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ABSTRACT

Autophagy is an immune effector response against a variety of
intracellular pathogens, including Mycobacterium tuberculosis. Mycobacteria
survive in macrophages by blocking maturation of the phagosome. Induction of
autophagy by the T helper 1 (Th1) cytokine IFN-y, or amino acid starvation,
enables macrophages to overcome the phagosome maturation block and
impedes mycobacterial survival. This study investigates the role of T helper 2
(Th2) cytokines Interleukin 4 (IL-4) and Interleukin 13 (IL-13) in autophagy in
macrophages and their ability to eliminate intracellular mycobacteria. The Th2
cytokines abrogated autophagy and autophagy-induced transfer of mycobacteria
into lysosomal compartments, thus enhancing mycobacterial survival within
infected macrophages. In murine and human macrophages, inhibition of
starvation-induced autophagy by IL-4 and IL-13 was dependent on Akt signaling,
whereas the inhibition of IFN-y-induced autophagy was Akt independent and
signal transducer and activator of transcription 6 (STAT6) dependent. These
findings establish a mechanism through which Th1-Th2 polarization differentially
influences the immune control of intracellular pathogens.
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1. INTRODUCTION
1.1. Overview of tuberculosis
1.1.1. Epidemiology

The facultative intracellular pathogen Mycobacterium tuberculosis (MTB)
is the etiological agent of tuberculosis (TB), a disease of considerable social and
economic impact globally since it is the principal cause of death from any single
bacterial infection. MTB infects more than a billion people worldwide and,
according to the World Health Organization (WHO), 8-10 million new cases arise
annually. Of the newly infected, 2-3 million die each year [1]. The primary route
of TB infection is through the inhalation of aerosolized droplets containing the
MTB bacteria that escape from the lungs of individuals with the active disease.
After inhalation, the bacteria are able to penetrate the alveoli of the respiratory
tract of the uninfected individual [2]. Ultimately, the bacteria reach the distal
regions of the lung, where in most cases, the infection is contained after
formation of a granuloma, the culmination of a T-helper 1 (Th1)-biased adaptive
immune response. This results in a latent infection without any detectable
symptoms; however, about 10% of infected individuals remain susceptible to
developing the active disease, which results in irreversible lung destruction [3].
The latent infection can be reactivated when the host immune response is
compromised, as in malnutrition, steroid therapy, and old age; or, in parallel
diseases such as diabetes, leukemia, and HIV [4]. Understanding the processes
involved in granuloma formation and containment of the bacteria is essential in

the development of new treatments and vaccine strategies against tuberculosis.



The rise of multiple drug-resistant (MDR) strains of TB has compounded
the deadly synergistic effect of co-infection of TB in HIV infected individuals.
Drug-sensitive TB has been treated with combination therapy for over half of
century, as a course of therapy that uses only single drugs can result in the rapid
development of resistance and treatment failure [5]. In addition, when treatment
compliance is compromised, as is repeatedly the case, newly resistant strains
can easily emerge [6]. The standard treatment course for TB involves the use of
first-line drugs for six months. The use of second-line drugs may be necessary
to help prevent drug resistance during therapy [7]. Although the individual is
considered cured after six months of multiple drug treatment, a 2-3% probability
of relapse still exists. The standard treatment for latent TB is six to nine months
of single drug therapy [7]. These anti-tuberculosis treatments, along with the use
of directly observed therapy, where trained personnel monitor the patient taking
each dose of anti-tuberculosis medication, have lead to superior treatment
outcomes and a decline in the overall spread and incidence of TB and MDR TB
[8-10]. However, treatment of TB has led to an increase in deaths arising from
liver injury associated with the use of some of the anti-tuberculosis drugs [11].
Furthermore, reports also indicate that in places with high occurrence of HIV
extensively drug-resistant strains of TB have emerged; these TB strains are
resistant to nearly all second-line drugs used to treat TB [12, 13]. As a result, the
synergism between TB and HIV and the appearance of drug-resistant varieties of
TB, which unaffected by an increasing list of anti-TB agents, represent a critical

health concern and a significant global emergency. Currently, there are no



effective vaccines against TB; therefore, understanding the process involved in
the molecular and cellular machinery used by both pathogen and host is urgently
needed as a basis for development of more effective vaccines and treatments to
prevail in the fight against tuberculosis.

1.1.2. Pathogenesis

Mycobacterium tuberculosis infection begins when the bacilli reach the
pulmonary alveoli, invade, and subsequently replicate within the endosomal
compartments of the alveolar macrophage [14, 15]. Under natural
circumstances, the alveolar macrophage ingests the mycobacterial bacilli, which
then are confined in phagosomes [16]. T lymphocytes, B lymphocytes, and
fibroblasts participate to form a granuloma which surrounds the infected
macrophage. The granuloma functions to prevent dissemination of
mycobacteria, as well as to provide a local environment for communication
between cells of the immune system. Within the granuloma, T lymphocytes
secrete cytokines, including IFN-y, which activate the infected macrophage to
destroy the bacteria within [16]. However, tuberculosis lingers in the human
populations due to the ability of mycobacteria to evade innate host killing
mechanisms, which allows it to survive in the alveolar phagocytic cells of the lung
[17]. Therefore, Mycobacterium tuberculosis persists as a thriving intracellular

pathogen.



1.2. Cellular innate immune system and tuberculosis
1.2.1. Macrophages

Macrophages are crucial effector cells of the innate microbicidal
machinery. They are able to ingest Mycobacterium tuberculosis, an intracellular
pathogen, and confine it to a phagosomal compartment. Subsequently, if the
macrophage is activated, the mycobacteria-containing phagosomes fuse with
lysosomes, in a process known as phagosome maturation, for the killing of the
internalized pathogens (Figure 1.1). The elimination of mycobacteria via
phagosome maturation occurs through multi-tiered mechanisms, including
reactive oxygen intermediates, reactive nitrogen intermediates, acidification of
the phagosome, and proteolysis of bacteria in the phagolysosome. In contrast, if
the alveolar macrophage is not activated, the internalized bacilli alter the
phagosomes to preclude normal phagosome maturation to phagolysosomes and
avoid terminal endocytic/lysosomal organelles. This action allows the bacilli to
survive and multiply within the phagosomes by escaping direct bactericidal
mechanisms of the host cell and eluding efficient antigen presentation [18]
(Figure 1.1). Some of the ways MTB persists in the infected macrophage
include: 1) inhibition of phagosome-lysosome fusion (phagosome maturation
arrest) [19, 20], 2) disruption of actin-dependent recruitment of INOS to the
vicinity of the phagosome [21], 3) expression of detoxifying and anti-oxidant
agents [22-24], and 4) protection by the components of the lipid-rich envelope
[25]. Phagosome maturation arrest is seen as a major pathogenic determinant of

MTB [18] and is the focus of our investigation.



1.2.2. Dendritic Cells

Dendritic cells (DCs) journey through peripheral tissues and are essential
for the induction of cellular immunity against intracellular pathogens, including
mycobacteria [26]. DCs have been demonstrated to be the major antigen
presenting cells (APC) for the initiation of primary T cell responses, and as the
initial source of IL-12 during microbial infections [27-29]. The interaction of DCs
with naive T cells also leads to the production of IFN-y [30], a vital cytokine in the
control of mycobacterial infections, initiating a cross-talk between T cells and
other cells of the immune response, notably macrophages. Human or murine
myeloid DCs infected with Mycobacterium tuberculosis or Mycobacterium bovis
bacillus Calmette-Guerin (BCG) induce a synchronized program of cell
maturation and an elevation of IL-12 levels [31, 32]. In addition, the transfer of
BCG-infected DCs into mice results in a rapid IFN-y rise by T cells in response to
mycobacterial antigens [31]. This rapid IFN-y response is also seen using M.
tuberculosis-infected DCs [33]. Therefore, DCs increase the ability of immune

cells to control mycobacterial replication.
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Figure 1.1. Phagocytosis and Phagosome Maturation Arrest in
Macrophages.

During phagocytosis, mycobacteria are trapped in a phagosome. The
phagosome undergos conversion, known as phagosomal maturation,
accomplished through fusion with lysosome, forming phagolysosome for
degradation. Effective phagocytosis therefore requires mycobacterial ingestion
and phagosomal maturation. Mycobacterium tuberculosis (MTB) survival is due
to its ability to manipulate and arrest phagosome maturation. Here mycobacteria
thrive and persist.



1.3. Role of cytokines in the immune response to mycobacteria
1.3.1. Th1 cell-mediated response

Th1 cells, a subset of CD4 T cells characterized by the production of IFN-
Y, play an important role in the development of resistance to intracellular
pathogens [34, 35], primarily through the production of macrophage-activating
cytokines. The Th1 cytokine IFN-y has been identified as a key cytokine
controlling mycobacterial infections and is produced by both CD4 and CD8 T
cells [36, 37] in infected individuals as well as by NK cells [38, 39]. To date, IFN-
y knockout (GKO) mice are among the most susceptible to challenge with
virulent MTB [40, 41], and individuals defective in genes for IFN-y or the IFN-y
receptor are prone to serious mycobacterial infections [42]. Reports also indicate
that professional APC, along with T cells and NK cells, are a source of IFN-y [43-
45]. IL-12 and microbial stimulation, alone or in combination, are the most
effective inducers of IFN-y production by APCs and T cells [46]. In IFN-y-
activated macrophages, the phagolysosome maturation block induced by M.
tuberculosis is released [47]. The production of IFN-y by APCs has been
demonstrated mainly in vitro with the use of cultured DCs [48]; however, recent
studies using intact intracellular pathogens have now provided additional
evidence for the production of APC-derived IFN-y by in vivo murine model
systems [49, 50]. These data demonstrate the vital role of the Th1 cytokine IFN-
y in immunity against mycobacteria.

Once mycobacteria are deposited in the lungs, they have a 3-day lag
period when they do not grow; subsequently, they grow with an average of a 28 h

doubling time and reach approximately 5 logs by 20 days. The cessation of
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bacterial growth correlates with the arrival of IFN-y-producing antigen specific
major histocompatibility complex (MHC) class ll-restricted T cells [51]. Genetic
defects in the receptors for IL-12 and IFN-y increase susceptibility to progressive
mycobacterial disease [52-54], while treatment with TNF-a-specific monoclonal
antibodies, used in the treatment of inflammatory disorders such as rheumatoid
arthritis and Crohn’s disease, can result in latent tuberculosis becoming an active
infection [55, 56]. Mice genetically deficient in IFN-y (GKO mice) are able to form
granulomas, however, they fail to produce nitric oxide and, thus, are unable to
restrict intracellular growth of the bacilli [41]. Similarly, IL-12 increases protection
against mycobacterial infection in susceptible BALB/c mice, but it is unable to do
the same in GKO mice. These data demonstrate that the protective effects of IL-
12 are dependent on IFN-y [57]. In humans, dendritic cells also promote IFN-y
release from natural killer (NK) T cells, a major source of early IFN-y in
tuberculosis pleurisy [58]. Furthermore, lymphocytes in the lungs of patients with
pulmonary tuberculosis typically have a Th1 phenotype, secreting IFN-y IL-12
and TNF-a [59, 60]. Therefore, the role of Th1 cytokines in the immunity against
tuberculosis is essential.

1.3.2. Th2 cell-mediated response

Th2 cells, subset of CD4 T cells characterized by the production of IL-4
and IL-13, play an important role in the protection against extracellular bacteria
[61]. In contrast to the beneficial effects of Th1 cytokines, there is currently much
speculation about the role of Th2 cytokines in the response to Mycobacterium
tuberculosis. A Th1 response develops rapidly following exposure to M.

tuberculosis [62]. However, studies show that a Th2 response also develops,
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abating the efficacy of Th1 cytokines and promoting immunopathology [63, 64].
Conventional views of the role of IL-4 in TB indicate that it has a useful anti-
inflammatory role, or that it is merely a late consequence of progressive disease
[65]. However, some studies indicate that the IL-4 response in tuberculosis is not
just a by-product of infection, but that it is actively involved in reducing protection
and increasing immunopathology. Studies have shown that pre-existing Th2
activity against some components of M. tuberculosis prior to infection leads to
increased immunopathology [66, 67]. Other studies show that the absence of IL-
4 in IL-4" gene knock-out mice leads to diminished bacterial growth [68]. In
addition, it has been shown that IL-4 has the ability to downregulate macrophage
activation [69]. Furthermore, the hypervirulent strains of M. tuberculosis promote
secretion of IL-4 and IL-13 by infected human monocytes [70]. These
characteristics suggest IL-4 is an early potential player in the events that
determine whether the infection becomes latent or progressive. The findings
also raise important questions regarding the role of cytokines, especially in the
context of Th1 versus Th2, in regulating the immune response to pathogens.
Therefore, it is possible that Th2 cytokines are detrimental in the response

against Mycobacterium tuberculosis.



1.4. Phagosome maturation in macrophages

Macrophages are key effector cells in the innate defense system that seek
and subsequently eliminate bacterial pathogens. Elimination of invading
microorganisms is primarily by phagocytosis. Phagocytosis begins by the
clustering of surface receptors and their interaction with their associated ligand.
A variety of phagocytic receptors can recognize innate components of the
pathogen surface, or pathogen-associated molecular patterns [71-74]. Other
phagocytic receptors recognize an exogenous, host-derived ligand, or opsonin,
that adheres to the pathogen surface. Members of the integrin family, CR3 and
CR4, are complement receptors that recognize primarily complement-coated
pathogens. Fcy receptors (FcyRs), bind to IgG-opsonized pathogens. Once
formed, the phagosome steadily matures, by way of intracellular signals, and
sequentially acquires microbicidal and degradative properties [75-77] by a
process referred to as phagosome maturation [78]. The early phagosome is able
to fuse with early endosome (pH 6.1) to form an intermediate phagosome,
intermediate phagosome fuses with late endosome (pH 5.5-6.0), and late
phagosomes with lysosomes to produce a phagolysosome [79-82] (Figure 1.1).
Consequently, these fusion events transform the phagosomal lumen into a highly
acidic and oxidizing environment, filled with a variety of hydrolytic enzymes that
can degrade its content [83, 84]. Newly synthesized MHC class Il molecules
pass through the acidified vesicles and bind peptide fragments of the antigen,
transporting them to the cell surface for presentation to T cells [85]. Specific

markers identify the stage of development during phagosome maturation
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(Table 1). Therefore, the phagocytic compartments of the macrophages are a

significant component in the innate response against invading pathogens.
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H Organelle Markers “

Sorting endosome; early EEA-1, Rab5, PI(3)P, syntaxin-13, transferrin

phagosome receptor, VAMP3
Late endosome; late Rab7, Rab9, mannose-6-phosphate receptor,
phagosome syntaxin-7, LAMPs, LBPA

‘ Lysosome; phagolysosome || LAMPs, mature cathepsin D, CD63 “

Table 1. Molecular Markers of Phagosome Maturation.

EEA-1 (Early endosomal antigen 1); PI(3)P (Phosphatidylinositol-3-phosphate);
VAMP3 (Vesicle-associated membrane protein 3 (cellubrevin)); LAMPs
(Lysosomal-associated membrane proteins ); LBPA (Lyso-bisphosphatidic acid);
CD63 (cluster of differentiation63, LAMP3).

