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Autophagy can play an important part in protecting host cells during virus infection, and several viruses
have developed strategies by which to evade or even exploit this homeostatic pathway. Tissue culture studies
have shown that poliovirus, an enterovirus, modulates autophagy. Herein, we report on in vivo studies that
evaluate the effects on autophagy of coxsackievirus B3 (CVB3). We show that in pancreatic acinar cells, CVB3
induces the formation of abundant small autophagy-like vesicles and permits amphisome formation. However,
the virus markedly, albeit incompletely, limits the fusion of autophagosomes (and/or amphisomes) with
lysosomes, and, perhaps as a result, very large autophagy-related structures are formed within infected cells;
we term these structures megaphagosomes. Ultrastructural analyses confirmed that double-membraned au-
tophagy-like vesicles were present in infected pancreatic tissue and that the megaphagosomes were related to
the autophagy pathway; they also revealed a highly organized lattice, the individual components of which are
of a size consistent with CVB RNA polymerase; we suggest that this may represent a coxsackievirus replication
complex. Thus, these in vivo studies demonstrate that CVB3 infection dramatically modifies autophagy in

infected pancreatic acinar cells.

Macroautophagy—henceforth referred to as autophagy—is
an intracellular process that is important for cellular differen-
tiation, homeostasis, and survival. Through autophagy, long-
lived cytosolic proteins and organelles become encapsulated
within double-membraned vesicles, called autophagosomes,
which fuse with lysosomes to facilitate degradation of protein
and cellular organelles and to promote nutrient recycling/re-
generation. Autophagy plays a key role in the host immune
response to infection by viruses, bacteria, fungi, and parasites
(reviewed in references 10 and 62). Within virus-infected cells,
whole virions and/or viral proteins and nucleic acids are cap-
tured inside autophagosomes and degraded (following lyso-
somal fusion) through the process of xenophagy. Moreover,
autophagosome fusion with the endosomal/lysosomal pathway
facilitates Toll-like receptor recognition of viral materials and
delivers endogenous cytosolic viral proteins to the major his-
tocompatibility complex (MHC) class II antigen presentation
pathway, which in turn may help to trigger activation of innate
immunity (and type I interferon production) and promote an-
tigen presentation to virus-specific CD4™" T cells (reviewed in
references 9, 41, 44, 47, 72, and 90). A recent study has shown
that autophagy is also involved in the processing and presen-
tation of MHC class I-restricted viral epitopes (13).

Given the importance of autophagy in antiviral immunity, it
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is perhaps not surprising that viruses have evolved mechanisms
to evade and/or subvert this pathway (reviewed in references 9,
11, 14, 35, 37, 60, 61, and 77). Several members of the herpes-
virus family, most notably herpes simplex virus type 1, inhibit
autophagy within an infected cell and encode proteins that
block and/or target intracellular signaling pathways that regu-
late autophagy (reviewed in references 60 and 61). However,
some viruses not only evade autophagy but also appear to take
advantage of the process; several RNA viruses induce auto-
phagy and exploit the pathway during their replication (1, 12,
15, 31, 40, 43, 76, 93, 96). Viruses belonging to the Picornaviri-
dae family and the Nidovirales order replicate their genomes on
double-membraned vesicles that resemble autophagosomes;
these vesicles are notably smaller in size than cellular auto-
phagosomes and are decorated with proteins derived from the
autophagic pathway (19, 21, 31, 37, 67, 68, 71, 92). Viral pro-
teins encoded by poliovirus and equine arterivirus can trigger
the formation of these autophagy-like vesicles (79, 80), and the
expression of a single poliovirus protein, 2BC, is sufficient to
induce lipidation of the host autophagy protein light chain 3
(LC3), encoded by the Atg8 gene (87). Taken together, these
studies suggest that some viruses subvert the autophagy path-
way to generate double-membraned vesicles that provide a
surface for RNA replication (8, 37, 88). In addition, these
vesicles may permit newly formed virions to escape from in-
fected cells via a nonlytic route (36, 85).

Although studies have demonstrated that the autophagic
pathway may play an important role in virus infection in vitro,
either to promote or to restrict viral replication, we are just
beginning to appreciate and understand the function and ef-
fects of autophagy for virus infections in vivo. Autophagy acts
in an antiviral fashion to limit tobacco mosaic virus replication
and programmed cell death in plants (46), to prevent a patho-
genic infection with vesicular stomatitis virus in flies (73), and
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to protect against fatal encephalitis in Sindbis virus- or herpes
simplex virus type 1-infected mice (45, 59, 63). Nonetheless, to
date there is a dearth of in vivo studies; animal models of virus
infection are needed in order to better define the antiviral role
of autophagy in vivo (41, 62). In addition, studies that address
the role of viral subversion of autophagy in vivo are warranted.
Does this process occur within infected animals, and is it re-
quired for viral replication in particular cell types or for viral
pathogenesis? Recent studies have shown that autophagy not
only promotes the replication of hepatitis B virus and entero-
virus 71 in vitro but also may be induced by infection in vivo,
potentially to benefit the virus rather than the host (28, 78).

Type B coxsackieviruses (CVBs) are members of the Picor-
naviridae family and Enterovirus genus and, as such, are closely
related to polioviruses. CVBs are important human pathogens
that often induce severe acute and chronic diseases and cause
morbidity and mortality (69, 91). CVBs are the most common
cause of infectious myocarditis (38, 82) and frequently trigger
pancreatitis and aseptic meningitis (7, 16, 29, 51). Tissue cul-
ture studies (93) have shown that CVB type 3 (CVB3) pro-
motes LC3 conversion and autophagosome accumulation in
virus-infected cells in vitro and that modulation of the auto-
phagic pathway (using chemicals or small interfering RNA-
mediated knockdown) to enhance or dampen autophagy re-
sults in an increase and a decrease, respectively, in viral protein
expression and/or viral titers; however, the reported changes in
viral titers were modest (2- to 4-fold). In the present study, we
examine whether CVB3 activates the autophagic pathway in
vivo, specifically in pancreatic acinar cells, which are a natural
primary target for this virus. Using a mouse model of CVB3
infection, which faithfully recapitulates most aspects of CVB
disease in humans, we demonstrate that this virus triggers LC3
conversion and also modulates other components of the auto-
phagy machinery. In addition, using a recombinant CVB3
(rCVB3) that expresses Discosoma sp. red fluorescent protein
(DsRed-CVB3), we identify virus-infected cells in situ and
show that CVB3 infection increases autophagosome abun-
dance in vivo. Lysosomal-associated membrane protein 1
(LAMP-1) immunostaining confirmed that amphisomes are
generated in virus-infected cells but that autophagic flux was
not substantially enhanced as the infection progressed; rather,
there appears to be a substantial blockade in fusion with lyso-
somes. Finally, transmission electron microscopy (TEM) ultra-
structural analysis of the infected pancreas confirmed that dou-
ble-membraned autophagy-like vesicles as well as very large
autophagic compartments (for which we have coined the term
“megaphagosomes”) were generated in acinar cells following
virus infection. Overall, these data provide compelling evi-
dence that CVB3 induces autophagy in vivo and suggest that
this picornavirus may subvert this process in a mammalian
host.

