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Dynamic changes in the lipid composition of the cell wall occur in pathogenic mycobacteria that are often
intended for adaptation to the host environment. Dormant mycobacteria should have evolved efficient
maneuvers for cohabitation, allowing the microbes to persist for years within the host. Glycerol mono-
mycolate (GroMM) has been implicated as a specific immune target in human individuals with latent,
but not active, tuberculosis, but the in vivo response to GroMM and the relevance of it to latent infection
remain poorly understood. Here, we immunized guinea pigs with bacillus Calmette-Guerin (BCG)
expressing high levels of GroMM and then, monitored skin reactions at the site of challenge with
GroMM-containing liposome. We found that BCG-immunized guinea pigs mounted enhanced skin reac-
tions to GroMM with prominent local infiltration by eosinophils. Consistent with this, GroMM-stimulated
lymph node cells upregulated the expression of T helper (Th)2-type cytokines, such as interleukin (IL)-5
and IL-10, that could potentially counteract the microbe-eliminating Th1-type cytokine response. On the
basis of these observations, we predict that the host response to GroMM produced by dormant mycobac-
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Glycerol monomycolate
Latent infection

BCG

teria would contribute to their long-term survival in the host.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Mycobacterium tuberculosis, a causative microorganism of hu-
man tuberculosis, and other mycobacteria species possess highly
lipid-rich cell walls that are critical not simply for their acid-fast
properties but also for their survival and virulence. The cell wall
contains mycolic acids (MA), a family of o-alkyl-B-hydroxy fatty
acids with extremely long carbon-chains, that are densely aligned
in association with surface-exposed glycolipids, thereby forming
the hydrophobic cell wall architecture. Among the surface-exposed
glycolipids, trehalose dimycolate (TDM) has long been thought to
be a major glycosylmycolate, but our recent studies have indicated
that the efficiency of TDM biosynthesis varies significantly among
mycobacteria species [1]. More strikingly, the lipid composition of

Abbreviations: BCG, M. bovis bacillus Calmette-Guerin; GAPDH, glyceraidehyde-
3-phosphate dehydrogenase; GroMM, glycerol monomycolate; IFN, interferon; IL,
interleukin; MA, mycolic acid; MN, mononuclear; PMN, polymorphonuclear; TDM,
trehalose dimycolate; Th, T helper; TLC, thin layer chromatography.

* Corresponding author at: Laboratory of Cell Regulation, Institute for Virus
Research, Kyoto University, Kyoto 606-8507, Japan. Fax: +81 75 752 3232.
E-mail address: msugita@virus.kyoto-u.ac.jp (M. Sugita).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.04.146

the cell wall of mycobacteria can be altered dynamically in re-
sponse to external factors present either in culture media or in host
cells [2]. The identification of specific lipid species produced by
mycobacteria in infected hosts as well as the analysis of the host
response directed toward them will provide important new in-
sights into host-microbe interactions in human tuberculosis, a ma-
jor global health issue that requires further efforts for prevention
and treatment.

It is estimated that about one third of the world population is
infected with M. tuberculosis, but most infected individuals remain
free of apparent disease manifestations. This persistent subclinical
infection is referred to as latent infection, in which the microbes
survive silently in host cells without replication. Because of the
suppressed overall metabolism, these dormant mycobacteria are
unlikely to produce cell wall lipids at a level comparable with that
for actively replicating microbes, but a recent study has identified
GroMM as a mycobacterial lipid species potentially associated with
latent infection {3]. Unlike TDM {4] and other MA-containing gly-
colipids [5-7], GroMM has not been a common target of research,
and the host-response to GroMM as well as its relevance to latent
infection remains to be addressed.
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Here, we first established a method for obtaining BCG express-
ing high levels of GroMM, and then assessed cutaneous responses
in the GroMM-challenged skin of GroMM"#" BCG-immunized gui-
nea pigs. We found that, whereas GroMM was capable of inducing
local infiltration by eosinophils in unsensitized guinea pigs, the
eosinophilic response was even more enhanced in sensitized ani-
mals, which were associated with upregulated expression of IL-5
and IL-10 in draining lymph nodes. As these cytokines counteract
the Th1-type response that is critical for clearing infection with
M. tuberculosis, the GroMM-elicited response may favor the mi-
crobe’s persistence in the host.

2. Materials and methods
2.1. Chemical reagents, bacteria culture, and lipid analysis

Chemical reagents were purchased from Nacalai Tesque (Kyoto,
Japan) unless otherwise indicated. The BCG Tokyo 172 strain was
kindly provided by Dr. Ikuya Yano (Japan BCG Laboratory, Tokyo,
Japan) and grown in the Middlebrook 7H9 medium supplemented
with the ADC enrichment (BD Biosciences, Franklin Lakes, NJ) and
indicated concentrations of glycerol. The bacteria were harvested
when the optical density at 600 nm reached 1-1.5, and lipids were
extracted with chloroform/methanol as described previously [8,9].
The lipid samples were then fractionated by two cycles of thin
layer chromatography (TLC) using an Analtech TLC plate (Newark,
DE) with a solvent system of chloroform/ethyl acetate (5:1). In
some experiments, the spot comigrating with the GroMM refer-
ence was extracted and purified, followed by mass spectrometric
analysis according to the method described previously [10].

