, this indicates that, unlike culturing human
islet cells in LG, in which autophagosomes proceed to mature
to autolysosomes, an E16 infection prevents autolysosome
formation. This implies that E16 disrupts the autophagic
process in human islet cells similar to that observed in
INS(832/13) cells.

Discussion

Herein, we demonstrate that enteroviral infection of INS(832/
13) cells and human islet cells impairs autophagic flux
resulting in intracellular accumulation of autophagosomes.
This was further associated with an increased viral replication
and reduced GSIS. As such, our data are highly relevant in the
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context of triggering events that may lead to type 1 diabetes
onset. In fact, research supports the idea that enteroviral infec-
tions can establish persistent infections within beta cells [1-3],
resulting in autoimmunity.

We selected the E16 strain to model the influence of an
enteroviral infection on autophagy and beta cell function.
Previous studies have shown that strains of E16, isolated from
patients with meningitis, resulted in the development of
diabetes-related islet autoantibodies [18, 19, 25]. In addition,
E16 is able to replicate in explanted human islets and clonal
beta cell lines, thus concluding that E16 can target pancreatic
endocrine cells [26, 27].

Autophagy is a dynamic process where autophagosomes
are continually formed and degraded. Accumulation of
autophagosomes could result either from increased formation,
decreased maturation and autophagosome turnover, or
reduced fusion with lysosomes. Our results suggest that, rather
than increasing autophagosome formation, E16 infection
inhibits processing of the autophagosomes by lysosomes.
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Indeed, our study shows that autophagosomes accumulate in
the cytoplasm of E16-infected cells to the same extent as when
cells were treated with the lysosomal inhibitor chloroquine.
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Fig. 6 GSIS in El6-infected INS(832/13) cells. Insulin secretion in
response to glucose stimulation was assessed 24 hpi by ELISA in NT
(n="7) and El6-infected cells (E16, n=7); basal (LG; 2.8 mmol/l
glucose) and glucose-stimulated (HG; 16.7 mmol/l glucose) insulin secre-
tion are shown. Data are presented as mean + SEM. **p <0.01
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were pre-incubated with Rap and CQ for 4 h and then infected with E16 at
0.1 MOIL. After 24 hpi, extracellular virus titre in culture supernatant of
cells treated with Rap, CQ or both (b). Cell viability of El6-infected
INS(832/13) cells and INS(832/13) cells treated with Rap or CQ for
24 h (c). Data are representative of three independent experiments, with
each measurement performed in triplicate (mean £ SEM) *p <0.05,
*kp <0.01

Enteroviral infections are capable of changing the expres-
sion of several host genes [28]. We only observed a significant
increase of Azg7. Atg7 reportedly is crucial in formation of
autophagosomes and full body knockouts of A¢g7 are neona-
tally lethal [29]. This supports the notion that autophagy is
modulated by post-translational modifications [30-32].
Since enteroviruses rely on protein synthesis of host cells to
support replication, it is likely that many autophagy-related
proteins are subjected to post-translational modifications
during viral infection. Whether such post-translational modi-
fications occur in human islets and beta cell lines infected with
E16 is an area we are currently investigating. Despite the fact
that enteroviral infection could deregulate multiple proteins
involved in autophagosome fusion [10] we were unable to
detect such changes, which may represent a limitation to the
study.

