L T

/

D\

CrossMark
& click for updates

Nonlytic viral spread enhanced by

autophagy components

Sara Whitney Bird?® Nathaniel D. Maynard®, Markus W. Covert®, and Karla Kirkegaard®"

Departments of 2Microbiology and Immunology and PBioengineering, Stanford University School of Medicine, Stanford, CA 94305

Edited by Eckard Wimmer, Stony Brook University, Stony Brook, NY, and approved July 30, 2014 (received for review January 23, 2014)

The cell-to-cell spread of cytoplasmic constituents such as nonen-
veloped viruses and aggregated proteins is usually thought to re-
quire cell lysis. However, mechanisms of unconventional secretion
have been described that bypass the secretory pathway for the
extracellular delivery of cytoplasmic molecules. Components of
the autophagy pathway, an intracellular recycling process, have
been shown to play a role in the unconventional secretion of cy-
toplasmic signaling proteins. Poliovirus is a lytic virus, although
a few examples of apparently nonlytic spread have been docu-
mented. Real demonstration of nonlytic spread for poliovirus or
any other cytoplasmic constituent thought to exit cells via uncon-
ventional secretion requires demonstration that a small amount of
cell lysis in the cellular population is not responsible for the release
of cytosolic material. Here, we use quantitative time-lapse micros-
copy to show the spread of infectious cytoplasmic material be-
tween cells in the absence of lysis. siRNA-mediated depletion of
autophagy protein LC3 reduced nonlytic intercellular viral transfer.
Conversely, pharmacological stimulation of the autophagy path-
way caused more rapid viral spread in tissue culture and greater
pathogenicity in mice. Thus, the unconventional secretion of infec-
tious material in the absence of cell lysis is enabled by components
of the autophagy pathway. It is likely that other nonenveloped
viruses also use this pathway for nonlytic intercellular spread to
affect pathogenesis in infected hosts.

virus spread | live imaging

Viruses have traditionally been classified as “nonlytic” (ca-
pable of exiting host cells without killing them) and “Iytic”
(exiting the host cell with concomitant cell lysis). Enveloped
viruses such as hepatitis C, SARS coronavirus, and HIV acquire
their envelopes and envelope proteins by budding through the
ER, Golgi, and plasma membranes, respectively (1-3). After
these budding events, the viral particles are either in a luminal
compartment from which they reach the extracellular milieu via
the conventional cellular secretion pathway or released directly
outside of the cell.

Nonenveloped viruses such as adenovirus, SV40, and picor-
naviruses assemble in nonlumenal compartments and would thus
seem to have no exit pathway besides dismantling the host cell
membrane. However, data consistent with nonlytic spread of
such viruses (4, 5) and of other cytoplasmic aggregates continue
to accumulate. Among picornaviruses, the spread of Theiler’s
virus from infected neurons to surrounding glial cells occurs even
in wids mice, whose neurons are highly refractory to destruction
(6). Both coxsackievirus B3 and hepatitis A virus (HAV) can
spread between cells in the presence of neutralizing antibodies
(7, 8). In fact, it is generally thought that HAV is released
nonlytically (reviewed in ref. 9). Recently, the existence of in-
fectious HAV particles within extracellular vesicles has been
observed and shown to be dependent on proteins ALIX and
VPS4B of the multivesicular body (MVB) pathway and in-
dependent of TSG101 or HRS from the MVB pathway as well
Beclin-1 of the autophagy pathway (8). Finally, the release of
cytoplasmic aggregates of huntingtin protein provides a nonviral
example of potentially nonlytic spread (10). Documentation that
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such events are truly nonlytic, however, requires rigorous dem-
onstration that no cell lysis occurred.

