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Abstract Autophagy is a cellular process that creates double-membraned vesicles, 
engulfs and degrades cytoplasmic material, and generates and recycles nutrients. 
A recognized participant in the innate immune response to microbial infection, a 
functional autophagic response can help to control the replication of many viruses. 
However, for several viruses, there is functional and mechanistic evidence that 
components of the autophagy pathway act as host factors in viral replicative cycles, 
viral dissemination, or both. Investigating the mechanisms by which viruses subvert 
or imitate autophagy, as well as the mechanisms by which they inhibit autophagy, 
will reveal cell biological tools and processes that will be useful for understanding 
the many functional ramifications of the double-membraned vesicle formation and 
cytosolic entrapment unique to the autophagy pathway.

1 Introduction

Viruses, especially RNA viruses, have the capacity to evolve quickly in response to 
changes in host cells. As a consequence, it is difficult to think of any antiviral 
response for which there is not an example of a viral mechanism to avoid the 
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response or, even more beneficially for the virus, to subvert the response to provide 
some advantage for the virus. A good example of the wide range and mechanisms 
of viral reactions to antiviral mechanisms is that of viral strategies to contend with 
cell death by apoptosis, an effective defense against many catastrophes, including 
infection by microorganisms. Most viruses, especially those whose success has not 
elevated them to fame as pathogens, are undoubtedly cleared by cellular apoptosis 
before they have a chance to spread. Almost every virus that is known to thrive in 
animals or in tissue culture cells has, of necessity, developed a mechanism to inhibit 
cellular apoptosis. Indeed, one of the first antiapoptotic proteins identified, p35, was 
discovered by Lois Miller and her laboratory through their studies of baculoviruses, 
a class of insect-infecting DNA viruses (Clem et al. 1991). Inhibitors of nearly 
every step in the extrinsic and intrinsic apoptotic pathways have been identified 
from viruses, and the actions of these range from derailing signal transduction to 
blocking mitochondrial channel formation to inhibiting the effector caspases 
themselves (reviewed in Best 2008; Galluzzi et al. 2008). We could conclude that 
the viral repertoire is exceedingly thorough, but this would be a bit unfair, because 
often (as was the case for p35) it was the identification of the viral inhibitor that 
defined the step in the first place.

It is perhaps not surprising that, given the sequence and cell biological space that 
viruses can explore, some viruses would have evolved to exploit the apoptotic pathway 
for their own benefit, rather than just inhibiting it. How could the induction of apoptosis 
facilitate viral replication? The eventual lysis of infected cells is the mechanism of 
spread of many viruses; it is likely that the ultimate failure of antiapoptotic mechanisms 
in many viral infections results in a delayed apoptosis that facilitates cell spread. 
Another, more surprising mechanism has also been demonstrated: for mink cell 
focus-forming virus (Best et al. 2003), human astrovirus (Mendez et al. 2004) and 
feline calicivirus (Al-Molawi et al. 2003), caspases induced during apoptosis are 
required for viral capsid processing (reviewed in Best 2008).

The cellular autophagy pathway, as discussed throughout this volume, was 
originally discovered as a response to starvation, and provides a route for cytoplasmic 
constituents to be targeted to the lysosomal machinery for degradation (reviewed 
in Mizushima et al. 2002, 2008). Cytosolic components become enwrapped by 
a double-membraned structure, termed the “immature autophagosome.” The resulting 
double-membraned structures contain the marker LC3, which becomes covalently 
linked to phosphatidylethanolamine and thereby membrane-associated upon the 
induction of autophagy. LC3 was originally identified as MAP-LC3, a microtubule-
associated protein (Kuznetsov and Gelfand 1987), and may be part of the mechanism 
by which autophagosomes interact with the microtubule network, on which they 
traffic by an anterograde route toward the microtubule organizing center (Fass 
et al. 2006; Jahreiss et al. 2008; Kimura et al. 2008; Koechl et al. 2006). Immature 
autophagosomes mature by fusion with vesicles from the endosomal pathway, 
then with lysosomes, in experimentally separate steps. At the “mature autophagosome” 
stage, the inner membranes become degraded, accomplishing the topological 
transformation of cytosol into lumen, something that happens rarely within cells. 
Eventually, condensed “autolysosomes” release amino acids, lipids and nucleotides 
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for further cellular use. A possibility considered here is that autophagosomes and 
autolysosomes have the capacity to release cytosolic contents to the extracellular 
milieu by a process similar to the known pathways of lysosomal exocytosis 
(reviewed in Stinchcombe et al. 2004).