2.2. Liposome preparation

The stearylated octaarginine-containing liposome was gener-
ated as described previously [6,11,12} with slight modifications
adapted for the integration of GroMM. Briefly, purified GroMM in
chloroform was mixed with egg phosphatidylcholine (NOF Corp.,
Tokyo Japan), cholesterol (Avanti Polar Lipids, Alabaster, AL), and
stearylated octaarginine (KURABO, Osaka, Japan) at a molar ratio
of 7:3:0.5 in a test tube, and a lipid film was prepared by evaporat-
ing the solvent. The lipid film was then hydrated by adding dis-
tilled water, and the mixture was sonicated gently for liposome
formation. The efficiency of GroMM integration into the liposome
was 65%, as determined by TLC-based resolution of the liposome
components. The diameter and {-potential of the liposome were
148 nm and 49 mV, respectively.

2.3. Animals and skin tests

Three-week-old female Hartley guinea pigs were purchased
from Japan SLC, Inc. (Shizuoka, Japan), and housed under specific
pathogen-free conditions. BCG was grown in 5% glycerol-contain-
ing 7H9 medium and harvested at its mid-log phase growth.
Immunization of guinea pigs with BCG and skin tests were per-
formed as established in our previous studies using other mycolyl-
glycolipid antigens [6,13]. Briefly, the BCG bacteria (1 x 10®
colony-forming units) were injected intradermally, and after
8 weeks, liposome containing 5 pg of GroMM as well as an equiv-
alent amount of empty liposome was dissolved in 100 pl of phos-
phate-buffered saline and injected subcutaneously. After the
injection, the skin response was monitored at the indicated time
points by measuring the distance across the skin induration. All
animal experiments were performed according to the institutional
guidelines on animal welfare and humane treatment of laboratory
animals.

2.4. Histochemistry

The excised skin samples were fixed for 1 day with 4% parafor-
maldehyde, dehydrated, and embedded in paraffin. The tissue sec-
tions were stained with Giemsa’s stain solution, and observed
under a microscope. The numbers of mononuciear (MN) cells, poly-
morphonuclear (PMN) cells as well as eosinophils were deter-
mined in ten randomly selected high power fields, and statistical
analysis was performed.

2.5. RT-PCR

Inguinal lymph node cells were isolated from BCG-immunized
guinea pigs. The cells (2 x 10%/well) were placed in wells of 96-
well tissue culture plates and stimulated with either GroMM in
liposome (1 pg/ml) or empty liposome in RPMI1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated
fetal calf serum (Hyclone, Logan, UT). After 18 h at 37 °C, the cells
were harvested, and total RNA was extracted using the RNeasy
mini kit (Qiagen, Hilden Germany). The first-strand ¢cDNA was syn-
thesized from approximately 0.1 pg of total RNA using oligo(dT)
and the PrimeScript reverse transcriptase (Takara Bio, Inc., Otsu, Ja-
pan). To amplify specific transcripts, the samples were subjected to
PCR for 35 cycles of 1 min at 94 °C, 1 min at 60 °C, and 1 min at
72 °C followed by a 10-min incubation at 72 °C. The primers used
were: 5-CTA GCT ACT ACT GCC AGT CAA GAT-3' (sense) and 5'-
GCT CTG AAA CAG CAT CTG AGT CCT-3' (antisense) for interferon
(IFN)-y; 5'-CCA TGA GGG TGC TTC TGC AGT TGG G-3’ (sense) and
5-CTC AGC CTT CAA TTG TCC ATT CCG T-3' (antisense) for IL-5;
5-GGC ACG AAC ACC CAG TCT GA-3' (sense) and 5'-TCA CCT GCT
CCA CTG CCT TG-3' (antisense) for 1L-10; 5-GAT ATT GTA GCC
ATC AAT GAT CCC T-3' (sense) and 5-CAT CGT ATT TGG CCG GTT
TCT AG-3' (antisense) for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). The PCR products were resolved on 1.2% agarose
gels and visualized by staining with ethidium bromide and UV
transillumination.

2.6. Statistical analysis

The statistical analysis was performed using Student's t test.