Unconventional secretion, the release of cytoplasmic con-
stituents without involvement of the Golgi apparatus or apparent
lysis of the cell, can occur by several different mechanisms
(reviewed in ref. 11). Nonvesicular routes include the direct exit
of mammalian fibroblast growth factor 2 and yeast a-factor
across the plasma membrane (12-14). Vesicle-mediated path-
ways of unconventional secretion include the release of cargo
into the extracellular milieu from secretory lysosomes (15) or the
budding of cytoplasmic constituents into the lumen of endosomal
compartments using machinery from the endosomal complexes
required for transport (ESCRT), from which they can subsequently
be secreted as exosomes (reviewed in 16). Interestingly, a re-
quirement for autophagy proteins (Atg 5, 7, 8, 11, and 12) was
shown for the secretion of Dictyostelium discoideum and Saccha-
romyces cerevisiae sporulation pheromone (17, 18) and of mam-
malian IL-1p (19).

We have hypothesized (20, 21) that poliovirus infection can
spread via a route that employs elements of the autophagy
pathway and the double-membraned topology of virus-induced
cytoplasmic vesicles. Similarities between the membranous
vesicles induced during infection with poliovirus and cellular
autophagosomes include their ultrastructure, with two lipid
bilayers surrounding lumen that contains cytosolic contents (22—
24), and the colocalization of lipidated LC3, late endosomal
LAMP-1, and lysosomal cathepsin (25). As part of their matu-
ration, poliovirus-induced vesicles, like autophagosomes, be-
come degradative due to fusion with endosomes and lysosomes
(25). For autophagosomes, the subsequent destruction of the
inner membrane is known to allow the pooling of luminal and
cytoplasmic contents. We have reported previously that, for
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poliovirus, stimulation of autophagic processes by rapamycin
increases both the intracellular yield and extracellular release of
virus (20, 21). We proposed a mechanism by which viral release
could be accomplished nonlytically: If an immature double-
membraned vesicle that had entrapped virus-containing cyto-
plasm were to fuse with the plasma membrane, a membranous
bleb that contained virus would be released. If the inner mem-
brane had been degraded, the pooled luminal and cytoplasmic
contents, including virus, would be released unbounded (Fig. 14).
We have termed this hypothesis “AWOL” (autophagosome-me-
diated exit without lysis) (21). However, it has been difficult to
test this and other hypotheses concerning unconventional secre-
tion because the use of cell populations makes it nearly impos-
sible to exclude the possibility that lysis of a few cells is
responsible for the release of cytoplasmic constituents (26). Here,
we used live imaging of poliovirus-infected cells to show direct
transfer of infection between living cells and a role for autophagic
constituents in this nonlytic spread.

Results

Establishing a Real-Time, Single-Cell Assay for Poliovirus Spread.
Mammalian protein LC3 becomes lipidated and membrane-
associated upon induction of autophagy (27, 28) and during in-
fection with several different picornaviruses, including poliovirus,
rhinovirus, enterovirus 71, coxsackievirus B3, and foot-and-mouth
disease virus (20, 29-32). To monitor the induction of autopha-
gosome-like structures during the course of poliovirus infection,
we used a human hepatocyte-derived cell line, Huh7-A-1 (33),
that constitutively expresses GFP-LC3, in which GFP is fused to
the C terminus of the autophagy protein LC3 (27, 28). GFP-LC3
fusions are frequently used to monitor the induction of autoph-
agy; in the Huh7-A-1/GFP-LC3 cells used in the present study,
the fusion protein was only slightly overexpressed with respect to
endogenous LC3 and did not interfere with its lipidation (Fig.
S1). Uninfected Huh7-A-1/GFP-LC3 cells and cells infected at
a multiplicity of infection (MOI) of 0.1 plaque-forming units
(PFU) per cell were monitored continuously by fluorescence
microscopy in a heated CO,-containing chamber. Time-lapse
microscopy (Movie S1) showed that the percentage of GFP-LC3-
expressing cells increased over time in the infected but not the
uninfected cells (Fig. 1 B and C).