12



1.4.1. Mycobacteria inhibit phagosome maturation

A significant factor in the success of M. tuberculosis as an intracellular
pathogen is its ability to survive in macrophages by disrupting phagolysosome
biogenesis. The major route of entry for M. tuberculosis into macrophages is still
a matter for discussion, but most likely involves a number of surface receptors,
including complement receptors and C-type lectins, such as the mannose
receptor [86-88]. Upon entry into the macrophage, the nature of the M.
tuberculosis phagosome is well understood, and can be characterized by
incomplete luminal acidification and the absence of mature lysosomal hydrolases
[18]. The block in phagolysosome biogenesis occurs between the maturation
stages controlled by the GTP-binding proteins Rab5 (early endosomal) and Rab7
(late endosomal) [89]. The mycobacterial phagosome maintains access to early
endosomal contents, including transferrin-bound iron, through Rab5-mediated
processes, but does not acquire late endosomal or lysosomal components [89-
91]. Many Rab5 effectors are recruited to the mycobacterial phagosome, while
early endosomal autoantigen 1(EEA1) is displaced from it [92]. EEA1 interacts
directly with Rab5 [93] and binds to phosphatidylinositol-3-phosphate (PI3P).
PI3P is generated on organellar membranes by hVPS34, the only type Il
phosphatidylinositol-3-kinase (PI3K) [93, 94]. Although retained on phagosomes
containing dead mycobacteria, PI3P is continuously eliminated from those
containing live bacilli [95]. This indicates that the phagosomes retaining PI3P
continue toward maturation and elimination of mycobacteria.  Therefore,
preventing the development of the phagolysosome is crucial for the survival of

Mycobacterium tuberculosis.
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Several mycobacterial factors have been shown to regulate different
aspects of the phagolysosome biogenesis block and affect pathogenesis. The
MTB-derived glycophospholipids phosphatidylinositol mannoside (PIM) and
lipoarabinomannan (LAM) are able to insert into host endomembranes and traffic
within infected cells [96]. Whereas LAM blocks calcium- and PI3K-dependent
phagosome maturation [92, 97, 98], PIM stimulates fusion of early endosomes
with the mycobacterial phagosome, permitting acquisition of nutrients [20]. MTB
also secretes an acid phosphatase, sapM, which removes any PI3P that may be
generated past the LAM block [95]. It is likely that additional mycobacterial
factors target host cell effectors to influence, either directly or indirectly, the
intracellular and extracellular environment [99, 100]. One example is the
inhibition of MHC class Il antigen processing that results from the interaction
between mycobacterial factors and the Toll-like receptor (TLR) family [101].
Furthermore, recent reports indicate that the Mycobacterium tuberculosis zmp1
gene products suppress inflammasome activation and IL-1B production,
increasing mycobacterial virulence and survival in murine macrophages [102].
Therefore, Mycobacterium tuberculosis virulence factors are essential to host
manipulation and survival of mycobacteria.

1.4.2. IFN-y promotes phagosome maturation

In addition to its value in the innate response, IFN-y is also important for
phagosome maturation. Numerous studies have shown that priming
macrophages and dendritic cells with IFN-y prior to infection increases
intracellular killing of mycobacteria [103, 104]. This killing appears to be directed

by both nitric oxide synthase 2 (NOS2)-dependent and-independent
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mechanisms. In mice, IFN-y-induced expression of NOS2 restricts M.
tuberculosis replication via the generation of NO. However, NOS2” mice
infected with M. tuberculosis survive significantly longer than mice lacking IFN-y,
IFN-y R1 or STAT1, through which IFN-y signals, indicating the existence of IFN-
y-dependent, NOS2-independent immunity against M. tuberculosis [105]. One
effector in this response is the GTPase Irgm1 (previously called LRG-47), which
has specific anti-mycobacterial actions [105]. However, the precise role of Irgm1
in the response to mycobacterial infection is not yet clear. The success of
mycobacteria is accomplished by a phagosome maturation block while still
allowing fusion with transferrin-containing endosomes, consequently maintaining
a habitable environment that promotes survival [104, 106]. However, IFN-y
activates macrophages to overcome this phagosome maturation block [47, 107].
Following activation with IFN-y, Irgm1 is recruited to the mycobacterial
phagosome, but in Irgm1"' mice phagosome maturation is impaired [105]. The
role of Irgm1 on the phagosome remains unknown. This demonstrates IFN-y is a

pleiotropic cytokine that is critical for innate immunity against mycobacteria.
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1.5. Autophagy and the innate immune response to mycobacteria

Autophagy is a fundamental homeostatic mechanism for cell survival that
maintains a balance between synthesis, degradation, and recycling of cellular
products. In autophagy, cells sequester discrete portions of the cytoplasm and
deliver them to lysosomes for degradation [108, 109]. This process removes
damaged or surplus organelles such as leaky mitochondria and excess
peroxisomes and, by degrading long-lived cytoplasmic macromolecules during
periods of starvation, promotes cell survival [110]. During autophagy, an
isolation membrane, the phagophore, surrounds portions of the cytoplasm to
form a double-membrane organelle referred to as an autophagosome. The
autophagosome then fuses with late endosomes or lysosomes, forming an
autophagolysosome, where the captured cytoplasmic material is degraded [108,
111] (Figure 1.2). Autophagy has also been shown to play a role in innate
immunity against intracellular pathogens, including Epstein-Barr Virus [85],
Shigella flexneri [112], Salmonella typhimurium [113], Toxoplasma gondii [114],
and Mpycobacterium tuberculosis [115]. In addition, autophagy has been
implicated in adaptive immunity, by promoting endogenous antigen processing
and presentation on MHC class Il [85, 116-118]. Therefore, autophagy is an
important player in cellular homeostasis and in the protection against intracellular
pathogens.

As a multistep process, autophagy begins following induction with
sequestration of a damaged organelle or a portion of cytoplasm by a nascent
autophagosomal structure called the isolation membrane (phagophore) (Figure

1.2). The phagophore is enlarged during the elongation stage by the addition of
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new membrane of undefined origin, but suspected to come from the endoplasmic
reticulum [119] or a combination of sources including Golgi and endosome [120,
121]. The isolation membrane eventually closes to form an autophagosome.
The autophagosome is differentiated from the conventional phagosome by the
presence of a double membrane (two lipid bilayers) and intra-lumenal cytosolic
content including membranes originating from the confined organelles. A
subsequent fusion of autophagosomes with lysosomes, referred to as flux or
maturation, results in a degradative compartment known as the autolysosome
(Figure 1.3).

Atg8, also known as LC3, has been a fundamental tool to study
autophagy, especially as it is recruited to the autophagosome in the initiation step
(Figure 1.2). Phagophore enlargement and wrapping around its target in the
elongation stage require two specialized ubiquitination-like protein conjugation
systems, including E1 activation and E2 conjugation enzymes but apparently not
needing an E3 ligase. Atg12 is initially conjugated to Atg7, which acts as an E1-
activating enzyme, and then gets transferred to the E2-like conjugating enzyme
Atg10. This intermediate presents Atg12 to be conjugated to Atg5 (in mouse)
[110]. The Atg5-12 conjugate, stabilized in a noncovalent complex with Atg16,
triggers oligomerization on the outside membrane of the growing phagophore.
The Atg5-12/16 complex stimulates a second conjugation system, whereby LC3
undergoes conversion from its free C-terminus state (LC3-l) to its C-terminally
lapidated form (LC3-Il) covalently modified by phosphatidylethanolamine. The

lipidated LC3-Il localizes to the membrane on both sides of a growing

17



phagophore. Upon autophagosome closure, sealing the typical double-
membrane organelle, Atg5-12/16 and LC3 (delipidated by Atg4) dissociate from
the outer autophagosomal membrane and get recycled. The LC3 associated
with the lumenal membrane remains trapped in the autophagosome but is
degraded during maturation, which involves fusion with late endosomal and
lysosomal organelles (Figure 1.2). LC3 lipidation and LC3-Il association with
autophagosomal membranes provide the basis for two frequently employed
assays of autophagy [122]: (i) autophagosome formation can be scored by
immunofluorescence microscopy as a transition of LC3 from its diffused cytosolic
to a membrane-associated, punctate intracellular distribution and (ii) the LC3-I to
LC3-Il conversion can be monitored by immunoblotting.

Autophagy is dependent on the generation of PI3P by the type Ill PI3K,
hVPS34, during initiation and maturation of the autophagosome. PI3P is also
generated on phagosomes destined for fusion with the lysosome [95] This led
our group to investigate whether the induction of autophagy in M. tuberculosis-
infected macrophages could reverse the mycobacteria-induced phagosome
maturation block. In a model system using M. tuberculosis variant bovis BCG
and the murine macrophage cell line RAW 264.7, induction of autophagy by
starvation or with rapamycin increased acidification of mycobacterial phagosome
and promoted maturation of the phagolysosome [115]. These effects could be
inhibited by the addition of 3-methyladenine (3-MA) and wortmannin, both
inhibitors of PI3Ks commonly used to inhibit autophasome formation. Following

induction of autophagy, BCG can be seen by electron microscopy in vacuoles
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containing partially degraded internal membranes, a characteristic of maturing
autophagosomes [123-125]. In addition, BCG showed increased colocalization
with microtubule-associated protein 1 light chain 3 (MAP-LC3, or LC3) and
beclin, both associated with autophagy [115]. Moreover, the survival of both
BCG and virulent M. tuberculosis in macrophages (RAW 264.7 cells and primary
murine and human macrophages) was inhibited after induction of autophagy with
rapamycin or by starvation [115]. Thus, autophagy promoted the elimination of
M. tuberculosis by diverting the mycobacterial phagosome to an autophagic
vacuole, which in turn, fused with the lysosomes, overcoming the M.
tuberculosis-induced phagolysosome biogenesis block. Therefore, this suggests
that autophagic killing of Mycobacterium tuberculosis may be essential in innate

defense.
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Figure 1.2: Stages of Autophagy.

Autophagy follows a series of steps regulated by autophagy-related (Atg)
proteins. The first step involves the formation of an isolation membrane, or
phagophore, which envelops the target until it fuses with itself to form an
autophagosome, with a double membrane. The autophagosome fuses with
lysosome to become an autolysosome. Elongation is dependent on the Atg12
conjugation system, in which Atg12 forms a complex with Atg5 and Atg16, which
in turn triggers lipidation of LC3 | to form the membrane-bound LC3-II (PE). The
Atg5-Atg12-Atg16 complex and LC3-Il are recycled, while LC3-Il on the luminal

membrane remains and is degraded in the autolysosome.
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Autophagy can be modulated by pharmacological agents, cytokines, and
other immunological signals [126-128]. Rapamycin is an agent that induces
autophagy through inhibition of TOR, a conserved Ser and Thr kinase that
regulates cell growth and metabolism in response to growth factors, energy
inputs, and nutritional demands [129]. TOR integrates various inputs; its
activation stimulates anabolic processes and biomass production, whereas its
inhibition enhances catabolic processes, including autophagy. Another example
of this system in action is demonstrated by amino acid starvation, which also
leads to inhibition of TOR and induction of autophagy. Conversely, TOR can be
activated by growth factors via the Akt (also known as PKB) pathway, resulting in
the inhibition of autophagy [129]. In some cases, withdrawal of growth factors
from cells is sufficient for induction of autophagy, even in the presence of
adequate nutrients [130]. However, even in the presence of adequate nutrients
the cells die more rapidly when autophagy is blocked, suggesting that autophagy
is a survival mechanism in these cells [130]. Positive regulators of autophagy
include the Th1 cytokines IFN-y and TNF-a [115, 123, 131]. These diverse
immunological signals demonstrate the complexity of the autophagic process.

1.5.1. Th1 cell-mediated response and autophagy

The protective role of IFN-y against mycobacteria has been associated
with autophagy [115, 128], indicating that this process is an important effector
mechanism of the Th1 response [115, 123, 131]. The mechanism by which Th1
cell-mediated/IFN-y-response induces autophagy in macrophages is not yet fully
understood. However, it is clear that Irgm1 is involved in this process.

Transfection of murine macrophages with Irgm1 promotes the formation of
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autophagosomes, while siRNA knockdown of Irgm1 inhibits IFN-y-induced
autophagosome formation [115, 128]. The human ortholog of Irgm1, IRGM also
participates in autophagy. Although IRGM is not induced by IFN-y, siRNA
knockdown of IRGM in human macrophages inhibits autophagosome formation
and maturation of BCG-containing phagosomes, thereby promoting
mycobacterial survival [128]. The extent to which autophagy contributes to IFN-
y-induced phagosome maturation in macrophages infected with mycobacteria
still remains unknown. However, siRNA knockdown of Beclin 1, a key regulator
of autophagosome formation, completely abrogates the effect of IFN-y on
phagosome-lysosome fusion in infected murine RAW264.7 macrophages [132],
indicating that autophagy may be responsible for the IFN-y-induced phagosome
maturation in these cells. These data suggest autophagy plays a vital role in the
Th1 response to eliminate mycobacteria.

TNF-a is an important factor in the protective immune response to M.
tuberculosis, as it is essential for the formation and maintenance of the
granuloma [133]. Moreover, TNF-a induces apoptosis of mycobacteria-infected
macrophages, depriving the mycobacteria of their niche cell [134] and packaging
mycobacterial antigens in apoptotic vesicles for uptake and presentation by
dendritic cells [135, 136]. Numerous studies also indicate that TNF-a may be
important in the modulation of autophagy. Autophagic elimination of Toxoplasma
gondii occurs in infected macrophages following ligation of CD40, coupled with
exogenous or autocrine TNF-a signaling [114, 126]. In addition, autophagy has

been observed in T lymphoblastic leukemic cell lines at an early stage of TNF-a-
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induced cell death [137]. Expression of the autophagy genes LC3 and Beclin 1 is
induced in human atherosclerotic vascular smooth cells following treatment with
TNF-a. This effect is dependent on the activation of the Jun kinase (JNK)
pathway [138]. Furthermore, TNF-a might also promote autophagy by inhibiting
activation of the Akt pathway [138], as siRNA-mediated knockdown of Akt
induces autophagy in murine macrophages [132]. Activation of the Akt pathway
inhibits autophagy through the activation of mTOR. In MCF-7 human breast
cancer cells, TNF-a-induced autophagy is dependent on ERK1/2 signaling since
inhibition of ERK signaling results in greater sensitivity to TNF-a-induced cell
death [139]. In Ewing sarcoma cells, TNF-a-induced autophagy is inhibited by
activation of NF-kB and is dependent on the production of reactive oxygen
species [127]. Mycobacterium tuberculosis can inhibit TNF-a-induced apoptosis
by activating NF-kB and enhancing the production of soluble TNF receptor 2

[140]. These may also represent strategies to inhibit TNF-a-induced autophagy.
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1.5.2. Th2 cell-mediated response and autophagy

While IFN-y and TNF-a stimulate autophagy, resulting in the killing of
Mycobacterium tuberculosis, the cytokines IL-4 and IL-13, associated with Th2
responses, are considered less protective in mycobacterial disease [70]. In the
human colonic epithelial cell line HT-29 (responsive to IFNy and TNFa), IL-13 is a
potent inhibitor of starvation-induced autophagy [141, 142]. IL-13 stimulates
tyrosine phosphorylation of an adaptor molecule, insulin receptor substrate, that
in turn facilitates coupling of the receptor to type | PI3K (p85p110) (Figure 1.3).
Both IL-4 and IL-13 signal through IL-4Ra, which forms a heterodimer with
gamma common (yc) chain (for the IL-4 receptor) or the IL-13Ra1 (for the IL-13
receptor) [143]. Ligation of these receptor complexes results in signaling via the
insulin receptor substrate (IRS)-1/2 and STAT6 pathways [143]. While STATG is
involved in IL-4 and IL-13-induced gene expression, IRS-1/2 signaling activates
the type | phosphatidylinositol 3-kinase (PI3K). Type | PI3K (unlike type Il PI3K
hVPS34) acts as an inhibitory PI3K in autophagy, since it leads to the activation
of Akt and TOR, downregulators of autophagy [141, 142, 144] (Figure 1.3).
However, it should be noted that these cytokines could influence the response to
M. tuberculosis (and other pathogens) through other mechanisms, such as
inhibition of the inducible nitrogen oxide (iNOS) expression [145] or indirectly
through inhibition of Th1 responses [69, 99]. The predominantly Th1
environment within the lungs of patients with active tuberculosis should promote
intracellular killing of mycobacteria; however, some reports indicate there is a

higher Th2 response in anergic patients and those with more severe pulmonary
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tuberculosis [146, 147]. As such, IL-4 and IL-13, released by macrophages
infected with virulent strains of Mycobacterium tuberculosis [70, 148, 149] could
act in an autocrine manner to inhibit the autophagic process. These data
suggest that autophagy, as well as being a potentially important anti-
mycobacterial response in macrophages, may be modulated by Th1 and Th2

cytokines.
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Figure 1.3. Opposing Effects of IFN-y and IL-4/IL-13 in Autophagy Induction
Via Akt Pathway.