Interestingly, studies have demonstrated that double-
membraned vesicles derived from the autophagosomal path-
way may serve as scaffolds for viral replication [30, 31]. This
would explain why E16 hampers autophagy flux, as
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autophagosome degradation would lead to loss of membrane
sources for the assembly of enterovirus RNA replication
complexes. Inevitably, we detected dsSRNA and newly
produced extracellular viral particles in the culture supernatant
of El6-infected cells 24 hpi, suggesting that accumulation of
autophagosomes provides an advantage for viral replication.
Regardless of viral replication, INS(832/13) cells remained
viable and did not undergo apoptosis, demonstrating that
E16 does not require cell lysis to egress INS(832/13) cells.
Although enteroviruses are typically considered cytolytic
viruses that kill host cells to release virus particles, it is likely
that E16-bearing autophagosomes can bypass lysosomal
degradation and are released from INS(832/13) cells in a
non-lytic fashion [33—36]. The non-lytic release of infectious
virus within secretory autophagic vesicles is termed
‘Autophagosome-mediated exit With Out Lysis’ (AWOL)
[37-39]. This strategy may represent a Trojan horse, enabling
spread of enteroviruses in persistently infected beta cells, with
minimised exposure to the immune system. If true, this
phenomenon could explain the presence of enteroviral anti-
gens in 60-70% of islets of patients with recent-onset type 1
diabetes [40-43].

Dysfunction of autophagy following E16 infection of
INS(832/13) cells not only resulted in an increased accumu-
lation of autophagosomes but also the accumulation of
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positive areas overlapping LysoTracker-positive areas in ND_NT, ND_
LG or ND_E16 infected cells (¢). ND_NT, n=8; ND LG, n=5; ND_
E16, n=4. Data are presented as mean + SEM. *p <0.05, **p<0.01.
Representative images showing immunofluorescence staining of LC3II,
LysoTracker (Lyso) and DAPI (d) and LC3II, insulin and DAPI (e)

selective autophagic cargo, such as p62, which target
ubiquitinated proteins for autophagic degradation. It is well
known that ubiquitination of proteins and accumulation of
damaged organelles is toxic for pancreatic beta cells [44].
Thus, besides creating an environment advantageous for viral
replication, it is likely that dysfunctional autophagy leads to
impaired clearance of toxic protein aggregates, thus contrib-
uting to beta cell dysfunction and type 1 diabetes progression.
In fact, one study shows that deregulated autophagy in beta
cells results in impaired glucose-induced cytosolic calcium
signalling and, consequently, reduced insulin secretion [45].
In line with this, we demonstrate that E16 infection in
INS(832/13) cells results in reduced GSIS, without any overt
cell death. Notably, increased detection of LC3II-positive
puncta and enhanced mRNA expression of Azg genes in
INS(832/13) cells treated with either LG or EBSS, reinforces
the idea that beta cell survival is heavily dependent on ample
glucose concentrations. It also provides validation for the use
of glucose-starved cells as a positive control for autophagy in
our study.

In conclusion, we have investigated autophagy in clonal
INS(832/13) cells and human islet cells infected with a strain
of enterovirus, associated with islet autoimmunity. Our data
provide compelling evidence that enteroviruses subvert
autophagy for proviral purposes by disrupting the later stages
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of the autophagic pathway. We suggest that inhibition of
autophagic turnover, in this case, is a virus-driven process that
promotes viral replication and a non-lytic release, but also
hampers beta cell function.

Future studies are warranted to determine the molecular
mechanisms by which enteroviruses hijack autophagic path-
ways permitting effective viral replication and foster beta cell
dysfunction. This information will not only shed light on
mechanisms of viral infections that trigger type 1 diabetes,
per se, but may identify novel antiviral strategies to therapeu-
tically modulate autophagy to treat the disease.

Acknowledgements The authors wish to thank the Nordic Network for
Clinical Islet transplantation, the tissue isolation teams and the Human
Tissue Laboratory within EXODIAB/Lund University Diabetes Centre.
We also extend our thanks to J. Arvastsson, Lund University, for technical
assistance and C. B. Wollheim, University Medical Center Geneva, for
critical review of the manuscript. The graphical abstract was created using
Servier Medical templates (Creative Commons Attribution 3.0 Unported
License; https://smart.servier.com).

Data availability The datasets generated during and/or analysed during
the current study are available from the corresponding author upon
reasonable request.

