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Editorial on the Research Topic:

The Autophagy Pathway: Bacterial Pathogen Immunity and Evasion

OVERVIEW

Autophagy is a lysosomal degradative pathway which plays important roles in innate immunity
against bacterial pathogens (1). Autophagy enables autophagosomes to engulf and deliver
intracellular pathogens to the lysosomes for degradation. In addition, autophagy is implicated in
the regulation of inflammation by modulating cytokine production. Not surprisingly, bacterial
pathogens have developed multiple strategies to manipulate autophagy in order to survive inside the
host (2). Although our knowledge of the interplay between bacterial pathogens and autophagy has
considerably improved in the past fifteen years, many questions remain. In this Research Topic, we
have assembled several research articles and reviews that respond to some of those questions in
regard to the host and bacterial factors involved in autophagy regulation, the crosstalk between
autophagy and other host defense mechanisms, and the manipulation of autophagy for
host-directed therapies.

AUTOPHAGY AS A HOST DEFENSE MECHANISM

The role of autophagy in innate immunity is well conserved across eukaryotic kingdoms. Several
vertebrate models such as mice and zebrafish have been essential for our understanding of the role
of autophagy, in vivo, in bacterial infection (3, 4). Recently, the yellow mealworm beetle (Tenebrio
molitor) model has also been developed to study Listeria monocytogenes infection (Jo et al.). In this
model, authors have found a possible dialogue between autophagy and the NF-kB pathway as
observed by others in mammalian cells. Autophagy is well known to extensively crosstalk with other
innate immune responses including the inflammasome and type I interferon-mediated responses
(1). In this Research Topic Paik et al. review the relationship between autophagy and
immunometabolism in defense against mycobacterial infection. Both processes appear to be
connected by two key kinases, mMTOR and AMPK, which regulate TFEB, a central transcriptional
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Editorial: Autophagy and Bacterial linfections

factor of autophagy and lysosome machinery. A central role of
mTOR in immune responses was further highlighted by Etna
et al. who found that rapamycin, an mTOR inhibitor and
autophagy activator, modulates expression of regulatory
cytokines in Mycobacterium tuberculosis-infected dendritic
cells. Lastly, Gauron et al. unveiled an important function of
another kinase PKCa which inhibits autophagy in the context of
Staphylococcus aureus. Besides kinases, microRNAs extensively
regulate bacterial autophagy (5). Liu et al. found that
microRNA-106a dampens autophagy by repressing ULKI,
ATG7 and ATGI16L1 during mycobacterial infection. Taken
together, these articles underscore the multiple roles of host
kinases and microRNAs in autophagy regulation and their
dialogue with other host defense mechanisms.

AUTOPHAGY MANIPULATION BY
BACTERIAL PATHOGENS

Several intracellular bacterial pathogens can evade autophagy
including M. tuberculosis, L. monocytogenes and Salmonella
typhimurium (2). However, the underlying molecular
mechanisms are not fully characterized. Zhou et al. found that
Salmonella SpvC blocks autophagosome formation through its
phosphothreonine lyase activity. Interestingly, Rao et al.
observed a reduction of TFEB and lysosomal expression during
Salmonella infection of macrophages, possibly through caspase-1
activation. Whether SpvC is implicated in that process remains
to be investigated. In contrast to Salmonella, other bacterial
pathogens exploit autophagy to persist and proliferate in host
cells. Patterson et al. review our current knowledge of the
interplay between autophagy and Amnaplasmataceae. Members
of this family exploit autophagy to acquire nutrients while
avoiding lysosomal degradation. Interestingly, Bechelli et al.
report that Rickettsia australis triggers Atg5-dependent
autophagy to suppress inflammatory cytokines at both
transcriptional and post-transcriptional levels, which favors
pathogen survival. In non-phagocytic cells, autophagy is
essential for intracellular survival of Staphylococcus aureus
(Gauron et al.). Mulcahy et al. found that S. aureus
intracellular survival also requires autophagy in primary
human neutrophils, although, the specific role of autophagy in
such cells was not elucidated. Importantly, the last stage of
autophagy is blocked in both phagocytes and non-phagocytes.
Overall, these findings bring novel molecular insights on how
diverse bacterial pathogens can avoid or, in contrast, use
autophagy to persist and flourish in their host.
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AUTOPHAGY AS A TARGET FOR
HOST-DIRECTED THERAPIES

With the continuous rise of bacterial multidrug resistance,
alternative approaches to combat such pathogens has become a
top priority. One promising avenue is to boost host immune
responses including autophagy. This approach is particularly
relevant for pathogens that are susceptible to autophagy such as
M. tuberculosis (6). Strong et al. discuss in depth the opportunities
and limitations of autophagy-based therapies against mycobacterial
infections. The authors have compiled a list of autophagy-inducing
compounds that have been tested on cellular and animal models of
mycobacterial infection. Notably, some, if not all of these
compounds may also modulate other immune responses as Paik
et al. and Etna et al. have pointed out. Thus, a comprehensive
analysis of the immune responses to infection after treatment with
autophagy-inducing molecules may be extremely informative.
Importantly, the involvement of autophagy in the control of
bacterial infections should be evaluated in detail using in vivo
models. In conclusion, autophagy appears to be a promising target
for treating mycobacterial infections and, thus, it would be worth
examining its potential in the context of other bacterial infections.

PERSPECTIVE AND FUTURE DIRECTIONS

Overall, this Research Topic highlights the intricate interplay
between autophagy and various bacterial pathogens. A better
understanding of the role and regulation of autophagy in various
cellular niches and relevant animal models, as well as its crosstalk
with other host defense mechanisms is essential if one wants to
harness autophagy for therapeutic purposes.
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Manipulation of Autophagy and
Apoptosis Facilitates Intracellular
Survival of Staphylococcus aureus
in Human Neutrophils

Michelle E. Mulcahy, Eéin C. O’Brien’, Kate M. O’Keeffe, Emilio G. Vozza', Neal Leddy?
and Rachel M. McLoughlin™*
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Polymorphonuclear neutrophils (PMN) are critical for first line innate immune defence
against Staphylococcus aureus. Mature circulating PMN maintain a short half-life ending in
constitutive apoptotic cell death. This makes them unlikely candidates as a bacterial
intracellular niche. However, there is significant evidence to suggest that S. aureus can
survive intracellularly within PMN and this contributes to persistence and dissemination
during infection. The precise mechanism by which S. aureus parasitizes these cells
remains to be established. Herein we propose a novel mechanism by which S. aureus
subverts both autophagy and apoptosis in PMN in order to maintain an intracellular
survival niche during infection. Intracellular survival of S. aureus within primary human PMN
was associated with an accumulation of the autophagic flux markers LC3-Il and p62, while
inhibition of the autophagy pathway led to a significant reduction in intracellular survival of
bacteria. This intracellular survival of S. aureus was coupled with a delay in neutrophil
apoptosis as well as increased expression of several anti-apoptotic factors. Importantly,
blocking autophagy in infected PMN partially restored levels of apoptosis to that of
uninfected PMN, suggesting a connection between the autophagic and apoptotic
pathways during intracellular survival. These results provide a novel mechanism for
S. aureus intracellular survival and suggest that S. aureus may be subverting crosstalk
between the autophagic and apoptosis pathways in order to maintain an intracellular
niche within human PMN.

Keywords: apoptosis, autophagy, neutrophils, p53, S. aureus

INTRODUCTION

Staphylococcus aureus is a leading global cause of bloodstream infection and is associated with a
higher mortality rate than other bacteraemia, typically 25% (1, 2). Treatment of S. aureus
bloodstream infection is becoming increasingly difficult due to antibiotic resistance. Bacteraemia
can lead to metastatic infection in a subset of patients (3) and S. aureus persistent bacteraemia and
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S. aureus Subverts Autophagy and Apoptosis in PMN

relapse of infection has been linked to survival within an
intracellular reservoir (4). This “Trojan Horse’ theory has been
implicated as a contributing factor in recurrent disease, with the
indication that S. aureus may be particularly adept at surviving
within polymorphonuclear neutrophils (PMN) (5).

PMN are critical in the innate immune response against
S. aureus infection. Optimal PMN function is beneficial for the
host during S. aureus infection; individuals with deficiencies in
PMN activity such as those with chronic granulomatous disease
suffer from recurrent S. aureus infections (6, 7). However, in
murine models of S. aureus infection, high levels of PMN
recruitment can contribute to dissemination and pathogenesis
(8,9) allowing S. aureus to survive intracellularly in a neutrophil-
rich environment (10). S. aureus is considered a non-classical
facultative intracellular pathogen (11, 12) and can survive within
several cell types including keratinocytes, osteoblasts and
leukocytes, including neutrophils (8, 13-15). Recently, we
reported that during murine peritoneal infection, S. aureus was
found predominantly within PMN disseminated from the
peritoneal cavity to the bloodstream (16). These studies
support the notion of intracellular survival in PMN as a
possible bacterial virulence mechanism. This mechanism,
however, is still unclear.

S. aureus survival in non-professional phagocytes has been
linked to subversion of a cellular process called macroautophagy
(hereafter called autophagy) (17, 18). Autophagy is a conserved
eukaryotic process in which damaged organelles are recycled in
order to create a supply of nutrients (19). Autophagy involves the
de novo formation of a phagophore that eventually elongates to
form a double-membraned phagosome, or autophagosome (20).
Phagophore nucleation is initiated by an activation complex
comprising of a class III PI3-kinase called vacuolar protein-
sorting 34 (VPS34), Beclin-1, and ATG14 (21). Autophagosome
formation is driven by the lipidation of the autophagy marker
LC3-1 to LC3-II (22). Targeted organelles are engulfed by the
phagophore during autophagosome formation and subsequent
fusion of the autophagosome with a lysosome degrades the
autophagic cargo.

Previous studies have described divergent mechanisms for S.
aureus intracellular survival and replication using the autophagic
pathway in non-professional phagocytes. S. aureus was reported
to survive and replicate in LC3-decorated autophagosomes in
HelLa cells, followed by eventual escape into the cytoplasm (17).
In murine fibroblasts, ubiquitinated S. aureus was trafficked to
autophagosomes by selective autophagic chaperone proteins
such as p62 but prevented autophagosome-lysosome fusion
(18). Taken together, these data propose a role for autophagy
during S. aureus invasion of non-professional phagocytes;
however, a role of autophagy for S. aureus survival within
primary human phagocytes after phagocytosis remains to
be established.

PMN have a short half-life in humans (23). PMN turnover is
controlled by constitutive apoptosis, making it a seemingly
inadequate niche for bacterial intracellular survival. However,
the normal course of apoptosis in human PMN can be
modulated by S. aureus (24). During methicillin-resistant S.

aureus (MRSA) infection, primary human PMN display an
aberrant apoptosis phenotype (25). It is not known whether
alterations in the apoptotic pathway in PMN after exposure to
S. aureus are associated with intracellular survival.

This study explores the effect of S. aureus intracellular
survival on the autophagic and apoptotic pathways in primary
human PMN. We demonstrate that S. aureus intracellular
survival depends on a functioning autophagic pathway and is
associated with a delay in PMN apoptosis. Importantly, we have
uncovered evidence that S. aureus may be manipulating both
pathways in order to preserve an intracellular niche during
bloodstream infection.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

S. aureus strains PS80, PS80Aagr, USA300 LAC and USA300
LACAagrC have been described previously (16, 26, 27). S. aureus
strains were streaked from frozen stocks onto TSA plates and
grown at 37°C for 24 h. Bacterial suspensions were prepared in
sterile PBS and the OD at 600 nm adjusted to the desired
equivalent CFU/ml consistent with previous studies (9, 16, 28).

Isolation of Primary Human Neutrophils
Neutrophils were isolated from the peripheral blood of healthy
volunteers following informed consent and according to
institutional ethical guidelines. Briefly, neutrophils were
isolated by dextran sedimentation and gradient separation
using Ficoll-Hypaque centrifugation (Lymphoprep, Axis-
Shield). After erythrocyte lysis using ACK buffer (Gibco), PMN
were resuspended in Dulbecco’s Modified Eagles Medium
(Sigma) supplemented with 10% fetal bovine serum (Sigma)
and 1% L-glutamine (Sigma). PMN were adjusted to a final
concentration of 2x10° cells per replicate. Following isolation,
PMN purity was >95% and viability >99% as determined by
flow cytometry.

Staphylococcus aureus Intracellular
Survival Assay

Bacteria were incubated with human IVIG (5 mg/ml, Kiovig) and
Low-Tox Guinea Pig Complement (Cedarlane) for 20 min at 37°C
in order to opsonise them for efficient uptake by PMN. Bacteria
were then added to PMN at a Mol of 1:10. In some cases PMN
were pre-treated with VPS34-IN1 (10 uM, Millipore),
Bafilomycin Al (100 nM, Sigma), Pifithrin-o. (30uM, Merck)
or a corresponding DMSO vehicle control for 30 min prior to
inoculation with S. aureus. PMN were incubated with bacteria
for 1 h with rotation at 37°C before addition of gentamicin
(Sigma) at a final concentration of 200 pg/ml. PMN and bacteria
were incubated for a further 1, 3, or 6 h with rotation before
centrifugation. Gentamicin treatment was continued for the
duration of the time-course to ensure no survival of
extracellular bacteria. Media was plated onto TSA at 1, 3, and
6 h post gentamicin treatment to ensure that no bacteria survived
extracellularly. PMN were lysed in 0.1% (v/v) Triton-X 100

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 565545


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Mulcahy et al.

S. aureus Subverts Autophagy and Apoptosis in PMN

(Sigma). Lysates were diluted in PBS and plated onto TSA for
CFU enumeration. Under all conditions PMN viability began to
decline 12 hours after blood was drawn from donors as has
previously been reported (29-31).

Alternatively, to assess phagocytosis, cells were pre-treated
and infected as above with GFP-expressing PS80 followed by
gentamicin treatment for 30 min to eliminate extracellular
bacteria. PMN were then fixed with Fix & Perm Medium A
(Life Technologies) and analysed on BD FACSCanto II. The
percentage of GFP-positive cells was used as an indicator of
intracellular bacteria.

RNA Extraction, cDNA Synthesis, and
Quantitative PCR

Total RNA was extracted using the Qiagen RNA extraction kit
according to the manufacturers’ instructions. RNA yield and
quality were measured on a Spectrostar Nano spectrophotometer
using an LVIS plate. RNA (250ng) was reverse-transcribed using
a High-Capacity ¢cDNA reverse transcription kit (Applied
Biosystems) according to manufacturers’ instructions. mRNA
was quantified using quantitative PCR on a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad) using iTaq Sybr
Green Supermix (Bio-Rad) according to manufacturers’
recommendations. The following KiCqStart SYBR Green
primer pairs (Sigma) were used: human #p53 (Gene ID: 7157),
draml (Gene ID: 55332), mcll (Gene 1D:4170), bcl2 (Gene ID:
596), bcl2al (Gene ID:597), bax (Gene ID: 581), and rnl8sl
(Gene ID: 100008588). Expression was normalized to 18s RNA
by the change-in-cycle-threshold (AACT) method.

Protein Expression

PMN were lysed in lysis buffer (1% (v/v) Triton-X-100 (Sigma),
5% (v/v) protease inhibitor cocktail (Sigma) and 5% (v/v)
phosphatase inhibitor cocktail 3 (Sigma)). Lysate protein
concentration was determined using a Pierce BCA assay kit
(Thermo Fisher Scientific). A total of 5ug of protein was
separated on 4-20% precast TGX polyacrylamide gels (Bio-
Rad) and transferred onto polyvinylidene difluoride
membranes. Membranes were incubated in AdvanBlock (Cell
Signalling Technologies) before probing with rabbit anti-human
LC3 IgG (D3U4C, Cell Signalling Technologies), rabbit anti-
SQSTM1/p62 IgG (5114, Cell Signalling Technologies), rabbit
anti-human caspase-3 IgG (9662, Cell Signalling Technology),
rabbit anti-human Mcl-1 IgG (D2WO9E, Cell Signalling
Technology), rabbit anti-human A1/Bfl-1 IgG (D1A1C, Cell
Signalling Technology), rabbit anti-human Bax IgG (D2El1,
Cell Signalling Technology), rabbit anti-human p53 IgG (7F5,
Cell Signalling Technology), rabbit anti-human phospho-p53
(Ser15) IgG (9284, Cell Signalling Technology), and rabbit
anti-DRAM1 (ARP47432_P050, Aviva Systems Biology).
Incubation with primary antibodies was followed by HRP-
conjugated goat anti-rabbit IgG (7074, Cell Signalling
Technology). Reactive bands were visualized using ECL
detection and densitometry was performed using ImageLab
developing system (Bio-Rad).

Flow Cytometry

To assess apoptosis, cells were stained using the Terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labelling (TUNEL) kit (Roche). PMN were fixed with Fix & Perm
Medium A (Life Technologies) and permeabilized with nuclear
permeabilization buffer before incubation with TUNEL reaction
mixture according to manufacturer’s instructions. To assess
mitochondrial membrane potential, cells were stained using
5,5,6,6"-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcarbocyanine
iodide (JC-1) (BD Biosciences). Membrane depolarisation is
characterized by a fluorescence emission shift from green (~529
nm, FL2) to red (~590, FL1). PMN (1 X 10° cells) were incubated
with JC-1 for 15 min at 37°C and 5% CO, according to
manufacturer’s instructions. To determine intracellular p53 levels,
PMN were fixed with Fix & Perm Medium A (Life Technologies)
and permeabilized with nuclear permeabilization buffer before
incubation with anti-p53 APC (MiltenyiBiotec) for 15 min at
room temperature. All flow cytometric analysis was performed
immediately with a BD FACSCanto II using FACS DIVA and
FlowJo software.

Transmission Electron Microscopy

Infected PMN samples were fixed in glutaraldehyde (1.5%)
overnight at 4°C. Samples were washed and then embedded in
agarose (2%). Samples were then secondary fixed with osmium
tetroxide (2% in 0.05M potassium phosphate buffer) before
dehydration through increasing concentrations of ethanol.
Samples were transitioned with propylene oxide into epoxy
resin embedding medium then cured at 60°C for 24 h.
Ultrathin sections were obtained using a Leica EM UC7
ultramicrotome and transferred on to 300 mesh copper TEM
grids. Sample grids were stained with 0.5% aqueous uranyl
acetate and Reynold’s lead citrate. Sections were examined on a
Jeol JEM1400 transmission electron microscope at 100 kV and
imaged with AMT XR80 digital camera.

Statistical Analyses

Statistical analysis was performed using Prism Graphpad 8
software using ANOVA or repeated measures ANOVA.
Comparisons between groups were made using Bonferroni
post-tests or Tukey post-tests where appropriate.

RESULTS

Staphylococcus aureus Intracellular
Survival Within Primary Human

Neutrophils Requires the Agr Virulence
Regulator and the Autophagy Pathway

In order to determine the ability of S. aureus to survive
intracellularly within primary human PMN, PMN isolated
from the peripheral blood of healthy volunteers were incubated
with S. aureus strain PS80 for 1 h before gentamicin treatment to
kill any non-phagocytosed extracellular bacteria. Intracellular
CFU were assessed at 1, 3, and 6 h post-gentamicin treatment.
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Survival of WT PS80 within PMN was significantly higher than
that of PS80Aagr at 3 and 6 h post-gentamicin treatment (Figure
1A) highlighting the requirement for an agr-specific factor for
intracellular survival.

To evaluate the role of the autophagy pathway during
intracellular survival, PMN were treated with the VPS34-PI3K
inhibitor VPS34-IN1 before exposure to PS80. Intracellular
survival of PS80 in inhibitor-treated PMN was significantly
reduced at 3 and 6 h post-gentamicin treatment compared to
untreated, infected PMN (Figure 1A). The rate of phagocytosis
of S. aureus by PMN was not affected by VPS34-IN1 treatment
(Figure S1). These results indicate that inhibition of the
autophagy pathway impairs the ability of S. aureus to survive
intracellularly within human PMN. There was no further
decrease in survival in PS80Aagr-infected, VPS34-IN1-treated
PMN (Figure 1A), suggesting that an agr-specific factor is
involved in manipulation of the autophagy pathway.

The assay was repeated with the USA300 strain LAC and an
agrC-deficient isogenic mutant (USA300AagrC). Similar to PS80,
intracellular survival of WT USA300 in inhibitor-treated PMN
was significantly lower at each timepoint compared to untreated,
infected PMN (Figure 1B). Intracellular CFU levels of
USA300AagrC differed significantly from WT USA300 CFU at
1 h. Taken together, these results indicate that a functioning
autophagy pathway facilitates S. aureus intracellular survival in
PMN and that this mechanism of intracellular survival involves
an agr-specific factor.

Autophagic Flux Is Disrupted in PMN
Harboring Staphylococcus aureus

To assess autophagic flux in PMN harboring S. aureus, protein
levels of autophagic markers LC3-II and p62 were determined in
S. aureus-infected PMN compared to untreated controls at 1 and
3 h post-gentamicin treatment using Western immunoblotting.
After 3 h, LC3-II levels were significantly higher in S. aureus-
infected PMN compared to control cells (Figures 1C, D). These
data indicate that the autophagy pathway is activated in infected
PMN compared to untreated cells. Levels of p62 were also
significantly increased in infected PMN after 3 h gentamicin
treatment compared to untreated PMN (Figures 1C, D) which
suggests that autophagic flux has been disrupted in S. aureus-
infected cells and that autophagosomes may be accumulating
during intracellular survival.

In order to further assess the effect of S. aureus on autophagic
flux in PMN, PMN were pre-treated with the autophagy
inhibitor Bafilomycin Al. Bafilomycin Al treatment prevents
autophagosome-lysosome fusion, therefore halting autophagic
flux (32, 33). Intracellular survival of PS80 in Bafilomycin Al-
treated PMN was significantly reduced at 3 and 6 h post-
gentamicin treatment compared to untreated, infected PMN
(Figure 2A), again indicating that a functioning autophagic
pathway is required for intracellular survival. LC3 and p62
accumulation was determined in infected PMN compared to
Bafilomycin Al treated cells using Western immunoblotting.
Increased levels of LC3 were observed in infected cells and
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FIGURE 1 | Staphylococcus aureus intracellular survival within human neutrophils. Primary human neutrophils were treated with VPS34-IN1 (10 pM) or were left
untreated and were then infected with pre-opsonized S. aureus PS80 WT or Aagr (A) or USA300 LAC WT or AagrC (B) (Mol 10) for 1 h. Following infection, PMN
were treated with gentamicin (200 pg/ml) for the times indicated. At each timepoint, PMN lysates were plated onto TSA and CFU enumerated. Data are expressed
as Log CFU (n = 6 donors for A, n = 3-4 donors for B). Statistical analyses were performed using two-way ANOVA with Bonferroni post-tests. *P < 0.05; **P < 0.01;
**P < 0.001; ***P < 0.001.PMN protein lysates were probed for LC3 processing and p62 expression using Western immunoblotting (C) and analysed using
densitometric analysis (D). Data are expressed as protein expression normalized to B-actin control values for each sample + SEM (n = 3 donors). Black arrows
indicate the area of the blot used for densitometry. Statistical analyses were performed using two-way ANOVA with Bonferroni post-tests. *P < 0.05.
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Bafilomycin Al-treated cells compared to control PMN at 3 h
post-gentamicin treatment (Figures 2B, C). No further increase
in LC3 accumulation was evident in Bafilomycin Al-treated,
infected cells compared to non-treated infected cells, suggesting
that autophagosome-lysosome fusion has been blocked during
intracellular survival. Accumulation of p62 was also increased in
infected cells, Bafilomycin Al-treated cells and Bafilomycin Al-
treated, infected cells at 3 h post-gentamicin treatment (Figures
2B, C), further indicating that normal autophagic flux has been
altered. Taken together, these results indicate that S. aureus
intracellular survival alters normal autophagic flux within PMN.

Although increased LC3-1II levels are a strong indicator for an
increase or block in autophagic flux, it can also be involved in
non-canonical pathways that use autophagy machinery, such as
LC3-associated phagocytosis (LAP). In order to confirm that S.
aureus is using double-membraned autophagosomes as a niche,

S. aureus-infected PMN were imaged using transmission
electron microscopy at 3 h post-gentamicin treatment.
Evidence of phagophore formation was observed (Figures 2D,
i) and S. aureus dividing within double-membraned vesicles
which are typically identified as autophagosomes (Figures 2D,
autophagy pathway in order to survive within human PMN
during infection.

Staphylococcus aureus Intracellular
Survival Delays Apoptosis in Human PMN
Our data indicate that S. aureus is using autophagosomes as a
survival niche during infection in primary human PMN. We next
assessed whether S. aureus could modulate PMN apoptosis in order
to preserve its niche. Levels of early-stage apoptosis were
determined by examining mitochondrial depolarization using JC-
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FIGURE 2 | Staphylococcus aureus intracellular survival within PMN is associated with a disruption in autophagic flux. Primary human neutrophils were treated with
Bafilomycin A1 (100 nM) or were left untreated and were then infected with pre-opsonized S. aureus PS80 (Mol 10) for 1 h. Following infection, PMN were treated
with gentamicin (200 ug/ml) for the times indicated. (A) At each timepoint, PMN lysates were plated onto TSA and CFU enumerated. Data are expressed as Log
CFU (n = 4 donors). Statistical analyses were performed using two-way ANOVA with Bonferroni post-tests. *P < 0.05; **P < 0.001. At each timepoint, PMN protein
lysates were probed for LC3 processing and p62 expression using Western immunoblotting (B) and analysed using densitometric analysis (C). Data are expressed
as protein expression normalized to B-actin control values for each sample + SEM (n = 3-4 donors). Black arrows indicate the area of the blot used for densitometry.
Statistical analyses were performed using two-way ANOVA with Bonferroni post-tests. **P < 0.01. At 3 h, infected PMN were imaged using transmission electron
microscopy (D). Whole, PS80-infected PMN showing phagophore formation indicated by red arrowhead (i) and double-membraned autophagosomes indicated by
red arrows (i) and inset (iii). Original magnification for Ci: 3000x, Cii: 2500x, Ciii: 8000x.
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1 staining and caspase-3 cleavage by Western immunoblotting in S.
aureus-infected PMN. At 3 h post-gentamicin treatment, infected
PMN displayed significantly less mitochondrial depolarization
(Figure 3A) and significantly lower levels of caspase-3 cleavage
(Figure 3B) compared to uninfected controls, indicating a delay in
caspase-mediated apoptosis during intracellular survival. The effects
of intracellular survival on late-stage apoptosis were then
determined using TUNEL staining. At 6 h post-gentamicin

treatment, a mean of 73.9% of untreated PMN were TUNEL-
positive whereas infected PMN were significantly less apoptotic
(Figure 3C, mean value: 49.4%), confirming that apoptosis is
delayed during intracellular survival.

In order to determine if the observed changes in apoptosis
were associated with the presence of intracellular S. aureus as a
result of subverting the autophagy pathway, apoptosis levels were
determined in infected PMN following pre-treatment with
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FIGURE 3 | Hallmarks of apoptosis are delayed during Staphylococcus aureus intracellular survival. Primary human neutrophils were left untreated or were pre-
treated with VPS34-IN1 (10 uM) and infected with pre-opsonized S. aureus PS80 (Mol 10) for 1 h. Following infection, PMN were treated with gentamicin (200 pg/ml)
for the times indicated. (A) At each timepoint, PMN were stained with JC-1 dye to measure mitochondrial membrane depolarization and analyzed by flow cytometry
(n = 3 donors). Representative FACS plots for JC-1 staining at 3 h are shown. Membrane depolarisation is characterized by a reduction of fluorescence in
Fluorescent channel (FL) 2 and corresponding increase in FL1 fluorescence. Statistical analysis was performed using a paired t test. (B) PMN protein lysates were
probed for caspase-3 expression and analysed using densitometric analysis. Data are expressed as protein expression normalized by B-actin control values for each
sample + SEM (n = 3 donors). Black arrows indicate the area of the blot used for densitometry. Statistical analysis was performed using two-way ANOVA with
Bonferroni post-tests. *P < 0.05. (C) At 6 h, PMN were stained for DNA degradation using TUNEL staining and analysed by flow cytometry. Representative
histograms for TUNEL-stained PMN for each treatment group are shown. Data are expressed as % TUNEL-positive cells + SEM (n = 6 donors). Statistical analysis
was performed using one-way ANOVA with Tukey post-tests. “P < 0.05; *P < 0.01; **P < 0.001.
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VPS34-IN1. After 6 h, VPS34-IN1-treated S. aureus-infected
PMN had significantly more TUNEL-positive staining than
infected, untreated PMN (Figure 3C, mean value: 62.7%).
PMN treated with VPS34-IN1 alone displayed similar levels of
TUNEL staining as VPS34-IN1-treated S. aureus-infected PMN
and PMN alone (mean value: 65.2%). This indicates that the
reduction in apoptosis observed in infected PMN was reversed
by inhibiting autophagy-mediated intracellular survival.
Although not statistically significant, a similar trend was
evident for an increase in caspase-3 cleavage (Figure S2A) but
less so for mitochondrial depolarization (Figure S2B) in
infected, VPS34-IN1-treated PMN at 3 h post-gentamicin
treatment. Taken together, these results indicate that apoptosis
is delayed during S. aureus intracellular survival. Furthermore,

blocking autophagy may partially relieve the inhibitory effect
caused by S. aureus on the apoptosis pathway.

Staphylococcus aureus Intracellular
Survival Is Associated With an Anti-
Apoptotic Phenotype and Activation of the
p53/DRAM Pathway

The delay in apoptosis observed in infected PMN coupled with
the incomplete restoration of apoptosis in inhibitor-treated,
infected PMN suggests a complex apoptotic phenotype is
occurring during S. aureus intracellular survival. In order to
further characterize this phenotype, expression of apoptotic
genes involved in the intrinsic apoptotic pathway was
determined using RT-PCR and corresponding protein
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FIGURE 4 | Staphylococcus aureus intracellular survival is associated with changes in expression of apoptotic factors and an anti-apoptotic phenotype. Primary
human neutrophils were left untreated or were pre-treated with VPS34-IN1 (10 uM) and were then infected with pre-opsonized S. aureus PS80 (Mol 10) for 1 h.
Following infection, PMN were treated with gentamicin (200 pg/ml) for the times indicated. RNA was extracted and gene expression levels of mcl1 (A), bcl2at (B),
bax (C), and bcl2 (D) assessed using quantitative RT-PCR at 1 and 3 h post-gentamicin treatment. Gene expression is plotted relative to gene expression in control
PMN after normalization to 18s RNA + SEM (n = 3-4 donors). Statistical analysis was performed using two-way ANOVA with Tukey post-tests. *P < 0.05; **P < 0.01.
PMN protein lysates were probed for Mcl-1 (E), A1/Bfl-1 (F), and Bax (G) expression and analysed using densitometric analysis. Data are expressed as protein
expression normalized by B-actin control values for each sample + SEM (n = 3-4 donors). Black arrows indicate the area of the blot used for densitometry. Statistical
analysis was performed using two-way ANOVA with Bonferroni post-tests. *P < 0.05; “*P < 0.01.
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expression was determined using Western immunoblotting.
Expression of the anti-apoptotic factor mcll was significantly
increased at 1 h post-gentamicin treatment (Figure 4A) with a
similar significant increase in protein expression evident at 1 h
(Figure 4E). Gene expression of anti-apoptotic factors bcl2al
and bcl2 were significantly increased after 3 h (Figures 4B, D). A
similar trend towards higher protein level of A1/Bfl-1 was
observed (Figure 4F); however, protein levels of Bcl-2 could
not be detected in PMN under any conditions. Neither gene
expression nor protein expression of pro-apoptotic factor bax
was significantly increased in infected PMN at either timepoint
(Figures 4C, G), confirming that intracellular survival elicits an
anti-apoptotic phenotype in PMN.

These results indicate that the intrinsic apoptotic pathway is
delayed during intracellular survival due to the upregulation of
anti-apoptotic factors. Therefore, we next looked at
transcriptional regulation of these factors by determining
intracellular levels of the cell-cycle transcription factor p53.
p53 is a well-defined positive regulator of the intrinsic
apoptotic pathway; however, when localized to the nucleus,
p53 can positively regulate autophagy in response to cellular
stress (34, 35). Intracellular levels of p53 were determined in
infected PMN using flow cytometry and expression of tp53 was
confirmed using RT-PCR and Western immunoblotting. At 3 h
post-gentamicin treatment, intracellular levels of p53 were
significantly higher in infected PMN compared to controls
(Figure 5A). Gene and protein expression of p53 (Figures 5B, C)

was significantly increased at 3 h post-gentamicin treatment. In
order to confirm the intracellular location of p53, expression levels
of p53 phosphorylated at Serine 15 (p53serl5) were determined.
Phosphorylation of p53 at serine 15 has been previously shown to
inhibit a nuclear export signal at the amino terminal of p53 (36);
therefore, high levels of p53serl5 may indicate retention of p53 in
the nucleus. Protein levels of p53ser15 were determined by Western
immunoblotting (Figure 5C). High levels of p53ser15 were detected
at 1 and 3 h post-gentamicin treatment compared to control PMN,
suggesting that p53 is being retained in the nucleus during
intracellular survival.

Nuclear p53 induces transcription of the pro-autophagic
membrane protein Damage-Regulated Autophagy Monitor
(DRAM). At 3 h post-gentamicin treatment, gene expression
of dram (Figure 6A) was significantly increased in S. aureus-
infected PMN. Although detection of DRAM at the protein level
proved challenging, there was also evidence of increased DRAM
protein expression at 3 h post-gentamicin treatment (Figure S3).
This confirms that p53-activated gene transcription is occurring
during intracellular survival, and suggests that autophagy-
mediated intracellular survival is activating the p53/DRAM
stress response pathway.

To determine whether the changes in apoptotic gene
expression are directly influenced by autophagy-induced
intracellular survival, gene and protein expression of Mcl-1,
Bcl-2, A1/Bfl-1, and Bax was assessed in infected PMN pre-
treated with VPS34-IN1. Autophagy inhibition resulted in
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FIGURE 5 | The p53/DRAM pathway is activated during Staphylococcus aureus intracellular survival. Primary human neutrophils were left untreated or were pre-
treated with VPS34-IN1 (10 uM) and were then infected with pre-opsonized S. aureus PS80 (Mol 10) for 1 h. Following infection, PMN were treated with gentamicin
(200 pg/mi) for the times indicated. At each timepoint, intracellular staining for p53 was carried out and analysed by flow cytometry. (A) Representative FACS plot
showing p53 intracellular staining at 3 h and MFI values of nuclear p53. RNA was extracted and gene expression levels of (B) tp53 was assessed using quantitative
RT-PCR. Gene expression is plotted relative to gene expression in control PMN after normalization to 18s RNA + SEM (n = 3—4 donors). Statistical analysis was
performed using two-way ANOVA. *P < 0.05. (C) PMN protein lysates were probed for total p53 and p53ser15 expression and analysed using densitometric
analysis. Data are expressed as protein expression normalized by B-actin control values for each sample + SEM (n = 3-4 donors). Black arrows indicate the area of
the blot used for densitometry. Statistical analysis was performed using two-way ANOVA with Bonferroni post-tests. **P < 0.01.
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significantly reduced expression of mcll and bcl2 at 1 and 3 h
post-gentamicin treatment, respectively compared to untreated
infected controls (Figures 4A, D). Mcl-1 protein expression in
infected PMN was also reduced significantly after VPS34-IN1
treatment 1 h post-gentamicin treatment (Figure 4E). Gene
expression of bcl2al and bax were not significantly affected
(Figures 4C, E) although when compared to infected PMN,
A1/Bfl-1 protein expression appeared to decrease in infected
PMN after VPS34-IN1 treatment, albeit not significantly (Figure
4F). Similarly, Bax protein expression appeared to increase after
VPS34-IN1 treatment 1 h post-gentamicin treatment, but not
significantly (Figure 4G). These results indicate that autophagy
inhibition elicits a partial restoration of the apoptotic state in
PMN during intracellular survival.

The effect of autophagy inhibition on the expression of tp53
and dram was also assessed. Expression of #p53 and dram were
both significantly decreased in the presence of VPS34-IN1 at 3 h
post-gentamicin treatment (Figures 5B and 6A) and protein
expression of p53 appeared decreased at 3 h post-gentamicin
treatment compared to untreated, infected PMN (Figure 5C),
indicating that the p53/DRAM pathway is also directly
influenced by autophagy-mediated intracellular survival. In
order to further assess the effect of the p53 pathway on
intracellular survival, PMN were pre-treated with a p53
inhibitor, Pifithrin-o0 (PFTa) and intracellular survival was
assessed. Intracellular survival of S. aureus in PFTo-treated
PMN was significantly reduced at 6 h post-gentamicin
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FIGURE 6 | Inhibition of p53 reduces Staphylococcus aureus intracellular survival in neutrophils. (A) Primary human neutrophils were left untreated or were pre-
treated with VPS34-IN1 (10 uM) and were then infected with pre-opsonized S. aureus PS80 (Mol 10) for 1 h. Following infection, PMN were treated with gentamicin
(200 pg/ml) for the times indicated. RNA was extracted and gene expression levels of dram assessed using quantitative RT-PCR. Gene expression is plotted relative
to gene expression in control PMN after normalization to 18s RNA + SEM (n = 3-4 donors). Statistical analysis was performed using two-way ANOVA. **P < 0.001.
(B) Primary human neutrophils were treated with Pifithrin-o. (30uM) or were left untreated and were then infected with pre-opsonized S. aureus PS80 (Mol 10) for 1 h.
Following infection, PMN were treated with gentamicin (200 pg/ml) for the times indicated. At each timepoint, PMN lysates were plated onto TSA and CFU
enumerated. Data are expressed as Log CFU (n = 4 donors). Statistical analyses were performed using two-way ANOVA with Bonferroni post-tests. *P < 0.05.

(C) PMN protein lysates were probed for LC3 processing using Western immunoblotting and analysed using densitometric analysis. Data are expressed as protein
expression normalized to B-actin control values for each sample + SEM (n = 3 donors). Black arrows indicate the area of the blot used for densitometry. Statistical
analyses were performed using two-way ANOVA with Bonferroni post-tests. *P < 0.05.

treatment (Figure 6B). Gene expression of tp53 and dram
were assessed at 1 and 3 h post-gentamicin treatment and were
confirmed to be lower in PFTo-treated cells (Figure S4).
Autophagic flux was assessed in the presence of PFTo by
determining the levels of LC3-II in infected PMN at 1 and 3 h
post-gentamicin treatment. After 1 h gentamicin treatment, both
untreated and PFTa-treated, infected PMN had similar protein
levels of LC3-II (Figure 6C). After 3 h gentamicin-treatment,
LC3-II protein levels were higher in infected PMN compared to
uninfected PMN, whereas in PFTo.-treated, infected PMN, LC3-
II levels were lower compared to the corresponding uninfected
control (Figure 6C) suggesting that autophagic flux has been
restored. Together, these data indicate that the p53 pathway
plays an important role in autophagy-mediated intracellular
survival of S. aureus.

Overall, these data indicate that autophagy-mediated
intracellular survival activates the p53/DRAM stress response
while simultaneously promoting the expression of several anti-
apoptotic factors which may counteract a pro-apoptotic role for
p53. This promotes an anti-apoptotic, pro-autophagic phenotype
in human PMN, prolonging the intracellular niche for S. aureus.

DISCUSSION

Staphylococcus aureus bloodstream infection is a significant
cause of morbidity and mortality worldwide (1, 2, 37).
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Persistence of bacteraemia and metastatic infection is associated
with failure to eradicate the source of infection, suggesting that
an intracellular reservoir for S. aureus exists (4). Due to the
prevalence of S. aureus antibiotic resistance, new host-directed
therapies are required where antibiotics are no longer effective.
A detailed knowledge of how S. aureus manipulates the innate
immune response and survives during bacteraemia is needed
in order to develop these therapies. In this study, we show that
S. aureus survives intracellularly within primary human PMN
by manipulating the autophagy pathway to establish an
intracellular niche, while simultaneously inhibiting the normal
apoptotic pathway.

Previous studies have identified the autophagy pathway as a
mechanism of intracellular survival for S. aureus during infection in
several cell types in vitro (17, 18, 38), while subversion of autophagy
within PMN for bacterial survival has previously been reported for
E. coli (39). Interestingly, a recent study reported that S. aureus can
survive within LC3-decorated phagosomes in PMN in larval
zebrafish using the non-canonical form of autophagy, LAP (40).
Using primary human PMN we observed S. aureus present in
double-membraned autophagosomes using TEM which is a
characteristic of canonical selective autophagy rather than LAP.
However, a role for LAP in human PMN requires further
investigation. Our study identifies a novel role for autophagy in
S. aureus survival within a primary human professional
phagocyte. A disruption in autophagic flux was evident in
infected PMN and intracellular survival decreased significantly
when autophagy was inhibited. These results provide strong
evidence of manipulation of the autophagic pathway in S. aureus
in order to survive intracellularly.

The changes in autophagy reported here are accompanied by a
decrease in apoptosis in human PMN harboring S. aureus. These
results reflect changes to the intrinsic apoptotic pathway that may
prolong the PMN life cycle and therefore the intracellular niche for
S. aureus. In previous studies examining changes in the PMN life
cycle during S. aureus infection in vitro, PMN were reported to
display regular markers of apoptosis but also exhibited signs of a
dysregulated apoptosis phenotype (25). Other studies illustrated a
delay in PMN apoptosis during S. aureus infection (24), and the
apoptotic fate of PMN during S. aureus infection was shown to
depend on multiplicity of infection (41). These conflicting accounts
of the changes to PMN lifespan during S. aureus infection, coupled
with our data, confirm that the apoptotic fate of PMN is context-
dependent. Several in vivo studies have demonstrated rapid
dissemination of S. aureus to secondary infection sites within
hours of initial infection, and PMN have been implicated as
potential mediators (16, 42). Furthermore, PMN isolated from S.
aureus infection sites have been shown to contain viable bacteria
capable of re-infecting a naive host (8). Therefore, any delay, even
briefly, in PMN apoptosis would give S. aureus a survival advantage
for long enough to potentially proliferate and disseminate,
supporting the “Trojan horse” theory of . aureus immune evasion.

S. aureus survival in PMN is significantly reduced using an
agr-deficient mutant. Furthermore, there was no further decrease
in survival in Aagr-infected, VPS34-IN1-treated PMN, indicating
that an agr-specific factor is important for autophagy-mediated

intracellular survival. Previously, autophagy-dependent
intracellular survival in HeLa cells was shown to depend on a
factor controlled by the Agr operon (17). Subsequent work on S.
aureus subversion of the autophagic pathway, has highlighted the
role of the agr-regulated secreted toxin o-haemolysin (Hla) in
driving the production of autophagosomes which facilitated
bacterial replication in non-professional phagocytes (38).
Furthermore, Hla expression is also essential for S. aureus
phagosomal escape from cystic fibrosis epithelial cells (43).
However, one study analysing the role of autophagy in S.
aureus infection in vivo demonstrated that the autophagic
pathway conferred protection against Hla-mediated toxic
effects in a murine model of S. aureus systemic infection (44).
While autophagy-deficient mice were more susceptible to
lethality during S. aureus infection, challenge with a Hla-
deficient strain led to increased survival. This suggests that the
role of Hla in autophagy-mediated intracellular survival is not a
straightforward one. Moreover, several studies have reported that
Hla can induce cell death in the form of apoptosis and necrosis
(45-48). The mechanism of Hla-induced cell death is unclear;
some studies report that Hla induces caspase-independent cell
death (47) while others report the involvement of Caspase-2, 3
and 8 (45, 46). Our data further implicates the involvement of an
agr-specific factor in manipulating the autophagy network in
human PMN but whether it is Hla has yet to be determined.

The transcription factor p53 plays a regulatory role in
apoptosis and is activated as part of the host response to
cellular stress, causing cell cycle arrest and initiating
programmed cell death (49, 50). Our results indicate that p53
is activated following autophagy-mediated intracellular survival.
This is in contrast to other studies that indicate that p53 is an
autophagy inducer (34, 50, 51). However, a recent study has
shown that the VPS34/Beclin-1 complex can act as a regulator of
p53 due to its regulatory effect on the ubiquitin-specific protease,
USP10, which mediates p53 deubiquitination (52). By regulating
USP10 activity, the VPS34 autophagy activation complex can
control p53 degradation, highlighting a regulatory relationship
between the VPS34 complex and p53. In our model, p53 is
transcriptionally active as evidenced by an increased expression
of dram. However, the pro-apoptotic effects of p53 are not
evident in our model as we see no significant change in the
gene or protein expression of bax which is also transcriptionally
activated by p53. As well as dram, nuclear p53 can drive the
transcriptional activation of several autophagy related genes such
as ulkl and atg7 (51), and DRAM can directly mediate p53-
induced autophagy (34). Expression of dram may be re-
enforcing the pro-autophagic state in our model. Importantly,
we demonstrate that p53 expression can promote autophagy-
dependent intracellular survival since p53 inhibition using PFTo
resulted in lower intracellular CFU coupled with increased
autophagic flux. Decreased tp53/dram expression was observed
after autophagy inhibition, confirming that the pro-autophagic
effects of the p53/DRAM pathway are a direct result of S. aureus-
induced autophagy.

Although DRAM can also drive p53-mediated apoptosis (34),
it does not appear to be involved in promoting apoptosis during
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restores apoptosis in PMN.

S. aureus intracellular survival. Instead, we observed a striking
induction of anti-apoptotic factors. Our results suggest that gene
expression of Mcl-1 and Bcl-2 are activated as a direct result of
autophagy-mediated intracellular survival since blocking
autophagy in PMN inhibited the gene expression and lead to a
reduction in protein expression of both. Mcl-1 and Bcl-2 can

FIGURE 7 | Model of S. aureus intracellular survival in human PMN. Uninfected PMN (A) undergo basal autophagy. Programmed cell death also occurs via
mitochondrial depolarization, caspase-3 cleavage and eventual DNA degradation. PMN harboring S. aureus (B) undergo a higher rate of autophagy. S. aureus is
encapsulated in autophagosomes which facilitates intracellular survival. Autophagy-mediated intracellular survival triggers {53 transcription and p53 protein levels
increase in the nucleus. Transcription of pro-autophagic factor dram, as well as anti-apoptotic factors mcl1, bcl2 and bcl2at, is increased. As a result of the
expression of these anti-apoptotic factors, mitochondrial membrane depolarization is reduced, caspase-3 cleavage is inhibited, and DNA degradation is reduced,
indicating a lower rate of apoptosis during intracellular survival. Blocking autophagy using VPS34-IN1 (C) decreases intracellular survival of S. aureus by removing the
availability of an intracellular niche. Blocking autophagy also reduces transcription of {p53, dram, mcl1, and bcl2 suggesting that crosstalk between the autophagy
and apoptotic pathways occurs at this level. DNA degradation is returned to basal levels suggesting that blocking autophagy-mediated intracellular survival partially

prevent Fas-mediated PMN apoptosis (53) and both are
upregulated in PMN from patients with sepsis (54, 55).
Furthermore, Mcl-1 and Bcl-2 transcription could protect
macrophages from staurosporine-induced apoptosis during S.
aureus infection (56). Although we saw an increase in Bcl2 gene
expression, we could not confirm Bcl-2 protein expression using
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Western immunoblotting. The absence of Bcl-2 protein
expression in mature neutrophils has been reported previously
(57). Expression of bcl2al, which encodes A1/Bfl-1, was
significantly upregulated during intracellular survival with a
similar increase in protein expression. However, bcl2al
expression was not significantly affected by autophagy
inhibition and therefore, A1/Bfl-1 may still be exerting some
anti-apoptotic effects. This consistent expression of bcl2al may
account for why levels of mitochondrial depolarization and
caspase-3 cleavage are not completely restored in infected,
VPS34-IN1-treated PMN. A1l/Bfl-1 has previously been
implicated in delaying PMN apoptosis during Anaplasma
phagocytophilum infection by maintaining high mitochondrial
membrane potential and inhibiting caspase-3 activity (58). A1/
Bfl-1 has been found to actually bind pro-caspase-3 and prevents
its activation in immortalized motor neurons (59) and A1/Bfl-1
has been shown to overcome p53-mediated apoptosis (60). In
our study, it seems that any pro-apoptotic effect of p53 is
overwhelmed by a potent anti-apoptotic phenotype both linked
to autophagy-mediated intracellular survival through Mcl-1
expression, and an autophagy-independent mechanism
through A1/Bfl-1 expression. This may be enough to
transiently maintain an anti-apoptotic status that is beneficial
for intracellular survival. Further study may determine whether
this is specifically mediated by a bacterial factor.

Based on our findings, we propose the following
model: Under basal conditions, homeostatic autophagy
occurs in PMN and PMN undergo spontaneous apoptosis as
part of their normal lifespan (Figure 7A). After S. aureus
exposure (Figure 7B), PMN harboring S. aureus accumulate
autophagosomes which act as an intracellular niche. The p53
pathway is activated and p53 accumulates in the nucleus.
Nuclear p53 drives transcription of dram, reinforcing a pro-
autophagic phenotype. Transcription of anti-apoptotic factors
bcl2, mcll and bcl2al is activated by autophagy-mediated
intracellular survival via an unknown mechanism. The
expression of these factors appears to be enough to overcome
any pro-apoptotic effects of p53, leading to a slower rate of
apoptosis as evidenced by inhibition of mitochondrial
depolarization, a delay in caspase-3 cleavage and lower levels
of DNA degradation. When autophagy is blocked using VPS34-
IN1, autophagy-mediated intracellular survival is inhibited
(Figure 7C). The transcription of tp53, dram, mcll and bcl2,
but not bcl2al and bax, is inhibited following autophagy
inhibition, leading to a partially restored apoptotic pathway
in PMN.

The findings in this study illustrate that S. aureus infection
in phagocytes represents a complex host-pathogen interaction.
The changes identified in host pathways during intracellular
survival present possible therapeutic targets as an additive
treatment for S. aureus infection. Blanket autophagy inhibition
should, however, be pursued with caution as this may lead to
undesirable downstream effects for the host. However, inhibitors
of anti-apoptotic factors such as Mcl-1, already in development
in cancer therapy (61), may restore an appropriate apoptotic
pathway in PMN and disrupt the intracellular niche for S. aureus.

An intricate knowledge of the mechanism of manipulation of
both pathways during S. aureus infection is crucial prior to
providing more targeted treatment.
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SUPPLEMENTARY FIGURE 1 | VPS34-IN1 has no effect on phagocytic uptake
of Staphylococcus aureus in human neutrophils. Primary human neutrophils were
pre-treated with VPS34-IN1 (10 uM) or DMSO for 30 min prior to infection with pre-
opsonized S. aureus PS80-GFP (Mol 10) for 1 h. Following infection, PMN were
treated with gentamicin (200 ug/ml) for 30 min. Cells were fixed and analyzed by
flow cytometry. Data are expressed as mean %GFP-positive cells + SEM (n = 2
donors).
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SUPPLEMENTARY FIGURE 2 | VPS34-IN1 treatment may partially restore early
apoptosis in PMN harboring S. aureus. Primary human neutrophils were left
untreated or were pre-treated with VPS34-IN1 (10 pM) and were then infected with
pre-opsonized S. aureus PS80 (Mol 10) for 1 h. Following infection, PMN were
treated with gentamicin (200 ug/ml) for the times indicated. (A) PMN protein lysates
were probed for caspase-3 cleavage and analysed using densitometric analysis.
Data are expressed as protein expression normalized by B-actin control values for
each sample + SEM (n = 3 donors). (B) PMN were stained with JC-1 dye to measure
mitochondrial membrane depolarization and analyzed by flow cytometry (n = 3
donors). Representative FACS plots for JC-1 staining at 3 h. Membrane
depolarisation is characterized by a reduction of fluorescence in Fluorescent
channel (FL) 2 and corresponding increase in FL1 fluorescence.

SUPPLEMENTARY FIGURE 3 | DRAM protein expression during
Staphylococcus aureus intracellular survival in neutrophils. Primary human
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Autophagy, an intracellular catabolic pathway featuring lysosomal degradation, is a central
component of the host immune defense against various infections including
Mycobacterium tuberculosis (Mtb), the pathogen that causes tuberculosis. Mtb can
evade the autophagic defense and drive immunometabolic remodeling of host
phagocytes. Co-regulation of the autophagic and metabolic pathways may play a
pivotal role in shaping the innate immune defense and inflammation during Mtb
infection. Two principal metabolic sensors, AMP-activated protein kinase (AMPK) and
mammalian target of rapamycin (MTOR) kinase, function together to control the
autophagy and immunometabolism that coordinate the anti-mycobacterial immune
defense. Here, we discuss our current understanding of the interplay between
autophagy and immunometabolism in terms of combating intracellular Mtb, and how
AMPK-mTOR signaling regulates antibacterial autophagy in terms of Mtb infection. We
describe several autophagy-targeting agents that promote host antimicrobial defenses by
regulating the AMPK-mTOR axis. A better understanding of the crosstalk between
immunometabolism and autophagy, both of which are involved in host defense, is
crucial for the development of innovative targeted therapies for tuberculosis.

Keywords: autophagy, immunometabolism, host defense, mycobacterial infection, AMP-activated protein kinase,
mammalian target of rapamycin

INTRODUCTION

Mpycobacterium tuberculosis (Mtb) causes human tuberculosis (TB), which remains a serious
infectious disease worldwide (1). Mtb can counter host defenses by escaping phagolysosomal
fusion, indeed residing within phagosomal structures (2, 3). Autophagy, a lysosomal degradation
system that ensures homeostasis, is particularly sensitive to metabolic stress (4, 5). Autophagy is also
a principal means of autonomous cellular defense, countering the Mtb-induced arrest of
phagosomal maturation (6). Accumulating evidence suggests that immunometabolism is linked
to regulation of the immune defense against pathogenic insults (7-12). Indeed, autophagy and
immunometabolism interact extensively to control infection and inflammation (13, 14). Such
crosstalk may determine the outcome of the innate effector pathways against a variety of infectious
diseases, including TB.
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Two serine/threonine kinases, adenosine 5’-monophosphate
(AMP)-activated protein kinase (AMPK) and mammalian target
of rapamycin (mTOR) kinase, play crucial roles in the
integration of metabolic adaptation, autophagy, and
immunometabolism in immune cells (15-17). The kinases
sense intracellular metabolic status and serve as important
upstream signaling regulators of immune responses, lysosomal
activities, and host defenses during infections (15-17). Recent
studies have highlighted the fact that transcription factor EB
(TFEB) is a key mediator of the AMPK-mTOR axis (18),
activating both autophagy and lysosomal biogenesis to
promote innate immunity (19-21).

In this review, we discuss our current understanding of how
autophagy and immunometabolism have a relationship when
mounting a defense against Mtb infection. We describe recent
advances in our understanding of AMPK-mTOR kinase
signaling and pharmacological modulation of either or both
autophagy and immunometabolism.

ROLE PLAYED BY AUTOPHAGY IN
MYCOBACTERIAL INFECTION

Recent studies have highlighted the fact that a combination of
metabolic, autophagic, and immune cell activities determine the
outcome of Mtb infection (22, 23). Autophagy is a crucial host
defense pathway targeting invasive intracellular pathogens
including Mtb (24-26). In 2004, Deretic et al. found that
interferon (IFN)-y, a cytokine essential for induction of
protective immunity against TB, activated macrophage
autophagy to promote eradication of intracellular Mtb (27).
Since that time, accumulating evidence has shown that many
autophagy-activating pharmacological agents and/or small
molecules trigger autophagy, leading to acidification of
mycobacterial phagosomes by fusion with autophagosomes/
lysosomes to restrict intracellular survival of Mtb (25, 26, 28-30).
During natural infection, Mtb translocation into the cytosol
via ESX-1 triggers xenophagy pathway through p62-, NDP-52 (a
selective autophagic receptor)-, and TBK-1-dependent
pathways (31-33). In addition, the autophagy-related process
LC3-associated phagocytosis (LAP) plays a role in phagosomal
maturation and antimicrobial host defense (34, 35); however,
Mtb CpsA, a LytR-CpsA-Psr (LCP) domain-containing protein,
works to evade LAP during Mtb infection (36). The detailed
mechanisms of several types of autophagy pathways in the
context of mycobacterial infection have been extensively
described elsewhere (25, 26, 28-30). In addition, a discussion
of the Mtb effectors that induce, or allow evasion of, host
xenophagy/LAP is beyond the scope of this review.