Following ligation of the IL-4/IL-13 receptor, the insulin receptor substrate (IRS
1/2) interacts with the phosphorylated IL-4R motif of the IL-4Ra via Jak1. Type |
PI3K and PDK1 are recruited to the complex, leading to the formation of
phosphoinositides (including PIP3), which results in Akt phosphorylation.
Through phosphorylation of the tuberous sclerosis protein 1 and 2 complex
(TSC1/2), Akt activates mammalian target of rapamycin (mTOR), which inhibits
autophagy. Inhibition of mTOR, such as by rapamycin, induces autophagy. IFN-y
is a positive regulator of autophagy. These opposing roles of IFN-y and IL-4/IL-13
suggest that Th1/Th2 balance could affect the ability of macrophages to eliminate
Mycobacterium tuberculosis by autophagy.
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1.6. Hypothesis

Macrophages represent the first line of defense against Mycobacterium
tuberculosis. The Th1 cytokine IFN-y brings about the inhibition of mycobacterial
growth in macrophages; in contrast, the Th2 cytokines, IL-4 and IL-13, facilitate
the survival of mycobacteria. Autophagy plays an important role in innate
immunity against mycobacteria. IL-4 and IL-13 signal through the Akt-TOR
cascade, known to inhibit autophagy, and STAT-6 pathways. Excessive
induction of IL-13 has been shown in macrophages infected with hypervirulent
strains of M. tuberculosis; this induction of IL-13 is believed to modify the host
cellular immune response.

| hypothesize that the Th2 cytokines, IL-4 and IL-13, inhibit the autophagic
control of Mycobacterium tuberculosis in macrophages. This study investigates
the roles of IL-4 and IL-13 in autophagy in macrophages, in the context of

Mycobacterium tuberculosis infection.
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2. MATERIALS AND METHODS
2.1. Materials

Unless otherwise stated, reagents were from Sigma (St. Louis, MO).
Recombinant murine and human IL-4 and IL-13 were purchased from R & D
Systems. Rabbit polyclonal antibody against CD63 was from Santa Cruz
Biotechnology, rabbit polyclonal antibody against LC3 was from T. Ueno and E.
Kominami. pEGFP-LC3 was from T. Yoshimori and GFP-LC3 transgenic mice
were from N. Mizushima. Tdtomato-LC3 was from G. Bjorkoy.
2.2. Methods
2.2.1. Cells and bacterial cultures

Murine RAW264.7 macrophages were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum
(FBS) and L-glutamine (full-nutrient medium). The human monoblastic cell lines,
U937 and THP-1, were maintained in RPMI- 1640 (Invitrogen) with 10% FBS, L-
glutamine, and HEPES. Before use, U937 and THP-1 cells were differentiated
with PMA (100 nM) for 24-72 h. Mycobacterium bovis BCG was grown in
Middlebrook 7H9 broth with 0.5% Tween, 0.2% glycerol, and albumin-
dextrosecatalase supplement (BD Diagnostics, Franklin Lakes, NJ, USA).
Primary human monocyte-derived macrophages (MDMs) were isolated and
cultured from buffy coats by density gradient centrifugation on Ficoll-Paque Plus
(GE Healthcare). PBMCs were allowed to adhere to gelatin-coated plates for at
least 1 h, washed so that nonadherent cells could be removed, and cultured in
RPMI-1640 with 10% human human AB serum for 24 h. After this time, cells
were lifted, counted, and plated on tissue-culture plastic or glass coverslips for 5—
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7 days. Bone marrow-derived macrophages (BMMs) were isolated and cultured
as described.

2.2.2. Flow cytometry
After blocking with seroblock (AbD Serotec), RAW264.7 cells were stained

with rat anti-mouse CD124 (IL-4Ra)-PE (BD) for 30 min on ice. U937 and THP-1
cells were blocked with human serum (10%) and stained first with anti-human
CD124 for 30 min on ice, then with anti-mouse 19G1-PE (BD) for 30 min on ice.
The cells were analyzed on a BD FACScaliber, and data were processed with
CellQuest software.
2.2.3. Induction of autophagy

Autophagy was induced either by amino acid starvation, in which cells
were incubated for 2 hr in Earle’s balanced salt solution (EBSS) or by treatment
with IFN-y (200 U/ml) for 24 h [115].

2.2.4. Macrophage transfection

RAW264.7 and U937 cells were transfected by nucleoporation as
previously described [150]. In brief, cells were harvested after 2—-3 days in culture
and resuspended in 100 pl of the appropriate electroporation buffer (Amaxa
Biosystems) with 5-10 pg plasmid DNA or 1.5 ug siGENOME SMARTpool siRNA
or siCONTROL nontargeting siRNA (Dharmacon) and nucleofected with Amaxa
Nucleofector apparatus. After electroporation, cells were cultured in full nutrient
medium for 24 h before use.

2.2.5. Fluorescence confocal microscopy

Cells were cultured on glass coverslips, fixed in 2% paraformaldehyde for

20 min at room temperature, permeabilized, and blocked in PBS with 0.5%
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Tween 20, 1% BSA, and 2% goat serum for 30 min at room temperature. Cells
were incubated with primary antibody for 1 h and then with secondary antibody
for an additional 1 h. Alternatively, cells were incubated with Lysotracker Red
DND-99 (LT, Invitrogen) for 2 h prior to and during incubation with mycobacteria.
For labeling of acidic, lipid-rich vacuoles, cells were incubated with
monodansylcadaverine (MDC, 50 mM) for 15 min prior to fixing. Bone marrow
macrophages expressing GFP-LC3 were fixed with 2% paraformaldehyde for 10
min, permeabilized with 0.2% saponin for 5 min, blocked for 30 min, and
incubated with rabbit polyclonal antibodies against GFP (Abcam) overnight for
visualization of the GFP-LC3 fusion protein (GFP fluorescence in BMMs isolated
from these transgenic mice is sporadic, and GFP antibody is routinely used for
visualization of GFP-LC3.). Slides were incubated with a secondary anti-mouse
fluorescein isothiocyanate-conjugated antibody. Coverslips were mounted onto
glass slides with Permafluor Aqueous mounting medium (Thermo Scientific,
Waltham, MA, USA) and analyzed on a Zeiss LSM510 META laser-scanning
confocal microscope.

2.2.6. Immunoblotting

Cells were washed in PBS and lysed 1 h in buffer containing 10 mM Tris
HCI, 150mM NacCl, 0.5% deoxycholate, 2mM EDTA,2% NP-40, 1mM PMSF, and
protease inhibitor cocktail (Roche Applied Science). A total of 50 ug of protein
was loaded and separated on a 12% or 15% SDS polyacrylamide gel (BioRad)
and transferred to nitrocellulose. The membrane was blocked in 5% milk or 3%
BSA in PBS/Tween 20 (0.1%) and probed with primary antibodies overnight at

4°C. After washing with PBS/Tween, the blot was probed with HRP-conjugated
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secondary antibody for 1 h at room temperature. Staining was revealed with
SuperSignal West Dura Extended Duration Substrate (Pierce). ImagedJ (NIH)
was used for gel analyses.

2.2.7. Phagolysosome maturation and mycobacterial-survival assays

For phagocytosis of mycobacteria, macrophages were incubated with
Texas red-labeled BCG, GFP-BCG, or Mycobacterium tuberculosis strain H37Rv
for 15-30 min, washed, and incubated for an additional 2 h, in the presence of
starvation media, in the presence or absence of cytokines as indicated. After
staining the fixed cells for the lysosomal marker CD63 (LAMP3), confocal
microscopy was used so that the percentage of CDG63-positive mycobacterial
phagosomes from at least 100 cells could be recorded. For mycobacterial-
survival assays, RAW cells or MDM were infected with BCG or H37Rv for 1 h,
washed, and incubated for an additional 2 hr with starvation media and cytokines
as indicated. Cells were washed with PBS and lysed with distilled water. Serial
dilutions of lysates were made, and 5 ml aliquots were inoculated on Middlebrook
7H10 agar plates supplemented with oleic acid—albumin—dextrose—catalase (BD).
Plates were sealed and incubated for 2 weeks at 37°C, and colonies were
counted from dilutions yielding 10-50 visible colonies. Data are expressed as
colony-forming units per ml (cfu/ml).

2.2.8. Statistical analysis

Data are presented as means + SEM (approximately three independent
experiments); p values (Student’s t test; two-tailed) are relative to the control,

unless otherwise specified.
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3. RESULTS
3.1. IL-4 and IL-13 inhibit starvation-induced autophagy
Induction of autophagy in the murine RAW264.7 and human U937

monocyte or macrophage cell lines was monitored with morphometric analysis
after the formation of pEGFP-LC3-labeled [122] autophagosomes (= 1 ym). LC3
is the mammalian equivalent of yeast Atg8, a specific marker that translocates
from the cytosol to autophagosomal membranes [122]. Amino acid starvation
resulted in a significant increase in the number of pPEGFP-LC3" puncta per cell
(Figures 3.1 and 3.2). Translocation of cytosolic LC3 to autophagosomal
organelles was also detected by 4D live confocal microscopy [150-152] in
macrophages transfected with tdTomato-LC3 [153] (Movie SM1). Amino acid-
starvation-induced formation of LC3 puncta was abrogated with the addition of 3-
MA (Figure 3.3), a classical inhibitor of autophagy [154]. Both IL-4 and IL-13
signal through IL-4Ra [143]. After ascertaining the expression of IL-4Ra by flow
cytometry (Figure 3.4), IL-4 and IL-13 were added to macrophages induced for
autophagy by amino acid starvation. Either one of the Th2 cytokines tested
abrogated autophagy, as shown by inhibition of pEGFPLC3" puncta formation in

both RAW and U937 cells (Figures 3.1 and 3.2).
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Figure 3.1: Inhibition of starvation-induced autophagy by IL-4 and IL-13 in
murine macrophage cell line RAW264.7.

(A) Murine RAW264.7 cells were transiently transfected with pEGFP-LC3, amino
acid- and serum-starved for 2 hr with or without IL-4 or IL-13 (30 ng/ml), and
analyzed by confocal microscopy. (B) The number of large (=1 um) LC3 puncta
per cell were quantified. Data are presented as means £ SEM; *p < 0.05 and tp
= 0.05; n = 3. Scale bars represent 5 um. (Courtesy of Dr. James Harris).
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Figure 3.2: Inhibition of starvation induced autophagy by IL-4 and IL-13 in
human macrophage-like cell line U937.

(A) Human U937 cells were transiently transfected with pEGFP-LC3, amino acid-
and serum-starved for 2 hr with or without IL-4 or IL-13 (30 ng/ml), and analyzed
by confocal microscopy. (B) The number of large (=1 pym) LC3 puncta per cell
were quantified. Data are presented as means + SEM; *p < 0.05 and tp = 0.05; n
= 3. Scale bars represent 5 um.
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Figure 3.3. Induction of Autophagosome Formation by Starvation.

(A) Murine RAW264.7 cells were transiently transfected with pEGFP-LC3, amino
acid- and serum-starved for 2 hr with or without 10 mM 3-methyladenine (3-MA)
and analyzed by confocal microscopy. Treatment with 3-MA inhibits puncta
formation. (B) The number of large (21 ym) LC3 puncta per cell were quantified.
Data are presented as means + SEM; ** p < 0.01, ¥+ p = 0.05. Scale bars
represent 5 um. (Courtesy of Dr. James Hatrris).
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Figure 3.4. Flow cytometry analysis of IL-4ra surface expression.
Macrophage cell lines used in the study were tested for IL-4Ra surface
expression. There was no positive staining with the antibody isotype control.
RAW 264.7 cells frequently showed two populations of IL-4Ra expression (IL-
4Ra™" and IL-4Ra"™") and were enriched for IL-4Ra™" by cell sorting prior to
use, when necessary.
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Similar results were obtained with primary bone marrow-derived
macrophages (BMMs) from GFP-LC3 transgenic mice [155] (Figures 3.5A and
3.5B). A titration of IL-4 and IL-13 in RAW264.7 cells showed that at 0.3 ng/ml,
both cytokines still exerted their effects, albeit IL-4 was losing some of its potency
at the lowest concentration tested (Figure 3.6A).

The inhibitory effects of IL-4 and IL-13 on starvation-induced autophagy
were independently confirmed by an assay that measures conversion of LC3-I|
(nonlipidated form with lower electrophoretic mobility) to LC3-1l (LC3 form C-
terminally lipidated by phosphatidylethanolamine, displaying higher
electrophoretic mobility) with immunoblots [122]. As expected, induction of
autophagy by starvation reduced both LC3-I and LC3-ll band intensity in
RAW264.7 cells (Figure 3.6B and Figure 3.7A, lanes 1 and 2) because of the
autophagic consumption of LC3 [122]. At the same time, the intensity of the
LC3-Il band changed (increased) relative to the intensity of LC3-I band (Figure
3.6B and Figure 3.7A, lanes 1 and 2). When IL-4 and IL-13 were added to
starved macrophages, two changes occurred: (1) The intensity of the LC3-1 band
increased (Figure 3.6B, lanes 3 and 4, relative to lane 2), indicative of a reduced
LC3-I-to-LC3-Il conversion, consistent with the inhibition of autophagy induction
by IL-4 and IL-13. An increase in the LC3-l band was also observed in primary
murine BMM (Figure 3.7B). (2) The LC3-ll band intensity decreased in starved
RAW264.7 macrophages treated with IL-4 and IL-13 (Figure 3.6B, lanes 3 and 4,

compared to lane 2). This could be the result of reduced LC3-I-to-LC3-lI
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conversion, in keeping with an inhibition of autophagy induction. However, in

BMM only an LC3-I increase but no LC3-Il decrease was observed (Figure 3.7B).
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Figure 3.5. Inhibition of Starvation-Induced Autophagy by IL-4 and IL-13 in
Murine Bone Marrow Macrophages.