MATERIALS AND METHODS

Mice. GFP-LC3 mice contain a transgene encoding an enhanced green fluo-
rescent protein (eGFP)-rat LC3 fusion protein (56). GFP-LC3 transgenic mice,
backcrossed to the C57BL/6 background, were obtained from Riken BioRe-
source Center (Koyadai, Japan) and maintained as homozygous transgenic (Tg/
Tg) mice. Homozygous transgenic mice were bred with wild-type C57BL/6 mice
to generate heterozygous transgenic (Tg/+) mice. C57BL/6] mice were pur-
chased from The Scripps Research Institute (TSRI) breeding facility or from
Jackson Laboratories. All experimental procedures involving mice were ap-
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proved by the TSRI Animal Care and Use Committee and were carried out in
accordance with NIH guidelines.

Viruses and infections. The wild-type (wt) CVB3 used in these studies is a
plaque-purified isolate (designated H3) of the myocarditic Woodruff variant of
CVB3 (89). Plasmid pH3, encoding a full-length infectious clone of this virus
(39), was provided by Kirk Knowlton (University of California, San Diego, CA).
A recombinant CVB3 encoding DsRed was generated as described previously
(81). wt CVB3 and DsRed-CVB3 were grown in HeLa cells, and virus stocks
were generated as described previously (25). Naive adult male GFP-LC3 het-
erozygous transgenic (Tg/+) mice (6 to 12 weeks old) were inoculated intraperi-
toneally with 10* PFU of wt CVB3 or 107 PFU of DsRed-CVB3.

Plaque assays. Mice were perfused with Dulbecco’s phosphate-buffered saline
(DPBS; Invitrogen) to clear blood from the tissues and to prevent overestimation
of organ virus titers due to CVB3 in the blood. Samples were weighed and
homogenized in 1 ml Dulbecco modified Eagle medium (Invitrogen), and the
titers of infectious virus in the lysates were determined. Plaque assays were
performed on subconfluent HeLa cell monolayers, as described previously (30),
and the virus titers (PFU/g) were calculated for each sample.

Analysis of protein expression by Western blotting. Mice were perfused with
DPBS, and the pancreas was collected and snap-frozen in liquid nitrogen. Sam-
ples were thawed, weighed, and homogenized in freshly prepared RIPA buffer
(Millipore) containing the following inhibitors: 30 mM p-nitrophenylphosphate
(MP Biomedicals), 1X protease inhibitor cocktail (Roche), 1 mM phenylmeth-
ylsulfonyl fluoride (EMD Calbiochem), 1 mM Na;VO, (Sigma), and 10 mM NaF
(Sigma). Homogenates were spun at maximum speed in a cold microcentrifuge
for 30 min, and the clarified supernatant was collected. The total protein con-
centration of each lysate was determined by the Pierce bicinchoninic acid protein
assay (Thermo Scientific), using bovine serum albumin (BSA) as a standard.
Lysates were diluted in denaturing sample buffer and boiled for 5 min, and 20 to
40 pg of each sample was loaded on a bis-Tris NuPAGE gel (Invitrogen) and
separated by SDS-PAGE. Proteins were then electroblotted onto a 0.45-pm-
pore size Invitrolon polyvinylidene difluoride membrane (Invitrogen), following
the manufacturer’s instructions. Membranes were blocked with 5% BSA or
nonfat milk in Tris-buffered saline (TBS) plus 0.1% Tween 20 (TBST) for 1 h at
room temperature (RT). Next, the membranes were washed in TBST and incu-
bated with primary antibody in 1% BSA (or milk) in TBST overnight at 4°C. The
following primary antibodies were used: polyclonal rabbit anti-human LC3b
(provided by Karla Kirkegaard, Stanford University), polyclonal rabbit Living
Colors GFP antibody (Clontech), rabbit anti-human Atg5 (55), monoclonal
mouse anti-p62 (clone 3/p62 Ick ligand; BD Biosciences), or polyclonal guinea
pig anti-p62 (C-terminal specific; Progen Biotechnik). Membranes were washed
again and then incubated with horseradish peroxidase-conjugated secondary
antibody (Amersham ECL donkey anti-rabbit IgG; sheep anti-mouse 1gG [GE
Healthcare Life Sciences], or rabbit anti-guinea pig IgG [Invitrogen]) in 1% BSA
(or milk) in TBST for 1 h at RT. After additional washing of the membranes, the
membranes were incubated with SuperSignal West Pico chemiluminescent sub-
strate (Thermo Scientific) for 5 min and then exposed to BioMax MR film
(Kodak). The membranes were then washed in TBST, stripped with Restore
Western blot stripping buffer (Thermo Scientific) for 10 min at RT, and blocked
with 5% milk in TBST for 1 h at RT. Finally, the membranes were washed in
TBST, reprobed with mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (clone 6CS5; Millipore) in 1% milk in TBST overnight at 4°C,
and then processed as described above, which provided a control for protein
loading of each sample.

Histology. Mice were perfused with DPBS, and the pancreas was harvested
and fixed in buffered zinc formalin (Z-FIX; Anatech, Ltd.) at RT overnight.
Tissues were paraffin embedded, and 3-wm sections were cut and stained with
hematoxylin-eosin or Masson’s trichrome. Images were captured at X32 magni-
fication with an Axiovert 200 inverted microscope (Carl Zeiss, Inc.) using Axio-
Vision (version 4.8.1) software (Carl Zeiss, Inc.).

Vibratome sectioning and immunostaining. Mice were perfused with DPBS,
and the pancreas was harvested and fixed in buffered zinc formalin (Z-FIX) at
RT overnight. The fixative was replaced with PBS containing 0.1% sodium azide
on the following day, and tissues were preserved at 4°C. Sections of pancreas (80
pm) were cut with a VT1000 S vibratome (Leica Microsystems Inc.). Some
sections were stained with antibodies, as follows. Free-floating sections were
washed 3 times in PBS and permeabilized in PBS with 0.5% Triton X-100 for 30
min at RT. After incubation, the sections were washed once in PBS with 0.3%
Triton X-100 and then blocked in PBS with 5% normal goat serum (NGS) and
0.3% Triton X-100 for 2 h at RT. Next, the sections were washed 3 times in PBS
with 0.3% Triton X-100 and then incubated with rat anti-mouse CD107a/
LAMP-1 (clone 1D4B; BD Biosciences) in PBS with 1% NGS and 0.3% Triton
X-100 for 1 h at RT and then for an additional 42 to 48 h at 4°C. The sections
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were then washed 3 times in PBS with 0.3% Triton X-100 and then incubated for
2 h at RT with goat anti-rat IgG Alexa Fluor 647 dye (Invitrogen). After
incubation, the sections were washed once in PBS with 0.3% Triton X-100 and
then 3 times in PBS. All sections were stained with Hoechst 33342 in PBS for 30
min at RT (to label nuclei) and then washed 3 times in PBS and mounted on
glass slides with Vectashield (Vector Labs) or ProLong Gold (Invitrogen)
mounting medium.