OVERVIEW OF IMMUNOMETABOLISM
DURING MYCOBACTERIAL INFECTION

Metabolic reprogramming of innate immune cells is closely
related to various cellular functions, including the production

of pro-inflammatory cytokines/chemokines, autophagy
activation, and mounting of antimicrobial responses to Mtb
infection (22, 23, 37). It is generally thought that, upon Mtb
infection, macrophages (the principal phagocytes active during
infection) undergo metabolic reprogramming into M1-type
macrophages in response to Mtb components or via Mtb
phagocytosis. In these cells, pro-inflammatory molecules are
upregulated and glycolysis is predominantly utilized to meet
their bioenergetic and metabolic requirements, while M2-type
macrophages and the non-infected/naive cells exhibit anti-
inflammatory characteristic and derive their energy from
oxidative phosphorylation and fatty acid B-oxidation (FAO)
(23). However, Mtb is able to perturb the metabolic switch of
phagocytes that reminisce Warburg effect, a bioenergetic shift
utilizing aerobic glycolysis, to facilitate bacterial pathogenesis via
enhancement of intracellular bacterial survival and persistence
(38). To support this, a recent study showed that Mtb infection
restricts glycolysis and interleukin (IL)-1f production by
upregulating miR-21, thereby favoring intracellular Mtb
growth (39). Given the previous reports on how miR-21
inhibits autophagy in a variety of scenarios (40-42), it would
be interesting to explore whether miR-21 suppresses autophagy
to potentiate immunopathogenesis during Mtb infection.
During chronic Mtb infection, the mitochondrial metabolism
of CD8+ T cells becomes defective; mitochondrial dysfunction
increases (37). It remains to be determined whether aerobic
glycolysis is up- or down-regulated during chronic Mtb
infection. Importantly, metformin, an activator of AMPK and
autophagy, improved Mtb-specific CD8+ T cell immunity by
rescuing T cell bioenergetics (37), although autophagy was not
investigated in the context of such metformin-induced
reinvigoration. It would be useful to clarify the function and
mechanism of autophagy in the regulation of immunometabolic
remodeling, and how this impacts host defenses during the
various stages of Mtb infection.

It is also intriguing that Mtb-infected host cells exhibit
different aspects of metabolic shift depending on the virulence
of Mtb strains. A previous study revealed that genes associated
with inflammation and metabolism were downregulated in
virulent H37Rv strain when compared to attenuated H37Ra
strain infection in human alveolar macrophages (43). In other
studies, Mtb infection compromised metabolic reprogramming,
while infection with the BCG or dead Mtb upregulated
glycolytic flux in human monocyte-derived macrophages (44).
Multidrug-resistant Mtb strains preferentially induce IFN-f
that limits IL-1PB induction, resulting reduced aerobic
glycolysis when compared to drug susceptible Mtb strains
(45). Since infections with live, virulent Mtb decelerate the
metabolic switch shifting to glycolytic pathway of host cells,
the future studies unveiling the molecular mechanisms
controlled by mTOR and/or AMPK, which are master
regulators of immunometabolism, in terms of virulence of
Mtb strains will accelerate the development of anti-
mycobacterial therapeutics.

Mtb modulates (interferes with) host cell lipid metabolism
during infection. Mtb induces numerous proteins involved in
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FAO; the lipids yield energy and act as building blocks for
membrane synthesis (46). It remains to be determined whether
FAO may suppress the host defense against Mtb infection. Either
FAO blockade or a deficiency of the mitochondrial fatty acid
transporter carnitine palmitoyltransferase 2 reduces the burden
of Mtb both in vitro and in vivo. Mechanistically, FAO inhibition
enhances mitochondrial reactive oxygen species (mitoROS)
production, promoting NADPH oxidase activity and
xenophagy in macrophages infected with Mtb (47). The
activation of the peroxisome proliferator-activated receptor
(PPAR)-0 enhances an anti-mycobacterial immune defense by
promoting lipid catabolism, and autophagy via TFEB (48).
Although PPAR-o activation promotes the transcriptional
activation of genes involved in FAO in macrophages (48), it
should be clarified whether PPAR-0-mediated FAO drives anti-
mycobacterial effects. Given the findings that blockade of FAO
contributes to the antimicrobial host defense (47), future studies
are needed to elucidate how the lipid metabolic reprogramming
is linked to host autophagy/lipophagy to further regulate host
defense against Mtb infection.

Recent studies showed that de novo fatty acid synthesis (FAS)
is crucial in terms of the T cell immune defense during Mtb

infection, whereas FAS does not affect the innate immune
responses (49). An elevated level of oxidized low-density
lipoprotein (oxLDL) promotes macrophage (lysosomal)
cholesterol accumulation, which leads to lysosomal
dysfunction, thus impairing the control of intracellular Mtb
(50). These data may explain the link between diabetes
mellitus (DM) and TB through oxLDL (50). DM patients
usually exhibit elevated oxLDL levels and are susceptible to TB,
presumably and partly due to lysosomal dysfunction (50). In
accordance with these findings, simvastatin, which reduces
plasma cholesterol levels, shows protective functions against
Mtb infection in several different ways (51). It inhibits
intracellular Mtb growth in human peripheral blood
mononuclear cells, increases the proportion of natural killer T
cells, promotes production of IL-1f and IL-12p70, and activates
monocyte autophagy (51). In addition, statin, the cholesterol-
lowering drug, inhibits intracellular Mtb growth in human
macrophages through activation of autophagy and phagosomal
maturation (52). Although the precise mechanisms that induce
autophagy by statins have not been fully elucidated, these
findings strongly suggest that inhibitors of cholesterol synthesis
and/or oxLDLs may have potential therapeutic value for TB and
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FIGURE 1 | Immunometabolic pathway during mycobacterial infection. Mtb intervene in host cell lipid metabolism for its own intracellular survival. During the

metabolic reprogramming process, innate immune responses are induced to regulate the host defense system. For example, Mtb infection in macrophages restricts
aerobic glycolysis and IL-1B production through upregulation of miR-21. Moreover, Mtb utilizes lipid synthesis and FAO process to obtain energy and building blocks
for membrane synthesis. Inhibition of FAO leads to the enhancement of mitoROS, which promote xenophagy in macrophages infected with Mtb. However, there are
also controversial results that FAO is promoted by PPAR-a, which mediates anti-mycobacterial immune defense through lysosomal biogenesis and autophagy
activation, via TFEB. The elevation of oxLDL promotes the macrophage lysosomal dysfunction, which contributes to impaired control of intracellular Mtb and host
defense. Simvastatin, an oral HMG-CoA reductase inhibitor, decreases plasma cholesterol levels and exhibits host protection against Mtb through autophagy
induction in monocytes.
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DM comorbidity. Figure 1 summarizes immunometabolic
regulation in macrophages during infection with Mtb, which
further modulate host immunometabolism.

AMPK-MTOR AXIS CO-REGULATES
AUTOPHAGY AND IMMUNOMETABOLISM

Both the AMPK and mTOR kinases are key metabolic and
autophagic sensors. AMPK regulates energy metabolism and
mitochondrial function (53, 54) as well as numerous biological
pathways including autophagy, inflammation, and the host
defense (17, 55-57). The AMPK pathway primarily activates
mitochondrial metabolism, oxidative phosphorylation, and
lipolysis and attenuates FAS and cholesterol biosynthesis (58,
59). AMPK enhances autophagy via ULK1 complex activation
and mTOR complex 1 (mTORCI) inhibition (60, 61). By
contrast, mTOR kinases (mMTORC1 and mTORC2) suppress
autophagy when energy levels are high (60). Both mTORCI1
and AMPK function to integrate metabolic and autophagic
signaling (60, 62), and are thus primary therapeutic targets for

pulmonary TB (63, 64). The schematic overview of AMPK-
mTOR axis regulating autophagy and immunometabolism is
summarized in Figure 2.

AMPK REGULATES AUTOPHAGY AND
METABOLISM OF THE INNATE HOST
DEFENSE SYSTEM

AMPK: A Linker of Autophagy

and Immunometabolism

AMPK activation by 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) or metformin counters Mtb infection (65—
67). However, our understanding of the immunometabolic
regulation of AMPK-mediated autophagic activators is incomplete
in the context with host defense against Mtb infection. Recent studies
have shown that certain metabolites stimulate the innate host defense
via AMPK activation. In Mtb-infected Kupffer cells, both ornithine
and imidazole inhibited intracellular Mtb growth; ornithine, but not
imidazole, enhanced autophagy via AMPK activation (68). Future
studies will identify how AMPK-activating metabolites restrict Mtb
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FIGURE 2 | AMPK-mTOR axis in the co-regulation of autophagy and immunometabolism. AMPK pathway primarily activates mitochondrial metabolism and
oxidative phosphorylation, and induces autophagy through the activation of ULK1 and inhibition of mTOR pathway. AMPK activation by AICAR, metformin, ornithine
or GABA exhibits antimicrobial effects against Mtb infection in macrophages. ESRRA is one of the AMPK-downstream signaling molecule which functions as an
important transcription factor of ATGs and energy metabolism. Upon lysosomal damage, cytosolic lectin LGALS9 dissociates deubiquitinase USPI9X from TAK1 and
promotes K63-mediated ubiquitination of TAK1, thus leading to the activation of AMPK pathway. Whereas, the mTOR pathway activation promotes aerobic
glycolysis and contributes Mtb to escape from autophagic degradation in host cells by blocking ULK1 complex formation. Meanwhile, mTOR signaling is closely
related to HIF-1o expression in the regulation of immunometabolism during infection and aerobic glycolysis in both normal and cancer cells. Several anticancer
drugs, such as ibrutinib and everolimus, induce autophagy and repress Mtb growth via inhibition of mTOR pathway in macrophages. In addition, succinate, an
intermediate of TCA cycle, stimulates IL-1f production via HIF-1a. activation in LPS-exposed macrophages.
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growth. The metabolite and neurotransmitter gamma-aminobutyric
acid (GABA) also activates AMPK, contributing to peripheral
GABAergic host defenses by enhancing autophagy and
phagosomal maturation during Mtb infection (69). GABA-
mediated antibacterial autophagy requires the intracellular calcium
influx that triggers AMPK signaling and transcriptional activation of
autophagy-related genes (ATGs) including GABA type A receptor-
associated protein-like 1 (GABARAPLLI; an Atg8 homolog) (69).

AMPK and hypoxia-inducible factor (HIF)-lo. are master
regulators in the context of cancer-related aerobic glycolysis and
oxidative phosphorylation. While AMPK negatively regulates both
aerobic glycolysis and cellular biosynthesis, HIF-1ow favors the
growth advantage of cancer cells with reduced AMPK signaling
(70). During Mtb infection, HIF-1o. induces metabolic shift to
aerobic glycolysis that amplifies macrophage activation and
essentially mediates IFN-y-dependent control of intracellular Mtb
growth (71, 72). Future studies are recommended how the balance
of AMPK signaling and HIF- 10 pathway interplay to regulate host
defense, and coordinates immunometabolism and autophagy in the
context of Mtb infection.

Downstream Signals of the

AMPK Pathway

Although the cited studies strongly suggest that AMPK pathway
contributes to antimicrobial host defenses by activating autophagy,
we do not yet fully understand how AMPK connects with
downstream signaling molecules when co-regulating autophagy
and immunometabolism. Recent studies found that estrogen-
related receptor o. (ESRRA) served as an AMPK-downstream
signaling molecule, regulating transcriptional and post-
translational modification of autophagy proteins (73). The
transcription factor ESRRA affects mitochondrial biogenesis,
energy metabolism (74), and immunometabolic remodeling
(toward oxidative phosphorylation) during the development of
innate immune responses (75). It would be interesting to explore
whether ESRRA regulation of immunometabolism is linked to
xenophagy during Mtb infection. Moreover, glucocorticoid
signaling can also activate AMPK downstream pathways, which
result in the induction of autophagy/mitophagy in skeletal muscle
cells (76). Given the findings that GLP-1-directed glucocorticoid
action reverses metabolic inflammation and obesity in obese mice
(77), it would be interesting to investigate whether glucocorticoid
signaling links host autophagy to metabolic reprogramming and
how it regulates host defense against Mtb infection. Future
mechanistic studies will close the gaps in our understanding of
the mechanisms underlying AMPK-mediated orchestration of
autophagy, immunometabolism, and host defense. These efforts
will facilitate the development of novel therapeutics for TB through
targeting AMPK pathway.

Upstream Signals of the AMPK Pathway

How is AMPK activated by Mtb infection? Recent studies have
provided some answers. Several stimuli (including Mtb
infection) trigger lysosomal membrane breaches detected by
the cytosolic lectin LGALS9/galectin-9 (78). Lysosomal damage
signals transduced by LGALS9 trigger dissociation of USP9X

from the TAK1 complex, thus promoting K63-mediated
ubiquitination of TAK1 (78). TAK1 (an upstream kinase)
activates AMPK, autophagy, and antimicrobial responses to
Mtb infection (79). Thus, the galectin and ubiquitin systems
co-operate to activate AMPK-induced autophagy after lysosomal
damage (79, 80). The cited studies did not explore the effects of
LGALS9 on immunometabolism during lysosomal damage, but
recent works on tumor-associated macrophages found that
LGALSY interacts with CD206 on M2 macrophages, driving
angiogenesis and the production of chemokines including
monocyte chemoattractant protein (MCP)-1 (81). It will be
interesting to investigate immunometabolic regulation of
LGALS9-AMPK pathways in the context of Mtb infection.

THE MTOR PATHWAY LINKS
AUTOPHAGY AND IMMUNOMETABOLISM

Earlier studies found that Mtb and components thereof activate
mTOR and Akt pathway signaling by host phagocytes (65, 82, 83).
The Akt/mTOR pathway triggers gene expression and enzyme
activity, promoting aerobic glycolysis in both normal and cancer
cells (84, 85). Akt/mTOR signaling is closely linked to HIF-1o
expression in the context of immunometabolic regulation during
infection (86), and cancer-related aerobic glycolysis and tumor
progression (87). In activated CD4+ T cells, pro-inflammatory
tumor necrosis factor (TNF)-o production is mediated through
glycolytic activity via the mTOR and HIF-1a. pathways (88). In
lipopolysaccharide (LPS)-exposed macrophages, the tricarboxylic
acid (TCA) cycle intermediate succinate stimulates IL-1
production via HIF-1ow activation (89). Recent studies highlight
that HIF-1o is required for canonical and noncanonical autophagy
to impact antifungal immunity (90, 91). However, it remains
elucidated whether Akt/mTOR/HIF-1a signaling coordinates
aerobic glycolysis and autophagy pathway to regulate host
defense against Mtb infection.

The ability of Mtb to activate the Akt/mTOR pathway blocks
ULK1 complex formation by phosphorylating it, which is one of
the main components required for the autophagosome
generation, allowing the bacterium to escape autophagic
degradation by host cells (64). Several drugs/agents inhibit
mTOR pathway activation, thereby promoting antimicrobial
effects during Mtb infection. For example, the anti-chronic
lymphocytic leukemia drug ibrutinib inhibited Mtb growth
both in vitro and in vivo, activating autophagy via inhibition of
the BTK/Akt/mTOR pathway (92). The effects of ibrutinib on
M2 polarization and immunosuppression of nurse-like cells have
been described; these cells are a subset of tumor-associated
macrophages found in patients with chronic lymphocytic
leukemia (93). However, it is not known whether ibrutinib-
mediated autophagy activation changes the energy metabolism
of host macrophages. The anticancer drug everolimus inhibits
mTOR, activates autophagy, and exhibits antimicrobial effects
during Mtb infection (64, 94). It is well known that everolimus
shifts macrophage polarization toward the M2 phenotype and

Frontiers in Immunology | www.frontiersin.org

25

November 2020 | Volume 11 | Article 603951


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Paik and Jo

Autophagy and Immunometabolism in Mycobacterial Infection

downregulates the production of pro-inflammatory cytokines,
thus improving the experimental outcomes of autoimmune
neuritis (95). These data strongly suggest that mTOR
inhibition activates antibacterial autophagy and anti-
inflammatory M2-type macrophages. Indeed, mitochondrial
oxidative phosphorylation and FAO are closely related to the
shift to M2-like macrophages (96, 97). Thus, the mTOR-HIF-1a-
mediated interplay between autophagy and immunometabolism
is highly complex and require extensive molecular dissection to
delineate host defensive mechanisms. An open question is
whether mTOR/HIF-10. axis is a common defensive pathway
through promoting glycolysis, or plays a unique protective or
detrimental function directed at distinct stages of Mtb infection.

TFEB: A POTENTIAL COORDINATOR OF
AUTOPHAGY AND METABOLISM DURING
INFECTION

TFEB is a member of the MiT-TFE family of basic helix-loop-
helix leucine-zipper transcription factors and a key regulator of
lysosome biogenesis and autophagy (21, 98). Nuclear
translocation of TFEB is required for the transcriptional
activation of genes encoding autophagosomes and lysosomes;
such translocation is regulated by mTOR-dependent
phosphorylation of TFEB on Ser(211) (99). Emerging evidence
suggests that TFEB is involved in mitochondrial quality control,
maintaining metabolic homeostasis and mitochondrial
biogenesis (100, 101). TFEB is also required for the expression
of genes of mitochondrial biogenesis, FAO, and oxidative
phosphorylation (102).

Several studies have suggested that the TFEB signaling axis is a
promising target for autophagy-based host-directed therapeutics
against Mtb. Activation of the adopted orphan nuclear receptor
subfamily 1, group D, member 1 (NR1D1) by the agonist GSK4112
enhanced the autophagosomal and antimycobacterial functions of
macrophages via TFEB activation (103). Recent studies have shown
that SIRT3 is essential for development of anti-mycobacterial
responses; SIRT3 activates PPAR-o-mediated TFEB nuclear

translocation (104). Indeed, TFEB transcriptional activity is
directly regulated by PPAR-0, a nuclear receptor involved in the
regulation of metabolism, inflammation, and host defenses (48, 105,
106). However, the cited studies did not directly examine the role of
TFEB in the regulation of immunometabolism in the context of
mycobacterial infection. NR1D1 is a key integrator of metabolism
with the circadian clock and inhibits pro-inflammatory M1
macrophages and NLRP3 inflammasome activation (107). SIRT3
and PPAR-a play crucial roles in mitochondrial quality control,
oxidative phosphorylation,and FAO in various cell types (108, 109).
Thus, TFEB, and its upstream signaling molecules, may orchestrate
immunometabolism, autophagy, and the inflammatory response
during Mtb infection.

A recent study found that immunity-related GTPase M
(IRGM) and GABARAP interacted with TFEB to affect the
mTOR pathway, further activating lysosomal biogenesis (110).
Thus, a complicated upstream signaling network involving
ATGS proteins, IRGM, and tripartite motif family (TRIM) may
perturb mTOR signaling to enhance TFEB nuclear translocation,
activate lysosomal biogenesis, and trigger autophagic maturation
during Mtb infection. Indeed, AMPK-mediated, lysosomal
catabolic activity is mediated by MCOLN1/mucolipin 1, the
lysosomal calcium channel (111), and TFEB (18, 112). Notably,
the MCOLNI1-TFEB pathway is essential for the host defense
mediated by the disaccharide trehalose during co-infection with
TB and human immunodeficiency virus (HIV) (113). Trehalose
eliminates the HIV-induced impairment of xenophagic flux by
enhancing nuclear translocation and activation of TFEB and
MCOLN1/mucolipin 1 (113). As trehalose-mediated TFEB
activation usefully inhibits atherogenic lipid accumulation by
enhancing lysosomal autophagy (114, 115), it is possible that
TFEB-mediated regulation of lipid metabolism is associated with
the trehalose-induced antimicrobial activities in macrophages
against Mtb (either alone or during co-infection with HIV).
Future studies should address the immunometabolic regulation
of TFEB in terms of activation of lysosomal biogenesis during
Mtb infection. The pharamacological agents that facilitate host
defense against Mtb infection discussed in the paper are
summarized in Table 1.

TABLE 1 | Pharmacological agents that facilitate host defense against Mtb infection by regulating autophagy and immunometabolism.

Drugs/agents Mechanisms Effects References

Simvastatin HMG-CoA reductase Inhibits plasma cholesterol levels and intracellular Mtb growth; Increases natural killer T cells, production (51
inhibition of IL-1B and IL-12p70, and monocyte autophagy

AICAR AMPK activation Induces autophagy, phagosomal maturation, and antimicrobial responses against Mtb infection (65)

Metformin AMPK activation Inhibits intracellular Mtb growth and TB immunopathology; Enhances efficacy of conventional anti-TB (66, 67)

drugs

Ornithine AMPK activation Inhibits intracellular Mtb growth through AMPK-mediated autophagy (68)

GABA AMPK activation Enhances autophagy and phagosomal maturation during Mtb infection (69)

lbrutinib BTK/Akt/mTOR pathway  Activates autophagy via inhibition of the BTK/Akt/mTOR pathway; Inhibits Mtb growth both in vitro and (92)
inhibition in vivo

Everolimus mTOR inhibition Inhibits MTOR pathway; Activates autophagy and antimicrobial effects during Mtb infection (64, 94)

GSK4112 TFEB activation via Enhances autophagosomal and antimycobacterial functions via TFEB activation (103)
NR1D1 stimulation

Trehalose MCOLN1-TFEB pathway  Kills intracellular Mtb or NTMs by activating TFEB nuclear translocation via MCOLN1 (113)

activation

AICAR 5-aminoimidazole-4-carboxamide ribonucleotide; AMPK, adenosine 5'-monophosphate-activated protein kinase; Mtb, mycobacterium tuberculosis; TB, tuberculosis; GABA,
gamma-aminobutyric acid; BTK, Bruton’s tyrosine kinase; mTOR, mammalian target of rapamycin; TFEB, transcription factor EB; MCOLN1, mucolipin 1.
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CONCLUSION

Mtb infection triggers immunometabolic remodeling of host cells.
Activation of autophagy in response to metabolic and infectious
stresses further shapes immunometabolism; this determines the
outcome of the host defense. We have begun to understand how
autophagy and immunometabolism interact within various cell
types during Mtb infection. During Mtb infection, macrophage
metabolic shift to aerobic glycolysis appears to contribute
antimicrobial host defense through activation of M1 macrophage-
mediated inflammation. However, Mtb has evolved several
strategies to evade from host glycolytic flux. Modulation of lipid
metabolism may activate or inhibit host antimicrobial defense in
different contexts, via connections with autophagy. Coordination of
autophagy and immunometabolic remodeling may play important
roles in terms of both the effector mechanisms in play and
minimization of pathological inflammation during TB infection.
However, the regulators of, and mechanisms whereby, autophagy
and immunometabolism combine to mount an efficient defense
during Mtb infection remain poorly known. In addition, the in vivo
relationships between autophagy and immunometabolism are
difficult to predict from in vitro data on individual cell types.

AMPK activation and mTOR inhibition may be of
therapeutic utility against human TB. The AMPK signaling is
well-known for its activity to enhance antibacterial autophagy
against Mtb infection. However, it also promotes mitochondrial
function and oxidative phosphorylation, but not aerobic
glycolysis, and shifts macrophages toward the M2 type,
potentially supporting microbial growth within host cells. In
addition, mTOR-HIF-a pathway activation promotes aerobic
glycolysis and inflammation, inducing granuloma formation and
the host innate defense early during infection. However,
uncontrolled activation of inflammation may trigger extensive
immunopathology and neutrophil-mediated inflammation,
negatively influencing the TB-infected host. Thus, the balanced
activation of AMPK-mTOR axis may contribute to the control
and/or clearance of intracellular Mtb and promotes host
protective immune responses during infection.
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Phagosome- and xenophagosome-lysosome systems play a critical role in the defense
of pathogenic bacteria, such as Salmonella and S. aureus, in macrophages. A great
part of the bacteria escapes from the digestion and can survive through some
mechanisms that are still poorly understood and which require further exploration.
Here we identified that Salmonella inhibited the expression and activation of TFEB to
blunt the functions of lysosomes and defense of clearance by activating caspase-1.
The expression and activation of TFEB were enhanced early under the infection of
S. aureus, which was followed by shrinkage to weaken lysosomal functions due to the
delayed activation of ERK, mTOR, and STAT3. Thus, we have identified novel escape
mechanisms for Salmonella and S. aureus to deepen and strengthen our strategies
fighting with pathogens.

Keywords: Salmonella, S. aureus, lysosome, TFEB, escape

INTRODUCTION

Microbes have been alive in the world for thousands of years along with human beings, but the
interplay between microbes and humans is still ongoing. When malignant bacteria infect the human
body, the human immune system will work as a fighter against the invasion. The macrophage, as
one of the innate immune cells, lends itself to protect us from bacterial infection first and foremost.
In macrophages, phagosomes could act as a defense against a huge group of intracellular bacteria
by fusing with lysosomes, but also a large group of invaders still survive through their processes
of escape (Huang and Brumell, 2014). Meanwhile, the selective macro-autophagosome, known as
xenophagosome, will capture the invaders or survivors to transport into lysosomes for clearance
(Bauckman et al., 2015; Upadhyay and Philips, 2019; Xu et al., 2019). Obviously, lysosomes act as
the terminator to suppress the survival of bacteria in macrophages.

The lysosome, known as “recycling center” of a cell, contains about 60 kinds of hydrolases within
its single-membrane vesicles. Those hydrolases, such as cathepsins, collagenase, DNase, esterases,
and so on work in an acidic pH (4.5-5.5) environment to degrade macromolecules, including lipid
acids, DNA, and proteins (Perera and Zoncu, 2016; Ballabio and Bonifacino, 2020). Because of its
powerful ability of digestion, disorders of lysosomal degradation result in a series of diseases, such
as cancer, neurodegenerative diseases, metabolic disorders and so on, which are viewed as lysosomal
storage disease (LSD) (Platt et al., 2018; Ballabio and Bonifacino, 2020). Specifically, inflammation
and microbes infection are closely associated with lysosomes (Bauckman et al., 2015; Upadhyay and
Philips, 2019; Xia et al., 2019; Xu et al., 2019).

TFEB, working as a critical regulator of autophagic and lysosomal functions, regulates the
transcription of lysosomal membrane proteins and hydrolases, such as LAMP1/2, V-ATPase,
cathepsin A/B/F, and so on (Settembre et al., 2011; Napolitano and Ballabio, 2016). The nuclear
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TFEB could bind to the 10-base E-box-like palindromic sequence
(CLEAR) which is shared by the promoter sequence of lysosomal
genes (Palmieri et al.,, 2011). While a group of protein kinases
such as mTORC1, ERK2, and AKT could phosphorylate TFEB
at serl42 or ser21l, and the phosphorylated TFEB can be
assembled to a 14-3-3 complex in cytoplasm (Settembre et al.,
2011; Martina et al., 2012; Palmieri et al., 2017). When TFEB is
dephosphorylated by calcineurin and released from the 14-3-3
complex, it will enter into nucleus for its transcriptional functions
(Medina et al., 2015). Meanwhile, the expression level of TFEB
also greatly contributes to its activities and functions.

Although it is well-studied that phagocytosis and xenophagy
play a great role in the defense of bacteria, it is true that a lot of
intracellular invaders survive and replicate (Huang and Brumell,
2014). Do Salmonella and Staphylococcus aureus (S. aureus), as
two of common pathogenic bacteria, cross-talk with lysosomes?
As reported, the process of phagocytosis could promote the
activities of lysosomes, because pathogens bind to the Fcy
receptors and fuel the TFEB (Gray et al., 2016). S. aureus could
activate TFEB to up-regulate the expression of inflammatory
cytokines in RAW264.7 cells (Visvikis et al., 2014). Enhancing
the activities of TFEB to restore the process of xenophagy to
restrict the survival of Salmonella (Ammanathan et al., 2019).
Yet, the detailed and critical mechanisms of how Salmonella
and S. aureus regulate the functions of lysosomes and TFEB
expression remain to be explored.

Here, we focused on how Salmonella and S. aureus regulated
the activities of lysosomes and expression of TFEB through
directly infecting bone marrow derived macrophages (BMDMs).
We identified different regulating phenotypes that Salmonella
down-regulated the critical genes of lysosomes and Tfeb striking
as the activation of caspasel, while S. aureus enhanced the
expression of TFEB early, and was reined in later because of the
activation of ERK, mTOR, and STAT3 signals. If we inhibited
the activation of caspasel or ERK, mTOR, and STAT3 signals,
BMDMs restored the full expression of tfeb and restrained the
replication of Salmonella and S. aureus. Thus, we found two novel
survival mechanisms of Salmonella and S. aureus.

RESULTS

Salmonella Restricts the Expression of
TFEB and Lysosomal Proteins, While
S. aureus Boosts TFEB Early and Is

Reined in Later

To explore how bacteria regulate the processes of lysosomal
degradation, we infected BMDMs with Salmonella and S. aureus
directly at a time gradient, and tested the lysosomal hydrolase
genes, membrane genes and autophagic genes. Showing with
histograms, we found that Salmonella remarkably restrained
Tfeb, Lampl, V-Atpase, hydrolase genes and autophagic genes,
while S. aureus enhanced the transcription of those genes lightly
(Figures 1A,B). Furthermore, under the infection of S. aureus,
the level of Tfeb was up-regulated at 1 h, but gradually shrunk
at 3 and 5 h (Figure 1B). As mentioned, Tfeb is an important

transcription factor of lysosomal and autophagic genes, and
thus we supposed that Salmonella and S. aureus controlled the
transcription of Tfeb, which resulted in regulation of lysosomal
and autophagic genes.

To confirm this, we tested the protein level of lysosomes
and LC3 upon the infection of the two bacteria. The TFEB,
LAMP1, ATP6V1A, ATP6VOD2, cathepsin B and LC3 were
strongly inhibited by Salmonella. It was same with this gene
that the protein level of TFEB was first enhanced, when
BMDMs were cocultured with S. aureus, and then reined
back (Figure 2A and Supplementary Figures S1A-F). We also
verified with Immunofluorescence, and found similar phenotypes
(Figures 2B,C). Meanwhile, nuclear localization rates of TFEB
were notably increased at 1, 3 h and declined at 5 h with the
infection of S. aureus, but not obviously in Salmonella group
(Figures 2B,D). This means a discrepant regulation of TFEB
activity by the two bacteria. Furthermore, we used LysoTracker
red to stain acid vacuoles, and the mean fluorescence intensities
(MFI) might relatively represent the lysosomal acidic strength.
After infection for 5 h, we found that Salmonella could weaken
the lysosomal acidity, while S. aureus could not (Figures 2E-
H). Within vivo, C57/B6 mice were infected with S. aureus or
Salmonella via intraperitoneal injection, and then we collected
the peritoneal macrophages for testing with western-blot. We
found TFEB, ATP6V1A, ATP6V0D2, and LC3 were increased
under the treatment of S. aureus and inhibited by Salmonella
(Figure 2I and Supplementary Figure S1G).

S. aureus Strikingly Activates ERK,

mTOR, NFkB, and STAT3 Signaling
Pathways, While Salmonella Activates
Caspase-1

To figure out the detailed mechanisms, we infected BMDMs with
S. aureus or Salmonella for 0, 1, 3, 5 h, and checked several
signaling pathways that might regulate the expression and activity
of TFEB. We found that ERK, mTOR, NFkB, and STAT3 could
be activated obviously with treatment of S. aureus, but only
slightly activated by Salmonella (Figures 3A,C-G). Meanwhile,
as reported, The bacterium such as Salmonella or Listeria could
activate inflammasomes (Wu et al., 2010; Zhao et al.,, 2011; Qu
et al., 2016), and we tested the mature-caspase 1 level that was
released to the supernatant. The results were that S. aureus could
not activate caspase-1 but Salmonella could (Figures 3B,H).

VX-765 Restores the Expression of TFEB
and Lysosomal Proteins With
Administration of Salmonella, While
ERKi, Rapamycin and S$S31-201
Accelerate the Expression of TFEB and
Lysosomal Proteins With Administration

of S. aureus

To verify which signal could regulate the expression of TFEB
and lysosomal proteins, BMDMs were pre-treated with caspase-
1 inhibitor, ERKi, rapamycin, $31-201 or IKK16 upon the
infection of Salmonella. Because LAMP1 is a key marker of
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FIGURE 1 | Salmonella inhibits the transcription of Tfeb and autophagosome-lysosome relative genes, while S. aureus enhances the transcription of Tfeb early and
reins in later. (A,B) BMDMs were infected with Salmonella (A) or S. aureus (B) at a MOI of 5 for O, 1, 3, 5 h and measured the level of genes with real-time PCR. The
presented mean values (+ SEM) were from at least three independent experiments (A,B).

AX

lysosome and ATP6VOD2 has a great role in the autophagy-
lysosome degradation process (Xia et al., 2019), we tested the
protein and gene level of the two and TFEB. We found that
TFEB, LAMP1, and ATP6VOD2 did not decrease anymore
with treatment of VX-765 (Figures 4A,B and Supplementary
Figure S2A), while there were no significant changes under
the administration of ERK, mTOR, STAT3, or NFkB inhibitor
(Supplementary Figures $2B,C). When BMDMs were infected
with S. aureus, the LAMP1 and ATP6V0OD2 were much more
obviously increased and TFEB was continuously up-regulated
in a time-dependent manner after treatments with ERK,
mTOR and STAT3 inhibitor (Figures 4C-E and Supplementary
Figure S3A). Meanwhile, BMDMs were treated with those
inhibitors alone that could induce non-significant responses
(Supplementary Figures S4A-D). Together, we suggested that
Salmonella could inhibit the expression of TFEB through the
activation of caspase-1, and the detailed mechanisms need
further follow-up investigations. While S. aureus could block the

sufficient expression of TFEB and lysosomal genes by activating
ERK, mTOR, STAT3.

VX-765 Restores the Activity of TFEB
With Administration of Salmonella, While
ERKi, Rapamycin and S31-201 Promote
the Activity of TFEB Under Infection of

S. aureus

The expression level of TFEB was positive-regulated by the
inhibitors upon the infection of Salmonella and S. aureus. To
explore the activity of TFEB under bacterial infection with the
treatment of inhibitors, we isolated the cytoplasm and nucleus
of BMDMs to check the level of TFEB. The results showed
that VX-765 could promote the TFEB to transfer into the
nucleus under infection of Salmonella (Figures 5A,C), while
$31-201, rapamycin and ERKi could dramatically increase the
nuclear TFEB upon infection of S. aureus (Figures 5B,D).
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FIGURE 2 | Salmonella restrains the expression of TFEB and lysosomal proteins, while S. aureus boosts the expression of TFEB early and reins back later. (A,B)
BMDMs were infected with Salmonella or S. aureus at a MOI of 5 for 0, 1, 3, 5 h. To measure the level of proteins with western-blot (A) and stain TFEB or nucleus
with anti-TFEB antibody or DAPI (B). (C,D) Quantification of the level of TFEB in cells at least five views (C) and the percentage of nuclear TFEB per cell (6 cells) in
each group with Image J (D). (E-H) BMDMs were infected with Salmonella or S. aureus for & h, and stained with LysoTracker red for 10 min, the representative

images of MFI are shown (E,G), and the quantitative data are shown (F,H). Histograms d
Salmonella or S. aureus for 8 h and the level of TFEB in peritoneal macrophages was me:
pictures were from three independent experiments (A,B,E,G).

epict mean values (= SEM). **p < 0.001. (I) Mice were infected with
asured with western-blot (n = 4 in each group). Representative bands and
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FIGURE 3 | S. aureus activates ERK, mTORC, NFkB and STAT3 signaling pathways, while Saimonella activates caspase-1. (A-H) BMDMs were infected with
Salmonella or S. aureus at a MOI of 5 for O, 1, 3, 5 h. To measure the activation of STAT3, P65, AKT, S6, ERK and caspase-1 released in the culture medium with
western-blot (A,B), and histograms show the quantitative statistics of those enzymes and caspase p10 level (B-H). Representative bands were from three
independent experiments (A,B).

Meanwhile, to further verify the role of TFEB in the regulation
of lysosomal proteins under bacterial infection, we constructed
lentivirus to knock down Tfeb in BMDMs, and then infected
with Salmonella and S. aureus. We found that if TFEB was
knocked down, the ATP6VOD2 was obviously down-regulated
on infection of bacteria alone or combined with inhibitors
(Figures 5E-]).

VX-765 Reconstitutes the Defense of
Salmonella, While ERKi, Rapamycin and
S31-201 Enhance the Defense of

S. aureus

Next, to confirm if the defense of bacteria could be reconstituted
or enhanced after administration with inhibitors, inhibitors-
primed BMDMs were cocultured with Salmonella or S. aureus,
and measured the number of survivors in BMDMs with a
gentamicin protection assay. The results announced that with
treatment of caspase-1 inhibitor, less Salmonella survived than in
the control group (Figure 6A), and less S. aureus were alive after
administration of ERK, mTOR and STAT?3 inhibitor (Figure 6B).
To exclude the different endocytosis treatment with inhibitors,

inhibitor-primed BMDMs were cocultured with FITC-Dextrain,
and the results showed that there were non-significant changes
among those inhibitor treatments (Figures 6C,D). Thus, with
reconstituting or promoting the expression of TFEB by caspase-
1 inhibitor or ERK, mTOR and STAT3 inhibitors, BMDM:s
strengthened the defense against the invasion of Salmonella and
S. aureus.

DISCUSSION

Phagosome-lysosome and autophagosome-lysosome, as two
critical mechanisms of digestion defense against the invasion
of pathogens, could clear most intruders. But there are a large
group of bacteria that continue to survive under excessive
infection. Meanwhile, these pathogens have evolved some escape
approaches to resist the clearance of immune cells (Huang
and Brumell, 2014). In this study, we examined novel escape
mechanisms for Salmonella and S. aureus with controlling
the expression and activity of TFEB, and then regulating the
degradation function of lysosomes. We also verified the detailed
signaling pathways that participated in the regulation of the
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FIGURE 4 | VX-765 restores the level of TFEB and lysosomal proteins with infection of Saimonella, while ERKIi, rapamycin and S31-201 accelerate the expression of
TFEB and lysosomal proteins with infection of S. aureus. (A,B) BMDMs were pre-treated with 5 pM VX-765 for 1 h and then infected with Salmonella at an MOI of 5
for 0, 1, 3, 5 h. Testing the protein level (A) and gene level (B) of TFEB, LAMP1 and ATP6V0OD2. (C-E) BMDMs were pre-treated with 500 nM SCH772984, 100 nM
rapamycin, 10 pm S31-201, 200 nM IKK 16 or DMSO for 1 h and then infected with S. aureus at a MOI of 5 for 0, 1, 3, 5 h. Testing the protein level (C,D) and gene
level (E) of TFEB, LAMP1 and ATP6V0OD2. Representative bands were from three independent experiments (A,C,D) and the presented values of means (== SEM)
were from three independent experiments (B,E).

expression and function of TFEB and lysosomes, and through found that are used by Salmonella in order to survive. For
blocking those pathways restored or enhanced the function of example, when they infect epithelial cells or macrophages,
lysosomes and defense of bacteria. those intracellular bacteria are wrapped up in vacuoles, termed

Salmonella is a classical intracellular pathogenic germ which as Salmonella-containing vacuoles (SCVs), through its T3SSs
induces colitis and poses a huge health burden (Hartz et al., (SPI-1 and SPI-2) for better replication and ability to survive
1950; Herp et al., 2019). Several escape mechanisms have been  (Birmingham et al., 2006). Meanwhile, at the early invasion,
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FIGURE 5 | VX-765 restores the activity of TFEB with infection of Sa/monella, while ERKi, rapamycin and S31-201 promote the activity of TFEB under infection of
S. aureus. (A,B) Mature BMDMs were plated into 6-well plates, and infected with Salmonella and S. aureus alone or combined with inhibitors for 3 h, and then, the
cytoplasmic and nuclear TFEB were tested with western-blot. (C,D) The histograms show the statistics of distribution of TFEB in cytoplasm and nucleus. (E-J)

Using lentivirus to knock down TFEB in BMDMs, and th

tested with western-blot (E,H) and the quantitative data were displayed by histograms (G-J). Histograms depict mean values (+ SEM). *p < 0.05; “*p < 0.01;
***p < 0.001. Representative bands were from three independent experiments (A,B,E,F).

ose cells were treated with bacteria alone or combined with inhibitors for 3 h. TFEB and ATP6VOD2 were
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FIGURE 6 | VX-765 reconstitutes the defense of Salmonella, while SCH772984, rapamycin and S31-201 enhance the defense of S. aureus. (A,B) 5 WM
VX-765-primed BMDMs were infected with Salmonella at a MOI of 2 (A), and 500 nM SCH772984-, 100 nM rapamycin-, 10 um S31-201- or 200 nM IKK
16-primed BMDMs were infected with S. aureus at a MOI of 2 (B). Checking the survived bacteria per cell with gentamicin protection assay. (C,D) Inhibitor-primed
BMDMs were incubated with FITC-Dextrain for 1 h and the MFI of FITC was measured with Flow cytometer (C), and the MFI quantified (D). Histograms depict mean
values (£ SEM). **p < 0.01; **p < 0.001. The presented values of means were from at least three independent experiments.

Salmonella could also trigger xenophagy as consuming energy
and amino acid, but the process would quickly be suppressed
via degrading Sirtl/LKBI/AMPK complexes (Ganesan et al,
2017). However, the detailed processes for escape should be
further explored.

Under the infection of Salmonella, NLRC4 and NLRP3
inflammasomes could be activated within 1 h, cut the pro-
caspase-1 into active caspase-1 in macrophages and induce
pyroptosis (Monack et al, 2000; Lara-Tejero et al, 2006;
Zhao et al., 2011; Qu et al, 2016). As reported, the totally
knock-out Caspasel in mice, Caspasel ~/~ mice, even increased
the susceptibility to Salmonella infection in vivo via other
mechanisms, such as deficiency of cytokines or involvement of
neutrophils (Lara-Tejero et al., 2006; Raupach et al., 2006; Miao
etal., 2010). Although Denise M. MonacK’s group had published
that intracellular living bacteria were equal between WT and

Caspasel_/ ~ macrophages through gentamicin protection assay
(Monack et al., 2000), the caspasel-depdent cell death was
robustly decreased in the caspasel ™/~ group (Lara-Tejero et al.,
2006). Thus, whether or not caspasel is involved in the defense
of Salmonella in macrophages also needs to be investigated. In
our present study, we had identified a critical role of caspasel
in regulating the expression of TFEB, and TFEB contributed to
the resistance of pathogens involving Salmonella (Huang and
Brumell, 2014; Ammanathan et al,, 2019). In our gentamicin
protection assay, we measured the living bacteria in each well
by folding B-actin, and inhibition of caspase-1 activity obviously
stunted the replication of Salmonella. Therefore, we introduced
a new surviving pathway, “Salmonella-caspasel-TFEB-lysosome
digestion-Salmonella survive,” for Salmonella.

S. aureus is a common pathogenic bacteria to induce systemic
infections or abscesses for humans and animals, although it is
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commensal most of the time. Not only do neutrophils act as
the first responders under the infection of S. aureus, but also
macrophages have a critical role in clearance of the bacteria
(Koziel et al., 2009; Flannagan et al., 2016; Moldovan and
Fraunholz, 2019). The professional phagocytes, macrophages,
uptake S. aureus within minutes to capture the bacteria with
Rab-5 positive phagosomes, and those phagosomes need further
maturation. Mature phagosomes can be fused with lysosomes
to form phagolysosomes for killing bacteria (Moldovan and
Fraunholz, 2019). But, a great part of those phagolysosomes
could not completely digest S. aureus as they are lacking some
necessary hydrolases (Jubrail et al., 2016). Those survivors could
replicate in the acidic vacuoles and finally cause macrophage
death (Jubrail et al., 2016; Tranchemontagne et al., 2016). Hence,
we focused on the critical mechanisms for the escape of S. aureus
in macrophages. Here, we found that S. aureus could activate
some key protein kinases, such as ERK, mTOR, STAT3 and so
on. ERK and mTOR had been well-studied to control the activity
and expression of TFEB, while STAT3 was first verified to blunt
the function of TFEB in macrophages under S. aureus infection
(Li et al., 2018). Insufficient TFEB led to the disabling lysosomes
and more bacteria survived.

In summary, in the battle of bacteria and macrophages,
bacteria have generated some escape pathways for better survival.
We have verified the great role of TFEB in the defense of bacteria,
and explored critical mechanisms to regulate the expression and
activity of TFEB during the infection of Salmonella and S. aureus.
Those discoveries contribute to the strategies for the cure of
infection dramatically.

MATERIALS AND METHODS

Reagents

Anti-LAMP1 (sc-20011), anti-caspasel pl0 (sc-514) antibodies
were purchased from Santa Cruz Biotechnology. Anti-TFEB
(ab2636), anti-ATP6VIA (ab 137574), donkey anti-goat
IgG H&L (FITC; ab6881) antibodies were from Abcam.
Anti-ATP6VOD2 (SAB2103221) antibody, DAPI (d9542)
came from Sigma Aldrich. Anti-cathepsin B (#31718), anti-
LC3B (#3868), anti-actin (#3700), phospho-STAT3 (Tyr705;
#9145), phospho-NF-kB P65 (Ser536; #3033), phospho-
AKT (Ser473; #4060), phospho-P44/42 MAPK (ERK1/2;
Thr202/Tyr204; #4370), and-GAPDH (5174S) antibodies
were purchased from Cell Signaling Technology. Anti-
Histone H3 (ab1791) antibody was purchased from Abcam.
SCH772984 (ERKi; S7101), rapamycin (mTORCi; S$1039),
S31-201 (STAT3i; S1155), IKK-16 (IKK Inhibitor VII; S2882),
VX-765 (caspaseli; S2228) were from Selleck. Gentamicin sulfate
(1289003) and FITC-Dextran (FD4) were from Sigma Aldrich.
LysoTracker red NDN-99 (L7528) was purchased from Thermo
Fisher Scientific.

Cell Culture and Stimulation

All experiments were performed in vitro with mouse primary
macrophages that were derived from bone marrow cells
(BMDMs). Those cells were cultured with DMEM (Thermo

Fisher Scientific, 11965092) medium containing 10% FBS,
penicillin, streptomycin and 50ng/ml M-CSF (PeproTech, 315-
02) for 7 days. BMDMs were cocultured with Salmonella and
S. aureus at a desired MOI (2:1) in the gentamicin protection
assay, while MOI (5:1) in direct infection or inhibitor-primed
infection experiments.

mRNA Isolation and Real-Time PCR
Total mRNA was extracted from infected BMDMs with TRI
Reagent (Sigma Aldrich; 93289) and reverse transcription using a
kit from Thermo Fisher Scientific (4374966). Real-time PCR was
performed with SYBR™ Green mix (Thermo Fisher Scientific,
A25742). All real-time PCR primers were listed as follows,

Tfeb-F: TTCTGCCCGGACTCAGTTTC;

Tfeb-R: TCTCGGGGTTGGAGCTGATA;

Lampl-F: GCCTCAGCACTCTTTGAGGT;

LampI-R: GTTGGGGAAGGTCCATCCTG;

Atp6v0d2-F: TGCGGCAGGCTCTATCCAGAGG;

Atp6v0d2-R: CCACTGCCACCGACAGCGTC;

Ctsb-F: GGCCCAGTGGAGGGTGCCTT;

Ctsb-R: TGCGTGGGATTCCAGCCACAA;

Ctsf-F: CCACCTTGCAATGATCCCCT;

Ctsf-R: TTCACTGGGCTACAGTCCCT;

Ctsa-F: GGAGAGCAAGGACGCAAGG;

Ctsa-R: TGGCAATCAGGTTCCAAGCA;

Mcolnl-F: TTGCTCTCTGCCAGCGGTACTA;

Mcolnl-R: GCAGTCAGTAACCACCATCGGA;

Tmem55b-F: GTTCGATGCCCCTGTAACTGTG;

Tmem55b-R: CCCAGGTTGATGATTCTTTTGC;

Clen7-F: GAGGAGGGACCTCAGTCTCA;

Clen7-R: GGAGCTTCTCGTTGTGTGGA;

TppI-F: ATCTGGAACCTCGGCCTCTA;

Tppl-R: CCTGTCCCATGCTGCTGATA;

Maplic3a-F: TTGGTCAAGATCATCCGGCG;

Map1lic3a-R: TCTTGGGAGGCGTAGACCAT;

Atg5-F: TGCATCAAGTTCAGCTCTTCCT;

Atg5-R: CTGGGTAGCTCAGATGCTCG;

Atgl4-F: GCTTCGAAGGTCACACATCCG;

Atgl4-R: CTTGAGGTCATGGCACTGTC;

Scrambled shRNA Lentiviral Plasmid
Construction and Lentiviral Particles

Generation

A short hairpin RNAs pair which targets Tfeb was cloned
into pLVX-shRNA2 plasmid (Clontech Laboratories, Inc.
632179) with BamH I and EcoR I according to the protocol of
ClonExpress® Ultra One Step Cloning Kit (C115) purchased from
Vazyme, and the shRNA sequence as follow, forward: 5'-GATC
CGGCAGTACTATGACTATGATTTCAAGAGAATCATAGTCA
TAGTACTGCCGTTTTTG-3, reverse: 5'-AATTCAAAAACGG
CAGTACTATGACTATGATTCTCTTGAAATCATAGTCATAG

TACTGCCG-3'. For producing lentiviral particles, the vector and
packaging plasmids were transfected into 293T cells about 36 h
and harvested the supernatant which contained lentivirus. Using
these virus particles to transfect BMDM:s to knock down Tfeb.
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Western-Blot

Cellular proteins were extracted with RIPA buffer containing
proteases and phosphatase inhibitor cocktail (Thermo Fisher
Scientific, 78440) and quantified with a BCA kit (Thermo Fisher
Scientific, A53226). Then, protein lysis was mixed with loading
buffer and boiled at 100°C for 5-10 min. The well-prepared
lysis was loaded into 10% SDS-PAGE gel for electrophoresis and
transferred on to a PVDF membrane. Before being incubated
with antibodies against TFEB, LAMP1, ATP6V0D2, ATP6V1A,
cathepsin B, LC3, p-STAT3, p-P65, p-PS6, p-ERK, p-AKT,
caspasel pl0, and actin, the membranes should be blocked
with 5% BSA, and followed by incubating with HRP-secondary
antibodies (Cell Signaling Technology, 7074; Abcam, ab6885).
Finally, the membranes were exposed under X ray and the bands
were quantified with Image J.

Immunofluorescence Staining and

Confocal Microscopy

The cells were seeded on glass slides and fixed with 4%
formaldehyde for 30 min, permeabilized by 0.05% Triton X-100
about 20 min, blocked with 5% BSA for 1 h and incubated with
anti-TFEB antibody overnight at 4°C. The cells were incubated
with FITC-anti-goat secondary antibody for 1 h and DAPI
for 10 min in darkness. After fully washing, the slides were
placed onto confocal microscopy (Zeiss, Germany) for taking
fluorescent photos.

FITC-Dextran and LysoTracker Red
Staining

The mature BMDMs were cultured in 48-well plates, and treated
with 5 uM VX-765, 500 nM SCH772984, 100 nM rapamycin, 10
pm S31-201, 200 nM IKK 16 or DMSO for 1 h, and incubated
with FITC-Dextran for 1 h, then the MFI was measured with
a Flow cytometer (CytoFLEX, Beckman Coulter). For staining
LysoTracker red, BMDMs were plated in 12-well plates, and
cultured with Salmonella and S. aureus at 5 MOI for 5 h, and then,
stained with LysoTracker red for 10 min. Lastly, the MFI was
measured with a Flow cytometer (CytoFLEX, Beckman Coulter).

Infection Model in vivo and Bacteria

Culture

The C57/B6 mice were purchased from shanghai model
organisms. And our animal model was constructed according
to the guidelines of the Institutional Animal Care. Salmonella
(SL1344) and S. aureus (NCTC8325) were a gift from Xiang-
ping Yang Lab. In the infection model, the single colonies of
Salmonella and S. aureus were shaken in 2-4 ml LB medium for
5 h at 37°C and the concentration of bacteria was quantified to
reach an ODgp of 0.5 with a spectrophotometer (Thermo Fisher
Scientific™). Those sex-and age-matched mice were divided
into three groups, including control group, Salmonella infection
group, and S. aureus infection group. The experimental groups
were administrated with 1 x 10® bacteria suspended in 0.5 ml
DMEM medium through intraperitoneal injection for 8 h, and
then the mice were sacrificed. Five milliliter germ-free PBS was
injected into the peritoneum of the mice and kneaded gently. The

macrophages were harvested from the ascites, and the cells lysed
with RIPA buffer for western-blot.

Gentamicin Protection Assay

Salmonella and S. aureus were generated from single colonies
as before. Mature BMDMs were cocultured with bacteria at an
MOI of 2 for 1 h. After three rounds of washing with PBS, the
infected BMDM:s were incubated with 300 pg/ml gentamicin and
100 pg/ml gentamicin diluted in DMDM medium in turn for 1 h.
After three rounds of washing with PBS, the BMDMs were lysed
with 0.02% Triton x-100. Then one half of the lysis was diluted
with LB into appropriate concentrations and seeded on LB plates
for measuring the preliminary CFU. Another half of the protein
lysis was quantified with a BCA kit and the final CFU per cell in
each group was generated by the preliminary CFU folding protein
concentration in each well.

Statistics

All of our data were quantified and drawn with GraphPad Prism 5
and presented as means (&= SEM). The measurement of those data
through a two tailed Student’s ¢-test and p-values, considered as
significant, should be less than 0.05.
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Autophagy is a key element of innate immune response against invading pathogens
including Mycobacterium tuberculosis (M. tuberculosis). The emerging roles of
microRNAs in regulating host antimicrobial responses against M. tuberculosis have
gained widespread attention. However, the process by which miRNAs specifically
influence antibacterial autophagy during mycobacterial infection is largely
uncharacterized. In this study, we demonstrate a novel role of miR-106a in regulating
macrophage autophagy against M. tuberculosis. H37Ra infection leads to downregulation
of miR-106a in a time- and dose-dependent manner and concomitant upregulation of its
three targets (ULK1, ATG7, and ATG16L1) in THP-1 macrophages. MiR-106a could
inhibit autophagy activation and antimicrobial responses to M. tuberculosis by targeting
ULK1, ATG7, and ATG16L1. Overexpression of miR-106a dramatically inhibited H37Ra-
induced activation of autophagy in human THP-1 macrophages, whereas inhibitors of
miR-106a remarkably promoted H37Ra-induced autophagy. The inhibitory effect of miR-
106a on autophagy process during mycobacterial infection was also confirmed by
Transmission Electron Microscope (TEM) observation. More importantly, forced
expression of miR-106a increased mycobacterial survival, while transfection with miR-
106a inhibitors attenuated the survival of intracellular mycobacteria. Taken together, these
data demonstrated that miR-106a functioned as a negative regulator in autophagy and
antimicrobial effects by targeting ULK1, ATG7, and ATG16L1 during M. tuberculosis
infection, which may provide a potential target for developing diagnostic reagents or
antibacterials against tuberculosis.
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INTRODUCTION

Tuberculosis (TB) is a communicable disease that is one of the
top 10 causes of death worldwide and the leading cause of death
from a single infectious agent (1). Mycobacterium tuberculosis
(M. tuberculosis) infects approximately one third of the global
population, making M. tuberculosis the leading bacterial cause of
death in humans worldwide (2). However, only about 10% of
individuals infected with M. tuberculosis develop active TB, while
the majority of cases, about 90%, exhibit latent infection,
suggesting a crucial role for host innate immunity in
controlling M. tuberculosis infection (3). As the first line of
immune defense against M. tuberculosis, macrophages not only
recognize M. tuberculosis by pattern recognition receptors
(PRRs), but also present bacterial peptide from M. tuberculosis
to T lymphocytes, thus resulting in the activation of adaptive
immune responses against M. tuberculosis (4). Moreover, the
activation of antibacterial autophagy through ubiquitination of
M. tuberculosis promotes the innate immune response against M.
tuberculosis infection (5). Upon infection by M. tuberculosis,
macrophages can launch a variety of innate immune defenses
against M. tuberculosis (6, 7). In contrast, M. tuberculosis utilizes
many strategies to evade host defense response for surviving and
persisting within human macrophages (8). For instance, M.
tuberculosis can arrest normal phagosome maturation, and
avoid fusion with lysosomes to escape degradation by
lysosomal hydrolases (9, 10).