From first principles, how might the autophagy pathway be related to the 
replicative cycles of viruses? A clear role in the degradation of viruses and viral 
factories can be readily envisaged, given the known ability of the autophagy pathway 
to degrade cellular components. Indeed—as discussed in the chapters by Tal and 
Iwasaki, Orvedahl and Levine, and Seay et al. in this volume—autophagy has been 
shown to participate in the control of viral infections as diverse as human herpes 
and plant RNA viruses, and has been justifiably hailed as a branch of the innate 
immune response. In such cases, reducing the function of the autophagy pathway 
removes this control and allows increased proliferation of the virus

2 Viruses for Which the Autophagy Pathway is Advantageous

In contrast, the opposite situation, in which reduction in the function of some 
component of the autophagy pathway reduces viral replication, has been demon-
strated for a handful of viruses. As shown in Fig. 1, reduction of the intracellular 
concentration of either LC3 or Atg12 using small interfering RNAs was shown 
to reduce both the intracellular and extracellular yields of poliovirus, a small, 
nonenveloped positive-strand RNA virus, in single-cycle infections (Jackson et al. 
2005). For coxsackievirus B3, a closely related picornavirus, reduction in the 
intracellular concentration of Atg7 substantially reduced the amount of viral capsid 
protein synthesized in a single-cycle infection (Fig. 1c) (Wong et al. 2008). For dengue 
virus, an enveloped positive-strand RNA virus, experiments to compare single-cycle 
infections of murine embryonic fibroblasts derived from autophagy-proficient and 
autophagy-deficient mice showed clear reductions in the yield of extracellular 
virus in the absence of a functional autophagy pathway (Lee et al. 2008). Recently, 
a genomic screen was performed to identify those protein-coding human genes 
whose targeting by specific small interfering RNAs reduced the yield of human 
immunodeficiency virus. This screen identified 36 known host factors, including 
coreceptors, and more than 100 others, which included autophagy genes ATG7, 
GABARAPL2 (a homolog of LC3), ATG12, and ATG16 (Brass et al. 2008). As is 
the case for the positive-strand RNA viruses mentioned, the mechanism of any 
advantage conferred to the replicative cycle, and whether the effects are direct or 
indirect, is not yet known.

What mechanistic inferences can be drawn from data such as those in Fig. 1? 
First, the effects are not absolute: in no case is the yield of intracellular virus or 
virus product reduced more than threefold, and, for extracellular virus, the largest 
observed reduction was 20-fold (Fig. 1a). For the RNAi experiments, it is likely 
that the reductions in autophagy protein concentration were not complete, so 
residual autophagy function remained. However, for genetic knockouts such as that 
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Fig. 1 Functional evidence that autophagy pathway function can have a positive effect on viral 
replicative cycles in tissue culture. The intracellular and extracellular yields of poliovirus were 
quantified in HeLa cells after treatment with (a) 12.5 pm each of eight different RNA duplexes 
targeted to the LC3A and LC3B mRNAs or with 100 pm of an RNA duplex targeted to firefly 
luciferase, or (b) with 25 pm each of four RNA duplexes targeted to ATG12 mRNA or with 100 
pm of an RNA duplex targeted to firefly luciferase, for 24 h at 37°C. For both panels, insets show 
the relative abundance of the targeted protein upon treatment. Taken from Jackson et al. (2005) 
with permission. (c) Effect of reducing Atg7 protein abundance on intracellular accumulation of 
VP1 during infection with coxsackievirus B3 (Wong et al. 2008). (d) Differences in the yield of 
dengue virus after infection of murine embryonic fibroblasts from Atg5+/+ and Atg5−/− mice at two 
different times postinfection. Taken from Lee et al. (2008) with permission
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shown for dengue virus in Atg5−/− cells in Fig. 1d, the conclusion is inescapable that 
the autophagy pathway or its components are helpful to the formation or release of 
extracellular dengue virus, but not essential.

3 What Can Autophagy Do for a Virus?

A few possibilities for positive roles of the autophagy pathway or autophagosome 
formation in viral infections have been suggested by data in the literature thus far. 
In 1965, electron microscopic observations of poliovirus-infected cells revealed the 
presence of large numbers of double-membraned vesicles (Dales et al. 1965), 
which were recognized by these authors as “autophagolysomes.” Then, led by the 
work of Kurt Bienz and Denise Eggers (Bienz et al. 1983), it became increasingly 
appreciated that all positive-strand RNA viruses replicate their RNA genomes 
on the cytosolic faces of cytoplasmic membranes. In the case of poliovirus, 
these cytosolic-facing surfaces were shown to be those of the hundreds of membra-
nous vesicles that accumulated in the cytoplasm of infected cells. Might these 
membranous vesicles be related to the double-membraned, autophagosome-like 
structures originally observed by the laboratory of George Palade? Over the last 
several years, my laboratory has shown that such double-membraned structures 
are readily visualized in both poliovirus-infected cells (Fig. 2a, b) and human rhino-
virus-infected cells by electron microscopy following fixation by high-pressure 

