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Abstract
Autophagy, the process by which cells recycle cytoplasm and dispose of excess or defective
organelles, has entered the research spotlight largely owing to the discovery of the protein
components that drive this process. Identifying the autophagy genes in yeast and finding orthologs
in other organisms reveals the conservation of the mechanism of autophagy in eukaryotes and allows
the use of molecular genetics and biology in different model systems to study this process. By mostly
morphological studies, autophagy has been linked to disease processes. Whether autophagy protects
from or causes disease is unclear. Here, we summarize current knowledge about the role of autophagy
in disease and health.

Cellular homeostasis requires a constant balance between biosynthetic and catabolic processes.
Eukaryotic cells primarily use two distinct mechanisms for large-scale degradation, the
proteasome and autophagy; but only autophagy has the capacity to degrade entire organelles.
The three types of autophagy are macroautophagy, microautophagy, and chaperone-mediated
autophagy (1). Here, we will focus on macroautophagy, hereafter called autophagy, which
plays an important physiological role in human health. In autophagy, a double- or multi-
membrane–bound structure, called the autophagosome or autophagic vacuole, is formed de
novo to sequester cytoplasm. Then, the vacuole membrane fuses with the lysosome to deliver
the contents into the organelle lumen, where they are degraded and the resulting
macromolecules recycled (Fig. 1).

Autophagy occurs at basal levels in most tissues and contributes to the routine turnover of
cytoplasmic components. However, autophagy can be induced by a change of environmental
conditions such as nutrient depletion. In addition to turnover of cellular components, autophagy
is involved in development, differentiation, and tissue remodeling in various organisms (2).
Autophagy is also implicated in certain human diseases. Paradoxically, autophagy can serve
to protect cells but may also contribute to cell damage (Table 1). Here, we will summarize the
current connections between autophagy and human disease and aging.

Programmed Cell Death
Autophagy is involved in programmed cell death (PCD). Type I PCD, apoptosis, is
characterized by condensation of cytoplasm and chromatin, DNA fragmentation, and cell
fragmentation into apoptotic bodies, followed by removal and degradation of the dying cells
by phagocytosis. Type II PCD (autophagic) is characterized by the accumulation of autophagic
vesicles (autophagosomes and autophagolysosomes) and is often observed when massive cell
elimination is demanded or when phagocytes do not have easy access to the dying cells. One
feature that distinguishes apoptosis from autophagic cell death is the source of the lysosomal
enzymes used for most of the dying cells' degradation. Apoptotic cells use phagocytic cell
lysosomes for this process, whereas cells with autophagic morphology use the dying cells'
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endogenous lysosomal machinery. It has been unclear whether autophagy directly executes
cell death or is the secondary effect of apoptosis. A recent study, however, suggests that
autophagy might cause cell death (3). Caspase inhibitor–induced autophagic cell death is
severely affected by RNA interference (RNAi) with ATG7 and beclin 1 expression, two genes
whose products are essential for autophagy (3).

Two key molecules that control PCD are members of the death-associated protein kinase
(DAPk) family. Both DAPk and DAPk-related protein kinase-1 (DRP-1) promote death in a
way that depends on their kinase activities. DAPk predominantly activates apoptosis through
a caspase-dependent pathway (4). However, in mouse embryonic fibroblasts in which apoptosis
cannot be activated, DAPk and DRP-1 instead induce autophagy (5). Another regulatory factor,
tumor necrosis factor (TNF)–related apoptosis-inducing ligand (TRAIL) is also implicated in
the induction of caspase activity, autophagy, and, potentially, autophagic PCD, during lumen
formation in an epithelial cell line (6). Inhibition of caspase activity alone does not block cell
death during acinar cell morphogenesis, which suggests a role for caspase-independent
autophagic PCD.

In PCD, the appearance of autophagic structures correlates with cell death; autophagy is not
necessarily the cause of death. Also, the activation of autophagic cell death or its obstruction
when autophagy genes are suppressed typically takes place in cells where apoptosis has been
blocked through the use of inhibitors. Thus, the true physiological relevance of autophagic
PCD is not clear. Autophagy may not only be a cause of cell death, it may also precede apoptosis
as a defense mechanism. At low levels of stimulus, autophagy could represent a primary attempt
to reestablish homeostasis; when the autophagic capacity is overwhelmed, apoptosis (and
possibly type II PCD) is triggered (7). However, caspase activation precedes the appearance
of autophagosomes during steroid-activated PCD of Drosophila salivary glands (8). In
addition, caspase activity may inhibit autophagy through proteolysis of regulatory factors (9);
in this case, inhibition of certain caspase activities might induce autophagy. Thus, the
connections between type I and II PCD are complicated by the sharing of regulatory and
mechanistic components.