(A) Bone marrow macrophages (BMMs) from GFP-LC3 transgenic mice were
amino acid- and serum-starved (S) for 2 hr with or without IL-4 or IL-13 (30
ng/ml) and analyzed by confocal microscopy. (B) Quantification of large (>1 ym)
GFP-LC3 puncta per cell (within the denominator; calculations included cells
without any large puncta); n= 3. Data are represented as means * SEM; * p <
0.01. (Courtesy of Dr. Monica Delgado).
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Figure 3.6. Inhibition of Starvation-Induced Autophagy by IL-4 and IL-13 in
Murine RAW264.7 Macrophages.

(A) Quantification of large (21 ym) LC3 puncta in RAW264.7 cells transfected
with GFP-LC3 and induced for autophagy by starvation in the presence of
decreasing concentrations of IL-4 or II-13; n = 3 (separate slides; shown is one
out of two independent experiments). Data are presented as means £ SEM; **p <
0.01, and tp = 0.05. (B) Immunnoblot analysis of LC3 lipidation state in
RAW264.7 cells starved and incubated without (none) or with IL-4 or IL-13. Full;
cells grown in full medium. Cells were amino acid- and serum-starved for 2 hr
(lanes 2—4). Actin was used as the loading control. (Courtesy of Dr. Monica
Delgado)

40



The differences in LC3-Il band intensity between RAW264.7 and BMM
may be the net result of differences in the rates of LC3-I-to-LC3-Il conversion
versus LC3-Il depletion through degradation in autolysosomes. This was
substantiated with lysosomal and autolysosomal protease inhibitors (Figure 3.7A,
lanes 3 and 4, compared to lane 2), which, as expected, increased LC3-II
amounts by blocking its degradation both in the presence or absence of IL-4.
Consistent with the conclusion that Th2 cytokines inhibit LC3-I-to-LC3-lI
conversion, IL-4 presence increased LC3-1 band intensity (Figure 3.7A, lane 4
compared to lane 3). Because the presence of IL-4 did not diminish LC3-1l band
levels relative to protease inhibitors alone (Figure 3.7A, lane 4 versus lane 3), as
one might expect from lower LC3-I-to-LC3-Il conversion, Th2 cytokines may have
an additional effect on the fate of LC3-Il by partially inhibiting its delivery to or its
degradation in autolysosomes. This conclusion is consistent with the apparent
preservation of the LC3-1l band in BMM (Figure 3.7B). Of note is that IL-4 and
IL-13 did not change expression of the murine LC3 gene MAP1-LC3b under
starvation conditions (Figure 3.7C). In conclusion, IL-4 and IL-13 inhibit LC3-I-to-
LC3-Il conversion and initiation of autophagy but may have additional effects on
the autophagic pathway; these effects become apparent when different cells are

examined.
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Figure 3.7. Inhibition of LC3 lipidation in Starvation-Induced Autophagy by
IL-4 and IL-13.

(A) IL-4 inhibits LC3-l to LC3-II conversion and slows down starvation-induced
LC3-Il turnover in RAW264.7 macrophages. Western blot analysis of LC3
lipidation state in RAW264.7 cells, incubated in full medium (Full), or starved and
incubated without (-) or with IL-4. Where indicated, lysosomal protease inhibitors
e64d and pepstatin were added. GAPDH, loading control. (B) IL-4 and IL-13
inhibit LC3-I-to-LC3-1l conversion in murine bone marrow derived macrophages.
Macrophages were induced for autophagy by amino acid and serum starvation in
the absence (None) or in the presence of IL-4 (+IL-4) or IL-13 (+IL-13). C, control
incubated in full medium. GAPDH, loading control. (C) Quantitative (q) RT-PCR
analysis of LC3b expression. Data are represented as means + SEM; 1 p = 0.05.
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3.2. IL-4 and IL-13 inhibit IFN-y-induced formation of autophagosomes

Treatment of macrophages with IFN-y promotes the formation of
autophagosomes [115, 128]. We tested whether this effect could be inhibited by
treating RAW and U937 cells with IFN-y in combination with either IL-4 or IL-13.
In both cell types, IL-4 and IL-13 significantly reduced the number of IFN-y-
induced pEGFP-LC3" puncta per cell (Figure 3.8 and Figure 3.9). In addition, we
found that IFN-y treatment increased the percentage of RAW cells with large
vacuoles that stained positively for monodansylcadaverine (MDC), another
marker for autophagic vacuoles [156], and this effect was inhibited by IL-4 or IL-
13 (Figures 3.10A and 3.10B). By using the MDC assay, we confirmed the
effects of IL-4 and IL-13 in primary human, peripheral blood monocyte-derived
macrophages (MDMs) and found, in titration experiments, a similar
concentration-dependence pattern to that seen in murine macrophages (Figure

3.10C).
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Figure 3.8. Inhibition of IFN-y-Induced Autophagy by IL-4 and IL-13 in
RAW264.7.

(A) Murine RAW 264.7 were transiently transfected with pEGFP-LC3 and treated
with 200 U/ml IFN-y or IFN-y in combination with IL-4 or IL-13 (30 ng/ml) for 24 hr
and analyzed by confocal microscopy. (B)The number of large (=1 ym) LC3
puncta per cell were quantified. Data are presented as means + SEM; * p < 0.05,
** p < 0.01, tp = 0.05. Scale bars represent 5 uym. (Courtesy of Dr. James
Harris).
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Figure 3.9. Inhibition of IFN-y-Induced Autophagy by IL-4 and IL-13 in U937.
(A) Human U937 cells were transiently transfected with pEGFP-LC3 and treated
with 200 U/ml IFN-y or IFN-y in combination with IL-4 or IL-13 (30 ng/ml) for 24
hr and analyzed by confocal microscopy. (B) The number of large (=1 pm) LC3
puncta per cell were quantified. Data are presented as means + SEM; * p < 0.05,
**p <0.01, tp 2 0.05. Scale bars represent 5 um.

45



60 4 *k

50 4

] 4 ;

% MDC puncta’ cells

(@)

IFNy + IL-4

% MDC puncta+ cells

2388888388

IFNy+ IL-13

Figure 3.10. IL-4 and IL-13 Inhibit Autophagosome Formation in Murine and
Human Macrophages Assessed by Monodansylcadaverine Staining.

(A) Murine RAW 264.7 were treated with IFN-y (200 U/ml) with or without IL-4 or
IL-13 (30 ng/ml) for 24 hr and stained with monodansylcadaverine (MDC) for 15
min. and were analyzed by confocal microscopy. (B) The percentage of cells with
MDC" vacuoles were quantified. (C) Titration of IL-4 and IL-13 (concentration in
ng/ml) effects on reversing starvation-induced autophagy in human primary,
peripheral blood monocytes-derived macrophages (MDMs). Data are presented
as means = SEM; * p < 0.05, ** p < 0.01, fp = 0.05. Scale bars represent 5 ym.

(Courtesy of Dr. James Harris).
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3.3. IL-4 and IL-13 inhibit autophagy-dependent BCG phagolysosome
maturation

Mycobacterium tuberculosis normally resides in phagosomes that do not
acquire phagolysosomal properties, such as lumenal acidification and the
presence of lysosomal hydrolases [157]. Induction of autophagy has been
shown to promote the transfer of mycobacteria into degradative autolysosomal
organelles [115]. To investigate whether IL-4 and IL-13 counteract this effect, we
examined the maturation of M. tuberculosis variant bovis BCG (BCG)
phagosomes by monitoring the late endosomal or lysosomal marker CDG63.
Induction of autophagy by starvation or IFN-y in BCG-infected RAW cells
significantly increased colocalization of GFP-BCG with CD63 (Figures 3.11A and
3.12A). The effect of starvation-induced autophagy on BCG phagosome
maturation was inhibited by the addition of either IL-4 or IL-13 (Figures 3.11A and
3.12A). Both IL-4 and IL-13 also inhibited IFN-y-induced phagosome maturation
in BCG-infected cells (Figure 3.12). Starvation increased phagosome maturation
in U937 cells, an effect that was inhibited with either IL-4 or IL-13 (Figure 3.13).
We also tested PMA-differentiated human THP-1 cells, by using the acidotropic
dye LysoTracker Red (LT) to visualize lysosomal compartments. As with RAW
cells, phagosome maturation was increased by either starvation (Figure 3.14A
and 3.14B) or IFN-y (Figures 3.14A and 3.14C); this effect was inhibited by

treatment with either IL-4 or IL-13 (Figures 3.14).
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Figure 3.11. Inhibition of Starvation-Induced BCG Phagosome Maturation
by IL-4 and IL-13.

(A) Confocal images of murine RAW 264.7 macrophages infected with GFP-BCG
for 2 hr. Cells were amino acid- and serum-starved for 2 hr (during infection) with
or without IL-4 or IL-13 (30 ng/ml). After infection, cells were fixed and stained for
CD63. (B) The percent of CD63" was quantified. Data are presented as means +
SEM; *p<0.05and tp 20.05; n=3.
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Figure 3.12. Inhibition of IFN-y-Induced BCG Phagosome Maturation by IL-4
and IL-13.

(A) Confocal images of murine RAW 264.7 macrophages infected with GFP-BCG
for 2 hr. Cells were treated with IFN-y (200 U/ml) for 24 hr prior to infection, with
or without IL-4 or IL-13 (30 ng/ml). After infection, cells were fixed and stained for
CD63. (B) The percent of CD63" was quantified. Data are presented as means +
SEM; * p < 0.05 and fp =2 0.05; n = 3. (Courtesy of Dr. James Hatrris).
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Figure 3.13. IL-4 and IL-13 Inhibit Autophagy-Induced BCG Phagosome
Maturation in Human U937 cells.

(A) Confocal images of human U937 macrophages infected with Texas-red-BCG
for 2 hr. Cells were amino acid- and serum-starved for 2 hr (during infection) with
or without IL-4 or IL-13 (30 ng/ml). After infection, cells were fixed and stained
with anti-CD63 (green). (B) The percent of CD63" was quantified. Data are
presented as means + SEM; * p < 0.05 and tp = 0.05.
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Figure 3.14. IL-4 and IL-13 Inhibit Autophagy-Induced BCG Phagosome
Maturation in Human THP-1 Cells.

(A) Representative confocal images of PMA-differentiated human THP-1
monocytes infected with GFP-BCG for 2 hr. Cells were amino acid- and serum-
starved for 2 hr (during infection), or pretreated with IFN-y for 24 hr, with or
without IL-4 or IL-13 (30 ng/ml), in the presence of LysoTracker red (red
fluorescence). The percent of LysoTracker (LT)" during starvation (B) and IFN-y
(C) treatments were quantified. Data are presented as means + SEM; * p < 0.05
and tp = 0.05. (Courtesy of Dr. James Harris).

51



Phagosome maturation was autophagy dependent, as demonstrated by
siRNA knockdown of Beclin 1, a critical mammalian autophagy factor [158]
(Figures 3.15A-C). Although RAW cells transfected with scrambled siRNA
showed an increase in BCG phagosome maturation in response to starvation
(Figures 3.15A and 3.15D) or IFN-y (Figures 3.15B and 3.15D), cells treated with
Beclin 1 siRNA did not, demonstrating that these responses are dependent on
functional autophagic machinery. In the presence of full-nutrient media,
treatment of RAW macrophages with IL-4 or IL-13 had no effect on the
colocalization of CD63 with either live or heat-killed BCG phagosomes (Figure
3.16). Thus, these Th2 cytokines do not inhibit mycobacterial phagosome
maturation under normal conditions but rather specifically inhibit autophagy-

dependent maturation.
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Figure 3.15. Starvation- and IFN-y-Induced BCG Phagosome Maturation is
Autophagy Dependent.

(A) Quantitative analysis of CD63" BCG phagosomes that were in murine
RAW264.7 macrophages transiently transfected with either nontargeting
(scrambled) siRNA or Beclin 1 siRNA and that were amino acid- and serum-
starved for 2 hr. (B) CD63" BCG phagosomes in RAW264.7 cells transiently
transfected with scrambled or Beclin 1 siRNA and treated with IFN-y (200 U/ml)
for 24 hr. Data are presented as means + SEM; *p < 0.05, **p < 0.01, and fp =
0.05; n = 3 for (A) and n = 6 for (B). (C) Immunoblot confirmation of Beclin 1
knockdown by siRNA. (D) Immunofluorescence panels of BCG colocalization
with the late endosomal marker CD63, exemplifying the data in (A) and (B).
CD63 is shown in green; BCG is shown in red.
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Figure 3.16. IL-4 and IL-13 Do Not Affect Phagosome Maturation in the
Absence of Autophagy.

(A) Co-localization of CD63 with Texas-red labeled BCG was measured in RAW
264.7 cells incubated with heat-killed (dark bars) or live (light bars) BCG for 2 hr
in the presence of IL-4 or IL-13 (30 ng/ml). (B) RAW cells incubated with IL-4 or
IL-13 for 24 hr prior to infection with live BCG for 2 Hr. (Courtesy of Dr. James
Harris).
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3.4. IL-4 and IL-13 inhibit autophagic phagosome maturation in primary
human cells

To confirm that IL-4 and IL-13 inhibit autophagy-induced effects on
mycobacterial phagosomes in human primary macrophages, we tested whether
IL-4 and IL-13 influenced autophagy-induced mycobacterial phagosome
maturation. Human peripheral blood monocyte-derived macrophages (MDMs)
were infected with BCG and induced for autophagy by starvation. The effect of
starvation-induced autophagy on mycobacterial phagosome maturation was
decreased by the addition of either IL-4 or IL-13 (Figures 3.17A and 3.17B).
Similarly, both IL-4 and IL-13 had an inhibitory effect on IFN-y-induced
mycobacterial phagosome maturation (Figures 3.17A and 3.17B). These results
validate in human primary macrophages the conclusion that Th2 cytokines
counteract autophagy in its ability to deliver mycobacteria into the

phagolysosome.
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Figure 3.17. IL-4 and IL-13 Counteract Autophagy-Induced Phagosome
Maturation in Primary Human Macrophages.

(A) Primary human macrophages derived from peripheral blood monocytes were
infected with BCG. Transfer of mycobacteria to phagolysosome dependent on
autophagy was scored with the acidotropic dye LysoTracker (LT). Autophagy
was induced for 2 hr by starvation or by treatment with 200 U/ml human IFN-y.
Cells were incubated in the absence or presence of 30 ng/ml of human IL-4 or IL-
13, as indicated. (B) Quantification of experiments. Data are presented as means
+ SEM; *p < 0.05 and fp = 0.05; n = 3 (three independent donors). (Courtesy of
Dr. James Harris).
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3.5. IL-4 and IL-13 inhibit autophagy-dependent killing of intracellular
mycobacteria

To determine whether IL-4 and IL-13 affect autophagic elimination of
mycobacteria [115], we infected RAW cells with BCG and induced autophagy by
amino acid starvation for 2 hr. Induction of autophagy decreased BCG survival in
RAW cells (Figure 3.18A). Addition of IL-4 or IL-13 to the starvation media
abrogated this effect (Figure 3.18A). Similar results were obtained when survival
of virulent M. tuberculosis H37Rv was tested with starvation or IFN-y used as
autophagy agonists (Figures 3.17B and 3.18C). Figure 3.18D shows that these
relationships hold true in primary macrophages because IL-4, used as an
example, abrogated killing of virulent M. tuberculosis H37Rv by starvation-
induced autophagy in murine BMMs. These findings demonstrate that IL-4 or IL-

13 inhibit autophagy-induced killing of mycobacteria by macrophages.
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Figure 3.18. IL-4 and IL-13 Inhibit Autophagy-Dependent Killing of M.
tuberculosis in Murine Macrophages.