Fig. 2 Ultrastructural changes in cells infected with viruses that are suspected of subverting the 
cellular autophagy pathway. Transmission electron microscopy of uninfected (a) and poliovirus-
infected (b) Hela cells preserved by high-pressure freezing and freeze substitution in the presence 
of osmium tetroxide. Size bar: 1000 nm. Taken from Schlegel et al. (1996) with permission. Uninfected 
(c) and coxsackievirus 3-infected (d) HEK293 cells visualized following glutaraldehyde fixa-
tion and osmium tetroxide staining. Size bar in inset: 200 nm. Taken from Wong et al. (2008) with 
permission. Dengue virus-infected murine embryonic fibrobasts from either Atg5+/+ (e) or Atg5−/− 
mice (f) after glutaraldehyde fixation and osmium tetroxide staining. Taken from Lee et al. (2008) 
with permission
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freezing and freeze substitution (Schlegel et al. 1996; Dodd et al. 2001; Suhy et al. 
2000; Jackson et al. 2005). Immunoelectron microscopy has shown that virally 
encoded proteins that are known to be found in the RNA replication complex localize 
to the cytoplasmic surface of these double-membraned vesicles, as do LC3 and 
LAMP-1 (Schlegel et al. 1996; Suhy et al. 2000; Jackson et al. 2005). Mechanistic 
insight into the assembly of double-membraned vesicles in cells may be provided by 
the finding that two viral proteins, termed 2BC and 3A, are sufficient to induce 
double-membraned vesicles that contain LC3 and LAMP-1 (Jackson et al. 2005; 
Suhy et al. 2000), with 2BC alone being sufficient to cause the accumulation of 
lipidated LC3 (Taylor and Kirkegaard, 2007). The observation that RNA replication 
complexes can assemble on the cytoplasmic surfaces of double-membraned vesicles 
that resemble autophagosomes in many respects has led to the hypothesis that the 
autophagy pathway is subverted by poliovirus, and possibly other positive-strand 
viruses, to generate such membranous surfaces. As can be seen in Fig. 2, double-
membraned vesicles have recently been observed in cells infected with coxsacki-
evirus B3 and Dengue virus as well, both of which show some functional dependence 
on the autophagy pathway (Fig. 1) (Lee et al. 2008; Wong et al. 2008).

But why would viruses use double-membraned vesicles and autophagosome-
related proteins? While the hypothesis that the membranes and membrane constituents 
of the autophagy pathway contribute to the platforms on which viral RNA replication 
complexes can be built is attractive, it is clear that even poliovirus, coxsackievirus 
B3 and dengue viruses must be able to utilize other membrane surfaces as well, 
given that the reduced availability of autophagic proteins resulted in only small 
reductions in virus production (Fig. 1). For example, in Atg5−/− cells infected with 
dengue virus (Fig. 1f), no double-membraned vesicles were observed (Lee et al. 
2008), yet the virus must have assembled its RNA replication complex somewhere. 
And what is to be made of related viruses, such as human rhinovirus and murine 
hepatitis virus, which induce the accumulation of double-membraned vesicles in 
infected cells, but for which single replicative cycles show no apparent dependence 
on the presence or absence of a functional autophagic pathway substitution 
(Brabec-Zaruba et al. 2007; Zhao et al. 2007)? It is interesting, in this context, to 
consider the case of flock house virus, a positive-strand RNA virus that normally 
infects insects, and whose RNA replicative cycle can be observed in a variety of 
cell types including S. cerevisiae In all cell types examined, the normal site of 
assembly of the RNA replication complexes of flock house virus is the outer 
mitochondria membrane. However, clever genetic engineering experiments allowed 
the assembly of these RNA replication complexes on the ER of yeast cells; at this 
retargeted location, the rate of viral RNA replication increased sixfold (Miller et al. 
2003). Thus, either nature has made a mistake by targeting flock house virus RNA 
replication to the outer mitochondrial membrane, or it is targeted there for some 
reason other than that which can be observed as an increased rate of a mechanistic 
process in a single RNA replicative cycle.

One such potentially alternative function for autophagosome-like membranes in 
virally infected cells was suggested to us by the data in Fig. 1. At 6 h after infection 
with poliovirus, no apparent cell lysis is usually observed. Yet, 1,000 plaque-forming 
units of extracellular virus accumulated in control infected cells, and 20-fold less 
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when the abundance of LC3 was reduced. This effect was much more pronounced 
than the threefold reduction in intracellular virus titer, and it led us to hypothesize that, 
since it is known that the double-membraned vesicles that form late in poliovirus 
infection can contain cytoplasmic contents that include infectious virions and other 
cytoplasmic components, these membranes can provide a route of nonlytic viral 
escape from infected cells. We term this proposed pathway of cell exit “autophagic 
exit without lysis” or AWOL (Taylor et al., 2009), and suspect that it may be a 
component of viral pathogenesis.