Cancer
Autophagy probably factors into both the promotion and prevention of cancer, and its role may
be altered during tumor progression. Inhibition of autophagy may allow the continuous growth
of precancerous cells, and autophagy can act as a suppressor of cancer (10,11). Later, as a
tumor grows, cancer cells may need autophagy to survive nutrient-limiting and low-oxygen
conditions, especially in the internal region of the tumor that is poorly vascularized (12). In
addition, autophagy may protect some cancer cells against ionizing radiation (13), possibly by
removing damaged macromolecules or organelles, such as mitochondria, which could protect
against apoptosis and allow continued survival of transformed cells (14).

The class I phosphatidylinositol (PtdIns) 3-kinase/protein kinase B (Akt/PKB) signaling
pathway promotes cell growth in response to mitogenic signals, and mutations in several
proteins in this pathway cause a high percentage of common human malignancies (15). Class
I PtdIns 3-kinase generates PtdIns(3,4)P2 and PtdIns(3,4,5)P3, which bind to the pleckstrin
homology domain of Akt and its activator 3-phosphoinositide– dependent protein kinase-1
(PDK-1) (16) (Fig. 2). When the Akt signaling pathway is activated, autophagic degradation
is reduced (17). Conversely, a dominant negative form of Akt induces a high rate of autophagy.
Akt and PDK-1 activate other kinases, including mammalian target of rapamycin (mTOR),
which negatively regulates autophagy. The tumor suppressor PTEN, which has a 3′-
phosphoinositide phosphatase activity and antagonizes the PtdIns 3-kinase/Akt pathway,
positively regulates autophagy (Fig. 2). Mutations in PTEN result in constitutive activation of
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the Akt signaling pathway and inactivation of autophagy and lead to tumor formation (17).
Because Akt is centrally involved in regulating a range of substrates that participate in cell
growth and survival (18), tumorigenesis resulting from activation of Akt may be due to a block
in a pathway other than autophagy.

Beclin 1 is a mammalian ortholog of yeast Atg6/Vps30, which is required for autophagosome
formation and is monoallelically deleted in a high percentage of sporadic human breast,
ovarian, and prostate carcinomas. In the established breast carcinoma cell line MCF7, the
expression of Beclin 1 protein is decreased below a detectable level. Stable transfection of
beclin 1 in MCF7 cells promotes autophagic activity and reduces tumorigenic capacity, which
suggests that autophagic activity is associated with inhibition of cellular proliferation (19). In
addition, beclin 1+/− heterozygous mice suffer from a high incidence of spontaneous tumors,
and beclin 1−/− homozygous embryonic stem cells exhibit a decreased number of autophagic
vesicles (20,21). Autophagy may thus instigate tumor suppression, by causing cell death or by
limiting cell growth.

Some pharmaceuticals used to treat cancer are likely to act through autophagy. For example,
tamoxifen is used to treat certain types of breast cancer and may function by activating
autophagy, possibly through the up-regulation of beclin 1 in a process mediated by ceramide
(22). Other autophagy-inducing compounds, including the mTor inhibitor rapamycin and
various analogs, are currently being tested in clinical trials in patients with malignant tumors,
although the antitumor effects of inhibiting mTor could reflect its role in cell cycle regulation
or translation rather than autophagy.

Muscular Disorder
Although many disorders associated with deregulated autophagy have been reported, most of
them are observed in nonproliferative cells, such as muscle and neuronal cells, where the
accumulation of damaged materials might be severe. The elevated accumulation of autophagic
vesicles is a typical diagnosis in vacuolar myopathy. However, even though the responsible
genes have been identified in many types of myopathy, their functions have not been directly
linked to autophagy (23). Most analyses of myopathy that connect it to autophagy have been
morphological. A malfunction of the lysosome is linked to a disorder that is accompanied by
myopathy, Danon's disease (24). Genetic analysis of unrelated patients with Danon's disease
identified mutations in the gene for lysosome-associated membrane protein 2 (Lamp2) (24).
Furthermore, homozygous deletion of lamp2 in mice results in a phenotype typical of Danon's
disease, massive accumulation of autophagic vesicles in many tissues (25). However, the
mechanism of Lamp2 in autophagy is still unclear (26).