Autophagy is widely recognized as a cellular process that can
encapsulate macromolecules, organelles, or intracellular
pathogens in double membrane-layered vesicles and deliver
them to lysosomes for degradation (11). A number of
autophagy-related genes (ATGs) orchestrate signaling events
that regulate autophagy flux including formation of
phagophore, autophagosome formation and phagolysosomal
maturation during microbial invasion (12, 13). Among the
ATGs, ULK1, ATG7, and ATG16L1 are essential for autophagy.
ULKI is a key component in the ULK1 complex which is crucial
for initiation and formation of autophagosome (14). ATG7 has
dual functions in autophagy regulation. First, ATG7 is essential for
formation of a functional autophagosome by conjugating ATGS5 to
ATG12 as an El-like enzyme. Second, ATG7 conjugates LC3-1I to
phosphatidylethanolamine, forming a mature autophagosomal
membrane protein, LC3-II (15). Moreover, ATG16L1 is a
component of the ATG12-ATG5-ATG16L1 complex, which
localizes to phagophore membranes and stimulates the transfer
of LC3 from ATG3 to PE (16).

MicroRNAs (miRNAs) are a growing family of small non-
coding RNAs that function as post-transcriptional regulators of
gene expression by targeting mRNAs for translational repression
or cleavage (17). Additionally, miRNAs have been proven to be
involved in a variety of biological pathways, including
development, homeostasis and diseases (18, 19). A growing
body of evidence suggests that miRNAs also play important
roles in regulating autophagy, especially in tumors (20, 21).
However, the potential roles of miRNAs in regulating
autophagy process during M. tuberculosis infection need to be

further explored. In this study, we characterized the potential
role of miR-106a in modulating autophagy process and affecting
bacterial clearance in macrophages. Our study demonstrated that
miR-106a expression was significantly decreased after
mycobacterial infection in human THP-1 macrophages.
Downexpression of miR-106a increased the expression levels of
ULK1, ATG7, and ATG16L1 and promoted formation of
autophagosomes in human THP-1 macrophages, thus
attenuating bacterial survival. However, forced expression of
miR-106a had the opposite effect. These findings provide a
better understanding of miRNAs on regulating innate
immunity and host defense against M. tuberculosis.

MATERIALS AND METHODS

Selection of Microarray Datasets and
Analysis

The miRNA microarray dataset (GSE119494) was selected for
analysis. GSE119494 contains miRNA expression data from
PBMCs of three healthy donors and three active pulmonary
tuberculosis (TB) patients. The miRNA expression profiling file
was obtained, and the expression data of miR-17 family (miR-17,
miR-20a, miR-20b, miR-106a, miR-106b, and miR-93) was
selected for analysis. The data of miR-17 family were mean
centered and represented by a heat map using Multi Experiment
Viewer software (MeV).

Cells and Bacterial Culture

The human monocyte/macrophage cell line THP-1, human
embryonic kidney 293T cells (HEK 293T), Mycobacterium
bovis BCG and M. tuberculosis H37Ra were obtained from the
American Type Culture Collection (ATCC). The THP-1 cells
were cultured in suspension using RPMI1640 (GIBCO)
supplemented with 10% fetal bovine serum and gentamycin.
THP-1 cells were differentiated into adherent, well-spread
macrophages with 100 nM phorbol 12-myristate 13-acetate
(PMA, Sigma) to the well and maintenance for 3 days. BCG or
H37Ra was grown in Middlebrook 7H9 broth medium (Goybio,
China) supplemented with albumin dextrose catalase supplement.

Cell Transfections and Chemical Reagent
Treatment

The miR-106a mimics, miR-106a inhibitor, ATG7 siRNA,
ATGI16L1 siRNA, and ULK1 siRNA were purchased from
GenePharma biotechnology company. To assay luciferase
activity, HEK 293T cells were cotransfected with the pmirGLO
luciferase constructs (WT or Mut) and miR-106a mimics or
miR-106a inhibitor using Lipofectamine 2000 according to the
manufacturer’s instruction. For autophagy analysis, THP-1
macrophages were transfected with 50 nM mimic negative
control (mimic nc) or miR-106a mimics; inhibitor negative
control (inhibitor nc) or miR-106a inhibitor; 50 pmol ATG7
siRNA, ATG16L1 siRNA, or ULKI siRNA according to the
manufacturer’s instructions. Several chemical reagents were
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also used to treat THP-1 macrophages: a lysosome inhibitor,
bafilomycin Al (100 nM; Baf Al, Selleck); An autophagy
inducer, rapamycin (50 pug/ml; Rapa, Solarbio Science &
Technology Co.).

RNA Preparation, Real-Time PCR, and
Western Blotting

For quantitative real-time PCR (RT-PCR) analysis, total RNA
from cells was isolated using RNA simple Total RNA Kit
(Tiangen Biotech), and miRNAs were performed using the
miRcute miRNA isolation kit (Tiangen Biotech) according to
the manufacturer’s instructions. RT-PCR was performed using
Hairpin—itTM miRNAs RT-PCR Quantitation Kit (GenePharma,
China) and samples were amplified for 40 cycles as follows: 95°C
for 12 s, 62°C for 40 s, and 72°C for 30 s. The miR-106a
expression was calculated relative to U6 snRNA. For Western
blotting, proteins were loaded onto 12 or 15% SDS-PAGE gels
and transferred to a polyvinylidene difluoride membrane
(PVDF). Membranes were blocked in 5% non-fat milk in
PBST for 1 h, and incubated with anti-ULKI(Abcam,
ab167139), anti-ATG16L1 (Abcam, ab188642), anti-ATG7
(Abcam, ab52472), anti-LC3 (Abcam, ab51520), and anti-
GAPDH (Abcam, ab245355). Immunoreactive band was
performed using ECL reagent (Amersham Pharmacia) and
quantified by using Image ] software (NIH).

Bioinformatics Analysis, Plasmid
Constructs, and Luciferase Assay

To perform miRNA profiling assays, we downloaded a miRNA
expression dataset (GSE119494). The raw data are available on
the Gene Expression Omnibus website (http://www.ncbi.nlm.
nih.gov/geo/). The heatmap was analyzed by using Multiple
Experiment Viewer version 4.9.0. miRNA targets were
performed using miRanda (http://www.microrna.org) and
TargetScan (http://www.targetscan.org). About 500 bp 3'-UTR
fragments from ULK1, ATG16L1, or ATG7, containing the miR-
106a-binding elements, were produced by PCR and were
inserted into the pmirGLO dual-luciferase reporter vector
(Promega). Mutant derivatives of the construct were also
inserted into the pmirGLO dual-luciferase reporter vector
(Promega). The HEK 293T cells were cultured into a 12-well
plate and cotransfected with the luciferase constructs (WT or
Mut) together with the miR-106a mimics or miR-106a
inhibitors, respectively. Luciferase assays were performed at
24 h after transfection using the Dual-Luciferase Reporter
Assay Kit (TransGen Biotech, Beijing).

Immunofluorescence Staining and
Confocal Microscopy Analysis

The THP-1 macrophages were fixed with 4% paraformaldehyde
(Sigma) followed by permeabilization with 0.2% Triton X-100
(Thermo Fisher Scientific). Cells were blocked with 3% BSA and
labelled with Rabbit polyclonal to LC3 antibody (Abcam,
ab51520) and visualized by Alexa Fluor 488-conjugated
Affinipure Goat Anti-Rabbit IgG (Proteintech). Nuclei were
stained with DAPI. The fluorescence images of cells were

acquired and examined using a confocal microscope
(Olympus, Japan). To quantify autophagy, the number of LC3
punctate dots was calculated by Image] Software (Version 1.49).
At least 10 cells per experimental group were counted and each
condition was assayed in triplicate.

Transmission Electron Microscopy

The THP-1 macrophages were collected and fixed in 2%
glutaraldehyde, and then postfixed with 1% OsO4 for 2 h.
After dehydration in a graded series of ethanol, the samples
were transferred to propylene oxide and embedded in Epon.
Ultrathin sections, about 80 nm thick, were cut and stained with
uranyl acetate and lead citrate. Imaging was performed by a
transmission electron microscopy (TEM, Hitachi H-7650). For
each sample, group, 15 cellular cross-sections were counted.

Colony-Forming Unit Assay

To assess bacterial viability within human THP-1 macrophages,
Colony-Forming Unit (CFU) assay was performed. Briefly, the
THP-1 macrophages were transfected with miR-106a mimic,
miR-106a inhibitor, mimic nc or inhibitor nc for 24 h, or treated
with rapamycin plus miR-106a for 24 h. Moreover, the THP-1
macrophages were also transfected with miR-106a mimic in the
presence of rapamycin (50 pg/ml) for 24 h. The cells were
infected with H37Ra at a MOI of 10 for 3 h, and then washed
with PBS to remove extracellular H37Ra. After that, the infected
cells were cultured for an additional 24 h. Quantitative culturing
was performed using 10-fold serial dilutions on Middlebrook
7H10 agar plates. Plates were incubated for 2 weeks, and colonies
on plates were counted.

Statistical Analysis

The results are represented as mean + SD of independent
experiments. Statistical analyses were performed using two-
tailed Student’s t-test. Significant differences were assigned to p
values <0.05, <0.01 and <0.001, denoted by *, **, and
% respectively.

RESULTS

miR-106a Expression in Human
Macrophages After Mycobacterial
Infection

To evaluate the expression profiles of miR-17 family miRNAs in
peripheral blood mononuclear cells (PBMCs) from patients with
active pulmonary tuberculosis (TB), we analyzed miRNA
microarray datasets (GSE119494) from the Gene Expression
Omnibus (GEO) public database. The heatmap revealed that
miR-106a and miR-17 showed the great magnitude of
downregulation among the miR-17 family miRNAs (Figure
1A). In addition, we compared the expression of miR-106a and
mir-17 in PBMCs from active pulmonary tuberculosis (TB)
patients and healthy controls (HCs). The expression levels of
miR-106a and miR-17 were significantly lower in PBMCs from
active pulmonary TB patients than in HCs (Figure 1B). Previous
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Relative miR-106a expression

experiments. *p < 0.05, *p < 0.01, **p < 0.001.

studies have showed that miR-17 was downregulated in
macrophages and regulated autophagy by targeting Mcl-1 and
STAT3 during mycobacterial infection (22). As miR-106a’s
functional role in regulation of M. tuberculosis infection
remains uncharacterized, we choose miR-106a for our further
study. We used M. tuberculosis H37Ra or Mycobacterium bovis
BCG to infect the differentiated THP-1 macrophages, and found
that both H37Ra (Figures 1C, D) and BCG (Figures 1E, F)
strains could significantly reduce miR-106a expression in a time-
and dose-dependent manner.
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FIGURE 1 | miR-106a is reduced after mycobacterial infection in vitro. (A) Heatmap analysis shows downregulated (green) and upregulated (red) miRNAs in miR-17
family from tuberculosis (TB) patients and healthy controls (HCs) in the GEO public databases (GSE119494). (B) Expression levels of miR-17 family miRNAs in TB
patients and HCs from the GEO public databases (GSE119494). Fold change was calculated by dividing the average signal intensity of TB patients by that of HCs.
(C) The differentiated THP-1 macrophages were infected with H37Ra at a MOI of 10 for the indicated time points, and miR-106a expression was subsequently
determined using gRT-PCR. The miR-106a expression levels are indicated relative to expression at O h. (D) The differentiated THP-1 macrophages were infected
with H37Ra at indicated MOls for 24 h. The miR-106a expression levels are indicated relative to expression without H37Ra infection. (E) The differentiated THP-1
macrophages were infected with BCG (MOI of 10) for the indicated time points, and miR-106a expression was subsequently determined using gRT-PCR. The miR-
106a expression levels are indicated relative to expression at 0 h. (F) The differentiated THP-1 macrophages were infected with BCG at indicated MOls for 24 h. The
miR-106a expression levels are indicated relative to expression without BCG infection. All data above represent the means + SD from at least three independent

miR-106a Directly Targets ULK1, ATG7,
and ATG16L1

To establish a direct molecular link, we next examined the ability
of miR-106a to regulate ULK1, ATG7, and ATG16L1. As shown
in Figure 2A, ULK1 holds a single 9mer seed match to miR-106a
within the 3’-UTR while ATG16L1 and ATG7 contain a 7mer
site and an 8mer site respectively. Moreover, more than three
point mutations were introduced into the predicted miR-106a
binding motifs. Overexpression of miR-106a significantly
inhibited luciferase activity driven by the 3’-UTR constructs
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(WT), while the mutant 3’-UTR constructs (Mut) either
abolished or significantly reduced this effect. Additionally,
miR-106a inhibitor significantly strengthened luciferase activity
in HEK 293T cells expressing the 3’-UTR reporters, whereas
mutation of the miR-106a-binding site abrogated this promotion
of luciferase activity (Figure 2B), confirming that ULK1, ATG?7,
and ATGI6LI are putative targets of miR-106a. In order to
directly address whether miR-106a binds to the 3'-UTR of target
mRNAs, we generated three GFP reporter vectors containing the
putative miR-106a binding sites within the 3’-UTRs of ULK1,
ATGI16L1 and ATG?7. GFP fluorescence decreased significantly
in cells co-transfected with miR-106a mimics and binding site-
containing GFP reporter vectors. However, GFP fluorescence did
not decrease significantly in cells transfected with mimic nc or
with GFP reporters lacking binding sites (Figure 2C). Finally, we
examined the effect of miR-106a on the endogenous ULKI,
ATG7, and ATGI16L1 proteins in THP-1 macrophages. High
levels of miR-106a were detected in THP-1 macrophages after

il

A ULK1 3-UTRWT 5‘»GUCAAUCACCCA/T(.|§(‘2/T(.“AT|Llll‘J-G' ATG16L1 3-UTRWT 5‘-ACUUUUAAAUUU?‘C/|\([/L‘H|JT-3' ATG7 3-UTRWT 5‘-AUGUGGUUUAAG/‘-\(]3?/|\TTL‘Jlll-3‘
Human miR-106a 3'-UGGACGUGACAl‘Jl‘JCGA‘JGAﬁR»5‘ Human miR-106a 3'-UGGACGUGACAUUCGA[JG/‘\AA-5‘ Human miR-106a 3‘VUGGACGUGACAUL‘ICGL|J‘GAAA'5'
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transfection with the miR-106a mimics. However, transfection
with miR-106a inhibitor significantly reduced the expression
levels of miR-106a (Figure 2D). As evident from Figure 2E,
overexpression of miR-106a results in a significant decrease in
the expression levels of ULK1, ATG7, and ATG16L1. However,
miR-106a inhibitor results in an obvious upregulation of
these proteins.

miR-106a Inhibits Induction of Autophagy
in Mycobacterium tuberculosis-Infected
Macrophages by Targeting ULK1, ATG7,
and ATG16L1

To identify whether autophagy could be induced during M.
tuberculosis infection, the LC3-II expression was investigated,
which is considered to be an accurate indicator for
autophagosome formation (23, 24). The result showed that
there was a marked increase in LC3-II expression with H37Ra
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FIGURE 3 | miR-106a inhibits autophagy induction in macrophages by targeting ULK1, ATG7 and ATG16L1. (A) THP-1 macrophages were treated with Baf A1
(100 nM) for 2 h, and then were uninfected or infected with H37Ra. LC3-Il expression was determined by Western blot, normalized to GAPDH expression. (B) THP-
1 macrophages were uninfected or infected with H37Ra for 24 h. The cells were fixed and incubated with rabbit anti-LC3 antibody, and stained with goat anti-rabbit
1gG (Alexa Fluor 488; green) to detect LC3 puncta by confocal microscopy. Scale bars: 5 um. The number of LC3 puncta in each cell was also counted. (Uninfected,
n = 20; Infected, n = 20). Experiments performed in triplicate. *“p < 0.01. (C) THP-1 macrophages were transfected with an miR-106a mimic or mimic nc; miR-106a
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infection compared with an uninfected control (Figure 3A). In
addition, bafilomycin Al (Baf-Al) challenge led to further
accumulation of LC3-II in THP-1 macrophages after H37Ra
infection (Figure 3A), indicating that H37Ra infection promote
autophagic processes. To further confirm that M. tuberculosis
induce autophagy in THP-1 macrophages, the LC3-II puncta
formation was detected by confocal microscopy. H37Ra-infected
THP-1 macrophages displayed a significant increase in the
number of LC3 puncta compared with uninfected THP-1
macrophages (Figure 1B). These results suggest that a
complete autophagic response is induced after THP-1
macrophages were infected with H37Ra. To further explore
whether miR-106a decreases endogenous ULK1, ATG7, and
ATGI16L1 during mycobacterial infection, H37Ra-infected
THP-1 macrophages were transfected with miR-106a mimic or
inhibitor, and protein levels of ULK1, ATG7, and ATG16L1 were
measured by Western blot. As shown in Figure 3C, miR-106a
overexpression decreased the protein levels of ULK1, ATG7, and
ATG16L1 in uninfected and H37Ra-infected THP-1

macrophages. In contrast, these protein levels were
significantly increased in uninfected and H37Ra-infected THP-
1 macrophages, after endogenous miR-106a was blocked by the
transfection of a miR-106a inhibitor. To test the hypothesis that
miR-106a regulated autophagy in macrophages during M.
tuberculosis infection, we tested the expression of LC3 by
Western blot and counted LC3 puncta by fluorescence
microscopy. Western blot results showed that transfection with
miR-106a mimics decreased, whereas transfection with miR-
106a inhibitor increased, the LC3-II expression in THP-1
macrophages before and after H37Ra infection (Figures 3D, E).

The results of confocal microscopy indicated that miR-106a
mimics significantly decreased the number of LC3 puncta in
THP-1 macrophages (Figures 4A-C). Conversely, the number of
LC3 puncta was significantly increased in uninfected and
H37Ra-infected THP-1 macrophages after transfection with
miR-106a inhibitor, compared with the control condition
(Figures 4A-C). Transfection with miR-106a mimics, ATG7
siRNA, ATG16L1 siRNA or ULKI siRNA significantly reduced
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the protein expression levels of ATG7, ATG16L1, and ULK1
(Figures 5A-C), the LC3-1II expression (Figures 5D, E) and the
number of LC3 puncta (Figures 6A, B), in THP-1 macrophages
with rapamycin, indicating that the siRNAs of ATG7, ATG16L1,
and ULKI, and miR-106a mimics can inhibit autophagy.
Collectively, these results indicate that miR-106a inhibit
autophagy in macrophages.

TEM Confirms Repression of Autophagy
by miR-106a

In order to gain insight into the regulation effect of miR-106a
on autophagy during mycobacterial infection, we perform
Transmission Electron Microscopy (TEM) to detected and
quantified autophagosomes and autolysosomes. Notably,
TEM images revealed an accumulation of numerous
autophagosomes and autolysosomes in the cytoplasm of
H37Ra-infected THP-1 macrophages transfected with miR-
106a inhibitor. However, miR-106a mimics decreased the
number of autophagosomes and autolysosomes, confirming
our TEM analysis (Figures 7A, C). Moreover, transfection
with miR-106a mimics could decrease the number of
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FIGURE 4 | miR-106a mimics significantly decreased the number of LC3 puncta in macrophages. (A) THP-1 macrophages were transfected with miR-106a mimic
or inhibitor, and then treated with H37Ra for 24 h. The THP-1 macrophages were fixed and incubated with rabbit anti-LC3 antibody, and stained with goat anti-

rabbit IgG (Alexa Fluor 488; green) to detect LC3 puncta by confocal microscopy (left, uninfected; right, infected). Scale bars: 1 um. (B, C) Quantitative data of LC3
puncta analysis. (Mimic nc, n = 20; Inhibitor nc, n = 20; Mimic, n = 20; Inhibitor, n = 20). Data represent the means + SD from three independent experiments. **p <

autophagosomes and autolysosomes per cellular cross-section
in rapamycin-treated cells (Figures 7B, D).

miR-106a Promotes H37Ra Survival in
Macrophages by Inhibiting Autophagy

The effects of miR-106a on intracellular survival of M.
tuberculosis in human THP-1 macrophages were analyzed by
colony-forming unit (CFU) assay. Importantly, miR-106a
mimics promoted (Figure 8A), whereas miR-106a inhibitor
decreased (Figure 8B), intracellular H37Ra growth, compared
with the corresponding control conditions. These results support
the hypothesis that miR-106a facilitates intracellular survival of
H37Ra in macrophages. Moreover, transfection with miR-106a
mimics plus rapamycin could promote H37Ra survival
compared to treatment with rapamycin in H37Ra-infected
THP-1 macrophages (Figure 8A), indicating that miR-106a
can inhibit rapamycin-induced autophagy. In addition,
transfection with mixed siRNA plus miR-106a inhibitor could
not inhibit H37Ra survival compared to treatment with mixed
siRNA (Figure 8B), indicating that miR-106a inhibitor can
decrease M. tuberculosis CFU via autophagy.
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FIGURE 5 | miR-106a and the siRNAs of ATG7, ATG16L1 and ULK1 can inhibit the expression of LC3-II. (A=C) The THP-1 macrophages were treated with 50 ug/
ml rapamycin for 2 h, and then transfected with miR-106a mimics, ATG7 siRNA, ATG16L1 siRNA or ULK1 siRNA for 24 h. After that, the protein levels of ATG16L1,
ATG7 and ULK1 was determined by Western blot. (D) The THP-1 macrophages were treated with 50 ug/ml rapamycin for 2 h, and then transfected with miR-106a
mimics, or mixture of ATG7 siRNA, ATG16L1 siRNA and ULK1 siRNA for 24 h. After that, LC3-Il expression was determined by Western blot. (E) The THP-1
macrophages were transfected with miR-106a mimics, or mixture of ATG7 siRNA, ATG16L1 siRNA and ULK1 siRNA for 24 h. After that, LC3-Il expression was
determined by Western blot. Data represent the means + SD from three independent experiments. *p < 0.05, *p < 0.01, **p < 0.001.

DISCUSSION

Increasing evidence has demonstrated that autophagy plays an
essential role in the host innate immune responses against
mycobacterial infection (25, 26). However, the molecular
mechanism of autophagy-mediated mycobacterial clearance
remains unclear. There is growing evidence that miRNAs are
regulators of genes involved in many aspects of immune system
function, including differentiation of immune cells (27) and
regulation of the host immune defense mechanisms against
microbial infection (28). However, the immune regulatory
functions of miRNAs in autophagy-mediated mycobacterial
clearance, especially miR-17 family miRNAs, need to be
further explored. In this study, we describe a novel role of
miR-106a in modulating autophagy process and mycobacterial

elimination in human macrophages by targeting ULK1, ATG?7,
and ATG16L1, which may provide a better understanding of the
host innate immune responses against M. tuberculosis.
miR-106a is a member of miR-17 family miRNAs, which are
broadly conserved and involved in a variety of biological
pathways (29, 30). Evidence is mounting that miR-106a plays
key regulatory roles in autophagy, especially in cancer. For
instance, miR-106a inhibits tumor cell death in colorectal
cancer by targeting ATG7 (31). miR-106a suppresses ULKI
expression and thereby sensitizes lung cancer cells to Src-TKI
treatment (32). Moreover, miR-106a targets the important
autophagy gene ULKI in acute myeloid leukemia cells (33).
Most importantly, a research has shown that miR-106a regulates
macrophage inflammatory responses by targeting SIRPa,
indicating a potential role of miR-106a in the host immune
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response (34). However, the exact role of miR-106a in human
macrophages during M. tuberculosis infection remains largely
unclear. Indeed, our study showed that miR-106a functioned as a
negative regulator in autophagy responses during M. tuberculosis
infection, and inhibition of miR-106a expression promoted
autophagy process to facilitate mycobacterial clearance.
Furthermore, we investigated the molecular mechanism by
which miR-106a regulates autophagy responses in
mycobacterial infected macrophages. We identified that
ULK1, ATG16L1 and ATG7 are targets for miR-106a. ULK1,
ATG7, and ATGI6LI are essential for autophagy. ULK1 can
function in a complex with at least three protein partners:
FIP200, ATG13 and ATG101. The formation of the
autophagosome is mediated by the ULK1 complex (14).
ULK1-deficient cells increased M. tuberculosis replication,
and decreased selective autophagy (35). ATG7 is a master
regulators of autophagy process, which is involved in
autophagosome formation and vesicle progression (15).
ATG?7 knockout mice displayed increased susceptibility to
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FIGURE 6 | The siRNAs of ATG7, ATG16L1 and ULK1 inhibited autophagosome formation. (A) The THP-1 macrophages were treated with 50 pug/ml rapamycin for
2 h, and then transfected with ATG7 siRNA, ATG16L1 siRNA, ULK1 siRNA or miR-106a mimics for 24 h. After that, the THP-1 macrophages were fixed and
incubated with Rabbit Anti-LC3 antibody, followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG. LC3 puncta formation was then detected by confocal
microscopy. (B) Quantitative data of LC3 puncta analysis. (Rapa, n = 10; Rapa plus miR-106a mimics, n = 10; Rapa plus ATG7 siRNA, n = 10; Rapa plus ATG16L1
siRNA, n = 10; Rapa plus ULK1 siRNA, n = 10). Data represent the means + SD from three independent experiments. ***p < 0.001.

Klebsiella pneumoniae infection, with decreased survival
rates, increased bacterial burdens, and intensified lung injury
(36). Moreover, ATG7-deficient macrophages exhibited
enhanced mycobacterial uptake and growth by modulating
the expression of scavenger receptors, and ATG7 knockout
mice exhibited increased susceptibility to mycobacterial
infection (37). ATGI6L1 takes part in the elongation of the
autophagosomal membrane (16). It has been reported that
ATG16L1 conditional knockout mice exhibit defective
autophagy and are more susceptible to Salmonella infection
(38). Our study indicates that miR-106a downregulates ULK1,
ATG7, and ATGI16L1 proteins, thus inhibiting autophagy
process in human macrophages.

Autophagy is a crucial defense immune response after the
encounter of intracellular bacterial infection, including M.
tuberculosis (39). Major steps in the process of autophagy
contain initiation, nucleation, elongation, and autophagosome
maturation as well as fusion of autophagosomes with lysosomes
(40). Recent studies provide evidence that several miRNAs
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FIGURE 7 | The inhibitory effect on autophagy by miR-106a was confirmed by TEM detection. (A) The THP-1 macrophages were transfected with miR-106a mimic
or miR-106a inhibitor, and then infected with H37Ra for 24 h. Representative images of TEM. Scale bars represent 2 um. Autophagosomes or suspected
autolysosomes denoted by red arrow heads. H37Ra indicated by yellow triangle. (B) The THP-1 macrophages were treated with 50 ug/ml rapamycin for 2 h, and
then transfected with miR-106a mimics for 24 h. Representative images of TEM. Scale bars represent 2 um. Autophagosomes or suspected autolysosomes denoted
by red arrow heads. (C, D) The number of autophagosomes per cross-sectioned cell was counted (n = 15). Data represent the means + SD from three independent
experiments. *p < 0.01, **p < 0.001.

modulate autophagy process during mycobacterial infection  survival and persistence by inducing miR-33 and miR-33* (47).
(41). For example, miR-125a inhibits autophagy process and  Another study showed that miR-20a inhibits autophagic
antimicrobial responses through targeting UVRAG during  response and favors BCG survival in murine macrophages by
mycobacterial infection (42). miR-155 accelerated the  targeting ATG7 and ATGI16L1 (48). In the present study, miR-
autophagic response to eliminate intracellular Mycobacteria by ~ 106a decreased in differentiated THP-1 macrophages after
targeting Rheb in macrophages (43). However, miR-155 subverts =~ H37Ra infection. Functional assays demonstrated that
autophagy by targeting ATG3 in human dendritic cells (44). Itis ~ inhibition of miR-106a promoted the processing of LC3 and
reported that miR-17-5p regulates autophagy in M. tuberculosis-  the accumulation of LC3 puncta in uninfected and H37Ra-
infected macrophages by targeting Mcl-1 and STAT3 (22). miR-  infected THP-1 macrophages, which indicates that functioned
27a promotes the intracellular survival of M. tuberculosis by ~ as a negative regulator of autophagy during mycobacterial
regulating Ca**-associated autophagy (45). miR-144-5p inhibits  infection. The inhibitory effect of miR-106a on autophagy
antibacterial autophagy and the innate host immune response  during mycobacterial infection was also confirmed by TEM
against M. tuberculosis in human monocytes and macrophages  observation. In addition, we found that inhibited expression of
by targeting DRAM2 (46). M. tuberculosis can inhibit integrated ~ miR-106a decreased the intracellular survival of H37Ra, whereas
pathways involved in autophagy to support bacterial intracellular ~ mimics of miR-106a increased mycobacterial survival, indicating
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FIGURE 8 | Intracellular survival of H37Ra analyzed by counting CFU. (A) The THP-1 macrophages were treated with mimic nc, miR-106a mimics, rapamycin (50
ug/mi) or rapamycin plus miR-106a mimics for 24 h. After infection with H37Ra at a MOI of 10 for 3h, the cells were washed to remove extracellular bacteria, and
cultured for an additional 24 h. The cells were lysed and mycobacterial viability (CFU) determined. *p < 0.01, **p < 0.001. (B) The THP-1 macrophages were
treated with inhibitor nc, miR-106a inhibitor, mixed siRNA or mixed siRNA plus miR-106a inhibitor for 24 h. After infection with H37Ra at a MOI of 10 for 3h, the cells
were washed to remove extracellular bacteria, and cultured for an additional 24 h. The cells were lysed and mycobacterial viability (CFU) determined. *p < 0.05.

autophagy regulation during mycobacterial infection, which may
provide a potential target for diagnosis and treatments

of tuberculosis.
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Mycobacterial disease is an immense burden worldwide. This disease group
includes tuberculosis, leprosy (Hansen’s disease), Buruli Ulcer, and non-tuberculous
mycobacterial (NTM) disease. The burden of NTM disease, both pulmonary and
ulcerative, is drastically escalating globally, especially in developed countries such as
America and Australia. Mycobacteria’s ability to inhibit or evade the host immune
system has contributed significantly to its continued prevalence. Pre-clinical studies
have highlighted promising candidates that enhance endogenous pathways and/or
limit destructive host responses. Autophagy is a cell-autonomous host defense
mechanism by which intracytoplasmic cargos can be delivered and then destroyed
in lysosomes. Previous studies have reported that autophagy-activating agents,
small molecules, and autophagy-activating vaccines may be beneficial in restricting
intracellular mycobacterial infection, even with multidrug-resistant strains. This review
will examine how mycobacteria evade autophagy and discusses how autophagy could
be exploited to design novel TB treatment strategies, such as host-directed therapeutics
and vaccines, against Mycobacterium tuberculosis and NTMSs.

Keywords: autophagy, mycobacteria, host-directed therapies, non-tuberculous mycobacteria, host-microbe
interactions, vaccines

INTRODUCTION

While TB is a disease of significant global burden, the burden of non-tuberculosis mycobacteria
(NTM) disease is higher than TB in many developed countries such as the United States and
Australia (Prevots et al., 2010). NTMs are mycobacteria other than Mycobacterium tuberculosis
(Mtb) and Mycobacterium leprae (the cause of leprosy/Hansen’s Disease). Globally, the burden
of NTM continues to increase substantially. Like many pathogenic diseases, drug-resistance
has become a severe public health concern for mycobacterial infection. In 2018, there were
approximately 500,000 new rifampicin-resistant TB cases, most of which also comprised multiple
drug-resistant infections (World Health Organisation, 2020). In contrast, the NTM species
display significant heterogeneity in their susceptibility to standard anti-TB drugs and thus the
treatment for NTM diseases usually involves the use of macrolides and injectable aminoglycosides.
Although well-established international guidelines are available, treatment of NTM disease is
mostly empirical and not entirely successful. In general, the treatment duration is much longer for
NTM diseases, compared to TB. Taken together, the considerable global burden of mycobacterial
disease requires much needed further research and the development of new treatment and
prevention strategies.
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Autophagy and the Host Defense Against Mycobacteria

The development of TB disease occurs in only 10% of
individuals exposed to the pathogen, which infers that competent
host defense mechanisms exist to control the infection. In
the last decade, autophagy has surfaced as an essential host
immune defense mechanism against intracellular Mtb infection.
Autophagy is a complex, essential, conserved cellular process
allowing for the degradation of intracellular components,
including proteins, organelles, and foreign bodies. Autophagy
targeting by host-directed therapies to enhance treatment options
against pathogenic viruses and bacteria has recently become a
popular research topic. Similarly, autophagy has been proven
not only as an effective antimicrobial mechanism for the
clearance of Mtb and NTMs, but as a process preventing
excessive inflammation to avoid adverse effects of infection
on the host. Still, increasing evidence shows that in order to
augment its intracellular survival, mycobacteria has evolved
multiple strategies to prevent the optimal operation of host
autophagic machinery.

This review will focus on autophagy during mycobacterial
infection. However, it is worth noting that many intracellular
pathogens are known to modulate autophagy to promote their
survival. For example, Legionella pneumophila secrets bacterial
effector that irreversibly inactivates Atg8 proteins unable to be
reconjugated by the Atg7-Atg3 (Choy et al., 2012). Many other
intracellular bacteria like Shigella, Salmonella, and Mycobacteria
also secrete bacterial effectors that inhibit autophagy (Ogawa
etal., 2005; D’Cruze et al., 2011; Popa et al., 2016; Saini et al., 2016;
Jiao and Sun, 2019; Strong et al., 2020). A deeper understanding
of the mechanisms by which these bacteria cause disease should
foster better treatment options. Ongoing analysis is even more
critical, given the rising infection rates of NTMs and rapidly
growing mycobacteria (RGM), increased prevalence of drug-
resistant TB, and TB/Diabetes and TB/HIV comorbidity. This
review will cover the current understanding of the molecular
mechanisms by which mycobacteria can modulate autophagy.
Additionally, it will discuss the potential for these insights to
be utilized and harnessed to develop host-directed therapies as
treatment options against mycobacterial diseases.

AUTOPHAGY PATHWAY AS A GENERAL
ANTIMICROBIAL DEFENSE

Macroautophagy is the most widely studied form of autophagy
and is an evolutionarily conserved pathway controlling quality
and quantity of eukaryotic organelles and the cytoplasmic
biomass (Svenning and Johansen, 2013). Macroautophagy
involves the formation of a double membrane phagosome,
which fuses with a lysosome (Parzych and Klionsky, 2013).
It is a constitutive cellular process that is induced under
stress conditions such as nutrient starvation, which degrades
cytoplasmic material into metabolites and degrades cytoplasmic
foreign bodies (Svenning and Johansen, 2013). Macroautophagy
can be selective, as it recognizes specific marked components
by various receptor proteins such as p62 (SQSTM1) (Svenning
and Johansen, 2013). The degradation of pathogens is called
Xenophagy, whereby bacteria are engulfed by autophagosomes

and degraded after fusion with lysosomes to form autolysosomes.
This review will focus on Xenophagy, which will hereafter be
referred to as “autophagy.” The autophagy pathway is illustrated
in Figure 1A, showing the minimal core components relevant for
the discussion in this review.

The formation of the autophagosome and the fusion to a
lysosome is broken down into five main steps (Figure 1A): (i)
initiation, (ii) elongation, (iii) maturation, (iv) fusion, and (v)
degradation. Autophagy initiation is regulated by the master
regulator, the mammalian/mechanistic target of Rapamycin
(mTOR). It is a negative regulator of autophagy, meaning its
dephosphorylation is responsible for autophagy induction.
Dephosphorylation of mTOR results in the translocation
of the Unc-51 like autophagy activating kinase (Ulk1/2)-
Autophagy related (Atg)13-FAK family-interacting protein
(FIP200)-Atgl0l complex to the endoplasmic reticulum
(Ttakura and Mizushima, 2010; Mizushima, 2010). The Class
III phosphatidylinositol 3 kinase (PI3K) activates the VPS34-
Beclinl-VPS15-Atgl4 complex. The PI3K complex induces
phosphatidylinositol-3-phosphate  [PtdIns(3)P], which then
recruits double FYVE-containing protein 1 (DFCP1) and
WD-repeat domain phosphoinositide-interacting  (WIPI)
family proteins to initiate the omegasome formation (Axe
et al,, 2008; Matsunaga et al,, 2009; Itakura and Mizushima,
2010; Polson et al, 2010). Elongation of the omegasome
into the autophagosome is conducted by the Atg7-Atgl0
complex and then conjugated to Atgl2-Atg5-AtgléL on the
omegasome membrane (Fujita et al., 2008). Atg4 cleaves LC3
into LC3-I, while the Atg7-Atg3 complex lipidates LC3-I into
LC3-II by conjugating phosphatidyl-ethanolamine (PE). The
completed autophagosome fuses with the lysosome to degrade
the autophagosome cargo for subsequent metabolite recycling
or antigen presentation (Knodler and Celli, 2011; Levine et al,,
2011; Miinz, 2016; Saini et al., 2016; Yu et al., 2018).

AUTOPHAGY AND TUBERCULOSIS
Autophagy Induction by M. tuberculosis

The global prevalence of mycobacterial diseases of all types
has increased considerably. The most significant mycobacterial
disease is tuberculosis (TB). In 2018, 1.4 million deaths were
attributed to Mtb infection (World Health Organisation, 2020),
meaning TB is one of the top 10 causes of death and the
leading cause of worldwide death from a single infectious agent.
One-quarter of the world’s population is infected with Mtb.
Approximately 5 to 10% of infections progress to the active
disease at some point in their host lives. Mtb is a successful
pathogen due to its capacity to evade the host immune systems
and utilize phagocytes as a replication niche. The bacteria can
significantly inhibit the phagolysosome’s acidification and limit
phagosome maturation, thereby forcing the infected cell to
undergo programmed cell death (Russell et al.,, 2002). Several
of the seminal observations regarding the antimicrobial role of
autophagy have been made using Mtb (Gutierrez et al., 2004;
Castillo et al., 2012) and such observations were followed by a
gradual increase in studies on autophagy as a cell-autonomous,
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FIGURE 1 | Mycobacterium tuberculosis inhibits autophagy to enhance survival in host cells. (A) While autophagy can be explained in terms of its role in cell survival,
the mechanism by which it is regulated is complicated and elaborate. The different steps of the autophagic pathway during mycobacterial infection are shown.

(B) Mtb-autophagy interaction in macrophages. Following phagocytosis, Mtb resides in phagosome and blocks phagosome maturation. Mtb secretes Esx-1,
promoting phagosome damages that trigger ubiquitination, recruitment of autophagic adaptors and mycobacterial capture via STING. The detailed molecular

mechanisms of each steps and mycobacterial factors are discussed in the text.

pharmacologically,  physiologically and immunologically
inducible anti-mycobacterial process (Gutierrez et al., 2004; Seto
et al., 2012; Watson et al., 2012; Sakowski et al., 2015). These
studies revealed the colocalization of Mtb with autophagosomes
and increased bacterial clearance during autophagy induction
(Gutierrez et al., 2004; Seto et al., 2012; Watson et al., 2012;
Sakowski et al., 2015). Most of these models have been explored
in the context of Atg5 and its effect on autophagy. Examination

of other important autophagy markers such as Ulkl and Atg4b
in vivo has uncovered that Atg5 may play a role independent of
canonical autophagy in Mtb control (Kimmey et al., 2015).
Infection with mycobacteria induces significant levels of pro-
inflammatory cytokines, known to be inducers of autophagy.
However, little colocalization of Mtb and autophagosomes
has been observed without non-mycobacterial stimulation
of autophagy. An example of immunological induction of
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mycobactericidal autophagy includes stimulation of infected
macrophages with Thl cytokines such as IFN-y and TNEF-
o in a process that can be antagonized by Th2 cytokines
including IL-4 and IL-13 (Harris et al., 2007; Ghadimi et al,
2010). Physiological induction of autophagy by IFN-y generated
significant autophagosome formation in mycobacteria-infected
macrophages and dendritic cells. Although Mtb infection causes a
robust IFN-y response, the autophagy induction by virulent Mtb
is limited, probably because mycobacteria inhibit IFN-y mediated
autophagy induction (Zullo and Lee, 2012a; Zullo et al., 2014).
IFN-vy also plays a critical role in the nitric oxide (NO) response
to Mtb infection. The deletion of IFN-y significantly impedes NO
production and leads to uncontrolled replication of bacilli in vivo
(Cooper et al., 1993; Flynn et al., 1993). The inhibition of NO has
previously been shown to induce autophagy substrates’ clearance,
highlighting the complex role of cytokine signaling in autophagy
pathways (Sarkar et al., 2011). Virulent Mtb infection induces
TNF-a, which is inactivated by the increased release of TNFR2
and results in inhibition of apoptosis (Balcewicz-Sablinska et al.,
1998; Keane et al., 2000). This observation underscores the
potential of virulent Mtb to inhibit autophagy by modulating
cytokines’ bioreactivity known to induce autophagy.

Manipulation of Autophagy Pathways by
Mycobacterial Factors

Several bacterial effector proteins are known to modulate
autophagy. Many of these effectors are secreted through the
type I to type VII and type IX secretion systems (Jiao and
Sun, 2019). Mycobacteria has numerous Type VII secretion
systems (Esx1 — Esx5). Mtb ESX-1 is responsible for the puncture
of the phagosome, allowing for mycobacterial escape (Conrad
et al., 2017) (Figure 1B). Mtb cytosolic DNA is recognized by
the cytosolic DNA sensor, cyclic GMP-AMP synthase (cGAS),
resulting in the release of cyclic guanosine monophosphate
(cGAMP). cGAMP is recognized by the stimulator of interferon
genes (STING), leading to type I IFN release and the recruitment
of autophagy receptors p62, NDP52, and optineurin (Watson
et al, 2012, 2015). These receptors are recruited to the
ubiquitinated pathogen, thereby allowing for specific targeting
by the autophagosome. The receptors contain an LC3 interaction
region (LIR) to bind the LC3 autophagy protein (Thurston et al.,
2009; Zheng et al., 2009; Wild et al., 2011).

EspB is a part of the Esxl secretory apparatus responsible
for the secretion of early secretory antigenic target-6 (ESAT-
6). Treatment of macrophages with EspB protein demonstrates
downregulation of the IFN-y receptor IFN-yRI, resulting in
the inhibition of STAT-1 activation even in the presence of
IFN-y (Huang and Bao, 2016). EspB and ESAT-6 are not the
only Mtb proteins linked to the inhibition of autophagy. The
“enhanced intracellular survival” (eis) gene of Mtb can confer
enhanced survival of Mycobacterium smegmatis in macrophages.
However, it is not required for the persistence of Mtb in these
cells (Wei et al., 2000; Shin et al., 2010). During Mtb infection,
eis significantly inhibits the activation of JNK, which prevents
the induction of non-canonical autophagy through Atg7. JNK
activation also induced reactive oxygen species (ROS) generation

and significantly increased type 2 macrophage cell death by Mtb
eis deletion mutant (Shin et al., 2010). Eis was also found to
substantially inhibit the production of TNF-a, IL-4, and IL-
6, while simultaneously stimulating INF-y and IL-10 secretion
(Lella and Sharma, 2007; Samuel et al., 2007; Shin et al., 2010).

Mtb inhibits autophagy to protect against bacterial clearance
and host cell death, which also impedes antigen presentation.
The Mtb PE_PGRS47 protein inhibits autophagy and limits MHC
class II antigen presentation (Saini et al., 2016). Several other
Mtb PE/PPE proteins are also known to inhibit autophagy. For
example, Mtb PE_PGRS41 (Deng et al., 2017), Mycobacterium
marinum MMAR_0242 (Singh et al., 2016), and Mtb PE_PGRS29
(Chai et al., 2019) interact with autophagy machinery. Mtb also
secrets a probable ligase (CpsA) to inhibit the non-canonical
autophagy pathway designated as LC3-associated phagocytosis
(LAP) and NADPH oxidase (Koster et al., 2017) (Figure 1A).
In contrast to canonical autophagosomes, LAP does not result
in double-membrane structures and instead promotes rapid
phagosome maturation (Fazeli and Wehman, 2017). This cellular
process limits the phagocytosed pathogen’s ability to replicate
by expediting phagosome maturation while regulating the IFN
pathway and antigen presentation.

Additionally, studies have found that virulent Mtb, but not
avirulent Mtb, can inhibit autophagy flux in macrophages and
dendritic cells in an ESAT-6 and PhoP dependent manner
(Chandra et al.,, 2015). Autophagy flux is an important cellular
mechanism that degrades autophagosome cargo, which allows
nutrient recycling or antigen presentation. Increased autophagic
flux was found to improve bacterial clearance from macrophages
and dendritic cells (Romagnoli et al., 2012; Chandra et al,
2015). The maturation of Mtb-containing autophagosomes into
autolysosomes was inhibited by blocking recruitment of the late
endosome marker Rab7 (Chandra et al., 2015). Inhibition of Rab5
conversion to Rab7 in endosomes is a well-established method
in which mycobacteria inhibit lysosomal fusion (Via et al., 1997;
Rink et al., 2005).

Mtb inhibits canonical and non-canonical autophagy by
several means and it is apparent that the role of infection-
induced autophagy is complicated. While overcoming autophagy
inhibition by Mtb could lead to better treatment options, further
consideration should be given to evidence suggesting that Mtb
can inhibit autolysosome formation (Chandra et al., 2015).
Additionally, there may be value in examining host-directed
therapies targeting mTOR-independent autophagy pathways
(Schiebler et al., 2015), since Mtb infection markedly activates
mTOR. Exploring alternative autophagy-inducing pathways may
lead to more efficacious drugs and may prove more useful in
patients presenting with co-disease such as TB/Diabetes.

AUTOPHAGY AND
NON-TUBERCULOSIS MYCOBACTERIA

NTM Disease

NTM is the broad term for diseases caused by over 170
mycobacteria. The most commonly isolated specie is the
Mycobacterium avium Complex (MAC), accounting for 71.1%
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of Australian cases and 31.3% of NTM cases in South America.
M. avium is the most common species isolated in Europe,
Asia, South America, and North America. At the same time,
M. intracellulare is prevalent in South Africa and Australia
(Johnson and Odell, 2014; Griffith, 2019; Gopalaswamy et al,,
2020). M. avium, MAC, and M. intracellulare most commonly
present as a pulmonary disease similar to TB. In 2013, a
nearly six-fold increase in NTM cases were reported in America
compared to the 1980s (Donohue and Wymer, 2016), with
similar trends in the United Kingdom, Denmark, and Germany
(Ratnatunga et al., 2020). Some studies have attributed this rise
of NTM infections to a vaccination policy change from a blanket
BCG vaccination to a limited vaccination only for specific groups
(SAGE Working Group of BCG Vaccines and WHO Secretariat,
2017; Kontturi et al., 2018).

Other common NTMs include Mycobacterium fortuitum,
Mycobacterium kansasii, Mycobacterium abscessus, M. marinum,
and Mycobacterium ulcerans. NTMs are opportunistic
environmental pathogens that are typically found in soil
and water. Although NTM disease presentation is most
commonly pulmonary, observation of lymphatic, skin/soft
tissue and disseminated disease have been reported (Griffith
et al., 2007; Bodle et al, 2008; Tortoli, 2009). Many species
of mycobacteria can also cause ulcerative disease. Four main
presentations of the mycobacterial ulcerative disease have been
designated: (i) cutaneous Mtb infection, (ii) leprosy (the second
most common mycobacterial disease; caused by M. leprae or
Mycobacterium lepromatosis), (iii) Buruli Ulcer, the third most
common mycobacterial disease (caused by M. ulcerans), and
(iv) opportunistic infections caused by other non-tuberculosis
mycobacteria such as M. marinum. Franco-Paredes et al. (2018)
eloquently summarized the disease presentation of cutaneous
mycobacterial infections in their 2018 review.

Besides Mtb, M. leprae and M. ulcerans account for the
next highest mycobacterial disease burdens. Buruli Ulcer,
caused by M. ulcerans, primarily occurs in the West and
Central Africa, Asia, South America, the western Pacific, and
Australasia (Simpson et al, 2019). Unlike the well-studied
Mtb and M. leprae, the mode of transmission of M. ulcerans
remains unknown (Roéltgen and Pluschke, 2015). As with other
mycobacteria, treatment of Buruli Ulcer is costly and takes a
long time. Traditional antimycobacterial antibiotics are used for
treatment, including rifampicin, streptomycin, clarithromycin,
and moxifloxacin. However, wound interventions, such as
lymphedema management and surgery, are commonly used to
speed up healing (Yotsu et al., 2018; Converse et al., 2019;
World Health Organisation, 2019). Though leprosy transmission
remains on the decline with less than 200,000 cases in 2017
(World Health Organization, 2016), improved treatment options
are a vital resource for continued disease decline (Fischer, 2017;
Maymone et al., 2020; Scollard, 2020). Leprosy broadly presents
two different clinical manifestations; paucibacillary tuberculoid,
which is characterized by negative smears for acid-fast bacilli, and
multibacillary lepromatous, which is characterized by positive
smears for acid-fast bacilli (Nath, 2016).

Mycobacterias unique cell wall and some species’ ability
to form biofilms, spread by aerosolization, slow growth, and

intrinsic antibiotic resistance, also contribute to their ability to
survive in unique and low nutrient environments (De Groote
and Huitt, 2006). Their lipid-rich cell wall influences the bacteria’s
ability to modulate autophagy (Zullo and Lee, 2012a). The ability
to form biofilms and survive in low nutrient environments
indicates that these bacteria can form unique replication niches
within the hosts’ cells that traditional mycobacterial drugs cannot
penetrate to be effective (Islam et al., 2012).

NTM and Autophagy

The induction of autophagy by mycobacteria is species-
dependent. Although all mycobacteria elicit strong mTOR
activation, most non-pathogenic mycobacteria simultaneously
induce significant autophagy, unlike their pathogenic relatives
(Zullo and Lee, 2012a). M. smegmatis is often utilized as a model
organism to study pathogenic mycobacteria due to its short
culture time and BSL2 classification (Deng et al., 2017). While a
low concentration of mTOR-inhibiting drugs like Rapamycin and
Torin are able to inhibit mTOR activation and induce autophagy
during mycobacterial infection (Zullo et al., 2014), clearance of
M. smegmatis requires up to 10 times higher quantity of those
drugs than needed to inhibit mTOR activation. Interestingly,
this killing was observed to be independent of LC3B or Atg5,
indicating a non-canonical autophagy pathway is involved in
the clearance of M. smegmatis from macrophages (Zullo et al.,
2014). This interesting observation suggests that targeting a non-
canonical autophagy pathway for mycobacterial treatment may
be useful. It has previously been shown that treatment of Mtb
infected macrophages with potent autophagy inducers such as
M. smegmatis can clear bacteria (Singh et al., 2017).

The role of autophagy during NTM has not been studied
extensively. However, evidence exists that genetic variants in
the autophagy-related genes, nucleotide-binding oligomerization
domain-containing 2 (NOD2), E3 ubiquitin-protein ligase
parkin (PARK2), IRGM, and autophagy-related proteins 16-1
(ATG16L1), are associated with susceptibility to mycobacterial
disease (Yang et al., 2014; Capela et al., 2016; Uaska Sartori
Priscila et al., 2020). A single nucleotide polymorphism (SNP)
in PARK?2 correlates significantly with increased susceptibility to
M. ulcerans infection, while an SNP in NOD2 is associated with
increased disease progression. Conversely, an SNP in ATG16L1
protects against severe disease during M. ulcerans infection
(Capela et al., 2016; Manry et al., 2020). Although not directly
associated with autophagy, other SNPs in iNOS and IFN-y have
been associated with increased susceptibility to Buruli Ulcer,
leprosy, and TB (Bibert et al., 2017).

The major virulence factor of M. ulcerans is mycolactone,
a cytotoxic, immunosuppressive polyketide-derived macrolide.
Mycolactone alone induces autophagy, although it impairs
autophagy flux (Gama et al., 2014). The induction of autophagy
is further evidenced by mycolactone’s ability to inhibit mTOR,
thereby resulting in the upregulation of apoptosis activating
protein, Bim (Bieri et al., 2017). This pathway signals through
the inactivation of Akt by an alternative mTOR pathway.
As such, activation of mTOR could lead to inhibition of
Bim and, subsequently, apoptosis, resulting in control of
bacterial infection.
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Two variants of M. abscessus and M. fortuitum are frequently
observed: rough (R) and smooth (S) (Byrd and Lyons, 1999;
Catherinot et al., 2007; Lee et al., 2016). It is widely accepted
that the R variant is hypervirulent compared to its S counterpart.
It is known that the loss of glycopeptidolipid (GPL) is the
cause of the S-variant of M. abscessus in several animal models
(Byrd and Lyons, 1999; Catherinot et al., 2007). A highly
virulent clinical isolate of M. abscessus-R significantly inhibited
autophagic flux than the S variant of M. abscessus. The R variant’s
intracellular survival is enhanced considerably by blocking the
autophagosome-lysosome fusion in macrophages compared to
the S variant (Kim et al., 2017c). These immunological effects
of NTMs have been mostly studied from the perspective of
respiratory illness and genome comparison studies focusing on
traditional virulence factors for related opportunistic pathogens
(N’Goma et al, 2015) indicates we have only a minimal
understanding of their impact during ulcerative infection.

Whereas M. abscessus S utilizes phosphatidyl-myoinositol to
mask TLR2 activation, M. fortuitum R does not induce the anti-
inflammatory molecule TNFAIP3 (Lee et al., 2016). TNFAIP3 is
an anti-apoptotic molecule that inhibits NF-kB and TNF-induced
cell death (Lee et al., 2000). TNF- o and the TLR2 signaling
pathway appear to play an essential role in M. fortuitum infection.
Some lipids of RGMs have differential terminal modifications
compared to those from pathogenic slow-growing mycobacteria.
Specifically, lipoarabinomannan (LAM) in RGM is capped with
phosphomyo-inositol (PI) caps compared to mannose (Man)
caps in pathogenic mycobacteria. Purified PI-LAM induces
significantly more apoptosis than purified Man-LAM in a TLR2
dependent manner (Bohsali et al., 2010). Similarly, PILAM
caused significant autophagy induction, unlike ManLAM, which
did not induce autophagy (Shui et al., 2011; Singh et al.,, 2019).
Although terminal modifications of LAM appear to play a role in
the modulation of apoptosis, total lipid from both pathogenic and
non-pathogenic mycobacteria can induce autophagy (Zullo et al.,
2014; Kim et al., 2017¢; Mishra et al,, 2019). Interestingly, while
total lipids from M. abscessus-R induce a significant autophagy
level, live M. marinum induces autophagy and simultaneously
inhibits autophagy flux, which leads to increased intracellular
survival (Lerena and Colombo, 2011; Kim et al., 2017¢; Oliveira
et al., 2020; Pohl et al., 2020).