(A) Murine RAW264.7 macrophages were infected with BCG for 1 hr and were
amino acid- and serum-starved with or without IL-4 or IL-13 (30 ng/ml) for 2 h.
Cells were washed and lysed for viability determination and survival expressed
as a percentage of the control. (B) Murine RAW264.7 macrophages were
infected with virulent M. tuberculosis H37Rv for 1 h and were amino acid- and
serum-starved with or without IL-4 or IL-13 (30 ng/ml) for 2 h. Cells were washed
and lysed for viability determination. (C) Murine RAW264.7 macrophages were
either untreated or treated with 200 U/ml of m-IFN-y for 24 h prior to infection
with M. tuberculosis H37Rv for 1 hr with or without IL-4 or IL-13 (30 ng/ml) for 2
h. Cells were washed and lysed for viability (cfu) determination. Data are
presented as means + SEM, *p < 0.05, **p < 0.01, and tp 2 0.05; n = 3. (D) IL-4
inhibits autophagy-dependent killing of M. tuberculosis H37Rv in primary murine
macrophages. Murine bone marrow macrophages were infected with virulent M.
tuberculosis (strain H37Rv) for 1 h and were amino acid- and serum-starved with
or without IL-4 (30 ng/ml) for 2 h. Mycobacterial viability (colony counts) is
expressed as a percentage of the control. (Courtesy of Dr. Sharon Master).
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3.6. Inhibition of starvation-induced autophagy by IL-4 and IL-13 is Akt
dependent

To determine the signaling involved in the actions of IL-4 and IL-13 on
autophagy in macrophages, we examined whether the Akt pathway, known to
activate TOR and inhibit autophagy [129], was involved. In both RAW264.7
(Figure 3.19A) and U937 (Figure 3.19B) macrophages, IL-4 and IL-13 increased
phosphorylation of Akt under starvation conditions (Figure 3.19B, top two panels
and graph). We next tested the activity of TOR, a key negative regulator of
autophagy (when TOR is active, autophagy is inhibited) on the basis of reports
that TOR is activated by Akt [129]. We investigated TOR activation by
monitoring phosphorylation of p70 S6 kinase (S6k) and 4E-BP1, two TOR
substrates commonly used as indicators of its activation state [129]. Treatment
of U937 cells with IL-4 or IL-13 increased phosphorylation of S6k (Figure 3.19B).
In RAW264.7 macrophages, IL-4 and IL-13 treatment increased phosphorylation
of 4E-BP1 under starvation conditions in a dose-dependent manner (Figure
3.20B and Figure 3.21A). A finer-resolution analysis of 4E-BP1 phosphorylation
was carried out next. TOR induces 4E-BP1 inactivation via multiple hierarchical
phosphorylations [159]. A fine-resolution immunoblot analysis can be used for
revealing 4E-BP1 hypophosphorylated a and 8 forms, and hyperphosphorylated
y form, resolved in the order of their decreasing electrophoretic mobility. Active
Akt elicits 4E-BP1(y) hyperphosphorylation through TOR activity [159]. Our
analyses revealed that IL-4 and IL-13 treatment specifically increased
phosphorylation of 4E-BP1(y), under starvation conditions, in primary murine

BMMs (Figure 3.20A and Figure 3.21B), and in human MDMs (Figure 3.22).
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Figure 3.19. IL-4 and IL-13 Activate TOR Via the Akt Pathway.

(A) Immunoblot analysis of Akt phosphorylation in RAW264.7 macrophages
amino acid- and serum starved for 2 hr with or without IL-4 or IL-13 (30 ng/ml).
(B) Immunoblot analysis of Akt (top two blots) and p70S6K (bottom two blots)
phosphorylation in human U937 macrophages in full media or amino acid- and
serum- starved for 2 h with or without IL-4 or IL-13 (30 ng/ml). Ratios of
phosphoproteins (p-Akt or p-p70 S6 k) to total corresponding protein (Akt or p70
S6 k) are shown in graphs to the right.
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Figure 3.20. IL-4 Activates TOR Via the Akt Pathway in Murine
Macrophages.

(A) Immunoblot analysis of 4E-BP1 hierarchical phosphorylation in murine bone
marrow macrophages (BMMs) starved and treated with IL-4 for 40, 60, and 120
min. Graph shows the ratio of 4E-BP1(y) vs. 4E-BP1(B) (n = 2) (B) Immunoblot
analysis of 4E-BP1 phosphorylation in murine RAW 264.7 macrophages starved
and treated for 2 hr with varying concentrations of IL-4. Graph shows the ratio of
phosphorylated vs. total 4E-BP1 (n = 3).
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Figure 3.21. IL-4 and IL-13 Activate TOR Via the Akt Pathway in Murine
Macrophages.

(A) Immunoblot analysis of 4E-BP1 phosphorylation in murine RAW 264.7
macrophages starved and treated for 2 hr with varying concentrations of IL-13.
Graphs show the ratio of phosphorylated vs. total 4E-BP1 (n = 3). (B)
Immunoblot analysis of 4E-BP1 in murine bone marrow macrophages (BMMs).
Graph shows the ratio of 4E-BP1(y) vs. 4E-BP1(B) (n = 2).
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Figure 3.22. IL-4 and IL-13 Activate TOR Via the Akt Pathway in Primary
Human Macrophages.

Immunnoblot analysis of human monocyte-derived macrophages (MDMs)
starved for 2 hr with or without IL-4 or IL-13. Graph show (n = 2; one out of two
experiments with similar results) the intensity ratios of p-4E-BP1(y) to p-4E-
BP1(B) bands.
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Furthermore, a time course of 4E-BP1 showed that IL-4 exerted its effects
by increasing 4E-BP1(y) hyperphosphorylation at 2 hr but had no discernible
effects at earlier time points (Figure 3.20A), consistent with other effects
measured in our study. These results demonstrate that IL-4 and IL-13 activate
the Akt pathway in macrophages, resulting in the activation of TOR and inhibition
of starvation-induced autophagy.

To establish the role of Akt in the IL-4- and IL-13-induced inhibition of
autophagy in macrophages, we knocked down Akt1 and Akt2 with siRNA in vitro
(Figure 3.23A). Compared with the control samples (scrambled siRNA),
knockdown of Akt1 and Akt2 in RAW macrophages increased autophagy,
monitored by LC3" vacuole formation (Figures 3.23B and 3.23C), indicating that
basal levels of autophagy are controlled, at least in part, by baseline Akt
activation. Double knockdown of Akt1 and Akt2 in RAW cells abrogated the
effects of IL-4 and IL-13 on starvation-induced autophagy (Figures 3.23B and
3.23C). In BCG-infected RAW cells, knockdown of Akt1 and Akt2 also inhibited
the effects of IL-4 and IL-13 on starvation-induced transfer of BCG to

autophagosomes (Figures 3.24A and 3.24C).
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Figure 3.23. IL-4 and IL-13 Inhibit Starvation-induced Autophagy Via Akt
Pathway.

(A) Immunoblot confirmation of Akt 1 and Akt2 knockdown in RAW264.7 cells
transiently transfected with control (scrambled) or Akt 1 and Akt 2 siRNA. (B)
Quantification of large (21 um) pEGFP-LC3 puncta per cell in RAW 264.7
macrophages transiently transfected with pEGFP-LC3 and either scrambled
siRNA or Akt 1 + Akt 2 siRNA and starved for 2 hr with or without IL-4 or IL-13.
(C) Representative confocal images of RAW cells transiently transfected with
pEGFPLC3 in combination with scrambled or Akt 1 and Akt 2 siRNA and amino
acid- and serum-starved for 2 h with or without IL-4 or IL-13 (30 ng/ml).
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Figure 3.24. IL-4 and IL-13 Inhibit Starvation-Induced Transfer of BCG to
Autophagosome Via Akt Pathway.

(A) Quantitative analysis of CD63" BCG phagosomes in RAW264.7 cells
transiently transfected with scrambled siRNA or Akt 1 + Akt 2 siRNA and infected
with BCG for 2 hr. Infected cells were amino acid- and serum-starved with or
without IL-4 or IL-13. (B) Percentage of CD63" BCG phagosomes in RAW264.7
cells transiently transfected with scrambled siRNA or Akt1 + Akt 2 siRNA, treated
with IFN-y with or without IL-4 or IL-13 for 24 hr, and infected with BCG for 2 hr.
(C) Representative confocal images of RAW cells transfected with Akt 1 and Akt
2 siRNA, infected with Texas red-labeled BCG and starved for 2 h with or without
IL-4 or IL-13. CD63 staining was revealed with Alexa-488 (green).

(Courtesy of Dr. James Harris).
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3.7. Inhibition of IFN-y-induced autophagy is STAT6 dependent

In contrast to the effects with IL-4 and IL-13 on starvation-induced
autophagy, a double knockdown of Akt1 and Akt2 with siRNA had no effect on
the inhibition of IFN-y-induced phagosome maturation by IL-4 and IL-13 (Figure
3.24B), suggesting that the suppressive effects of these Th2 cytokines on the
activation by IFN-y involved alternative or additional pathways, independent of
Akt signaling. Akt3 was detectable only at very low amounts in these cells, and
its expression was not affected by knockdown of Akt1 and Akt2 (data not shown).
We therefore tested whether the inhibitory effect of IL-4 and IL-13 on IFN-y-
induced autophagy was regulated via a different pathway. IL-4 and IL-13
receptors, in addition to signaling via the Akt pathway, are more commonly
known for their activation of STAT6 [143]. Thus, we tested whether STAT6 was
required for Th2 cytokine inhibition of autophagy activation by IFN-y. When
STAT6 was knocked down (Figure 3.25A), IL-13 could no longer suppress IFN-y-
induced autophagosome formation in macrophages (Figures 3.25B-E).
Collectively, our data on IL-4 and IL-13 inhibition of starvation- and IFN-y-induced
autophagy demonstrate that Th2 cytokines can employ either of the signaling
pathways associated with ligation of the IL-4 and IL-13 receptors to exert this
effect. Suppression of starvation-induced autophagy occurs through activation of

Akt, whereas STAT6 is needed for suppression of IFN-y-induced autophagy.
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Figure 3.25. IL-13 Inhibits IFN-y-Induced Autophagy Via STAT6 Pathway.

(A) Immunoblot confirmation of STAT6 knockdown in RAW264.7 macrophages
transiently transfected with control (scrambled) or STAT6 siRNA. Polyclonal anti-
STATG6 rabbit antibodies (Bethyl Laboratories) were used for immunoblotting. (B-
E) Th2 inhibition of IFNy-dependent autophagy is STAT6 dependent: (B and C)
display confocal-microscopy images and quantification of GFP-LC3 puncta
formation in response to IFN-y, with or without IL-13, in cells treated with control
(scrambled) siRNA. (D and E) display images and quantification of GFP-LC3
puncta formation in response to IFN-y, with or without IL-13, in cells treated with
control STAT6 siRNA. Data in all graphs presented as means + SEM; n = 3; *p <
0.05, **p <0.01, and fp = 0.05. (Courtesy of Dr. Esteban A. Roberts).
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4. DISCUSSION

The major result of the present study is that the Th2 cytokines IL-4 and IL-
13 inhibited the autophagy-induced elimination of mycobacteria by murine and
human macrophages. This inhibition was accomplished by the cytokines
impairing the autophagic transfer of mycobacteria from an immature phagosome
to the autolysosome; this action prevented the elimination of intracellular bacilli
by autophagy. This study also demonstrated that the effect of IL-4 and IL-13 on
starvation-induced autophagy is dependent on signaling via the Akt pathway.
The finding that the Th2 cytokines depend on Akt signaling was not surprising
since published studies have reported that IL-13 stimulates the Akt pathway,
which activates TOR, a repressor of autophagy [141, 142]. However, what was
unexpected was the finding that the effect of IL-4 and IL-13 on IFN-y-induced
autophagy was independent of Akt; instead, it depended on signaling via the
STATG6 pathway.

Autophagy plays a role in the response to a number of intracellular
pathogens [85, 112-115]. Mycobacterium tuberculosis has developed the ability
to inhibit maturation of the macrophage phagosome to promote its survival [157].
However, our lab has previously shown that the induction of autophagy in
Mycobacterium tuberculosis-infected macrophages led to an increase in
phagosome maturation and a decrease in intracellular survival of the bacilli [115].
Consequently, autophagy represents a mechanism by which macrophages are
able to overcome the phagosome maturation block imposed by mycobacteria,

leading ultimately to enhanced mycobacterial elimination.
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4.1. Autophagy-mediated clearance of Mycobacterium tuberculosis and
Th1-Th2 polarization

After phagocytosis by macrophages, bacterial pathogens are trapped
within the phagosome and subsequently degraded by lysosomes [160].
Mycobacteria escape elimination by arresting maturation of the phagosome in
which they are trapped. However, amino acid starvation and IFN-y stimulate
autophagy in macrophages to overcome this phagosome maturation block and
increase elimination of mycobacteria. In this study, we analyzed the effects of
the Th2 cytokines IL-4 and IL-13 in murine and human macrophage cell lines
during the autophagic response. The maturation of the autophagosome when
macrophages were starved or exposed to IFN-y, as determined by the
accumulation of LC3-ll on the autophagosome and transfer of bacteria to the
autophagosome, was hindered when the macrophage was stimulated with the
Th2 cytokines. The concentrations of IL-4 and IL-13 used in our titration
experiments were in the range of the in vivo and ex vivo tissue levels of these
cytokines under a variety of conditions [161-163], including studies involving
mycobacterial antigens [164]. Therefore, this study showed that the microbicidal
effect of autophagy is abrogated by the cytokines IL-4 and IL-13 through the
inhibition of mycobacterial phagosome maturation.

4.2. Effects of IL-4 and IL-13 in starvation-induced autophagy

While amino acid starvation stimulates autophagy, the Th2 cytokines IL-4
and IL-13 generated an opposing effect. In HT-29 epithelial cells, IL-13 inhibits
starvation-induced autophagy through the activation of the Akt pathway [141,

142]. The two cytokines signal through IL-4Ra, which then signal via the insulin
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receptor substrate (IRS)-1/2 [143]. IRS-1/2 signaling activates the type |
phosphatidylinositol 3 kinase (PI3K), ultimately activating the Akt pathway and
TOR [129]. The activation of TOR results in the negative regulation of
autophagy. In this study, we analyzed the effects of the Th2 cytokines IL-4 and
IL-13 in murine and human macrophage cell lines on the Akt pathway and TOR
activity during starvation-induced autophagy. The activity of TOR decreases
when cells are starved, as determined by the decrease in phosphorylation of
TOR activation state indicators, resulting in the induction of autophagy in both
murine and human macrophages. However, treatment with IL-4 and IL-13
increased phosphorylation of the TOR activation state indicators under starvation
conditions, suggesting the Th2 cytokines stimulate TOR activity in macrophages.
The in vitro double knockdown of Akt1 and Akt2 in macrophages negated the
effects of IL-4 and IL-13 on starvation-induced autophagy, thus increasing
autophagic activity, as monitored by LC3" vacuole formation. This data
demonstrated that stimulation with IL-4 and IL-13 increased Akt and TOR activity,
suggesting the effect of IL-4 and IL-13 on starvation-induced autophagy is
dependent on signaling via the Akt pathway.

