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Autophagy (self-eating) is an evolutionary conserved simple process
by which cells target their own cellular organelles and long-lived
proteins for degradation. Recently, this simple ancient process has
proved to be involved in many biological aspects, including host
defense, cell survival and death, innate and adaptive immunity, and
cancer. The implications of aberrant regulation of autophagy in
human diseases are just beginning to unravel. This is a brief review of
recent progress in the association of autophagy with innate and
adaptive immunity relevant to lung biology and disease.
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THE PROCESS OF CELLULAR AUTOPHAGY

Autophagy is an evolutionary highly conserved process in
virtually all eukaryotic cells. The three types of autophagy are
macroautophagy, microautophagy, and chaperone-mediated
autophagy. In this review, we focus on macroautophagy, hereaf-
ter called autophagy, which plays an important role in human
health (1). Autophagy involves the sequestration of regions of the
cytosol within double-membrane–bound compartments and de-
livery of the contents to the lysosomes for degradation. Autoph-
agy has been shown to be an important regulator in many critical
biological processes, such as cellular response to starvation, cell
death, cancer, neurodegenerative diseases, and more recently,
host defense. Rapidly accumulating evidence has shown that
autophagy is a component of innate immunity and is involved in
host defense elimination of pathogens, including viruses. Several
pathogens, including common viral agents, have evolved to
circumvent the autophagic responses (2).

Although the process of autophagy was described decades ago,
its genetic components have been only recently identified through
extensive studies using yeast genetics. Substantial progress has
been made in understanding genetic factors contributing to the
formation of the autophagic vesicles, but the molecular mecha-
nisms and the signaling pathways leading to induction of autophagy
in innate immunity are still enigmatic. Because autophagy is
a rather new research field being unfolded, there are still many
unanswered questions. Future studies are needed to map a more
complete signaling pathway for autophagy, determine how the
cells use autophagy for cell survival or death and evaluate the
physiological role of autophagy in pathogens elimination.

CELLULAR REGULATION OF AUTOPHAGY

Autophagy can be divided into three stages: initiation, execu-
tion, and maturation (2). The most studied initiator of cellular

autophagy is nutrient starvation. Starvation-induced autophagy
is mainly regulated by target of rapamycin (TOR), a kinase that
inhibits autophagy. TOR regulates protein translation and
amino acid synthesis. Rapamycin and nutrient starvation induce
autophagy by inhibiting TOR. Starvation has been suggested to
induce autophagy independent of TOR inhibition, possibly by
activating trimeric G proteins (2). It has also been shown that
class III phosphoinositide 3-kinases (PI3Ks) are essential for
starvation-induced autophagosome formation (1, 2). Commonly
used inhibitors of autophagy, such as 3-methyladenine (3-MA)
and wartmannin, target PI3Ks.

Execution of autophagy is mediated by a ubiquitination-like
system that involves two key covalent conjugation pathways (3).
In the first pathway, autophagy gene 12 (Atg12) is activated by
transient covalent linkage first to Atg7 and then to Atg10 before
becoming covalently linked to Atg5. Atg16 binding generates an
Atg5-Atg12-Atg16 complex that is present in the autophagy
isolation membrane. In the second conjugation pathway, a termi-
nal amino acid at the carboxyl terminus of microtubule-associated
protein light chain 3 (LC3, also known as Atg8) is cleaved by the
cysteine protease Atg4 to leave an exposed conserved glycine
residue that is required for autophagosome formation. Cleaved
LC3 is then transiently linked to Atg7, then to Atg3, and then to
phosphatidylethanolamine. Lipidation of LC3 is one of the best
markers for autophagy because modified LC3 remains associated
with autophagosomes until destruction at the autolysosomal stage.
Maturation step for autophagosomes occurs by their fusion with
endosomal vesicles forming intermediate autophagosomes, which
acquire lysosome-associated membrane protein 1 (LAMP1) and
LAMP2. These structures fuse with lysosomes and acquire
cathepsins and acid phosphatases to become autolysosomes.