It has been known for many years that autophagy is an
efficient mechanism to clear M. leprae from macrophages
(Evans and Levy, 1972). However, it has been recently
described that autophagy may be a major modulating factor
in leprosy disease presentation. In patients presenting with
multibacillary leprosy, there is significantly less autophagic
control in macrophages taken from patient lesions than
patients presenting with paucibacillary tuberculoid leprosy (Silva
et al, 2017a). This supports previous studies which found
that the autophagy inhibiting cytokine IL-10 is predominant
in multibacillary leprosy compared to high levels of IL-
26, IFN-y, and TNF-a, autophagy inducing cytokines, found
during paucibacillary tuberculoid leprosy (Yamamura, 1992;
Sieling and Modlin, 1994; Nath, 2016; Dang et al, 2019).
Multibacillary leprosy patients who developed type 1 reaction
(T1R) episodes demonstrated dysregulation of autophagy genes

and significantly increased expression of the mTOR complex
leading to overexpression of the NLRP3-inflammasome-IL-1B
pathway. These data demonstrate that leprosy treatment with
pro-autophagic drugs may improve treatment outcomes by
reducing reversal reaction risk (de Mattos Barbosa et al., 2018).

The establishment of uncontrolled mycobacterial infection in
an extracellular bacterial milieu or biofilm presents significant
complications for treatment (Greendyke and Byrd, 2008). Many
mycobacterial species causing ulcerative diseases are widely
considered to have significantly reduced sensitivity to antibiotics
and a natural ability to acquire antibiotic resistance, making it
very hard to treat and leading to high failure rates (Moore and
Frerichs, 1953; Jarlier and Nikaido, 1990; Sanguinetti et al., 2001;
Nessar et al., 2012). Utilizing host-directed therapies, such as
those inducing autophagy, to inhibit bacterial release from the
cell and form biofilms or bacterial milieus may enhance the
efficacy of currently available antibiotics.

HARNESSING AUTOPHAGY TO FIGHT
MYCOBACTERIA

Targeting Autophagy to Treat a

Mycobacterial Infection

Rapamycin has been the most frequently used autophagy-
inducing drug for host-directed therapies. While Rapamycin
appears to improve pathology during Mtb infection, there is
evidence that it is directly antimycobacterial in vitro at the high
concentration used for the reported studies. Rapamycin does
not seem to have a direct effect on M. smegmatis or BCG for
short periods. Still, it was found to significantly inhibit BCG,
M. kansasii, M. avium, and multiple virulent Mtb strains over
7-8 days incubation (Greenstein et al., 2008; Zullo et al., 2014).
This direct antimycobacterial activity is somewhat unsurprising
as Rapamycin was initially discovered as a novel antifungal
antibiotic (Singh et al, 1979). Rapamycin is not the only
drug evaluated as a host-directed therapy for the treatment
of tuberculosis. Some medications, such as azithromycin and
metformin, have been found to decrease mycobacterial infections
in patients with cystic fibrosis and diabetes due to their ability to
increase the autophagic clearance of bacteria (Renna et al., 2011;
Tseng, 2018). Table 1 summarizes the drugs and compounds that
have been tested for their ability to induce autophagy and treat
mycobacterial diseases.

Of importance, the use of Rapamycin to treat infectious
diseases is not practical due to its immunosuppressant actions.
Gupta et al. (2014) have attempted to address this issue with
the administration of Rapamycin by microparticles directly
to the airway. Highlighting the delicate balance needed for
host-directed therapies, the study found that the induction
of autophagy in the lung macrophages was inverse to the
dosing interval. In vitro and in vivo rapamycin microparticles
induce autophagolysosomal formation in macrophages infected
with Mtb in an mTOR-dependent manner (Gupta et al., 2014;
Gupta et al., 2016). Rapamycin alone significantly improved
pathology during Mtb infection in a mouse model but did
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TABLE 1 | Summary of current experimental treatments inducing autophagy during M. tuberculosis infection.

Drug

Model

Mode

References

Small Molecule Enhancers of

Rapamycin
Rifampicin
Linezolid
Bedaquiline
Nitazoxanide

Baicalin

Vitamin D

4-phenylbutyrate

Gefitinib

Carbamazepine

Valproic acid

Loperamide

Simvastatin

Metformin

Trehalose

Mycobacterial PILAM

Nordi-hydroguaiaretic acid

Lactoferricin peptides

M. bovis BCG infection of primary human macrophages

Mtb infection of human differentiated monocytes
Mtb infection of human differentiated monocytes
Mtb infection of human differentiated monocytes

Mtb infection of human differentiated monocytes. M. leprae
infection of mice

Mtb infection of mouse macrophages

Mib/HIV co-infection model of primary human macrophages

Mtb infection of human monocytes

Mitb infection of murine bone marrow-derived macrophages

Mtb infection of human-derived macrophages or murine
alveolar macrophages. M. marinum zebrafish model of
infection. MDR Mtb infection of C57BL/6 mice

Mitb infection of human-derived macrophages or murine
alveolar macrophages

Mtb infection of human-derived macrophages or murine
alveolar macrophages

Mitb infection of C57BL/6 mice

Mib infection of C57BL/6 mice

Mtb/M. avium/M. fortuitum infection of human differentiated
monocytes

Mtb infection of murine macrophages

Avirulent Mtb infection of human differentiated monocytes

M. avium infection of murine bone marrow macrophages

Induce autophagy independently of mTOR

Increased autolysosome formation, directly antimycobacterial
Increased autophagosomes production, directly antimycobacterial
Increased autophagosomes production, directly antimycobacterial
Increased autophagy by inhibition of NADPH quinone
oxidoreductase 1 leading to mTOR inhibition by TSC2

Induce autophagy via the PI3BK/Akt/mTOR pathway, inhibit NLRP3
inflammasome activation via the PIBK/Akt/NF-kB, reduction of
proinflammatory cytokines

Cathelicidin dependent induction of autophagy

Induction of LL-37 promoting autophagy via P2RX7 receptor,
increasing free Ca®* and activation of AMPK and Ptdins3K
pathway.

STATS3 dependent cytokine responses, increasing lysosomal
trafficking

Induce autophagy by blocking myoinositol uptake, decreasing
phosphatidylinositol, and activating AMP kinase in an mTOR
independent manner.

Increases colocalization of LC3 with Mtb

Increases colocalization of LC3 with Mtb and reduces TNF-a
production

Reduction of membrane cholesterol levels promotes phagosomal
maturation and autophagy

Induction of mitochondrial reactive oxygen species, AMPK
activation, and autophagy induction

Increase autophagy flux through activation of ptdins3P by activation
of PIKFYVE

Induction of autophagy and pro-inflammatory cytokines, enhanced
colocalization of Mtb with phagolysosomes

Directly antimycobacterial, induce autophagosome formation and
colocalization with Mtb

Increased autophagosome formation

Floto et al., 2007

Genestet et al., 2018
Genestet et al., 2018
Genestet et al., 2018

Lam et al., 2012; Bailey
etal., 2017

Lin et al., 2013; Zhang
etal., 2017

Liu et al., 2007; Martineau
etal., 2007; Yuk et al.,
2009; Jo, 2010; Campbell
and Spector, 2012b

Rekha et al., 2015

Stanley et al., 2014; Sogi
etal.,, 2017

Schiebler et al., 2015;
Juarez et al., 2016

Schiebler et al., 2015;
Juarez et al., 2016

Juérez et al., 2016

Parihar et al., 2013

Singhal et al., 2014;
Restrepo, 2016

Sarkar et al., 2007; Sharma
etal., 2020

Shui et al., 2011; Singh
etal., 2019

Guzman-Beltran et al.,
2016

Silva et al., 2017b
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not clear bacteria. Co-administration of isoniazid and rifabutin
with Rapamycin microparticles considerably improved bacterial
clearance (Gupta et al., 2014, 2016). As the administration
of microparticles with autophagy-inducing drugs may improve
traditional antimycobacterial chemotherapies, an alternative
strategy is utilizing microparticles that directly induce autophagy.
Poly (lactic-co-glycolic acid) microparticles were found to be
antimycobacterial in human macrophages. For example, NFkB
activity was increased during microparticle treatment, and
antimycobacterial effects were reversed by autophagy inhibitors
(Lawlor et al., 2016).

An antiprotozoal drug, nitazoxanide, has been extensively
tested to treat Mtb and NTMs alone and in conjunction with
traditional antimycobacterial medicines. These conventional
antibiotics were not found to inhibit autophagosome formation
stimulated by nitazoxanide (Lam et al, 2012). Nitazoxanide
has been previously explored as an autophagy agonist for
treating multiple disease states such as Alzheimer’s and cancer
(Di Santo and Ehrisman, 2014; Li et al., 2020). It has also
been examined as a potential treatment option against several
mycobacteria including M. leprae (Bailey et al, 2017) and
MAC (Rossignol, 1999). Nitazoxanide is metabolized into
hydroxylamine by mycobacterial nitroreductase NfnB (Buchieri
et al., 2017). Interestingly, nitazoxanide can kill replicating and
non-replicating mycobacteria, emphasizing its potential role in
combating latent mycobacterial infection (de Carvalho et al,
2009; Tacobino et al., 2019). Like Rapamycin and nitazoxanide,
metformin also increases bacterial clearance during traditional
anti-mycobacterial treatment, while inducing autophagy (Singhal
et al., 2014; Lachmandas et al., 2019).

Two of the most promising experimental host-directed
therapies against M. tuberculosis are Vitamin D3 and Metformin
(Naicker et al, 2020). Metformin was shown to increase
mitochondrial reactive oxygen species production, acting
through AMPK, leading to control of drug-resistant Mtb and
facilitation of phagolysosome fusion (Singhal et al., 2014; Yew
et al,, 2020). There also appears to be a correlation between
metformin treatment for diabetes mellitus type II and delayed
smear and culture conversion and reduced unfavorable outcomes
(Singhal et al., 2014; Degner et al., 2017; Marupuru et al., 2017;
Lee et al,, 2018; Padmapriyadarsini et al., 2019). While metformin
shows promise in preventing TB in type II diabetes patients,
Vitamin D supplementation showed no improvement in TB
treatment outcomes in patients with vitamin D sufficiency during
drug sensitive Mtb infection. However, vitamin D deficiency is
associated with an increased risk of Mtb infection (Ustianowski
et al, 2005; Chun et al,, 2011). Vitamin D supplementation
did reduce the time to sputum culture conversion in patients
with Taql vitamin D receptor gene polymorphism, indicating
that Vitamin D does play an important role in TB treatment
outcomes. Vitamin D supplementation also improved the MDR-
TB sputum culture conversion rate (Zhang et al., 2019). In vitro
treatment with vitamin D during HIV and Mtb co-infection
or Mtb infection alone concluded that autophagy induction
was responsible for the better control of both HIV and Mtb in
macrophages (Yuk et al., 2009; Fabri et al., 2011; Campbell and
Spector, 2012a).

Many host pathways may constitute viable targets for host-
directed therapies (HDTs). Apoptosis and autophagy have been
the most explored HDT targets of Mtb and NTMs. Even
though apoptosis may be a possible target, there is mounting
evidence that NTMs can escape apoptotic bodies to ensure
survival and disease progression (Early et al., 2011; Bento et al.,
2020). Autophagy presents an exciting target as the induction of
autophagy promotes bacterial clearance and antigen presentation
(Castillo et al., 2012; Saini et al., 2016). The current recommended
treatment for NTM infection is clarithromycin or azithromycin,
ethambutol, and rifamycin (Griffith, 2018; Griffith, 2019; Daley
et al., 2020; Gopalaswamy et al, 2020). Azithromycin was
shown to inhibit autophagosome maturation resulting in an
increased risk of M. abscessus infection (Renna et al., 2011;
Torfs et al., 2019). It has also been found that many traditional
anti-mycobacterials, though directly antimycobacterial, also have
off-target effects that promote autophagy (Kim et al, 2012;
Zullo and Lee, 2012b). Unfortunately, the development of new
drugs targeting particular host pathways is often slow and
expensive. One potential strategy to expedite this drug discovery
is studying and assessing previous medications known to increase
autophagy and their effect on mycobacteria (Williams et al.,
2008; Sundaramurthy et al., 2013; Stanley et al., 2014; Kim et al,,
2019). Potentially repurposed autophagy targeting host-directed
therapies are summarized in Table 2. Many of these drugs are of
interest because of the modulation of the host immune response.
Accordingly, they should also be effective against a broad range
of mycobacteria and other intracellular pathogens.

As a better understanding of the role of infection-induced
autophagy transpires, more targeted host-directed therapy
approaches can be developed and exploited. With C4T4 (a TLR4
agonist), autophagy was induced in guinea pigs infected with Mtb
in a CLEC4E-dependent manner through MYD88 and PrdIns3K
activation, leading to reduced mycobacterial burden (Pahari et al.,
2020). Along with targeting cell receptors to activate autophagy,
there is increasing evidence that many microRNAs (miRNAs)
can be targeted to activate autophagy during mycobacterial
infection (Wang et al., 2013; Kim et al., 2015, 2017a,b; Kumar
et al.,, 2016; Etna et al., 2018; Liu et al., 2018; Li et al., 2019).
These miRNAs modulate autophagy through different upstream
pathways of mTOR. Mtb infection induces miRNA-144, which
targets the DNA damage regulated autophagy modulator 2
(DRAM2), resulting in autophagy inhibition through AMPK
(Kim et al., 2017b). Similar to targeting CLEC4E through TLR4
agonists, TLR2 and MYD88 are required to induce miRNA-125a
during Mtb infection. Mtb induces expression of miR-125a in
macrophages, which results in the inhibition of autophagy by
targeting UV radiation resistance-associated gene (UVRAG) in
the AMPK dependent manner (Kim et al., 2015).

Targeting Autophagy to Prevent
Mycobacterial Infection

BCG is widely used as a vaccine against tuberculosis. BCG
evades phagosome maturation, autophagy, MHC-II expression
of antigen-presenting cells (APCs), and T-cell activation (Deretic
et al., 1997; Singh et al., 2006; Miinz, 2016; Saini et al., 2016;
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TABLE 2 | Summary of repurposed autophagy targeting host-directed therapies against NTMs.

Reference

Role in Autophagy

Model

Drug

Renna et al., 2011

Blocks lysosomal acidification, impairing autophagosome

M. abscessus infection of primary human macrophages

and C57BL/6 mice

Azithromycin

degradation, directly antimycobacterial on susceptible strains

Nowotarska et al., 2017; Potoénjak et al.,

MEK inhibition of mTOR resulting in increased autophagy. Inhibition

of autophagy during adipogenic differentiation.

Directly antimycobacterial against M. abscessus,

Carvacrol

2018; Spalletta et al., 2018; Marini et al., 2019

M. chelonae, M. fortuitum, M. mucogenicum, M. avium

sbsp paratuberculosis, and M. smegmatis

Briining et al., 2014; Kaushik et al., 2019;

Shoen et al., 2019

mTOR inhibition

Directly antimycobacterial against M. abscessus,

M. chelonae, and M. fortuitum

Tetracycline

Rodrigues et al., 2008; Deshpande et al., 2016;

Seervi et al., 2018; Chu et al., 2019

Upregulation of AMPK activity leading to autophagy induction.

In vitro clearance of M. avium from Thp-1 macrophages,

possible efflux pump inhibitor

Thioridazine

1999, 2012; Shin et al., 2012

Bermudez et al.,

Highly induced formation of autophagosomes in neuroblastoma

cells

Directly antimycobacterial against M. avium complex in

culture. In vivo clearance in mice

Mefloquine

Williams et al., 2008

Decreased disease progression in in vitro, fly, and zebrafish Clearance of soluble huntingtin exon 1 during M. leprae infection by
models of infection autophagy

Clonidine/Verapamil/Minoxidil

Khan et al,, 2019). Clinical isolates of Mtb that could not
inhibit autophagy showed increased TB disease outcomes and
the extent of disease (Li et al., 2016), strongly indicating that
autophagy is a crucial host pathway for the control of TB.
The ability to utilize this essential host pathway could prove a
viable avenue for improving mycobacterial vaccines (Yuk and
Jo, 2014; Flores-Valdez et al., 2018; Tao and Drexler, 2020).
Notably, the yellow fever vaccine, YF-17D, one of the most
successful vaccines, has been found to enhance autophagy-
dependent antigen presentation. The mechanisms of the vaccine
efficacy by YF-17D were not well understood until its role in
autophagy modulation was deciphered (Ravindran et al., 2014).

Developing new vaccines or improving the BCG by harnessing
autophagy is an area of interest and has garnered examination.
BCG, like Mtb, expresses a wide array of bacterial effectors
that modulate autophagy, but co-immunization of mice with
BCG and rapamycin-treated dendritic cells enhanced Thl-
mediated protection against Mtb infection (Jagannath et al,
2009). Similarly, it was demonstrated that a recombinant
BCG expressing 85C5 (BCG®°C5) induced a robust MHC-II-
dependent antigen presentation to CD4" T cells in vitro. The
85C5 peptide contains the TLR-2 activating C5 peptide from
Mtb CFP-10 protein. The vaccine also elicited stronger Thl
cytokines from APCs of C57Bl/6 mice and enhanced MHC-II
surface expression on macrophages by inhibiting the membrane
associated RING-CH 1 (MARCHI1) E3 ligase that degrades
MHC-IL. BCG®©® infected APCs presented antigens in a MyD88
or a TLR-2 dependent manner (Khan et al., 2019). Additionally,
activation of TLR3 or TLR4 by LPS cleared mycobacteria in vitro
in an autophagy-dependent way (Xu et al., 2007, 2013).

BCG was genetically modified to improve its immunogenicity
by replacing the urease C encoding gene with the listeriolysin
encoding gene from Listeria monocytogenes (Nieuwenhuizen
etal., 2017). Listeriolysin perturbates the phagosomal membrane
at acidic pH and Urease C neutralize the phagosome
harboring BCG. Deletion of ureC leads to rapid phagosome
acidification and promotes phagolysosome fusion. Subsequently,
BCGAureC:hly elevates apoptosis and autophagy and accelerates
release of mycobacterial antigens into the cytosol. The
BCGAureC:hly vaccine completed phase I and Ila clinical
trials. Upon deleting the anti-apoptotic gene nuoG to enhance
cross protection, BCGAureC:hly AnuoG vaccine showed reduced
Mtb burden in the lungs of mice leading to less pathology
and, most importantly, enhanced immune responses. It was
found that the nuoG deletion leads to significant induction of
autophagy and an improved safety profile (Gengenbacher et al.,
2016). M. indicus pranii is another potential immunotherapy and
vaccine candidate under clinical trials (Gupta et al., 2012; Saqib
et al., 2016; Sharma et al., 2017). Boosting BCG vaccination with
M. indicus pranii resulted in improved protection in a murine
model of Mtb infection. Increased IFN-vy, IL-12, and IL-17 were
observed along with increased polyfunctional T cells (Saqib et al.,
2016). This increased protection and immune response were
subsequently due to increased autophagy induced by M. indicus
pranii, potentially due to its PILAM (Singh et al., 2017, 2019).

While improving the BCG vaccine appears a viable short-term
solution to improve vaccine efficacy against Mtb, the efforts
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to develop new vaccines must be continued. BCG is a live
attenuated vaccine, but it is not suitable for use in all cases. The
development of other vaccine options, such as DNA vaccines
or subunit vaccines, would significantly advance the vaccination
strategy against Mtb and NTMs. A DNA vaccine encoding for
the potent Mtb antigen 85B (Ag85B) significantly enhanced
autophagy activation and vaccine efficacy when delivered with a
plasmid encoding a kinase defective (mMTOR-KD) (Meerak et al.,
2013). This mTOR-KD DNA vaccine-elicited considerably higher
Ag85B-specific antibodies, increased secretion of IFN-y and IL-
2 levels, and enhanced proliferation of CD4" T cells. Similar
to this approach, it was found that an LC3-LpqH-Ag85B DNA
vaccination reduced mycobacterial burden, increased IFN-y and
IL-2, and enhanced the Th1l immune response (Hu et al., 2014).

Adjuvating or boosting BCG with autophagy-inducing
substrates has also been examined as a potential way to
increase the efficacy of current vaccines. Curcumin-coated
nanoparticles have been found to enhance autophagy, leading
to increased Thl and Th17 central memory T cells (Ahmad
et al., 2019). Other studies have identified autophagy as having
an essential role in forming and surviving memory T cells
(Xu et al., 2014). Like curcumin nanoparticles, boosting BCG
vaccine with nanofibers acting through the autophagy pathway
improved BCG efficacy (Rudra et al, 2017; Chesson et al.,
2018). While some DNA vaccines directly target autophagy, the
development of an adjuvant system targeting autophagy may
improve the efficacy of potential subunit vaccines. Utilizing
the lactic acid bacteria (LAB) as an adjuvant for Mtb antigens
showed improved IFN-y and NO responses, polarizing a Thl
response and increasing autophagosome formation. Although
LAB’s protective efficacy was not tested, these improved
immunological responses compared to Mtb antigen alone are
promising (Ghadimi et al., 2010).

CONCLUSION

Autophagy has been established as an effective mechanism for the
clearance of mycobacteria from the infected macrophages. Many
studies have looked at the potential of autophagy-inducing drugs
to improve current treatment regimens against mycobacteria.
Due to the dramatic rise of antibiotic-resistant mycobacteria
and the upsurge of NTMs that are intrinsically resistant to
traditional antibiotics, host-directed therapies are even more
relevant (Deretic, 2008; Kim et al., 2012; Zullo and Lee, 2012b;
Kim et al., 2019; Bento et al., 2020).

While Mtb inhibits apoptosis for bacterial survival (Hinchey
et al., 2007), NTMs utilize the hosts’ cellular progression from
apoptosis to secondary necrosis (Gao and Kwaik, 2000; Lee
et al, 2011) or induce membrane perforation (similar to that
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and Impairs Bacterial Replication
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Hijacking the autophagic machinery is a key mechanism through which invasive
pathogens such as Staphylococcus aureus replicate in their host cells. We have
previously demonstrated that the bacteria replicate in phagosomes labeled with the
autophagic protein LC3, before escaping to the cytoplasm. Here, we show that the Ca®*-
dependent PKCo binds to S. aureus-containing phagosomes and that a-hemolysin,
secreted by S. aureus, promotes this recruitment of PKCa to phagosomal membranes.
Interestingly, the presence of PKCa prevents the association of the autophagic protein
LC3. Live cell imaging experiments using the PKC activity reporter CKAR reveal that
treatment of cells with S. aureus culture supernatants containing staphylococcal secreted
factors transiently activates PKC. Functional studies reveal that overexpression of PKCo
causes a marked inhibition of bacterial replication. Taken together, our data identify
enhancing PKCa activity as a potential approach to inhibit S. aureus replication in
mammalian cells.

Keywords: Staphylococcus aureus, autophagy, xenophagy, Protein Kinase C, LC3

INTRODUCTION

Autophagy is a cellular degradative process that not only plays an essential role in cellular
homeostasis, but also in clearing infection by certain pathogens, a process known as xenophagy.
Specifically, xenophagy is a selective defense mechanism by which, once microorganisms are
recognized by the cell, proteins known as autophagic adaptors/receptors recruit LC3 and
components of the autophagic machinery toward them (1-4). Pathogens sequestered in the
interior of autophagosomes are degraded by the fusion of these vacuoles with lysosomes. Many
invasive bacterial pathogens, including species of Salmonella, Shigella and Mycobacterium, induce
an autophagic response in host cells, which leads to the degradation of these pathogens or partial
restriction of their intracellular growth (5-7). However, the generated autophagic response is
occasionally unsuccessful, as some microorganisms are able to manipulate this pathway for their
own benefit in order to survive and replicate in the host cells (8). A clear example of this behavior is
Staphylococcus aureus, a major hospital- and community-acquired pathogen associated with
significant mortality (9). Understanding the mechanism by which S. aureus evades xenophagy
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has important therapeutic potential, particularly given the
appearance of strains that manifest antibiotic resistance (10).

S. aureus exerts its effects both by the release of toxins and
enzymes secreted by the bacterium, and by efficiently invading
epithelial and endothelial cells (11-13). Once in the interior of
the cells, S. aureus transits the phagosomal pathway, avoiding
lysosomal degradation, to finally escape from phagosomes via a
toxin-dependent mechanism to further replicate in the
cytoplasm of the host cells (14, 15). It has been previously
demonstrated that the S. aureus-containing phagosome is
clearly marked by the autophagic protein LC3 (16). We have
previously shown that, although S. aureus can localize into
autophagosomes, their maturation is blocked and the fusion
with lysosomes is inhibited, allowing bacterial replication inside
this vacuole (16). Indeed, these S. aureus-containing
compartments were also identified as autophagosomes by
electron microscopy, due to their characteristic double
membranes (17). Finally, S. aureus escapes from the
autophagosomes and once in the cytoplasm, the bacterium
induces apoptosis through a caspase-independent mechanism
which allows the infection to spread (17).

S. aureus infection is accompanied by changes in the
intracellular levels of second messengers. For example, it has
been reported that when this pathogen invades cells, cAMP levels
are decreased (18), leading to reduced activation of the protein
Epac, in turn causing, higher levels of autophagy which are
beneficial for the staphylococcal infection (19). On the other
hand, it has also been reported that S. aureus invasion increases
intracellular Ca®* levels (20), suggesting that transducers of Ca**
signals might also be involved in the regulation of S. aureus-
induced autophagy.

A key transducer of Ca®* signals is the subfamily of
conventional isozymes of the Protein Kinase C (PKC) family
of Ser/Thr kinases. PKC isozymes are involved in transduction of
a wide range of extracellular signals that control important
cellular functions, including the autophagic response (21).
Conventional (PKCo, PKCB and PKCy) and novel (PKCS,
PKCe, PKCn and PKCO) PKC family members are activated
following receptor-mediated generation of diacylglycerol (DAG),
which binds to their diacylglycerol-sensing C1 domains (22).
Whereas novel PKC isozymes are activated by DAG alone, the
conventional PKC isozymes have a lower affinity for DAG and
require Ca**-dependent targeting to membranes via their Ca®*-
sensing C2 domain (22). It has been described that novel PKC
isozymes participate both in xenophagy and in host cell
responses against bacterial infection. For example, PKCe is
implicated in innate immunity due to its role in the activation
of macrophages in defense against S. aureus and E. coli infection
(23). Also, it has been shown that both DAG and PKCS have a
role in the autophagy of Salmonella typhimurium (24). As for
Ca®"-regulated conventional PKCs, PKCo. impairs intracellular
replication of Legionella pneumophila in macrophages (25), in
addition, PKCo. has been shown to be important in phagosomal
maturation of latex beads phagosomes (26). However, the role of
conventional PKC isozymes in xenophagy remains to
be elucidated.

In the present report we have determined that DAG is present
in the membranes of phagosomes containing S. aureus and that a
conventional PKC isozyme, PKCa, is able to associate with these
compartments in an o-hemolysin dependent manner. We have
determined that the presence of PKCa in the S. aureus
phagosome depends on Ca®" concentration but is independent
of the presence of DAG on the phagosomal membranes.
Interestingly, in those phagosomes labelled by PKCa, the
recruitment of the autophagic protein LC3 was hampered,
indicating that the association of both proteins with the
phagosomal membrane was mutually exclusive. In addition, we
have found that overexpression of PKCo impaired the efficient
intracellular replication of the bacteria. In summary, we present
evidence that PKCo modulates the autophagic response induced
by S. aureus in epithelial cells.

MATERIALS AND METHODS

Materials

Cell culture media o-MEM was purchased from Gibco
(Invitrogen, Argentina) and fetal bovine serum (FBS) (A15-
101) was obtained from GE Healthcare Argentina S.A. Luria-
Bertani (LB) broth and agar (Miller) were purchased from Merck
(Merck S.A., Buenos Aires, Argentina). Chloramphenicol,
gentamycin, U73122, 1-Butanol, G66976, PDBu (Phorbol
12,13-dibutirate) and Staphylococcus aureus o-hemolysin
(H9395) were obtained from Sigma Aldrich. DNA markers
Hoechst 33342 and Topro were from Molecular Probes
(Buenos Aires, Argentina).

Cell Culture

Adherent epithelial CHO-K1 (Chinese Hamster Ovary) cells
from ATCC were cultured in o-MEM supplemented with 10%
of FBS, streptomycin (50ug/ml) and penicillin (50 U/ml).

Plasmids and Transfection

GFP-PKCo, GFP-PKCPII, GFP-PKCy, and GFP-PKCn were
provided by Dr. Yusuf Hannun (Medical University of South
Carolina, USA), GFP-PKCS and GFP-PKCe were a gift from Dr.
Dominique Joubert (Universtites Montpellier, Francia). PKCS-
C1-GFP was kindly provided by Dr. Mauricio Terebiznik
(University of Toronto, Canada). Cells were transfected with
Lipofectamine 3000, Lipofectamine 2000 or JetPrime, following
the manufacturer’s instructions.

Bacteria Strains, Culture, and Infection

S. aureus wild type, wt (8325-4), the mutant deficient for o-
hemolysin: Hla (-) (DU1090) or the mutant Hla (-)
complemented with an o-hemolysin plasmid (DU1090/
pDU1212): Hla (-)+pHla were used. All strains were kindly
provided by Dr. Claudia Sola (CBICI-CONICET, Cordoba,
Argentina) and built by Dr. Richard J. O’Callaghan. Bacterial
strains were cultured overnight at 37°C in 10 ml of a LB broth
with the proper antibiotics for strain selection: streptomycin for
the selection of the plasmid DU1090 and chloramphenicol for
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the selection of the plasmid pDU1212. For infection
experiments, cells were resuspended in infection media (o
MEM supplemented with 10% FBS) to an OD=650 nm of 0.4
(~4x108 CFU) and diluted to a 10:1 multiplicity of infection
(MOI). 1 hour post infection, the media was washed to eliminate
extracellular bacteria and fresh infection media was added.
Afterward, cells were incubated for an additional 3 hours at
37°C, washed with PBS, fixed with 4% paraformaldehyde, and
processed for analysis by confocal microscopy.

Confocal Microscopy and

Image Processing

Cells were analyzed with the microscope Olympus Confocal
FV1000. The program FV10-ASW 3.0 was used for image
acquisition and imaging configuration. The obtained images
were processed by the deconvolution tool in Image].

Real-Time Kinase Activity Monitoring

CHO-K1 cells co-transfected with mCherry-PKCo and CKAR2 (C
Kinase Activity Reporter) were maintained in HBSS solution
(ThermoFischer) during the experiment. 1 ml of LB broth was
added to settle a baseline. After 5 minutes S. aureus culture
supernatants were added and, after 10 minutes, 1 UM of the
PKC inhibitor G66976 was added. To study the effect of -
hemolysin, 10 pg/ml or 30 pg/ml of pure protein was added to
the cells, followed by 200 nM of the PKC activator PDBu and
finally 1 pM G66976. Images were acquired using the microscope
Zeiss Axiovert (CarlZeiss Microimaging, Inc.) with the digital
camera MicroMax (Roper-Princeton Instruments) controlled by
the software Metafluor (Universal Imaging, Corp.). FRET (Foster
Resonance Energy Transfer) and CFP (Cyan Fluorescent Protein)
were obtained every 25 seconds. YFP (Yellow Fluorescent Protein)
and mCherry emissions were also obtained as transfection controls.

SDS-PAGE and Western Blot

CHO-KI1 cells were treated as indicated and lysed with RIPA
Bufter (150 mM NaCl, 1% Triton x-100, 50 mM Tris pH 7.5, 1%
Sodium Deoxycholate, 0.1% SDS, 2 mM EDTA, 50 mM NaF).
Bradford assays were performed to determine the protein
concentration in the obtained samples. Samples were run in
polyacrylamide gels and transferred to PVDF membranes
(BioRad). Membranes were blocked during 30 minutes with a
blocking solution (10% BSA, 0.05% Tween 20 in PBS) and washed
twice with 0.05% Tween 20 in PBS. Afterward, they were
incubated with specific antibodies diluted in 0.05% Tween 20 in
PBS Tween: 1 ug/ml rabbit polyclonal anti-LC3 (Sigma-Aldrich),
or 0.1 pg/ml rabbit monoclonal anti-actin (Developmental Studies
Hybridoma Bank, University of Iowa, USA) overnight at 4°C.
Membranes were incubated with secondary antibodies conjugated
with peroxidase (Sigma-Aldrich). Detection of immunoreactive
bands was performed by chemiluminescence in a FluorChem Q
imaging system (Protein Simple).

Colony Forming Units (CFU) Assay
CHO-K1 cells were transfected with GFP empty vector (GFPv)
or GFP-PKCo. Cells were subsequently infected for 2, 3 or 4 h

with S. aureus wt. At 1 hour post infection (h.p.i.), cells were
washed 3 times with 1X PBS, and incubated with gentamycin
(100 pg/ml) for 30 minutes to eliminate all extracellular bacteria.
After the infection period, cells were washed 3 times with 1X
PBS, and once with HBSS. Afterward, cells were lysed with sterile
distilled water for 10 minutes at room temperature. Cells were
collected using a scraper, and lysates were diluted in 1X PBS,
cultured in Brain Heart Infusion agar and incubated for 12 hours
at 37°C. Colonies were counted in plates which showed between
50-100 visible colonies.

Statistical Analysis

All the data are shown as the mean + standard error of the mean
(SEM) and analyzed with GraphPad Prism version 5.01
(GraphPad Software Inc.) using the Student’s t test. Figures
shown are representative of >3 experiments.

RESULTS

Diacylglycerol Is Present in the S. aureus-
Containing Phagosomes
Since DAG is required for activation of most members of the
PKC family, we first asked whether the surface of the phagosomal
membrane was conducive to PKC activation by assessing
whether DAG was located in the S. aureus phagosomal
membrane. CHO cells were transfected with the DAG sensor,
PKC3-C1-GFP, which consists of the C1 domain of PKCS fused
to green fluorescent protein (GFP). Cells were infected with S.
aureus wild type (wt, labeled with Topro, shown in blue) and at
4 h.pi. were fixed and processed for analysis by confocal
microscopy. As depicted in Figure 1, DAG was clearly present
in approximately 40% of the phagosomal membranes containing
S. aureus (Figures 1A, B and Supplementary Figure 1A).
Because it has been shown that internalized S. aureus resides
in autophagosomes (17), we next asked whether DAG was also
present in these autophagosomal membranes. For this purpose,
CHO cells were cotransfected with the DAG sensor and the
autophagic protein LC3 tagged with red fluorescent protein
(RFP-LC3). Following infection with S. aureus wt, examination
by confocal microscopy revealed that approximately 40% of the
S. aureus-containing autophagosomes, characterized by the
presence of LC3 in their membranes, were also labelled with
the DAG probe (Figures 1C, D and Supplementary Figure 1B).
These results demonstrate that the second messenger DAG is
part of the vacuolar membranes where S. aureus resides.

PKCa Is Recruited to the S. aureus-
Containing Phagosome

We next assessed whether the DAG-dependent PKC isozymes
(conventional and novel family members) associated with
phagosomes harboring S. aureus. For this purpose, CHO cells
were transfected with the conventional PKC isozymes GFP-
PKCo, GFP-PKCBII or GFP-PKCy (Figure 2A), or with the
novel PKC isozymes GFP-PKCS, GFP-PKCe or GFP-PKCn
(Figure 2B). Cells were infected with S. aureus wt and, at
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FIGURE 1 | DAG is present in the S. aureus phagosomal membranes. (A) Confocal microscopy images of CHO cells overexpressing PKC8-C1-GFP. Cells were
infected with S. aureus wt for 4 hours as indicated under Material and Methods. Bacteria were labelled with Topro (shown in blue). Images are representative of three
independent experiments. Bar: 10 um. (B) Quantification of S. aureus vacuoles labelled with PKC3-C1-GFP. Data are the mean + SEM of three independent
experiments. (C) Confocal microscopy images of CHO cells overexpressing PKC3-C1-GFP together with RFP-LC3 and infected with S. aureus wt for 4 hours.
Bacteria were labelled with Hoechst (shown in blue). Bar: 10 um. Images are representative of three independent experiments. (D) Quantification of S. aureus
vacuoles labelled with PKC8-C1-GFP and RFP-LC3. Data are the mean + SEM of three independent experiments.

4 h.p.i., were analyzed by confocal microscopy. As shown in
Figure 2 (Supplementary Figure 2A), we observed that only the
conventional isozyme PKCo was clearly recruited to the S.
aureus-containing phagosomes. To confirm that the
recruitment of the kinase was in fact to the phagosomal
membranes containing S. aureus, GFP-PKCo was cotransfected
with RFP-LAMPI, a late endosome marker, which has been
proven to be present in the phagosomal membranes containing
S. aureus (14). Cells were infected with S. aureus wt and at 4 h.p.i.,
confocal microscopy analysis showed that PKCa: colocalized with
LAMP1 at the membranes of phagosomes containing S. aureus
(Supplementary Figures 2B and 2C).

PKCa Recruitment to S. aureus
Phagosomes Does Not Depend on DAG

To assess whether the DAG present in S. aureus phagosomal
membranes was necessary to anchor PKCoa to these
compartments, we examined the effect of DAG synthesis
inhibition on PKCa localization to the S. aureus phagosomal
membranes. CHO cells were transfected with PKCS-C1-GFP
and subsequently treated with inhibitors of DAG synthesis. First,
the enzyme phospholipase C (PLC) which generates DAG by the

hydrolysis of PIP, (27) was inhibited using U73122. Treatment
of S. aureus infected cells with the inhibitor U73122 had no
significant effect on the amount of DAG present in the S. aureus
phagosomal membranes (Figures 3A, B). Second, cells were
treated with 1-butanol to inhibit phospholipase D (PLD). This
enzyme catalyzes the hydrolysis of phosphatidylcholine to
produce phosphatidic acid which is, in turn, converted into
DAG by the action of the phosphatidic acid phosphatase (27).
In contrast to the PLC inhibitor, treatment of S. aureus-infected
cells with the PLD inhibitor caused a decrease in the amount of
DAG present in phagosomal membranes (Figures 3A, B). These
data revealed that PLD was the major pathway responsible for
the production of DAG in the S. aureus-containing phagosomes.

Once we determined that the inhibition of PLD caused a
marked decrease in the presence of DAG in the phagosomal
membranes, we asked whether suppressing PLD activity altered
the recruitment of PKCo.. CHO cells were transiently transfected
with GFP-PKCa, treated with either the PLC or PLD inhibitors,
and infected with S. aureus wt. After 4 h.p.i., cells were fixed and
analyzed by confocal microscopy. Surprisingly, as shown in
Figures 3C, D, there was no change in the presence of the
kinase at the S. aureus-containing phagosomes. Thus, we
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Conventional PKCs

Novel PKCs

FIGURE 2 | PKCa. is recruited to S. aureus phagosomes. (A) Confocal microscopy images of CHO cells overexpressing each of the three members of the
conventional PKCs family: GFP-PKCa,, GFP-PKCBII, GFP-PKCy. Cells were infected with S. aureus wt for 4 hours. Bacteria were labelled with Topro (shown in blue).
Bar: 10 um. (B) Confocal microscopy images of CHO cells transfected with members of the novel PKC family: GFP-PKC8, GFP-PKCe or GFP-PKCn. Cells were
infected with S. aureus wt for 4 hours. Bacteria were labelled with Topro (shown in blue). Bar: 10 um. Figures are representative of five independent experiments.

concluded that PKCa is recruited to the phagosomal membranes
in a DAG-independent manner.

Because PKCo. activity and membrane localization is Ca**-
dependent, we next explored the dependence on Ca®' in
recruiting PKCa to S. aureus-containing phagosomes. CHO
cells overexpressing GFP-PKCa. were treated with the Ca®"
chelator BAPTA-AM. As we have previously described, S.
aureus secretes cytotoxins that are able to generate pores in the
plasma membrane allowing the entry of extracellular Ca** into
the cellular cytosol, therefore, we assessed Ca®" chelation in
Krebs solution with or without Ca**. In both conditions, cells
were infected with S. aureus wt and after 4 h.p.i. they were
analyzed by confocal microscopy. As shown in Figures 3E, F,
cells treated with BAPTA-AM in a medium without Ca®*
showed a significant decrease of PKCo. recruitment to the
phagosomal membranes, indicating that this second messenger
is required for the translocation and binding of PKCo. to the S.
aureus phagosomes.

PKCoa Recruitment Depends on S. aureus
a-hemolysin

We next sought to determine whether the observed PKCo
recruitment was dependent on S. aureus viability. For this
purpose, bacteria were first inactivated by incubation at 95°C
for 10 minutes, and subsequently internalized by CHO cells

overexpressing GFP-PKCo. As shown in Figures 4A, B, PKCo.
was not recruited to heat-inactivated S. aureus, indicating that
the recruitment of PKCo only occurs when the bacteria enclosed
in the vacuoles are alive. Next, we addressed whether bacterial
protein synthesis was required for PKCo recruitment. S. aureus
wt was pre-incubated with the inhibitor of bacterial protein
synthesis, chloramphenicol. CHO cells were transfected with
GFP-PKCo and infected with these bacteria. PKCo was no
longer recruited to S. aureus when its protein synthesis was
prevented (Figures 4A, B), confirming that the synthesis of
bacterial products was required for PKCo's association to the
pathogen-containing phagosomes.

During staphylococcal infections, the bacteria produce a large
amount of secreted virulence factors such as toxins and enzymes.
One of the most important virulence factors secreted by S. aureus
is o-hemolysin (Hla), a cytotoxin able to generate pores in
cellular membranes (28). As we have previously demonstrated,
this toxin is required for activation of the autophagic pathway
during S. aureus cellular invasion (16). Having established that
synthesis of bacterial proteins is necessary for the association of
PKCoa with pathogen-containing phagosomes (Figures 4A, B),
we next addressed whether Hla was one of the bacterial secreted
factors responsible for PKCa recruitment. CHO cells
overexpressing GFP-PKCo. were infected with S. aureus wt, the
Hla deficient mutant strain S. aureus Hla (-), or the
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are the mean + SEM of three independent experiments. *p < 0.05.

complemented mutant S. aureus Hla (-)+pHla, which
overexpresses the toxin. The samples were processed and
analyzed by confocal microscopy. As depicted in Figures 4C
and 4D, cells infected with the Hla-deficient mutant showed a
marked decrease in the recruitment of PKCo to the bacterial
phagosomes. PKCa. association was restored to values similar to
those observed upon S. aureus wt infection when the cells were
infected with the complemented strain S. aureus Hla (-)+pHla.
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FIGURE 3 | PKCa: recruitment to the S. aureus phagosomes is independent of DAG but depends on Ca®*. (A) Confocal microscopy images of CHO cells
overexpressing PKC3-C1-GFP and treated with the PLC inhibitor, U73122 (1.5 pM), or the PLD inhibitor, 1-butanol (0.3% v/v), and infected for 4 hours with S.
aureus wt. Bacteria were labelled with Topro (depicted in blue). Bar: 10um. Images are representative of three independent experiments. (B) Quantification of S.
aureus vacuoles decorated with PKC3-C1-GFP. Data are the mean + SEM of three independent experiments. *p < 0.01. (C) Confocal microscopy images of CHO
cells overexpressing GFP-PKCo and treated with the PLC inhibitor, U73122 (1.5 uM) and the PLD inhibitor, 1-butanol (0.3% v/v), and infected for 4 hours with S.
aureus wt. Bacteria were labelled with Topro (shown in blue). Images are representative of three independent experiments. Bar: 10 um. (D) Quantification of S.
aureus vacuoles recruiting GFP-PKCa.. Data are the mean + SEM of three independent experiments. (E) Confocal microscopy images of CHO cells overexpressing
GFP-PKCo. treated with 10 uM BAPTA-AM in Krebs solution with (2.5 mM) or without Ca®* and infected with S. aureus wt for 4 hours. Bacteria were labelled with
Topro (shown in blue). Bar: 10 um. Images are representative of three independent experiments. (F) Quantification of S. aureus vacuoles recruiting GFP-PKCo.. Data

Taken together, these results indicate that the bacterial
production of Hla was critical for the recruitment of PKCo to
the phagosomes harboring S. aureus.

S. aureus Secreted Factors

Activate PKCa

Having established that PKCo was recruited to S. aureus-
containing phagosomes by a mechanism that depended on the
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FIGURE 4 | PKCa. recruitment to S. aureus phagosomes depends on a-hemolysin. (A) Confocal microscopy images of CHO cells overexpressing GFP-PKCa, and
then infected for 4 hours with S. aureus wt, S. aureus wt killed by heat or S. aureus wt treated with chloramphenicol. Bacteria were labelled with Hoechst (shown in
blue). Bar: 10 um. Images are representative of four independent experiments. (B) Quantification of S. aureus vacuoles labelled with GFP-PKCa in cells infected with
S. aureus wt, S. aureus wt heat killed or S. aureus wt inactivated by chloramphenicol treatment. Data are the mean + SEM of four independent experiments.

***p < 0.0001. (C) Confocal microscopy images of CHO cells overexpressing GFP-PKCa, and then infected with S. aureus wt, S. aureus Hla (-), mutant deficient of
a-hemolysin or S. aureus Hla (-)+pHla, mutant complemented with the a-hemolysin for 4 hours. Bacteria were labelled with Topro (shown in blue). Images are
representative of five independent experiments. Bar: 10 um. (D) Quantification of S. aureus vacuoles labelled with GFP-PKCa. in cells infected with S. aureus wt, S.
aureus Hla (-) or S. aureus Hla (-)+pHla. Data are the mean + SEM of five independent experiments. “**p < 0.0001; ns, non significant.
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secreted toxin o-hemolysin, we next examined whether bacterial
factors were able to activate PKCo.. To this end, we used a
genetically encoded C Kinase Activity Reporter (CKAR2), which
consists of a PKC specific substrate flanked by mCerulean and a
yellow fluorescent protein (YFP) (29). Phosphorylation of the
reporter by PKC results in a change in the fluorescence
resonance energy transfer (FRET) that functions as a read out
for activity of the kinase (30). CHO cells cotransfected with
CKAR2 and mCherry-PKCa, were treated with S. aureus culture
supernatants, in order to stimulate cells with those virulence
factors secreted by the bacterium. Since the LB broth used to
grow bacteria is yellow and interferes with the CFP emission, in
all the experiments cells were first treated with LB broth to
establish a new baseline and then stimulated with S. aureus
culture supernatants. Following stimulation with S. aureus
supernatant, cells were treated with the PKC inhibitor G66976,
which inhibits conventional PKC isozymes (31). Treatment of
cells with the culture supernatant of S. aureus wt (red line), but
not LB broth alone (green line) resulted in a transient activation
of PKC, as assessed by the increase in FRET ratio (Figure 5A).
These data suggested that factors secreted by S. aureus
activate PKCa.

We next addressed whether specifically o-hemolysin in the S.
aureus supernatant was responsible for the observed PKCo

activation. Cells overexpressing mCherry-PKCa and CKAR2
were treated with the supernatants from cultures of S. aureus
wt, S. aureus Hla (=), or S. aureus Hla (-)+pHla. Whereas
treatment of cells with S. aureus wt culture supernatant (red
line) caused PKC activation, supernatant from the Hla-deficient
mutant strain (violet line) did not cause activation of PKC
(Figure 5B). As expected, activation was restored upon
treatment of cells with the supernatant of the mutant
complemented with the toxin, S. aureus Hla (-)+pHla (blue
line) (Figure 5B). Indeed, the S. aureus Hla (-)+pHla’s
supernatant caused an even greater PKC activation peak than
the one produced by the wild type strain. Thus, we concluded
that the secreted o-hemolysin is necessary for PKCa activation.
Next, in order to determine whether the c-hemolysin itself
was able to activate PKCa, CHO cells cotransfected with
mCherry-PKCo and CKAR2 were stimulated with two
different concentrations of purified toxin, 10 pg/ml and 30 pg/
ml. Neither concentration induced activation of the kinase
(Figure 5C). To confirm that the system was active, cells were
stimulated with the phorbol ester PDBu, a PKC agonist, and the
expected activation peak was observed. Thus, o-hemolysin was
necessary, but not sufficient, for the activation of PKCo.. These
data suggest that the presence of other virulence factors secreted
by the bacterium likely contribute to the activation of PKCa.
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FIGURE 5 | PKCa is activated by the virulence factors secreted by S. aureus. By the use of a genetically encoded biosensor, the C kinase activity reporter (CKAR2),
PKC activity was assessed as indicated in Material and Methods. (A) CHO cells co-expressing CKAR2 and mCherry-PKCo were treated with LB broth to set a
baseline. After 5 minutes of stable baseline, they were treated with S. aureus wt culture supernatant (red line) and then treated with the PKC inhibitor G66976 (1 uM).
The control condition (green line) corresponds to LB broth. (B) CHO cells co-expressing CKAR and mCherry-PKCa were treated with LB broth to settle a baseline,
then, after 5 minutes they were treated with S. aureus wt (red line), S. aureus Hla (=) (blue line) or S. aureus Hla (-)+pHila (violet line) culture supernatants and then
treated with the inhibitor G66976 (1 uM). (C) CHO cells co-overexpressing CKAR2 and mCherry-PKCa. were treated with 10 ug/ml (pink line) or 30 pg/ml (red line) of
a-hemolysin pure protein. After 25 minutes, cells were treated with the PKC agonist PDBu (200 nM) and 12 minutes afterward, the PKC inhibitor G66976 (1 uM) was
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PKCoa Inhibits the Autophagy Induced by
S. aureus Invasion

After demonstrating that the conventional isozyme PKCo is
recruited to the phagosomes where S. aureus resides during its
invasion, and that the secreted factors produced by the bacterium
activate the kinase, we next examined whether this enzyme
regulates the autophagic response that is induced during
infection. First, we analyzed whether PKCo presence in
phagosomes affected the recruitment of the autophagic protein
LC3 to the phagosomal membrane. Cells were cotransfected with
RFP-LC3 and GFP-PKCo, or RFP-LC3 and GFP empty vector as
a control, infected with S. aureus wt and, after 4 hours, cells were
fixed and analyzed by confocal microscopy. Surprisingly, the
overexpression of PKCo caused around 40% decrease in the

recruitment of the autophagic protein LC3 to the phagosomal
membranes (Figures 6A, B). We also observed that PKCo and
LC3 did not colocalize at the phagosomal membranes, but rather
they were mutually exclusive: phagosomes in which PKCo was
present had no detectable LC3 and vice versa (Figure 6C).

We next examined whether PKCo modulated autophagy by
assessing one of the earliest events in autophagy: processing of
the autophagic protein LC3 from the cytoplasmic form LC3-I to
the lipidated form LC3-II, which is able to bind to
autophagosomal membranes. The conversion of LC3-I to LC3-
II as detected by Western blot can be used to measure the
activation of autophagy. CHO cells were treated in the following
conditions: i) control cells; ii) infected with S. aureus wt for 4
hours; iii) transfected with mCherry-PKCa; iv) transfected with

=p < 0.001, **p < 0.0001.
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FIGURE 6 | PKCo. inhibits autophagy induced by S. aureus. (A) Confocal microscopy images of CHO cells co-overexpressing GFP-PKCa. or GFP empty vector
(GFPv) and RFP-LC3 and infected for 4 hours with S. aureus wt. Bacteria were labelled with Topro, shown in blue. Bar: 10pm. Images are representative of five
independent experiments. (B) Quantification of S. aureus vacuoles recruiting RFP-LC3. **p < 0.001. (C) Quantification of S. aureus vacuoles recruiting GFP-PKCa,
RFP-LC3 or both. Data are the mean + SEM of five independent experiments. (D) Image of a Western blot analysis corresponding to a membrane incubated with
specific antibodies against LC3 and actin (as a loading control), of cell lysates obtained from CHO cells subjected to the following conditions: lane 1, control; lane 2,
infected with S. aureus wt for 4 hours; lane 3, transfected with mCherry-PKCao; lane 4, transfected with mCherry-PKCo and infected with S. aureus wt for 4 hours;
line 5, transfected with mCherry-PKCa, treated with the PKC inhibitor G66976 (250 nM) and infected with S. aureus wt for 4 hours. The figure is representative of
four independent experiments. (E) Quantification of the Western blot bands intensities with ImagedJ. Data are the mean + SEM of four independent experiments
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mCherry-PKCo and infected with S. aureus wt; v) transfected
with mCherry-PKCa, treated with the inhibitor G66976
and infected with S. aureus wt. Western blot analysis of cell
lysates with a specific antibody for LC3 revealed that, as
previously reported (19), LC3-II levels increased when the cells
were infected with S. aureus wt (Figures 6D, E, lane 2).
Interestingly, we found that when cells were transfected with
PKCo and subsequently infected with S. aureus, LC3-II levels
decreased significantly (Figures 6D, E, lane 4) compared to only
infection and no kinase overexpression. Also, we observed that in
cells treated with the inhibitor G66976 and infected with S.
aureus, LC3-1I levels were reestablished (Figures 6D, E, lane 5).
Thus, PKCo overexpression results in reduced association of
LC3 protein with phagosomes containing bacteria as assessed by
confocal microscopy, and reduced LC3-II levels, as assessed by
Western blot. Taken together, these results indicate that PKCo is
able to inhibit the autophagic response induced during
S. aureus infection.

PKCa Inhibits S. aureus

Intracellular Replication

S. aureus is one of the pathogen microorganisms that modulates
the autophagic pathway for its own benefit, utilizing the
autophagosomes as a protective niche, where it actively
replicates before escaping toward the cytoplasm (32). Given
that PKCa inhibited the autophagic response induced by S.
aureus, we reasoned that the ability of S. aureus to replicate in
the interior of cells might be regulated by PKCo. To assess this,
CHO cells were transfected with GFP-PKCo or GFP empty
vector as a control, infected with S. aureus wt and lysed after 2, 3
or 4 hours. Samples were cultured in Brain Hearth Infusion Agar
to allow quantification of bacterial colonies. As depicted in
Figure 7, PKCa expression caused a significant decrease in the
number of Colony Forming Units (CFU) compared to cells
transfected with the empty vector. Therefore, we concluded

that the overexpression of PKCa significantly impairs S. aureus
intracellular replication.

DISCUSSION

S. aureus is a pathogen responsible for a broad range of diseases
that vary from local controlled infections to life-threatening
systemic infections. The understanding of staphylococcal
infections has gained importance given the high antibiotic
resistance that the bacterium has developed in recent years. It
is crucial to find new ways of impairing the ability of this
bacterium to replicate in the interior of cells in order to
modulate the damage that it causes.

During bacterial infection, several mechanisms are triggered.
It is a battle between the survival mechanisms of the bacteria and
the countless signaling pathways that the cells activate in order to
avoid bacterial replication and promote their removal from the
host cell. Xenophagy is meant to be a degradation pathway that
contributes to the elimination of foreign pathogens, but S. aureus
utilizes the autophagosomes as a replicative niche (33). Here, we
have unraveled one novel signaling pathway that can be used to
prevent S. aureus from taking advantage of the autophagic
pathway for its replication. In this study, we have
demonstrated that the overexpression of PKCo during S.
aureus infection causes the recruitment of this kinase to the
phagosomal membranes, hampering the autophagic response
induced by the invasion of the bacterium, most likely by
phosphorylation of the autophagy protein LC3 (34). Moreover,
we have shown that overexpression of PKCa generates an
important decrease in the intracellular replication of S. aureus
in epithelial cells.