4.3. Effects of IL-4 and IL-13 on IFN-y-induced autophagy

IL-4 and IL-13 inhibit IFN-y-induced autophagy independent of the Akt and
TOR pathway. Unlike the Akt-dependent inhibitory effects of IL-4 and IL-13 on
starvation-induced autophagy demonstrated in this study, this investigation
revealed that the Th2 cytokines inhibit autophagy by signaling through the STAT6
pathway. The effects of STAT6 on autophagy by IL-4 and IL-13 may depend on

a number of pathways. One such pathway involves the increase of the
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antiapoptotic and also recognized inhibitors of autophagy, Bcl-2 and Bcl-X.
protein levels by STAT6 [165] [166, 167]. The inhibition of autophagy occurs as
Bcl-2 and Bcl-X, interact with the BH3 domain of Beclin 1 under normal steady-
state growth conditions, whereas its dissociation from Bcl-2 mediates autophagy
[166, 167]. Beclin 1 interacts with several activators (Liang et al, 2006; Fimia et
al, 2007; Takahashi et al, 2007), which positively regulate autophagy by
promoting the activation of the PI(3)K protein, VPS34, and the formation of
autophagosomes.

IFN-y has also been shown to increase the expression of DAPK [168],
which recent reports indicate phosphorylates Beclin 1 at its BH3 domain;
subsequently, this phosphorylation promotes the dissociation of Beclin 1 from
Bcl-X., resulting in the induction of autophagy [169]. The IL-4 and IL-13 inhibition
of IFN-y-induced autophagy via STAT6, observed in this study, is supported by
the findings that Bcl-2 and Bcl-X, association with Beclin 1 blocks stimulation of
autophagy [166], and the rapid induction of STAT6 via IL-4 and IL-13 stimulation
may increase Bcl-X, availability [165]. This surprise finding suggests STAT6 as
an immunologically relevant regulator of autophagy. Furthermore, it elucidates
how Th2 cytokines counter autophagy-dependent protection against intracellular

pathogens provided by Th1 polarization.
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Figure 4.1. A Proposed Model for IL-4 and IL-13 Regulation of Autophagy.
(A) IL-4 and IL-13 inhibit starvation-induced autophagy by activating Akt and
TOR, two negative regulators of autophagy. (B) IFN-y-induced autophagy is
inhibited by the activation of STAT6. The Bcl-X_ association with Beclin blocks
stimulation of autophagy. IFN-y activates DAPK, which phosphorylates Beclin.
This phosphorylation promotes the dissociation of Beclin from Bcl-X,, resulting in
the induction of autophagy. The activation of STAT6, via IL-4 and IL-13
stimulation, may increase the Bcl-X_ association with Beclin, thus inhibiting
autophagy.
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4.4. Cytokines in the immune response to mycobacteria

In human tuberculosis, analyses of the patterns of T cell cytokines have
met with conflicting conclusion. Patients with pulmonary tuberculosis in general
have lymphocytes in their lungs with a Th1 phenotype producing IFN-y [59, 60].
Nevertheless, lung tissue from patients with cavitary tuberculosis has been
observed to display a Th2 lymphocyte subset phenotype relative to the Th1
subsets demonstrated in non-cavitary disease [59]. The Th2 phenotype shows a
relationship of a higher production of IL-4 in the periphery of patients with
cavitary disease [64], suggesting that IL-4 levels possibly indicate severity of
disease. Another study has shown that lymphocytes obtain from the cavitary wall
secrete more IFN-y when stimulated with mycobacterial antigens than cells from
non-progressive tuberculoma tissues [170], indicating a higher Th1 phenotype.
In some cases, granulomas can be positive for IFN-y and IL-4 [171, 172]. Some
studies have reported a Th1 response in the periphery of patients with mild
pulmonary tuberculosis and Th2 responses in patients lacking immunity or those
with more severe disease [146, 147]. The phenotype of infected macrophages
and dendritic cells within the granuloma is less well defined, but in vitro studies in
human peripheral blood monocytes have demonstrated that virulent strains of
tuberculosis preferentially up-regulate the production of Th2 cytokines such as
IL-4, IL-5, IL-10, and IL-13, while non-virulent strains induce a Th1-type response
[70, 148, 149]. Thus, it is possible that in the typically Th1 environment of the
granuloma, local secretion of IL-4 and IL-13 could specifically impair the
response of infected macrophages to IFN-y. However, secretion of anti-

inflammatory cytokines like IL-4, TGF-B, and IL-10 may be necessary to dampen
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the pathological effects of a prolonged or excessive Th1 response, although in
progressive tuberculosis disease IL-4 can actually increase immunopathology
[68].

Mycobacterium tuberculosis HN878 and other W/Beijing isolates induce
IL-13 expression, which, along with IL-4 is associated with Th2 responses, are
considered to be more virulent than others [70, 173]. M. tuberculosis strains
differ in their epidemiological features including rates of active disease among
exposed/infected individuals [174]. Significantly, these effects have recently
been linked to specific cytokine profiles, with excessive induction of IL-13 in
macrophages infected with hypervirulent strains of M. tuberculosis (HN878 and
W/Beijing) [70]. In contrast, CDC1551 induces more IL-12 and other molecules
associated with phagocyte activation and Th1 protective immunity. These
differences have been ascribed to mycobacterial lipids [173] and modulation of
cytokine production [70]. This differential response mediated by mycobacterial
lipids, with phenolic glycolipid (PGL) being a candidate [173]. These and
additional considerations suggest the phenolic glycolips of Mycobacterium
tuberculosis virulent strains increase levels of Th2 cytokines to inhibit autophagic

activity and enhance their survival.

75



4.5. Limitations

The present study contains certain inherent limitations that need to be
addressed. First, the study was accomplished on cultured cells. Consequently,
the monocytes/macrophage cells were analyzed secluded from the dynamics
existing in their microenvironment and may not reflect accurate in vivo cell
behavior. Second, in this study, we did not specifically examine alternative
activation of macrophages by IL-4 and IL-13 [69]; instead, the focus was on the
effects of short-term treatment of 2 hours in combination with IFN-y. Treatment
of macrophages with IL-4 or IL-13 for 6 days has been shown to enhance fluid-
phase pinocytosis and mannose receptor-mediated endocytosis through
activation of phosphatidylinositol 3 kinase; both cytokines increase tubular-
vesicle formation at pericentriolar sites under the plasma membrane, concurrent
with decreased particle sorting to the lysosomes [175]. Although these previous
observations could explain the inhibitory effects of IL-4 and IL-13 on
autophagolysosome formation, IL-4 and IL-13 had no effect on BCG phagosome
maturation in the absence of starvation- or IFN-y-induced autophagy,
demonstrating that the effects observed in our experiments are autophagy
specific. A study on the effects of alternative activation of macrophages with Th2
cytokines, in the context of autophagy, may be difficult to address because
prolonged autophagy can lead to type-Il programmed cell death, and most cells

will downregulate this process to ensure their survival [167].
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4.6. Conclusion and future directions

This study shows that Th2 cytokines IL-4 and IL-13 inhibited autophagy
and undermined the ability of macrophages to eliminate intracellular
mycobacteria. Th2 cytokines inhibited both physiologically and immunologically
induced autophagy in murine and human monocytes and macrophage.
Furthermore, these cytokines inhibited autophagy-dependent maturation of the
mycobacterial phagosome averting elimination of mycobacteria. These findings
have ramifications in Th1-Th2 polarization of the immune response to
Mycobacterium tuberculosis. By antagonizing autophagy, IL-4 and IL-13 inhibit
Th1-dependent protection against mycobacteria, possibly explaining why Th2
cytokines antagonize protection against other intracellular microbes, such as
Listeria moncytogenes and Legionella pneumophila. The regulation of
autophagy may represent a critical aspect of Th1-Th2 polarization in the host
response to intracellular pathogens. Thus, the balance of Th1 and Th2 cytokines
is clearly critical in the host response to Mycobacterium tuberculosis. Based on
Th1 inducing autophagy and Th2 dampening that response, this study sheds
more light on this dichotomy.

Higher level of IL-4 may indicate severity of disease in patients with
cavitary tuberculosis [64]. Therefore, in individuals with a mixed Th1-Th2
response to mycobacteria, it may be more beneficial to block the Th2 component
than to boost the Th1 response. This would be especially important if there is an
already adequate Th1 component. The possibility of restraining the Th2
response by stimulating suitable types of regulatory T cells has been pursued in

studies of allergic disorders, where much larger Th2 responses are present [176].

77



Although the importance of autophagy in the elimination of Mycobacterium
tuberculosis has been established in vitro, existing studies have not determined
to what extent autophagy contributes to the immune response against
mycobacteria in vivo. Therefore, it would be of great relevance to study the
autophagic status of alveolar macrophages and dendritic cells, inside the
granuloma and its periphery, during pulmonary tuberculosis. The role of various
different cytokines on this process may prove insightful, particularly those of
potential importance in the innate immune response and granuloma formation,
such as IL-10 and TGF-B. The answers to these questions could advance the
evolutionary arms race of the host to prevail in the fight against Mycobacterium

tuberculosis.
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5. APPENDICES
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Appendix A. T Helper 2 Cytokines Inhibit Autophagic Control of Intracellular

Mycobacterium tuberculosis.
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Autophagy is & recently recognized immunes
effector mech anism against intracellul ar patho-
gens. The role of sutophagy in innate immunity
has been well established, but the extent of its
regulation by the adaptive immune response
iz less well undestood. The T helper 1 (Thi)
cell cytoking IFM-y induces autophagy in mac-
rophages to eliminate Mycobactanum fubarcu-
lasis. Here, we report that Th2 cytokines affect
autophagy in macrophages and their ability to
control imtracallular M fubsrculosis. IL-4 and
IL-13 abmogated sutophagy and autophagy-
medisted kiling of intrecellular mycobacteria
in muring and human macrophages. Inhibition
of starvation-induced sutophagy by IL-4 and
IL-13 was dependent on Akt signaling, wheress
the inhibition of IFM-y-induced autophagy was
Akt independent and signal tmnsducer and
activator of trenscription & [STATE) dependent.
These findings establish & mechanism through
which Th1-Th2 polanzation differentially affects
the immune controd of intracel lular pathogens.

INTRODUCT IO

Autophagy & a undamantal homecstatc machanam in
which calE saquester dizorate porfors of the otogasm
inio an avlophagosorme, a specaized vacuol wih
a daoubla memirana, which n fun defivers tham o -
sosomes for degradation |(Lesina, 2006; Shintan and
Klinrsky, 2004). This proosss removes damaged or sur-
phe aganelas such as leaky mochondria and axcess
pamaisanas and, by dagrading langHived oytaplasmic
macranalecules dudng padods of stireafion, pmmotes
ool survival (Kuma at al, 2005, Aulaphagy has recantly
baan shown to play a ole in innals immunity against
infracelular mbogens, incuding Epsten-Bar Vs

(Paudan ot al, 2005, Shigala fexed (Dgawa et 4,
2005, Satmonela tphimudum  ([Brmingham et al,
2006, Toaplasma gongli (Ung ot al., 2008, and Apoo-
b i fubercunbesis | Gutimrmz et al, 2004 In addifian,
autophagy has bean implicated in adaptive immunity,
playing a mdsin andaganous antigen pessen tdion (Daeng-
jul Al 2005; Demfic, 2005; Paludan ot &, 2005; Schmid
atal., 2006h).

Avinphagy can ba nduced pharmoologically with ra-
parmpein, which inhibits TOR, a comsarvad Ser and Thr
kinasa thal mogulses oall growth and metabolism n re-
sporss o growhh Bctors, anargy inputs, and nutrifonal
demands (Wulschisger at a_, 2006 TOR intsgrates vad-
o npuls; its acivation stimuiies anabolic poossses
and biamass peduc fion, wheraas s inhibifon anhances
catabalic processes, nduding aviophagy. A dasoical ax-
armgla of this system in action is demonstaied by amino
add starvation, which laads to inhibiton of TOR and in-
ducfon of aviophagy. Conversaly, TOR can be acfvated
by growth factoss via the Akt (alko known as PRE) peth-
way, rasulling in tha inhibiion of auloghagy (Wullsdhager
atal, 2008). Insoma cases, withdrawal of grovwth factors
im mufficent for nducfon of auiophagy, even in the pres-
anos of adequate nutents. For axampla, remaval of IL-3
fmorn cultures of an IL-3-dependant hamopaafic cal ina
thatales Boe fe apopiotic reguistors Bax and Bak has
bean shown to induce atoghagy, and if left unchecked,
tha calls everdually dia (Lum ot al, 2005 Howaver, fa
ool de more rapidy when aulophagy is bibdked, sug-
gesting that autophagy is a survival medhanism in fase
ol [Lum et al, 2005). Aadophagy can b maodulated by
cylokinas and other immunological Signals | Andrade
atal, 2006; Djavaheri-Meargny ol al, 2008; Singh et 4.,
2006). For axamga, THF-z can induca avtophagy in
Ewing sarcoma oalls in the absance of NF-u8 acivataon
(Dijrvaheri-Margry atal, 2006, whamas in macroghages
and ofher calls, IPN-y, a classical T halpar 1 {Th1) cal
cyloking and a oifcal anfitubercuibsiz immuns mediatar,
induces or augrmans autaphagy (Gutisraer ot al |, 2002 In-
bal ot al, 2002 Pyoat al, 2005, Moraower, tha protecfve
rod of IFN-y aganst mycobacteria has bean aopoda iad
with autophagy (Gutiermz of al, 2008 Singh et A,
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2006, ndicating fhat this process is an impatant effecior
rmachanicsm of fha Thi response.

The two chssical Th2 oylakdnes, IL-4 and IL-13, sgral
fimugh the recepior |L-4Ra, which fosms a helsodinmeas
ather with e ganma cammon (yo) chan for IL-2) or
e IL-13R21 ffor IL-13) (Nams ot al., 1999). In addition,
IL-13 can sgral through tha Righ-affinity IL-13 Ra2  indialy
fought to ba a decoy, nomnsignaling recepior (Danalidsan
at al, 1998; Rchher-Fagl ot al., 2008; Kawakami atal,
20N; Shang et al., 1997). Ligation of the IL-2and IL-13 ra-
oaptar complex asresults in sgnaling via fha nsuin recep-
for subsim s RS- and 2 and STAT-6 mafrwveys (Nalms
ot al, 1999). ARhough STAT-6is nvolvad in |L-4- and IL-
13-nduced gena exprassian, IRS-1 and 2 signaling act-
wales fha type | ghosphatidylinosiol 3-kinase {71 3K) path-
way and subssquanty the Akt pefhway. On the basis of
i latter signaling pafwvay, wa hypothesizad that 14
and IL-13 would inhibi #he auibphagy-induced kiling of
myookncten by macrophages. Hera, we showsd fhat
L4 and IL-13 nhibited asoghagy nducad by aither
aming add starvafion or by IFH-y in murine and buman
rmacrophages bt that different sigraling mfreeys wem
wead o supress starvation-induced  wersus  IFN-v-
nducad autaphagy. ThislL-4 and IL-13 acfion spacfically
nhibited e fransier of mycabac e da ino lysosomal com-
mirments and enfanced mycobackdal survival within
nfaced maraphages by infibifing autaphagy.