AUTOPHAGY AND INNATE IMMUNITY

Intracellular bacteria and viruses must survive the vigorous
defense responses of the host. Recent evidence suggests that
autophagy is such a host cell response. Several studies show that
both bacteria and viruses are vulnerable to autophagic de-
struction and that successful pathogens have evolved strategies
to circumvent autophagy (2). New evidence indicates that
autophagy plays a role in the degradation of both extracellular
bacterial pathogens that invade the cell (e.g., group A Strepto-
coccus) (4) and true intracellular bacterial pathogens (e.g.,
Mycobacterium tuberculosis and Shigella flexneri) (5–7). Fur-
thermore, pathogens have developed methods to evade autoph-
agy. S. flexneri encodes a virulence protein, IscB, that blocks
bacterial colocalization with the autophagosome. Mutant bac-
teria lacking IscB demonstrate impaired growth in wild-type
cells but not in Atg52/2 cells deficient in autophagy (7). These
studies indicate that autophagy is involved in innate immunity
and that autophagy can be antagonized by pathogen virulence
factors. Such antagonism is likely to be a common survival
strategy for diverse intracellular pathogens (8). M. tuberculosis
resides long-term in the phagosome of macrophages by in-
terfering with phagolysosome biogenesis (9). The inhibition
of phagosome–lysosome fusion is mediated in part by myco-
bacterial lipids that mimic mammalian phosphatidylinositols
and inhibit phosphatidylinositol 3-phosphate (PI3P)-dependent
membrane trafficking mechanisms. This block can be overcome
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by activation of cellular autophagy, either through starvation or
overexpression of p47 guanosine triphosphatase. Activation of
autophagy reversed the usual acidification defect observed in
mycobacterial-containing phagosomes, resulting in colocaliza-
tion of mycobacterium-containing phagosomes with autopha-
gosomes and lysosomes (5, 10). Additional recent studies have
provided evidence that autophagy is involved in response to
several other pathogens, including Rickettsia species, Listeria
monocytogenes, and Salmonella typhimurium (2, 11, 12).

The above studies raise many important questions. What are
the signaling pathways mediating the recognition and execution of
autophagy associated with innate immunity? Importantly, how are
the pathogens recognized by the autophagic machinery? Variable
sizes of autophagosomes have been reported engulfing intracellu-
lar microorganisms (7, 13). It is not known if these are specialized
autophagosomes or if they are possibly the result of fusion of
multiple autophagosomes. If so, would the number of autopha-
gosomes or the size of the autophagosome determine the cell anti-
pathogen defense? Recent studies provide some insight about
a newly discovered pathway of LPS-induced autophagy and how
cells use the autophagic pathway to mediate cell killing against
pathogens (6, 14). These studies identify toll-like receptors (TLRs)
as mediators of autophagy associated with innate immunity.

SIGNALING BY TLRS

TLRs sense conserved structures found in a broad range of
pathogens, causing innate immune responses that include the
production of inflammatory cytokines, chemokines, and inter-
ferons. TLR signaling involves a family of five adaptor proteins,
which couple to downstream protein kinases that ultimately
lead to the activation of transcription factors such as nuclear
factor-kB (NF-kB) and members of the IFN-regulatory factor
(IRF) family. The key signaling domain, which is unique to the
TLR system, is the Toll/IL-1 receptor (TIR) domain, which is
located in each TLR and also in the adaptors. These adaptors
are MyD88, MyD88-adaptor–like (MAL; also known as Toll/
IL-1 receptor domain-containing adaptor protein [TIRAP]),
TRIF [TIR-domain-containing adapter-inducing interferon-b],
TRAM [TRIF-related adaptor molecule], and SARM [sterile-
alpha and armadillo motif–containing protein] (15–17).

SIGNAL TRANSDUCTION BY LPS VIA TLR4

TLR4 signals in response to LPS. Studies using MyD882/2 mice
revealed both MyD88-dependent and MyD88-independent path-
ways of TLR4 signaling. Activation of NF-kB and mitogen-
activated protein kinase (MAPK) still occurred in these mice
although in a delayed manner. In addition, the activation of IRF-3
and induction of IFN-b in response to LPS were all unaffected in
MyD88-deficient mice. The studies point to a role for MyD88 in
an early response to LPS (17). Mal is an essential adaptor that
works together with MyD88 in TLR2 and TLR4. TRIF adaptor is
responsible for the MyD88-independent effects of LPS. The
activation of NF-kB in response to LPS in TRIF-deficient mice
was almost normal, but when the cells were deficient in TRIF as
well as MyD88, the NF-kB response to LPS was totally abolished.
Furthermore, TRIF was shown to play a critical role in the
activation of IRF-3 and induction of IFN-b by LPS. TRIF was
also shown to be the sole adaptor used by TLR3 (16, 17).