Our proposed model suggests that during S. aureus infection,
after internalization, the bacteria follow the previously described
intracellular pathway, residing in a phagosome whose membrane

2.5x10°
o~ BN GFPv
2.0x10° PKCa
*%
£ 1.5x10°%4
—
>
LL. 5
O 1.0x10°- .
5.0x104 T
- N
oL : :
2 3 4
Post infection hours
FIGURE 7 | PKCo decreases intracellular replication of S. aureus. Colony forming units (CFU) quantification (see Materials and Methods) of CHO cells
overexpressing GFP-PKCo. or GFPv and infected for 4 hours with S. aureus wt. Data are the mean + SEM of three independent experiments. **p < 0.001.
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is disrupted by Hla causing the recruitment of the autophagic
protein LC3. The bacteria use the double membrane
autophagosomes to actively replicate and subsequently, escape
toward the cytoplasm. However, when PKCo. is overexpressed
during S. aureus infection, the intracellular pathway that the
bacteria transit is altered: the action of the bacterial Hla and other
virulence factors secreted by S. aureus cause the activation of
PKCo. Then, the kinase is recruited to the phagosomal
membranes by action of the Hla. We hypothesize that PKCo
phosphorylates LC3, preventing its association with the
membranes of the compartments containing the bacteria,
causing the inhibition of autophagy and in turn, inhibiting the
intracellular replication of S. aureus (Figure 8).

The lipid DAG is an important second messenger involved in
a wide range of signaling pathways. Jongstra-Bilen and
collaborators showed an accumulation of DAG in the
phagosomal membranes containing opsonized latex beads. A
burst of DAG was observed during phagosomal formation by the
action of Bruton’s tyrosine kinase (Btk) (35). It has also been
reported that the autophagosomes where Salmonella
typhimurium resides present DAG in their membranes, which
is required for the activation of antibacterial autophagy (36).
Certain species of Listeria and S. aureus itself produce a
phospholipase C enzyme that is able to generate DAG in the
host cells (37). Indeed, S. aureus phospholipase C is considered
an important virulence factor that contributes to lung injury
during staphylococcal infections. In the present results, we have
determined that DAG was present in 40% of phagosomes
containing S. aureus (Figure 1), which were also labeled by the
autophagic protein LC3 (i.e. autophagic compartments), a

autophagy and impairs S. aureus intracellular replication.

similar behavior as the one observed during S. typhimurium
infection (36).

After screening the members of the PKC family that bind to
DAG, we found that the conventional isozyme PKCo is recruited
to the membranes of S. aureus containing-phagosomes (Figure 2
and Supplementary Figure 2). It is known that PKCe is present
in the phagosomal membranes of opsonized beads (38); it has
also been observed that PKCo is recruited to phagosomes
containing latex beads in murine macrophages, an interaction
that is crucial for the maturation of those phagosomes (26).
However, to the best of our knowledge, our findings report the
presence of this kinase in the phagosomes containing live
bacteria for the first time.

The activation of conventional PKC isozymes requires the
binding of the two second messengers DAG and Ca®" to the C1
and C2 domains respectively (39). When DAG synthesis was
inhibited, we observed that despite the lack of DAG in the S.
aureus phagosomal membranes, PKCo still associated with these
membranes (Figure 3), suggesting that the binding of the kinase
to these compartments is independent of DAG. This behavior
has been reported in the past, and it has been shown that PKCo
can also be bound to membranes by protein-protein interactions
(40, 41). Further experiments would be necessary to identify
possible PKCat recruitment molecules to the vacuole membranes
harboring S. aureus. In contrast, we have demonstrated that Ca**
was required for the recruitment of PKCa to the phagosomal
membrane. Eichstaedt and collaborators provided evidence that
S. aureus alpha toxin (Hla) leads to an increase in the
intracellular Ca®" levels in a dose- and time-dependent manner
(20). We have also demonstrated that the recruitment of PKCo

S. aureus -
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FIGURE 8 | Proposed model. On the left, the canonical S. aureus intracellular traffic is depicted, where Hla causes the disruption of the phagosomal membrane and
the activation of autophagic response. S. aureus replicates in the interior of autophagosomes where it resides and finally, escapes to the cytoplasm. On the right, the
overexpression of PKCa causes a disruption in the regular S. aureus traffic. Hla causes the recruitment of PKCa. to the phagosomal membranes, which inhibits
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to the phagosomes containing S. aureus is dependent on Hla,
because in cells infected with the S. aureus mutant strain
deficient for Hla, PKCa recruitment was lost (Figure 4).
Taken together, it is likely that during S. aureus invasion, the
pores made at the phagosomal membranes by the action of Hla,
may cause a localized increase of Ca** concentration that
promotes the association of this kinase to the phagosomes. In
addition, we have established that the activation of PKCo: needs
the presence of Hla, although this toxin is not able to activate
PKCoa on its own, since other virulence factors produced and
secreted by S. aureus seem to be required (Figure 5). The
activation of PKC isozymes during bacterial infections has
been described previously: E. coli activates PKCe during its
invasion (23), Listeria monocytogenes activates PKC in order to
be able to escape from phagosomes (42), and PKCS is activated
during S. typhimurium infection in order to activate the
antibacterial autophagy (36). However, this is the first report
showing that factors secreted by S. aureus activate PKCa.

Of note, we established that the overexpression of PKCo
causes an inhibition in the autophagy induced by S. aureus
(Figure 6). It has also been shown that PKCo has a role in the
regulation of autophagy induced by other stimuli, for example, a
pro-autophagy role has been assigned to PKCo in the autophagic
response induced by palmitic acid (43). Additionally, it has been
shown that PKCo can promote autophagy by mitochondrial
disruption and ROS generation (44), but this is the first time that
arole in the autophagy triggered by bacterial infection is given to
PKCo. In the present report we have shown by confocal
microscopy that the overexpression of PKCa. during S. aureus
infection caused a marked decrease in the recruitment of the
autophagic protein LC3 to phagosomes containing the bacteria.
We have also shown that PKCo negatively regulates the LC3-II
levels by Western blot analysis when comparing cells infected
with S. aureus with cells overexpressing the kinase and infected
with the pathogen. Consistent with this, Jiang and collaborators
have shown that PKC lead to inhibition of starvation-induced
autophagy (34). It is likely that a similar mechanism is triggered
during S. aureus infection, but further studies are needed to
confirm this hypothesis.

We and others have previously demonstrated that transit of S.
aureus via the autophagic pathway is beneficial for pathogen
survival (16, 17, 32). The biological importance of all our findings
is the fact that the overexpression of PKCa, through inhibition of
autophagy, causes a marked hampering in the intracellular
replication of S. aureus (Figure 7). It has been shown that
PKCo has a similar effect during S. typhimurium infection,
causing the elimination of the bacterium, but in this case, the
effect has been attributed to activation of autophagy (36). In this
regard, it is important to note that autophagy is detrimental for
S. typhimurium, but beneficial for S. aureus. Thus, both PKCs are
important for bacterial degradation but by distinct mechanisms.
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Autophagy is a vital conserved degradative process that maintains cellular homeostasis
by recycling or eliminating dysfunctional cellular organelles and proteins. More recently,
autophagy has become a well-recognized host defense mechanism against intracellular
pathogens through a process known as xenophagy. On the host-microbe battlefield
many intracellular bacterial pathogens have developed the ability to subvert xenophagy to
establish infection. Obligately intracellular bacterial pathogens of the Anaplasmataceae
family, including Ehrlichia chaffeensis, Anaplasma phaogocytophilium and Orientia
tsutsugamushi have developed a dichotomous strategy to exploit the host autophagic
pathway to obtain nutrients while escaping lysosomal destruction for intracellular survival
within the host cell. In this review, the recent findings regarding how these master
manipulators engage and inhibit autophagy for infection are explored. Future
investigation to understand mechanisms used by Anaplasmataceae to exploit
autophagy may advance novel antimicrobial therapies and provide new insights into
how intracellular microbes exploit autophagy to survive.

Keywords: autophagy, xenophagy, Anaplasmataceae, Ehrlichia, Anaplasma, effector, autolysosome, phagolysosome

INTRODUCTION

Autophagy is a well characterized host defense mechanism in which invading microbes are tagged
for degradation in a selective autophagic process known as xenophagy (1-7). Although xenophagy
is a known host defense mechanism against invading microbes, various intracellular pathogens
including obligately intracellular rickettsial pathogens in the family Anaplasmataceae can induce
autophagy as a survival mechanism (2, 5-8). In contrast, evasion of the autophagic pathway is also a
strategy utilized by intracellular pathogens for infection. Accumulating evidence provides insight
regarding the dichotomous interplay that occurs between obligately intracellular bacteria and the
autophagic pathway to promote infection.

In eukaryotic cells, autophagy is a highly conserved catabolic, lysosomal-dependent process that
delivers long-lived proteins and damaged cytoplasmic components to the lysosome (9-12). At basal
levels, autophagy plays an important role as a response to cellular stress and maintaining
homeostasis through quality control of essential cellular components. Cellular homeostasis is
maintained by degrading excessive, damaged, and/or aged proteins, peptides and organelles.
Macroautophagy, the best described autophagy subtype, works to sequester damaged cytoplasmic
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components in a double-membrane vesicle known as the
autophagosome (13). Macroautophagy can be further
categorized into nonselective autophagy which randomly
engulfs cellular components within the cytoplasm into
autophagosomes for degradation upon fusion with a lysosome,
and selective autophagy which degrades a specific type of cargo
tagged for degradation (14). Below, we will summarize the major
steps of the autophagic process and the major autophagy protein
groups that regulate each step of the autophagic process.
Furthermore, we will discuss critical findings linking these
proteins with Anaplasmataceae-induced autophagy.

The autophagic process can be divided into distinct stages,
including autophagy induction, phagophore formation and
elongation, cargo recognition, autophagosome maturation,
lysosomal fusion and autophagosome degradation (13, 15). In
coordination with these steps are several major signaling
pathways and autophagy-related genes (ATGs). mTOR kinase is
a major player in the regulation of the autophagic process (16, 17).
Wnt and phosphoinositide 3-kinase (PI3K)/ATP dependent
tyrosine kinase (Akt) signaling pathways regulate mTOR (18, 19).
The Wnt pathway plays an essential role in inhibition of autophagy
by regulating activation of the mTOR pathway. mTOR activation
occurs downstream of PI3k/Akt signaling to inhibit autophagy (20,
21). Additionally, glycogen synthase kinase-3 (GSK3) inhibits the
mTOR pathway by phosphorylating tuberous sclerosis complex 2
(TSC2) in a manner dependent on AMPK phosphorylation (22).
Importantly, TSC2 is a Rheb GTPase-activating protein, a Ras
family GTPase and an mTOR activator (23).

mTORCI inhibition leads to autophagy induction due to
activation of AMPK signaling (24). Upon decreased mTORCI1
activity, the initiation of phagophore formation is stimulated by
activation of the class III phosphatidylinositol 3-kinase (PtdIns3K)
complex. The Ulkl protein complex signals the formation of the
PtdIns3K complex, which includes, Beclin-1 (Atg6/Vps30), Vps34
(vacuolar protein sorting 34), Vps15 (p150, a myristoylated serine/
threoninekinase), Ambra-1 (Autophagy/Beclin-1 Regulator 1), and
ATG14 (13, 25, 26). Together, the ULK1 protein complex and the
PtdIns3K complex integrate nutrient status (ULKI) with
autophagosome formation (PtdIns3K) (25).

Beclin-1, an orthologue of the Atg6/vacuolar protein sorting
Vps30 protein in yeast, plays a central role in autophagy. Beclin-1
is important for localization of autophagic proteins to the PAS to
regulate the lipid kinase Vps34 protein and promote formation of
Beclin-1/Vps34/Vpsl5 core complexes (13, 26). The formation of
the Beclin-1/Vps34/Vpsl5 complex marks the initiation
of autophagy (27). The PtdIns3K complex, along with other Atg
proteins, also recruits two ubiquitin-like conjugation systems,
Atgl12/Atg5/Atgl6 and Atg8-phosphatidylethanolamine (PE), to
the phagophore to recruit Atg8-PE machinery and regulate
membrane elongation and expansion of the autophagosome (26,
28, 29).

Atg5/Atgl2/Atgl6 conjugation complex has been shown to
lead to conjugation of microtubule-associated protein 1 light
chain 3 (LC3), to the membrane of the autophagosome (29). This
leads to the conjugation of LC3-I to phosphatidylethanolamine
(PE) to form LC3-II. The p62/SQSTMI1 (sequestosome 1)

protein acts as a cargo receptor for ubiquitinated targets which
are transported to the autophagosome for degradation (30, 31).
Following phagophore expansion, the phagophore is completely
sealed, forming the double membrane autophagosome
containing all targeted components. Maturation of the
autophagosome involves fusion with both early and late
endosomes, which requires GTP bound small G protein Rab5,
Rab7, and presenilin protein (32). The autophagosome fuses with
the lysosome to form an autolysosome for degradation of
engulfed components.

LC3-II and p62/SQSTMI1 are also utilized as markers for
autophagosome formation due to its degradation within the
lysosome along with damaged and recycled components (33).
Products, along with some of the autophagy cargo, are degraded
by lysosomal hydrolases and recycled as amino acids
supplements within the tricarboxylic acid cycle (TCA) cycle or
as fatty acids, sugars, and proteins to increase energy for cell
survival (9, 13).

Autophagy as an Intracellular Innate
Defense Pathway

Although studies have demonstrated autophagy as a host defense
mechanism against bacterial pathogens, many intracellular
pathogens have evolved strategies to subvert autophagy for
survival (34-36). Autophagy is considered a downstream
effector mechanism that plays an integral role in both innate
and adaptive immunity to various pathogens (9, 37). Xenophagy
is a selective autophagy whereby intracellular pathogens are
tagged by ubiquitin and subsequent targeting to
autophagosomes for degradation in autolysosomes. Autophagy
receptors such as p62/SQSTMI, nuclear domain 10 protein 52
(NDP52) and neighbor of BRCA1 gene 1 (NBRI) have been
shown to bind ubiquitinated intracellular pathogens for
autolysosome destruction and clearance (31). Autophagy plays
an important role in both innate and adaptive immunity to
various intracellular pathogens including Mycobacterium
tuberculosis, Streptococcus pyogenes, Listeria monocytogenes,
and Salmonella enterica (38-42).

This review presents the current knowledge regarding the
dichotomous interplay between rickettsial pathogens in the
family Anaplasmataceae, namely Ehrlichia chaffeensis,
Anaplasma phaogocytophilium and Orientia tsutsugamushi,
and the autophagic pathway during infection. These rickettsial
pathogens utilize secreted effector proteins and host signaling
pathways to hijack the autophagic pathway for survival.

ANAPLASMATACEAE: INTRACELLULAR
PATHOGENS OF LIFE-THREATENING
HUMAN INFECTIONS

Members of Anaplasmataceae are ci-proteobacteria in the order
of Rickettsiales that include genera Anaplasma, Ehrlichia,
Neorickettsia, and Orientia (43-46). Anaplasmataceae family
includes obligately intracellular bacteria that reside in
membrane bound cytoplasmic vacuoles mainly within
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phagocytic cells and are transmitted primarily by arthropod
vectors that acquire the infection from persistently infected
vertebrate hosts. These pathogens are master manipulators of
the host cells (arthropod and mammalian) in which they infect.
Successful intracellular infection occurs by hijacking conserved
cellular signaling pathways, reprogramming host cell gene
transcription, and by exploitation of other cellular processes to
subvert host defense mechanisms including autophagy.
Anaplasmataceae members are best recognized for causing
tick borne emerging life-threatening zoonotic diseases in the
United States. Human monocytotropic ehrlichiosis (HME) and
human granulocytic anaplasmosis (HGA) are group I NIAID
tick-borne zoonoses caused by E. chaffeensis and A.
phagocytophilum, respectively (47, 48). E. chaffeensis is
maintained in nature by persistent infection of white-tailed
deer, which is the primary mammalian reservoir. E. chaffeensis
is transmitted by the lone star tick, Amblyomma americanum,
which maintains the infection transstadially (1-3). Anaplasma
phagocytophilum transstadially infects Ixodes scapularis ticks and
other Ixodes spp. after acquiring the infection from infected small
mammal reservoirs such as the white-footed mouse. In contrast,
O. tsutsugamushi the etiologic agent of scrub typhus, a disease
endemic to the Asian continent and present throughout
Indonesia and northern Australia, is transmitted mainly by the
bite of larva life stage-infected Leptotrombidium mites (49, 50).
HME, HGA and scrub typhus have similar clinical presentations
characterized by initial symptoms including fever, headache,
myalgia, nausea, confusion, conjunctival injection (red eyes),
and chills within the first two weeks following infection (1, 3, 15).
Common laboratory abnormalities include thrombocytopenia,
leukopenia, anemia, and elevated hepatic transaminases (2, 14,
16-18). Disease severity ranges from mild to life-threatening
complications such as toxic shock-like syndrome, kidney failure,
meningoencephalitis, and acute respiratory distress (1, 2, 4).
Members of the Anaplasmataceae family have small genomes
but have evolved complex molecular strategies that enable them
to create a permissive intracellular niche within professional
phagocytes and other cells. Due to the obligately intracellular
existence, Anaplasmataceae genomes have been shaped by a
process known as reductive evolution resulting in loss of
metabolic pathway genes that are no longer required for
intracellular survival (51, 52). They replicate in membrane-
bound cytoplasmic vacuoles within the host cell cytoplasm and
undergo different developmental phases during infection. There
are two well-defined ultrastructural forms, the dense-cored cell
and reticulate cell, which have been identified by electron
microscopy (53-56). The infectious dense-cored non
replicating cell is small (0.4-0.6 pm), more electron dense, and
has tightly coiled nucleoid DNA. In contrast, the reticulate cell is
the replicative form and is larger (0.4-1.9 pm) with a dispersed
nucleoid DNA. Dense-cored organisms interact with host cell
receptors and enter the host cell by receptor-mediated
endocytosis. After entry, dense-cored ehrlichiae transition into
intermediate then full reticulate cell forms that replicate by
binary fission, forming microcolonies known as morulae
within host derived membrane-bound vacuoles. The ehrlichial

replication cycle takes approximately 48 h, then the replicating
reticulate cells transition into infectious dense-cored ehrlichiae
which are released from the host cell by cell lysis or exocytosis to
infect other cells (57, 58).

Secretion Systems and Effectors

As with some Gram-negative bacteria, Anaplasmataceae have well
known secretion systems that secrete effector proteins into the host
cell. Type I, II and IV secretion systems have been identified in
Anaplasmataceae. Notably, the type III secretion system found in
some obligately intracellular bacteria (i.e., chlamydiae), is absent
(59-61). These macromolecular secretion nanomachines are
distinctly different in secretion mechanisms and the secreted
effectors. Several bacterial effectors are known to regulate selective
autophagy through various mechanisms for survival (62-69). Below
are listed some of the secreted effector proteins by members of
Anaplasmataceae that play a significant role in the subversion
of autophagy.

The T1SS is well characterized in many extracellular bacteriaand
is known to secrete a number repeat-containing pore-forming
toxins known as the Repeats in Toxin Family (RTX) (70, 71). The
T1SS is widespread in Gram-negative bacteria and transports
substrates in a one-step process across two membranes without
any periplasmic intermediate into the extracellular space (72-75).
Several T1SS substrates have been identified that are secreted by
members of Anaplasmataceae, including ankyrin repeat (AR) and
tandem repeat effector proteins. There are currently four
characterized T1SS tandem repeat protein (TRP) effectors that
have been identified in E. chaffeensis-infected cells including
TRP32, TRP47, TRP75 and TRP120 (60, 76-78). TRPs are
nucleomodulins and TRP120 has also been shown to activate
host cell signaling pathways (Notch and Wnt) to downregulate
innate defense mechanisms (79-82). Several of the TRPs have been
shown to play a role in inhibiting TFEB nuclear localization and
autolysosome generation during E. chaffeensis infection by
reprogramming signal transduction pathways, including the Wnt
signaling pathway (21). E. chaffeensis Ank200 is a nucleomodulin
secreted by the T1SS that binds adenine-rich Alu elements in host
promoter and intron regions (83, 84). O. tsutsugamushi secrete
T1SS AR family members that traffic to diverse subcellular
localizations including the endoplasmic reticulum (61). The O.
tsutsugamushi (Ikeda strain) genome encodes 38 Ank-containing
OREFs, each of which display characteristics consistent with T1SS
effectors (LDAVTSIF residues found in 37-63% in their final 60
amino acids, acidic pI values and very few cysteines) (85). O.
tsutsugamushi Anks modulate NF-xf3 to enhance infection;
however, there is no evidence that O. tsutsugamushi T1SS
substrates manipulate the autophagic pathway (86). Notably, A.
phagocytophilum T1SS effectors have not been identified to date.

The T4SS is a well characterized ATP-dependent, double
membrane-spanning multiprotein secretion nanomachine
found in both Gram-negative and -positive bacteria (87-90).
The archetypal Gram-negative T4SS is defined by the plant
pathogen Agrobacterium tumefaciens VirB/D4 system (91). In
Rickettsiales, a homologous but structurally different T4SS
system is present with vir genes organized in three genome
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locations (92). To date, there have been a total of six T4SS
effector proteins identified between E. chaffeensis and A.
phagocytophilum; however, functions for only five of these
effectors have been reported (67, 93-97). Anaplasma
translocated substrate 1 (Ats-1) and ankyrin repeat domain-
containing protein A (AnkA) have been functionally
characterized. Ats-1 is an orthologue of the E. chaffeensis T4SS
effector protein, Etf-1. Both Ats-1 and Etf-1 play roles in
subverting apoptosis and host autophagy for intracellular
survival (66, 67, 94, 98). Etf-2 delays endosomal maturation to
avoid routing E. chaffeensis to phagolysosomes (95). Another E.
chaffeensis effector, ECH0825, is highly upregulated during early
stages of infection during exponential growth in THP-1 human
monocytic leukemia cells and has been shown to translocate to
mitochondria where it inhibits reactive oxygen species
production and host cell apoptosis by upregulating MnSOD,
an essential mitochondrial antioxidant enzyme (93).

PATHOGEN-HOST INTERACTIONS

E. chaffeensis

Utilizing TRP and other effectors, E. chaffeensis avoids host
immune defenses of the mononuclear phagocyte making it a
remarkable model organism for examining novel host-pathogen
interactions involved in cellular reprogramming. E. chaffeensis
TRP effectors are secreted by the T1SS and translocate the
vacuole membrane by an unknown mechanism to access the
host cell. During infection, TRPs interact with a multitude of
host proteins and elicit strong protective antibody responses to
molecularly defined linear epitopes (99-102). TRPs are
nucleomodulins that translocate to the host cell nucleus
through a noncanonical NLS-independent mechanism (79-81).
In addition, TRP120 has other defined functional roles during
infection, and thus, is considered a moonlighting protein. These
roles include promoting ehrlichial entry (103, 104), activation of
host signaling pathways through ligand mimicry (99, 105),
nucleomodulin activity (106-108), and as a HECT E3
ubiquitin ligase that targets host substrates for degradation
(106, 107, 109, 110). The ability of E. chaffeensis to interface
with the host cell is known to involve post-translation
modifications including sumolyation (104), ubiqiuitination
(109) and others (104). E. chaffeensis appears to exploit host
cell machinery to acquire post translational modifications
(PTMs) in some instances, but ehrlichial encoded ubiquitin
ligases such as TRP120 are involved in creating PTMs that
play a role in host-pathogen interplay (109). E. chaffeensis gene
knockout studies have shown that TRP120 is essential for E.
chaffeensis survival in vivo which can be attributed to the many
defined functions of TRP120 and highlights the major role
TRP120 plays in infection and survival (58).

A. phagocytophilum

A. phagocytophilum utilizes an array of bacterial proteins for
adherence, invasion, and survival within the host cell. Infection is
known to depend on numerous type IV secreted effector

proteins, transmembrane proteins, surface proteins, and A.
phagocytophilum-occupied vacuole membrane (AVM) proteins.
These proteins include major surface protein 4 (MSP4),
nucleomodulin AnkA, adhesin protein Aspl4, and heat shock
protein 70 (HSP70). The nucleomodulin AnkA binds host DNA
and protein complexes within the nucleus of neutrophils to alter
gene transcription (111). Ats-1 plays a role in preventing
apoptosis by stabilizing mitochondria through the disruption
of Bax-induced apoptosis to promote A. phagocytophilum
infection (94).

PTMs are also involved in pathogen-host interactions.
Effector protein APH0032 decorates the AVM interface and is
a sumoylated by co-opting host SUMO machinery during
infection. Similarly, A. phagocytophilum protein A (AmpA) is a
critical effector protein that is also sumoylated to promote
infection. AmpA localizes to the AVM throughout infection
colocalizing with SUMO 2/3 and SUMOL1 as the infection
progresses (112). The nucleomodulin AnkA binds host DNA
and protein complexes within the nucleus of neutrophils to alter
gene transcription (111).

O. tsutsugamushi

O. tsutsugamushi encodes multiple T1SS ankyrin-repeat-
containing effector proteins (Anks), known to interact with
host cells and largely target the endoplasmic reticulum (113).
Notably, Ank9 was the first effector shown to function during
infection whereby a unique Ank9 motif mimics the GRIP
domain of the host golgins, supporting O. tsutsugamushi
localization to the host Golgi. Ank9 binds host protein COPB2
to hijack the endoplasmic reticulum via retrograde trafficking
from the Golgi. Following its translocation, Ank9 activates the
transcription factor 4-dependent unfolded protein response to
support O. tsutsugamushi infection (114). Studies have revealed
O. tsutsugamushi nucleomodulins Ankl and Anké6 abrogate NF-
kB-activated transcription utilizing exportin-1 independent
mechanisms to decrease TNFo-induced p65 nuclear levels (86).

ANAPLASMATACEAE-MEDIATED
EXPLOITATION OF CONSERVED HOST
CELL SIGNALING PATHWAYS

Conserved signaling pathways Wnt and Notch which play an
important role in regulating innate host defenses, including
phagocytosis, autophagy, and toll-like receptor (TLR)
expression are exploited by E. chaffeensis for intracellular
survival (20, 115-117). The Wnt/B-catenin signaling pathway
regulates both basal and stress-induced autophagy (20). B-
catenin suppresses autophagosome formation and directly
suppresses p62/SQSTM1 through T-cell factor 4 (TCF4), one
of the transcriptional factors in the Wnt signaling pathway (20).
Autophagy has also been shown to inhibit Notch signaling
though modulation of the PTEN-PI3K/Akt/mTOR pathway
(115). Inhibition of Wnt and Notch signaling dramatically
reduces E. chaffeensis infection demonstrating the importance
of the conserved cell signaling pathways for persistent infection
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and survival (105, 118). Notably, E. chaffeensis hijacks the
canonical and non-canonical Wnt signaling pathways via
effector proteins to promote infection (58). In addition,
nucleomodulins TRP32, TRP47, and TRP120 bind DNA
motifs within the promoter regions of Wnt target genes and
may modulate Wnt gene transcription (118). Furthermore,
yeast-two-hybrid (Y2H) analysis has identified protein-protein
interactions between E. chaffeensis effector proteins (TRP32 and
TRP120) and host proteins involved in Wnt signaling and
transcriptional regulation of Wnt genes (99, 101). Of those
identified, were interactions with Wnt signaling negative
regulators (CEP164, KLHL12, ILF3 and LMO2) and positive
regulators (PPP3R1 and VPS29) (99, 101).

TRP120 interaction with the host cell facilitates entry and this
appears to occur via activation of non-canonical Wnt signaling
resulting in Ca®" signaling and triggering uptake through
phagocytosis (118). Wnt signaling has been shown to enhance
infection as RNA silencing of Wnt signaling components,
including B-catenin, NFAT, CK1, and CAMKII significantly
reduces E. chaffeensis infection, indicating that Wnt signaling is
required to maintain infection (118). RNA silencing of the
ubiquitously expressed Fzd5 and Fzd9 Wnt receptors, as well
as the Wnt co-receptor LRP6 also results in reduced infection,
indicating a possible role of the receptors for E. chaffeensis entry
into the host. More specifically, RNA silencing of Fzd5 or its
ligand Wnt5a results in a highly significant reduction of
infection, suggesting the necessity of Wnt5a-Fzd5 signaling for
E. chaffeensis entry and survival.

The Notch signaling pathway is an evolutionarily conserved
pathway with critical roles in cellular homeostasis, cell proliferation
and differentiation; however, Notch activation has also been shown
to have significant roles in MHC class II expansion, B and T cell
development, and regulation of innate immune mechanisms such
as autophagy and apoptosis (119). Recently, Notch activation by E.
chaffeensis was shown to downregulate TLR2/4 expression (105).
Interestingly, TRP120 was identified as a Notch ligand mimic
resulting in Notch activation as shown by nuclear translocation of
the Notch intracellular domain (NICD), a hallmark for Notch
activation. TRP120 is also a HECT E3 ubiquitin ligase that
ubiquitinates Notch negative regulator FBW7 for proteasomal
degradation resulting in increased oncoproteins levels
including induced myeloid leukemia cell differentiation
protein (MCL1) and NICD (107). Collectively, the data
demonstrate that exploitation of conserved signaling pathways,
such as Wnt and Notch is a major strategy involved in ehrlichial
survival and possibly other members of the Anaplasmataceae
family by modulating autophagy and other innate host
defense mechanism.

ANAPLASMATACEAE EFFECTOR-
INDUCED AUTOPHAGY FOR NUTRIENT
ACQUISITION

Anaplasmataceae are auxotrophic with a limited capacity to
synthesize required nutrients for survival, and thus, obtain

essential nutrients from the host cell. Both A. phagocytophilum
and E. chaffeensis survive by replicating within a host cell-derived
membrane bound vacuole. Autophagosomes are induced by E.
chaffeensis and A. phagocytophilum secreted T4SS effector
proteins, Etf-1 and Ats-1, respectively (67, 94) (Figures 1 and
2). Etf-1 and Ats-1 are secreted into the host cell cytoplasm
where they nucleate autophagosome formation. This effector-
induced autophagosome formation is independent of mTOR
activity. Ultimately, the effector generated autophagosomes fuse
with the pathogen occupied vacuoles to deliver host-derived
components. Ats-1 and Etf-1 induce autophagy in a class III
PtdIns3K-dependent manner and localize to inclusions with
autophagosomal markers. A. phagocytophilum inclusions
colocalize with early autophagosomal markers Beclin 1 and
Vps34-Atgl4 and are enveloped by double-lipid bilayer
membranes (Figure 1) (94). Furthermore, Ats-1 directly binds
to Beclin 1 and induces autophagosome formation in an ATG14
dependent manner (53); however, no interaction appears to
occur with Ats-1 and UVRAG, an autophagy protein that
regulates autophagosome maturation.

Studies have shown that E. chaffeensis autophagosome
nucleation is dependent on Rab5-GTP and Rab5-regulated
trafficking for the biogenesis of E. chaffeensis vacuoles (Figure
2) (89). Etf-1 is known to bind Rab5, Beclin 1 and
phosphatidylinositol 3-kinase (PI3KC3) to induce Rab5-
regulated autophagy. Furthermore, E. chaffeensis ATG5 and
Etf-1 were shown to localize to the membrane of inclusions
and are essential for infection (54). Importantly, Etf-1 activates
class IIT PtdIns3K, localizes with ATG5 and LC3, and interacts
with RAB5-GTP, PI3CK and Beclin 1 to form a multimeric
complex that fuses with E. chaffeensis inclusions. Collectively,
these findings show that Etf-1 facilitates induction of RAB5-GTP
autophagy through PI3CK and Beclin 1 recruitment, as well as
class III PtdIns3K and ATGS5 localization to E. chaffeensis
inclusions. Importantly, Ehrlichia-containing vacuoles contain
the late endosomal marker RAB7, as shown by mass
spectrometry and confocal microscopy, but do not fuse with
lysosomes (Figure 2) (120, 121).

O. tsutsugamshi induces autophagy during infection but
actively escapes from autophagic destruction in dendritic cells
(122). O. tsutsugamshi significantly increased endogenous LC3-11
protein levels in phagocytic and nonphagocytic cells during early
infection, however no significant colocalization of the bacteria
and LC3-postive autophagosomes occurs (122, 123). Autophagy
induction does not affect growth of O. tsutsugamshi as
demonstrated by 3MA or rapamycin (autophagy inducer)
treatment or use of atg3-knockout mouse embryonic
fibroblasts (Atg3’/’ MEFs) (123). Therefore, unlike E.
chaffeensis and A. phagocytophilum, O. tsutsugamshi induces
autophagy; however, evades autophagosomal degradation by
actively escaping from host autophagosomes. Currently, the
mechanism of evasion is unknown, but is predicted to be
mediated by bacterial gene expression or bacterial
effector proteins.

While some pathogens hijack the autophagic pathway to
replicate intracellularly, pathogens of the Anaplasmataceae

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 642771


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Patterson et al.

Anaplasmataceae Dichotomous Autophagic Interplay

family exploit autophagy and specific ATG proteins to acquire
nutrients. However, exactly how pathogens of the Anaplasmataceae
family manipulate autophagy proteins for exploitation is still
unknown. Ats-1 and Etf-1 are orthologous proteins that may
subvert autophagy through a similar sequence to exploit specific
autophagy proteins important for nutrient acquisition (124).
Additionally, some bacteria escape host autophagy through
inhibition of autophagy induction. For example, S. Typhimurium
inhibits autophagy initiation through regulation of the AMPK-
dependent activation pathway of mTOR, while M. tuberculosis
inhibits autophagy induction by disruption of JNK-ROS (reactive
oxygen species) signaling pathway to avoid destruction (34, 36). In
comparison, both A. phagocytophilum and E. chaffeensis, induce
autophagy independent of mTOR to acquire nutrients and remodel
their vacuoles. This mechanism is regulated by T4SS effector
proteins regulating key host autophagy proteins involved in the
initiation step of autophagy.

ANAPLASMATACEAE PREVENT
ENDOSOMAL MATURATION TO AVOID
LYSOSOMAL FUSION

E. chaffeensis occupied vacuoles have features of early endosomes
including RABS, transferrin receptor (TFRC), early endosome
antigen 1 (EEA1), annexins I, II, IV and VI, clathrin heavy chain
and o-adaptin (67, 121, 125). A. phagocytophilum selectively
recruits Rab GTPases to avoid endosomal maturation and
subsequent destruction by lysosomes (Figure 1) (126). A.
phagocytophilum selectively recruits Rab GTPases that are
primarily associated with recycling endosomes, including
Rab4a, Rab10, Rabl1A, Rabl4, Rab22A and Rab35. Rabl
which mediates endoplasmic reticulum to Golgi apparatus
trafficking, is also recruited to the A. phagocytophilum vacuoles
(ApV). Selectivity of Rab GTPases is shown to be dependent on
A. phagocytophilum protein synthesis, allowing the ApV to
disguise itself as a host recycling endosome. Importantly, the
ApV does not mature along the endocytic pathway or resemble
early endosomes due to the lack of endosomal markers including
RABS5, transferrin receptor (TFRC), early endosome antigen 1
(EEA1), annexins I, II, IV and VI, clathrin heavy chain and o-
adaptin (127). Additionally, A. phagocytophilum inclusions are
not acidic and do not acquire the late endosomal markers,
including myeloperoxidase, CD63, LAMP-1 and V-type H+
ATPase. Therefore, A. phagocytophilum hijacks Rab GTPases
and host cell membrane traffic pathways to disguise the ApV as a
recycling endosome to avoid endosomal maturation and
subsequent lysosomal fusion.

Etf-2, another T4SS E. chaffeensis secreted protein effector,
localizes to E. chaffeensis vacuoles, binds to RAB5-GTP and
delays endosome maturation (Figure 2) (21). Etf-2 contains a
Tre2-Bub2-Cdcl6 (TBC) domain lacking Rab-GTPase activity,
as well as an Arg and a Gln finger motif required for Etf-2
localization to the endosomal membrane, resulting in delayed
maturation of phagosomes to phagolysosomes. EtpE is an E.
chaffeensis outer membrane protein that functions as an invasion

to mediate host cell entry. The C-terminal fragment of EtpE
(EtpE-C) appears to be primarily responsible for E. chaffeensis
binding and entry. The phagocytosis of EtpE-C-coated latex
beads in Etf-2-GFP transfected cells was significantly reduced
in comparison to GFP-transfected control cells. RAB5, but not
RAB7, was shown to localize to a significant amount of EtpE-C-
coated latex bead containing phagosomes for a prolonged period,
and no late endosomes and phagolysosomes were detected in
Etf-2-GFP transfected cells, indicating delayed endosomal
maturation. Etf-2 also prevents RABGAP5 localization to
endosomes (95). Therefore, Etf-2 participates in blocking
endosomal maturation and fusion with lysosomes to promote
ehrlichial infection. Other pathogens have been shown to
selectively block maturation of autophagosomes through
various mechanisms, including avoidance of RAB7 recruitment
(69, 128-131). Importantly, studies have indicated that Rab7 is
essential for autophagosome maturation in general (132).
Selective modulation of RAB5 function by E. chaffeensis Etf-2
leading to alterations in the autophagosome explains the
selectivity in autophagosome maturation. In comparison, how
the ApV recruits and hijacks specific Rab-GTPases is still
unknown. Identification of A. phagocytophilum effector
proteins that interact with Rab-GTPases associated with the
ApV is critical.

Preventing lysosomal fusion is a common strategy that underlies
pathogen survival. A. phagocytophilum and E. chaffeensis vacuoles
fuse with autophagosomes to form intermediate organelles. E.
chaffeensis intermediate organelles have been described as
amphisomes (Figures 1 and 2) (21, 98). Autophagosome markers
Beclin 1 and LC3/GABARAP were found to colocalize with
ehrlichial vacuoles indicating the fusion between autophagosomes
and inclusions. Curiously, differences in LC3II localization to E.
chaffeensis vacuoles have been reported. Rikihisa et al. reported no
LC3II localization to ehrlichial vacuoles in RE/6A cells; however,
others have detected ehrlichial vacuole localization with LC3/
GABARAP in both THP-1 and RF/6A E. chaffeensis-infected cells
(95). Moreover, significant increases in LC3II levels were observed
during infection and consistent with those reported for A.
phagocytophilum. Notably, colocalization of the A.
phagocytophilum and E. chaffeensis inclusions with lysosomal
markers, including LAMP-1 and LAMP-2 were not detected.
Increased p62/SQSTM1 levels were also detected in E. chaffeensis-
infected cells in comparison to control cells, as another indication of
inhibited lysosomal fusion. Collectively, Anaplasmataceae
pathogens induce autophagy for nutrient acquisition but inhibit
lysosomal maturation through selective recruitment and avoidance
of specific Rab GTPases.

EHRLICHIA-EXPLOITATION OF WNT
SIGNALING TO INHIBIT AUTOLYSOSOME
GENERATION AND AUTOPHAGIC
DESTRUCTION

Wnt and PI3k/Akt pathways are important for ehrlichial
survival, and regulation of autophagy by Wnt signaling has
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been documented. E. chaffeensis utilizes TRP effectors to exploit
both the Wnt and PI3k/AKT pathways to activate mTOR
signaling and regulate TFEB nuclear translocation to inhibit
lysosomal biogenesis and autolysosomal fusion with the
pathogen occupied vacuole. E. chaffeensis activates the PI3k/
Akt pathway, a regulator of mTOR (Figure 2) (21). PI3K/Akt
phosphorylates various proteins involved in regulation of cellular
processes such as proliferation, apoptosis, and autophagy (133).
Phosphorylated PI3K and Akt levels increase in E. chaffeensis
infected cells, while phosphatase and tensin homolog (PTEN), a
PI3K/Akt pathway inhibitor, levels decrease (21). The role of
mTOR signaling in ehrlichial infection was also confirmed by
siRNA knockdown of Rheb, a GTPase that activates mTOR.
siRNA knockdown of both Rheb and phospho-p70 S6 kinase

decreased E. chaffeensis infection (21). Thus, the mTOR activity
is required for E. chaffeensis survival.

The Wnt signaling also regulates the PI3K/Akt pathway. GSK3-
[ is as a common protein and mediates crosstalk between PI3K/Akt
and Wnt signaling pathways. More specifically, GSK3-[ regulates
mTOR by induction of Tuberous Sclerosis 2 Protein (TSC2)
through phosphorylation and is also a negative regulator of Wnt/
[-catenin (22, 134-136). Increased levels of GSK3-f were detected
in -infected cells. These effects were abrogated with treatment of a
Wnt-Dvl inhibitor (21). Additionally, inhibition of Akt and
induction of GSK3 resulted in a significant decrease in infected
cells at early and late infection intervals. Increased levels of
phospho-GSK3-3 were shown to be stimulated by T1SS effectors
TRP120 and TRP32 (21). Therefore, TRP effectors activate the
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FIGURE 1 | A. phagocytophilum interplay with the autophagic pathway. (1) A. phagocytophilum selectively recruits Rab GTPases Rab4A, Rab10, Rab11A, Rab14,
Rab22A, Rab35 which regulate endocytic recycling and Rab1 which regulates vesicular protein transport from the endoplasmic reticulum (ER) to the Golgi
compartment. (2) T4SS effector Ats-1 is translocated from the ApV into the host cell cytoplasm and (3) directly interacts with autophagsome initiation complex
(Atg14-Beclin 1-Vps34) to initiate omegasome formation in the ER. (4) Isolation membrane elongates and (5) double-membrane autophagosome decorated with LC3
form. (6) Autophagosomes are recruited to the ApV that fuse to release autophagic body content. (7) A. phagocytopilum blocks lysosomal fusion potentially by
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FIGURE 2 | E. chaffeensis interplay with the autophagic pathway. (1) E. chaffeensis dense-cored cells express effectors important for Wnt signaling including T1SS
effectors TRP120 and TRP32. E. chaffeensis stimulates phagocytosis for entry through interaction between TRP120 and the Fzd receptor/co-receptor complex.

(2) E. chaffeensis-mediated Wnt-PI3K/Akt signaling stimulates increased levels of phospho-GSK3-f reducing TSC2 and increasing Rheb activity leading to mTOR
activation. (3) E. chaffeensis TASS effector Etf-1 is secreted into the host cell cytoplasm and interacts with Beclin1, PIBCK complex and Rab5-GTP to stimulate
phagophore formation. (4) ATG5 and LC3 engage to induce autophagosome formation in a class Ill Ptdins3K-dependent manner. (5) E. chaffeensis T4SS effector
Etf-2 localizes to E. chaffeensis vacuole membrane and binds to RAB5-GTP to delay endosome maturation. (6) Autophagosomes displaying Beclin1, LC3Il and p62/
SQSTM1 fuse with E. chaffeensis inclusions to form amphisomes. (7) mTOR activation leads to TFEB phosphorylation and inhibition of TFEB nuclear translocation.
Inhibition of TFEB nuclear translocation prevents transcription of genes involved in lysosomal biogenesis and (8) increased phospho-p70 S6 kinase activity inhibits
autolysosome formation.

PI3K/Akt pathway and inhibit GSK3 activity by phosphorylation. ~ expression of lysosomal hydrolases, membrane proteins and
Decreased levels of TSC2 were also shown in E. chaffeensis-infected ~ genes involved in autophagy signaling (Figure 2). TFEB was
cells. Collectively, these findings demonstrate activation of the  demonstrated to remain localized in the cytoplasm during E.
PI3K/Akt pathway, phosphorylation and inactivation of GSK3  chaffeensis infection and was confirmed to be mediated by E.
and inhibition of TSC2 during E. chaffeensis infection. chaffeensis Wnt activation. These finding support the

Phosphorylation and inactivation of GSK3, as well as  conclusion that E. chaffeensis exploits Wnt-PI3K-/mTOR
inhibition of TSC2, results in activation of mTORC1 and  signaling in part to regulate mTOR signaling and TFEB
subsequent phosphorylation and inhibition of TFEB nuclear  nuclear localization to inhibit autolysosomal generation and
translocation. TFEB is a transcription factor that coordinates  promote ehrlichial survival.
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FIGURE 3 | Degradation of E. chaffeensis by antibody-TRIM21-mediated selective autophagy. Ehrlichiae opsonized with E. chaffeensis-OMP-1 specific antibody are
internalized by unknown uptake mechanism. Intracellular antibody-opsonized ehrlichiae are recognized by cytosolic Fc receptor TRIM21. (1) Induction of TRIMosome
formation and selective autophagy occurs through recruitment of autophagy regulators, ULK1, Beclin 1, ATG16L and autophagy effectors LC3/GABARAP and p62/
SQSTMA1. (2) E. chaffeensis-Ab/TRIM21 complex stimulates rapid immune signaling and a proinflammatory response through accumulation of K48 and K63 polyUb

chains and activation and nuclear translocation of NF-xB and IRF.

Various studies have demonstrated the inhibition of
autolysosome generation and autophagic destruction. M.
tuberculosis inhibits Rab7 recruitment on Mtb-containing
autophagosomes, while other pathogens neutralize lysosomal
pH (69, 131, 137). This is the first study to elucidate the
mechanism of E. chaffeensis inhibition of lysosomal fusion and,
ultimately, destruction in the autolysosome. E. chaffeensis
modulating conserved signal transduction pathways, including
Wnt and Notch, to inhibit autolysosome generation may be
applicable to other Anaplasmataceae bacterial pathogens.

EHRLICHIA SELECTIVE AUTOPHAGIC
DESTRUCTION MEDIATED BY
ANTIBODY-TRIM21 COMPLEX

Antibody-mediated immunity to E. chaffeensis is well documented
involving the classical antibody Fc receptor-dependent mechanism
(Figure 3). However, intracellular antibody opsonized E. chaffeensis

complexes engage TRIM21, an intracellular Fc receptor (138).
Antibody opsonized ehrlichiae-TRIM21 complexes recruit
autophagy regulators, ULK1, Beclin 1 and autophagy effectors
LC3/GABARAP and p62/SQSTMI resulting in proinflammatory
responses and localized selective autophagic degradation of the
ehrlichiae-antibody complexes. These findings demonstrate the
importance of autophagy engagement of adaptive immune
mechanisms and provide the first example of autophagic
elimination of an intracellular pathogen by a TRIM21-
mediated mechanism.

CONCLUSIONS AND FUTURE
DIRECTIONS

Obligately intracellular pathogens of the Anaplasmataceae family
have evolved highly sophisticated strategies to circumvent host
immune response during infection. Autophagy is a cellular
process targeted by microbial pathogens to promote infection.
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Mechanisms used by Amnaplasmataceae for dichotomous
engagement and subversion of autophagy for intracellular
survival provides insight into the interplay that exists between
the autophagic pathway and intracellular pathogens. Common
amongst members of Anaplasmataceae are effector-mediated
initiation of autophagy and the ability to hijack autophagy
(ATG) proteins responsible for initiation and activation of the
autophagic process. In contrast, effector interference with
endosomal maturation contributes to pathogen survival. The
ability to inhibit lysosomal destruction is a common theme
demonstrated by Anaplasmataceae. This mechanism involves
activation of cellular pathways such as Wnt and altering the
pathogen vacuole to prevent lysosomal biogenesis and
autolysosome generation. Studies to understand how
Anaplasmataceae exploit the autophagic process may provide
new insight; however, it is still unclear how intracellular
pathogens out-compete the host for autophagy by-products
and how autophagy by-products are obtained by
Anaplasmataceae pathogens. It is also important to note that
autophagy is an anti-inflammatory process, and it is therefore
possible that Anaplasmataceae bacterial pathogens may strive to
inhibit inflammation through activation of the autophagic
pathway. Furthermore, very few details on the specific
mechanisms that enable A. phagocytophilum and O.
tsutsugamshi escape destruction by autophagy have been
elucidated and need further investigation. Understanding
mechanisms involved in autophagy induction and inhibition
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Subversion of Host Innate Immunity
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Macrophages

Jeremy Bechelli™2, Claire S. Rumfield -3, David H. Walker"*, Steven Widen®,
Kamil Khanipov® and Rong Fang"**

" Department of Pathology, University of Texas Medical Branch at Galveston, Galveston, TX, United States, 2 Department of
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Molecular Biology, University of Texas Mediical Branch at Galveston, Galveston, TX, United States, € Department of
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We recently reported that the in vitro and in vivo survivals of Rickettsia australis are Atgo-
dependent, in association with an inhibited level of anti-rickettsial cytokine, IL-1B. In the
present study, we sought to investigate how R. australis interacts with host innate
immunity via an Atg5-dependent autophagic response. We found that the serum levels
of IFN-y and G-CSF in R. australis-infected Atg5™ " yz-Cre mice were significantly less
compared to Atg5™™* mice, accompanied by significantly lower rickettsial loads in
tissues with inflammatory cellular infiltrations including neutrophils. R. australis infection
differentially regulated a significant number of genes in bone marrow-derived
macrophages (BMMs) in an Atgb-depdent fashion as determined by RNA sequencing
and Ingenuity Pathway Analysis, including genes in the molecular networks of IL-1 family
cytokines and PIBK-Akt-mTOR. The secretion levels of inflammatory cytokines, such as
IL-10;, IL-18, TNF-a, and IL-6, by R. australis-infected Atg5™"*yz-Cre BMMs were
significantly greater compared to infected Atg5™™* BMMs. Interestingly, R. australis
significantly increased the levels of phosphorylated mTOR and P70S6K at a time when the
autophagic response is induced. Rapamycin treatment nearly abolished the
phosphorylated mTOR and P70S6K but did not promote significant autophagic flux
during R. australis infection. These results highlight that R. australis modulates an Atg5-
dependent autophagic response, which is not sensitive to regulation by mTORC1
signaling in macrophages. Overall, we demonstrate that R. australis counteracts host
innate immunity including IL-1B-dependent inflammatory response to support the
bacterial survival via an mTORC1 -resistant autophagic response in macrophages.

Keywords: Rickettsia, mTOR signaling, autophagy, macrophages, innate immunity

Frontiers in Immunology | www.frontiersin.org 98

April 2021 | Volume 12 | Article 638469


https://www.frontiersin.org/articles/10.3389/fimmu.2021.638469/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.638469/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.638469/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.638469/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:rofang@utmb.edu
https://doi.org/10.3389/fimmu.2021.638469
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.638469
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.638469&domain=pdf&date_stamp=2021-04-12

Bechelli et al.

Autophagy and Rickettsiae in Macrophages

INTRODUCTION

Rickettsiae are Gram-negative, obligately intracellular bacteria
transmitted to humans by arthropod vectors. Highly virulent
rickettsial species, such as Rickettsia rickettsii, can cause life-
threatening disease with fatality as high as 40% (1). Clinically,
rickettsial illnesses often present with fever, headache, and
petechial rash. Although microvascular endothelial cells are the
primary target of rickettsial infection (2), rickettsiae effectively
invade macrophages and other types of cells, such as dendritic
cells and hepatocytes. We, and others, have recently
demonstrated that Rickettsia invades and survives in human
macrophages, while macrophages play an important role in the
pathogenesis of rickettsioses (3-9). However, it remains poorly
understood how virulent rickettsiae utilize macrophages to
develop a systemic infection in mammalian hosts.

Autophagy is an intracellular, bulk degradation process in
which a portion of a cytoplasmic component of the cell is
engulfed in double-membrane structures known as
autophagosomes and is subsequently degraded upon fusion
with lysosomes (10, 11). Afg5 (autophagy-related gene 5) is
essential for autophagic vesicle formation as part of the
ATG12-ATG5-ATG16 complex (12). A number of studies
have employed Atg5-conditional knockout mice to investigate
the interactions of autophagy with pathogenic microbes (13-15).
Atg5" % Lyz_Cre mice were generated by breeding Atg5 ¥/
mice to mice expressing the Cre recombinase from the
endogenous lysozyme M locus (14), leading to an autophagy
deficit mainly in macrophages resulting from deletion of the
ATGS gene. The mechanistic (formerly “mammalian”) target of
rapamycin (mTOR) is an atypical serine-threonine protein
kinase that plays a critical role in maintaining a balance
between cellular anabolism and catabolism (16). The mTOR
affects several aspects of cellular functions, including metabolism,
aging, growth, apoptosis, and autophagy (17). It forms two
complexes, mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2), with distinct composition and function (18). Toll-
like receptor activation, cytokines, and low concentrations of
amino acids will activate mTORCI signaling leading to the
phosphorylation of p70S6 kinase (p70S6K), mTOR and S6
kinase, which are established markers of mTORCI1 activation
(19-22). The mTORCI is a master regulator of autophagy, since
inhibition of mTORC1 was required to initiate the autophagy
process (16, 23). Increasing evidence shows that mTORCI1 has
been implicated in the regulation of fusion of autophagosome to
lysosome and the termination of autophagic flux (16).

Although autophagy has been considered a cornerstone of
intracellular surveillance and host defense, intracellular bacteria
and viruses are known to subvert or modify autophagy to
facilitate their infection course (24-26). Recently, we have
demonstrated that R. australis accumulates and co-localizes
with LC3 (+) autophagosomes in macrophages, but not
accompanied by a significantly reduced level of SQSTM1/p62
(4). In addition, pharmacological inhibition of mTOR signaling
promotes the survival of R. australis in macrophages (4). Thus, R.
australis induces a modified autophagic response, instead of
autophagic flux. Using Atg5 /% Lyz-Cre and Atg5 //fox

mice, our recent studies clearly demonstrated that: 1) R. australis
supports its infection in macrophages by inhibiting anti-
rickettsial effect mediated by IL-1B via Atg5-dependent
autophagic response; 2) Atg5-dependent autophagic response
in macrophages facilitates the systemic infection of R. australis in
association with suppressed serum levels of IL-1 (4). Notably, it
is unknown how R. australis subverts the elements of the host
innate immune system to support rickettsial infection via a
modified autophagic response. Thus, we determined whether
inflammatory and anti-inflammatory cytokines other than IL-1f3
were regulated by Atg5-dependent autophagic response via
utilizing Atg5 % and Atg5 /°¥M°* Lyz-Cre mice. In
addition, we investigated the interactions of R. australis with
mTOR and its effect on the autophagic response in macrophages.
Our studies demonstrate that R. australis induces a modified
autophagic response while activating mTORCI signaling in
macrophages. Our findings suggest that R. australis subverts
host innate immunity to support rickettsial infection in
association with Atg5-dependent regulation of G-CSF and
IFN-v, in addition to IL-1p.

MATERIALS AND METHODS

Rickettsiae and Mice

Rickettsia australis (Cutlack strain) was cultivated in Vero cells and
purified by either Renografin density gradient centrifugation or
using a Renografin “cushion” as previously described (27-29) for
use in in vitro infections. The concentration of rickettsiae
propagated in cell culture was determined by plaque assay after
purification as described previously (28). Rickettsial stocks were
stored at -80°C until use. All the experiments described in this study
were conducted in a certified biosafety level 3 (BSL3) laboratory at
UTMB. Wild type (WT) B6 mice were purchased from The Jackson
Laboratory (catalog number 000664). Atg5 /% Lyz-Cre
(autophagy deficient), and Atg5 Sloxflox (ontrol) mice were kindly
provided by Dr. Noboru Mizushima at the University of Tokyo and
Dr. Herbert Virgin IV at Washington University School of
Medicine in St. Louis (14, 15, 30). For in vivo experiments, mice
were maintained and handled in a certified animal biosafety level-3
(ABSL3) facility at UTMB and inoculated intravenously (i.v.)
through the tail vein with R. australis at the doses indicated. R.
australis used in animal studies was grown in embryonated chicken
egg yolk sac culture as described previously (31). Animals were
monitored daily for signs of illness and sacrificed at indicated times.
In vivo experiments were performed according to the Guide for the
Care and Use of Laboratory Animals guidelines and approved by
the Institutional Animal Care and Use Committee at UTMB.

Generation of Bone Marrow-Derived
Macrophages

Primary bone marrow-derived macrophages (BMMs) were
generated from 6-8 week old female WT B6 mice, Atg5 /"
mice and Atg5 /% Lyz-Cre mice as previously described (4, 14,
15, 30, 32). Briefly, femurs and tibias were dissected, bone marrow
was flushed using sterile medium, and cells were cultivated in
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low-endotoxin DMEM containing 10% (v/v) fetal bovine serum
(FBS; Hyclone, Utah, SV30160) supplemented with either 20%
supernatant from 1929 cell culture or recombinant M-CSF
(PeproTech, NJ, 315-02) at 37 °C in 5% CO,. Cells were
harvested on day 6 and characterized by flow cytometric
analysis by staining with anti-F4/80 and CD11b antibodies.
Cultures were used when approximately 90% of these cells
stained positive for F4/80 and CD11b. BMMs were plated at a
density of 1 x 10° cells/well in 24-well plates in RPMI 1640
containing 10% FBS, and experiments were initiated within 24 hrs.