Funding Open access funding provided by Lund University. This work was
supported by grants from the Swedish Research Council (Dnr 2018-03196 to
CC and 2016-01495 to MF), Barndiabetesfonden (The Swedish Child
Diabetes Foundation), Diabetes Wellness, The Albert Pahlsson foundation,
Foundation of Maja and Erik Lindqvist, the Gyllenstiemska Krapperup foun-
dation, EFSD/JDRF/Lilly European Programme in Type 1 Diabetes
Research, the Swedish Research Council, Linnaeus grant, Dnr 349-2006-
237 to Lund University Diabetes Centre (LUDC), and by the Swedish
Foundation for Strategic Research Dnr IRC15-0067 (LUDC-IRC).

Authors’ relationships and activities The authors declare that there are
no relationships or activities that might bias, or be perceived to bias, their
work.

Contribution statement AW, LS, CC and MF conceived and designed
the study. AW and LS performed laboratory work, acquired data, and
wrote and edited the manuscript. AW and LS contributed equally to this
work. EC performed laboratory work and edited the manuscript. MF and
CC revised and edited the intellectual content of the article. MF and CC
contributed equally to this work. All authors reviewed and approved the
final version of the manuscript. MF and CC are the guarantors of this
work and, as such, had full access to all the data in the study and take
responsibility for the integrity of the work.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, 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://creativecommons.org/licenses/by/4.0/.

References

1. Hyoty H (2016) Viruses in type 1 diabetes. Pediatr Diabetes
17(Suppl 22):56—64. https://doi.org/10.1111/pedi.12370
2. Morgan NG, Richardson SJ (2014) Enteroviruses as causative
agents in type 1 diabetes: loose ends or lost cause? Trends
Endocrinol Metab 25(12):611-619. https://doi.org/10.1016/j.tem.
2014.08.002
3. Vehik K, Lynch KF, Wong MC et al (2019) Prospective virome
analyses in young children at increased genetic risk for type 1
diabetes. Nat Med 25(12):1865-1872. https://doi.org/10.1038/
$41591-019-0667-0
4. Choi AM, Ryter SW, Levine B (2013) Autophagy in human health
and disease. N Engl J Med 368(19):1845-1846. https://doi.org/10.
1056/NEJMc1303158
5. Watada H, Fujitani Y (2015) Minireview: Autophagy in pancreatic
beta cells and its implication in diabetes. Mol Endocrinol 29(3):
338-348. https://doi.org/10.1210/me.2014-1367
6. Shibutani ST, Yoshimori T (2014) A current perspective of
autophagosome biogenesis. Cell Res 24(1):58—68. https://doi.org/
10.1038/cr.2013.159
7. YulL, ChenY, Tooze SA (2018) Autophagy pathway: Cellular and
molecular mechanisms. Autophagy 14(2):207-215. https:/doi.org/
10.1080/15548627.2017.1378838
8. Klionsky DJ, Abdelmohsen K, Abe A et al (2016) Guidelines for
the use and interpretation of assays for monitoring autophagy (3rd
edition). Autophagy 12(1):1-222. https://doi.org/10.1080/
15548627.2015.1100356
9. Corona AK, Saulsbery HM, Corona Velazquez AF, Jackson WT
(2018) Enteroviruses remodel autophagic trafficking through regu-
lation of host SNARE proteins to promote virus replication and cell
exit. Cell Rep 22(12):3304-3314. https://doi.org/10.1016/j.celrep.
2018.03.003
10. Mohamud Y, Shi J, Qu J et al (2018) Enteroviral infection inhibits
autophagic flux via disruption of the SNARE complex to enhance
viral replication. Cell Rep 22(12):3292-3303. https://doi.org/10.
1016/j.celrep.2018.02.090
11.  Jackson WT, Giddings TH Jr, Taylor MP et al (2005) Subversion of
cellular autophagosomal machinery by RNA viruses. PLoS Biol
3(5):e156. https://doi.org/10.1371/journal.pbio.0030156
12.  Richards AL, Jackson WT (2012) Intracellular vesicle acidification
promotes maturation of infectious poliovirus particles. PLoS
Pathog 8(11):e1003046. https://doi.org/10.1371/journal.ppat.
1003046
13. Wong J, Zhang J, Si X et al (2008) Autophagosome supports
coxsackievirus B3 replication in host cells. J Virol 82(18):9143—
9153. https://doi.org/10.1128/JV1.00641-08
14. Xi X, Zhang X, Wang B et al (2013) The interplays between
autophagy and apoptosis induced by enterovirus 71. PLoS One
8(2):¢56966. https://doi.org/10.1371/journal.pone.0056966
15. Zhai X, Bai B, Yu B et al (2015) Coxsackievirus B3 induces
autophagic response in cardiac myocytes in vivo. Biochemistry
(Mosc) 80(8):1001-1009. https://doi.org/10.1134/
S0006297915080052
16. Kemball CC, Alirezaei M, Flynn CT et al (2010) Coxsackievirus
infection induces autophagy-like vesicles and megaphagosomes in
pancreatic acinar cells in vivo. J Virol 84(23):12110-12124. https://
doi.org/10.1128/JV1.01417-10
17.  Hohmeier HE, Mulder H, Chen G, Henkel-Rieger R, Prentki M,
Newgard CB (2000) Isolation of INS-1-derived cell lines with
robust ATP-sensitive K* channel-dependent and -independent
glucose-stimulated insulin secretion. Diabetes 49(3):424—430.
https://doi.org/10.2337/diabetes.49.3.424
18. Cabrera-Rode E, Sarmiento L, Tiberti C et al (2003) Type 1 diabetes
islet associated antibodies in subjects infected by echovirus 16.