3. Results and discussion
3.1. Induction of GroMM biosynthesis in cultured mycobacteria

BCG grown in standard 7H9 media does not produce readily
detectable levels of GroMM. The metabolic pathway for the biosyn-
thesis of GroMM is poorly understood, but we predicted that supple-
mentation of excess glycerol might promote its production. We
therefore cultured BCG in the 7H9 medium containing increasing
concentrations of glycerol, and lipids extracted from the bacteria
were fractionated by TLC. As expected, GroMM was undetectable
in BCG cultured without glycerol, but the amount of a lipid species
comigrating with the GroMM reference increased in a glycerol con-
centration-dependent manner (Fig. 1A, indicated with an arrow).
Matrix-assisted laser desorptionfionization time-of-flight mass
spectrometric analysis of the purified lipid species revealed that
the mass numbers of given ions were matched with those of sodium
adducts of GroMM containing either C78:2 «-MA (m/z, 1234), C80:2
o-MA (m/z, 1262), C82:1 keto-MA (m/z, 1306), C82:1 methoxy-MA (
m/z, 1322), C84:1 keto-MA (m/z, 1334), C84:1 methoxy-MA (m/z,
1350), C86:1 keto-MA (m/z, 1362), C87:1 keto-MA (m/z, 1376) or
C88:1 keto-MA (m/z, 1390) (Fig. 1B). On the basis of these observa-
tions, we concluded that BCG expressing high levels of GroMM
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Fig. 1. GroMM expression in cultured BCG. (A) BCG was cultured in the 7H9 medium containing indicated concentrations of glycerol, and the extracted lipids were analyzed
by TLC. The position of GroMM is indicated with an arrow. PGL, phenolic glycolipid. (B) Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry profiles
of the purified lipid that comigrated with the GroMM reference and the structure of GroMM with C84:1 keto-mycolate (m/z, 1334) are shown.

was readily available by culturing the microbes in glycerol-rich
medium.

3.2. GroMM-elicited eosinophilic skin reactions

Our initial studies using BCG cultured in the standard 7H9 med-
ium failed to induce high levels of GroMM-specific immune re-
sponses in immunized subjects. We reasoned that the alternative
use of the GroMM™&" BCG could potentially augment the magni-
tude of host responses directed against GroMM, allowing us to as-
sess the quality of the specific response. We therefore analyzed
GroMM-elicited skin responses in GroMM"&" BCG-immunized gui-
nea pigs. Whereas mock-treated guinea pigs elicited low levels of
skin responses at the site of antigen challenge (Fig. 2, upper panel),
those immunized with GroMM™&" BCG began to develop detect-
able induration as early as 12 h after challenge, and the response
was much more pronounced in magnitude compared with that ob-
served in mock-treated animals (Fig. 2, lower panel). Histochemi-
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Fig. 2. GroMM-elicited skin responses in BCG-immunized guinea pigs. GroMM"&"
BCG-immunized (lower panel) and mock-treated (upper panel) guinea pigs (n=4
for each group) received intradermal injection of either GroMM liposome (filled
triangles) or empty liposome (open circles), and the skin induration was monitored
at indicated time points. *p < 0.01.

cal analysis of the skin challenged with GroMM liposome in
GroMMPM&" BCG-immunized guinea pigs revealed significant infil-
tration by PMN cells (Fig. 3 D and E), most of which were eosino-
phils (Fig. 3D, inset, and 3E). A similar pattern of response was
observed for the GroMM liposome-challenged skin of mock-trea-
ted animals, but the response was significantly milder compared
with that in GroMM"#" BCG-immunized subjects (Fig. 3 B and E).
The number of MN cells infiltrating into the GroMM liposome-
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Fig. 3. Eosinophilic hypersensitivity response in GroMM-challenged skin. GroMM-
Nigh BCG-immunized (C, D) and mock-treated guinea pigs (A, B) received intrader-
mal injection of either GroMM liposome (B, D) or empty liposome (A, C), and after
2 days, the excised skin samples were subjected to Giemsa's staining. The magnified
views of the infiltrating eosinophils are shown in insets (B, D). Scale bars, 50 pum.
The numbers of infiltrating MN cells (M), PMN cells (P), and eosinophils (E) are
shown in panel E. *p < 0.01, ™p < 0.01.
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challenged skin was comparable between GroMM™&" BCG-immu-
nized and mock-treated guinea pigs (Fig. 3E). No apparent re-
sponse was observed when the skin was challenged with empty
liposome (Fig. 3 A and C), indicating that the skin response elicited
by GroMM liposome was not due to non-specific stimulation by
liposome components, such as phosphatidylcholine and choles-
terol. These results detected for the first time the eosinophilic
hypersensitivity response directed against GroMM.

3.3. Upregulated IL-5 and IL-10 transcription in GroMM-stimulated
lymph node cells

Eosinophilic hypersensitivity responses induced in sensitized
subjects are often associated with skewed production of Th2-type
cytokines [13]. Indeed, draining lymph node cells obtained from
GroMM"&" BCG-immunized guinea pigs upregulated IL-5 and IL-
10 mRNA transcription upon in vitro stimulation with GroMM lipo-
some (Fig. 4). The expression of IFN-y mRNA was observed even in
unstimulated lymph node cells, which was likely due to activation
in vivo in inflamed lymph nodes, and its transcription was slightly
downregulated in GroMM liposome-stimulated cells. Thus, the
GroMM-elicited eosinophilic hypersensitivity response was associ-
ated with upregulated expression of IL-5 and IL-10 cytokines, capa-
ble of activating eosinophils and suppressing the Thl-type
cytokine response, respectively.