Also, it is not known whether the accumulation of autophagic vesicles in vacuolar myopathy
results from the promotion of autophagosome formation or from the decrease in fusion of
autophagosomes with lysosomes. For example, the lysosomotropic agent chloroquine induces
a myopathy in cultured cells and rats similar to that of a human disorder termed distal myopathy
with rimmed vacuoles, as well as inclusion body myositis (23,27). Because chloroquine raises
the lysosomal pH, which leads to inhibition of lysosome-autophagosome fusion and lysosomal
protein degradation, the accumulation of autophagic vesicles in myopathy might be due either
to a defect in autophagy, such as a malfunction in autophagosome maturation, or to a defect in
lysosomal protein degradation. Finally, the transcription of ATG5 and ATG12 is elevated in
inclusion body myositis (28). Thus, both increased formation and inhibited maturation of
autophagosomes could lead to myopathy.
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Neurodegeneration
The accumulation of autophagic vesicles has been observed in many neurodegenerative
disorders such as Parkinson's, Huntington's, and Alzheimer's diseases and amyotrophic lateral
sclerosis (Lou Gehrig's disease), or in transmissible spongiform encephalopathies (prion
diseases), syndromes that are associated with proteins that misfold and aggregate. However,
as with myopathies, it is not known whether this represents an increase in autophagy or a block
in the consumption of autophagosomes. The effects of misfolded and aggregated proteins are
not fully understood (29). Parkinson's disease (PD) is characterized by the accumulation of
aggregates called Lewy bodies in neurons, as well as cell death of dopaminergic neurons in
substantia nigra. Mutations in α-synuclein, a major protein in Lewy bodies, cause early-onset
PD. For example, the expression of mutant [in which Ala53 is replaced by Thr (A53T)], but
not wild-type, α-synuclein in a cultured cell line induces a massive accumulation of autophagic
vesicles, as well as impairment of the ubiquitin-proteasome system (30). Because mutations
in the ubiquitination system are also found in PD patients, the ubiquitin-proteasome system
seems to function to remove misfolded proteins in the early stage of the disorder.

In contrast, defects in the ubiquitin-proteasome system do not seem to be causes of Huntington's
disease (HD). Rather, eukaryotic proteasomes are unable to digest the abnormally expanded
polyglutamine sequences that are found in the amino terminus of huntingtin, the accumulation
of which causes HD (31). Additional work is required to clarify the effect of protein aggregates
on proteasome function. For example, although transient expression of a mutant huntingtin
fragment was reported to inhibit the ubiquitin-proteasome system (32), in vivo studies indicate
that mutant huntingtin does not inhibit the activity of the 20S proteasome (33). This discrepancy
could reflect differences in the levels of huntingtin expression. Finally, reduction in proteasome
activity may result from caspase-dependent cleavage of proteasome subunits owing to
aggregated protein-induced apoptosis (34).

Similar to the situation with mutant α-synuclein, the expression of mutant huntingtin also
induces the accumulation of autophagic vesicles (35), and autophagy may protect against the
toxic effects associated with protein aggregation. For example, mutant huntingtin and α-
synuclein are targeted for autophagy in several experimental model cells (36,37). Treatment
of these cells with rapamycin, an inhibitor of mTor, not only promotes autophagic degradation
of mutant huntingtin and α-synuclein but also prevents the accumulation of aggregates, which
suggests a protective role for autophagy (36). A recent study indicates a mechanism for how
aggregates may protect neuronal cells by inducing autophagy (38). mTOR appears to be packed
into polyglutamine aggregates in cell models, transgenic mice, and samples from human brains
of HD patients (38). Sequestration of mTOR inactivates kinase activity and induces autophagy.
Why aggregated proteins such as α-synuclein, amyloid β-protein, and huntingtin cause
neuronal cell death is not clear. Similarly, the interpretation of activated autophagy in
neurodegenerative disorders is controversial (39).