In addition to NF-kB and IRF activation, TRIF mediates
a third distinct signaling pathway in induction of apoptosis.
TRIF is the only TLR adaptor that can mediate apoptosis (15).
This pathway uses the C-terminal RHIM (RIP-homotypic
interaction motif) of TRIF and seems to involve RIP (receptor
interacting protein) 1, FADD (Fas-associated protein with

death domain), and caspase-8 (18). Furthermore, the TRIF
pathway was also shown to control TLR4-mediated bacterial-
induced apoptosis of macrophages and dendritic cells (18, 19).
In TLR4, another adaptor called TRAM is essential for the
MyD88-independent response to LPS. SARM, the last of the
five adaptors to be assigned a role in TLR signaling, is the most
evolutionarily ancient, being the only member to have an
ortholog in Caenorhabditis elegans. Inactivation of TIR-1 (C.
elegans homolog of SARM) by small interfering RNA (siRNA)
led to decreased worm survival in response to fungal infection
(20). TIR-1 functions upstream of PMK-1 (p38 MAPK family
1), a worm p38 MAPK that is known to be important in innate
immunity (21). More recently, SARM has been found to block
TRIF-dependent transcription factors activation (22). Impor-
tantly, LPS enhances SARM expression in monocytes. Thus,
SARM is the only TLR adaptor to provide negative feedback
regulation in the signaling pathway.

Although much has been done in this area, significant gaps
exist in our understanding of the specificity of the downstream
signaling pathways and how they function in innate immunity.
Recent studies (6, 14) link the TLR4 pathway to autophagy and
determine several required adaptors and some underlying mech-
anisms. Future studies should provide a more comprehensive
signaling pathway of autophagy associated with innate immunity.

Autophagy and TLRs

Recent studies show that TLR4 serves as a previously unrecog-
nized environmental sensor for autophagy (6, 14, 23). The studies
defined a new molecular pathway in which LPS induces autoph-
agy in human and murine macrophages by a pathway regulated
through a TRIF-dependent, myeloid differentiation factor 88
(MyD88)-independent TLR4 signaling. Receptor-interacting
protein 1 and p38 mitogen-activated protein kinase are down-
stream components of this pathway (Figure 1). This signaling
pathway does not affect cell viability, indicating that it is distinct
from autophagic death-signaling pathway. Furthermore, LPS-
induced autophagy could enhance mycobacterial colocalization
with the autophagosomes. TRIF is responsible for the induction
of IFN-inducible genes (16). These IFN-inducible genes are also
induced by double-stranded RNA (dsRNA), signaling through
TLR3. TLR3 is the only TLR other than TLR4 to use TRIF as
an adaptor (16). Therefore, it is reasonable to envision a role for
viral dsRNA and TLR3 in autophagy. Furthermore, most of the
TRIF-interacting proteins, including RIP1, and the downstream
signaling molecules and transcription factors have been found to
be essentially the same for TRIF signaling whether mediated by
TLR3 or TLR4. Few notable differences exist. TLR3 ligand is
dsRNA and not LPS, TLR3 is intracellular, and TLR3 binds to
TRIF directly, not via TRAM.

Although induction of autophagy by starvation is complete
at 2 hours (2, 5), LPS induction of autophagy requires 8 to 16
hours. We have proposed a model to suggest that the delayed
response in autophagosome formation might be coupled to the
macrophage need to first internalize the pathogen in the
phagosome (Figure 2). It is intriguing to note that among all
TLRs, only TLR4 uses both the myeloid differentiation factor
88 (MyD88)-dependent and MyD88-independent pathways.
The discovery of TRIF-dependent induction of autophagy
may offer a mechanistic rationale for the need for two TLR4-
mediated pathways. A plausible explanation could be that
a close cooperation between the two arms for TLR4 is needed
for innate immunity. For the cell to control a pathogen, two
processes will need to be performed in sequence: phagocytosis
for pathogen internalization and then autophagy, which would
involve fusion of the phagosome with autophagosome, which
matures and fuses with lysosomes. A previous study suggested

Xu and Eissa: Autophagy in Innate and Adaptive Immunity 23



that TLR4 MyD88-dependent pathway is needed for phagocy-
tosis (24). A cooperation model would suggest that TLR4-
MyD88, a fast response pathway, would be in charge of
phagocytosis and that TLR4-TRIF, a slower response pathway,
would be in charge of autophagy.