Confocal laser scanning microscopy. Three or four color images were cap-
tured using an LSM 710 laser scanning confocal microscope equipped with Zen
2009 software (Carl Zeiss, Inc.). Representative regions within each vibratome
section of pancreas were scanned at X40 or X63 magnification as serial 8-bit
optical sections with 0.3- to 0.5-pm-interval step slices (either 512 by 512 or 1,024
by 1,024 image sizes). All images were then maximum projected for presentation
using Image J software (NIH; http://rsbweb.nih.gov/ij/) or the Easy 3D function
of Imaris software (BitPlane, Inc.). For quantitative analysis of autophagosome
number and area, images were resampled to consist of one cell monolayer only
and were then maximum projected/flattened and used for two-dimensional anal-
ysis in Image Pro Plus (Media Cybernetics Inc.) or Image J software. To deter-
mine the average feret of giant autophagosomes, each vesicle was analyzed
independently by scrolling through each image z series of optical slices to find
and determine the largest diameter of each autophagosome. Diameter values
were measured in Image J software and corroborated in Image Pro Plus soft-
ware.

Transmission electron microscopy. Mice were perfused with 0.9% saline,
followed by 4% paraformaldehyde-1.5% glutaraldehyde in 0.1 M cacodylate
buffer with 1 mM CacCl,. The pancreas was removed and immersed in the above
fixative on ice for 6 h and was transferred to 2.5% glutaraldehyde in 0.1 M
cacodylate buffer with 1 mM CaCl, for overnight fixation. After a buffer wash,
the tissue was further fixed in 1% OsO, with 1.5% potassium ferricyanide in 0.1
M sodium cacodylate and again washed in cacodylate buffer, dehydrated in
graded ethanol series, and transitioned in propylene oxide. Pancreatic tissues
were embedded in Embed 812/Araldite (Electron Microscopy Sciences, Hatfield,
PA). Thick sections (1 to 2 pm) were cut, mounted on glass slides, and stained
in toluidine blue for general assessment in the light microscope. Subsequently,
70-nm thin sections were cut, mounted on copper slot grids coated with Parlo-
dion, and stained with uranyl acetate and lead citrate for examination on a
Philips CM100 electron microscope (FEI, Hillsbrough, OR) at 80 kV, and
images were collected using a Megaview III charge-couple-device (CCD) camera
(Olympus Soft Imaging Solutions, Lakewood, CO).

Immunoelectron microscopy (immuno-EM). Mice were perfused with 0.9%
saline, followed by 4% paraformaldehyde-0.1% glutaraldehyde in PBS (pH 7.4).
The pancreas was removed and immersed in the above buffer on ice for a further
6 h and then washed overnight in PBS. Pancreatic tissue was then treated with 50
mM glycine, washed in PBS, incubated in 1% sodium metaperiodate, and again
washed in PBS, before being dehydrated in a freshly prepared graded ethanol
series through to 90%. The tissue pieces were impregnated with L. R. White
resin and embedded in predried gelatin capsules for polymerization at 40°C. Thin
sections (70 nm) were cut and mounted on uncoated 300-mesh nickel grids.
Immunostaining of the sections consisted first of blocking in 4% BSA with 2%
whole goat serum in TBST, followed by an overnight incubation in the rabbit
polyclonal anti-GFP antibody (catalog no. 6556; Abcam) diluted 1:250 in 2%
BSA with 1% whole goat serum in TBST. The grids were then washed in 2%
BSA in TBS, incubated in goat anti-rabbit secondary antibody tagged with 12-nm
gold beads, (Jackson ImmunoResearch, West Grove, PA) diluted 1:20 in TBS,
washed extensively in TBS, and then fixed in 2% glutaraldehyde, followed by a
water wash, staining in 2% uranyl acetate, and finally, a brief water wash. The
dried grids were examined on a Philips CM100 electron microscope (FEI) at 80
kV, and images were collected using a Megaview III CCD camera (Olympus Soft
Imaging Solutions).

Statistical analyses. An unpaired two-tailed  test (assuming equal variances) was
used to determine statistical significance between 2 groups of data (GraphPad Prism
software). Alternatively, one-way analysis of variance was used to determine statis-
tical significance among 3 or more groups of data, and Tukey’s post hoc test was used
for multiple comparisons within each data set (GraphPad Prism software). A P value
of <0.05 was considered statistically significant.

RESULTS

For in vivo studies of CVB infection, we took advantage of
the GFP-LC3 transgenic mouse model, which facilitates the
identification and analysis of autophagy in vivo. This transgenic
mouse encodes a fusion protein of GFP and microtubule-
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associated protein 1 light chain 3 (LC3) (54, 56). The LC3
protein is encoded by the Atg8 gene, and its primary transla-
tion product, pro-LC3, undergoes posttranslational cleavage to
remove residues from the C terminus, generating the stable
cytosolic form, named LC3-I (33). During the process of au-
tophagosome formation, LC3-I is lipidated and specifically as-
sociates with the membrane of autophagosomes (33); this
membrane-bound form of LC3 (LC3-II) is, at present, consid-
ered the best marker of autophagosomes in mammalian cells.
In GFP-LC3 transgenic mice, green fluorescent autophago-
somes (tagged with GFP-LC3-II) are readily detected in many
tissues and cell types, including the acinar cells of the pancreas
(54, 56), as well as in Purkinje cells and cortical neurons in the
brain (2, 3). These GFP-LC3 mice, which are on the H-2"
background, support wt CVB3 replication; the virus reached a
very high titer in the pancreas (~10'° PFU/g) as early as day 1
postinfection (p.i.), while titers in the liver and heart were >3
log units lower at this time (see Fig. S1 in the supplemental
material). Overall, the data demonstrated that wt CVB3 rep-
licates rapidly to very high titers in GFP-LC3 mice, with the
kinetics (and viral loads) being similar to those previously
observed in nontransgenic C57BL/6 mice (18, 52). The identi-
fication of the pancreas as the dominant primary site of CVB3
replication in these mice is consistent with previous observa-
tions in wt mice, and for this reason, the analyses presented
below focused mainly on this organ.