To determine whether the induction of GFP-LC3 puncta by
poliovirus infection was cell-autonomous or not, we monitored
the formation of autophagosome-like structures and poliovirus
infection through multiple cycles of infection by time-lapse mi-
croscopy. To this end, we used an engineered poliovirus genome
that expresses the fluorescent protein DsRed (PV-DsRed) fused
to the C terminus of the nonstructural 2A protein (34). Thus, the
virus particles themselves were not labeled, but the timing and
location of infection of individual cells can be monitored upon
accumulation of 2A-DsRed protein. PV-DsRed grows more
slowly than wild-type virus but retains the inserted sequences
through multiple cycles of infection (34). When GFP-LC3-
expressing cells were infected with PV-DsRed at the low MOI of
0.1 PFU per cell, individual cells developed both GFP-LC3 and
DsRed fluorescence with a similar time course (Fig. 1 D and E
and Movie S2). Three waves of LC3 punctum formation were
seen (Fig. 1D), followed by waves of DsRed fluorescence in the
same cells until virtually all of the cells were infected. On aver-
age, the GFP-LC3 puncta appeared ~4 h postinfection, 2.2 h
before the first DsRed signal. The temporal displacement of the
DsRed signal is most likely to result from the requirement for
new synthesis of 2A-DsRed upon viral infection, whereas the
GFP-LC3 signal preexists in the host cells. That infection and the
formation of GFP-LC3 puncta occurred in the same cells
through several rounds of infection argues that punctum for-
mation is not induced by a secreted signal from neighboring
infected cells.
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Fig. 1. Live-cell imaging of poliovirus-infected cells. (A) Proposed modes of
spread for poliovirus. For most cell lines in tissue culture, lysis occurs 10-12 h
after infection. The nonlytic route of viral spread proposed, a form of un-
conventional secretion, would result in the release of a few virus particles
from a living cell, either from intact or ruptured inner compartments of
autophagosome-like vesicles induced during infection. Pink cytoplasm indi-
cates infection by PV-DsRed virus. The nucleus in the ruptured infected cell is
blue, reflecting the use of the live-dead indicator in the experiments pre-
sented. The diffuse green in the uninfected cell represents the cytoplasmic
form of GFP-LC3, whereas green puncta indicate the lipidation and mem-
brane localization of GFP-LC3 in infected cells. (B) Single-cell images from
Movie S1 of Huh7-A-1/GFP-LC3 cells infected with 2A-144-DsRed poliovirus
(PV-DsRed) at a multiplicity of infection (MOI) of 0.1 PFU per cell and imaged
every 12 min for 48 h, comparing GFP-LC3 puncta in uninfected (Upper) and
infected (Lower). (C) Quantification of time-lapse imaging showing the
percentage of cells with GFP-LC3 puncta over 48 h. For each time point, ~100
cells were scored; data from two replicates are shown. (D) Time course data
from one movie showing the percent of infected cells over time. Formation
of GFP-LC3 puncta coincided with DsRed expression. (Scale bars: 25 pm.)
**%%P < 0.0001. (E) Single-cell images of Huh7-A-1/GFP-LC3 cells over 24 h of
infection, showing both DsRed expression (Upper) and GFP-LC3 distribution
(Lower). Arrows identify individual cells as GFP-LC3 puncta develop and viral
infection progresses.
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Stimulating the Autophagy Pathway Increases Poliovirus Spread in  in the presence of either loperamide (Fig. 2B) or nicardipine
Tissue Culture. We have previously shown that stimulation of  (Fig. 2C). The presence of loperamide or nicardipine had no
autophagy by rapamycin increases the extracellular yield of po-  detectable effect on viral protein synthesis in cells infected in the
liovirus (20). Cell exit is, however, only part of viral spread. To  presence of guanidine, which inhibits RNA synthesis, making the
determine how the cellular autophagy pathway or its components  input RNA was the sole template (Fig. S24). These compounds