The present study and a series of our previous studies [2,6,13]
highlight dynamic adaptation strategies that have been evolved
after a long-term interaction and cohabitation between humans
and M. tuberculosis. Mycobacteria grown in the environment bio-
synthesize TDM, but TDM should be downregulated for the mi-
crobes to survive within the host because of its highly potent
adjuvancy [13,14]. Upon entry into the host, pathogenic mycobac-
teria employ a smart strategy for TDM downregulation by using
host-derived glucose as an alternative substrate for their mycol-
yltransferases [2]. This enzymatic reaction, however, results in
unintended generation of a new T-cell antigen, glucose monomyco-
late (GMM), recognized by the host cytotoxic T cells [15,16]. The
hypersensitivity response to GMM is highly skewed to Th1-type
cytokine production that efficiently supports elimination of the mi-
crobes [6]. Therefore, it is reasonable to speculate that dormant
mycobacteria capable of surviving for years in host cells may have
downregulated the expression of both TDM and GMM. Indeed, arti-
ficial dormant mycobacteria obtained from the Wayne mode] [17]
did not express these mycolylglycolipids at a level comparable with
that for growing microbes (data not shown). GroMM, identified as
an immune target in individuals with latent tuberculosis [3], might

GroMM
liposome

Empty
liposome

IFN-y

IL-5

IL-10

GAPDH

Fig. 4. IL-5 and IL-10 expression by GroMM-stimulated lymph node cells. Draining
lymph node cells isolated from GroMM™" BCG-immunized guinea pigs were
stimulated in vitro either with GroMM liposome or with empty liposome. After 18 h,
RNA was extracted and RT-PCR was performed to detect IFN-y, IL-5, IL-10 and
GAPDH transcripts.

function to compensate for the loss of TDM and GMM and maintain
the integrity of the cell wall. Our present study further underscores
that the switch from GMM to GroMM could dynamically change the
type of host responses from Th1 to Th2, providing the dormant
mycobacteria with a valuable opportunity to persist in host cells.
Thus, this study has important medical implications, including
diagnosis and treatment of latent tuberculosis.
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Mycobacterium tuberculosis is an intracellular
bacterium that can survive within macrophages.
Such survival "is potentially associated with
Coronin-ia (Coroia). We investigated the mecha-
nism by which Coroia promotes the survival of
M. tuberculosis in macrophages and found that
autophagy was involved in the inhibition of myco-
bacterial survival in Corola knock-down (KD)
macrophages. Fluorescence ‘microscopy and
immunoblot analyses revealed that LC3, a repre-
sentative autophagic protein, was recruited to
M. tuberculosis-containing phagosomes in Corola
KD macrophages. Thin-section electron micro-
scopy demonstrated that bacilli were surrounded
by the multiple membrane structures in Coroia
KD macrophages. The proportion of LC3-positive
mycobacterial phagosomes colocalized with p62/
SQSTM1, ubiquitin or LAMP1 increased in Corola
KD macrophages during infection. These results
demonstrate the formation of autophagosomes
around M. tuberculosis in Corola KD macroph-
ages. Phosphorylation of p38 mitogen-activated
protein kinase (MAPK) was induced in response
to M. tuberculosis infection in Corota KD macro-
phages, suggesting that Corola blocks the
activation of the p38 MAPK pathway involved in
autophagosome formation. LC3 recruitment to
M. tuberculosis-containing phagosomes was also
observed in Coroia KD alveolar or bone marrow-
derived macrophages. These results suggest that
Corola inhibits autophagosome formation in
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‘alveolar macrophages, thereby facilitating M.
tuberculosis survival within the lung. :

introduction

Mycobacterium tuberculosis, a causative bacterium of
tuberculosis, infects one-third of the world population and
causes approximately 1.7 million deaths per year (World
Health Organization, 2010). The ability to survive and
persist in host macrophages is a major determinant
of M. tuberculosis pathogenicity (Hingley-Wilson et al.,
2003). Studies suggest that this bacterium gains the
ability to proliferate within infected macrophages by block-
ing phagolysosome biogenesis, because mycobacterial
phagosomes do not fuse with lysosomal vesicles (Arm-
strong and Hart, 1971; Clemens and Horwitz, 1995).
M. tuberculosis can interfere with intracellular membrane
trafficking and subsequently cause phagosome matura-
tion arrest in infected macrophages (Vergne et al., 2003;
2004; Deretic et al., 2004; 2006). We recently demon-
strated that M. tuberculosis modulated the trafficking of
Rab GTPases regulating phagosome maturation and that
this modulation is relevant to the maturation arrest of
mycobacterial phagosomes in macrophages (Seto et al,,
2009; 2010; 2011; Sugaya et al., 2011). However, there is
currently a lack of direct evidence that phagosome matu-
ration arrest facilitates M. tuberculosis survival in mac-
rophages. For example, some mutants generated by
transposon mutagenesis survived and persisted within
infected macrophages despite the progression of their
phagosome maturation (Pethe et al., 2004).