@ Springer


https://smart.servier.com
https://doi.org/
https://doi.org/10.1111/pedi.12370
https://doi.org/10.1016/j.tem.2014.08.002
https://doi.org/10.1016/j.tem.2014.08.002
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1056/NEJMc1303158
https://doi.org/10.1056/NEJMc1303158
https://doi.org/10.1210/me.2014-1367
https://doi.org/10.1038/cr.2013.159
https://doi.org/10.1038/cr.2013.159
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1016/j.celrep.2018.03.003
https://doi.org/10.1016/j.celrep.2018.03.003
https://doi.org/10.1016/j.celrep.2018.02.090
https://doi.org/10.1016/j.celrep.2018.02.090
https://doi.org/10.1371/journal.pbio.0030156
https://doi.org/10.1371/journal.ppat.1003046
https://doi.org/10.1371/journal.ppat.1003046
https://doi.org/10.1128/JVI.00641-08
https://doi.org/10.1371/journal.pone.0056966
https://doi.org/10.1134/S0006297915080052
https://doi.org/10.1134/S0006297915080052
https://doi.org/10.1128/JVI.01417-10
https://doi.org/10.1128/JVI.01417-10
https://doi.org/10.2337/diabetes.49.3.424

2384

Diabetologia (2020) 63:2372-2384

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Diabetologia 46(10):1348—1353. https://doi.org/10.1007/s00125-
003-1179-4

Lennette EH (1969) General principles underlying laboratory diag-
nosis of viral and rickettsial infections. In: Lennette EH, Scmidt NJ
(eds) Diagnostic procedures for viral and rickettsial infections, 4th
edn. American Public Health Association Inc, New York, pp 1-65
Mizushima N, Yoshimori T, Levine B (2010) Methods in mamma-
lian autophagy research. Cell 140(3):313-326. https://doi.org/10.
1016/j.cell.2010.01.028

Moruno F, Perez-Jimenez E, Knecht E (2012) Regulation of
autophagy by glucose in Mammalian cells. Cells 1(3):372-395.
https://doi.org/10.3390/cells1030372