affect multiple cycles of cell-to-cell spread, we used pharmaco-  also did not affect the accumulation of intracellular RNA (Fig.
logical agents known to stimulate autophagy that could be used  S2B). Therefore, neither loperamide nor nicardipine affected
over the 48-h time course of live microscopy experiments and in  viral cell entry, translation, or RNA accumulation.
mouse models. Loperamide and nicardipine are both FDA-
approved Ca?* channel blockers, prescribed for diarrhea and heart Stimulating the Autophagy Pathway Increases Poliovirus Pathogenesis.
arrhythmias, respectively. Both drugs inhibit calpains, thus stim-  To observe the effect of autophagy stimulation in a mouse model
ulating autophagy and increasing the abundance of its compo-  of human poliovirus infection, we tested viral growth and path-
nents (35). Although other side effects are possible, nicardipine  ogenesis in cPVR mice, which are ICR mice transgenic for the
and loperamide have advantages over rapamycin because they do  human poliovirus receptor (CD155) under the control of the
not inhibit protein translation or affect the cell cycle. murine actin promoter (36). When mice were treated with the
The effect of loperamide and nicardipine on viral spread was  autophagy stimulator loperamide, higher levels of LC3-1I were
monitored over 48 h in tissue culture by fluorescence microscopy  observed in the calf muscle (Fig. 2D). The presence of loperamide
(Fig. 2 A-C and Movies S3-S5). As infection progressed, the  greatly increased the rate of paralysis (Fig. 2F). It also greatly
cell-to-cell spread of poliovirus infection proceeded more rapidly  increased the yield of poliovirus found in the mouse calf muscle
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Fig. 2. Stimulation of the autophagy pathway increases the rate of viral spread and pathogenesis. Huh7-A-1/GFP-LC3 cells were infected with PV-DsRed at
a MOI of 0.1 PFU per cell and imaged every 12 min for 48 h. Analysis of single-cell images yielded time courses of infection (Right) for untreated cells (A) and
for cells treated with either 5 uM loperamide (B) or 5 uM nicardipine (C); see Movies S3, S4, and S5, respectively. (Scale bars: 25 um.) Mean and SE are shown
from three movies for each condition. Statistical significance determined by linear regression analysis comparing slopes of drug-treated to control group.
**%%P < 0.0001. (D) cPVR mice, which express the human poliovirus receptor in an ICR background, were inoculated intramuscularly with 5 x 10° PFU of Type 1
Mahoney virus. Mice (14 per condition) were treated every 12 h with 25 mg/kg loperamide, or with a control solution, by i.p. injection. LC3 and control
proteins from gastrocnemius tissue were displayed by SDS/PAGE and visualized by immunoblotting. Bands for the GAPDH loading control, LC3I and LC3lII, the
unlipidated and lipidated protein species, are identified. (E) The time of onset of paralysis of cPVR mice was monitored. Statistical significance was de-
termined using the log-rank test. (F) The titers of poliovirus in inoculated calf muscles of cPVR mice were determined 4 d after infection. (G) Viral titers in the
inoculated calf muscles of Tg21 mice, which express the poliovirus receptor in a C57BL/6 background and show greater susceptibility to poliovirus growth and
pathogenesis than cPVR mice, were determined four days after infection with 3 x 10° PFU of virus. Statistical significance for F and G was determined using
Student t test. Bars represent mean and SE.
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Fig. 3. Inhibition of LC3 expression reduces spread of poliovirus. (A) Huh7-A-1
cells treated for 48 h with control (luciferase) or LC3 siRNAs were infected with
PV-DsRed at a MOI of 0.1 PFU per cell and for 24 h. Representative images of
fluorescent, infected cells and the nuclei of all cells, revealed by DAPI staining
are shown. (Scale bar: 25 pm.) (B) Numbers of infected cells in 15 randomly
chosen plaques from control and LC3 siRNA-treated cells, with and without
5 uM loperamide 36 h postinfection. Statistical significance was determined
using Student t test. n = 15. *P < 0.05; **P < 0.01.