Autophagy is a unique lysosomal degradation pathway
for cytoplasmic materials. This process is involved in the
innate and adaptive immune systems (Deretic. and
Levine, 2009). The same process is also involved in the
selection and exclusion of intracellular parasites espe-
cially in innate immunity and is termed xenophagy
(Levine, 2005). M. tuberculosis is eliminated from infected
macrophages by the induction of autophagy as a conse-
quence of nutrient starvation, drug inducer or interferon-y
(Gutierrez et al., 2004; Singh et al., 2006). Autophagy
also potentially controls the intracellular burdens of
M. tuberculosis in macrophages (Kumar etal, 2010).
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These studies suggest that new therapeutic or vaccine
regimens against tuberculosis might be successfully
developed by targeting strategies that induce autophagy
(Jagannath et al.,, 2009; Yuk et al., 2008; Jo, 2010).
Coronin-1a (Coro1a) is a member of the coronin family
associated with F-actin (de Hostos, 1999) and localizes to
mycobacterial phagosomes (Ferrari et al., 1999). Gene
silencing of Corota was found to prevent M. tuberculosis
survival in macrophages (Jayachandran efal, 2007;
2008; Kumar etfal., 2010). These results suggest that
M. tuberculosis perverts Corola function to allow the sur-
vival of this bacterium in macrophages (Pieters, 2008).
Currently, the survival mechanisms involved in this
process are not fully understood. In this study, we found
that the depletion of Corota promoted autophagosome
formation around M. tuberculosis-containing phagosomes
in macrophages. The molecular mechanisms of Coro1a-
mediated M. tuberculosis survival are also discussed.

Results

Depletion of Corola in macrophages by siRNA prevents
M. tuberculosis survival

To deplete Corola expression in Raw264.7 macro-
phages, we employed Corola-specific small interfering
ribonucleic acids (siRNA) and verified the knock-down
(KD) efficiency of Corota by immunoblot analysis. We
designed two sets of the Corola-specific siRNA
sequences, one of which is based on the report by Jay-
achandran et al. (2007). More than 90% KD efficiency for
the Coroia protein was obtained by transfection with
siRNA duplexes (Fig. 1A). We then examined the survival
of M. tuberculosis in Raw264.7 macrophages transfected
with Coro1a-specific sSiRNA and confirmed the inhibition
of M. tuberculosis survival in Corola KD macrophages
(Fig. 1B) (Jayachandran et al., 2007; 2008; Kumar et al.,
2010).

Previous studies demonstrated that lysosomes fused
with mycobacterial phagosomes in Corola-depleted
macrophages (Jayachandran etal, 2007; 2008), sug-
gesting that the inhibition of phagolysosomal biogenesis
is associated with the Corota-dependent survival of
M. tuberculosis.

In this study, we examined the acidification of mycobac-
terial phagosomes and their fusion with lysosomes in
Corola KD macrophages (Fig. 2). Corola KD macro-
phages were infected with DsRed-expressing M. tubercu-
losis for 24h and examined the acidification of
mycobacterial phagosomes and their fusion with lysos-
omes by staining with LysoTracker and anti-LAMP1 anti-
body respectively. The proportion of LysoTracker-positive
(Fig. 2A and B) and LAMP1-positive (Fig.2C and D)
mycobacterial phagosomes increased in Corola KD
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Fig. 1. Survival of M. tuberculosis in Coro1a KD macrophages.

A. Immunoblot analysis of Corota KD macrophages. Raw264.7
macrophages were transfected with Coro1a-specific or scrambled
(Sc) siRNA for 24, 48 and 96 h. Whole-cell lysates from transfected
macrophages were subjected to SDS-PAGE, followed by
immunoblot analysis using the indicated antibodies.

B. Proliferation of M. tuberculosis in Coroia KD macrophages.
Macrophages were transfected with Corola or scrambled siRNA for
24 h and then infected with M. tuberculosis. The number of viable
mycobacteria was determined using a colony-forming unit (cfu)
assay at 4, 24 and 72 h post infection (p.i.). The data represent the
means and the standard error of the means (SEM) of three
independent experiments. The numbers of cfu at 72 h p.i. in
macrophages transfected with Corola and scrambled siRNA were
compared. *P < 0.05 (unpaired Student’s t-test).

macrophages. These results suggest-that the maturation
of mycobacterial phagosomes is promoted in Corola KD
macrophages.

Autophagy is involved in the inhibition of M. tuberculosis
survival in Corola KD macrophages

We next focused on the effect that Corota depletion had
on the induction of autophagy in macrophages infected
with M. tuberculosis, because autophagy is known to be
associated with M. tuberculosis eradication (Deretic et al.,
2006; 2009; Jo, 2010; Lerena et al., 2010). To investigate
the involvement of autophagy, Coro1a KD macrophages
were treated with 3-methyladenine (3-MA), an autophagy

© 2012 Blackwell Publishing Ltd, Cellular Microbiology
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Fig. 2. Maturation of M. tuberculosis-containing phagosomes in Corola KD macrophages.