Macrophage In Vitro Infections

Primary mouse BMMs were infected with R. australis at a
multiplicity of infection (MOI) of 5. In order to synchronize
the internalization of bacteria, rickettsiae were centrifuged onto
the cells at 560 x g for 5 min and incubated at 37°C in 5% CO.,.
Cells were collected and washed for further experiments at
indicated times for each experiment, and uninfected cells
served as the negative control.

Immunoblotting of Molecules Involved in
Autophagy and mTOR Signaling

To assess the conversion of LC3-I to the lipidated LC3-II form,
cells were lysed with RIPA lysis buffer (EMD Millipore, MA, 20-
188) containing protease and phosphatase inhibitors (Roche,
IN). Cell lysates were centrifuged to obtain soluble proteins,
separated by SDS-PAGE, transferred to polyvinylidene difluoride
(PVDF) membranes and probed with polyclonal antibodies
against LC3B (Cell Signaling Technology, MA, 4108). Bands
were visualized using appropriate secondary antibodies and
enhanced chemiluminescence (ECL) detection reagents
(Thermo Scientific, Pierce, IL, 32106). Beta-actin was used to
determine equal loading of the gel and was detected with mouse
monoclonal antibody (mAb, Sigma, MO, A1978). Blotting
against SQSTMI was performed using antibodies directed
against SQSTM1 (Cell Signaling Technology, MA, 5114).
Antibodies directed against phospho-mTOR (Ser2448) (D9C2)
XP® rabbit mAb and phospho-p70 S6 Kinase (Thr389) (1A5)
mouse mAb (Cell Signaling Technology, MA) were used for the
analysis of the mTOR signaling pathway according to the
manufacturer’s instructions. Densitometric analysis was
quantitatively measured using Image J (33).

Immunofluorescence Microscopy

For immunofluorescence detection of LC3 puncta in R. australis-
infected BMMs, cells were first seeded on glass coverslips in 12-
well plates one day before infection as described previously (4). At
1 h post-infection (p.i.), cells were washed with PBS, fixed with 4%
paraformaldehyde in PBS for 20 min, permeabilized with 0.5%
Triton-X in PBS for 20 min and blocked with 3% BSA in PBS for
30 min. Samples were incubated with rabbit monoclonal antibody
against LC3B (Cell Signaling Technology, #3868) followed by
appropriate secondary antibody. Nuclei were stained with DAPI
in PlroLong® Gold Antifade Mountant (Life Technology, NY, P-
36931). Coverslips were sealed with nail polish, and visualized by
confocal microscopy with a 20 x lens (Olympus Fluoview 1000)
using FV10-ASW software (Olympus, PA).

The levels of LC3 in cells were quantified as previously
described (34). In brief, using Image J, an outline was drawn
around each cell and circularity, area, mean fluorescence
measured along with several adjacent background readings. The
total corrected cellular fluorescence (TCCF) = integrated density —
(area of selected cell x mean fluorescence of background readings)
was calculated. This TCCF was then equalized against the mean
TCCF of neighboring interphase cells in the same field of view,
with results presented as fold increase over interphase levels. Box
plots and statistical analysis (2-sided unpaired Student t tests)
were performed using GraphPad Prism 5.

Pharmacological Inhibition of mTORC1
Signaling

Rapamycin, the pharmacologic gold standard for inhibiting
mTOR, which acts by associating with FK-506 binding protein
12, was used to selectively inhibit mTORC1 (35). To inhibit
mTORCI signaling, cells were treated with 50 ng/mL of
rapamycin (Sigma-Aldrich, St. Louis MO) for 4 hours prior to
infection with rickettsiae. The cell number was counted,
morphology observed by microscopy, and cell viability
determined with the trypan blue dye exclusion method (36).
The inhibitory effect of rapamycin on mTOR was examined by
immunoblotting with antibodies against phospho-mTOR
(Ser2448) (D9C2) XP® rabbit mAb and phospho-p70 S6 Kinase
(Thr389) (1A5) mouse mAb (Cell Signaling Technology, MA).

Measurement of Cytokines by ELISA

Supernatants from Rickettsia-infected cells and uninfected
controls were filter-sterilized and stored as aliquots at - 80°C.
The concentration of IL-18 present in the supernatant of R.
australis-infected BMMs was measured by ELISA using the
Mouse IL-18 ELISA Kit (MBL International Corporation),
following the manufacturer’s instructions. The detection limit
for the ELISA cytokine concentrations was 25 pg/mL for IL-18.
Samples were assayed in duplicate and are presented as the
average of two independent experiments. Absorbance values
were obtained using a VersaMax ELISA microplate reader
(Molecular Devices, Sunnyvale, CA), and the concentrations
were calculated from values obtained within the linear range of
the standard curve.

Bio-plex Assay for Cytokine Analysis

Cell culture supernatants and mouse sera were processed
according to the manufacturer’s instructions and then analyzed
using a Bio-plex 200 system (Bio-Rad, Hercules, CA). Briefly, the
samples were filter sterilized and subsequently centrifuged for 10
minutes at 450 x g at 4°C to remove debris. The resulting
supernatants were collected and aliquoted into 96-well plates
and processed for analysis on the Bio-plex system. The cytokines
were coupled to cytokine-specific multi-plex beads (Bio-Rad)
in the Bio-Plex mouse cytokine immunoassay following
the manufacturer’s instructions. The pre-designed assay kit
measured the concentrations of cytokines/chemokines
including interleukin (IL)-1o., IL-6, IL-10, IFN-y, granulocyte
colony-stimulating factor (G-CSF), and tumor necrosis factor
(TNF)-oL.
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Next-Generation Sequencing (NGS) and
Pathway Analysis

RNA-seq analysis (next-generation sequencing) was performed on
R. australis-infected BMMs of Atg5 /"% mice and Atgs /oo
Lyz-Cre mice at 24 h p.i. as described previously (37). Briefly, 1 ug of
total RNA from uninfected and infected BMMs was poly A+
selected and fragmented using divalent cations and heat (94°C,
8 min). lllumina TruSeq v2 sample preparation kits (Illumina Inc.,
San Diego, CA) were used for the RNA-Seq library construction.
NGS was performed at the NGS core facility, Sealy Center for
Molecular Medicine, the University of Texas Medical Branch
(UTMB). Sample libraries were sequenced by the Illumina HiSeq
1500 using a 2 x 50 base paired-end run protocol, with TruSeq v3
sequencing-by-synthesis chemistry. Reads were aligned to the
mouse GRCm38 reference genome using the STAR alignment
program, version 2.5.3a, with the recommended ENCODE
options. GFOLD V1.14 was used to calculate the fold change
differences between treatments. GFOLD generalizes the fold
change by considering the posterior distribution of log fold
change to overcome the problem of no replicate samples.
Heatmap and hierarchical cluster analysis were generated to
demonstrate the expression patterns of the top 100 genes
differentially expressed. The dataset was filtered for a Log2 (fold
change) > 2.5 or < -2.5 and then uploaded to Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems, Redwood City, CA) for
further analysis of the Atg5-dependent regulation of transcriptome
profile of mouse macrophages during R. australis infection.

Histopathological Analyses

Formalin-fixed, hematoxylin and eosin (H&E)-stained tissue sections
from infected and uninfected Atg5 ™" and Atg5 */* Lyz-Cre
mice were evaluated by a pathologist via both low-magnification and
high-magnification microscopy. Images were taken using an
Olympus BX41 photomicroscope (Olympus America, Inc., Center
Valley, PA) or using a Revolution Microscope and an iPad Pro®
tablet (Echo Laboratory, San Diego, CA). The histopathology slides
were read by a board-certified Pathologist who has extensive
experience with pathological analysis of rickettsial infections.

Statistical Analysis

The one-way analysis of variance (ANOVA) with Bonferroni’s
procedure was used for comparisons of multiple experimental
groups, and a Student t-test or Welch’s t-test was used for two-
group comparisons depending on whether the variance between
two groups was significantly different. The statistical analyses were
performed using GraphPad Prism software version 5.01. p values
of 0.05 or less were the threshold for statistical significance.

RESULTS

R. australis Subverts Host Innate Immunity
in Association With an Atg5-Dependent
Autophagic Response

We have previously reported that a type 1 immune cytokine
profile is closely associated with the host protective immunity

against rickettsial diseases (38, 39). MyD88-dependent cytokines,
including IFN-y, IL-6, IL-12, and IL-1P, are the early signatures
of a protective host innate immune response against R. australis
(38). Inhibiting systemic production of IL-1p by Atg5-dependent
autophagic response in macrophages contributes to the
enhanced R. australis infection in vivo, as evidenced by our
previous published studies employing Atg5 /% Lyz-Cre and
Atgs f10M1o% mice (4). The important question in this study
is whether other components in host innate immunity,
in addition to IL-1P, were subverted by R. australis to
support rickettsial infection in vivo in an Atg5-dependent
mechanism. To answer this question, we determined the
association of the Atg5-dependent autophagic response with
four pro-inflammatory cytokines, IL-10,, TNF-o,IFN-y and G-
CSF, and one anti-inflammatory cytokine, IL-10, in host innate
immunity against R. australis. First, no significant difference in
cytokine levels was identified in uninfected Atg5 /"% Lyz-Cre
and Atg5 "/ mice (Figure 1). On day 4 p.i,, a time point in
host innate immunity at which serum levels of IL-1f and
R. australis load in tissues were determined in our previous
studies, the systemic production levels of IL-1c, TNF-a, and
IL-10 in R. australis-infected Atg5 /% Lyz-Cre mice were not
significantly different from those in infected Atg5 /% mice
(Figure 1). Surprisingly, serum levels of IFN-y and G-CSF in
Atg5 XX 1y;_Cre animals were significantly reduced in
association with a previously documented lower R. australis
load in tissues (4), compared to Atg5 Sloxlflox 3 nimals (Figure
1). Therefore, our results suggest that R. australis modulates
Atg5-dependent regulation of G-CSF and IFN-y, in addition to
IL-1B, in host innate immunity to support rickettsial infection
in vivo.

Inflammatory Cellular Accumulation Upon
Infection With R. australis in Tissue of
Atg5 o¥/flox Mice Is Quantitatively and
Qualitatively Different Compared to

Atg5 fox/flox ) v7_Cre Mice

Histologic analysis of the H&E-stained liver and lung sections of
infected animals showed inflammatory cell infiltrations and lesions in
both R. australis-infected Atg5 "/ and infected Atg5 /"~ Lyz-
Cre mice on day 4 p.i. compared to uninfected controls (Figure 2).
Livers of infected Atg5 /™ Lyz-Cre mice showed numerous
perivascular foci of inflammatory infiltration either around the
central vein and portal triad or in the lobules (Figure 2A).
Compared to Atg5 /*/1°* mice, deficiency in Atg5 in macrophages
resulted in thrombosis and infarction in the liver (Figure 2B). In the
liver of infected Atg5 ™/ Lyz-Cre mice, inflammatory foci were
randomly distributed throughout the tissue. These cellular
infiltrations consisted of mainly macrophages, but also lymphocytes
and neutrophils (Figures 2C, D). Furthermore, R. australis-infected
Atg5 % 1y7_Cre mice showed interstitial pneumonia in the lungs
(Figures 2E, F).

Evaluation of histopathological changes in livers of infected
Atg5"%* mice showed cellular infiltration in widely distributed
foci consisting of macrophages, but fewer or no neutrophils
compared to Atg5 "% Ly;_Cre mice (Figures 2G-J). The lungs
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of R. australis-infected Atg5 "*M°* mice also showed interstitial
pneumonia (Figures 2K, L). Interestingly, the frequency of
pathological lesions was significantly reduced in livers of infected
Atg5 0% 1y7_Cre mice compared to Atg5 /"% mice (Figure
2M). In contrast, the inflammatory lesions in the livers of infected
Atg57M°* 1y7_Cre mice were significantly greater in size compared
to infected Atg5/**/** mice (Figure 2N). Considering the greater R.
australis load in tissues of Atg5 "% mice vs Atg5 /1 Lyz-Cre
mice, these results suggest that R. australis subverts host innate
immunity via Atg5 to support their infection in association with
histopathological changes featured by increased frequency and
reduced size of cellular infiltrations consisting of few or
no neutrophils.
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FIGURE 1 | (previous Figure 6). R. australis subverts host innate immunity against rickettsioses via Atg5-dependent autophagic response. Atgs fox/ox | vi7-Cre and
Atgb flox/flox miice were infected with R. australs i.v. at a dose of 3 x 10° PFU per mouse. On day 4 p.i., mice were euthanized, and serum was collected. Systemic
production levels of cytokines/chemokines including IFN-y, G-CSF, TNF-a, IL-10, and IL-10 in mouse serum were determined by Bioplex assay. Results are
means + SE of data from three independent experiments containing 4-6 mice per group. *p<0.05; n.s., not statistically significant.

Atg5-Dependent Gene Regulation by

R. australis Infection in Macrophages

No prior studies have examined the Atg5-dependent regulation
of host gene expression by Rickettsia in macrophages. We
performed four comparisons in this study, including infected
Atg5 (+) vs uninfected Atg5 (+), infected Atg5 (-) vs infected Atg5
(+), infected Atg5 (-) vs infected Atg5 (+), and uninfected Atg5 (-)
vs uninfected Atg5 (+). As shown in Figure 3, Atg5 (-) refers to
Atg5 ¥M19% Ly;_Cre while Atg5 (+) refers to Atg5 /% First, a
list of the top 100 differentially expressed genes in each
comparison was used to generate a heat map (Figure 3A).
Approximately half of these 100 genes were upregulated in
infected macrophages in all four comparisons, notably
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FIGURE 2 | (previous Figure 7). Inflammatory cellular accumulation upon infection with R. australis in tissues of Atg5 ™% mice and Atgs ™% Lyz-Cre mice. Mice
were infected i.v. with R. australis (3 x 10° PFU per mouse). On day 4 p.i., mice were sacrificed, and tissues were isolated and analyzed. Histological analysis of
livers and lungs from infected Atg5 ™"% Lyz-Cre mice (A-F) and Atg5 "™ mice (G-L). Foci of inflammatory infiltration are indicated by white arrows. Thrombus or
necrotic cells related to thrombosis is shown as white arrowheads (B). Polymorphonuclear neutrophils (PMNSs) (black arrowheads) and macrophages (black arrows)
are shown in livers. Furthermore, the size (M) and frequency (N) of inflammatory lesions in livers were analyzed using Imaged (magnification, x20). Images were taken
using an Olympus BX41 photomicroscope (Olympus America, Inc., Center Valley, PA) or using a Revolution Microscope and an iPad Pro® tablet (Echo Laboratory,
San Diego, CA). *p<0.05.
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FIGURE 3 | (previous Figure 3). Comparative transcriptional analysis of R. australis-infected Atg5 "% Lyz-Cre and Atgs5 "¥"* BMMs. BMMs were isolated from
Atgs flox/flox Lyz-Cre and Atg5 flo/iox mice, and then infected with R. australis at an MOI of 5. At 24 h p.i., cells were collected and total RNA was extracted. RNA-seq
analysis was performed as described in Materials and Methods. Atg5 (+), Atg5 "% Atg5 (), Atgs ™% Lyz-Cre. (A), Heatmap and hierarchical clustering of the
top 100 genes differentially regulated by Atg5 during R. australis infection in mouse macrophages. The expression levels of genes are indicated by the color bar
above the heatmap. Red color indicates the increased expression whereas green color indicates the decreased expression in four comparisons. (B), Venn diagram
showing overlap of significantly modulated genes for each of the four comparisons. (C, D), IPA molecular networks analysis of differentially expressed genes in IL-1
family cytokines signaling and PI3K-Akt-mTOR signaling in R. australis-infected Atg5 "% |yz-Cre BMMs vs R. australis-infected Atg5 ™" BMMs. Red, up-

regulated; green, down-regulated.
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pro-inflammatory cytokines (IL-1 family of cytokines and TNF-
alpha) and chemokines (CCL5 and CXCL10), that may be of
particular interest for the purpose of our studies. Moreover, 34
genes were differentially expressed in each comparison,
suggesting that the expression levels of these genes are closely
associated with Atg5-dependent autophagy and/or R. australis
infection (Figure 3A). We generated a Venn diagram showing
the overlap of significantly modulated genes among four
comparisons InteractiVenn (Figure 3B). No gene was shared
among the four comparisons. The majority of modulated genes
were unique to either infected Atg5 (-) vs uninfected Atg5 (-),
infected Ag5 (+) vs uninfected Atg5 (+), or uninfected Atg5 (-) vs
uninfected Atg5 (+).

The focus of the present study is on the subversion of the host
response in macrophages by R. australis observed in an Atg5-
competent vs. Atg5-compromised mice. The networks generated
by IPA analysis illustrate the interrelationships between genes
and the temporal changes in gene modulation. Two molecular
networks, in which IL-1 family cytokines (Figure 3C) and PI3K-
Akt-mTOR (Figure 3D) were central hub molecules, were
identified by IPA. The first network (Figure 3C) consists of 22
genes differentially expressed in infected Atg5 (-) and infected
Atg5 (+) BMMs. In IL-1 family cytokine signaling, nine and
thirteen genes were up- and down-regulated, respectively, by
R. australis infection in Atg5-deficient macrophages compared
to Atg5-competent macrophages. Thus, Afg5 specifically down-
regulated nine genes during R. australis infection, including IL-1,
IL-36G, lipocalin-2 (LCN2), resistin (RETN), NADPH-
dependent 3-keto-steroid reductase (Hsd3b4), matrix
metallopeptidase 3 (MMP3), and ephrin type-B receptor 6
(EPHB6), some of which have been shown to contribute to
host innate immunity against infections (40). Therefore, Atg5
benefits R. australis infection in macrophages, at least in part in
association with inhibiting the members of IL-1 family cytokines
in the host innate immune system. In Figure 3D, the hub
molecules are PI3K, Akt, insulin, and eukaryotic initiation
factor 4E-binding protein 1 (Eif4ebp) (41). When mTORCI is
active, it phosphorylates (activates) p70S6 kinase (S6K) and the
elF4e binding protein (42). Thus, the PI3K-Akt-mTOR signaling
pathway was regulated by R. australis infection. Compared to
infected Atg5 //°* BMMs, 4 genes including RAMP3 and
PDE10A were upregulated while 7 genes including ANGPTL4
and Gpcr were downregulated in infected Atg5 /"% Lyz-Cre
BMMs by R. australis infection (Figure 3D). These results
suggest that the enhanced R. australis infection in Atg5-
competent macrophages is associated with the alterations of
the key cellular signaling pathway, PI3K-Akt- mTOR.

R. australis Suppresses the Production of
Inflammatory Cytokines by Infected
Macrophages via a Modified
Atg5-Dependent Autophagic Response

Our recently published studies have shown that R. australis
induces a modified Atg5-dependent autophagic response to
benefit its replication through inhibiting the secretion of
rickettsicidal IL-1f, although IL-1B-independent mechanisms

also contribute to this process (4). To explore IL-1B-
independent factors involved in supporting R. australis
infection in macrophages, we measured the secretion levels of
five cytokines in R. australis-infected Atg5 /"% Lyz-Cre BMMs
and Atg5 "/ BMMs at 24 h p.i. Uninfected BMMs of Atg5-
conditional knockout mice did not produce any significant levels
of the examined cytokines (Figure 4). The deficiency of Atg5-
dependent autophagy did not change the levels of either IFN-y or
G-CSF secreted by infected macrophages (Figure 4).
Interestingly, R. australis-infected Atg5 " Lyz-Cre BMMs
produced significantly greater levels of IL-6, IL-10,, and TNF-o.
compared to infected Atg5 /°*/°* BMMs (Figure 4). The
enhanced production of IL-6, IL-1o. and TNF-a. was associated
with reduced R. australis infection in Atg5-deficient macrophages
(4). These results suggest that R. australis exploits the Atg5-
dependent autophagic response to inhibit the production of IL-6,
IL-10, and TNF-o in macrophages to support their infection.
IL-18 is an important member of the IL-1 family of cytokines
(43-45). To determine the effect of autophagy on production of
IL-18 by R. australis-infected macrophages, we employed BMMs
from both Atg5- and Atgl6lI-conditional knockout mice. R.
australis infection resulted in significantly greater production
levels of IL-18 in Atg5 ¥ Lyz-Cre BMMs compared
to Atg5 °/°* BMMs (Figure 5A). Furthermore, the secretion
levels of IL-18 by R. australis-infected Atg1611/°*/1° BMMs were
significantly less than those by infected Atg16l1 " Lyz-Cre
BMMs (Figure 5B). We had demonstrated that deletion of
Atglé6ll significantly reduces the concentrations of R. australis
(4). Thus, the reduced IL-18 production by Atg1611/°*/°* BMMs
was associated with a greater rickettsial load in these BMMs
compared to Atg1611/"°* Lyz-Cre BMMs. These results clearly
revealed that R. australis suppressed the production of IL-18 in
an autophagy-dependent manner, consistent with the results of
Atg5-dependent regulation of IL-1 family cytokines at the
transcriptional level by this bacterium, as shown in Figure 3C.

R. australis Induces Activation of mTORC1
Signaling

As described above (Figure 3D), R. australis differentially
regulated the genes in the PI3K-Akt-mTOR signaling pathway
in macrophages via an Atg5-dependent mechanism. Since
inhibition of mTORCI1 by rapamycin treatment promotes R.
australis infection (4), mTORC1 activation is likely important to
regulate the cellular environment during rickettsial infection.
This was the impetus to study whether R. australis infection has
an impact on mTORCI signaling and if mTORCI signaling
regulates autophagy induction. To address these questions, we
infected B6 BMMs with R. australis and determined the
phosphorylation of mTOR and P70S6 kinase as a read-out for
mTORCI activity. Surprisingly, R. australis infection induced
direct phosphorylation of mTOR on serine 2448 and
phosphorylation of P70S6 kinase (threonine 389) in B6 BMMs
compared to uninfected controls at as early as 1 h p.i. when
autophagic response is induced by these bacteria (Figure 6A) (4).
Densitometry analysis from three independent experiments
showed that the expression levels of phosphorylated mTOR
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and P70S6 in R. australis-infected macrophages were
significantly greater than in uninfected macrophages (Figures
6B, C). These results suggest that infection with R. australis leads
to both direct and indirect activation of mTORCI in infected
macrophages (4). To confirm that the increase in phosphorylated
mTOR and P70S6 kinase represents the activation of mTORC1
signaling, B6 BMM macrophages were pre-treated with
rapamycin prior to infection. Blockage of mTORC1 signaling
by treatment with rapamycin for less than 6 h nearly abolished
the increase in both phosphorylated mTOR and P70S6 (Figure
6). Thus, these results demonstrated that R. australis infection
activated mTORCI signaling in mouse macrophages, which can
be effectively eliminated by treatment with rapamycin.
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FIGURE 4 | (previous Figure 4). R. australis counteracts the production of pro-inflammatory cytokines by infected macrophages via Atg5-dependent autophagy.
BMMs were isolated from Atg5 ™" | yz-Cre and Atg5 "™ mice, and they were infected with R. australis at an MOI of 5. At 24 h p.i., supernatant was harvested.
Production levels of cytokines including IL-6, TNF-a, IL-1a, IFN-y and G-CSF in the supernatant were assessed by Bioplex assay. Results are means + SE of data

R. australis Induces Autophagic Response
While Activating mTORC1 Signaling

Our previous studies have reported that R. australis induces
ATGS5 (+) LC3 (+) autophagosomes with less likely degradative
autophagy in macrophages at 1 h p.i (4). As shown in Figure 6,
R. australis activated mTORCI at the same time when Atg5-
dependent autophagic response was induced in the same type of
cells. This is interesting to us because mTOR-dependent
autophagy would have decreased phosphorylation of mTOR.
To this end, we stimulated B6 BMMs with rapamycin in the
context of R. australis infection and analyzed autophagy
induction by examining the levels of LC3-II, SQSTM1 and the
conversion of soluble LC3-I to lipid bound LC3-II. At 1 h p.i,
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FIGURE 5 | (previous Figure 5). R. australis suppressed the production of IL-
18 by infected macrophages via Atg5-dependent autophagy. BMMs were
isolated from Atg5 ""°% | yz-Cre and Atg5 ™" mice, and Atg16/1 vox
Lyz-Cre and Atg16/1 "% mice, Macrophages were infected with R.
australis at an MOI of 5. At 24 h p.i., supernatant was harvested.
Concentrations of IL-18 in the supernatant of infected Atg5 ™"% |yz-Cre
BMMs and Atg5 ™7™ BMMs (A), and infected Atg16/1 ™" | yz-Cre BMMs
and Atg 1617 "X BMMs (B) were assessed by ELISA. Results are means =
SE of data from two independent experiments. *p < 0.05.

consistent with our previous report, R. australis alone induced
significantly increased levels of LC3-II compared to uninfected
controls without a significantly reduced level of SQSTM1/p62,
indicating a modified autophagic response (Figures 7A, B). In
contrast, rapamycin treatment slightly increased levels of LC3-1I/
LC3-I and slightly reduced levels of SQSTM1/p62 in R. australis-
infected macrophages at 1 h p.i. (Figures 7A, B). However, these
changes were not statistically significant (Figure 7B). At 3 h p.i,
we did not find any significant change in expression levels of LC3-
II, LC3-II/LC3-I conversion, or SQSTM1/p62 in R. australis-
infected macrophages treated with rapamycin compared to
controls (Figures 7A, B). Since R. australis is known to modify
autophagy into an Atg5-dependent autophagic response (4), we
decided to determine the quantity of LC3 (+) autophagosomes by
immunofluorescence confocal microscopy. Indeed, at 1 h p.i,
LC3 puncta staining was significantly increased in R. australis-

infected BMMs treated with rapamycin compared to
macrophages infected with rickettsiae alone (Figures 7C, D).
However, R. australis-infected macrophages with rapamycin
treatment did not show significantly increased LC3-II
fluorescence intensities compared to rapamycin-treated
uninfected cells. In other words, we did not observe synergistic
or additive effects by R. australis infection in rapamycin-treated
macrophages at 1 h p.i. (Figures 7C, D). Thus, inhibition of
mTORCI most likely enhanced the accumulation of
autophagosomes in R. australis-infected macrophages. These
data suggest that R. australis induces a modified mTORCI1-
independent autophagic response in macrophages.

DISCUSSION

Our recent report on interactions of autophagy with R. australis
paved the way for the present study (4). Autophagy is a
fundamental cellular homeostasis program that degrades
surplus cellular contents in cytoplasm to provide sources of
energy (46). Increasing evidence has demonstrated various
mechanisms by which host autophagy interacts with invading
microbial pathogens. However, the interplay of autophagy with
the host inflammatory response to infectious agents in vivo and
the subsequent pathological changes in tissues are not well
understood. Studies revealing such roles of autophagy are likely
to provide insightful information toward understanding the
pathogenesis of these infectious diseases and the potential
development of novel therapeutics targeting autophagy. In this
regard, our studies demonstrated several novel findings. R.
australis, a member in the transitional group of the Rickettsia
genus, was revealed to activate mTORCI signaling in primary
mouse macrophages. Moreover, nTORCI1 control of autophagy
was dysregulated during R. australis infection at least at 1 h p.i.
(Figure 8). Our studies also demonstrated that deficiency of Atg5
enhanced the host control of R. australis in vivo accompanied
by numerous infiltrations of inflammatory cells in tissues,
including neutrophils. R. australis infection significantly
regulated mammalian host genes and subverted host innate
inflammatory responses to support the infection by modifying
Atg5-dependent autophagy.

The mTOR signaling pathway is widely expressed in tissues and
cells of mammalian hosts, and functions as an evolutionarily
conserved sensor of environmental and endogenous stress (47).
The mTOR is a down-stream effector of PI3K-Akt signaling
pathway and mediates nutrient-dependent intracellular signaling
related to cell growth, proliferation, and differentiation (16,
48). Hepatitis C virus (HCV) activates mTOR via the viral
nonstructural protein 5A (NS5A) to enhance cell survival by
blocking apoptosis (49). Human cytomegalovirus (HCMV)
induces mTOR activation and maintains this activation
throughout infection (50). Zullo and Lee reported that several
Mycobacterium species activate mTOR signaling and induce
autophagy; however, they show that the induction of autophagy
in macrophages is mTOR-independent (51). Rapamycin has been
reported to mainly inhibit mTORCI, particularly within 24 hour of
stimulation (52, 53). In the present study, treatment with

Frontiers in Immunology | www.frontiersin.org

107

April 2021 | Volume 12 | Article 638469


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bechelli et al.

Autophagy and Rickettsiae in Macrophages
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rapamycin for 5 hours nearly abolished the increase in
phosphorylated mTOR and P70S6 in R. australis-infected
macrophages (Figures 6 and 7), suggesting activation of
mTORCI signaling by rickettsiae. Although the results in
Figures 6 and 7 provided both direct and indirect evidence that
R. australis activates mTORCI signaling, this conclusion can even
be further supported by the unaltered total expression levels of
mTOR and P70S6 in these infected macrophages. We are currently
performing such experiments in our laboratory. Furthermore, it
remains unknown whether R. australis activates mTORC2
signaling or not. It is not surprising to us that R. australis
dysregulated the control of autophagy by mTORCI1 in
macrophages at 1 h p.i. based on two findings previously
reported (4, 54). First, R. australis does not induce a canonical
autophagy pathway characterized by increased LC3-II and reduced
p62 (4). Instead, R. australis manipulates an Afg5-dependent
autophagic response in order to facilitate their infection (Figure
8). Secondly, given the recent discovery that R. typhi activates both
Class T and III PI3Ks (54), it is interesting to speculate that R.
australis activates class III PI3K complex to further trigger the
activation of mTORCI1 (Figure 8). Increasing evidence indicates
that mTORCI also directly regulates the subsequent steps of the
autophagy process, including the nucleation, autophagosome
elongation, autophagosome maturation and termination (16). It
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FIGURE 6 | (previous Figure 1). R. australis activates mTORC1 in mouse macrophages. BMMs of WT B6 mice were isolated and infected with R. australis at an
MOI of 5. To inhibit mTORC1 signaling, cells were treated with 50 ng/mL of rapamycin for 4 hours prior to infection with R. australis. At 1 h p.i., cells were collected,
and cell lysates were immunoblotted with antibodies directed against phosphorylated mTOR, phosphorylated p70S6K, and B-actin (A). The activation of
phosphorylated mTOR (B) and phosphorylated p70S6K (C) was analyzed by densitometry using B-actin as a normalization control with three independent replicates.

is, therefore, worthwhile to investigate whether and how mTORC1
is involved in regulating the accumulation of autophagosomes and
maturation of autophagosome into autolysosome during R.
australis infection. Furthermore, previous studies have
demonstrated that inhibition of apoptosis is essential for
endothelial cell survival during R. rickettsii infection. R. rickettsii
even protects host endothelial cells from staurosporine-induced
cell death (55, 56). We also reported that R. australis does not
induce cell death in infected mouse BMMs (5). Activation of
mTOR is known to promote cell survival (57). Thus, it is an
attractive hypothesis that the activation of mTOR, including
mTORC1 and/or mTORC2 signaling, in cells infected with
rickettsiae may serve as a mechanism for promoting cell survival.

Autophagy has been shown to negatively regulate host
inflammatory cytokines, particularly the IL-1 family of
cytokines. R. australis inhibits IL-1f secretion in infected
BMMs in vitro and in sera by modulating Atg5-dependent
autophagy (4). In vitro neutralization of IL-1f by specific
antibodies abolishes the enhanced R. australis infection by
an Atg5-dependent autophagic response in macrophages (4).
R. australis has been reported to induce significant levels of
IL-18, another member in IL-1 family cytokines, by B6 BMMs
(5). The differences in production levels of IL-18 by BMMs of
Atg5- and Atgl6lI-conditional knockout mice (Figure 5) from

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 638469


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bechelli et al.

Autophagy and Rickettsiae in Macrophages

A 1 Hour 3 Hour
R. australis - + - + - + - +
Rapamycin - - + + - - +
20 kDa —»
— — - LC3-
— I . — W — W w— | C3I|
10 kDa —»
GOKDa —, i — — — — — p62
40 kDa—» --. m B-actin
B 1 Hour 3 Hour
1.5
3 *
c | T = > T
= 1.04
g g
?’ 5 0.5
g 4"
0.0l
2 2.0,
- & 1] l
@ o
3 =
E ol
T «©
o o
9 3 = 0.5
ol .
2.5 9
c
£2.0 £
g < ol —
1.5 =
s =
£ 1.0 @
g - g 0.5
@ 0.5] %
0.0/ 0.
R. australis - + - + R. australis - + - +
Rapamycin - - + + Rapamycin - - + +
C
R. australis - + - +
Rapamycin - - + +
D
=)
£
=
s
"
v
[¢]
-l
s
L
R. australis - + - +
Rapamycin - - + +
FIGURE 7 | Continued
Frontiers in Immunology | www.frontiersin.org 109 April 2021 | Volume 12 | Article 638469


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bechelli et al.

Autophagy and Rickettsiae in Macrophages

FIGURE 7 | (previous Figure 2). Interactions of mTORC1 and autophagy with R. australis in macrophages. BMMs of WT B6 mice were isolated and infected with

R. australis at an MOI of 5. To inhibit mTORC1 signaling, cells were treated with 50 ng/mL of rapamycin for 4 hours prior to infection with R. australis. Cells were
collected at 1 h and 3 h p.i., and cell lysates were immunoblotted with antibodies directed against LC3-Il, p62 and B-actin (A). (B), The ratios of LC3-II/Actin, LC3-1I/
LC3-1, and SQSTM1/Actin in uninfected and infected BMMs with or without rapamycin treatment at 1 h and 3 h p.i. were analyzed by densitometry.

(C), Representative confocal immunofluorescence microscopic images of uninfected and infected BMMs with or without rapamycin treatment at 1 h p.i. at a
magnification of 20x. Green, LC3 puncta; blue, nuclei (DAPI). Bar = 20 um in the upper and 10 pm in the bottom row, respectively. (D), Total LC3 staining was
quantified using Image J software. Microscopy data represent two to three independent experiments. Data shown are mean + SE. Group comparison was not

labeled if not statistically significant. “p < 0.05.

those by B6 BMMs could result from the variabilities in mouse
genetic background. Interestingly, IL-1, IL-2, IL-6, TNF-o,, IFN-
v, and TGF-f are known to induce autophagy while IL-4, IL-10
and IL-13 inhibit autophagy (58). Our present study
demonstrated autophagy-dependent regulation of IL-1ct, IL-6,
IL-18, and TNF-o in murine macrophages infected with R.
australis in vitro (Figures 4 and 5). These inflammatory
cytokines upregulated by Atg5-dependent autophagy may
contribute to reduced rickettsial loads in tissues of R. australis-
infected Atg5-deficient macrophages (4). However, R. australis
primarily targets microvascular endothelial cells in vivo while

macrophages are the initial target cells at the cutaneous entry site
of rickettsiae (3, 59, 60). It is not surprising to see a difference in
cytokine profiles in R. australis-infected BMMSs and sera of R.
australis-infected Atg5-conditional knockout mice. For example,
macrophages are not a major producer of IFN- % and our in vitro
data confirm this conclusion (Figure 4). In contrast, in
Rickettsia-infected mice, NK and T cells are both the major
cells secreting IFN-y (28, 31, 38, 39). Although an effective Th1-
type cytokine response is critical for controlling rickettsial
infection as demonstrated by us and other groups (28, 31, 38,
39, 61-63), the serum of R. australis-infected Atg5/ % Lyz-Cre
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FIGURE 8 | Schematic diagram of interactions of Atg5-dependent autophagy and mTORCT with R. australis in macrophages. This schematic diagram depicts the
molecular mechanisms involved in the modulation of autophagy and activation of mTORC1 by R. australis in order to benefit bacterial infection. R. australis activates
the ATG5-ATG12-ATG16L1 complex leading to accumulation of LC3 (+) autophagosomes. Atg5 (+) LC3 (+) autophagosomes induced by R. australis in
macrophages inhibit production levels of IL-1 family cytokines including IL-1B, IL-1c. and IL-18 as well as other inflammatory cytokines such as IL-6 and TNF-a., the
effects of which favor rickettsial infection. R. australis activates mTORC1 signaling at 1 h p.i. in macrophages when the Atg5-dependent autophagic response is
induced. Thus, R. australis-induced autophagic response is resistant to regulation by mTORC1 signaling. It would be interesting to explore whether R. australis-
induced autophagosomes can fuse with lysosome and mature into autolysosomes, and how ULK and class lll PISK complex are involved in this process in the
future. Solid lines represent pathways demonstrated in our current and previous studies, while dashed lines refer to the mechanisms hypothesized but not tested.
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mice had significantly lower levels of IFN-v, with lower bacterial
loads in tissues, compared to Afg5 Sloxlflox ice (Figure 6) (4).
The lower level of IFN-y in the serum of Atg5 /% Lyz-Cre
mice compared to Atg5 "M animals may result from reduced
rickettsial loads in the tissues. Another explanation is that the
enhanced systemic production of IEN-y in Atg5/"*°* mice may
result from robust activation of NK and T cells by autophagy-
competent macrophages in host innate immunity. Overall, R.
australis ultimately subverted the host innate inflammatory
response, which favored its own infection in vivo.

The histopathological data of R. australis-infected Atg5-
conditional knockout mice showed that Atg5/**/*** Lyz-Cre mice
had significantly fewer pathological foci with larger size in liver
compared to Atg5/°/°* mice (Figure 2). We hypothesize that the
pathological changes in infected Atg5 /M Lyz-Cre mice
represent effective host control of pathogenic Rickettsia in
infected tissues resulting from recruiting a number of potent
innate immune cells. In contrast, the pathological changes in R.
australis-infected Atg5 /°*/° mice represent paralysis or
subversion of innate host immunity, as manifested by the greater
frequency of foci but a limited area of cellular infiltration. Our in
vivo pathology results strongly suggest that Atg5-deficiency
promotes an inflammatory response consisting of a considerable
frequency of neutrophils. IL-1f is a major stimulator of leukocyte
recruitment through its ability to up-regulate adhesion to
endothelial cells (64, 65). R. australis infection induces
significantly greater levels of IL-1f in the serum of infected Afg5
fexflox 17 Cre mice vs Atg5 M mice (4). The accumulation of
neutrophils in the inflammatory foci in liver of infected Atg5/**/"x
Lyz-Cre mice was possibly associated with the greater production
levels of IL-1B compared to infected Atg5 /"% mice.

This study revealed that R. australis induced Atg5-dependent
autophagic response while activating mTORCI signaling in
macrophages. Additionally, our data demonstrated that R.
australis modulated Atg5-dependent autophagy to inhibit
inflammatory cytokines at both transcriptional and post-
transcriptional levels in macrophages, including IL-6, IL-10, TNF-
o, and IL-18. In conclusion, the R. australis-modified autophagic
response in macrophages supports the in vivo infection through
subversion of host innate immunity against rickettsiae.

REFERENCES

1. Straily A, Drexler N, Cruz-Loustaunau D, Paddock CD, Alvarez-Hernandez
G. Notes from the Field: Community-based prevention of Rocky Mountain
spotted fever - Sonora, Mexico, 2016. MMWR Morb Mortal Wkly Rep (2016)
65(46):1302-3. doi: 10.15585/mmwr.mm6546a6

2. Sahni SK, Rydkina E. Progress in the functional analysis of rickettsial genes
through directed mutagenesis of Rickettsia prowazekii phospholipase D.
Future Microbiol (2009) 4(10):1249-53. doi: 10.2217/fmb.09.99

3. Rumfield C, Hyseni I, McBride JW, Walker DH, Fang R. Activation of ASC
inflammasome driven by Toll-like receptor 4 contributes to host immunity
against rickettsial Infection. Infect Immun (2020) 88(4):e00886-19.
doi: 10.1128/IAL.00886-19

4. Bechelli J, Vergara L, Smalley C, Buzhdygan TP, Bender S, Zhang W,
et al. Atg5 supports Rickettsia australis infection in macrophages
in vitro and in vivo. Infect Immun (2018) 87(1):e00651-18. doi: 10.1128/
TAL00651-18

DATA AVAILABILITY STATEMENT

The data has been uploaded to the GEO, with accession
number GSE171160.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee at UTMB.

AUTHOR CONTRIBUTIONS

JB and CR performed the experiments. JB and RF wrote the
manuscript. JB, CR, and RF designed the experiments and
collected data. DW performed the histopathological analysis as
a board-certified pathologist, analyzed the data, and revised the
manuscript. SW performed the RNA-Seq and data analysis. KK
analyzed the RNA-Seq results by IPA analysis and generated
Figure 3. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by grant AI133359 to RF from the
National Institute of Allergy and Infectious Diseases. JB was
supported by the National Institutes of Health T32 Training
Grant (AI060549) at the University of Texas Medical Branch.

ACKNOWLEDGMENTS

We thank Dr. Seungmin Hwang at the University of Chicago for
kindly providing bone marrows of Atg16l1 "M% Lyz-Cre and
Atg16l1 ¥Mox mice,

5. Smalley C, Bechelli J, Rockx-Brouwer D, Saito T, Azar SR, Ismail N, et al.
Rickettsia australis activates inflammasome in human and murine
macrophages. PloS One (2016) 11(6):e0157231. doi: 10.1371/journal.pone.
0157231

6. Curto P, Simdes I, Riley SP, Martinez JJ. Differences in intracellular fate of two
spotted fever group Rickettsia in macrophage-like cells. Front Cell Infect
Microbiol (2016) 6:80. doi: 10.3389/fcimb.2016.00080

7. Curto P, Riley SP, Simdes I, Martinez JJ. Macrophages infected by a pathogen
and a non-pathogen spotted fever group Rickettsia reveal differential
reprogramming signatures early in infection. Front Cell Infect Microbiol
(2019) 9:97. doi: 10.3389/fcimb.2019.00097

8. Radulovic S, Price PW, Beier MS, Gaywee J, Macaluso JA, Azad A. Rickettsia-
macrophage interactions: host cell responses to Rickettsia akari and Rickettsia
typhi. Infect Immun (2002) 70(5):2576-82. doi: 10.1128/iai.70.5.2576-
2582.2002

9. Banajee KH, Embers ME, Langohr IM, Doyle LA, Hasenkampf NR, Macaluso
KR. Correction: Amblyomma maculatum feeding augments Rickettsia parkeri
infection in a rhesus Macaque model: a pilot study. PloS One (2015) 10(8):

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 638469


https://doi.org/10.15585/mmwr.mm6546a6
https://doi.org/10.2217/fmb.09.99
https://doi.org/10.1128/IAI.00886-19
https://doi.org/10.1128/IAI.00651-18
https://doi.org/10.1128/IAI.00651-18
https://doi.org/10.1371/journal.pone.0157231
https://doi.org/10.1371/journal.pone.0157231
https://doi.org/10.3389/fcimb.2016.00080
https://doi.org/10.3389/fcimb.2019.00097
https://doi.org/10.1128/iai.70.5.2576-2582.2002
https://doi.org/10.1128/iai.70.5.2576-2582.2002
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bechelli et al.

Autophagy and Rickettsiae in Macrophages

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

€0137598. doi: 10.1371/journal.pone.0137598. Erratum for: PLoS One (2015)
10(8):e0135175.

Mizushima N, Noda T, Yoshimori T, Tanaka Y, Ishii T, George MD, et al. A
protein conjugation system essential for autophagy. Nature (1998) 395
(6700):395-8. doi: 10.1038/26506

Levine B, Klionsky DJ. Development by self-digestion: molecular mechanisms
and biological functions of autophagy. Dev Cell (2004) 6(4):463-77.
doi: 10.1016/s1534-5807(04)00099-1

Li W, Zhang L. Regulation of ATG and autophagy initiation. Adv Exp Med
Biol (2019) 1206:41-65. doi: 10.1007/978-981-15-0602-4_2

Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T, et al.
The role of autophagy during the early neonatal starvation period. Nature
(2004) 432:1032-6. doi: 10.1038/nature03029

Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, Suzuki-
Migishima R, et al. Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice. Nature (2006) 441:885-89. doi: 10.1038/
nature04724

Zhao Z, Thackray LB, Miller BC, Lynn TM, Becker MM, Ward E, et al.
Coronavirus replication does not require the autophagy gene ATGS.
Autophagy (2007) 3:581-5. doi: 10.4161/auto.4782

Dossou AS, Basu A. The Emerging Roles of mTORCI in Macromanaging
Autophagy. Cancers (Basel) (2019) 11(10):1422. doi: 10.3390/cancers11101422
Weichhart T, Siemann MD. The multiple facets of mTOR in immunity.
Trends Immunol (2009) 30(5):218-26. doi: 10.1016/j.it.2009.02.002
Jhanwar-Uniyal M, Amin AG, Cooper JB, Das K, Schmidt MH, Murali R.
Discrete signaling mechanisms of mTORC1 and mTORC2: Connected yet
apart in cellular and molecular aspects. Adv Biol Regul (2017) 64:39-48.
doi: 10.1016/j.jbior.2016.12.001

Hong S, Mannan AM, Inoki K. Evaluation of the nutrient-sensing
mTOR pathway. Methods Mol Biol (2012) 821:29-44. doi: 10.1007/978-1-
61779-430-8_3

Gelsomino F, Bertolini F, Luppi G, Spallanzani A, Pettorelli E, Reggiani
Bonetti L, et al. Cascinu S. A Dose-finding and Biomarker Evaluation Phase Ib
Study of Everolimus in Association With 5-Fluorouracil and Pelvic
Radiotherapy as Neoadjuvant Treatment of Locally Advanced Rectal Cancer
(E-LARC Study). Clin Colorectal Cancer (2017) 16(4):410-15.e1. doi: 10.1016/
j.clee.2017.03.011

Zhang F, Hu X, Gu Y, Bian H, Xu Z, Wang Q, et al. URI knockdown induces
autophagic flux in gastric cancer cells. Am J Cancer Res (2018) 8(10):2140-9.
Available at: www.ajcr.us/ISSN:2156-6976/ajcr0078088.

Li SH, Lin WC, Huang TL, Chen CH, Chiu TJ, Fang FM, et al. Significance of
mammalian target of rapamycin in patients with locally advanced stage IV
head and neck squamous cell carcinoma receiving induction chemotherapy
with docetaxel, cisplatin, and fluorouracil. Head Neck (2016) 38 Suppl 1:E844—
52. doi: 10.1002/hed.24111

Katholnig K, Linke M, Pham H, Hengstschldger M, Weichhart T. Immune
responses of macrophages and dendritic cells regulated by mTOR signalling.
Biochem Soc Trans (2013) 41(4):927-33. doi: 10.1042/BST20130032

Deretic V, Levine B. Autophagy, immunity, and microbial adaptations. Cell
Host Microbe (2009) 5(6):527-49. doi: 10.1016/j.chom.2009.05.016

Choi Y, Bowman JW, Jung JU. Autophagy during viral infection - a double-
edged sword. Nat Rev Microbiol (2018) 16(6):341-54. doi: 10.1038/s41579-
018-0003-6

Paulus GL, Xavier R]. Autophagy and checkpoints for intracellular pathogen
defense. Curr Opin Gastroenterol (2015) 31(1):14-23. doi: 10.1097/
MOG.0000000000000134

Hanson BA, Wisseman CL Jr, Waddell A, Silverman D]J. Some characteristics
of heavy and light bands of Rickettsia prowazekii on Renografin gradients.
Infect Immun (1981) 34(2):596-604. doi: 10.1128/IA1.34.2.596-604.1981
Fang R, Ismail N, Shelite T, Walker DH. CD4+ CD25+ Foxp3- T-regulatory
cells produce both gamma interferon and interleukin-10 during acute severe
murine spotted fever rickettsiosis. Infect Immun (2009) 77(9):3838-49.
doi: 10.1128/IA1.00349-09

Ammerman NC, Beier-Sexton M, Azad AF. Laboratory maintenance of
Rickettsia rickettsii. Curr Protoc Microbiol (2008) 11(1):3A.5.1-5.21.
doi: 10.1002/9780471729259.mc03a05s11

Zhao Z, Fux B, Goodwin M, Dunay IR, Strong D, Miller BC, et al.
Autophagosome-independent essential function for the autophagy protein

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Atg5 in cellular immunity to intracellular pathogens. Cell Host Microbe (2008)
4(5):458-69. doi: 10.1016/j.chom.2008.10.003

Fang R, Ismail N, Walker DH. Contribution of NK cells to the innate phase of
host protection against an intracellular bacterium targeting systemic
endothelium. Am J Pathol (2012) 181(1):185-95. doi: 10.1016/j.ajpath.2012.
03.020

Zhang X, Goncalves R, Mosser DM. The isolation and characterization of
murine macrophages. Curr Protoc Immunol (2008) 83(1):14.1.1-1.14.
doi: 10.1002/0471142735.im1401s83

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Image]J: 25 years of
image analysis. Nat Methods (2012) 9(7):671-5. doi: 10.1038/nmeth.2089
McCloy RA, Rogers S, Caldon CE, Lorca T, Castro A, Burgess A. Partial
inhibition of Cdkl in G 2 phase overrides the SAC and decouples mitotic
events. Cell Cycle (2014) 13(9):1400-12. doi: 10.4161/cc.28401

Yu K, Toral-Barza L. Biochemical and pharmacological inhibition of mTOR
by rapamycin and an ATP-competitive mTOR inhibitor. Methods Mol Biol
(2012) 821:15-28. doi: 10.1007/978-1-61779-430-8_2

Altman SA, Randers L, Rao G. Comparison of trypan blue dye exclusion and
fluorometric assays for mammalian cell viability determinations. Biotechnol
Prog (1993) 9(6):671-4. doi: 10.1021/bp00024a017

Thangamani S, Hermance ME, Santos RI, Slovak M, Heinze D, Widen SG,
et al. Transcriptional immunoprofiling at the tick-virus-host interface during
early stages of tick-borne encephalitis virus transmission. Front Cell Infect
Microbiol (2017) 7:494. doi: 10.3389/fcimb.2017.00494

Bechelli J, Smalley C, Zhao X, Judy B, Valdes P, Walker DH, et al. MyD88
mediates instructive signaling in dendritic cells and protective inflammatory
response during rickettsial infection. Infect Immun (2016) 84(4):883-93.
doi: 10.1128/IAL.01361-15

Fang R, Ismail N, Soong L, Popov VL, Whitworth T, Bouyer DH, et al.
Differential interaction of dendritic cells with Rickettsia conorii: impact on
host susceptibility to murine spotted fever rickettsiosis. Infect Immun (2007)
75(6):3112-23. doi: 10.1128/IA1.00007-07

Chan YR, Liu JS, Pociask DA, Zheng M, Mietzner TA, Berger T, et al.
Lipocalin 2 is required for pulmonary host defense against Klebsiella infection.
J Immunol (2009) 182(8):4947-56. doi: 10.4049/jimmunol.0803282

Jossé L, Xie J, Proud CG, Smales CM. mTORCI signalling and eIF4E/4E-BP1
translation initiation factor stoichiometry influence recombinant protein
productivity from GS-CHOKI cells. Biochem ] (2016) 473(24):4651-64.
doi: 10.1042/BCJ20160845

Buchkovich NJ, Yu Y, Zampieri CA, Alwine JC. The TORrid affairs of
viruses: effects of mammalian DNA viruses on the PI3K-Akt-mTOR
signalling pathway. Nat Rev Microbiol (2008) 6(4):266-75. doi: 10.1038/
nrmicrol855

Dinarello CA. The IL-1 family of cytokines and receptors in rheumatic
diseases. Nat Rev Rheumatol (2019) 15(10):612-32. doi: 10.1038/s41584-
019-0277-8

Ghose P, Ali AQ, Fang R, Forbes D, Ballard B, Ismail N. The interaction
between IL-18 and IL-18 receptor limits the magnitude of protective
immunity and enhances pathogenic responses following infection with
intracellular bacteria. J Immunol (2011) 187(3):1333-46. doi: 10.4049/
jimmunol.1100092

Arend WP, Palmer G, Gabay C. IL-1, IL-18, and IL-33 families of cytokines.
Immunol Rev (2008) 223:20-38. doi: 10.1111/j.1600-065X.2008.00624.x
Chun Y, Kim J. Autophagy: An essential degradation program for cellular
homeostasis and life. Cells (2018) 7(12):278. doi: 10.3390/cells7120278
Cipponi A, Goode DL, Bedo J, McCabe M]J, Pajic M, Croucher DR, et al.
MTOR signaling orchestrates stress-induced mutagenesis, facilitating adaptive
evolution in cancer. Science (2020) 368(6495):1127-31. doi: 10.1126/science.
aau8768

Cao GD, Xu XY, Zhang JW, Chen B, Xiong MM. Phosphorylated Mammalian
Target of Rapamycin p-mTOR Is a Favorable Prognostic Factor than mTOR
in Gastric Cancer. PloS One (2016) 11(12):¢0168085. doi: 10.1371/journal.
pone.0168085

Peng L, Liang D, Tong W, Li ], Yuan Z. Hepatitis C virus NS5A activates the
mammalian target of rapamycin (mTOR) pathway, contributing to cell
survival by disrupting the interaction between FK506-binding protein 38
(FKBP38) and mTOR. ] Biol Chem (2010) 285(27):20870-81. doi: 10.1074/
jbe.M110.112045

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 638469


https://doi.org/10.1371/journal.pone.0137598
https://doi.org/10.1038/26506
https://doi.org/10.1016/s1534-5807(04)00099-1
https://doi.org/10.1007/978-981-15-0602-4_2
https://doi.org/10.1038/nature03029
https://doi.org/10.1038/nature04724
https://doi.org/10.1038/nature04724
https://doi.org/10.4161/auto.4782
https://doi.org/10.3390/cancers11101422
https://doi.org/10.1016/j.it.2009.02.002
https://doi.org/10.1016/j.jbior.2016.12.001
https://doi.org/10.1007/978-1-61779-430-8_3
https://doi.org/10.1007/978-1-61779-430-8_3
https://doi.org/10.1016/j.clcc.2017.03.011
https://doi.org/10.1016/j.clcc.2017.03.011
https://www.www.ajcr.us/ISSN:2156-6976/ajcr0078088
https://doi.org/10.1002/hed.24111
https://doi.org/10.1042/BST20130032
https://doi.org/10.1016/j.chom.2009.05.016
https://doi.org/10.1038/s41579-018-0003-6
https://doi.org/10.1038/s41579-018-0003-6
https://doi.org/10.1097/MOG.0000000000000134
https://doi.org/10.1097/MOG.0000000000000134
https://doi.org/10.1128/IAI.34.2.596-604.1981
https://doi.org/10.1128/IAI.00349-09
https://doi.org/10.1002/9780471729259.mc03a05s11
https://doi.org/10.1016/j.chom.2008.10.003
https://doi.org/10.1016/j.ajpath.2012.03.020
https://doi.org/10.1016/j.ajpath.2012.03.020
https://doi.org/10.1002/0471142735.im1401s83
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.4161/cc.28401
https://doi.org/10.1007/978-1-61779-430-8_2
https://doi.org/10.1021/bp00024a017
https://doi.org/10.3389/fcimb.2017.00494
https://doi.org/10.1128/IAI.01361-15
https://doi.org/10.1128/IAI.00007-07
https://doi.org/10.4049/jimmunol.0803282
https://doi.org/10.1042/BCJ20160845
https://doi.org/10.1038/nrmicro1855
https://doi.org/10.1038/nrmicro1855
https://doi.org/10.1038/s41584-019-0277-8
https://doi.org/10.1038/s41584-019-0277-8
https://doi.org/10.4049/jimmunol.1100092
https://doi.org/10.4049/jimmunol.1100092
https://doi.org/10.1111/j.1600-065X.2008.00624.x
https://doi.org/10.3390/cells7120278
https://doi.org/10.1126/science.aau8768
https://doi.org/10.1126/science.aau8768
https://doi.org/10.1371/journal.pone.0168085
https://doi.org/10.1371/journal.pone.0168085
https://doi.org/10.1074/jbc.M110.112045
https://doi.org/10.1074/jbc.M110.112045
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bechelli et al.