REEILTS

IL-4 and IL-13 Inhibit &tarvati cn-lnduced
Autophagy

Inducfan of auinphagy in the mudne RAW2ELT and hu-
rman U937 manacyis o macmphage call lines was mani-
tomd with maphometdc snalysic after the formafion of
pEGFP-LCi-abaled (Kabeya ot al, 2000) audophago-
marmes | =1 ). LE3 & e marmrmalian aquivalent of yesast
AfgA, aspaciic marker that tmnslocabes frmm the ¢ yiosol
o auophagosamal mamiranes (Kabaya ot al, 2000
Arming acd starvadion resulbed in a sgrificant inonasss in
the numiber of pEGFP-LEE" puncta per call (Figura 1)
Transioa fon of oytaselic: LI to autapdha gosamal argan-
aliss was a0 delected by 4D ve confocal microscopy
{0hua and Darefic, 2004; Kyai atal., 2006; Robarts of al.,
2006 n macmphages ransiecsd with dTomedo-LCR
| Bjarkoy ot al., 2006) (Moaie SM1 n the Supplemantal
Data avalabis anineg). Amino acid-starvedion-induced for-
rmafion of L3 puncta was afragaisd with the addifion of
J-bA (Figure 51 ), a dassical infibdor of autaphagy [Blam-
maartat al, 1997 After ax cartaining fha apression of IL-
AFz by flow cylometry (Figura 52), IL-2 and IL-13 were
addad to macrophages nduced for autaphagy by aminag
add strvafon Ether onaof e TH2 cylokinas esied ab-
rogaiad awaphagy, a5 shown by infibdion of pEGFP-
LEF punch formation in both AW and USST ceals
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{Figura 1). Sirnilar res uits wam obtined with prirmary bona
marow-deived macoghages [BMMs) fom GFP-LE3
trarsgenic mice | Moushima o al, 2004) [Figures 24 and
2.4 tiraton oflL-2 and IL-13 in RAW264 7 cdls showad
thatat 0.3 ngfmi, bath cyiokinas <l acartaed ther affects,
albai IL-4 waz baing same of its potency at ha lowest
conoanmaion tested (Figum 2C).

The inhikitary afleck of IL-4 and IL-13 on starvafion-
inducad auiophagy were indepsandaertly confirmed by an
amcy thet meassums conversion of LER-] inonlipideed
farm with iwer aectrophoretc mobility) o LCHI (LC3
farrm C-iassminally ipideied by phosphatidylethan ol mina,
dimplaying higher alecrophomic mobiity) with immuno-
blots |Habaya atal, 2000). A= axpactad, nducfon of m-
toghagy by starvation mduced both LG3H and LEEHI
band infensty in ARAWN2ELT cal Fgure 20 and Fig-
ura 520, Bnes 1 and 2 bacawes of fhe autophagic con-

surngtion of LC3 (Kabaya et al, 2000). At tha same time,
the nfarsity of the LC3-Il band changad fnoreased) re-
lative i the imensily of LC3-l band (Figum 20 and
Figum 528, lanes 1 and 2. When IL-4 and IL-13 wera
added 1o starved macmphages, two dhangas otourrad:
(1) Tha nfensty of the LE3-] band noreased Fgure 20,
lanes 3 and 4, miafes to lana 2), indicative of a reduced
LC3-Ha-LCHI comvarsion, consstent with tha imhibion
of autoghagy nduction by IL-2 and IL-13. &0 incmeass in
L3l band was aleo dbsarvad in primary murine Bl
(Figum 5200 (& The LEHI band imensty decressed in
starved AAWEA 7 macrophages tmaded with IL-4 and
IL-13 {Figura 20, lanes 3 and 4, compared o Bne 2).
Thi= could ba the resull of reduced L3 Ho-LC3-1l con-
varsion, in keeping with an inhibition of auiophagy induc-
tian. Hoveesar in BAMM, only an LC3H incmase but no LCS-
Il dasc racrss was obsarved (Figura S2C). Tha differences in

mnunity 27, 505-51 T, September 2007 ©2007 Elssder ino. (507
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LE3H band irdersity batwean FRAWIEAT and BMM may
e e net meut of dfferences in the rates of LC3HHO-
LE3H corvamion wamus LE3-1 deplation fimugh degra-
dafon n auiolysosomes. This was substirtinied with
p=osomal and mdolsosomal proltease  inhibiors
{Fgura 52, Bnez 3 and 4, compamd o lane 2), which, ax
g d, incmased LEHI amaunts by blocking it deg-
s fion Baof in the presence or abeenca of IL-4. Conse-
ot with the condusion that Th2 oytakines inhibit LC3H-
O-LC3-ll oorwersion, Il-4 presence increased LCE-1
tand intensly [Fgum 528, lane 4 commmed o e 3.
Bacauszs tha resence of IL-2 did not dminish LSS0
imnd  bevals miafve o prolesss inhibitors  aona
{Fgura 52, lane £ versus Bne 3), as ona might axpact
o lowar LCHHo-LESHI conversion, THe cyiokines
ey have an additional effecton the fxde of LE3-H by mar-
fallyinhibding its delivery ioor s dagradation in auiolyso-
sames. Ths condusion & conssterd with e appamsn
prasarvaion of the LEI-I band in BMM {Rgura 52C). OF
node is fhat IL-4 and IL-13 did not changs apressian of
fha mudne LC3 gane MAP1LCID under stare afion cands-
fnz (Fgure 52D). I conclusian, L4 and IL-13 inhikit
LEH-o-LGEH conversian and inifiation of awtaphagy
bty Fave addifional effects on the autaphagic path-
wary; Thess affects become apparent when diflerent calls
arg axarmingd

508 mmunedy 27, 505-51T , September 2 007 S300T Emevier ino.
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IL-4 arsd IL-13 Inhi bt |FN-y - nduced Formation

of St ophagosomes

Traatrment of maoraphages with IF-y promates fha foe
rmafon of auibphagosomes {GulBdaz of al, 2004; Sngh
at al, 2008). Wa testad whather fhie affect could be in-
hikited by trating FAW and LT calls with IF4-y incam-
binafon with afher L2 or 1113, In both cal hypes, IL-2
and IL-13 sgrificanty reduced fhe number of Fhe-y
nducad pEGFP-LCET puncta par oall (Figum 3). In
addition, wa found that IFN-y freatment incraased the pae
cantage of AAW oals with large vacwoles fhat stained
posifvaly fr rmonocdansycadaverne MDC), another
rmadkar for aulaphagc vacuchss (Bedarbick o al, 1995,
and this effect was nhbded by IL-4 or IL-13 (Figures
53k and S1H. By wsing the MDC asory, we confidnad
the affects of IL-4 and IL-13 in pdrmary human, padpham
blaod monocyls-derved maoophages MMDMs) and
found, in Hmfon apedimets, a Smilar ooncentraion-
dapandencs pattern o that sean in murine macrophages
{Figura 53C).

IL-4 and IL-13 Inhibit Auvtophagy- Dependent BCG
Phagolys osome Maturation

Mycobacedun dibwroulose nosmaly medes in phago-
Somes st d0 Not aoguUing DRAgONYSOsImEl [rome Flees,
such a5 lurmemal addification and e pmsence of
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yeosomal hydrdases Vergne o al, 2004, Inducton of
autaphagy has been shown o pramods the transfer of
mycabacisda into degradative adolsosomal organalles
{Gutmeraz ot al, 2004. To investgate whether IL-4 and
IL-1 3 courteract this affact, we axaminad the maturstion
of M. iubercuiasis vadant bowvis BOGE BOG) phagasames
by mmnittdng e B andosomal o Wsosomal markar
CDEl. Inducton of atophagy by stirvafon in BOG
niacied AAW odls sonificanty incmasaed caocalizstion
of GFP-BCG with CDE3 (Fgures 44 and 4H). The affect
of starvafor-induced auvibphagy on BOGE phagosans
e umfion was infibiad by the addition of ather |L-4 or
IL-13 (Figums 44 and 48). Bot IL-4 and IL-13 also i
hitited Fi-y-induced phagosome maturation in BC
niacied ouls Fgures 484 and 40). Strvafion inomased
phagasams maturation in U937 calls, an aflect that was
nkibdad with ather |4 orlL-13 {Figura 54). Far unknoen

L §
g I (oM e o)
L 00 L) e 24 B R 00 indaec o, Wil of
il e oF I3 PO mgiel B Sar | mhect on,
[ ' il 5 e 1 e il SEiege] o CADEE. T i

Fepure 4. infibBkon o Slaradion- and
M-y o [BNCE [P oS0 & W 2l i
Bon by B4 amd IL-13
W Convhonnal e o

g indected with OFP-800 fed 2 I
A @y fof

. RN R T
- Lo PRI T i

ol Wi D @cid- @i G
oF Waatead with 1PNy

cetage o CDEE" BO0 phagodcian wWas

a4
W . -

:‘:.i x T e (2 amd G This peamcsiais of Ly
L rackar mad (LT BiDD phagomcmean W e

axfcked I PR brendiasad huean THP-
O atar D) Ao of (B IRy
00 LR e Wit oF selheour Il oF
=53 (30 myinl Rapreesntase magas o
et Figure S5 Daba afe DResed as
e = SO o < Q0S and o > 0UE A=

raasms, IFN-y did naot significanty incmase BOG phago
sorme maumion in U7 cdls idata nol shown). Instead,
wea Tested PRA-diffranfated human THP-1 calls, by us
rg the addoimpn dye LysoTradker Rad (LT) to visuslize
ysosomal compartnants. Az with RAW cale, phagosomea
mabrafon was increased by aithar strvaton o IAN-v;
this was imhibied by reatnent with ather IL-4 or IL-13
{Figums 4D and 4E and Figura 55).

Fhagosans maturation was autaphagy dependent, as
dermarsiraisd by RN knododown of Badin 1, a arilical
marmmaian autaphagy Boior (Liang atal., 19949 Fgures
58501 Athough FAW calls tmrsfected with scmmblaed
AN showed an inoresse n BOG phagosome medura
tim i responss o stavedion (Fogures S& and S0 or
IFM-y (Figures 58 and S0§, cells resied with Badin 1
KA did not, demonstraling fat these responses ara
dapandant on funcforal adophagc machinary. In fha

enurty 2F, S05=51 T Septemner AT SC00F Elsneer ino. S8
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ramanca of ful-nuidan mada, reatmant of RAW macro-
phages with IL-4 o IL-13 had no effact on the colbcaliza-
fin of CDES with either ive o hest-klled BOG phaga-
sames Fgura 56 Thes, thess Th2 oiokines do not
nkilbit mycabacadal phagosome maturation under nos-
el condifions but rather spacfically inkibit autapkagy -
ey et | rraluradion.,

IL-4 and IL- 13 Inhibit Artoph agy -Dependent

Killineg of Intracelhdar My cobacteda

Ta delerming whater IL-4 and IL-13 affect autophagic
diminafon of mycdbac ada (Gutmrar atal, 2004), wain-
fmcied RAW oalle with BOG and induced autaphagy by
arming acd starvefion far 2 he. Inducion of autopkagy de-
arassad BOGE survival in RAW oalls (Figum 84). Addifon of
IL-4 ar IL-13 fo the stvafion media abrogaied this eflec
{Figure BA). Similar resuts wem adbtanad when survival of
wiulerd M tubarcuiosis HITAY was esied with starvation
ar [Fd-y usad asautapha gy agonists | Fguraes 88 and 80,
Fgure BD shows fhal these ralationships had trus n pr-
mary marophages becass IL-4, used 2= an axampla,
abmgarted klling of viruant ML barcuiosis HIT R by star-
vatir-inducad autaphagy in muring BMs. Thasa find-
ngs dermonsirate thet IL-4 or IL-13 inhibit autaphagy-
nducad kling of myocstncheria by macraphages.

510 mmunity 27, 505517 , September 2007 ©2007 Esevier ino.

IL-4 arsd IL-13 Inhi bit Autophagic Phagosome
Maturation in Primary Human Cells

To corfien that IL-42 and IL-13 inhibit auiophegy-inducad
aflects on myoobac rial phagosames in human primagy
macrgphages, we bested whather L4 and IL-13 influ-
anced aubphagy-induced mycdbaceral phagosoms
matimfon Hurmn paripheral blood manacyis- dadvad
madcrgphages (MDME) ware Nieced with BOG and in-
duced for autaphagy by stirvafon The affect of starvs-
tin-induced adophagy on mycobacrial phagosoms
matumfion was decessed by the addition of aiber IL-2
ar IL-13 (Figures 6E and &F). Smilady, both IL-4 and IL-
13 had aninhibiory effect on IFN-y-induced mpoobacts-
rial phagosans maturation (Fgures 8E and 6F). Thesa
réasuits validats in humen prmary macmophages the oon-
clheion fiat TH? oyiokines countract aulophagy in it

abiity o deliver mycobas xia nio the phagolsosoma.

I ndhiibid thons of Starvati on-l nduwced Autophagy by IL-4
and IL-13 |s Akt Dependent

Ta detarming e sgraling nvoled in fieactione of IL-2
and IL-13 an aufophagy in macrophages, we axarminagd
whathar tha Akt patheay, noen to acfvate TOR and in-
hilit aviophagy Vulischlager at al., 2008), was inwadwed.
In bath AAW {Fgure 74) and UB37 (Fgure S74) maora-
phages, IL-4 and IL-13 noreassd phaspharyation of Akl
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under starvation conditions Fgure S7A, oo twoe mmelk
and gragh). W naxd tested e activity of TOR, a key nag-
afva raguiator of autaphagy fwhan TOR is active, aulop-
agy it inhibied) on fhe s of reparts that TOR = acti-
vatad by Akt (Wulschieger ot al, 2006). We irvestiga iad
TOR activafion by maniforng phosphoryia fon of p70 56
kinams (S [Figum STA, botiom two panals and graph)
and sukarpotio intnfon facior 4E (elF SEHbinding protein
1 {4E-BM) {FguresTB-7Eand Figum 57), bath oomemanly
umed &= indicatos of TOR acfvation stis (WullschiBger
at al, 2008, Treatmant of UBIT cals with IL-2 or IL-13
noamsed phosphaonafon of S8k (Rgue STAL In

AAWREL T macroghages, IL4 and IL-13 tmatrment in-
cmasad phosphondafion of ZE-BP1 under starvafion con-
difiore in a dosa-dependan mamer (Figures 578 and
S7C)L A finer-resolifion smalysie of 4E-BP 1 phaspharyla-
tion was casied out next TOR nduces 4E-BF 1 inactiva-
fian win rmulfple herarchical phosphoryiafons (Gngras
at al., 200). A fine-resclifon Mmmunotiol analysis can
b umad for mvaaling 4E-BF 1 hypaphosphoniied o and
i fosms, and hyperphosphasyiaed v fosm, msdved in
the acder of thar deceasng slectophomfc mabiliy.
g foa Akt alcis SE-BPy) iyperphosphonda fan through
TOR acvity iGingras atal, 2001 ). Our analyses in pdrmary

mmurety 27, 505581 T, September 2007 &2 007 Elsnwer Ino. 511
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rrudne Bz and in human MDM revesied thatll-2 and
1L-13 fraatrmant spacficaly noreassd phosphoryiafon of
4E-EP1y) under starvation conditions (Figures TE-TE).
Furthasmoms, a frme cowss of SE-BP showead $hat IL-2
axarted its afleck by inoessing SE-BF1{y) hypaphas-
pharylation at2 br but had no disosmible aflects of aarfier
tirme points [Figures 7B and 75, consistent with othar af-
facts measured n our shudy. Thase resulls demansirate
that I and IL-13 acfvete fhe Akt pafaey in maoo-
phages, resuling in the activaiion of TOR and inhilition
of starvafon-induced autaphagy.