AUTOPHAGY AS A PROSURVIVAL OR A
PRODEATH PATHWAY

There has been an intense controversy regarding the role of
autophagy as a prosurvival or prodeath mechanism. For exam-
ple, whereas inhibition of apoptosis enhances autophagic cell
death (25), autophagy is essential for restricting cell death to
infected sites in plants (26). The term ‘‘autophagic cell death’’
has been used to describe a form of programmed cell death

morphologically distinct from apoptosis and presumed to result
from excessive levels of cellular autophagy. Evidence for
autophagic cell death includes visualization of autophagosomes
in dying cells, prevention of cell death by autophagic inhibition,
and that under some conditions inhibition of apoptosis can lead
to caspase-independent autophagic cell death. Several studies
have shown that the pharmacologic inhibitor of autophagy 3-MA
delays or partially inhibits starvation- or stress-induced death in
several cell and animal models. However, 3-MA can inhibit other
PI3Ks other than class III specific for autophagy. Furthermore, in
these studies, it is difficult to determine if autophagy led to cell
death or if it was merely associated with cell death, for instance
to degrade and clean up damaged organelles (8).

Two important studies provide genetic evidence that the
autophagic pathway is involved in cell death. RNA knockdown
by siRNA directed against two autophagy genes, Atg7 and
beclin 1, blocked cell death in cells treated with the caspase
inhibitor benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethyl-
ketone (zVAD) (25). Furthermore, siRNA against autophagy
genes Atg5 and beclin 1 blocked death of bax2/2, bak2/2

murine fibroblasts treated with staurosporine or etoposide (1).
Although these findings implicate autophagy in cell death, they
still raise the question: can autophagy be a death mechanism in
cells whose apoptotic machinery is intact? The interpretation of
the above studies has been further complicated by the more
recent finding that calpain-mediated cleavage of the autophagy
gene Atg5 switches autophagy to apoptosis (27). Truncated
Atg5 translocated from the cytosol to mitochondria, associated
with the antiapoptotic molecule Bcl-xL and triggered cyto-
chrome c release and caspase activation, thus providing a mo-
lecular link between autophagy and apoptosis.

A case for the role of autophagy in promoting cell survival is
equally strong. This notion is supported by studies demonstrat-

Figure 1. Model of LPS-induced signaling pathway for autophagy as

predicted from our recent data (6) and from recent studies. LPSs induce

autophagy by stimulation of the TLR4-TIR-domain-containing adapter-
inducing interferon-b (TRIF)-receptor interacting protein (RIP) 11

pathway. The signaling components directly downstream of RIP still

need to be identified. Nevertheless, p38 mitogen-activated protein

kinase is required for LPS-induced autophagy and for survival. This
pathway seems to be in contrast to the c-Jun-N-terminal kinase (JNK)-

mediated autophagic pathway previously described (25). Reproduced

by permission from Reference 23.

Figure 2. Proposed model time kinetics of host defense revealing. Rapid

phagocytosis of invading pathogens, mediated by toll-like receptor (TLR)-

4 myeloid differentiation factor 88 (MyD88)-dependent pathway (B24),
is followed by a slower TLR4 TIR-domain-containing adapter-inducing

interferon-b (TRIF)-dependent activation of autophagy. Autophagosomes

encapsulate infected phagosomes before fusing with lysosomes. This

leads to the effective removal of the sequestered pathogen after fusion
with the lytic vesicles.
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ing increased death in cells or organisms lacking autophagy
genes. The prosurvival function of autophagy is best character-
ized in nutrient deficiency. Degradation of membrane lipids and
proteins by the autolysosomes generates free fatty acids and
amino acids that can be reused to fuel mitochondrial ATP
energy production and maintain protein synthesis. This recy-
cling function of autophagy is linked mechanistically to its ability
to sustain life during starvation (8). Mice deficient in autophagy
(Atg52/2 or Atg72/2) die during the neonatal period, when the
placental blood supply is interrupted resulting in a form of
starvation (28). Similar examples of starvation-induced death in
autophagy-deficient cells have been shown for unicellular or-
ganisms and plants (26, 29). Furthermore, a critical role for
autophagy in maintaining cell survival in face of growth factors
withdrawal has been recently shown (30).