A. Acidification of mycobacterial phagosomes in Corola KD macrophages. Macrophages transfected with Coro1a-specific siRNA were
infected with DsRed-expressing M. tuberculosis for 24 h and stained with LysoTracker. Infected macrophages were fixed and observed by
laser scanning confocal microscopy (LSCM). Enlarged images of A-1 are represented in A-2 and A-3.

B. The proportion of M. tuberculosis-containing phagosomes labelled with LysoTracker in Coroia KD macrophages. The numbers of
LysoTracker-positive M. tuberculosis-containing phagosomes in macrophages transfected with Corola-specific or scrambled siRNA were
counted.

C. LAMP1 localization to mycobacterial phagosomes in Coro1a KD macrophages. Macrophages transfected with Coro1a-specific siRNA were
infected with DsRed-expressing M. tuberculosis for 24 h. Infected macrophages were stained with anti-LAMP1 antibody and observed by
LSCM. Enlarged images of C-1 are represented in C-2 and C-2.

D. The proportion of M. tuberculosis-containing phagosomes labelled with anti-LAMP1 antibody in Coro1a KD macrophages. The numbers of
LAMP1-positive M. tuberculosis-containing phagosomes in macrophages transfected with Coro1a-specific or scrambled siRNA were counted.
Data represent the means and the standard deviations (SD) of three independent experiments in which more than 200 phagosomes were
counted for each condition. *P < 0.05 (unpaired Student’s test); Sc, scrambled; Coro, Corota; MTB, M. tuberculosis; LT, LysoTracker.
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inhibitor (Seglen and Gordon, 1982), and then infected
with M. tuberculosis. The survival of M. tuberculosis in
Corota KD macrophages was partially restored by treat-
ment with 3-MA (Fig. 3A), suggesting that autophagic pro-
cesses were involved in the inhibition of mycobacterial
survival in Corola KD macrophages.

To further analyse the inhibitory mechanism of M. tuber-
culosis survival, we infected macrophages co-transfected
with siRNAs for Corola and autophagy-related genes
with M. tuberculosis. Atg3, Atgs and Beclin1 are well-
known autophagy-related proteins that drive the autoph-
agy process (Mizushima and Levine, 2010). The targeting
efficiencies of Corola and autophagy-related genes in
Raw264.7 macrophages were confirmed by immunoblot
analysis (Fig. 3E). Silencing of these autophagy-related
proteins restored this inhibitory effect on M. tuberculosis
survival in Corola KD macrophages (Fig. 3B-D). These
results suggest that the induction of autophagy is involved
in the promotion of M. tuberculosis eradication in Coroia
KD macrophages.

Autophagosome formation around M.
tuberculosis-containing phagosomes in Coroia
KD macrophages

To confirm autophagosome formation in Coro1a KD mac-
rophages infected with M. tuberculosis, we examined the
localization of LC3, an autophagosome marker (Kabeya
etal.,, 2000), by fluorescence microscopy. Corola KD
or control Raw264.7 macrophages were infected with
DsRed-expressing M. tuberculosis and stained with anti-
L.C3 antibody. Only a small population of M. tuberculosis-
containing phagosomes was LC3-positive in the control
macrophages at 6 h post infection (p.i.) (Fig. 4A), support-
ing previous findings (Gutierrez et al., 2004). LC3 recruit-
ment to the mycobacterial phagosomes was further
observed in Corola KD macrophages (Fig. 4B). Quanti-
tative analysis revealed that the proportion of LC3-
positive mycobacterial phagosomes was > 30% and
<10% in Corola KD and control macrophages respec-
tively (Fig. 4E). Similar experiments employing LC3 fused
with enhanced green fluorescence protein (EGFP-LC3)
were also conducted. Raw264.7 macrophage stably
expressing EGFP-LC3 were infected with DsRed-
expressing M. tuberculosis for 2, 6 or 24 h. LC3 again
localized to a small population of mycobacterial phago-

~ some in control macrophages (Fig. 4C), while the number
of LC3-positive mycobacterial phagosomes increased in
Coro1a KD macrophages at 6 h p.i. (Fig. 4D). Quantita-
tive analysis revealed that the proportion of LC3-positive
mycobacterial phagosomes in Corota KD macrophages
was greater than 30% and 20% at 6 h and 24 h p.i,,
respectively, while such an increase was not observed in
control macrophages (Fig. 4F).

The ultrastructure of M. tuberculosis-containing phago-
somes in Coro1a KD macrophages was also observed by
thin-section electron microscopy. In control macrophages,
bacilli resided in single-membrane phagosomes (Fig. 5A).
In contrast, bacilli were surrounded by multiple membrane
structures that were characteristic of autophagic vacuoles
(Eskelinen, 2005) in Coro1a KD macrophages (Fig. 5B).
We also found mycobacterial phagosomes with internal
membranes in Corota KD macrophages (Fig.5C) as
previously reported (Gutierrez et al., 2004). Quantitative
analysis revealed that the proportion of bacilli associated
with autophagic membrane structures reached more than
30% in Corola KD macrophages while that in control
macrophages was less than 10% at 6 h p.i. (Fig. 5D).
Collectively, these fluorescence and electron microscopy
results suggest that autophagosome formation is
induced around M. tuberculosis-containing phagosomes
in Corola KD macrophages.