harvested 4 d after inoculation in either the cPVR mice or in
Tg21 mice, which express human CD155 under the control of the
endogenous human promoter (Fig. 2 F and G; ref. 37). Rapid
paralysis following intramuscular inoculation has three parts: viral
growth in the inoculated muscle, axonal traffic from the infected
muscle tissue to the CNS, and the infection and death of motor
neurons in the CNS (38). Increased poliovirus pathogenesis by
an autophagy stimulator argues that the autophagy pathway
or its components stimulate viral growth, spread, or both in
murine tissues.

Inhibition of Autophagy Reduces Poliovirus Spread in Tissue Culture.
The few autophagy inhibitors that are currently available are
limited for use in long-term experiments and in animals by their
toxicity (39). In the present study, we used pools of siRNA that
target both isoforms of the critical autophagy protein LC3 (20)
and the extent of LC3 depletion was determined by immuno-
blotting (Fig. S3). To ask directly about the effect of LC3 de-
pletion on viral spread through several cycles of infection, we
used immunofluorescence to count the number of individual
cells in infected clusters formed in control and LC3-depleted
cultures after 24 h (Fig. 34) or 36 h (Fig. 3B). LC3 depletion
caused a significant decrease in the numbers of cells in randomly
chosen clusters, and loperamide increased plaque size under
these conditions. To test whether the enhancement of poliovirus
spread by loperamide is due to its effects on the autophagy
pathway, we tested the effect of loperamide on cells depleted of
LC3. No loperamide effect was observed upon LC3 knockdown
(Fig. 3B), consistent with the idea that loperamide stimulates
poliovirus spread via its effect on the autophagy pathway or
its components.

Single Cell Analysis Identifies Nonlytic Spread Events. We have
established that stimulators of autophagic processes enhance the
spread of poliovirus and autophagy inhibitors reduce viral spread,
and have proposed a model by which autophagosome-like
membranes provide a topological mechanism for the nonlytic
release of cytoplasm (Fig. 1). However, we have not yet tested
whether viral infection actually spreads without killing the origi-
nal infected cells. In fact, this has been difficult to establish for
most reports of unconventional secretion, because the amounts of
extracellular secretory material are often so small that they could
have been produced via lysis of only a few cells in the culture (26).

To determine whether poliovirus can spread nonlytically, we
monitored viral transfer and cell viability simultaneously at the
single-cell level. Cell viability during a 48-h time course was
imaged by using both differential interference contrast (DIC)
microscopy to monitor membrane integrity, and by the fluores-
cence of SYTOX Blue (Life Technologies), a cell-impermeable
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dye that binds quickly and with high affinity to nucleic acids when
the cell membrane is compromised (Movie S6). Infection of both
“donor” and “target” cells was monitored by the appearance of
DsRed fluorescence. Then, we could ask whether target cells
were infected before the adjacent donor cell lost its integrity.
This was quite a stringent test, because DsRed fluorescence
takes at least 5 h to develop after initial infection (Fig. 1; ref. 34).

Time-lapse fluorescence microscopy revealed the time courses
of many individual cells following infection of an Huh7-A-1
monolayer at a very low multiplicity of infection (Fig. 4 and
Movie S5). When viewed as single cells, the identification of
donor and target cell pairs was unambiguous due to the low
multiplicity of infection and the use of an agar overlay to limit
long-range viral spread (Fig. 44). When viewed as a population,
cells infected by PV-DsRed in the first infectious cycle showed
red fluorescence beginning at an average of 10 h postinfection,
SYTOX Blue staining beginning at an average of 15 h post-
infection, and membrane rupture by DIC microscopy beginning
at 16 h postinfection (Fig. 4B).

The relative timing of death of the donor cell and detectable
infection of the target cell (Af) was quantified for individual cell
pairs by setting the time of DsRed fluorescence in the target to
zero and then subtracting the time of death of the donor. For
most infectious events, Az was a positive number; target cells lysed
before detectable infection of their neighbors was observed.