CVB3 infection in vivo is associated with dramatic modifi-
cation of LC3 and Atg5. Given the rapid onset and extraordi-
narily high level of viral replication in the pancreas, we exam-
ined whether wt CVB3 infection of this organ was associated
with changes to the normal homeostatic level of autophagy. In
particular, we felt it to be important to determine if CVB3-
induced conversion of LC3—previously documented in tissue
culture (93)—occurs in vivo and/or whether other components
of the autophagy machinery are also altered by virus infection.
To this end, GFP-LC3 transgenic mice were infected with wt
CVB3, and on days 1 to 3 p.i., the pancreata were harvested
and analyzed by Western blotting (Fig. 1). First, we evaluated
the effects of infection on LC3 (Fig. 1A). Pro-LC3 was detect-
able in the uninfected tissue and its level had increased at day
1 p.i.,, suggestive of increased Atg8 gene expression in response
to CVB infection in vivo. The level of this protein declined at
day 2 p.i., and it was undetectable at day 3. This is consistent
with the well-established capacity of CVB3 to terminate the
synthesis of most host cell proteins. Both the unlipidated
(LC3-1) and lipidated (LC3-1I) forms of endogenous LC3 were
also present in uninfected pancreas. The level of LC3-I in-
creased 3-fold on day 1 p.i. and then declined thereafter; by
day 3 p.i.,, only a small amount of LC3-I was detectable. The
drop in LC3-I coincided with a marked increase in LC3-II on
day 2 p.i. On day 3 p.i., most of the LC3 present in the pancreas
had been converted to LC3-II; by this time point, the ratio of
LC3-II to LC3-I was ~25:1 (Fig. 1A, right-hand graph), while
pro-LC3 was no longer detected by Western blotting. Taken
together, these data suggest that (i) CVB3 infection upregu-
lates pro-LC3 expression in the pancreas and then (ii) termi-
nates the production of pro-LC3, after which (iii) the existing
LC3-I undergoes almost complete conversion to LC3-II. LC3
conversion was also evaluated in the livers of wt CVB-infected
mice (in which virus titers reached ~10° PFU/g; see Fig. S1 in
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FIG. 1. Kinetic analysis of autophagic protein expression in CVB3-infected pancreas. Protein lysates were prepared from the pancreas of wt
CVB3-infected mice (days 1, 2, and 3 p.i.) or from uninfected mice as a control, and the samples were subjected to SDS-PAGE and Western
blotting to determine the expression kinetics of several proteins involved in the autophagic pathway. (A) A Western blot probed with an
LC3-specific antibody is shown; 3 distinct bands are detected, including bands for pro-LC3 and endogenous LC3-I and -II. Each lane represents
the pancreatic extract of an individual mouse. (B) Western blot analysis of Atg5 expression; 3 distinct bands are visible, including bands for the
Atg5-Atgl2 complex, monomeric Atg5, and a cleaved form of Atg5. All blots were stripped and reprobed with a GAPDH antibody as a protein
loading control. For both panels, the fold change in protein expression over the course of infection was determined by densitometry analysis, and
graphs are shown. Fold changes were normalized to the level of GAPDH expression, and data are represented as the means + standard errors
of the means of 2 to 6 mice per group (¥, P < 0.05; **, P < 0.01; *%*, P < 0.001).

the supplemental material), and similar results were obtained
(data not shown).

Another hallmark of autophagosome formation involves the
covalent linkage, during the elongation step, of Atg5 to Atgl2
by a ubiquitin E3-like protein conjugation system. The Atg5-
Atgl2 conjugate forms a complex with Atgl6L, which recog-
nizes the phagophore and localizes the lipidation of LC3 to this
site (94). The presence of the Atg5-Atgl2 complex in cells is
one indicator of the activity of the elongation step of auto-
phagy processing. Given that CVB3 infection promoted LC3
conversion, we questioned whether the virus might also affect
these other components of the autophagy machinery (Fig. 1B).
Three forms of AtgS were identified in uninfected pancreas:
free AtgS, the AtgS-Atgl2 conjugate, and a cleaved form of
Atg5 (cAtgS) that is generated by calpain proteases (95). Both
the free and cleaved forms of Atg5 were detected in the pan-
creas on days 1 and 2 p.i. but were not detectable by Western
blotting on day 3; by this time point, only the Atg5-Atgl2
complex was present. These data suggest that, as we propose
above for pro-LC3, de novo synthesis of Atg5 is no longer
occurring at 3 days p.i. and that all existing Atg5 is complexed
with Atgl2, indicative of ongoing autophagic flux. As noted
above for pro-LC3, we consider it likely that the reduced quan-
tities of these other autophagy-related proteins result from the
well-established phenomenon of coxsackievirus-induced shut-
off of cap-dependent translation.

Kinetic analysis of autophagic flux in CVB3-infected pan-
creas. The increase in LC3 conversion and the accumulation of
Atg5-Atgl2 in the pancreas (Fig. 1) suggest that there is en-
hanced autophagic activity in vivo following wt CVB3 infection.

However, these are early events in the autophagy pathway, so
we thought it important to carry out additional studies of
autophagic flux. A diagrammatic outline of the autophagy
pathway is shown in Fig. 2A. Polyubiquitinated protein aggre-
gates are recognized by and attached to a protein named p62.
This protein, also known as sequestosome-1, is a signaling
adapter or scaffold protein that can bind to LC3. Complexes of
aggregate—p62-LC3-II are recruited into the developing auto-
phagosome (the phagophore), where they are attached, via the
lipidated LC3-1I1, to the autophagosomal membrane (4, 65, 74,
75). The mature autophagosome then fuses with components
of the endolysosomal pathway. As shown, an autophagosome
may fuse with an endosome to form the amphisome, and this
subsequently fuses with lysosomes, forming the autolysosome.
Alternatively, the autophagosome may join directly with a ly-
sosome (Fig. 2A, dashed line). Thus, the exact composition of
an autolysosome varies according to the precursor vesicles
from which it was formed. The fusion mechanism itself can add
to this heterogeneity, because fusion often is incomplete, with
each of the precursor vesicles contributing differently to the
daughter autolysosome; this has been described as “kiss-and-
run fusion” (32). p62 is a specific substrate that is efficiently
degraded by autophagy; the amount of p62 within a cell in-
versely correlates with the cell’s autophagic activity (57). Thus,
the accumulation of p62 is a good indicator that autophagic
flux is inhibited. Therefore, we used Western blotting to assess
the quantity of p62 in pancreata at various times after CVB3
infection (Fig. 2B). Compared to uninfected pancreas, the
amount of p62 increased markedly on day 2 p.i. and even more
so on day 3. Note that, although it is not obvious in Fig. 2B, p62
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FIG. 2. Accumulation of p62 indicates blockade of autophagic flux in CVB3-infected acinar cells in vivo. (A) The autophagy pathway is shown
in diagrammatic form. (B) Western blotting was carried out to determine the amount of p62/sequestosome-1 in the pancreas at the indicated times
p-i. GAPDH is used as a gel loading control. Each lane represents an individual mouse. A p62-specific antibody (from BD Biosciences; see
Materials and Methods) was used to generate the data shown. Data are representative of those from two independent experiments. Similar results
(data not shown) were obtained using a different p62-specific antibody (from Progen Biotechnik; see Materials and Methods).

was present in uninfected pancreatic acinar samples and could
be visualized upon longer exposure of the Western blot (data
not shown). Furthermore, similar data have been generated
using a different antibody to p62. Thus, we conclude that au-
tophagic flux is markedly reduced in the pancreas at day 3 p.i.
These changes are most likely attributable to effects in acinar
cells, which constitute the great majority of cells in the pan-
creas; the confocal microscopy studies reported below confirm
that acinar cells are affected. Altered cleavage of GFP-LC3 is
an alternative means by which to measure autophagy flux (57).
Therefore, in addition to analyzing p62 in infected pancreata,
we also assessed the stability of GFP-LC3. As shown in Fig. S2
in the supplemental material, this protein cleavage assay sug-
gested that autophagy flux had not been entirely extinguished
at day 3. However, in this case, interpretation is complicated by
at least three factors: (i) the assay relies on a ratio of intact to
fragmented protein, and the former may be reduced by CVB-
induced host shutoff, as indicated in Fig. S2 in the supplemen-
tal material; (ii) CVB encodes two powerful proteases that may
contribute to the degradation; and (iii) acinar cells are replete
with proenzymes that may be activated during infection, fur-
ther increasing nonspecific proteolysis.