Validation of LC3 recruitment to M.
tuberculosis-containing phagosomes in Corola
KD macrophages

The recruitment of LC3 to M. tuberculosis-containing pha-
gosomes was subsequently investigated in Corota KD
macrophages treated with 3-MA (Fig. 6A) or simulta-
neously transfected with siRNA duplexes for autophagy-
related genes (Fig. 6B). Both treatments abrogated the
induction of LC3 recruitment to mycobacterial phago-
somes in Corola KD macrophages.

Upon autophagy induction, LC3 is processed from a
cytosolic form (LC3-1) to a membrane bound form (LC3-I1)
(Kabeya et al., 2000). We first attempted to confirm the
autophagy induction by immunoblot analysis using whole-
cell lysates, but no significant increase in LC3 processing
was observed in Corola KD and control macrophages
infected with M. tuberculosis (Fig. 7A and D). We also
found that no significant changes of LC3 processing in
control or Corota KD macrophages infected with M.
tuberculosis at the different infection rates (Fig. S1). The
treatment with NH,Cl or bafilomycin A1 achieved the
similar accumulation of LC3-Il in both control and Corola
KD macrophages infected with M. tuberculosis (Fig. 78
and E), suggesting the normal autophagic flux in these
macrophages. We next examined the recruitment of LC3
using isolated M. tuberculosis-containing phagosomes
in Corota KD macrophages by immunobiot analysis
(Fig. 7C). Enrichment of LC3-Il was observed in the pha-
gosomal fraction from Corola KD macrophages when
compared with that from the control macrophages. Den-
sitometric analysis revealed that the amount of LC3-Il in
the phagosomal fraction from Corota KD macrophages
increased to approximately 2.7 times that observed for the
control macrophages (Fig. 7F). This biochemical analysis

© 2012 Blackwell Publishing Ltd, Cellular Microbiology
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Fig. 3. Treatment with 3-MA or siRNA for autophagy-related genes suppressed the inhibition of M. tuberculosis proliferation in Corota KD
macrophages.

A. Proliferation of M. tuberculosis in Corola KD macrophages treated with 3-MA. Macrophages transfected with Coro1a-specific or scrambled
siRNA were treated with or without 3-MA (10 mM) for 1 h and then infected with M. tuberculosis. Viable mycobacteria number was determined
by cfu assay at 4 h and 72 h p.i. The data represent the means and SEM of three independent experiments. The numbers of cfu at 72 p.i. in
Coro1a KD macrophages treated with or without 3-MA were compared. *P < 0.05 (unpaired Student’s ttest).

B-D. Proliferation of M. tuberculosis in macrophages transfected with siRNA for Coro1a and autophagy-related genes. Macrophages were
transfected with siRNAs for Corola and Atg3 (B), Coroia and Atg5 (C) or Corota and Beclin1 (D). Transfected macrophages were then
infected with M. tuberculosis. Colony-forming unit assay was performed at 4 h and 72 h p.i. The data represent the means and SEM of three
independent experiments. The numbers of cfu at 72 h p.i. in Corota KD macrophages transfected with or without siRNA for autophagy-related
genes were compared. *P < 0.05 (unpaired Student’s ttest).

E. Immunoblot analysis on the silencing effects of Corola and autophagy-related genes. Macrophages were transfected with siRNA for
Corola and the indicated autophagy-related genes for 48 h. Whole-cell lysates were subjected to SDS-PAGE, followed by immunobiot
analysis using the indicated antibodies.

Sc, scrambled; Coro, Corola; A3, Atg3; A5, Atg5; B1, Beclini.
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Fig. 4. LC3 recruitment to mycobacterial phagosomes in Corota KD macrophages.

Aand B. LC3 recruitment to M. tuberculosis-containing phagosomes in Corola KD macrophages by immunofluorescence microscopy.
Macrophages transfected with scrambled (A} or Coro1a-specific (B) siRNA were infected with DsRed-expressing M. tuberculosis for 6 h.
Infected macrophages were fixed and stained with anti-LC3 antibody, and then observed with LSCM. Projections of focal planes with y-z and

x-z side views are represented.

C and D. Recruitment of LC3 fused with EGFP (EGFP-LC3) to M. tuberculosis-containing phagosomes in Coro1a KD macrophages.
Macrophages stably expressing EGFP-LC3 were transfected with scrambled (C) or Corota-specific (D) siRNA and infected with
DsRed-expressing M. tuberculosis for 6 h. Infected macrophages were fixed and observed by LSCM. Projections of focal planes with y—z and

X~z side views are represented.