To estableh the mia of Akt i the IL4- and IL-13-
inducad inhbiion of aubghagy in Macophages, we
knockad down A4 and M2 with sRNB n it
{Figure S84). Commmd with the contrl sampes (soam-
bled siRNA), knodedown of Akl and Akd2 in RAW maora-
phages increased autophagy, manifiorad by LET vacuds
farrmation (Figura 7F and Figure 588), indicafing that beesal
lavals of autophagy am commilisd, of least in part, by
basdine Akt aclivaton Double knodedown of Akl and
AKE in RAW cells abrogated the aflects of IL-4 and IL-
13 on shraforrinduced avophagy (Fgua 7F and
Figure S8H). In BOG-nfected RAW oals, knodkdown of
Akl and A2 sisn inhilited the afleck of IL-4 and IL-13
on stavation-nduced tmmefer of BOGE o autaphaga-

sormes [Figure 75 and Figum S80C).

Inhibition of IFN- = Induced Autophagy k= STATE

B epen bt

In contrast to fhe effects with Il and IL-13 on starvefon-
induced autaphagy, a doubl knodkdown of A1 and
Ak with siANA had no aflect on the inhibifon of IFN-y-
induced phagosomes matmfon by IL-4 and IL-13
{Fgura TH), suggesting that the suppressive aflecs of
tihasa Th2 cytakines an the actvaton by IFiv-y irvoledal-
torma fve or addiional patieays, ndependent of Akd sig-
naling. M3 was defsctbis only at vary low amaunts in
thasa cals, and = expression was not affected by knod-
diown of M1 and AR (data not shown). Wa therafara
testad whether fhe inhibitary effect of IL-2 and IL-13 on
I-y-induced autaphagy was raguisied via a diferant
pafravay. IL-4 and IL-13 recepioss, in addition o sgraling
wia the ikt patbway, am moms camrmonly known for far
activafion of STATE{MNalms ot al., 1993). Thus, we Bsied
whathar STATES was reguired for TH2 oytakine inhikition

of auiophagy acivafion by IPN-y. 'Whan STATE was
knaaad dosn ([Figum S9), IL-13 could nalangar suppress
IFH-y-nduced atophagossms formafion in macro-
phagez [Figures 7T-7L1). Calecfvaly, our data an IL-4
and IL-13 inhibiion of s tarvation- and |FN-y-induced au-
{ophagy dermonstate fat THe oddnes can amplay ai-
thar of the signaling petfways assocated with ligation of
the IL-4 and IL-13 recapiors o axert this afect Suppres-
sian of starvation-induced autophagy ocours through Akt
sigrafing, whamas STATE & neaeded for suppression of
IFH-y-ndiucad auiophagy.

Racert studias have demonstmisd that auiophagy repre-
sants a machanisn for aiminating ntracalusr pathogans
(Daretic, 2005; Schrrid ot al., 2006; Leving and Daratic,
2007, & shown in sevaral bactarial, viral, and rofoeoan
systermns (Brmingham ot al, 2006; Guiermz ot al., 2004
Lingatal, 2008; Ogeawa atal, 2005 Oreadahlata, 2007,
Paludian at al, 2005; Singh at al., 2008). Inducton of au-
tophagy by amino acid starvation, mparmydn treatrmendt,
or macrophage ackvafion with IFN-y lsads i an increase
in mycabackeral hagaysosorm maturation. Ths in-
cmase is concamitant with a decmasa in the in@caeluar
survival of the bacili {Sngh et al, 2008, and =uch a =ur-
wival deceass B indepandent of apopioss (Guiara:
atal, 2004), anoter process previously imgdicated in fe
aiminafon of M. Libeculoss [Fratazs of al, 1999). Hara,
wa have shown fial autaphagy-nduced kiling of myco-
bacda by mudne and human macmphages i€ inhibited
by tha TH2 cyiokines IL-4 and IL-1:3. Bath o ylokines coun-
teract the auiophagic ransier of mycobactaria fan thair
narmaly immaturs phagosomes with asrly andosomal
characsd=stcs (Vargne at al, 2004) o audolsosomes,
thus preventng e aliminafon of nracelular badli by
autapagy.

Wa hava shown that the aflect of IL-2 and IL-13 an star-
vafor-induced autbphagy i= dependant on sigmaling via
e et pa fhway, which activates TOR. Acfvation of TOR,
downstmam of Akt inhilils sdaphagy. A axpactad, IL-4
and IL-13 could nat irflusnce rapamycin-induced auio-
phagy (data not shown) bacawss raparmycin acks direcly
on TOR, bypassing Akt s Hatably, e machansm
of IL-4 and IL- 13 inkibiion of IAN-y-induced autaphagy is

(5 Dol T oy o Pl PPy i i 1 ™ Pt (MDA | it o 2 v I o el DL~ o I 3. ek | {100) e {15 5 vl
= 2 o Sl o T el T o T ] e ey e e Dy i oo SR ()i 0 PR i
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bl 5 FME o AR 1 - B 2 S and snayad for T e v or it -4 o I3

(1) Oyl i v ey 5 of COES” BOG phegecacdman i FAWIS T coll i Tl y Taicifecind with s fmit e s MG oF Bt 1 - Bl T SRMA and
[t st BI5E fer T . ISt Ooll s i chihiiies domii chite] S L ] WAl oF vl B o LR

(Al P st o CADNEE ™ BT alpocici ol i LA T ol Orciian Ty Tt e 2] with 5 o] 6 FNUSL oF BT = BT 2 LA, e o] WAR PPy
wit o w et Il o L= A e b, amed indlacfecl with BiCAS far 2 e FresnDathvie | maagas froem e & s ments and immunodind- biod condr -
e of B 1 e BT T Recechckond a3 hovwn in Figane 32

(=i T ik e oo PP oChmaechan slsmonaaSty i STATE capsaichent: (| and J) ol dy C oozl amic fode oy Maged e gt featen of GFP 453
i AT T | e P (o 2 DR oy, WA o v T L1 3, i ol O ] i el i PR =L i et o s o s o
(P LS o ol oy i Pl i B0 IFPoy, Wl oo ol e DL 3, i ol st welths conaned STATE sRMA. Inmeunobdd anabss o STATE
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Mt indepeandant This finding was surpdsing given fhe es-
tblishadrae of Akt in nhibifng adoghagy in general [Pa-
fot et al, 2000 and given fhe nhibiosy effects of Akt in
shrvafaon-induced arophagy in macophages demon-
stratad ham for IL-4 and IL-13 and in nonphagooyic calls
dzesfiara for IL-13 Prico ot al, 2001). To axplain these
obsarvations, wa have now unoovered a peviously un-
nown sgraling mibfonshiog STATE modulates e TH2
artiauiophagic funcfon when macophages are cimu-
iad for avioplagy by IFN-y. This phoss STATE within
fia mrks of fa immunologically miBsvant regulatos of
autophagy. Most impartantly, it provides an explanation
for how Th2 oytakines counter autaophagy-depsndent pro-
e fon against intracalluiar pathogens affarded by Thi ra-
gonsas. The affects of 5 TATE on auibphagy dosnstraam
of IL-4 and IL-13 action may imolve a rumber of path-
warys, ana of which oould b linked tothe intriquing ability
of STATE to incmass the Bd-2 and Bd-), anfapopiofc
profins (Worster ot al., 2002). Bok2 and Bok ¥, am now
dso racognized as being amtiadophago affecios protens
(Mauriatal., 2007 ; Patfngraatal., 2005). Bok2 and Bd-X
nmmct dimcly [Patingra ot al, 2005) through the recently
mcagnizad BHI domain (Maur ot al, 2007 ) withinBaclin 1,
fha kay activaior of autapbagy. Bacause Bd-2 and BokX,
asocaton with Becin 1 blods auiophagy nduction
{Maurd ot al, 2007), and #he rapd inducfon of STATE
doenstaam of IL-4 and IL-13 sfmulsdion may inoesss
BokX, avalabiity (Wursker et al, 2003, the IL-2-L-13-
STATE-dependant inhibition of autoghagy dbeerved in our
wark could reflact thass recanty uncoverad rdalionships.

In fiE wode, wa did not specificaly study alemafee
activation of macmophages by IL-4 and IL-13 (Goedon,
200%) butinstead fosused on the affects of shart-teem ax-
posre 2 Br) of reathent n combnation with FN-v
Traatment of macmophages with IL-4 or IL-13 for & days
ha basan shown o anhance flud-phass pinocytosis and
ramass recaplor-madated endooytoss through acfva-
fan of phasphafdylinosial 3 kinase; both aytakines in-
oranss ubular-vesice formation a1 pericen fidar sies un-
dar tha placsma mambrana, conourant with deorascsd
miichs sarting to fhe hsosomes (Montaner of al, 19949).
Mfough these pevibus absarvafions could expiin the
nhibiody affecds on aubphagolsosams formafon, 112
and IL-13 had no aflect on BCG phagasomes maturation
in the abeancs of starvadion- or IFN-induced autophagy,
dermanstrating fat the eflecis observed in our axper-
s are auiophagy spedfic. A study on fhe effects of al-
enative actvaton of macaphages with TH2 cyiokines, in
e cortext of autopkagy, may ba dificut 1o addmex
becauzs prolonged adophagy @an bad to typell-
programemad call death, and most calls will dowmraguinis
s process o ansum thar survval | Patingre ot al , 2005).
Meverfialess, allemafve acfeation of macroghages with
IL4 in vitro dalays and inhibis ardibmcternl responsas
o inracslular M. Lilecooss (Kahnet at al, 2008 by
an urknow n machanism thet mey be miaed to the pro-
oessas raparted hara.

Tha concartmfons of IL-4 and IL-13 used in our {itration
axparimarts Bl wal within fiain vive and ax vivo tisous
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lavaizof frass cyipkinasunder varibus conditions (A spord
atal, 2007; Huanget al, 1995 Zhuetal., 1999), including
sludies with mycoincleral anfgere (Chensue ot al,
1997). Bamauss local concentrations in fhe vicnity of T
cals sagating L4 or IL-13 in vive can ba much higher,
our rangs induded 10-fold incements. Mthaugh hyrmpho-
cyias in the lungs of pafents with puimonary ubsmuloss
typically Ferve a Thi phanotypa, secrating IFMN-yand IL-12
| Marzaralla et al 2003 Taha ot al., 1997, File & known of
tha phanotyps or gylckine-searation profies of infeciad
madragphages and dendritic calls within the gmanuibma
Howewar in vilro studiBs, in human pariphaeral biood mana-
cyia-derivad macmphages have demonstmisd thed vine-
lart strains of ubaradcss peferanfaly upmguinis TH2
oyiokinas {IL-4, IL-5, IL-10, and IL-13), whemas nomine-
lant stmins induce Thi oy iokines and chemokines (Free-
rman af al, 2006; Manca ot o, 2004 Sun et al, 2006
Moraowver, Th2 lyrmphacyle suboats have baan dbosread
in ung f=sue fom mient with caitary tuberoulosis,
canparad with Th1 subsels n nananitary disasmes (-
ramla atal , 2003). This cosala s with highar production
of IL-4 in the padphary of patiers with cnitery doeaos
{wan Creaval of al., 2000). Thus, it s possibis that in an an-
wvirommani redominanty infuenced by Thl oytakines,
pamacng, and auindoine secraetion of IL-4 and IL-13 could
mpacficaly impair fia responss of infected macmophages
to [Ny, Marsower, the parpheral response of mfents
with active tuberouloss dises e may nod necessadly mir-
ror fa responss in fe lungs. Up to 15% of pafents wih
active pulmonary lubamuloss disgday spadcfic anengy 1o
tubsamulin {Bioan and Small, 1998), and fie has baen
linked with incmazad rativs of IL-4- and IL-1 0-posifee
Iyrmphooytes and deceased mfos of IL-12 {Baliko ot al.,
1994 Some authas have mpored a Th response in
the padphary of pefantswith mild pumanary fubseulose
and Th2 responses in anargic pafems and fhase with
more savers diseass (Bowssiofs atal, 2000, Dugovity
at a., 1997). Cincal observalinns in tuberoulin-reas fve
pafanis have also demanstrated fhad Thi responses, ak-
thaugh kigh in the granuloma, am ofen paradosdcally de-
prezzad in padphaml Hood lymphooytes in responss 1o
ycabacmdal artigens (do ot al, 2003). In this confaxt,
it would ba inBmsing to detesmine whathar the oy iokina
profil in the pariphery could inflienceathe adophagc sta-
e of ey reciuilesd monocytes in e ganuibma, Thu,
the balanos of Th1 and Th2 cylokines is clesrly cifcal in
the host responss o M. Liberoafosi. On fhe ok of the
Th autophagy-pramofng and Th2 autophagy -damgpean-
inig rodes, wacan now shad mans gt an this dichotarmy.

I sy, wa heve shown fhad inhibifon of autaphagy
by IL-2and IL-13 impairs fhe abildy of macrophages ta kil
infracalular mycobacisda. Tha TH2 cyiokines inhibit piys-
iolagically and immundogically induced autophagy in
mudna and humen monacyls and mMacrophage oals
Maoraover, thass oytokines nhibit auophagy-depandant
matumion of the mycabacedal phagosane and subos-
guant kiling of mycabadiera. In addition o furfering
our ndarstnding of fie modulafon of suinphagy in mac-
rophages, thess daty pesseniavidencs for a noval rade of
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Thi-TH2 polarzafion, modulating autaphagy a5 an im-
riura affecior mechaniem in opposing ways., Our shudies
offer an axplanation a5 to wiy TH2 cyiblines am incam-
pathis wifh protection against cartain intacelular o
gans, nduding M. Lbercubsis By antagonizing auioph-
agy. IL4 and IL-13 inkibit Thi-dependent rofection
against mycobacteria. Bacausa TH and TH2 cytokines
showaragmisiic afect on autaphadgy asan irmrmune. af-
factor, the reguiation of autophagy mayrepresent a arifical
aspact of Thi -Th2 polarzatian in the host responses io in-
tracalular pathogens.
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