The above contradicting studies probably suggest that autoph-
agy can be either prosurvival or prodeath, depending on the
context of autophagy induction. For example, in the context of
innate immunity, autophagy can serve as a prosurvival mechanism
to save infected cells, but under specific circumstances autophagy
could serve as a prodeath mechanism to limit the spread of
infection (26, 31). The major gap in our knowledge is related
to effector mechanisms that dictate the switching in autophagy
role between cell survival and cell death. For example, in LPS-
stimulated macrophages autophagy is a prosurvival mechanism
(6). However, caspase inhibition in LPS-stimulated autophagy
results in cell death (31). The LPS prosurvival pathway is mediated
by p38 MAPK (6), whereas the cell death pathway seems to be
mediated by c-Jun-N-terminal kinase (JNK) pathway (25, 31).

RIP1 AT THE CROSSROADS OF CELL SURVIVAL
AND DEATH

Our recent study suggests that RIP1 is required for LPS-
induced autophagy (6). Although p38 MAPK activation is
required for LPS-induced autophagy, the fact that p38 MAPK
is also activated even to a larger extent by MyD88 pathway that
is not required for autophagy suggests that p38 MAPK is not
a direct downstream target for RIP1 and there are still un-
identified signaling components downstream of RIP1 (Figure 1).
RIP1 is a serine-threonine kinase, yet the substrate and function
of its kinase activity are not known. Of the three distinct
domains of RIP1 (an aminoterminal kinase domain, an in-
termediary domain, and a carboxyterminal death domain) only
intermediary domain and the death domain are required for
NF-kB activation (32, 33). Interestingly, RIP1 kinase activity
has been shown to be essential for caspase-independent cell
death by Fas (32). Thus, considering the recently recognized
role of RIP1 in TLR4-mediated autophagy, it is important to
determine which RIP1 domain is required for its role in
autophagy. Identification of RIP1 downstream substrates for
its kinase activity or identification of RIP1-interacting proteins
is likely to yield important information about the downstream
signaling components in LPS-induced autophagy.

In the signaling pathways mediating autophagy in response
to TLR stimulation, there are still many downstream targets to
be determined and their roles to be elucidated (Figure 1). The
role of NF-kB in autophagy in general or autophagic cell death
in particular still remains to be revealed. Recent studies by
two independent groups have shown that ubiquitination of
RIP1 on lysine 377 in the intermediate domain is required for
RIP1 activation of NF-kB by TNF-a (34, 35). Furthermore, it
was found that the polyubiquitin chain of RIP1 serves as
a scaffold for binding of NF-kB essential modulator (NEMO),
a regulatory subunit in the IkB kinase (IKK) complex required
for NF-kB activation (34). P62 (also known as sequestosome 1)

is a multimodule adaptor protein that has been shown to
interact with atypical protein kinase C and with RIP1, partici-
pating in NF-kB activation in both pathways (36). Interestingly,
p62, which also has been to shown to interact with RIP1 in the
TNF pathway (37), has a ubiquitin-binding domain that binds
polyubiquitin chains (36). p62 has been shown to associate with
autophagosomes and is believed to play a role in targeting
ubiquitinated proteins to the autophagosome (38). The exact
role of p62 in autophagy, however, remains to be elucidated.