E. The proportion of M. tuberculosis-containing phagosomes labelled with anti-LC3 antibody in Coro1a KD macrophages. Macrophages
transfected with Coro1a-specific or scrambled siRNA were infected with DsRed-expressing M. tuberculosis for 6 h. Cells were then stained
with anti-L.C3 antibody and observed with LSCM. The number of LC3-positive M. tuberculosis-containing phagosomes was counted.

F. The proportion of M. tuberculosis-containing phagosomes labelled with EGFP-LC3. Macrophages stably expressing EGFP-LC3 were
transfected with Corola or scrambled siRNA and infected with DsRed-expressing M. fuberculosis for 2, 6 and 24 h. Cells were fixed and
observed with LSCM. The numbers of LC3-positive mycobacterial phagosomes were counted.

Data represent the mean and SD of three independent experiments in which more than 200 phagosomes were counted for each condition.
*P < 0.05 (unpaired Student's ttest). Sc, scrambled; Coro, Corola; MTB, M. tuberculosis.

further supports that the recruitment of LC3 to
M. tuberculosis-containing phagosomes is facilitated by
Coro1a depletion in macrophages.

Localization of p62, ubiquitin and LAMP1 to
LC3-positive mycobacterial phagosomes in Corola
KD macrophages :

To characterize the LC3-positive mycobacterial phago-
somes in Corola KD macrophages, we examined the
localization of p62/SQSTM1 (p62), ubiquitin and LAMP1
to LC3-positive mycobacterial phagosomes (Fig. 8). Bac-
teria in cytosols are targeted by the ubiquitin system
(Perrin etal., 2004) and the autophagic degradation
(Dupont et al., 2009). p62 is involved in targeting intrac-
ellular bacteria to the autophagy pathway (Dupont et al.,
2009; Zheng et al., 2009) and indispensable for auto-
phagic elimination of mycobacteria in macrophages
(Ponpuak et al.,, 2011). We found that p62 and ubiquitin
localized to LC3-positive mycobacterial phagosomes in
Coro1la KD macrophages (Fig. 8A and C). The proportion
of LC3-positive mycobacterial phagosomes colocalized
with p62 and/or ubiquitin increased up to 24 h p.i. (Fig. 8B
and D). In addition, the proportion of LC3-positive myco-
bacterial phagosomes colocalized with LAMP1 also
increased up to 24 h p.i. (Fig. 8E and F). These results
indicate that p62, ubiquitin and/or LAMP1 are recruited to
LC3-positive mycobacterial phagosomes in Corola KD
macrophages during infection.

Phosphorylation of p38 MAPK is induced by M.
tuberculosis infection in Coro1a KD macrophages

As mitogen-activated protein kinase (MAPK) signalling
pathways are involved in autophagy induction (Esclatine
et al., 2009), we next examined which MAPK signalling
pathways were affected by M. tuberculosis infection in
Corola KD macrophages (Fig. 9). Macrophages trans-
fected with Corola-specific or scrambled siRNA were

© 2012 Blackwell Publishing Ltd, Cellular Microbiology

infected with M. tuberculosis, and phosphorylation of
ERK1/2, p38 and JNK was investigated by immunoblot
analysis. No significant difference in ERK1/2 activation
kinetics was detected between control and Corola KD
macrophages after M. tuberculosis infection. JNK activa-
tion was not detected in both control and Corota KD
macrophages (data not shown). In contrast, a significant
increase in p38 phosphorylation was observed in Coroia
KD macrophages, while no induction was detected in
control macrophages (Fig. 9A).

The recruitment of LC3 to M. tuberculosis-containing
phagosomes in Corola KD macrophages treated with
various inhibitors for MAPK signalling pathways was also
investigated by imaging analysis. Inhibition of p38 signal-
ling, but not MEK1 or JNK signalling, reduced the propor-
tion of LC3-positive mycobacterial phagosomes in Coro1a
KD macrophages (Fig. 9B), further supporting that the
p38 MAPK pathway is a target of Corota in the inhibition
of autophagosome formation around M. tuberculosis-
containing phagosomes.

Induction of LC3 recruitment to M.
tuberculosis-containing phagosomes in Corola
KD alveolar macrophages and bone
marrow-derived macrophages

Mycobacterium tuberculosis is inhaled via aerosols
into the lung, where alveolar macrophages (AM) are
the first line of defence (Russell, 2001; 2007). We inves-
tigated whether autophagosome formation around
M. tuberculosis-containing phagosomes is also induced in
AM by Coro1a depletion. MH-S is an AM cell line, in which
M. tuberculosis can survive and proliferate (Mbawuike
and Herscowitz, 1989; Sirakova et al., 2003). MH-S mac-
rophages were transfected with Coro1a siRNA (Fig. 10A)
and infected with M. tuberculosis. When AM were trans-
fected with scrambled siRNA, LC3 did not localize to
mycobacterial phagosomes (data not shown). In contrast,
the recruitment of LC3 to mycobacterial phagosomes
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