A recombinant CVB3 expressing DsRed triggers profound
pancreatitis. To allow us to identify infected cells in GFP-LC3
transgenic mice, in the remaining studies described in this
report we used rCVB3 that expresses DsRed (DsRed-CVB3;
see reference 81). This recombinant virus grows with nearly
normal kinetics in vitro (see the one-step growth curve in Fig.
S3A in the supplemental material), but before analyzing the

effects of DsRed-CVB3 on autophagy in vivo, we considered it
important to determine whether this recombinant virus caused
pancreatic disease similar to that caused by the wt virus, which
results in widespread infection of the exocrine pancreas and
triggers severe pancreatitis (51). GFP-LC3 mice were inocu-
lated with 107 PFU of this virus, and mice were killed at several
times p.i. Paraffin sections of the pancreata were stained with
hematoxylin-eosin or Masson’s trichrome. As shown in Fig.
S3B in the supplemental material, inflammatory infiltrates
were abundant in the interstitial spaces by day 2 p.i., and acinar
cells became hypochromic. One day later, infiltration was ex-
tensive, and acinar cell death was evident. As we have previ-
ously reported for wt CVB3, the islets of Langerhans showed
no obvious histopathological changes. Thus, DsRed-CVB3
causes severe pancreatitis, validating the use of this agent in
our subsequent studies.

Confocal microscopy of autophagosomes in DsRed-CVB3-
infected pancreas. We have recently described a novel ap-
proach to visualize autophagosomes in vivo (2). This method
combines two well-characterized techniques, vibratome sec-
tioning and confocal microscopy, and identifies autophago-
somes at a sufficiently high resolution to permit their enumer-
ation and the evaluation of their physical characteristics (e.g.,
size, shape, and circularity). In light of the biochemical evi-
dence for induction of autophagy in CVB3-infected pancreas
(Fig. 1, Fig. 2), we next used this approach to investigate
whether CVB3 infection led to a change in the number and/or
characteristics of autophagosomes in acinar cells in vivo and to
examine the interaction between viral protein and autophagic
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FIG. 3. CVB3 infection alters the intensity and distribution of GFP-LC3 in pancreatic acinar cells in vivo. Mice were infected with DsRed-
CVB3; and on days 1, 2, and 3 p.i., the fluorescent GFP-LC3 and DsRed proteins were imaged in sifu in vibratome sections of pancreas by confocal
microscopy. (A) Representative images (X40 magnification) of nuclei, DsRed, GFP-LC3, and a merged view are shown for uninfected and infected
tissues. (B) Higher-magnification images (nuclei, GFP-LC3, and merged) show that the increase in GFP-LC3 intensity occurs mainly in acinar cells
(surrounded by dashed white lines in the merged image); the remaining nuclei belong to infiltrating cells, in which GFP-LC3 fluorescence is

minimal.

vesicles. We reasoned that using DsRed-CVB3 would be ad-
vantageous for these studies because both autophagosomes
and virus-infected cells could be visualized directly. The use of
fluorescence to identify both virus-infected cells and autophago-
somes (i) obviated the need for antibody-based detection,
thereby eliminating nonspecific/background signals from anti-
body staining, and (ii) avoided the need to permeabilize the
tissue sections with detergent, helping to preserve the fluores-
cent signals of GFP and DsRed and ensuring that the native
anatomical structure of the tissue was maintained. Pancreatic
sections were first examined at a modest magnification (x40)
to assess the overall pattern and distribution of fluorescence
among a large number of acinar cells. Nuclear staining re-
vealed a high density of cells within the exocrine tissue on day
3, with the large nuclei of acinar cells being intermingled with
smaller, more numerous nuclei (Fig. 3A, top row); this reflects
the inflammatory infiltrate shown in Fig. S3 in the supplemen-
tal material. Virus-infected acinar cells were visualized using

DsRed (Fig. 3A, 2nd row); no signal was present in uninfected
tissue, but foci of infected cells were visible on day 1 p.i., and
by day 2 the extent of virus infection was widespread. In un-
infected tissue, GFP-LC3 fluorescence in acinar cells consisted
of a dim diffuse green signal in the cytoplasm (GFP-LC3-I) as
well as more intense discrete punctae that represented GFP-
LC3-II-positive autophagosomes (Fig. 3A, 1st panel, 3rd row)
or, perhaps, autophagy-like vesicles in infected cells. The
spreading virus infection was associated with an increase in the
intensity of GFP-LC3 fluorescence from day 1 onward (Fig.
3A, 3rd row). In day 3 tissue, GFP-LC3 fluorescence was con-
siderably stronger in acinar cells than in the infiltrating inflam-
matory cells (Fig. 3A and B).

To better evaluate the effects of CVB3 on the abundance
and physical characteristics of autophagosomes in vivo, we next
performed high-magnification confocal imaging of infected
pancreas. Both the number and size of GFP-LC3-positive
(GFP-LC3™) punctae increased in strongly infected (DsRed
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FIG. 4. CVB3 infection of acinar cells in vivo increases the abundance and changes the physical characteristics of autophagosomes. Uninfected
and DsRed-CVB3-infected pancreas sections were examined by confocal microscopy to detect the GFP-LC3 and DsRed proteins in situ at high
magnification. (A) Representative z-stack images of nuclei, GFP-LC3, DsRed, and a merged view of uninfected and infected acinar cells. (B) Bar
graphs displaying the average number of autophagosomes per acinar cell and the average total area of an autophagosome in uninfected and
virus-infected acinar cells (days 1 and 2). An average of 70 cells/group was quantitated. Data are presented as the means + standard errors of the
means; **%, P < 0.0001. (C) z-stack images showing the presence of large autophagosomes (megaphagosomes) in infected cells. (D) The region
enclosed in a dashed white box in panel C is shown at higher magnification and as a narrow z-stack image. White arrows indicate the small
autophagosomes that are often seen to be associated with the larger structures. The right-hand image shows DsRed within the megaphagosome.
(E) Narrow z-stack images of a second megaphagosome; again, it contains DsRed, and smaller autophagosomes are found nearby. (F) z-stack

image to show DsRed in two pyknotic cell nuclei (white arrows).

bright) acinar cells compared to the number and size of the
puntae in acinar cells in uninfected pancreas (Fig. 4A). The
number of autophagosomes in these infected cells was ~2-fold
greater than that in acinar cells in uninfected pancreas, and the
average area of an autophagosome was ~3-fold greater in a
virus-infected cell than in an uninfected acinar cell (Fig. 4B).
In addition to these quantitative differences, several prominent
phenotypic changes associated with autophagosomes were ap-
parent in DsRed-CVB3-infected cells. First, we observed very
large autophagosomes, often clustered together (Fig. 4C, 2nd
panel, white dashed box), which have an average size (feret) of
6.85 = 0.38 um (mean * standard error [SE]). Smaller auto-
phagosomes were seen close to the membrane of the giant
autophagosomes and/or were contained within the larger
structures (Fig. 4D, 2nd panel, arrows). Intriguingly, some of
these very large autophagosomes enclosed viral DsRed protein
(Fig. 4D). Autophagosomes with these three features (large
size, association with smaller autophagosomes, containing viral
protein), although not ubiquitous, are not uncommon; a sec-
ond example is shown (Fig. 4E). These virus-induced struc-
tures—some of which are as large as the cell nucleus—were
also present, less frequently, in the pancreata of wt-infected
mice; we propose that they be named megaphagosomes. Fur-
thermore, in virus-infected acinar cells containing abundant