However, negative values of At were also observed. The cell
pair shown in Fig. 44, for example, shows a previously infected
donor cell infecting its target neighbor cell at 10 h after the
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Fig. 4. Single-cell analysis of cell viability reveals nonlytic spread of polio-

virus infection. Huh7-A-1 cells were inoculated with PV-DsRed at a MOI of
0.1 PFU per cell and imaged every 15 min for 24 h. SYTOX Blue (100 pM) was
used to identify dead cells. (A) Single cell images taken from Movie S7 track
the onset of the DsRed fluorescence that indicates viral infection (Top), the
SYTOX staining that monitors cell death (Middle), and the DIC images that
identify all cells and visualize the onset of membrane rupture (Bottom).
(Scale bars: 25 um.) (B) The times of initial signals for DsRed fluorescence,
SYTOX fluorescence, or ruffling membranes in the DIC channel are plotted.
Means are indicated, and error bars are SEM values. (C) Time difference (At)
between the onset of DsRed signal in target cell and DIC membrane ruffling
signal in donor cell for multiple donor and target pairs. Although mean
values are indicated, data points shown as red circles fell outside the 95%
range of a normal distribution of At using Fisher’s exact test. All such events
displayed negative values for At. *P < 0.05 for each treatment.
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experiment was initiated. However, SYTOX blue staining and
DIC imaging revealed that the donor cell maintained its mem-
brane integrity for 12 h. This event thus had a At value of —2 h
and is a clear example of functional nonlytic viral spread,
documented here, to our knowledge, for the first time.

Stimulating Autophagy Increases Frequency of Nonlytic Spread
Events. To inquire whether stimulation of the autophagy pathway
affected nonlytic viral spread, we screened single cells that were
infected with PV-DsRed in the absence or presence of loperamide
or nicardipine and determined the values of At for well isolated cells
in randomly chosen fields. When cells were exposed to the
autophagy-stimulating compounds, there was a significant increase
in the number of infectious events that fell outside a normal dis-
tribution of At, all of which showed negative values (Fig. 4C). Thus,
components of the autophagy pathway or the process itself increased
the frequency of these unambiguous cases of nonlytic viral spread.

Discussion

Traditionally, only enveloped viruses were thought to have the
correct topology to exit a cell without lysing it. Nonetheless,
there have been numerous reports of cytoplasmic assemblages,
including nonenveloped viruses and pathogenic aggregated
proteins, that are found in the extracellular milieu with no ap-
parent lysis of the donor cell population. However, it has been
difficult to prove that the small amount of extracellular material
did not result from the lysis or extravasation of a few cells. Here,
using time-lapse microscopy of individual cells infected with
poliovirus, we have visualized and documented infectious spread
of a nonenveloped virus between living cells.

Although poliovirus infection is highly lytic in most cells in tis-
sue culture, and paralytic poliomyelitis in vivo is caused by the
destruction of neurons in the CNS, little is known about the
mechanisms of poliovirus spread via the intestine, Peyer’s patches,
bloodstream, muscle tissue, and peripheral neurons in a natural
infection. Therefore, a role for nonlytic spread in poliovirus
propagation and transmission is, at this point, a matter of specu-
lation. However, it has been demonstrated here that poliovirus can
spread without cell lysis, and this is likely to be a property of other
nonenveloped viruses, such as hepatitis A, as well. We argue that
the analysis of individual cells can be used to document nonlytic
spread of cytoplasmic constituents unambiguously.

What is the mechanism of nonlytic viral spread? That its in-
cidence increased upon treatment with loperamide or nicardi-
pine (Fig. 4C) and that the reduction of LC3 abundance by
RNAI treatment reduces both viral spread and its enhancement
by loperamide (Fig. 3B) argue that induction of the autophagy
pathway facilitates nonlytic spread. The presence of extracellular
virus early in poliovirus infection is dependent upon autophagy
proteins ATG12 and LC3 (20). However, it is insensitive to
treatment with spautin-1 (39, 40), an inhibitor of the autophagy
pathway that causes the destabilization of beclin-1 protein, which
acts to nucleate the assembly of the preautophagosomal mem-
brane. Therefore, it is likely that poliovirus intercepts the
autophagy pathway downstream of beclin-1, using components
such as ATGI12 and LC3 that are required to build double-
membraned vesicles. Viral components 2BC and 3A are suffi-
cient to induce double-membraned vesicles (24), with viral pro-
tein 2BC being sufficient to recruit LC3 to membranes (41). As
shown in Fig. 14, fusion of a double-membraned vesicle with the

1. Romero-Brey |, et al. (2012) Three-dimensional architecture and biogenesis of membrane
structures associated with hepatitis C virus replication. PLoS Pathog 8(12):e1003056.