RIP3 AS A MOLECULAR SWITCH FOR CELL DEATH
BY NECROPTOSIS

The term necroptosis has been recently used to specifically
describe death receptor–induced cell death that occurs in the
absence of sufficient caspase activity (39, 40). When apoptotic
cell death is blocked by pan-caspase inhibitors, such as zVAD,
the cell uses necroptosis as an alternative cell death pathway
(31, 39). Necroptosis has also been described as autophagic cell
death, but, as discussed above, the role of autophagy in this
process remains uncertain. As indicated above, RIP1 has been
implicated in the regulation of both apoptosis and necroptosis.
Three recent independent studies have identified RIP3 kinase
to be required for cells to undergo necroptosis (41–43). The
expression of RIP3 renders cells permissive to necroptosis,
whereas cells deficient in RIP3 are resistant to this form of cell
death. Preliminary evidence suggests that RIP3 exerts its effect
by affecting mitochondrial metabolic pathways leading to in-
creased reactive oxygen species, which are required for nec-
roptosis by RIP3 (40, 43). However, as is the case with RIP1, the
downstream targets for RIP3, including the substrate for RIP3
kinase activity, remain to be elucidated.

AUTOPHAGY AND ADAPTIVE IMMUNITY

The role of autophagy in adaptive immune responses is being
unraveled in recent years and it appears to be much more
extensive than originally anticipated. Because autophagy en-
hances delivery of pathogen-related peptides to the lysosomes,
its enhancing effect on antigen presentation by major histocom-
patibility complex class II (MHCII) has been shown both in vitro
(44) and in vivo (45). The autophagy effect on antigen pre-
sentation has been effectively used to enhance vaccine efficacy of
bacillus Calmette-Guérin (BCG). The variable efficacy of BCG
vaccination against tuberculosis prompted efforts to increase its
efficacy. A recent study used autophagy to enhance vaccine
efficacy against tuberculosis using the mouse model (45). It
examined the effect of autophagy on the processing of immuno-
dominant mycobacterial antigen Ag85B by antigen-presenting
cells (APCs), macrophages, and dendritic cells. Rapamycin-
induced autophagy enhanced Ag85B presentation by APCs
infected with wild-type H37Rv, H37Rv-derived DfbpA mutant,
or BCG. Furthermore, rapamycin enhanced colocalization of
mycobacteria with autophagosomes and lysosomes. Rapamycin-
enhanced antigen presentation was attenuated when autophagy
was suppressed by 3-methyladenine or by siRNA against beclin-
1. Importantly, mice immunized with rapamycin-treated den-
dritic cells (DCs) infected with either DfbpA or BCG showed
enhanced Th1-mediated protection when challenged with viru-
lent M. tuberculosis. Furthermore, overexpression of Ag85B in
BCG induced autophagy in APCs and enhanced immunogenicity
in mice suggesting that vaccine efficacy can be enhanced by
augmenting autophagy-mediated antigen presentation (45).

In addition to autophagy effect on antigen presentation,
autophagy was recently shown to affect central tolerance via
thymic selection of the T-cell repertoire (46) and to modulate
homeostasis of T cells (47), B cells (48), and Paneth cells in
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intestinal epithelium (49). It is clear that this area of investiga-
tion will greatly expand in the near future to elucidate the
multifaceted effects of autophagy on the adaptive immune
system. Furthermore, the process of autophagy itself can be
modulated by factors that skew the immune response (e.g., Th1-
or Th2-inducing cytokines). This latter phenomenon is impor-
tant in the context of immunity in diseases with Th1 or Th2 bias.
This topic is further discussed below regarding autophagy and
viral association with asthma.

AUTOPHAGY AND ASTHMA

Asthma is currently considered as a chronic airway inflamma-
tory disease with a multifactorial pathogenesis. The pathogen-
esis of asthma involves bronchoconstriction, neuronal control of
the airways, allergic responses, cytokine responses, inflamma-
tion including viral-induced and Th2 style–associated, innate
immune factors, and genetic predisposition (50). Of the above
factors, viral-mediated inflammation and Th2 cytokine immune
responses have gained much interest. Thus, airway inflamma-
tion is the most widely accepted paradigm for asthma patho-
genesis. It has also become evident that there are distinct
patterns of airway inflammation. Based on the behavior of the
adaptive immune responses in mice, these inflammatory pat-
terns are categorized as Th1 or Th2. Evidence of a Th2 in-
flammatory profile was shown in mouse models of asthma and
in samples from subjects with asthma (50, 51). The Th2 in-
flammatory pattern is driven by IL-4 and is characterized by
CD41 T cell secretion of IL-4, IL-5, and IL-13 (52).