In contrast to the protective function of autophagy, neuronal cell death may involve autophagy
or lysosomal function. For example, constitutive activation of the δ2 glutamate receptor in
lurcher mice results in the release of Beclin 1 and another protein, an isoform of the PDZ
domain–containing protein (nPIST), from a sequestered protein complex; the resulting death
of cerebellar Purkinje cells correlates with a redistribution of Beclin 1 that may indicate the
induction of autophagy, the formation of autophagic structures, or both (40,41). Which form
of PCD, apoptotic or autophagic, executes neuronal cell death is still controversial. Both
apoptosis and autophagic cell death have been observed in dopaminergic neurons of PD
patients. The interaction of Beclin 1 with both nPIST and Bcl-2 suggests coordination between
apoptotic and autophagic types of cell death. Because autophagy is often seen when apoptosis
is suppressed (3,5,42), type II PCD may be a backup mechanism for apoptosis. Elevated levels
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of lysosomal proteinases such as cathepsins B and D have been observed in brain tissue from
patients with Alzheimer's disease (43). Although it is possible that the increased lysosomal
activity contributes to removal of neurotoxic materials, the loss of lysosomal integrity may
cause cell death in neurodegenerative disorders, or there may be a combination of both effects.
Thus, because autophagy is a catabolic mechanism that operates in stress conditions to recycle
or remove cytoplasmic materials, misfolded proteins can be removed by autophagy as a
protective measure (44). Alternatively, autophagy may induce cell death in neurons that
accumulate aggregates in a way that results in a pathological condition, although at present
there is no direct evidence that this occurs.

Pathogen Infection
One role of autophagy in cellular defense is to remove invading pathogens. Although bacterial
pathogens that invade cells through endocytosis are usually delivered to lysosomes and
degraded there (by a process termed phagocytosis), some of them escape the host defense
mechanism by blocking or altering the maturation of the sequestering vesicle, the phagosome.
For example, after entering into host cells through the endocytic pathway, the intracellular
pathogen Listeria monocytogenes destroys the phagosome membrane using hemolysin, enters
the cytoplasm, and multiplies there (Fig. 3). However, when infected cells are treated with
chloramphenicol, an inhibitor of bacterial protein synthesis, after phagosome lysis, the bacteria
are trapped by autophagosomes (45). Moreover, sequestration is enhanced by autophagic
induction through serum withdrawal, whereas the autophagy inhibitors 3-methyladenine or
wortmannin block uptake of this and other bacterial pathogens (46). Finally, a recent study
shows that, when Streptococcus pyogenes escapes from the endosomes of nonphagocytic cells,
it becomes engulfed within autophagosomes (47); subsequent autophagic degradation
decreases the number of viable pathogens. Thus, autophagy can protect against bacteria that
attempt to establish a replicative niche by entering the host cytoplasm.

Nevertheless, some types of bacterial pathogens such as Porphyromonas gingivalis, Brucella
abortus, and Legionella pneumophila use the mechanism of autophagy to replicate by
sheltering in autophagosome-like vesicles, thus subverting the autophagic pathway (48). After
being taken up by phagosomes, these bacteria enter into double-membrane structures that
exhibit features of autophagosomes, instead of completing the process of phagocytosis,
although the mechanism by which bacteria are sequestered by autophagosomes is unclear. In
many cases, the bacterial type IV secretion pathway is required for autophagic subversion. For
example, Legionella pneumophila requires a type IV secretion system encoded by the icm/
dot (intracellular multiplication/defect in organelle trafficking) genes to become established
inside the autophagosome-like vesicles (49-51). These gene products may activate formation
of the sequestering vesicles or may delay their maturation to allow the bacteria to remain within
these normally transient compartments and to replicate. Accordingly, treatment of the infected
cells with autophagy inhibitors directs the bacteria into a phagocytic pathway and increases
the rate of delivery to the lysosome. In contrast, infection and intracellular replication of L.
pneumophila in Dictyostelium discoideum appears to be independent of autophagy (52), which
possibly reflects host-specific differences.

The appearance of autophagy-like structures also occurs after viral infection (53). Autophagy
is induced through the activation of the double-stranded RNA-activated protein kinase R (PKR)
following infection by herpes simplex virus (HSV) (54). PKR is a eukaryotic translation
initiation factor–2α (eIF2α) kinase; phosphorylation of eIF2α by PKR results in translational
arrest, which inhibits viral replication, and it also contributes to the induction of autophagy.
HSV encodes a gene for a protein that antagonizes phosphorylation of eIF2α and thus acts to
inhibit autophagy. Infection by HSV lacking this gene induces autophagy, whereas the wild-
type virus does not. The induction of autophagy by the compromised HSV is not seen in either
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PKR-deficient cells or cells expressing only mutant eIF2α whose phosphorylation site is lost.
Because viral replication is dependent on PKR inactivation (55), autophagy may be a
mechanism of eliminating intracellular viruses. Another regulatory pathway that induces
autophagy in response to viral infection may involve activation of receptor-interacting protein
(RIP) (9). Caspase-8 inactivates RIP during apoptosis, but some viruses are able to inhibit
caspase activity. The subsequent activation of RIP may trigger autophagy as an alternative
means of killing the infected cell (3).