2. Cohen JR, Lin LD, Machamer CE (2011) Identification of a Golgi complex-targeting
signal in the cytoplasmic tail of the severe acute respiratory syndrome coronavirus
envelope protein. J Virol 85(12):5794-5803.

3. Votteler J, Sundquist WI (2013) Virus budding and the ESCRT pathway. Cell Host
Microbe 14(3):232-241.
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plasma membrane should release an exosome-like vesicle. If
such a vesicle contains an intact poliovirion, fuses with a neigh-
boring cell, and releases the virion into the cytoplasm, it is not
likely to initiate a productive infection because virion binding
to the poliovirus receptor is required for RNA release (42).
Therefore, for viral spread to occur, the exosome-like vesicle
would need to be unstable or contain infectious RNA.

Membrane-wrapped HAV particles have been observed and
likened to exosomes (8). Their formation was shown to be de-
pendent on some, but not all, components of the MVB pathway,
and, like the early exit of poliovirus, not on beclin-1. Interestingly,
the unconventional secretion of S. cerevisiae and D. discoideum
Acbl requires participation of proteins from both the canonical
autophagy and MVB pathways, raising the possibility that these
pathways are not so distinct after all (17, 18). “Exosomal” frac-
tions are preparations of extracellular vesicles isolated by differ-
ential sedimentation; they are often assumed to derive exclusively
from the ESCRT pathway. FACS analysis, however, has revealed
great heterogeneity in such populations, with vesicles that bear
markers of the MVB, autophagy, and mitochondrial pathways
(43). As with poliovirus, the infectious mechanism of the mem-
brane-wrapped HAV particles is currently being investigated.

The complex pathway of cellular autophagy, with its dependence
on nutritional signals, predilection for interconverting cellular to-
pologies, and ability to accomplish unconventional secretion of cy-
toplasmic contents, is proving to be a playground for those microbes
sufficiently well evolved to avoid and subvert it. Autophagy and
other mechanisms of cytoplasmic transfer between living cells are
likely to provide targets for halting the spread of toxic assemblages
and for modulating cell-to-cell communication.

Materials and Methods

Detailed experimental information is provided in S/ Materials and Methods.

Time-Lapse Microscopy. Huh7-A-1/GFP-LC3 cells were seeded at 10,000 cells per
well in optical-bottom 96-well plates coated in 5pg/mL fibronectin (Nunc) and
incubated overnight at 37 °C. Cells were washed once with PBS supplemented
with MgCl, and CaCl, (PBS*), followed by inoculation with PV-DsRed at a low
multiplicity of infection (<0.1 PFU per cell). Adsorption proceeded for 30 min
at 37 °C, after which the inoculum was removed and the cells washed with
PBS* three times. A 1:1 DMEM:agarose overlay supplemented with 5%
(vol/vol) FBS was added to preclude long-distance viral spread. Autophagy
stimulators or DMSO were added directly. Cells were placed on a heated stage
with 5% (vol/vol) CO, and imaged every 12-15 min for 24-48 h using a Nikon
Eclipse Ti inverted microscope (20x objective). For SYTOX experiments, Huh7-
A-1 cells were seeded as described in S/ Materials and Methods. Following
inoculation with PV-DsRed, 25 pL of 100 nM SYTOX Blue (Life Technologies)
was added to the overlay and images taken every 15 min for 24 h.

Analysis. Analysis of time-lapse movies was done in MatLab using a custom
graphical user interface as well as ImageJ. Statistical analyses were done using
Prism software (Graphpad Software). Statistical significance was determined
using linear regression to compare slopes, the Student t test to compare means,
the Fisher's exact test for categorical data, and the log-rank test for
survival curves.
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