Bi Y, Wang G, Liu X, Wei M, Zhang Q (2017) Low-after-high
glucose down-regulated Cx43 in H9¢2 cells by autophagy activa-
tion via cross-regulation by the PI3K/Akt/mTOR and MEK/ERK 1/
2 signal pathways. Endocrine 56(2):336-345. https://doi.org/10.
1007/s12020-017-1251-3

Kadowaki M, Karim MR (2009) Cytosolic LC3 ratio as a quanti-
tative index of macroautophagy. Methods Enzymol 452:199-213.
https://doi.org/10.1016/S0076-6879(08)03613-6

Homewood CA, Warhurst DC, Peters W, Baggaley VC (1972)
Lysosomes, pH and the anti-malarial action of chloroquine.
Nature 235(5332):50-52

Sarmiento L, Galvan JA, Cabrera-Rode E et al (2012) Type | diabe-
tes associated and tissue transglutaminase autoantibodies in patients
without type 1 diabetes and coeliac disease with confirmed viral
infections. J Med Virol 84(7):1049-1053. https://doi.org/10.1002/
jmv.23305

Sarmiento L, Frisk G, Anagandula M, Cabrera-Rode E, Roivainen
M, Cilio CM (2013) Expression of innate immunity genes and
damage of primary human pancreatic islets by epidemic strains of
Echovirus: implication for post-virus islet autoimmunity. PLoS One
8(11):¢77850. https://doi.org/10.1371/journal.pone.0077850
Sarmiento L, Medina A, Aziz K et al (2016) Differential effects of
three echovirus strains on cell lysis and insulin secretion in beta cell
derived lines. J Med Virol 88(6):971-978. https://doi.org/10.1002/
jmv.24438

Ylipaasto P, Smura T, Gopalacharyulu P et al (2012) Enterovirus-
induced gene expression profile is critical for human pancreatic islet
destruction. Diabetologia 55(12):3273-3283. https://doi.org/10.
1007/s00125-012-2713-z

Kuma A, Komatsu M, Mizushima N (2017) Autophagy-monitoring
and autophagy-deficient mice. Autophagy 13(10):1619-1628.
https://doi.org/10.1080/15548627.2017.1343770

Hsu NY, Ilnytska O, Belov G et al (2010) Viral reorganization of the
secretory pathway generates distinct organelles for RNA replica-
tion. Cell 141(5):799-811. https://doi.org/10.1016/j.cell.2010.03.
050

Tabor-Godwin JM, Tsueng G, Sayen MR, Gottlieb RA, Feuer R
(2012) The role of autophagy during coxsackievirus infection of
neural progenitor and stem cells. Autophagy 8(6):938-953.
https://doi.org/10.4161/auto.19781

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Xie Y, Kang R, Sun X et al (2015) Posttranslational modification of
autophagy-related proteins in macroautophagy. Autophagy 11(1):
28-45. https://doi.org/10.4161/15548627.2014.984267

Sin J, Mclntyre L, Stotland A, Feuer R, Gottlieb RA (2017)
Coxsackievirus B escapes the infected cell in ejected
mitophagosomes. J Virol 91(24). https://doi.org/10.1128/JVI.
01347-17

Robinson SM, Tsueng G, Sin J et al (2014) Coxsackievirus B exits
the host cell in shed microvesicles displaying autophagosomal
markers. PLoS Pathog 10(4):¢1004045. https://doi.org/10.1371/
journal.ppat. 1004045

Too IH, Yeo H, Sessions OM et al (2016) Enterovirus 71 infection
of motor neuron-like NSC-34 cells undergoes a non-lytic exit path-
way. Sci Rep 6:36983. https://doi.org/10.1038/srep36983

Mutsafi Y, Altan-Bonnet N (2018) Enterovirus transmission by
secretory autophagy. Viruses 10(3). https://doi.org/10.3390/
v10030139

Taylor MP, Burgon TB, Kirkegaard K, Jackson WT (2009) Role of
microtubules in extracellular release of poliovirus. J Virol 83(13):
6599-6609. https://doi.org/10.1128/JV1.01819-08