Autophagy and Rickettsiae in Macrophages

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kudchodkar SB, Yu Y, Maguire TG, Alwine JC. Human cytomegalovirus
infection induces rapamycin-insensitive phosphorylation of downstream
effectors of mTOR kinase. J Virol (2004) 78(20):11030-9. doi: 10.1128/
JV1.78.20.11030-11039.2004

Zullo AJ, Lee S. Mycobacterial induction of autophagy varies by species and
occurs independently of mammalian target of rapamycin inhibition. J Biol
Chem (2012) 287(16):12668-78. doi: 10.1074/jbc.M111.320135

Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, et al.
Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB.
Mol Cell (2006) 22(2):159-68. doi: 10.1016/j.molcel.2006.03.029

Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, et al.
Rapamycin-induced insulin resistance is mediated by mTORC2 loss and
uncoupled from longevity. Science (2012) 335(6076):1638-43. doi: 10.1126/
science.1215135

Voss OH, Gillespie JJ, Lehman SS, Rennoll SA, Beier-Sexton M, Rahman MS,
et al. Riskl, a Phosphatidylinositol 3-Kinase Effector, Promotes Rickettsia typhi
Intracellular Survival. mBio (2020) 11(3):e00820-20. doi: 10.1128/mBi0.00820-20
Clifton DR, Goss RA, Sahni SK, van Antwerp D, Baggs RB, Marder V], et al.
NEF-kappa B-dependent inhibition of apoptosis is essential for host cellsurvival
during Rickettsia rickettsii infection. Proc Natl Acad Sci USA (1998) 95
(8):4646-51. doi: 10.1073/pnas.95.8.4646

Bechelli JR, Rydkina E, Colonne PM, Sahni SK. Rickettsia rickettsii infection
protects human microvascular endothelial cells against staurosporine-induced
apoptosis by a cIAP(2)-independent mechanism. J Infect Dis (2009) 199
(9):1389-98. doi: 10.1086/597805

Covarrubias AJ, Aksoylar HI, Horng T. Control of macrophage metabolism
and activation by mTOR and Akt signaling. Semin Immunol (2015) 27
(4):286-96. doi: 10.1016/j.smim.2015.08.001

Harris J. Autophagy and cytokines. Cytokine (2011) 56(2):140-4. doi: 10.1016/
j.cyt0.2011.08.022

Cragun WG, Bartlett BL, Ellis MW, Hoover AZ, Tyring SK, Mendoza N, et al.
The expanding spectrum of eschar-associated rickettsioses in the United
States. Arch Dermatol (2010) 146:641-8. doi: 10.1001/archdermatol.2010.48

60.

61.

62.

63.

64.

65.

Walker DH, Hudnall SD, Szaniawski WK, Feng HM. Monoclonal antibody-
based immunohistochemical diagnosis of rickettsialpox: the macrophage is
the principal target. Mod Pathol (1999) 12:529-33.

Mansueto P, Vitale G, Cascio A, Seidita A, Pepe I, Carroccio A, et al. New
insight into immunity and immunopathology of Rickettsial diseases. Clin Dev
Immunol (2012) 2012:967852. doi: 10.1155/2012/967852

Li H, Jerrells TR, Spitalny GL, Walker DH. Gamma interferon as a crucial host
defense against Rickettsia conorii in vivo. Infect Immun (1987) 55(5):1252-5.
doi: 10.1128/IAI.55.5.1252-1255.1987

Feng HM, Popov VL, Walker DH. Depletion of gamma interferon and tumor
necrosis factor alpha in mice with Rickettsia conorii-infected endothelium:
impairment of rickettsicidal nitric oxide production resulting in fatal,
overwhelming rickettsial disease. Infect Immun (1994) 62(5):1952-60.
doi: 10.1128/TAL.62.5.1952-1960.1994

Prince LR, Allen L, Jones EC, Hellewell PG, Dower SK, Whyte MK, et al. The
role of interleukin-1beta in direct and toll-like receptor 4-mediated neutrophil
activation and survival. Am ] Pathol (2004) 165(5):1819-26. doi: 10.1016/
50002-9440(10)63437-2

Furie MB, McHugh DD. Migration of neutrophils across endothelial
monolayers is stimulated by treatment of the monolayers with interleukin-1
or tumor necrosis factor-alpha. J Immunol (1989) 143(10):3309-17.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Bechelli, Rumfield, Walker, Widen, Khanipov and Fang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

113

April 2021 | Volume 12 | Article 638469


https://doi.org/10.1128/JVI.78.20.11030-11039.2004
https://doi.org/10.1128/JVI.78.20.11030-11039.2004
https://doi.org/10.1074/jbc.M111.320135
https://doi.org/10.1016/j.molcel.2006.03.029
https://doi.org/10.1126/science.1215135
https://doi.org/10.1126/science.1215135
https://doi.org/10.1128/mBio.00820-20
https://doi.org/10.1073/pnas.95.8.4646
https://doi.org/10.1086/597805
https://doi.org/10.1016/j.smim.2015.08.001
https://doi.org/10.1016/j.cyto.2011.08.022
https://doi.org/10.1016/j.cyto.2011.08.022
https://doi.org/10.1001/archdermatol.2010.48
https://doi.org/10.1155/2012/967852
https://doi.org/10.1128/IAI.55.5.1252-1255.1987
https://doi.org/10.1128/IAI.62.5.1952-1960.1994
https://doi.org/10.1016/s0002-9440(10)63437-2
https://doi.org/10.1016/s0002-9440(10)63437-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:\' frontiers

In Immunology

ORIGINAL RESEARCH
published: 16 April 2021
doi: 10.3389/fimmu.2021.649475

OPEN ACCESS

Edited by:

Jere W. McBride,

University of Texas Medical Branch at
Galveston, United States

Reviewed by:

Carlos Arterio Sorgi,

University of Sdo Paulo Ribeirdo Preto,
Brazil

Stefan Oehlers,

Royal Prince Alfred Hospital, Australia

*Correspondence:
Marilena P. Etna
marilenapaola.etna@iss. it
Eliana M. Coccia
eliana.coccia@iss.it

Specialty section:

This article was submitted to
Microbial Immunology,

a section of the journal
Frontiers in Immunology

Received: 04 January 2021
Accepted: 10 March 2021
Published: 16 April 2021

Citation:

Etna MP, Severa M, Licursi V,
Pardini M, Cruciani M, Rizzo F,
Giacomini E, Macchia G, Palumbo O,
Stallone R, Carella M, Livingstone M,
Negri R, Pellegrini S and Coccia EM
(2021) Genome-Wide Gene
Expression Analysis of Mtb-Infected
DC Highlights the Rapamycin-Driven
Modulation of Regulatory Cytokines via
the mTOR/GSK-3f Axis.

Front. Immunol. 12:649475.

doi: 10.3389/fimmu.2021.649475

Check for
updates

Genome-Wide Gene Expression
Analysis of Mtb-Infected DC
Highlights the Rapamycin-Driven
Modulation of Regulatory Cytokines
via the mTOR/GSK-3p Axis

Marilena P. Etna®™, Martina Severa’, Valerio Licursi?, Manuela Pardini’,
Melania Cruciani’, Fabiana Rizzo, Elena Giacomini’, Gianfranco Macchia?,
Orazio Palumbo*, Raffaella Stallone®, Massimo Carella®, Mark Livingstone®,
Rodolfo Negri?, Sandra Pellegrini® and Eliana M. Coccia’*

7 Department of Infectious Diseases, Istituto Superiore di Sanita, Rome, Italy, 2 Department of Biology and Biotechnology,
Sapienza University, Rome, ltaly, 3 Proteomics Core Facility, Istituto Superiore di Sanita, Rome, ltaly, # Division of Medical
Genetics, Fondazione IRCCS-Casa Sollievo della Sofferenza, San Giovanni Rotondo, ltaly, ® Cytokine Signaling Unit, Inserm,
Institut Pasteur, Paris, France

In human primary dendritic cells (DC) rapamycin—an autophagy inducer and protein
synthesis inhibitor—overcomes the autophagy block induced by Mycobacterium
tuberculosis (Mtb) and promotes a Th1 response via IL-12 secretion. Here, the
immunostimulatory activity of rapamycin in Mtb-infected DC was further investigated by
analyzing both transcriptome and translatome gene profiles. Hundreds of differentially
expressed genes (DEGs) were identified by transcriptome and translatome analyses of
Mtb-infected DC, and some of these genes were found further modulated by rapamycin.
The majority of transcriptome-associated DEGs overlapped with those present in the
translatome, suggesting that transcriptionally stimulated mRNAs are also actively
translated. In silico analysis of DEGs revealed significant changes in intracellular
cascades related to cytokine production, cytokine-induced signaling and immune
response to pathogens. In particular, rapamycin treatment of Mtb-infected DC caused
an enrichment of IFN-B, IFN-A and IFN-stimulated gene transcripts in the polysome-
associated RNA fraction. In addition, rapamycin led to an increase of IL-12, IL-23, IL-1J,
IL-6, and TNF-o but to a reduction of IL-10. Interestingly, upon silencing or
pharmacological inhibition of GSK-38, the rapamycin-driven modulation of the pro- and
anti-inflammatory cytokine balance was lost, indicating that, in Mtb-infected DC, GSK-3
acts as molecular switch for the regulation of the cytokine milieu. In conclusion, our study
sheds light on the molecular mechanism by which autophagy induction contributes to DC
activation during Mtb infection and points to rapamycin and GSK-3B modulators as
promising compounds for host-directed therapy in the control of Mtb infection.

Keywords: host-directed therapy, Mycobacterium tuberculosis, tuberculosis, rapalogs, IFN, autophagy,
transcriptome, translatome
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INTRODUCTION

As reported by World Health Organization, millions of people in
the world continue to fall ill each year with tuberculosis (TB), one
of the top killer infectious disease caused by Mycobacterium
tuberculosis (Mtb) (1). The reasons behind Mtb capacity to
maintain this sad primacy must be sought in the different
strategies employed by this pathogen to survive inside the host,
ranging from the establishment of a latent infection to several
mechanisms for evading the immune response (2). In this
context, the host innate immune system and its plethora of
defense mechanisms critically influence the fate of the infection
(2). Among innate immune cells, macrophages and dendritic
cells (DC) are early infected by Mtb and, in turn, these cells
orchestrate the immune response against the pathogen. In
particular, DC, as professional antigen presenting cells (APC),
undergo phenotypic modifications and produce a panel of pro-
inflammatory and regulatory cytokines which tune the immune
response by acting on different cell populations, including naive
T cells (3). A critical prerequisite for DC activation is the sensing
of Mtb-associated molecular structures by pattern recognition
receptors whose stimulation leads to a range of cellular events
that contribute to host mycobacterial control. However, during
its co-evolution with the host, Mtb has evolved numerous
evasion mechanisms to hijack innate immune response, such
as cytosolic escape, block of phagosome maturation, apoptosis,
inflammasome activation/modulation as well as autophagy
inhibition (4). In particular, the relevance of autophagy in the
anti-mycobacterial response is well documented. Indeed, it was
shown that, in order to promote its own survival, virulent Mtb
impairs phagosome maturation by altering the acidic, hydrolytic
environment of the intracellular compartment (5), it
compromises the autophagy-mediated antigen-processing
capacity of macrophages and DC (6, 7) and blocks
autophagosome formation and maturation (2, 8, 9).
Interestingly, in the last decade many authors have investigated
the effect of autophagy modulators to improve anti-
mycobacterial host cell functions and proposed their use as
potential therapeutic treatment. Since autophagy is regulated
by several intracellular pathways and some of them converge on
the master regulatory kinase mammalian target of rapamycin
(mTOR), autophagy-targeting strategies can either inhibit
mTOR or can be mTOR-independent (10). In this context, we
previously showed that the block of autophagy caused by Mtb in
human DC is overcome by rapamycin, an autophagy inducer and
mTOR inhibitor. Moreover, treatment with rapamycin leads also
to increased expression of interferon-B (IFN-f) and increased
production of the pro-Thl cytokine, interleukin 12 (IL-12) (9).

In the current study, we investigated the molecular
mechanisms underlying rapamycin-mediated immune-
stimulatory action, by studying both transcriptome and
translatome gene profiles of DC infected with Mtb in presence
or absence of rapamycin. We found that, during Mtb infection,
the drug can act as a selective inducer of protein translation, by
promoting the association of type I and type III IFN mRNAs to
polysomes and by preventing the inhibition of the constitutively
active glycogen synthase kinase 3 beta (GSK-3f) through which

rapamycin impinges on the balance of secreted pro- and anti-
inflammatory cytokines.

MATERIALS AND METHODS

Ethics Statement

Istituto Superiore di Sanita Review Board approved the present
research project (CE/13/387). No informed consent was given
since the data were analyzed anonymously. Peripheral blood
mononuclear cells were isolated from freshly collected buffy
coats obtained from healthy voluntary blood donors (Blood
Bank of University “La Sapienza”, Rome, Italy).

DC Preparation and Cell Culture

DC were prepared as previously described (11). Briefly, DC were
generated by culturing CD14" monocytes with 50 ng/ml GM-
CSF and 1000 U/ml IL-4 (R&D Systems, Minneapolis, MN,
USA) for 5 days at 0.5x10° cells/ml in RPMI 1640 (Lonza, Basel,
Switzerland), supplemented with 2 mM L-glutamine and 15%
Fetal Bovine Serum (FBS) (Lonza). At day 5 the cells were tested
for their differentiation status by evaluating CDla expression
(>90% CD1a") and lack of CD14 (>95% CD14"). Before
infection, the medium was replaced with RPMI without
antibiotics and supplemented with 2 mM L-glutamine and
15% FBS. Cytokine deprivation did not affect DC survival rate,
which was >90%.

Antibodies (Abs) and Other Reagents

For immunoblotting analysis, rabbit anti-phospho-p70S6K
(S371), rabbit anti-phospho- p70S6K (T389), rabbit anti-GSK-
3B, rabbit anti-phospho-GSK-3[ (S9), rabbit anti-phospho-GS
(S641), rabbit-anti-p38, rabbit-anti-phospho-p44/42 (T202/
Y204), rabbit anti-phospho-p38 (T180/Y182) (Cell Signaling,
Danvers, MA, USA), mouse anti-actin (Sigma-Aldrich, St.
Louis, MO, USA), and horseradish peroxidase-conjugate
secondary anti-mouse and anti-rabbit Abs (Santa Cruz
Biotechnology) were used. Rapamycin (0.2 pM, Sigma-Aldrich)
or Torin 1 (0.5 uM Tocris, Bristol, UK) were added to DC culture
4 h after Mtb-infection for studying mammalian target of
rapamycin complex 1 (mTORCI) and mTOR inhibition
respectively. For the selective inhibition of GSK-3f and
p70S6K1 respectively, SB216763 (5 puM, Sigma-Aldrich) and
PF4708671 (0.1 pM, Sigma-Aldrich) were used to treat DC
30 min before infection and rapamycin treatment. To evaluate
rapamycin bystander effect, DC were treated for 30 min before
infection and rapamycin treatment with SB203580 (10 uM,
Sigma-Aldrich) or SB202129 (10 uM, Sigma-Aldrich) to inhibit
p38 or with PD980509 (0.1 uM, Sigma-Aldrich) to block p44/42.

Bacterial Strain Description

and Preparation

Mtb H37Rv (ATCC 27294; American Type Culture Collection)
was grown as previously described (8). Logarithmically growing
cultures were centrifuged at 800 rpm for 10 min to eliminate
clumped mycobacteria and then washed three times in RPMI
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1640. Mycobacteria were re-suspended in RPMI 1640 containing
10% FBS and then stored at - 80°C. Bacterial frozen vials were
thawed and bacterial viability was determined by counting the
number of colony forming units. All bacterium preparations
were tested for endotoxin contamination (<1 Endotoxin Unit/
ml) by the Limulus lysate assay (Lonza). DC cultures were then
infected with a multiplicity of infection (MOI) of 1 bacterium/
cell as previously described (8).

Total RNA Extraction, Quantification,

and Quality Assessment

Total RNA was isolated from 10x10° infected or not infected DC,
treated or not with rapamycin using Trizol (Invitrogen, Thermo
Fisher Scientific) and by following manufacturer’s
recommendations. RNA was quantified using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and quality assessed with an established cut-off of 1.8
for both the 260/280 and 260/270 absorbance ratios. RNA
integrity was instead inspected by bioanalyzer analysis (Agilent
Technologies, Santa Clara, CA, USA) considering a cut-off of 1.8
for 285/18S ratio.

Isolation of Polysome-Associated RNA

For RNA fraction isolation, 10x10° cells for untreated DC
(CTRL), DC treated for 12 h with rapamycin (0.2 pM) and DC
infected for 16 h with Mtb (MOI 1) and treated or not with
rapamycin (12 h, 0.2 uM) were used. Polysome-associated RNA
were prepared as previously described (8). Briefly, each gradient
was fractionated in BSL3 facility by hand collection from the top
of the gradient into 2 samples, light phase (low polysome
occupancy) and heavy phase (high polysome occupancy). The
hand collection method was previously tested to parallel with
fraction collection using a fractionator coupled with an UV
optical reader (A 254nm). The obtained fractions were
immediately mixed with an equal volume of Trizol (Invitrogen,
Thermo Fisher Scientific) for later RNA isolation following
Trizol manufacturing instructions.

Microarray Analysis
Gene expression profiling was performed using the GeneChip®
Human Transcriptome Array 2.0 (Thermo Fisher Scientific,
Waltham, MA, USA) including more than 6.0 million distinct
probes covering both coding and non-coding genes built on
transcript mappings from hgl9 human reference sequence
(GRCh37). A total of 400,000 full length transcripts were
combined from available public data sources: RefSeq NCBI,
UCSC Genes, Vega, GENCODE, Ensembl, Mammalian Gene
Collection. Additional long non-coding content was combined
from the UCSC genome browser, noncode.org, Broad Human
Body Map. Probes are distributed across the full length of the
gene including specific probes (>339.000 probe sets) covering
splice junction, providing a complete and accurate picture of
overall gene expression with the additional ability for transcript
isoform analysis.

For each sample enrolled for the study, 100 ng of total RNA
were processed according to the GeneChip Whole Transcript

Sense Target Labeling Assay following the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA, USA).
Briefly, a random priming method was used to generate cDNA
from all RNA transcripts present in a sample. The random
primers incorporate a T7 promoter sequence, which is
subsequently used in an in vitro transcription to produce
antisense cRNA fragments. Single stranded ¢cDNA
complementary to the cRNA is then produced, in the sense
orientation, where a modified dUTP is incorporated instead of
dTTP. The modified dUTP is subsequently recognized by the
enzymes Uracil-DNA glycosylase and human apurinic/
apyrimidinic endonuclease 1 which will cut the DNA, resulting
in fragmentation of the cDNA. Each DNA fragment is end-
labelled with biotin using terminal deoxynucleotidyltransferase
before being hybridized to the arrays for 16 h at 45°C in a
GeneChip Hybridization Oven 640. Following hybridization and
post hybridization washes each array were scanned using the
GeneChip Scanner 3000 7G to generate the raw data (.CEL file).
The QC steps of the experiment were performed using
Expression Console v1.4 (Thermo Fisher Scientific, Waltham,
MA, USA) software.

CEL files were first processed with the Affymetrix collection of
command line programs Analysis Power Tools (APT, v1.16.0)
using the apt-probeset-summarize command in order to estimate
the intensity at gene level with the RMA-sketch normalization. In
this step background corrected raw data were Log2-transformed
and quantile-normalized following the Robust Multichip
Average (RMA) procedure as described in Irizarry et al. (12).
For gene annotation the file “HTA-2_0.na34.hg19.transcript”
(obtained from Affymetrix) was used. R v3.1.2 (www.r-project.
org) environment and Bioconductor (www.bioconductor.org)
packages were used for the following preprocessing and
statistical analysis. PCA was performed with the native R
function prcomp on RMA-normalized data and the first two
principal components were plotted with ggplot2 package
functions. Hierarchical clustering of sample Euclidean
distances was performed with hclust and dist native R
functions and the resulting heatmap was plotted with gplots
package heatmap.2 function. Finally, tRanslatome package
pipeline was used to find out the probe sets that showed
significant (FDR < 0.01) differential expression between
experimental conditions and to perform the Gene Ontology
(GO) Database (13) enrichment analysis, internally using the
limma - Linear Models for Microarray Data - (14) and topGO
methods, respectively. The GO and pathway enrichment analysis
were obtained using clusterProfiler (15) package with annotation
of KEGG (16) and Reactome (17) databases.

Microarray data accompanying this paper are available
through NCBI Gene Expression Omnibus (GEO) repository,
under accession number GSE163531.

Quantitative Real-Time PCR and

Digital PCR

For the analysis of IL12p40 and IL-10 mRNA levels, total RNA
was reverse transcribed as previously described (11) and then
analyzed using the appropriate TaqgMan assay (Applied
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Biosystems) and TaqMan Universal Master Mix II (Applied
Biosystems) according to the manufacturer’s instructions.
Transcripts expression were normalized to the GAPDH level
by using the equation 2*“'; the values are mean + SEM of
triplicate determinations.

The validation of translatome data was conducted by Digital
PCR on total and heavy phase-associated RNA that was reverse
transcribed as previously described (8). In particular,
experiments were carried out to test the mRNA copy number
of IFNAI, IFNBI, IFNLI and some IFN stimulated genes (ISGs).
Among ISGs we tested CXCL9, CXCL11, two chemokines
involved in T cell recruitment; IFN induced with helicase C
domain 1 (IFIH1, alias MDA5) - an RNA sensing molecule
recently proposed as innate restriction factor for Mtb growth (18),
IFN induced protein with tetratricopeptide repeats (IFIT3) - the
bridging adapter of TANK binding kinase 1 (TBK1)/
mitochondrial antiviral signaling protein (MAVS) implicated in
TBK1 activation and IFN regulatory factor 3 (IRF3)
phosphorylation (19) - and IRF7 - a transcription factor
stimulated by the autocrine action of IFN-f induced in STING/
IRF3-dependent manner (20). Digital PCR experiments were
carried out on the BioMark HD System (Fluidigm, San
Francisco, CA, USA) by loading cDNA samples into Fluidigm’s
37K Digital Array microfluidic chip as previously described (8).
Briefly, Fluidigm’s 37K Digital Array consists of 48 panels, each of
which is further partitioned into 770 reaction chambers. The
reaction for each panel was set up with the specific TagMan
assay probe and with TagMan Universal Master Mix II (Applied
Biosystems) into a final volume of 5 pl. For each sample, six serial
dilutions were loaded in triplicate reactions and the chip was then
thermocycled and imaged on Fluidigm’s BioMark HD real-time
PCR system. Positive chambers that originally contained 1 or
more molecules has been counted by the Digital PCR analysis
software (Fluidigm) and only templates that yielded 150-360
amplified molecules per panel were chosen for technical
replication in order to obtain absolute quantification of target
RNA copy number.

DC Transfection and Gene Silencing
by siRNA
Predesigned siRNA oligonucleotide for GSK-3f (iGSK-3f3) was
obtained from Ambion (Thermo Fisher Scientific). A negative-
control siRNA oligonucleotide [neg ctrl (Ambion, Thermo
Fisher Scientific)] was used to address the specificity of the
observed effect to the specific GSK-3 sequence. SiRNA
transfection efficiency was determined as previously described
(8). For each condition, 4x10°> DC were plated in a 12-well plate.
Lipoplexes were prepared in Opti-MEM serum-free medium
(Invitrogen, Thermo Fisher Scientific) at 1:1 ratio. Briefly, siRNA
plus fluorescent oligonucleotide and 10 pl of Lipofectamine (1
mg/mL) were diluted separately in 250 ul of Opti-MEM medium.
The Lipofectamine solution was added to the siRNA solution
and placed for 5 min at room temperature and then added to DC.
Four hours (h) after incubation, medium was replaced with fresh
Opti-MEM medium supplemented with 15% FCS and 2 mM L-
glutamine for at least 8 h. After the indicated time, cells were
infected with Mtb and, where required, treated with rapamycin.

After the indicated time, DC were harvested to recover culture
supernatants and to isolate RNA. Transfection effect on DC
viability, maturation and activation was evaluated as previously

described (8).

Immunoblotting Analysis

Total protein extracts were prepared from 1x10° infected or not
infected DC, treated or not with rapamycin by using the CelLytic
cell lysis reagent (Sigma-Aldrich) supplemented with protease
and phosphatase inhibitor cocktails and by following
manufacturer’s recommendations.

For P-p70S6K S371, P-p70S6K T389, total GSK-3f3, P-GSK-
3B S9, P-GS S641, P-p44/42 T202/Y204, total p38 and P-p38
Y180/Y182 determination 25 pg of total protein extract were
separated on 10% NuPAGE Bis-Tris gel (Invitrogen, Thermo
Fisher Scientific) and electroblotted onto nitrocellulose
membranes (GE Healthcare, Pittsburgh, PA, USA). Blots were
incubated with primary Abs in 5% nonfat dry milk in TBS plus
0.1% Tween20 (Sigma-Aldrich) overnight at 4°C. Detection was
achieved using horseradish peroxidase-conjugate anti-rabbit or
anti-mouse or anti-goat (Santa Cruz) secondary Abs and
visualized with Clarity Western ECL Substrate (Bio-Rad,
Segrate, Italy). The quantifications of P-p70S6K S371, P-
p70S6K T389, total GSK-3f3, P-GSK-3f S9, P-GS S641, P-p44/
42 T202/Y204, total p38 and P-p38 Y180/Y182 were performed
by calculating their ratio compared to the actin level by using
ImageLab software (Bio-Rad) and then calculating the ratio
among infected/treated vs uninfected conditions.

Cytokine Determination

Supernatants of DC cultures were harvested 24 h after infection,
filtered (0.2 um) and stored at —80°C. The production of IL-1f,
TNF-o, IL-6, IL-12, and IL-10 was measured by human
Inflammatory Cytokine bead array kit (BD Bioscience). IL-23
release was instead assayed by ELISA (R&D Systems).

Statistical Analysis

Statistical analysis was performed using One-way Repeated-
Measures ANOVA. In case of significant ANOVA, the
pairwise comparisons were carried out by the use of the post-
hoc Tukey’s test, in order to test the significance of the difference
between two stimulation effects. In all the cases above, a p value <
0.05 was considered statistically significant: “*” refers to the p-
value > 0.01 and < 0.05; “**” refers to the p-value is > 0.001 and <
0.01; “**” the p-value is <0.001. Data analysis was carried out
using native functions of R language version 4.0.3.

RESULTS

Profiling of Human Primary DC Infected
With Mtb and Treated With Rapamycin

We have previously shown that in human primary DC the
autophagy inducer rapamycin overcomes the block exerted by
Mtb on autophagosome/lysosome fusion, and enhances IL-12
secretion driving a protective Th1 response (9). Here, to further
investigate how rapamycin, known to inhibit translation by
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blocking mTORCI1, impacts on the immunoregulatory
properties of Mtb-infected DC, a comparative analysis of
global transcriptome and translatome profiles was conducted
(Supplementary Figure 1).

Total and polysome-associated (heavy) RNA samples were
prepared from uninfected DC or DC infected for 16 h with live
H37Rv Mtb alone or in combination with rapamycin. Principal
component analysis and sample correlation/clustering study of
our gene expression profiles clearly showed a distinct pattern of
total and heavy RNA samples and of Mtb-infected vs uninfected
DC for the four analyzed donors (Figure 1). In particular, the
MA-plots displaying the logged intensity ratio (M) vs the mean
logged intensities (A) of mRNAs whose profiles were
significantly modulated in treated and/or infected DC vs
uninfected cells (adjusted p-value [FDR] < 0.01 and at least
1.5-log2 fold change), revealed 228 and 404 differentially
expressed genes (DEGs) in transcriptome and translatome of
Mtb-infected DC, respectively. No difference was observed in
uninfected cells treated with rapamycin vs control cells. When
rapamycin was added to Mtb-infected DC, DEGs increased to
378 in the transcriptome and 729 in the translatome
(Supplementary Figure 2). Interestingly, the majority of genes
identified in the transcriptome were found in the list of
translatome-modulated genes, suggesting that host mRNAs
induced by Mtb alone or in combination with rapamycin are
efficiently loaded on polysomes, where actively translated
mRNAs reside.

Functional GO annotation study and pathway enrichment
analysis were performed on the transcriptome- or translatome-
associated DEGs and revealed biological processes and signaling
cascades associated to Mtb infection and rapamycin treatment
(Figures 2, 3). In particular, in the transcriptomes of both Mtb-
infected DC and Mtb-infected DC treated with rapamycin there
was an enrichment in GO terms related to cytokine production,
cytokine signaling and innate immune response (Figure 2A). In
the GO enrichment profile of the translatome, in addition to
innate immune response, biological processes linked to type I
interferon (IFN) signaling and defense response to other organisms
were found (Figure 2B).

Pathway enrichment analysis was performed with both
Reactome and KEGG databases and, in line with GO study
results, the modulation of signaling cascades related to antigen
processing and presentation, TLR receptors signaling, cytosolic
nucleic acid sensors and cytokine-cytokine receptors was
highlighted at transcriptome level for Mtb-infected DC in a
rapamycin-independent manner (Figure 3). However, while
the transcriptome profile of Mtb-infected DC was enriched for
the TRIF-mediated TLR signaling pathway, mostly involved in
CREB-binding protein (CBP)/p300 nuclear translocation for
anti-inflammatory cytokine production, the profile of infected
DC treated with rapamycin pointed to the TRAF6-mediated NF-
kB activation, notably involved in the transcription of regulatory
and pro-inflammatory cytokines. Interestingly, the analysis of
signaling cascades enriched in the translatome of Mtb-infected
DC and more pronounced in the presence of rapamycin,
revealed modulation of IFN signaling and antiviral mechanism
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FIGURE 1 | Analysis of transcriptome and translatome of human DC infected
with Mtb and treated with rapamycin. DC isolated from 4 healthy donors were
left unstimulated (CTRL), treated with rapamycin (RAPA) or infected with Mtb
alone (MTB) or in presence of rapamycin added 4 h post infection
(MTB+RAPA). Cells were harvested 16 h post infection for total and
polysome-associated RNA isolation and microarray analysis. (A) Principal
component analysis of gene expression profile of samples. Triangles indicate
total RNA samples (TOTAL), circles refer to RNA fraction associated with
polysome chains (HEAVY). (B) Heatmap showing hierarchical clustering of
sample correlation. The dendrogram clusters together the significantly
regulated treatment conditions with most similar expression profiles among
the 4 donors. Correlation is represented by a color code according to the
legend where yellow indicates higher correlation. A color code was used to
distinguish among treatment conditions (CTRL, RAPA; MTB, MTB+RAPA),
RNA type (TOTAL vs HEAVY) and DC culture prepared from different subjects
(D1, D2, D3, D4).
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FIGURE 2 | Gene ontology analysis of genes regulated/modulated in transcriptome and in translatome of human DC infected with Mtb alone or in presence of

rapamycin. Top 20 gene ontology (GO) terms within the biological process (BP) branch emerged from the list of genes found de-regulated (log2 FC > 1.5;

FDR < 0.01) in transcriptome (A) (blue panels) and translatome (B) (red panels) of human DC infected with Mtb (MTB) and treated with rapamycin (MTB+RAPA).
Relevant BP have been graphed by using the formula -log;o of their Benjamini-Hochberg false discovery rate adjusted p-values. The numbers next to BP name,
represent the total number of genes that may be significantly involved in the corresponding biological processes. The graph displays the classification term

by IEN-stimulated genes. The addition of rapamycin to infected
DC impacted, as expected, on different metabolic pathways, and
on JAK/STAT signaling at both transcriptome and
translatome levels.

Rapamycin Promotes the Association of
type | and lll IFNs and ISG mRNAs

With Polysomes

In silico analysis of translatome-associated DEGs indicated that
rapamycin up-regulated anti-microbial factors. Among the top
genes up-regulated in the translatome of Mtb-infected DC alone
or in presence of rapamycin, type I and III IFNs and several ISGs
encoding for chemokines, transcription factors, innate immune
receptors and antimicrobial guanylate binding proteins were
found. All the above proteins are involved in host protection
against microbial injuries (Table 1).

Considering that the majority of translatome DEGs were also
modulated at the transcriptome level (Table 2), to identify
mRNAs influenced by rapamycin at the translational level, we
determined by quantitative digital PCR the copy number of
relevant top genes in total RNA and polysome-associated RNA
fraction (heavy) (Figure 4). We found higher levels of IFNBI and
IFNL1 mRNA copies associated to polysomes in Mtb-infected

DC in presence of rapamycin, in accordance with the microarray
data (Figures 3A and 4A). Some discrepancies with microarray
data were instead observed in the number of IFNA1, CXCL9 and
CXCL11 mRNA copies detected in the polysome heavy fraction
that were reduced upon rapamycin treatment of Mtb-infected
DC (Figures 4A, B). Yet, rapamycin weakly and not significantly
reduced the level of CXCL9 and CXCLI11 (Figure 4B and
Supplementary Figure 3).

Among the ISGs whose expression was promoted by
rapamycin during Mtb infection, IFIH1, IFIT3 and IRF7 were
validated by digital PCR (Figure 4C). As expected, the levels of
IFIH]1, IFIT3 and IRF7 mRNAs were induced by Mtb and further
enhanced by rapamycin in polysome-associated RNA
fraction only.

The Mtb-Driven Pro-Inflammatory/
Regulatory DC Phenotype Is Enhanced

by Rapamycin

From the in silico analysis of transcriptome data, IL-12B (also
known as IL12p40), IL-23A (also known as IL23p19), IL-1A, IL-
IB, IL-8, IRAK2, RIPK2 and MAP3K8 were the top genes
induced by Mtb and further stimulated by rapamycin. In
addition, USP18 - a key negative regulator of type I IFN
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signaling (21) - was found among genes transcriptionally down-
regulated by rapamycin in Mtb-infected DC (Table 2).
Validation by qRT-PCR was obtained for USPI8 and for
IL12p40 and IL23p19 (encoding the IL-23 subunits) (Figure 5A).

Consistent with the gene expression results, the release of IL-
1P and IL-23 was robustly increased when rapamycin was added
to Mtb-infected DC (Figure 5B). Similarly, TNF-o. and IL-6
mRNAs were up-regulated upon Mtb infection and further
enhanced by rapamycin. Yet, rapamycin significantly promoted
TNF-o release, while IL-6 production was not significantly
regulated. As expected (9), the expression of IL12p35 subunit
and the secretion of IL-12 doubled following rapamycin addition
to infected cells (Figures 5C, D). To better define the
involvement of mTOR in cytokine regulation during Mtb
infection, Torinl, an inhibitor of both mTORCI and
mTORC2, was used. The secretion of IL-12 was not
significantly altered when Torinl was added to infected cells
(Figure 6A). Interestingly, the Mtb-induced expression of the
anti-inflammatory cytokine IL-10 was reduced by rapamycin
and enhanced by Torinl (Figures 5C, D and Figure 6B).
All together these data indicate that Mtb mainly impinges on
the balance of pro- and anti-inflammatory cytokines via
mTORCI signaling.
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FIGURE 3 | Pathway enrichment analysis of genes modulated in transcriptome and in translatome of human DC infected with Mtb alone or in presence of
rapamycin. Pathway enrichment analysis performed using Reactome (A) and KEGG (B) databases on the list of genes found de-regulated (log2 FC > 1.5;

FDR < 0.01) in transcriptome and translatome of human DC infected with Mtb and treated with rapamycin. Dot size is correlated with the ratio between the total
number of differentially expressed genes and the number of genes that belong to a pathway. Dots are colored according to the Benjamini-Hochberg false discovery

GSK-3p Behaves as Molecular Switch of
Rapamycin-Driven Cytokine Expression
During Mtb Infection

Next, we performed a kinetic study to monitor the activation
status of the 70 kDa ribosomal S6 kinase 1 (p70S6K), a Ser/Thr
kinase and critical effector of the mTOR and the
phosphoinositide-3 kinase (PI3K) signaling cascades
(Figure 7), whose activation requires a multi-site
phosphorylation (22, 23). We measured the level of
phosphorylation at S371 and T389. While the level of
phosphorylation at S371 was only slightly modulated by Mtb, a
two-fold induction in p70S6K-T389 phosphorylation was
observed at 4 h post-infection and lasted at least 24 h (Figure
7A). The time-dependent reduction of p70S6K-T389
phosphorylation in control cells was likely due to deprivation
of GM-CSF (24) before the infection.

These data prompted us to investigate whether the fine
modulation of pro- and anti-inflammatory cytokine levels in
our experimental model involved GSK-3p, a constitutively active
Ser/Thr kinase, which, when phosphorylated at the inhibitory S9
site by p70S6K, undergoes proteasomal degradation (25-27). To
address this hypothesis, GSK-3f phosphorylation status was
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TABLE 1 | List of top genes de-regulated at the translatome level in human DC after Mtb infection and rapamycin treatment.

GENES UP-REGULATED BY RAPAMYCIN IN MTB-INFECTED DC AT TRANSLATOME LEVEL

Gene ID Gene Name

MTB
NM_005409 CXCL11 6.28
NM_052941 GBP4 5.31
NM_0011300 CCL20 4.69
NM_001838 CCR7 4.20
NM_001547 IFIT2 4.91
NM_002416 CXCL9 4.32
NM_001031 IFIT3 4.47
NM_001134 GBP5 3.51
NM_002981 CCL1 2.60
NM_022168 IFIH1 3.63
NM_000856 GUCY1A3
NM_004120 GBP2 2.05
NM_002176 IFNB1 1.78
NM_172140 IFNL1 1.59
NM_000857 GUCY1B3
NM_004031 IRF7
NM_024013 IFNA1

Translatome log2 FC

Transcriptome log2 FC

MTB+RAPA MTB MTB+RAPA
7.54 5.61 5.40
6.14 4.76 5.06
5.73 3.64 4.77
5.31 3.38 4.02
5.28 4.57 4.44
5.04 3.73 3.75
4.72 4.33 4.11
4.31 3.48 4.19
4.29 4.20
4.04 3.60 3.59
2.97 1.71
2.86 1.81 255
275 1.84
235 1.50 1.65
2.04
1.69
1.53

GENES DOWN-REGULATED BY RAPAMYCIN IN MTB-INFECTED DC AT TRANSLATOME LEVEL

Gene ID Gene Name Translatome log2 FC Transcriptome log2 FC
MTB MTB+RAPA MTB MTB+RAPA
NM_003246 THBS1 3.67 2.94 3.02 2.95
NM_0011357 TP53INP1 -2.23 -1.50
NM_001005 TRIM37 -1.62
NM_003544 HIST1H4B -1.94
NM_006068 TLR6 -2.39 -2.86 -1.50
NM_001237 CCNA2 -3.26
NM_003537 HIST1H3B -4.09

List of top genes showing a statistically significant modulation at translatome level in Mtb-infected DC in presence or absence of rapamycin, with respect to uninfected DC.

FC, fold change; MTB, Mtb-infected DC; MTB+RAPA, Mtb-infected DC treated with rapamycin; CXCL11, C-X-C motif chemokine 11; GBP4, Guanylate Binding protein 4, CCL20,
Chemokine (C-C motif) ligand 20; CCR7, C-C Chemokine receptor type 7; IFIT2, Interferon Induced Protein With Tetratricopeptide Repeats 2; CXCL9, C-X-C Motif Chemokine Ligand 9;
IFIT3, Interferon Induced Protein With Tetratricopeptide Repeats 3; GBP4, Guanylate Binding protein 5; CCL1, Chemokine (C-C motif) ligand 1, IFIH1, Interferon Induced With Helicase C
Domain 1; GUCY1AS, Guanylate cyclase soluble subunit alpha-3; GBP2, Guanylate Binding protein 2; IFNBT1, Interferon beta; IFNL1, Interferon lambda 1; GUCY1B3, Guanylate cyclase
soluble subunit beta-3; IRF7, Interferon regulatory factor 7; IFNA1, Interferon alfa 1; THBS1, Thrombospondin 1; TP53INP1, Tumor Protein P53 Inducible Nuclear Protein 1; TRIM37,
Tripartite Motif Containing 37; HIST1H4B, H4 Clustered Histone 2; TLR6, Toll-like receptor 6; CCNA2, Cyclin A2, HIST1H3B, H3 Clustered Histone 2.

investigated. A gradual increase in the phosphorylation level at
S9 site was revealed indicating that, in DC, GSK-3 is rapidly and
persistently turned off upon Mtb infection (Figure 7A).
Interestingly, phosphorylation of p70S6K at T389 was lowered
by the addition of rapamycin in both control and Mtb-infected
DC at 16 and 24 h, with a more pronounced effect in infected
cells at the latter time point (Figure 7B). Similarly, GSK-3f3
phosphorylation at S9 site was abrogated by rapamycin, which in
turn promoted also the phosphorylation of glycogen
synthase (GS), one of the canonical substrates of GSK-33. All
together, these results indicate that rapamycin prevents the
inhibition of GSK-3p.

Next, we studied whether the activation of the mitogen-
activated protein kinases (MAPK) p44/42 and p38 - well-
known regulators of the pro- and anti-inflammatory cytokines
during Mtb infection (11, 28, 29) - was influenced by rapamycin
in Mtb-infected DC. A kinetic analysis was performed to
monitor the phosphorylation/activation status of these proteins
(Supplementary Figure 4). An increase in p38 phosphorylation

at T180/Y182 was observed as early as 4 h post-infection, while
p44/42 activation was unchanged. Rapamycin weakly increased
p38 phosphorylation in both control and Mtb-infected DC
(Supplementary Figures 4A, B).

The rapamycin effect on the p70S6K/GSK-3f axis was further
investigated by analyzing the release of the pro-inflammatory/
regulatory cytokines in the presence of a GSK-3B chemical
inhibitor, SB216763. In this experimental setting, rapamycin
lost its impact on cytokine secretion. In contrast, the inhibition
of p70S6K by PF4708671 cooperated with rapamycin in
enhancing pro-inflammatory cytokine expression in Mtb-
infected DC (Figure 8A and Supplementary Figure 5A).

The inhibition of p38 signaling by SB203580 or SB202129
also mitigated the production of IL-12 and IL-10 induced
by Mtb alone or in presence of rapamycin. On the other
hand, p44/42 inhibition by PD980509 did not affect IL-12
production, but it reduced IL-10 secretion by Mtb-infected
DC irrespective of the presence of rapamycin (Supplementary
Figure 4C).
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TABLE 2 | List of top genes de-regulated at the transcriptome level in human DC after Mtb infection and rapamycin treatment.

GENES UP-REGULATED BY RAPAMYCIN IN MTB-INFECTED DC AT TRANSCRIPTOME LEVEL

Gene ID Gene Name Transcriptome log2FC Traslatome log2 FC
MTB MTB+RAPA MTB MTB+RAPA

NM_002187 IL12B 3.78 517 4.56 5.82
NM_0011300 CcCL20 3.64 4.77 4.69 5.73
NM_000417 IL2RA 3.79 4.50 4.24 4.88
NM_002981 ccLi 4.20 2.60 4.29
NM_000584 IL8 3.37 4.07 3.78 4.53
NM_000575 IL1A 4.03 3.63 3.95
NM_001838 CCR7 3.38 4.02 4.20 5.31
NM_016584 IL23A 1.46 3.82 1.94 4.28
NM_001570 IRAK2 2.40 3.09 2.81 3.42
NM_003821 RIPK2 2.31 3.03 2.18 2.94
NM_001165 BIRC3 2.31 2.95 2.47 3.27
NM_021127 PMAIP1 1.99 2.64 2.16 3.06
NM_000576 IL1B 2.53 2.39
NM_002176 IFNB1 1.84 1.78 2.75
NM_001244 MAP3K8 1.82 2.60 1.98
NM_0011273 CFLAR 1.64 1.66
NM_138723 BCL2L14 1.65 2.03

GENES DOWN-REGULATED BY RAPAMYCIN IN MTB-INFECTED DC AT TRANSCRIPTOME LEVEL

Gene ID Gene Name Transcriptome log2 FC Translatome log2 FC
MTB MTB+RAPA MTB MTB+RAPA

NM_001565 CXCL10 7.71 6.92 7.44 7.70
NM_005623 CCL8 5.19 4.57 4.38 3.96
NM_001548 IFIT1 4.65 3.92 4.24 414
NM_017414 USP18 4.32 3.82 4.40 4.44
ENST000004 USP41 3.74 3.32 3.87 3.89
NM_001080 LILRB1 1.50 1.77

NM_006877 GMPR 3.65 3.04 3.50 3.59
NM_0011396 ATF5 1.70 1.54

NM_002168 IDH2 -1.58 -1.64
NM_003839 TNFRSF11A -1.74 -1.40
NM_000962 PTGS1 -1.57 -2.09 -1.53 -2.17
NM_0011280 PAK1 -2.09 -1.95 -2.87
NM_004536 NAIP -2.16 -2.05 -3.52

List of top genes showing a statistically significant modulation at transcriptome level in Mtb-infected DC in presence or absence of rapamycin, with respect to uninfected DC.

FC, fold change; MTB, Mtb-infected DC; MTB+RAPA, Mtb-infected DC treated with rapamycin; IL12B, Interleukin 12B; CCL20, Chemokine (C-C motif) ligand 20; IL2RA, Interleukin 2
Receptor Subunit Alpha; CCL1, C-C Motif Chemokine Ligand 1; IL8, Interleukin 8; IL1A, Interleukin 1 Alpha; CCR7; C-C Motif Chemokine Receptor 7; IL23A, Interleukin 23A; IRAK2,
Interleukin 1 Receptor Associated Kinase 2; RIPK2, Receptor Interacting Serine/Threonine Kinase 2; BIRC3, Baculoviral IAP Repeat Containing 3; PMAIP1, PMA-Induced Protein 1, IL1B,
Interleukin 1B; IFNB1, Interferon beta; MAPSKS8, Mitogen-Activated Protein Kinase 8; CFLAR, CASP8 And FADD Like Apoptosis Regulator; BCL2L.14, BCL2 Like 14; CXCL10, C-X-C Motif
Chemokine Ligand 11; CCL8, C-C Motif Chemokine Ligand 8; IFIT1, Interferon Induced Protein With Tetratricopeptide Repeats 1; USP18, Ubiquitin Specific Peptidase 18, USP41,
Ubiquitin Specific Peptidase 41; LILRB1, Leukocyte Immunoglobulin Like Receptor B1; GMPR, Guanosine Monophosphate Reductase; ATF5, Activating Transcription Factor 5, IDH2,
Isocitrate Dehydrogenase (NADP(+)) 2; TNFRSF11A, TNF Receptor Superfamily Member 11A; PTGS1, Prostaglandin-Endoperoxide Synthase 1; PAK1, P21 (RACT1) Activated Kinase 1;
NAIP, NLR Family Apoptosis Inhibitory Protein.

The involvement of GSK-3B in the rapamycin effect on  DISCUSSION

cytokine expression was further analyzed by silencing GSK-3f3

in Mtb-infected DC with a specific siRNA (iGSK-3p3) (Figure 8B For several decades major efforts in TB treatment have focused
and Supplementary Figure 5B). DC were also transfected with a ~ on the development of antibiotics targeting Mtb. The current
non-specific siRNA as negative control (neg ctrl). Upon GSK-33  regimens for drug-susceptible TB requires the administration of
silencing, the levels of IL-12, IL-23, IL1B, TNF-o. and IL-6 a cocktail of antibiotics for at least 6 months, thus making the
were not further enhanced by rapamycin, while the level of  cure complicated to administer, lengthy, hepatotoxic and not
IL-10 was increased. As observed for the chemical inhibition  well tolerated by the patients. These drawbacks lead to poor
(Supplementary Figure 5A), GSK-3B silencing impacted also ~ adherence to the cure, low success rates and, consequently, high
on IL-12 and IL-10 mRNA levels (Supplementary Figure 5B).  risk of development of drug-resistant TB (2, 30). Indeed,
Taken together, these results support the view that in Mtb-infected ~ recently, the burden of TB disease has been exacerbated by the
DC rapamycin modulates pro- and anti-inflammatory cytokine ~ emergence of rifampicin-resistant, multidrug-resistant and
production through the regulation of mTOR/GSK-3[ axis. extensively-drug resistant Mtb strains whose treatment requires
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FIGURE 4 | Validation of translatome data on IFNs and IFN-induced gene expression. Total RNA (Total) and high occupancy (Heavy) polysome-associated mRNAs
were extracted from untreated DC (CTRL), DC stimulated with rapamycin for 12 h (RAPA) or DC infected for 16 h with Mtb alone (MTB) or in combination with
rapamycin (MTB+RAPA, added 4 h after infection). (A) IFNAT, IFNB1 and IFNL1, (B) CXCL9 and CXCL11, (C) IFIH1, IFIT3 and IRF7 copy numbers were determined
by digital PCR. Data are represented as the mean copy number per sample + standard error of 4 experiments performed with RNAs derived from a set of
experiments independent than those used in transcriptome/translatome studies and that yielded similar results. Significance was calculated by analysis of variance
(ANOVA,) followed by multiple comparison performed with Tukey’s test as specified in Materials and Methods section.

the administration of second-line drugs for at least 9 months and
even up to 20 months (1). In this scenario, the host-directed
therapies (HDT) have garnered international interest, moving
from the concept that the modulation of host defense contributes
to the control and resolution of the infection, overcoming the
problem of acquired resistance to pathogen-directed therapies
(31). Moreover, HDT can control the antimicrobial resistance by
either boosting host-cellular responses or activating innate and
adaptive immunity and, thus, immunological memory against
the pathogens (32). Therefore, the development of HDT is
particularly useful for diseases like TB, where the host immune
response can successfully limit infection in the majority of
latently infected individuals. In this context, there is growing
evidence that HDT, such as those based on autophagy
enhancement, could be successfully employed as therapeutics
for Mtb treatment (10).

Among autophagy inducers, rapamycin and its analogs
(rapalogs) have been shown to possess interesting
immunoregulatory properties and their use is of interest to the
field (33). However, the precise molecular mechanism by which
rapamycin exerts its function has not been fully elucidated. In
line with evidences demonstrating a multi-level regulation of
immune cell activity, including RNA transcription and stability
as well as translation (34, 35), the transcriptome and the
translatome profiles were obtained to study in depth the effect
of rapamycin in human primary DC infected with Mtb. Our data
show for the first time that rapamycin selectively tunes cytokine
production in Mtb-infected DC by two mechanisms: i)
promoting the association of type I and III IFN mRNAs to
polysome chains and, in turn, their translation; ii) preventing the
inhibition of GSK-3fB to tune pro- and anti-inflammatory
cytokine production. In this scenario, mTOR plays a central
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FIGURE 5 | Validation of transcriptome data on cytokine expression and production. Total RNA was extracted from untreated DC (CTRL), DC stimulated for 12 h

with rapamycin (RAPA) or infected for 16 h with Mtb alone (MTB) or in combination with rapamycin added 4 h post infection (MTB+RAPA). For protein determination
in culture supernatants, DC were left untreated (CTRL) or stimulated for 20 h with rapamycin (RAPA) or infected for 24 h with Mtb alone (MTB) or in combination with
rapamycin added 4 h post infection (MTB+RAPA). (A) USP18, IL12p40, and IL23p19 levels were evaluated by quantitative real time PCR. Data are represented as
the mean copy number per sample + standard error of 4 experiments performed with RNAs derived from a set of experiments independent than those used in
transcriptome/translatome studies and that yielded similar results. (B) IL-1B production was evaluated by Inflammatory Cytokine bead array kit, while IL-23 release
was measured by ELISA. The results represent mean values + standard error of 8 independent experiments. (C) TNFA, IL6, IL12p35, and IL10 levels were analyzed
as described in (A). (D) The secretion of TNF-a,, IL-6, IL-12, and IL-10 was quantified by using Inflammatory Cytokine bead array kit. The results represent mean
values + standard error of 8 independent experiments. Significance was calculated by analysis of variance (ANOVA) followed by multiple comparison performed with

Tukey'’s test as specified in Materials and Methods section.

role in the transcriptional and translational regulation of
immune cell function (34, 35). Indeed, mTOR regulates
p70S6K1 phosphorylation, which in turn blocks the activity of
the eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) and promotes mRNA translation. Yet, the contribution
of mTOR to phagocytic cell functions during Mtb infection is
poorly defined (36, 37). Our translatome analysis of Mtb-infected
DC identified, among the rapamycin-induced mRNAs efficiently

loaded on polysome, IFNBI and IFNLI, as well as three ISG -
IFIH]1, IFIT3 and IRF7 - whose role in Mtb infection was recently
described (18, 20, 38).

Interestingly, in addition to activating host DNA sensors, like
cyclic GMP-AMP synthase and stimulator of IFN genes (39, 40),
Mtb RNA may trigger also through RNA sensing molecules (18,
20, 41, 42). Moreover, few studies reported that Mtb RNA is
present in endosome-derived membrane vesicles, is released into
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12 (A) and IL-10 (B) were quantified by using Inflammatory Cytokine bead
array kit. The results represent mean values + standard error of 4
independent experiments. Circles represents values obtained, for the
specified cytokine, from each single donor/experiment. Significance was
calculated by analysis of variance (ANOVA) followed by multiple comparison
performed with Tukey’s test as specified in Materials and Methods section.

macrophage cytosol by means of SecA and ESX-1 secretion
systems and stimulates IFN-f production through of retinoic
acid-inducible gene (RIG-I), IFIH1, MAVS, protein kinase R
(PKR) and IRF7 signaling cascades (18, 20). In this context, we
found that the level of USP18 - encoding a factor limiting long-
lasting IFN response (21, 43) - was reduced by rapamycin in
Mtb-infected DC, further suggesting a link between IFN
signaling activation and mTOR inhibition. Collectively, the
enhanced polysome loading of the above mentioned ISGs,
combined with the reduced expression of USPIS8, suggested
that mTORCI inhibition by rapamycin promotes an IFN
signature in Mtb-infected DC. Thus, in addition to the well-
known effect of PI3K-mTOR pathway on IFN signature (44, 45),
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FIGURE 7 | Analysis of the signaling cascades modulated by Mtb alone or in
combination with rapamycin and leading to cytokine production. (A) DC were
left untreated (CTRL) or infected with Mtb (MTB) in kinetic. Activation of p70S6K
and GSK-3p was investigated by western blotting on whole cell extracts.
Quantification of the phospho-p70S6K (S371 and T389) and phospho-GSK-3f
(S9) bands is shown below each immunoblot. (B) The impact of rapamycin on
p70S6K and GSK-3p was investigated at the indicated time points in DC left
unstimulated (CTRL) or infected with Mtb alone (MTB) or in presence of
rapamycin added 4 h after infection (MTB+RAPA). Quantification of phospho-
p70S6K (S371 and T389), total GSK-3p, phospho-GSK-3B (S9) and phospho-
GS (S641) is shown below each immunoblot. Actin levels were analyzed to
verify protein content. A representative experiment out of 3 experiments that
yielded similar results is shown.

our data suggest a detrimental mTORCI effect on ISG induction,
and likely a beneficial mTORC2 activity as shown in previous
studies (46, 47).