GFP-LC3™" autophagosomes, DsRed was frequently observed
not only in the cytoplasm but also in the nucleus; such nuclei
were usually condensed and appeared pyknotic, suggesting
that the virus infection had triggered apoptosis (Fig. 4F).
Amphisomes are formed in CVB3-infected acinar cells in
vivo. Several viruses are thought to inhibit autophagy by block-
ing the fusion of autophagosomes with endosomes and/or ly-
sosomes, preventing the formation of amphisomes or autoly-
sosomes (17, 40, 76, 88). To assess the effects of CVB3 on
autophagosome fusion with endosomes/lysosomes in vivo, we
evaluated the expression and distribution of LAMP-1, a pro-
tein that is found on endosomes and lysosomes. In GFP-LC3
mice, autophagosomes can be distinguished from amphisomes
or autolysosomes as follows (see the diagrammatic outline of
the autophagy pathway, Fig. 2A): green vesicles (GFP-LC3™
LAMP-1 negative [LAMP-1"]) will be autophagosomes; yel-
low vesicles (GFP-LC3* LAMP-1 positive [LAMP-1"]) will be
amphisomes; and red vesicles (GFP-LC3 negative [GFP-
LC37] LAMP-1") cannot be categorized solely on the basis of
LAMP-1 expression, as they may be endosomes, lysosomes, or
autolysosomes (GFP-LC3-II is degraded in autolysosomes,
and in addition, GFP fluorescence is quenched in an acidic
environment [84]). Sections of uninfected and DsRed-CVB3-
infected pancreas were stained with an antibody specific for
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FIG. 5. Fusion of autophagosomes with endosomes or lysosomes in CVB-infected acinar cells in vivo. Vibratome sections of uninfected and
DsRed-CVB3-infected pancreas were stained with an antibody specific for the endosomal/lysosomal marker LAMP-1, and the colocalization of
GFP-LC3 and LAMP-1 vesicles was examined by confocal microscopy. Representative z-stack images of uninfected (A) and virus-infected (B to
D) tissues are shown. Single-color fluorescence images of GFP-LC3 and LAMP-1 are presented in the 1st and 2nd columns, and a merged view
of these 2 proteins is shown in the 3rd column; a yellow signal signifies colocalization of GFP-LC3 and LAMP-1. In order to better visualize the
fluorescent signals present in the borders of and within the large GFP-LC3" vesicles, a narrow z stack of two cells containing several of these
structures is shown (C and D).
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LAMP-1, and the colocalization of GFP-LC3* and LAMP-1*
vesicles was examined by confocal microscopy. In acinar cells
from uninfected pancreas, endosomes (normal size range, 100
to 200 nm), lysosomes (normal size range, 0.1 to 1.2 wm), and
autophagosomes were abundant and amphisomes were infre-
quent (yellow signal; Fig. SA, right panel). Greater numbers of
autophagosomes were seen in acinar cells of a DsRed-CVB3-
infected pancreas, consistent with our previous findings, and a
substantial number of amphisomes were present in the in-
fected cells (Fig. 5B). Higher-magnification analyses of these
double-positive vesicles showed them to vary in at least two
ways (Fig. 5C and D). First, they varied in size; some were ~2
pm in diameter, which is relatively normal for vesicles in the
autophagy pathway, while others were extremely large (ap-
proaching 10 wm in diameter) and represent the aforemen-
tioned megaphagosomes. Second, they varied in the relative
amounts of GFP-LC3 and LAMP-1; in some, GFP-LC3 ap-
peared to be more abundant than LAMP-1, while in others, the
opposite was true. This is consistent with kiss-and-run fusion
(32). Most of the GFP-LC3" megaphagosomes were also
LAMP-1" (Fig. 5C and D), but some large LAMP-1" vesicles
in infected cells were GFP-LC3 negative (Fig. 5D); we propose
that these giant vesicles may represent megaphagosomes that
have fused with lysosomes and in which, as a result, the GFP
has been degraded. In summary, these data indicate that CVB3
permits amphisome formation but markedly limits subsequent
steps in autophagy processing.

Ultrastructural analysis of autophagosomes in CVB3-in-
fected pancreas. We next examined acinar cells by TEM (i) to
confirm and extend the findings from our fluorescent micro-
scopic analysis of GFP-LC3™ autophagosomes, (ii) to identify
autophagosomes and/or autophagy-like vesicles, and (iii) to
better characterize the giant GFP-LC3™ vesicles and assess
their relationship to the autophagy pathway. Acinar cells in
uninfected tissue contained abundant, tightly packed layers of
rough endoplasmic reticulum (ER) along with numerous zy-
mogen granules that were often concentrated in the apical
region adjacent to the duct (Fig. 6A). Following infection with
DsRed-CVB3, clusters of small double-membraned vesicles
were seen in some acinar cells (Fig. 6B and C); these vesicles
resembled conventional autophagosomes in that they con-
tained cytoplasmic material, but they were smaller in size
(~250 nm). These structures, which resemble the autophagy-
like vesicles that are induced by poliovirus (35, 88), have pre-
viously been identified in CVB-infected pancreas and were
referred to as compound membrane-vesicle (CMV) complexes
(5, 26). Autophagosomes of more normal size (500 to 1,500
nm) were also seen in acinar cells from infected pancreas (Fig.
6D); the double-membraned nature of these vesicles is appar-
ent in the inset to Fig. 6D. Some acinar cells had larger (2- to
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3-pum) multilamellar autophagosomes (Fig. 6E) that contained
zymogen granules, rough ER, and/or ribosomes (Fig. 6F). Pre-
vious work has documented the presence of these three cellu-
lar components in autophagosomes, which have been termed
reticulophagy, ribophagy, and zymophagy; in this study we
have observed similar phenotypes in acinar cells from infected
tissue. In addition, other cells contained very large autophago-
somal compartments that were sometimes as large as the nu-
cleus (Fig. 6G); these giant autophagosomes were located near
the nucleus, and a double membrane was sometimes visualized
(Fig. 6H and I). To ensure that the findings were representa-
tive of wt CVB3 infection, we carried out a limited set of TEM
analyses of wt CVB-infected acinar cells. CMVs were abun-
dant (Fig. 6J) and, as in DsRed-CVB-infected cells, these ves-
icles were smaller than normal autophagosomes but were often
double membraned (Fig. 6K). This increased abundance of
intracellular membranous structures in CVB-infected cells is
consistent with the increase in LC3-II that is shown in Fig. 1A.
Finally, during our analyses we observed a paracrystalline
lattice in an infected acinar cell (rectangular structure in Fig.
6L). This structure, which was adjacent to the rough ER, ap-
peared to be highly organized with tightly constrained bound-
aries. By comparison to a ribosome (diameter, ~20 nm), the
individual components of this lattice were estimated as having
a diameter of ~8 nm, which is similar to the reported size for
enteroviral RNA polymerases (22, 24). Virus infection induced
additional ultrastructural changes to acinar cells, including the
formation of numerous single-membraned electron-lucent
vacuoles, disorganized and highly dilated rough ER, and nuclei
that appeared to be apoptotic and/or pyknotic (data not
shown); these findings are consistent with those of previous
ultrastructural analyses of CVB-infected pancreas (5, 20, 26).
Overall, our EM analyses confirm that CVB3 infection trig-
gered the formation of autophagy-like vesicles along with au-
tophagosomes of various sizes. Furthermore, these data sug-
gest that the giant GFP-LC3™ vesicles seen by confocal
microscopy are autophagosomes of very large size.
Ultrastructural confirmation that the giant vesicles are re-
lated to the autophagy pathway. Themegaphagosomes ap-
peared to be related to the autophagy pathway on the basis of
three criteria: (i) as determined by confocal microscopy, many
of them they were GFP™ (Fig. 4 and 5); and EM analyses (Fig.
6H and I) indicated that (ii) many were enclosed by at least two
lipid bilayers and (iii) they contained cell debris. However, to
further test this relationship, we used immunogold EM (im-
muno-EM) to evaluate the presence and distribution of GFP-
LC3 in CVB-infected acinar cells. Occasional gold beads were
observed scattered across the section, as would be expected
from the background signal and/or the fact that GFP-LC3-I is
distributed in the cytosol. In both uninfected (Fig. 7A) and