Host defense pathways exert strong evolutionary pressure on microbes to acquire the means
to bypass the host's killing and clearance mechanisms, as noted above for certain bacteria. A
similar situation likely exists for viral pathogens. For example, there are indications that the
replication complex of certain RNA viruses is localized on the membrane of autophagosome-
like structures that are induced by viral infection (46). It is not clear, however, whether the
induction of autophagy contributes to the degradation of the replication complex or to viral
replication. After infection, the replication complex of mouse hepatitis virus (MHV) localizes
on a membrane structure that can be labeled with green fluorescent protein tagged LC3, GFP-
LC3 (an ortholog of yeast Atg8), an autophagosome marker, in wild-type mouse embryonic
stem cells (56). More important, recovery of extracellular virus decreases in Atg5−/− mouse
embryonic stem cells by a factor of 1000, which suggests that components of the autophagic
machinery are required for replication of MHV, and probably for other viruses, rather than for
elimination of viral particles.

Aging
Recent genetic analyses in various organisms have resulted in the identification of genes
involved in controlling longevity. The best-characterized pathway is the insulin/insulin-like
growth factor 1 (IGF-1) pathway, which is highly conserved in eukaryotes from yeast to human
(57). This signaling cascade includes a tyrosine kinase receptor, PtdIns 3-kinase and Akt/PKB,
all of which are also involved in tumorigenesis as described above. In the case of the nematode
Caenorhabditis elegans, inactivation of this cascade extends life-span up to 300% and
increases heat and oxidative stress resistance, which may contribute to life-span extension.
Because Akt/PKB controls the activity of Tor, the autophagy inhibitor, the down-regulation
of the Akt/PKB pathway may also induce autophagy, so that autophagy may partly account
for life-span extension. Along these lines, elimination or depletion of the TOR kinase/LET-363
also results in an increase in life-span (58). A loss-of-function mutation in the insulin-like
tyrosine kinase receptor daf-2 extends life-span in C. elegans twofold; however, the
inactivation of bec-1, the nematode ortholog of the yeast and mammalian VPS30/ATG6/beclin
1 gene that is essential for autophagy, by RNAi cancels this effect, which suggests that
autophagy is required for the life-span extension resulting from down-regulation of the insulin/
IGF-1 pathway (59). This agrees with the finding that the life-span extension resulting from
RNAi-mediated inhibition of TOR is not additive with daf-2 (58).

The rate of autophagy decreases with age (60), which suggests a possible correlation between
the two processes. Caloric restriction, which might induce autophagy, has positive effects on
life-span extension (57,60). The increase in longevity may be brought about by an increase in
protection against oxidative damage, such as through the removal of damaged mitochondria
(61), as well as by mechanisms involved in the repair and replacement of damaged DNA,
proteins and lipids.

Conclusions
There are many connections between autophagy and human physiology; however, our
understanding of autophagy, and particularly its role in human health and disease, is at a very
early stage. Even the most fundamental question—whether autophagy plays a protective or a
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harmful role—is not clearly established for most diseases. Indeed, the consequences of
autophagy may alter during the progression of a particular physiological condition.
Furthermore, most studies have only shown that autophagy correlates with particular diseases
or with cell death, not that it is causative. Accordingly, we need a better understanding of the
effects of autophagy in vivo. The recent generation of animal models with tagged or deleted
autophagy genes (20,21,59,62,63) has provided researchers with powerful tools to examine
the induction of autophagy in a tissue- and time-dependent manner and has allowed insight
into the effects of eliminating autophagic capacity. There remains a need for specific chemical
or protein inhibitors and activators that can be used to regulate autophagy in vivo, possibly
from pathogens that can alter the autophagic process.