Viruses and Asthma

The association of viral infections with human asthma posed
a challenge to the Th2 hypothesis. Respiratory viral infections
that classically activate Th1 responses can serve as acute trig-
gers of asthmatic attacks and can produce chronic asthma
phenotype (53, 54). An attempt to reconcile these observations
with those of Th2 cytokine profile suggests that an initial Th1
immune response is required for the development of Th2
response (50, 55). It has been also suggested that viral infections
can produce permanent alterations in the host immune system
toward the asthma phenotype (54).

Respiratory viral infections are detected in 75 to 85% of
asthma exacerbations in both children and adults (56–58).
However, the mechanisms of viral-induced asthma exacerba-
tions or etiologic role of viruses in chronic asthma are still under
investigation (50, 58). Recent studies have shown that airway
epithelial cells of subjects with asthma, cultured in vitro, had
lowered innate immunity against rhinovirus infection (59). It
was also observed that cells from subjects with asthma had
a profoundly abnormal response to viral infection, resulting in
efficient viral replication. In contrast, cells from healthy control
subjects were resistant to infection (60). These observations are
in agreement with the increased susceptibility to viral infection
observed in clinical studies (61). Importantly, cells from subjects
with asthma were also found to be resistant to viral-induced
apoptosis (50). The latter finding is important in the context of
airway inflammation because viral induction of apoptosis serves
to abort infection by allowing the infected cell to be phagocy-
tosed without release of inflammatory mediators. In contrast, an
infected cell failing to undergo apoptosis will replicate virus and
undergo cell necrosis, releasing large amounts of proinflamma-
tory mediators and releasing a large number of progeny viruses
to continue infection of neighboring cells (58, 60). Although
several recent hypotheses have been proposed to explain the
increased viral susceptibly by asthmatic cells, the underlying
mechanisms are still poorly understood.

Th1 and Th2 Cytokines and Autophagy

In addition to the role of autophagy in innate immunity, recent
reports suggest that autophagy is modulated by cytokines of the
adaptive immune response (62). IFN-g (Th1 cytokine) up-
regulates autophagy (5). In contrast, IL-4 and IL-13 have been
shown to inhibit starvation-induced autophagy in macrophages
(62). The underlying mechanism is possibly mediated by the
stimulatory effect of IL-4 and IL-13 on type I PI3K (63) that
activates TOR, the major cellular inhibitor of autophagy (2). In
this context, IL-13 was used as an autophagy inhibitor in the
original studies examining type I PI3K role in autophagy (64).
However, TOR signal is quite complex and a recent study
suggested that IL-4 enhanced autophagy-mediated removal of
protein aggregates in HeLa cells (13). The above studies suggest
that Th1 and Th2 cytokines have modulatory roles in autoph-
agy. Given the complexity of immune profile of cells in subjects
with asthma, particularly in the context of viral infections,
experimental data are needed to determine if autophagy is
modulated in these cells and the role of each cytokine in this
regulation.

The Noncanonical Role of Atg5 Members as Suppressor of

Innate Antiviral Immune Signaling

It has been recently found that a key regulator of the autophagic
process, the Atg12-Atg5 conjugate, associates with the signaling
molecules retinoic acid-inducible gene I (RIG-I) and interferon-
b promoter stimulator 1 (IPS-1), which are essential for rec-
ognition of RNA virus infection and which transmit signals to
up-regulate type I IFNs. Interestingly, the Atg12-Atg5 conju-
gate seemed to negatively regulate the type I IFN modulating
pathway through direct interaction with caspase recruitment
domains presented by RIG-1 and IPS-1 (65, 66). Thus, in con-
trast to the antipathogenic properties of autophagic processes,
Atg 5 appeared to promote RNA virus replication by inhibiting
innate antivirus immune responses. These findings identify
a rather paradoxical role for Atg5 in immunity against viruses.
They also emphasize that autophagy genes can have important
functions not related to autophagy.

In sum, autophagy has been shown to be critical for many
processes in innate and adaptive immunity. It is not surprising
that autophagy regulation and aberration in that process will
prove to contribute to many human diseases. These revelations
will provide scientists with opportunities to develop therapeutic
strategies for these diseases affected by autophagy.
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