shown in panel F. (G) Low-magnification image of an acinar cell from infected pancreas. The nucleus is marked with an asterisk, and adjacent to
it, two large autophagic compartments are indicated, one by a white arrow and the other enclosed in a square. A higher-magnification image of
the latter is shown in panel H. An additional example of large autophagic compartments next to the nucleus is shown in panel I, and the region
at the base of the angled arrow is displayed in the inset at a higher magnification to show that the compartment has a double membrane. (J) CMV
complexes in cells at 2 days p.i. with wt CVB3. A separate field is shown at higher magnification (K), highlighting the fact that many of these small
vesicles are double membraned. (L) A rectangular lattice structure present in wt CVB-infected cells adjacent to the ER. The approximate sizes
of the individual components of this lattice can be estimated from comparison with a ribosome (arrowed, ~20 nm in diameter). Scale bars, 5,000
nm (A and B), 500 nm (C, D, F, and K), 2,000 nm (E and I), 3,000 nm (G), 1,000 nm (H and J), and 200 nm (L).



FIG. 7. Immuno-EM analyses identify GFP associated with autophagosomes and megaphagosomes. Immuno-EM of the pancreata of
GFP-LC3 mice was carried out as described in the text using an antibody specific for GFP. Acinar cells are shown. (A) Autophagosome in
an uninfected mouse. (B to G) Two days p.i., DsRed-CVB3. (B and C) Autophagosomes in infected pancreata. (D) Megaphagosome in
infected pancreas. This structure measures ~8.2 by 5.7 um. The boxed areas are enlarged in panels in E to G. Scale bars, 250 nm (A), 500
nm (B, C, and E to G), and 2,000 nm (D).
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infected (Fig. 7B and C) tissues, we observed structures whose
morphology was consistent with autophagosomes. These vesi-
cles labeled strongly with GFP-specific antibody, confirming
their relationship to the autophagy pathway. Megaphagosomes
were present only in infected pancreata and were also visual-
ized by immuno-EM; an example of one such structure is
shown (Fig. 7D). Consistent with the large GFP ™" bodies shown
in Fig. 5, the inner circumference of this structure is decorated
by GFP (Fig. 7E to G), indicating that this vesicle, which
measures approximately 8.2 by 5.7 wm, belongs to the auto-
phagic pathway.

DISCUSSION

The autophagy pathway plays an important part in deter-
mining the nature and quantity of membranous structures
within the cell, and autophagy-related vesicles are thought to
serve as a scaffold for intracellular membrane-associated rep-
lication factories of RNA viruses that replicate and assemble in
the cytoplasm (92). Members of the Picornaviridae, including
poliovirus and coxsackieviruses, are known to induce spectac-
ular rearrangements of intracellular membranes (35, 53); and
although in vitro studies have demonstrated that these viruses
can subvert components of the autophagic machinery for their
own benefit, the extent to which this process occurs within
infected tissues is uncertain, as is its role in viral replication or
pathogenesis in vivo. In the present study, we have used a
mouse model of CVB3 infection specifically to address
whether this virus modifies the autophagic pathway in vivo.

In this study, we evaluated three distinct criteria in order to
determine if CVB3 induces autophagy in pancreatic acinar
cells. First, we sought a biochemical signature of autophagy
induction by analyzing the conversion of LC3-1 to LC3-II by
Western blotting. The level of LC3-II increased significantly on
day 2, and by day 3 nearly all of the endogenous LC3 present
in pancreas was converted; this was accompanied by a loss of
the monomeric and cleaved forms of AtgS; only the Atg5-
Atg12 complex remained (Fig. 1A and B). Second, we assessed
autophagic flux by monitoring, over the course of infection, the
levels of p62 and fragmented GFP. The substantial increase in
the autophagy substrate p62 by day 2 to 3 p.i. (Fig. 2B) suggests
that autophagic flux is markedly reduced. Others have re-
ported that p62 levels were unchanged in CVB-infected tissue
culture cells (93); the reason for this apparent discrepancy is
unclear but may reflect major differences between the experi-
mental systems (tissue culture cells versus pancreatic tissue in
vivo). We also found that the amount of cleaved GFP in-
creased significantly by day 3 p.i. (see Fig. S2 in the supple-
mental material), but this is difficult to interpret for the reasons
described above. Third, we performed high-resolution confocal
imaging of vibratome-cut pancreas sections to quantitate the
number of GFP-LC3™ punctae in uninfected and virus-in-
fected tissue. DsRed-CVB3 triggered not only a 2-fold increase
in the number of autophagosomes in strongly infected (DsRed
bright) acinar cells but also an ~3-fold increase in their aver-
age surface area (Fig. 4B). These data are consistent with the
hypothesis that CVB3 recruits autophagosomes into virus fac-
tories to generate a scaffold for the replication complex.

Others have found that poliovirus RNA polymerase is asso-
ciated with membranes isolated from infected tissue culture
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cells and that the purified protein can form a lattice in vitro
(48); the authors proposed that poliovirus replication in vivo
might take place on a “shell” of membrane-associated poly-
merases. The highly organized structure shown in Fig. 6L ap-
pears to be a paracrystalline lattice formed by individual com-
ponents, each ~8 nm in diameter. CVB RNA polymerase (22)
is structurally very similar to poliovirus RNA polymerase, a
single molecule of which is ~8.8 by 8.8 by 15.8 nm in size (24).
We suggest that the lattice shown in Fig. 6L represents an array
of CVB RNA polymerases within an infected pancreatic acinar
cell and speculate that CVB replication in vivo may take place
on this sheet of polymerases, consistent with the aforemen-
tioned proposal.