There is ample precedent in the literature for the nonlytic spread of nonenveloped 
cytoplasmic viruses. Elegant experiments with Theiler’s virus, a murine virus related 
to poliovirus, have argued that the transfer of Theiler’s virus from optic nerves to 
the oligodendrocytes that myelinate them is an obligate step in the establishment of 
persistent infections, and can occur without neuronal lysis (Roussarie et al. 2007). 
In another potential example from picornaviruses, hepatitis A virus is known to spread 
through liver tissue in the absence of any apparent cell lysis; no mechanism for this 
observation has been demonstrated (reviewed in Hollinger and Ticehurst 1990).

Even at early times postinfection, it is difficult to distinguish whether a few cells 
lyse or many cells leak when so few submicroscopic viruses are present in the 
extracellular milieu (Fig. 1). Similarly, although the sporadic, apparently nonlytic 
spread of toxic aggregated proteins between cells has been observed, it is difficult 
to exclude stochastic events like occasional cell lysis (Ren et al. 2009). However, 
the demonstrably nonlytic release of Cryptococcus neoformans, a pathogenic fungus, 
from infected macrophages, which has been shown to correlate with association 
with complex membranes that contain LAMP-1 (Alvarez and Casadevall 2006), 
may be a spectacular example of AWOL by an intracellular pathogen.

The integrity of contents delivered by a pathway such as AWOL should 
depend critically on the extent of maturation of the autophagosome-like com-
partment. As illustrated in Fig. 3, the fusion of an immature autophagosome with 
the plasma membrane would secrete a lipid-rich, single-membraned vesicle, 
similar to an exosome, into the extracellular milieu. On the other hand, a mature 
autolysosome would, upon fusion with the plasma membrane, directly release 
degraded material and any cytosolic constituents that could withstand the envi-
ronment of the lysosome. Clearly, intermediates between these stages are likely 
to exist as well.

Recent experiments have shown directly that autophagosomal-like membranes 
within virally infected cells can be less degradative than bona fide autophagosomes. 
As shown in Fig. 4a, decreasing the concentration of LAMP-2 was shown to 
increase the intracellular accumulation of coxsackievirus B3 VP1 protein, presum-
ably by changing the functionality of the virus-induced membranes. During hepa-
titis C infection, autophagy is known to be induced, although any benefit of this 
induction for viral replication is not yet known (Ait-Goughoulte et al. 2008; Sir et al. 
2008). In any case, as shown in Fig. 4b, The GFP-LC3-containing structures 
induced during HCV infection do not colocalize with a marker of acidified lyso-
somes, unlike the GFP-LC3 in starved cells. It remains to be explored whether these 
viruses affect the maturation of autophagosomes to inhibit an antiviral response in 
the host cell, or for their own direct benefit.



330

BookID 160045_ChapID 16_Proof# 1 - 20/08/2009

330 K. Kirkegaard

BookID 160045_ChapID 16_Proof# 1 - 20/08/2009

Fig. 3 Model for AWOL: autophagosome-mediated exit without lysis. Cytosolic constitutents can be 
surrounded by double-membraned vesicles derived from or resembling membranes of the autophagy 
pathway. Partial or complete degradation of the inner membrane can effectively mix cytosol and luminal 
components. Then, a process akin to the known lysosomal secretion pathway could facilitate the extra-
cellular release of the autophagosomal contents. Modified from Jackson et al. (2005) with permission

Fig. 4 Potential blockage to maturation of autophagosome-like compartments in virally infected 
cells. (a) Immunoblot analysis of extracts from mock-infected and coxsackievirus B3-infected 
HeLa cells in the absence and presence of reduced intracellular amounts of LAMP-1. Taken from 
Wong et al. (2008) with permission. (b) Fluorescence microscopy to determine colocalization of 
Lysotracker and GFP-LC3 in Huh-7 cells that were either starved to induce autophagy or infected 
with the JFH-1 strain of hepatitis C virus. Taken from Sir et al. with permission of John Wiley & 
Sons, Inc
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4 Conclusion

In summary, for most viruses and other intracellular pathogens, cellular defenses 
such as apoptosis and autophagy are induced upon infection and participate actively 
in clearance. Any viruses famous enough to be studied, however, are likely to 
encode one or multiple inhibitors of both these processes. Several viruses have been 
shown to induce autophagosome-like structures and to benefit from their formation. 
These benefits, so far, are likely to be the proliferation of membranes for RNA 
replication complexes and the generation of unique topologies that allow the escape 
of cytoplasmic constituents without cell lysis, which may be critical for viral spread 
within infected tissues.
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