A still unanswered question is whether the autophagic response can be precisely modulated to
prevent or respond to disease; excessive autophagy could be just as deleterious as defective
autophagy. A greater understanding of the regulatory pathways that control autophagy will be
important in this regard. With respect to the molecular mechanisms of autophagy, many
questions remain to be answered, including the source of the sequestering membrane, the
mechanism of vesicle formation, and the means by which autophagy can become a selective
process. For example, it is clear from studies in fungi that superfluous or damaged organelles
can be targeted for specific elimination by autophagy. This targeting and recognition process
may have special relevance to human health with regard to the removal of protein aggregates,
as well as mitochondria and peroxisomes, organelles that generate and remove free radicals,
respectively. In addition, mitochondria play a central role in the induction of apoptosis. Our
understanding of autophagy at the molecular level is improving rapidly. Whether we can
regulate autophagy to combat disease or promote health will be revealed.
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Fig 1.
Conceptual model of macroautophagy. A sequestering membrane, termed a phagophore or
isolation membrane, forms from the pre-autophagosomal structure. The source of the
membrane is unknown but probably includes the endoplasmic reticulum and early secretory
pathway. The isolation membrane enwraps cytosol and organelles; on completion, a double-
membrane vesicle, the autophagosome or autophagic vacuole, is formed. The autophagosome
acquires hydrolytic enzymes by fusing with the lysosome to generate an autophagolysosome,
and the inner vesicle of the autophagosome is released into the lumen. The resulting autophagic
body is broken down, allowing access to, and degradation and recycling of, the cargo.
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Fig 2.
Schematic model of autophagic regulation. Stimulation of the class I PtdIns 3-kinase at the
plasma membrane through the insulin receptor results in the generation of PtdIns(3,4)P2 and
PtdIns(3,4,5)P3 (dark pink circles). These phosphoinositides allow binding and activation of
Akt/PKB and its activator PDK-1. Along with amino acids, Akt/PKB activates mTor
(additional components in this pathway are not depicted). Subsequent phosphorylation of a
downstream effector, possibly analogous to Atg1 or other ATG gene products as demonstrated
in yeast, inhibits autophagy. PTEN dephosphorylates 3′ phosphoinositides and antagonizes the
action of class I PtdIns 3-kinase. A class III PtdIns 3-kinase complex, which includes Beclin
1/Atg6, generates PtdIns(3)P (purple circles) to control the membrane dynamics that are
associated with autophagosome formation. Rapamycin inhibits mTor, while wortmannin and
3-methyladenine inhibit the class III PtdIns 3-kinase; the effect is to induce or inhibit
autophagy, respectively. Autophagy is also regulated through heterotrimeric G proteins and
other kinases and phosphatases that are not depicted.
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Fig 3.
Action and subversion of autophagy during bacterial infection. Bacteria may be taken up by
phagocytosis and the resulting phagosome can fuse with endosomes and then the lysosome;
the bacteria are then degraded within the phagolysosome (not shown). Some pathogens such
as L. monocytogenes, escape this pathway by lysing the phagosome membrane. The bacteria
may subsequently become targets for autophagy. In the case of L. pneumophila, P.
gingivalis, and B. abortus, the phagosome either fuses with, or becomes sequestered within,
the autophagosome. Inhibition of autophagosome maturation or a delay in fusion with the
lysosome, dependent on a type IV secretion system, allows the bacteria to replicate within the
autophagosome and/or autophagolysosome (in the case of L. pneumophila) and possibly
become resistant to lysosomal degradation. In addition, degradation of host cell proteins within
the late autophagosome or autophagolysosome may supply the nutrients needed for growth of
the pathogen.
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Table 1
Possible roles of autophagy in health and disease.

Disease state Beneficial effects of autophagy Negative effects of autophagy

Cancer Acts as a tumor suppressor; may be involved in type II
PCD in cancer cells, could limit cell size or may
remove damaged organelles that could generate free
radicals and increase mutations.

May allow survival of cancer cells within the nutrient-poor
environment of a tumor, could prevent cell death, and may
protect against some cancer treatments.

Liver disease Allows removal of nonfunctional endoplasmic
reticulum resulting from accumulation of aggregated
α1-antitrypsin Z protein.

Increased mortality due to excessive mitochondrial
autophagy.

Muscular disorder Increased autophagy may compensate for defects in
lysosome function.

Increased autophagy or defects in completing autophagy
result in the accumulation of autophagosomes that may
impair cell function.

Neurodegeneration Allows the removal of protein aggregates before they
become toxic.

May induce cell death in neurons that accumulate
aggregated proteins.

Pathogen infection Cellular defense against invasion by bacteria and
viruses.

Subversion of the autophagic pathway allows pathogens to
establish a replicative niche and supplies nutrients for
growth.
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