In principle, the accumulation of autophagosomes that we
observed in CVB-infected acinar cells could result from an
increase in autophagosome formation, from a decrease in their
degradation, or both. Previous studies in vitro have suggested
that poliovirus and CVB3 can inhibit the maturation/degrada-
tionofvirus-induced double-membranedvesicles (or autophago-
somes) by blocking their fusion with lysosomes (86, 93). In-
deed, coexpression of the poliovirus proteins 2BC and 3A is
sufficient to induce the colocalization of LAMP-1 (a marker of
the endolysosomal compartment) with GFP-LC3 (31). We
therefore examined whether autophagosomes in CVB3-in-
fected acinar cells were able to fuse with endosomes/lysosomes
or if this process was inhibited by the virus in vivo. Many GFP™*
vesicles in DsRed-CVB3-infected cells also contained LAMP-1
(Fig. 5), suggesting that amphisomes are generated; thus,
CVB3 does not appear to prevent autophagosome-to-endo-
some fusion. It is more difficult to evaluate the effect (if any) of
CVB3 on subsequent steps, i.e., the formation of autolyso-
somes. However, megaphagosomes have not been observed
during the upregulation of autophagy that takes place in re-
sponse to normal stimuli, such as food restriction, and their
presence in CVB-infected cells therefore suggests that the vi-
rus may interrupt autophagic processing at some stage of the
pathway. These very large vesicles, which were sometimes seen
in clusters, appear to be related to autophagy because they
were usually GFP™ by confocal microscopy (Fig. 4 and 5), and
some also scored positive by immuno-EM (Fig. 7). Mice defi-
cient in LAMP-2, a key constituent of the lysosomal mem-
brane, develop large autophagic vacuoles in several cell types,
including pancreatic acinar cells, and the authors suggested
that these large vacuoles resulted from failure of fusion of
autophagosomes with endosomes/lysosomes (83). Giant peri-
nuclear autophagosomes have also been observed in cells from
mice with nuclear envelopathies and in A549 human lung ep-
ithelial cells infected with influenza A virus (17, 49). For both
of these models, it was suggested that clusters of smaller au-
tophagosomes might fuse together to form a giant autophago-
some; the influenza A virus M2 protein may play a role in this
process by preventing autophagosome maturation (17, 66, 70).
Likewise, CMVs were abundant in wt CVB3-infected acinar
cells (Fig. 6), and small autophagosomes were often seen close
to the membrane of the giant autophagosomes and/or were
contained within the larger structures (Fig. 4D and E). There-
fore, we suggest that CVB3 infection (i) increases the rate at
which new autophagosomes are formed and (ii) inhibits their
progress along the autophagy pathway. Consequently, (iii)
these abundant smaller vesicles coalesce to form mega-
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phagosomes. Where might CVB inhibit autophagy flux? The
megaphagosomes usually express the endosomal/lysosomal
marker LAMP-1 (Fig. 5), suggesting that they are very large
amphisomes. These GFP*/LAMP-1" vesicles are less likely to
be autolysosomes because, as noted above (and see Fig. 2A),
autolysosomes in GFP-LC3 mice should be LAMP-1" but,
because of their acidic environment and protease content,
should show minimal GFP fluorescence. Thus, we suggest that
CVB3 permits amphisome formation but limits the subsequent
fusion of amphisomes with lysosomes. This is consistent with
the observation that p62 accumulates in infected tissue by day
2 to 3 p.i. (Fig. 2B). Nevertheless, this inhibition, although
profound, may be incomplete: we occasionally observed large
vesicles that were predominantly LAMP-1" with minimal GFP
fluorescence (Fig. 5). Normal endosomes and lysosomes would
be expected to show the same fluorescent qualities, but the
unusually large size of these vesicles suggests that they may
have been generated from megaphagosomes that have escaped
the effects of CVB, becoming autolysosomes. In summary,
CVB3 appears to block autophagosome fusion with lysosomes
in vivo, as has been proposed for poliovirus in tissue culture
cells (86).

What advantages might accrue to RNA viruses that increase
autophagosome abundance and also prevent their maturation
into autolysosomes? This strategy may benefit the virus in
several ways: (i) by inducing the accumulation of intracellular
vesicles on which the viral replication machinery is assembled;
(ii) by preventing degradation of newly formed virions inside
autolysosomes; and (iii) by limiting the interaction between
viral RNA and the single-stranded sensor Toll-like receptor 7
(TLR-7), which is present in late endosomes and lysosomes
and which is thought to play a role in innate responses to CVB.
By terminating the autophagy pathway at the stage of amphi-
somes, CVB ensures that its RNA is separated from TLR-7 by
the intact inner lipid bilayer that is derived solely from the
TLR-deficient autophagosome; only upon degradation of this
inner membrane (in an autolysosome) will the viral genome be
introduced to TLR-7. Furthermore, (iv) others have proposed
that the inhibition of autophagic flux and the generation of
autophagy-like vesicles may permit the extracellular release of
virus without cell lysis (6, 88). Finally, (v) autophagy can be
important in antigen presentation via MHC class I (13) and
MHC class II (42, 64); we speculate that by blocking the au-
tophagy pathway, CVB3 infection may compromise the host’s
capacity to mount strong T-cell responses, possibly contribut-
ing to the weakness of the CVB-specific T-cell responses that
this laboratory has recently reported (34).

Our findings may be relevant to other, nonviral forms of
acute pancreatitis, in which autophagy also plays a key role. In
the cerulein-induced model of experimental pancreatitis, aci-
nar cells develop cytoplasmic vacuoles that are autophagic in
origin; these vesicles are involved in the degradation of zymo-
gen granules, leading to the conversion of trypsinogen to tryp-
sin, which accumulates within the acinar cell, triggering cellular
self-digestion (23, 27, 50, 58). Autophagy is required for this
process, as trypsinogen activation is greatly reduced in mice
that lack Atg5 specifically in acinar cells, and cerulein-induced
acute pancreatitis does not develop in these mice (27). Our
analysis of CVB3-infected acinar cells has shown that this virus
induces autophagy and triggers the formation of numerous
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(and sometimes very large) autophagosomes that contain zy-
mogen granules (e.g., Fig. 6F and I), as well as inducing sub-
stantial inflammation and profound acute pancreatitis. We
have shown here that CVB appears to limit the subsequent
fusion of these autophagic compartments with lysosomes, ar-
guing that trypsinogen activation may not be increased within
an infected cell. However, since CVB3 infection and chemi-
cally induced acute pancreatitis share several common features
(in particular, LC3 conversion, accumulation of GFP-LC3
punctae, vacuole formation, and exocrine inflammation), we
speculate that by inducing autophagy to promote its own rep-
lication, the virus may trigger a pathological process similar to
that observed in cerulein-induced pancreatitis. We conclude
that despite the apparent blockade in autolysosome formation,
future studies are warranted to determine if CVB3 is able to
modulate autolysosomal degradation and activation of intra-
cellular proenzymes.
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