Bird SW, Maynard ND, Covert MW, Kirkegaard K (2014) Nonlytic
viral spread enhanced by autophagy components. Proc Natl Acad
Sci U S A 111(36):13081-13086. https://doi.org/10.1073/pnas.
1401437111

Chen YH, Du W, Hagemeijer MC et al (2015) Phosphatidylserine
vesicles enable efficient en bloc transmission of enteroviruses. Cell
160(4):619-630. https://doi.org/10.1016/j.cell.2015.01.032
Richardson SJ, Willcox A, Bone AJ, Foulis AK, Morgan NG
(2009) The prevalence of enteroviral capsid protein vpl immuno-
staining in pancreatic islets in human type 1 diabetes. Diabetologia
52(6):1143-1151. https://doi.org/10.1007/s00125-009-1276-0
Krogvold L, Edwin B, Buanes T et al (2015) Detection of a low-
grade enteroviral infection in the islets of langerhans of living
patients newly diagnosed with type 1 diabetes. Diabetes 64(5):
1682-1687. https://doi.org/10.2337/db14-1370

Foulis AK, Liddle CN, Farquharson MA, Richmond JA, Weir RS
(1986) The histopathology of the pancreas in type 1 (insulin-
dependent) diabetes mellitus: a 25-year review of deaths in patients
under 20 years of age in the United Kingdom. Diabetologia 29(5):
267274

Oikarinen M, Tauriainen S, Honkanen T et al (2008) Analysis of
pancreas tissue in a child positive for islet cell antibodies.
Diabetologia 51(10):1796—1802. https://doi.org/10.1007/s00125-
008-1107-8

Fujitani Y, Kawamori R, Watada H (2009) The role of autophagy in
pancreatic beta-cell and diabetes. Autophagy 5(2):280-282

Jung HS, Chung KW, Won Kim J et al (2008) Loss of autophagy
diminishes pancreatic beta cell mass and function with resultant
hyperglycemia. Cell Metab 8(4):318-324. https://doi.org/10.1016/
j.cmet.2008.08.013

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s00125-003-1179-4
https://doi.org/10.1007/s00125-003-1179-4
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.3390/cells1030372
https://doi.org/10.1007/s12020-017-1251-3
https://doi.org/10.1007/s12020-017-1251-3
https://doi.org/10.1016/S0076-6879(08)03613-6
https://doi.org/
https://doi.org/
https://doi.org/10.1371/journal.pone.0077850
https://doi.org/10.1002/jmv.24438
https://doi.org/10.1002/jmv.24438
https://doi.org/10.1007/s00125-012-2713-z
https://doi.org/10.1007/s00125-012-2713-z
https://doi.org/10.1080/15548627.2017.1343770
https://doi.org/
https://doi.org/
https://doi.org/10.4161/auto.19781
https://doi.org/10.4161/15548627.2014.984267
https://doi.org/10.1128/JVI.01347-17
https://doi.org/10.1128/JVI.01347-17
https://doi.org/10.1371/journal.ppat.1004045
https://doi.org/10.1371/journal.ppat.1004045
https://doi.org/10.1038/srep36983
https://doi.org/10.3390/v10030139
https://doi.org/10.3390/v10030139
https://doi.org/10.1128/JVI.01819-08
https://doi.org/10.1073/pnas.1401437111
https://doi.org/10.1073/pnas.1401437111
https://doi.org/10.1016/j.cell.2015.01.032
https://doi.org/10.1007/s00125-009-1276-0
https://doi.org/10.2337/db14-1370
https://doi.org/10.1007/s00125-008-1107-8
https://doi.org/10.1007/s00125-008-1107-8
https://doi.org/10.1016/j.cmet.2008.08.013
https://doi.org/10.1016/j.cmet.2008.08.013

	Human enteroviral infection impairs autophagy in clonal INS(832/13) cells and human pancreatic islet cells
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References