The unexpected role of mTOR in the control of cytokine

production in human DC infected with Mtb was further analyzed

through a global transcriptome. This study showed that
rapamycin likely promotes transcription of a panel of pro-
inflammatory/regulatory cytokines including IL-23, TNF-a, IL-
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FIGURE 8 | Characterization of GSK-3B and p70S6K involvement in Mtb-mediated cytokine production during rapamycin treatment of human DC. (A) DC were left
unstimulated (CTRL) or infected for 24 h with Mtb alone (MTB) or in combination with rapamycin added 4 h post infection (MTB+RAPA), with or without the GSK-3B
(SB216763) or the p70S6K (PF4708671) inhibitors. IL-12, IL-18, TNF-a,, IL-6 and IL-10 production was evaluated by Inflammatory Cytokine bead array kit, while IL-
23 release was measured by ELISA. (B) DC were transfected with 100 nM of siRNA specific for GSK-3p ((GSK-3B) or with a control siRNA (neg ctrl) for 8 h and then
left unstimulated (CTRL) or infected for 24 h with Mtb alone or in combination with rapamycin. Cytokine amount was determined as in (A). The results represent
mean values + standard error of 4 independent experiments. Significance was calculated by analysis of variance (ANOVA) followed by multiple comparison
performed with Tukey'’s test as specified in Materials and Methods section.

1B and IL-6 in addition to IL-12 and inhibits the expression of
the anti-inflammatory IL-10. These findings mirror previous
data on rapamycin-driven CD4" T-cell activation and
differentiation via IL-12/IL10 release from LPS-stimulated DC
(48). Our data were validated by measuring the level of secreted
cytokines. In addition to the PI3K/mTOR pathway, it has been
shown that the constitutively active kinase GSK-3[3 contributes
to the balance of pro- and anti-inflammatory cytokines in LPS-
or Listeria monocytogenes-stimulated APC (25, 37, 49, 50). In

particular, the mTOR-dependent inhibition of GSK-3f3 favors
nuclear translocation of CREB and in turn its binding to the
coactivator of transcription CBP, while it reduces the amount of
NF-kB p65 associated with CBP, thus impacting on the balance
of pro- and anti-inflammatory cytokines (25, 26). In line with
these evidences, our results indicate that: i) Mtb inactivates GSK-
3B by acting on mTOR/p70S6K; ii) rapamycin overturns this
block by suppressing the inhibitory phosphorylation of GSK-3;
iii) in Mtb-infected DC, rapamycin promotes the release of pro-
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FIGURE 9 | Model for rapamycin-triggered cytokine regulation during Mtb
infection. Mtb infection of human DC activates mTORC1/p70S6K axis that
phosphorylates and, in turn, inhibits the multifunctional protein kinase GSK-
3B. The MTORC1/p70S6K-mediated suppression of GSK-3 favors the
nuclear translocation of CREB and in turn its binding to the coactivator of
transcription CBP, while it reduces the amount of NF-kB p65 associated with
CBP. In Mtb-infected DC, rapamycin, by blocking mTORC1, prevents GSK-
3B inhibition thus impinging on IL-12/IL-10 expression and production.

inflammatory/regulatory cytokines while it reduces the secretion
of IL-10 (Figure 9). The key function of GSK-3f was confirmed
by lower levels of secreted IL-12, IL-23 and IL-1f and higher
level of IL-10 following silencing or pharmacological inhibition
of GSK-3f in Mtb-infected DC.

Given the relevance of the IL-12/IL-23 axis in driving the
differentiation of CD4" T-cells towards a protective Thl
phenotype (9, 51-53), our data suggest that GSK-3 may be a
potential target for the development of novel HDT to fight Mtb
infection. This possibility is relevant also in light of the
rapamycin-driven reduction of IL-10, a cytokine detrimental in
TB, acting on the stability of TB granuloma, on Mtb persistence
into the host,and promoting Mtb evasion from the autophagic
machinery (54-56). Consistent with these observations, the use
of inhalable particles containing rapamycin in combination with
anti-TB drugs may contribute to lung tissue regeneration and, at
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The yellow mealworm beetle (Tenebrio molitor) has been exploited as an experimental model
to unravel the intricacies of cellular and humoral immunity against pathogenic infections.
Studies on this insect model have provided valuable insights into the phenotypic plasticity of
immune defenses against parasites and pathogens. It has thus been possible to characterize
the hemocoelic defenses of T. molitor that rely on the recognition of non-self-components of
pathogens by pattern recognition receptors (PRRs). The subsequent signaling cascade
activating pathways such as the NF-xB controlled by Toll and IMD pathways lead to the
synthesis of antimicrobial peptides (AMPs), onset of hemocyte-driven phagocytosis, and
activation of the prophenoloxidase cascade regulating the process of melanization.
Nevertheless, the activation of autophagy-mediated defenses of T. molitor against the
facultative intracellular gram-positive bacterium Listeria monocytogenes provides clear
evidence of the existence of a cross-talk between autophagy and the IMD pathway.
Moreover, the identification of several autophagy-related genes (Atgs) in T. molitor
transcriptome and expressed sequence tag (EST) databases has contributed to the
understanding of the autophagy-signaling cascade triggered by L. monocytogenes
challenge. Providing further evidence of the cross-talk hypothesis, TmRelish has been
shown to be required not only for regulating the synthesis of AMPs through the PGRP-LE/
IMD pathway activation but also for the expression of Atgs in T. molitor larvae following L.
monocytogenes challenge. Notably, L. monocytogenes can stimulate the T. molitor innate
immune system by producing molecules recognized by the multifunctional PRR (TmPGRP-
LE), which stimulates intracellular activation of the IMD pathway and autophagy. Considering
the conservation of autophagy components involved in combating intracellular pathogens, it
will be interesting to extrapolate a dynamic cross-talk model of immune activation. This review
summarizes the most significant findings on the regulation of autophagy in 7. molitor during L.
monocytogenes infection and on the role of the innate immunity machinery, including the NF-
B pathway, in the control of pathogenic load.
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INTRODUCTION

Autophagy is well-known as a conserved cellular mechanism by
which the cell degrades unnecessary and/or dysfunctional
cellular components through the action of lysosomes. It
maintains homeostasis during cellular stress and pathogen or
infective organism invasion. For instance, under nutrient
starvation, oxidative stress, and intracellular pathogen invasion,
the autophagic machinery is activated in order to detoxify cells
and maintain a surveillance of cellular components for
intensified cell function (1, 2). Further, in coordination with
apoptosis regulator Bcl-2, the autophagy protein Beclin-2
inhibits apoptosis in normal physiological and pathological
conditions (3).

There are three known forms of autophagy, namely
microautophagy, macroautophagy and chaperone-mediated
autophagy (CMA). Although all the autophagy forms
culminate in the lysosomal degradation of cellular cargo
including viruses intracellularly they are distinguished from
one another on the basis of the pathway by which the cargo is
delivered to the lumen of the autolysosome (4). Microautophagy
is initiated by a direct and random invagination of a membrane
around a portion of the cytoplasm that subsequently
differentiates into an autophagic tube to enclose portions of the
cytosol (5). The much well-studied and conserved
macroautophagy mechanism in eukaryotes requires the
formation of a double-membrane vesicular structure called the
autophagosome (6). In this process, targeted cellular components
are isolated from the rest of the cellular cytosolic components
within the newly developing autophagosome. Subsequently, the
autophagosome fuses with the lysosome to form the

autolysosome in which the enclosed cellular components are
degraded and/or recycled (Figure 1). In yeast, the
autophagosome formation is mediated by the hierarchical
recruitment of autophagy-related (Atg) proteins to the
phagophore assembly site or preautophagosomal structure
(PAS). In contrast, PAS-like structure have not been identified
in mammals, wherein multiple cellular organelles serve as origins
for the assembly of the phagophore (7, 8). Consequent upon the
recruitment of Atg proteins, the phagophore gets extended to
form an autophagosome. Upon maturity, the autophagosome are
transported along the endocytic pathway before fusing with the
lysosomes to form autophagolysosome. Subsequently, the
cellular cargos are degraded by the hydrolytic enzymes of
lysosomes and degradation products are released back to the
cytoplasm for cell use (9). Viruses such as the Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) escape the
macroautophagy regulatory cascade as the viral protein ORF3a
block the fusion of the autophagosome to the lysosome, thus
evading eventual degradation (10). With the exception of SARS-
CoV-2, the autophagy regulatory cascade involving Atg genes
have been found to be receptive to vesicular stomatitis virus
(VSV), Rift Valley fever virus (RVFV) or Zika virus infection in
Drosophila model (11, 12). In contrast, the dengue virus (DENV-
2) titers in mosquito Aedes aegypti Aag2 cells were not affected in
Atg silenced individuals suggesting diverse autophagic response
in insects (13). In CMA, all proteins containing the penta-
peptide motif ‘KFERQ’ in their amino acid sequences are
selectively recognized by a specialized cytosolic chaperone
known as the heat shock cognate protein of 70 kDa (HSC70)
(14). The resulting complex is targeted to the lysosomal
membrane where it binds to a receptor called lysosome-
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FIGURE 1 | Scheme of the process of autophagy. Non-self-entities such as pathogenic bacteria and unused or damaged cell components are enclosed by
membrane particles believed to stem from the Golgi apparatus, mitochondria and/or endoplasmic reticulum. The developing autophagosome fuses with the
lysosome to deliver its cargo to hydrolytic enzymes for eventual degradation and/or recycling.
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associated membrane protein type 2A (LAMP-2A) (5). The
presence of a luminal form of HSC70 (lys-HSC70) is required
for the complete translocation of the chaperone-associated target
protein complex into the lysosomal lumen for its
eventual degradation.

In this review, we focused on the regulatory autophagy
signaling cascade (illustrating macroautophagy) in the yellow
mealworm, Tenebrio molitor and its putative role in the host
during Listeria monocytogenes infection. Further, a cross-talk
mechanism of autophagy process and the NF-kB pathway in T.
molitor in response to invasion of infective microorganisms have
been suggested.

MECHANISM AND REGULATION
OF AUTOPHAGY

Macroautophagy (here-after referred to as autophagy) is a
highly regulated process that can be conveniently divided
into three major steps: autophagy induction (or initiation),
vesicle nucleation, and vesicle expansion (or elongation)
and completion.

Autophagy Induction and Formation

of the Initiation Complex

The induction of autophagy is triggered by a variety of stress cues
that include, but are not limited to, nutrient deprivation,
hypoxia, endoplasmic reticulum (ER) stress, and oxidative
stress (15). In most cases, these stimuli trigger autophagy
induction through activation of the nutrient energy sensor
AMP-activated protein kinase (AMPK) or inhibition of the
negative regulator of autophagy target of rapamycin (TOR)
(15). Among the several pathways mediating the transmission
of autophagic signals, the TOR-dependent autophagic pathway is
relatively well-characterized. The detailed description of TOR-
dependent autophagic pathway is discussed in Figure 2.

In eukaryotes, autophagy induction is achieved through Atgl
[insect homolog of unc-51 like autophagy activating kinase 1
(ULK1)] complex formation, following inactivation of its
upstream negative regulator TOR (Figure 2). However, there
are significant differences in the composition and function of the
core components of the Atgl complex among yeast, mammals,
and insects (16). In yeast, for example, Atgl interacts with at least
eight other Atg proteins and TOR regulates the formation of
Atgl-Atgl3-Atgl7 complex (17). Conversely, humans and
Drosophila do not possess clear orthologs of Atgl7 or its
interacting proteins Atg29 and Atg31 (16, 18, 19). Instead, the
mammalian Atgl ortholog ULK1 forms a complex with Atgl3
and two additional proteins AtglO1 and the focal adhesion
kinase family-interacting protein of 200 kDa (FIP200), both of
which are required for autophagosome formation. Furthermore,
while TOR-mediated phosphorylation of Atgl3 must be
suppressed to allow Atgl3 to interact with and activate Atgl in
yeast, the mammalian and Drosophila orthologs of Atgl3 are
associated with ULK1. Moreover, in Drosophila, Atgl3 becomes
hyper-phosphorylated upon autophagy induction (20). In

addition, overexpression of Drosophila Atgl has been shown to
induce autophagy; whereas overexpression of ULK1 inhibits
autophagy (21, 22). The proposed explanations for this
difference include the influence of additional regulatory
proteins and the existence of feedback regulation between Atgl
and TOR (16, 17).

Vesicle Nucleation

Vesicle nucleation starts with the recruitment of yeast Atg
proteins, or their equivalents in higher animals, to the PAS.
The mechanism regulating this process is not yet clear, but the
activation of the class III phosphatidylinositol 3-kinase (PI3K)
complex is indispensable (20). In fact, following autophagy
induction by the activated Atgl/ULKI1 complex, a structure
enriched in phosphatidylinositol-3-phosphate [PI3P, also
known as PtdIns (3)P] appears at the site of autophagosome
formation (16).

PI3P is synthesized by enzymes of the PI3K family, which
phosphorylate the 39-hydroxyl group on the inositol ring of
phosphoinositides (23). Three classes of PI3K enzymes are
known: class I enzymes are composed of pl00 catalytic
subunits and p85 adaptors: class II enzymes are large (> 200
kDa) and characterized by a C2 domain at the C-terminus;
finally, class III enzymes are homologous to the vacuolar protein
sorting 34 (Vps34), the only PI3K characterized in yeast (23). In
yeast, Vps34 can form complexes with other autophagic
components such as Atg6, Atgl4, and Vpsl5. The mammalian
orthologs of such proteins have been named Vps34, Beclin-1,
Atgl4, and p150, respectively (24).

In higher animals, complexes formed by class I PI3Ks are
considered negative regulators of autophagy. For example, the
activation of class I PI3Ks by the insulin receptor leads to
phosphorylation of plasma membrane lipids, which in turn
recruit and activate Akt/protein kinase B (PKB), a downstream
negative regulator of autophagy (25). In contrast, complexes
formed by class III PI3Ks are divided into several types
depending on the proteins that interact with the core
components, namely Atg6 or Beclin, Vps34 and Vpsl5 (20).
Proteins such as UV-resistance associated gene (UVRAG),
activating molecule in Beclin-1-regulated autophagy
(AMBRA1), Atgl4L, and Bax-interacting factor-1 (Bif-1) are
known to positively regulate autophagy when interacting with
the core complex proteins. Conversely, other proteins interacting
with class ITI PI3Ks such as run domain Beclin-1- interacting and
cysteine-rich containing protein (Rubicon), Cln-2, and Bcl-x; are
negative regulators of autophagy (16, 24, 26, 27).

Although PI3P production is essential for autophagosome
formation, its exact role in phagophore formation is yet to be
deciphered. It has been proposed that PI3P production is
involved in altering the composition of the ER-derived lipid
bilayer to create a phagophore or simply in the recruitment of
PI3P-binding proteins that are required for the synthesis of the
phagophore (28). For instance, the autophagy proteins Atgl8
and Atg21 are known to be recruited by PI3P to the developing
phagophore. Moreover, in yeast, Atgl8 can form a complex with
Atg2, which localizes to the PAS depending on the PI3P-binding
ability of Atgl8 (29).
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FIGURE 2 | Proposed signaling cascade triggering TOR-regulated autophagy in 7. molitor. Most of the autophagy-related genes included in the scheme were
identified in the T. molitor RNA-Seq and EST databases. Growth factors such as the insulin receptor and nutrient-rich conditions negatively regulate autophagy, while
reactive oxygen/nitrogen species (ROS/RNS), DNA damage and a low cellular energy status (that is, a high AMP/ATP ratio) induce autophagy. Upon generation of
autophagy signals by the appropriate stimuli, an initiation complex comprising Atg1, Atg13, Atg101 and Fip200 is formed. Subsequently, the nucleation complex
consists of the Vps15-Vps34-Atg6-Atg14-UVRAG complex, alternatively named Class IIl PI (3)K complex. In addition, the Atg2-Atg18 complex supports the delivery
of the membrane particles from the Golgi, mitochondria or endoplasmic reticulum. Vesicle elongation is carried out by two ubiquitin-like complexes: the Atgb-Atg12:
Atg16 complex, generated through the E1- and E2-like enzymatic activity of Atg7 and Atg10, respectively; and the Atg8-PE complex, generated by the proteolytic
activity of Atg4 before transfer of Atg8 to the E1- and E2-like enzymes Atg7 and Atg3, respectively. Open circles show either non-Atg components (3-MA, PI3P,
Class | PI3K, PI(3,4,5)P3 and PE) or autophagy related genes (70S6K, Bcl-2, Bel-x, Ambral and Atg10) unidentified in 7. molitor.
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The appearance of a developing phagophore is crucial for the
completion of the vesicle nucleation step. However, the exact source
of the developing phagophore is unknown. Nevertheless, two
proposed models have received considerable scientific support.
The first model suggests that the phagophore is synthesized by a
de novo mechanism and expands through the addition of lipids
from other sources, transported to the site by Atg9 (30). The second
model suggests that the initial cradle for the formation of the
phagophore is derived from a subdomain of the ER and later
expands between the ER domains to which it is physically linked
(31, 32). However, there is an increasing body of literature that
implicates several other intracellular organelles, including the Golgi
apparatus, endosomes, mitochondria and the plasma membrane as
sources of initial building material for the phagophore (16, 33-35).
The mechanism for determining the site of phagophore formation
within the cytosol of higher eukaryotes is also not well understood.
In yeast, the PAS functions as an organizing center for
autophagosome formation because most of the Atg proteins
necessary for the formation of the developing phagophore are
usually recruited to the PAS (16). It is not clear, however, if an
equivalent of the PAS does exists in higher eukaryotes.

Vesicle Expansion and Completion

In the canonical autophagy machinery, vesicle expansion
and completion involve at least eight Atg proteins. These proteins
are grouped into two major sets according to their functional
participation in ubiquitin-like conjugation reactions. In particular,
Atg5-Atgl2/Atgl6 complex requires Atg7 and Atgl0O as El-
and E2-like enzymes, respectively. Similarly, Atg8-[known as
microtubule-associated protein 1 light chain 3 (LC3) in
mammals]-phosphatidylethanolamine (PE) complex requires the
proteolytic activity of Atg4 together with the El- and E2-like
enzymatic activity of Atg7 and Atg3, respectively. The Drosophila
genome contains two orthologs of the yeast Ag8, denoted as Atg8a
and Atg8b. Similarly, the human genome includes four orthologs
with high sequence identity to the yeast Atg4.

The regulation of vesicle expansion and completion is
mediated by the activity of two highly conserved ubiquitin-like
protein complexes, namely Atg5-Atgl2/Atgl6 complex and
Atg8-PE complex. In the Atg5-Atgl2/Atgl6 complex, Atgl2 is
a ubiquitin-like protein containing a C-terminal glycine residue.
Atgl2 is first activated by the El-like enzyme Atg7, which
transfers it to the E2-like enzyme Atgl0. In turn, AtglO
catalyzes the covalent binding of the C-terminal glycine residue
of Atgl2 to a lysine residue of Atg5 (36). The Atgl2-Atg5
complex then associates non-covalently with Atgl6; such
interaction is required for the localization of the Atgl2-Atg5
complex to the PAS (37, 38).

The formation of the Atg8-PE complex is accomplished
through the conjugation of the ubiquitin-like protein Atg8 to
the head-group of a membrane PE lipid molecule. Atg8 is
normally synthesized with a C-terminal arginine residue
masking the penultimate C-terminal glycine residue. Due to
the proteolytic activity of Atg4, such arginine is removed, thus
exposing the glycine residue to the activity of the ubiquitin-like
enzyme. The cleaved Atg8 is then transferred to Atg7, which in
turn transfers Atg8 to Atg3, an E2-like enzyme. Next, Atg3

transfers Atg8 to a membrane PE. The resulting Atg8-PE
complex is thought to mediate membrane tethering, thereby
assisting the expansion of the isolation membrane through the
promotion of vesicle carrier fusion (39). In particular, the
inhibition of the Atg8 conjugation system in mammalian cells
has been shown to lead to failure of isolation -membrane closure
into a complete autophagosome (38), suggesting that Atg8 is
responsible for the late step of autophagosome formation.

Based on the above-mentioned findings, it is noted that the
hierarchical functioning of several Atg proteins are crucial towards
regulation of autophagic machinery in eukaryotes. In addition to the
extensively studied yeast autophagy model, considerable work on
autophagy has been carried out in mammalian and Drosophila
model systems (16). The autophagy pathway induced by various
pathogens (Mycobacteria and virus) and PAMPs (PGN, LPS and
ssRNA) has been nicely illustrated in humans (Figure 3) (40, 41).
However, autophagy research in the beetle, T. molitor is still in its
infancy. Therefore, an attempt has been made to review the
identification and characterization of Atg protein orthologs in
T. molitor and the role during host-pathogen interactions.

CONSERVATION OF THE AUTOPHAGY
SYSTEM IN T. MOLITOR

The sequences of the Atg genes of Drosophila were used as query
against unpublished RNA sequencing (RNA-Seq) and expressed
sequence tag (EST) sequence databases of T. molitor to identify Atg
genes in T. molitor (42). After confirmation of search results via
local-TBLASTN analysis, the candidate T. molitor Atg genes were
grouped based on their functional location along the autophagy
signaling pathway. The genes were thus placed within the categories
“upstream signaling”, “initiation of autophagy”, “vesicle nucleation”,
and “vesicle expansion and completion”.

Upstream Genes Regulating Autophagy
Induction in T. molitor

A total of 13 genes putatively involved in the regulation of
autophagy induction upstream of/or in conjunction with TOR,
a central cell growth regulator that integrates signals from
growth factors and nutrient dynamics (43), were identified in
T. molitor. These candidate genes are presented along with their
orthologs in humans, yeast (Saccharomyces cerevisiae S288c) and
Drosophila in Table 1. Except for liver kinase B1 (LkbI) and p53,
which were only detected in the T. molitor EST database, the rest
other genes were identified in both the T. molitor RNA-Seq and
EST databases. Notably, TOR is present in two copies (TORI and
TOR2) in the genome of yeast, whereas only one copy of this
gene has been characterized in humans, Drosophila, and T.
molitor. Furthermore, putative orthologs of all other genes of
Drosophila and humans belonging to the category, “upstream
regulatory genes” were identified in T. molitor. However,
homologs of genes such as p53, poly-(ADP-ribose) polymerase
(Parp), Tuberose sclerosis 1 (Tscl) and Tsc2 have not been
characterized in yeast, despite having been identified from
humans and T. molitor.
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FIGURE 3 | Schematic representation of autophagy signaling cascade induced by pathogenic bacteria in humans. Three major signaling cascades have been
identified. In the first, Mycobacteria are recognized by IFN-y, subsequently inducing autophagy. In the second, bacterial peptidoglycans (PGN) are recognized by
PGRP-LE and induce autophagy. The signaling cascade is yet to be identified. In the third cascade, Pathogen associated molecular patterns (PAMPs) are recognized
by Toll-like receptor forming Toll-MyD88-TIRAP complex or Toll-TRIF-TRAM complex, intracellularly. These complexes subsequently signal to Beclin1 (Atg6) for

Genes Involved in Autophagy Initiation in
T. molitor

The composition of the autophagy initiation complex varies among
eukaryotes although two of its components, the yeast Atgl and
Atgl3, have orthologs conserved in both insects and mammals. A
total of four genes putatively required for the formation of the
initiation complex in higher eukaryotes, namely Atgl, Atgl3, Atgl01
and FIP200, were identified by screening the T. molitor RNA-Seq
database (Table 2). Orthologs of all these candidate genes were also
found in representative higher eukaryotes such as Drosophila
and humans.

Two additional genes required for the formation of the
initiation complex in yeast, Atg29 and Atg31 (16) were not
characterized in higher eukaryotes including T. molitor.
Similarly, Atgl7, whose protein product is required for the
formation of the initiation complex in yeast, is not known to
have clear orthologs in higher eukaryotes. However, a non-
orthologous functionally equivalent gene, FIP200, existing in
both Drosophila and humans was also identified in T. molitor.

Genes Involved in Vesicle Nucleation

in T. molitor

In yeast, vesicle nucleation during autophagy is achieved through
the regulatory activity of a complex consisting of Vps34 and
three other proteins: Vpsl5, Vps30/Atg6 and Atgl4. The

mammalian orthologs of these proteins have been identified
and named Vps34, p150, Beclin-1 and Atgl4 (24). Orthologs
of these proteins have also been identified in the RNA-Seq
database of T. molitor. Putative orthologs of UVRAG and
Rubicon, which is part of a Beclin-1-Vps34-containing
autophagy complex in mammals (44), have also been identified
in T. molitor. Furthermore, orthologs of the PI3P-binding
protein Atgl8 and its interaction partner Atg2, required for
autophagosome formation in yeast, Drosophila and humans,
were also identified in T. molitor (Table 3). Additionally, we
also identified T. molitor Atg9, a multi-spanning membrane
protein supporting the supply of lipid bilayers required for the
formation of the autophagosome in yeast and mammalian
systems (45, 46). Notably, the AMBRAI, Bcl-2 and Bcl-x
regulatory genes were not identified in the T. molitor RNA-Seq
database. These three genes have also not been identified in the
genome of yeast (Table 3).

Genes Involved in Vesicle Expansion and
Completion in T. molitor

As detailed earlier, two ubiquitin-like protein complexes (the
Atg5-Atgl2/Atgl6 and Atg8-PE complexes) and four important
enzymes, namely the proteolytic enzyme Atg4, the El-like
enzyme Atg7, and the E2-like enzymes Atg3 and Atgl0, are
required for vesicle expansion and completion. The eight
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TABLE 1 | Up-stream autophagy signaling genes in T. molitor.

Generic name

Homo sapiens

Saccharomyces cerevisiae S288c

Drosophila melanogaster

Tenebrio molitor

Specific Accession No. Amino Specific name Accession Amino Specific  Accession No. AminoAcid Specificname  Amino acid Source
name acid No. acid name length Lengths
length length (Tm/Tc)*
Akt1 Akt1 AAL55732.1 480 - - - Akt1 NP_732114.1 530 Akt1 515(F)**/ 510  EST,
RNA-
Seq
AMP-activated protein  AMPK AAB32732.1 552 AMPK gamma P12904.1 322 SNF1A NP_477313.1 582 AMPK 526(F)*/526 ~ EST,
kinase (AMPK) RNA-
Seq
liver kinase B1 (LKB1)  LKB1 AAB05809.1 433 - - - LKB1 NP_650302.1 567 LKB1 458(F)*/443  EST
Lethal with Sec Thirteen Lst8 AAO73410.1 260 Lst8 NP_014392.3 303 Lst8 NP_572572.1 313 Lst8 309(F)*/309  RNA-
8 (Lst8) Seq
P53 p53 BAC16799.1 393 - - - p53 NP_001247252.1 318 p53 375(F)*/350  EST
Poly-(ADP-ribose) Parp1 NP_001609.2 1,014 - - - Parp NP_001104452.1 994 Parp 983(P)**/991 RNA-
polymerase (Parp) Seq
Regulatory-associated  Raptor AAMO09075.1 1,335  Mitochondrial DNA NP_014975.2 1,254  Raptor NP_572294.2 1,621 Raptor 1,273(F)*/1,264 RNA-
protein of MTOR polymerase-encoding 1 Seq
(Raptor) (Mip1p)
Ras homolog enriched  Rheb NP_005605.1 184 Rheb1p NP_009956.2 209 Rheb NP_730950.2 182 Rheb 182(F)*/182  EST,
in brain (Rheb) RNA-
Seq
Ribosomal Protein S6 S6 NP_001001.2 249 - - - RpS6 NP_511073.1 248 RpS6 248(F)*/248  EST,
(RpS6) RNA-
Seq
Ribosomal protein S6 S6K NP_003152.1 525 ribosomal 40S subunit DAAQ7295.1 236 S6k NP_523941.2 490 S6K 746(F)*/738 RNA-
kinase (S6k) protein S6B (CG10539) Seq
Target of rapamycin mTOR NP_004949.1 2,549  Torlp NP_012600.1 2,470 TOR NP_001260427.1 2,471 TOR 2,397(F)*/2,400 RNA-
(TOR) Tor2p NP_012719.2 2,474 Seq
Tuberous sclerosis 1 hamartin ~ NP_001155898.1 1,163 - - - Tsc1 NP_477415.1 1,100 TSC1 1,056(F)**/1,047 RNA-
(TSC1) Seq
Tuberous sclerosis 2 7SC2 AAI50301.1 1,784 - - - gigas NP_524177 1 1,847 TSC2 1,735(F)*/1,722 RNA-
(TSC2) Seq

“Amino acid lengths have been predicted based on the length of T. molitor (Tm) and T. castaneum genes (Tc) genes.
**(F) and (P) indicate full-length open reading frame (ORF) cDNA sequences, respectively.
Genes putatively involved in the generation and processing of the signals that eventually activate the master requlator TOR. Most of them were identified in the T. molitor RNA-Seq database (but only a few in the EST database) using the
Drosophila orthologs as a reference. A comparison of the identified genes with their homologs in the unicellular eukaryote S. cerevisiae and the multicellular human (H. sapiens) is given. Blank boxes indicate that no homologs of the respective
genes, especially those of S. cerevisiae, were found.
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TABLE 2 | Autophagy-related genes involved in autophagy initiation in 7. molitor.

Generic Homo sapiens Saccharomyces cerevisiae Drosophila melanogaster Tenebrio molitor
name S288c
Specific Accession No. Amino Specific Accession Amino Specific Accession No. Amino Specific Amino Source
name Acid name No. Acid name Acid name Acid
length length length Lengths
(Tm/Tc)*
Autophagy- unc-51 like NP_003556.1 1,050 Atgip NP_011335.1 897  Atg1 NP_001163433.1 855  Atg1 792(F)*  RNA-
specific autophagy *T79  Seq
gene 1 activating
(Atg1) kinase 1
(ULKT)
Autophagy- Atg13 NP_001192048.1 550  Atg13p NP_015511.1 738  Atg13 NP_649796.1 523  Atg13 391(F)*/ RNA-
specific 399 Seq
gene 13
(Atg13)
Autophagy- - - - Atg29p NP_015159.1 213 - - - - - -
specific
gene 29
(Atg29)
Autophagy- - - - Atg31p NP_010305.1 196 - - - - - -
specific
gene 31
(Atg31)
Autophagy- Atg107 NP_068753.2 218 - - - CG7053 NP_573326.1 218  Atg101 220(F)**/  RNA-
specific 220 Seq
gene 101
(Atg107)
FAK family- RB1- NP_055596.3 1,594  Atg17p NP_013527.3 417 CG1347 NP_649573.2 1357  Fijp200 1,387  RNA-
interacting  inducible (F)~/ Seq
protein of  coiled-coil 1,382
200 kDa 1
(Fip200) (RB1CCT)

*Amino acid lengths have been predicted based on the length of T. molitor (Tm) and T. castaneum genes (Tc) genes.

**(F) and (P) indicate full-length ORF cDNA sequences and partial ORF cDNA sequences, respectively.

Genes involved in the formation of the autophagy initiation complex. Following activation of TOR in response to up-stream autophagic signals, a signaling cascade is activated by the relief
of TOR-dependent suppression, culminating in the formation of the initiation complex. The genes involved in the assembly of the initiation complex are Atg1 and Atg13, together with
Atg17, Atg29, and Atg31 in yeast or Atg101 and Fip200 in higher eukaryotes, including T. molitor.

corresponding genes were highly conserved in all experimental
species, from yeast to humans. Of note, four isotypes of Atg4
genes and two isotypes of the Afg8 have been identified in
humans and Drosophila, respectively. Putative orthologs of the
autophagy genes involved in vesicle expansion and completion
were identified in the T. molitor RNA-Seq and EST databases,
except for the gene encoding Atgl0, acting as an E2-like enzyme
for the assembly of the Atg5-Atgl2/Atgl6é complex (Table 4).

AUTOPHAGIC SIGNATURES OF

T. MOLITOR IN RESPONSE TO THE
INTRACELLULAR BACTERIUM, LISTERIA
MONOCYTOGENES

T. molitor has been exploited as an experimental model for host-
pathogen interaction studies, especially those to unravel the
intricacies of the insect innate immunity. In the last decade,
owing to the availability of whole genome, transcriptome, and
EST sequences, researchers in the field were able to explore the

intricacies of cellular and humoral immunity against pathogenic
infections in this model insect. In particular, elegant biochemical,
molecular, and in silico studies allowed to identify the
components of the T. molitor Toll and IMD signaling cascades
and to propose their role in insect immunity (47, 48). The
conserved role of both extracellular and intracellular
pathwaypathway components have been elucidated through
protein induction, gene expression and RNA interference
(RNAI)-based gene silencing studies (49-51).

Most significantly, valuable insights into humoral immunity
were obtained through the study of the synthesis of antimicrobial
peptides (AMPs), hemocyte-driven phagocytosis, and the
prophenoloxidase cascade regulating the process of melanization
(52). In the context of autophagic control of T. molitor defenses, the
RNA-Seq and EST databases have contributed to unravel the
mysteries of the autophagy-signaling cascade upon L.
monocytogenes challenge. Further, in some recent studies, the
existence of a cross-talk between autophagy and the NF-kB-
controlled IMD pathway upon L. monocytogenes challenge in T.
molitor has been advocated (53); this could help extrapolate general
mechanism describing the regulation of host immune strategies
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TABLE 3 | Autophagy-related genes involved in vesicle nucleation in T. molitor.

Generic name

Homo sapiens

Saccharomyces cerevisiae S288c

Drosophila melanogaster

Tenebrio molitor

Specific name Accession No. Amino Specific Accession Amino Specific name  Accession No. Amino Specific Amino acid Source
acid name No. acid acid name lengths
length length length (Tm/Tc)*
Activating molecule in Beclin1- ~ AMBRAT ABI74670.1 1,269 - - - - - - - - -
regulated autophagy (AMBRAT)
Autophagy-specific gene 2 Atg2a NP_055919.2 1,938  Atg2p NP_014157.1 1,692 Atg2 NP_647748.1 1906  Atg2 1,945(P)**/  RNA-
(Atg2) Atg2b NP_060506.5 2,078 2,040 Seq
Autophagy-specific gene 6 Bcl-2 interacting coiled- AAD27650.1 450  Vps30p NP_015205.1 557  Atgb NP_651209.1 422  Atgb 386(F)**/  RNA-
(Atgb) coil protein (BeclinT) 396 Seq
Autophagy-specific gene 9 Atg9a NP_001070666.1 839  Atg9p NP_010132.1 997  Atg9 NP_001261023.1 852  Atg9 718(F)™/  RNA-
(Atg9) Atg9b NP_775952.4 924 662 Seq
Autophagy-specific gene 14 Atg14 NP_055739.2 492 Atg14p NP_009686.1 344  CG11877 NP_651669.1 503  Atg14 472(F)*/  RNA-
(Atg14) 478(BY)™  Seq
Autophagy-specific gene 18 WD repeat domain, NP_060453.3 446  Atg18p NP_444297 1 500 Atg18 NP_648184.1 377  Atg18 406(F)***/  RNA-
(Atg18) Phosphoinositide 409 Seq
interacting 1 (WIPIT)
B-cell leukemia/ lymphoma-2-  Bcl-2 ABX60202.1 239 - - - Debcl NP_788278.1 300 - - -
alpha protein (Bcl-2)
Bcl-x Bcl-x AAB17354.1 227 - - - - - - - - -
Run domain Beclin-1- KIAA0226 NP_001139114.1 927 - - - - - - Rubicon 880(F)**/  EST
interacting and cystein-rich 884
containing protein (Rubicon)
UV-resistance associated gene  UVRAG BAA90829.1 699 - - - Uvrag NP_609632.1 696  UVRAG 729(F)™/  RNA-
(Uvrag) 716 Seq
Phosphoinositide 3-kinase PIK3R4 NP_055417.1 1,368  Vacuolar NP_009655.2 1,454 Immune response NP_649868.1 1342 VPS15 1,337(F)**/  RNA-
regulatory subunit 4 (PIK3R4) protein sorting Deficient 1 (ird7) 1,330 Seq
15 (VPS15p)
Phosphotidyl-inositol 3 kinase ~ PIK3C3 NP_002638.2 887  Vacuolar NP_013341.1 875 Phosphatidyl- NP_477133.1 949 VPS34 1,700(P)**/  RNA-
(PIBK) protein sorting inositol 3 kinase 2,070 Seq
34 (VPS34p) 59F (Pi3BK59F)

*Amino acid lengths have been predicted based on the length of T. molitor (Tm) and T. castaneum genes (Tc) genes.

*Bt; Amino acid lengths based on Bombus terrestris gene.

***(F) and (P) indicate full-length ORF cDNA sequences and partial ORF cDNA sequences
This step involves the recruitment of Atg proteins to the phagophore assembly site (PAS) in yeast or its equivalents in higher animals. Various Atg proteins taking part in this process were identified in the RNA-Seq database.
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TABLE 4 | Autophagy related genes involved in elongation and completion in 7. molitor.

Generic Homo sapiens Saccharomyces cerevisiae Drosophila melanogaster Tenebrio molitor
name S288c

Specific Accession No. Amino Specific Accession Amino Specific Accession No. Amino Specific Amino Source

Name acid name No. acid name acid name acid
length length length lengths
(Tm/Tc)*

Autophagy- Atg3 NP_071933.2 314 Atg3p NP_014404.3 310  Autl NP_649059.1 330 Atg3 320(F)**/ EST,
specific 316 RNA-
gene 3 Seq
(Atg3)
Autophagy- Atg4a AAHB1696.1 398  Atg4p NP_014176.2 494  Atg4 NP_608563.1 411 Atg4 369(F)**/ RNA-
specific Atg4b EAW71278.1 415 366 Seq
gene 4 Atg4c EAX06579.1 458
(Atg4) Atg4d AAHB8992.1 474
Autophagy- Atgb AGC52703.1 275  Atgbp NP_015176.1 294  Atg5 NP_572390.1 269  Atg5 263(F)**/ RNA-
specific 263 Seq
gene 5
(Atg®)
Autophagy- Atg7 NP_006386.1 703  Atg7p NP_012041.1 630  Atg7 NP_611350.1 684  Atg7 623(F)**/ RNA-
specific 621 Seq
gene 7
(Atg7)
Autophagy- microtubule-  NP_852610.1 125  Atg8p NP_009475.1 117 Atg8a NP_727447 A 121 Atg8 120(F)**/ RNA-
specific associated Atg8b NP_650649.1 120 120 Seq
gene 8 protein 1 light
(Atg8) chain 3 alpha

(MAP1LC3A)
Autophagy- ATG10 NP_001124500.1 220 Atg70p  NP_013058.1 167  CG12821 NP_001097216.1 212 - - -
specific
gene 10
(Atg10)
Autophagy- Atg12 ACD74941 1 187  Atg12p NP_009776.1 186  Atg12 NP_648551.3 111 Atgi12 129(F)**/ RNA-
specific 124 Seq
gene 12
(Atg12)
Autophagy- Atg16 NP_110430.5 607  Atgl6p  NP_013882.1 150 CG371033 NP_733313.2 604  Atg16 B544(F)™*/ EST,
specific 552(Bt)*  RNA-
gene 16 Seq
(Atg16)

*Amino acid lengths have been predicted based on the length of T. molitor (Tm) and T. castaneum (Tc) genes.
*Bt; amino acid lengths predicted based on the lengths of Bombus terrestris (Bt) gene.
***(F) and (P) indicate full-length ORF cDNA sequences and partial ORF cDNA sequences, respectively.

against pathogenic microorganisms. In the next paragraphs, we  initiation (TmAtgl3), autophagy-related genes for vesicle
review the components of the conserved autophagy signaling  nucleation (TmAtg6), and autophagy-related genes for
cascade in T. molitor and show that they are functionally required ~ elongation and completion of autophagosome formation
to counteract the pathogenicity of L. monocytogenes. We not only  (TmAtg3, TmAtg5, and TmAtg8). Specifically, the autophagy
lay emphasis on the role of Afgs in beetle immunity, with special ~ machinery of T. molitor has been functionally dissected in the
reference to autophagy-based clearance of Listeria in the T. molitor ~ process of L. monocytogenes clearance or suppression by the host.
model, but also delineate reasonable hypotheses on the extent of the ~ Notably, L. monocytogenes, a facultative gram-positive

cross-talk between autophagy and the IMD pathway. bacterium, has been used for the study of host-pathogen
In separate studies, we have functionally characterized TOR interactions in both vertebrates and invertebrates (58).
(54), the HORMA-domain-containing protein Atgl3 (55), Atg6 In Drosophila, the autophagy machinery is stimulated after

(Beclin-1 in humans) (56), Atg3/Atg5 (42), and Atg8 recognition of L. monocytogenes invasion by PGRP-LE, whereas
[microtubule-associated protein 1 light chain 3 alpha  transcription factors downstream of the NF-xB pathway (Relish,
(MAPILC3A) in humans] (57) in the T. molitor model. The Dif, and Dorsal) and Atg5 are not required for PGRP-LE-
corresponding genes have been listed together with other T.  dependent suppression of L. monocytogenes growth (59).
molitor Atgs in Table 5 and have been categorized, due to their ~ Similar to the Drosophila model, the requirement of TmPGRP-
conserved functions, as upstream autophagy signaling genes  LE for defense of T. molitor against L. monocytogenes infection
(TmTOR), autophagy-related genes involved in autophagy  was established using a gene silencing assay (60). In fact,
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TABLE 5 | Summary of the autophagic signatures functionally characterized in T. molitor implicated in autophagy-mediated clearance of the gram-positive bacterium

L. monocytogenes.

Autophagy Autophagy Nucleotide and protein features Role in autophagy in  Reference
genes functional relation to L. monocy-
category Nucleotide Protein Domain analysis togenes infection
length length
(ORF)
Atg3 Elongation and 963 bp 320 aa N-terminal domain, catalytic (autophagy-related protein 3) domain  Putative role in mediating (42)
completion of and C-terminal domain autophagy-based
autophagosome clearance of Listeria in
formation the T. molitor model
Atgb Elongation and 792 bp 263 aa  Autophagy-related protein 5 domain Putative role in mediating (42)
completion of autophagy-based
autophagosome clearance of Listeria in
formation the T. molitor model
Atg13 Initiation (ULK1 1,176 bp 391 aa  N-terminal Atg13 domain with a HORMA (Hop1, Rev7 and Mad2 Not studied (55)
complex) fold)
Atg8 (Atg8-  Elongation and 363 bp 120 aa Microtubule-associated proteins 1a/1b light chain B-related domain Putative role in (57)
II/PE completion of autophagy-based
complex) autophagosome clearance of Listeria in T.
formation molitor
Target of Upstream 7,197 bp 2,398  Huntington domain, EF3A, ATM, TOR (HEAT) repeat, and focal Negative correlation with (54)
rapamycin signaling genes aa adhesion kinase targeting (FAT), rapamycin binding, autolysosome formation
(TOR) phosphatidylinositol 3-/4-kinase, and FRAP, ATM and TRRAP C- after bacterial challenge
terminal (FATC) domains
Atgb6 Nucleation (class 1,161 bp 386 aa Atgb domain Putative role in (56)

Il PIB)K complex)

autophagy-based
clearance of Listeria in T.
molitor

*A cross-talk mechanism between the IMD and autophagy pathways is established as TmRelish, a transcription factor of the IMD pathway is implicated not only in the regulation of AMP
genes but also in the induction of autophagy genes in response to L. monocytogenes challenge. In fact, TmAtg1 was downregulated both in hemocytes and fat body upon TmRelish

knockdown

knockdown of TmPGRP-LE followed by L. monocytogenes
challenge led to a marked reduction in the survival of T.
molitor larvae, thereby clearly indicating that TmPGRP-LE is a
fundamental component of the pathogen recognition system,
which could modulate the downstream NF-«kB signaling cascade
or the autophagic machinery to eliminate or suppress the
pathogenicity of microorganisms.

Although it is logical to assume that the L. monocytogenes-
induced autophagy is independent of the IMD pathway in
Drosophila, the existence of a cross-talk between autophagy
and the IMD pathway seems more of a reasonable hypothesis.
In this regard, we have observed that knocking down TmRelish,
encoding a transcription factor downstream of the PGRP-LE/
IMD pathway, could directly or indirectly influence the
expression of AMP and Atg genes after L. monocytogenes
challenge in the fat body and hemocytes of T. molitor larvae
(Figure 4). Ultimately, L. monocytogenes infection led to reduced
survival of TmRelish-knockdown T. molitor larvae. While
assessing the expression of Atg genes, it was found that the
mRNA levels of TmAtgl were significantly decreased in the fat
body and hemocytes of T. molitor larvae after L. monocytogenes
infection (53). Atgl/ULK-1 is related to autophagy initiation,
and its increased expression level is necessary to initiate an
appropriate autophagic response in Drosophila and Bombyx
mori (22, 61). Furthermore, the formation of the Atgl/Atgl3
complex leads to the nucleation of the autophagosome
membrane, thereby possibly promoting autophagy. Although

Drosophila Atgl3 has been reported to enhance both the pro-
autophagic activity of Atgl and the inhibition of TOR signaling,
the role of Atgl3 in the molecular mechanisms underlying
autophagy initiation in other insects has been studied to a
lesser extent. For instance in Bombyx mori, Atgl3 (BmAtgl3)
knockdown and overexpression have been implicated in
autophagy inhibition (62). In fact, overexpression of BmAtgl3
gene promotes the replication and proliferation of B. mori
nucleopolyhedrovirus (BmNPV) and silencing results in
suppression of BmNPV replication (63). TmAtgl3 is implicated
in the survival of the host to both Escherichia coli and
Staphylococcus aureus infection, since TmAtgl3-silenced larvae
exhibited reduced survival under microorganism challenge (55).

Atg8/MAPILC3A is a ubiquitin-like protein controlling the
expansion of the phagophore during autophagosome formation.
Moreover, it is a reliable marker of autophagosome formation,
and its expression during autophagy has been studied in various
insect species. In Galleria mellonella, increased activity of Atg8 in
parallel to autophagosome formation has been associated with
the perivisceral fat body remodeling (64). The Atg8/LC3 positive
hemocytes in G. mellonella 24 and 48 hours post-infection with
entomopathogenic fungus, Conidiobolus coronatus also relate to
autophagosome formation and autophagy (65). Further, in the
hematophagous insect Rhodnius prolixus, silencing of Atg8
transcripts led to disrupted lipophagy (sequestration of lipid
droplets and degradation of triacylglycerol generating free fatty-
acids for B-oxidation) (66). In Drosophila, elevation of Atg8-II
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FIGURE 4 | Schematic illustration depicting cross-talk of autophagy process and NF-«kB (Relish) pathway in response to pathogens in T. molitor. The intracellular
Gram-positive bacterium, Listeria monocytogenes is recognized by PGRP-LE and the signaling cascade activates the NF-xB transcription factor, Relish.
Subsequently, Relish regulates activation of autophagy by direct or indirect stimulation of nucleation step in hemocytes and AMP production in fat body. In addition,
the Atg genes related to the nucleation (TmVPS34), recycling (TmAtg9), and elongation and recycling (TmAtg5 and TmAtg8) were significantly regulated by silencing

level and accumulation of Atg8 in the autophagic punctae have
been demonstrated after infection with VSV, RVFV or Zika virus
as evidenced through silencing experiments (67, 68). In
Laodelphax striatellus, Atg8 facilitates Rice stripe virus (RSV)
infection in an autophagy-independent manner (69). The higher
mortality rates in Aedes albopictus mosquitoes after blood-
feeding of microorganisms and not systemic challenge in Ag8-
silenced hosts suggest modulation of autophagy in gut immunity
(70). The role of the Atg8 homolog of T. molitor (TmAtg8) in
mediating autophagy-based clearance of L. monocytogenes has
been demonstrated through dsRNA-induced gene silencing and
recombinant protein expression analysis. Furthermore, the
expression levels of TmAtg8 in hemocytes were also found to
be markedly reduced after L. monocytogenes infection. In
contrast, the increasing expression level of autophagy genes
with time in L. monocytogenes-infected larvae injected with
dsEGFP (negative control for RNAi) suggested autophagic
control of L. monocytogenes clearance (57). Another member
of the Atg8 family, the microtubule-associated proteins 1A/1B
light chain 3C-like protein (TmLc3), exhibiting low amino acid
identity (34%) to TmAtg8 has been characterized in T. molitor;
however, its exact role in autophagy-based immunity is yet to be
deciphered. Moreover, TmAtg8 protein expression failed to be
induced in hemocytes of TmAtg5- knockdown larvae, suggesting
a coordinated functional role of elongation and completion of
autophagosome assembly for the clearance of L. monocytogenes
in the host. Consistently, RNAi-mediated loss of function of

TmAtg5 led to impaired formation of the Atgl2-Atg5-Atgl6
complex, which facilitates the lipidation of Atg8, that is, the
conversion of Atg8-I to Atg8-II, to form the Atg8-PE complex.
Further, the lack of induction of the autophagy marker TmAtg8-
I in the fat body tissues of T. molitor following L. monocytogenes
infection is interesting and warrants detailed studies for
understanding the mechanism of preferential establishment of
autophagy in certain tissues following L. monocytogenes
challenge. Certainly, the increase in Atg8 (Atg8-II) signals
overtime after exposure to L. monocytogenes infection is
indicative of an increasing autophagic control in the host. The
involvement of Atg8 in Leishmania parasite survival while
infecting macrophages in vitro suggests regulatory control of
autophagy by autophagosome formation (71).

In another study, the requirement of TmAtg3 and TmAtg5 for
the autophagic control of Listeria infection was thoroughly
investigated. RNAi-mediated silencing of TmAtg3 and TmAtg5
led to an increased susceptibility of T. molitor larvae to L.
monocytogenes infection, further confirming the requirement of
Atg3 and Atg5 for Atg8 lipidation, formation of the Atg8-PE
complex, and subsequent activation of autophagic clearance of
microorganisms (42). While TmAtg3 is an E2 ubiquitin-like
enzyme responsible for covalent binding of PE to the C-terminus
of Atg8, Atg5 is part of the Atgl2-Atg5-Atgl6é complex, which
regulates the formation of the Atg8-PE complex. Downregulation of
Atg8 transcript also downregulating Afg3 expression in insects is
suggestive of an interconnection between the two genes (72).
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TmAtg6 (Beclin-1 in mammals), involved in the vesicle nucleation
step of the autophagy pathway, has also been found to be required
to protect T. molitor larvae against L. monocytogenes challenge (56).
Although Atg6 is a multifunctional protein involved in sorting of
vacuolar contents, pollen germination, and tumor suppression, its
role in autophagy is highly conserved. In the autophagic pathway,
Atg6 forms a complex with Vps34, Vps15, UVRAG, and Vps38 to
generate the phagophore. Hence, Atg6 supports autophagy-
mediated immune responses against L. monocytogenes.

SUMMARY STATEMENT

Genes involved in the canonical TOR-regulated autophagy
pathway, which were reviewed here, can be conveniently
divided into categories depending on their presumed location
along the pathway. Upstream regulatory genes in the T. molitor
autophagy pathway include the master- regulator TOR and at
least seven genes, namely, Akt1, Lkbl, p53, Parp, RpS6, Tscl, and
Tsc2, that appear to be absent in the yeast genome are conserved
in higher eukaryotes such as Drosophila and humans. Most of
these genes have been reported to be active regulators of
autophagy induction and tumor suppressors in model
organisms. Similarly, the gene sets required for the formation
of the autophagy initiation complex (Atgl kinase complex) after
successful induction vary between yeast and higher eukaryotes.
For instance, the absence of Atgl7 and its interacting proteins
Atg29 and Atg31 in higher eukaryotes including T. molitor
highlights the discrepancy in the identity of the core
components of the autophagy initiation complex. Indeed, in
higher eukaryotes Atgl7 seems to have been mechanistically
replaced by a non-homologous functional equivalent, Fip200
(73). Adding to this complexity, the protein Atgl01, absent in
yeast interacts with both Atgl and Fip200 to form the Atgl-
kinase complex in higher eukaryotes.

The variation in the composition and function of the core
autophagy machinery between yeast and higher eukaryotes
discussed above highlights the fact that, although genetic
screening in S. cerevisiae laid the foundation for the molecular
understanding of autophagy, fundamental differences in active
components and processes exist between yeast and higher
eukaryotes. Indeed, the autophagy core machinery of higher
eukaryotes has been extensively modified, partly to satisfy the
fundamental need to account for the greater genetic diversity and
complexity of higher eukaryotes with respect to those of
unicellular eukaryotes. Such difference is substantiated by the
presence of multiple isoforms of certain Atg genes, including
Atgd, Atg8, Atg2, and Atg9 in higher eukaryotes, although no
evidence of this rare phenomenon in S. cerevisiaze was found in
T. molitor (74).

FUTURE PERSPECTIVES

The early discovery of Atg8 lipidation in the 1990s prompted
researchers to focus on the mechanisms and functional roles of

autophagy-related proteins; in addition, recent studies have
raised considerable interest in a wide range of research
directions to dissect the autophagy pathway. Current findings
on the autophagy pathway in insect model systems derived from
various fields such as developmental biology, immunology,
epidemiology, and molecular biology, have improved our
understanding of the fundamental framework of the autophagy
process. In particular, the T. molitor Atg genes have been largely
identified, and the functional roles of these signaling components
have been demonstrated through gene silencing studies.
However, many unanswered questions on the importance of
autophagy in metamorphosis and starvation of T. molitor, as well
as the role of the interaction between Atg proteins and
membrane lipids remains to be answered. Importantly, recent
studies in T. molitor and Drosophila have revealed the regulation
of Atg genes through NF-xB factors, suggesting a possible
connection between different pathways of immune response,
including the IMD pathway and autophagy. In Drosophila,
while the activation of autophagy by the plasma membrane
receptor Toll-7 is independent of NF-«B response during VSV
infection, the autophagic response to Zika virus infection is NF-
KkB-dependent (67, 68, 75). Despite the significance of altered NF-
KB expression at the transcriptional level, the levels of the
corresponding protein level seems to be critical in T. molitor.
Further, it would be interesting to note the levels of conservation
in the transcription factors inhibiting autophagy induction such
as Hox-family of proteins in Drosophila and the zinc finger with
a SCAN and KRAB domain 3 (ZKSCAN3) in humans. With
transcriptome signatures of pathogenic responses in the host
readily available in the research domain, a high-throughput
unraveling of Atg genes and its regulatory roles in autophagy
would become a reality. In fact, the transcriptome of An.
aquasalis midgut epithelium is implicated to trigger an
autophagic response to Plasmodium vivax invasion (76). In
conclusion, the fascinating results obtained from previous
studies on T. molitor autophagy has established promising
future directions for newcomers and experts in this field
of research.
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Salmonella spvC Gene
Inhibits Autophagy of Host
Cells and Suppresses
NLRP3 as Well as NLRC4

Liting Zhou?*, Yuanyuan Li*, Song Gao?, Haibo Yuan, Lingli Zuo®, Chaoyi Wu, Rui Huang
and Shuyan Wu'*

Department of Medical Microbiology, School of Biology and Basic Medical Science, Medical College of Soochow University,
Suzhou, China

Salmonella spvC gene, encoding a phosphothreonine lyase on host mitogen-activated
protein kinases, facilitates systemic infection of Salmonella while the precise mechanisms
remain elusive. Autophagy and pyroptosis dependent on the activation of inflammasomes,
as parts of innate immune response, contribute to host defense against Salmonella
infection. Recently, we reported that spvC could inhibit pyroptosis. To explore the effect of
spvC on autophagy and the relationship between its function in pyroptosis and autophagy,
infection models of macrophages J774A.1 and epithelial HeLa cells co-cultured with
Salmonella Typhimurium wild type, spvC deletion, site-directed mutant which lacks
phosphothreonine lyase activity, or complemented strain were established. The levels of
LC3 turnover and Beclin 1 of J774A.1 cells were determined by western blot. Confocal
laser scanning microscopy was used to visualize the autophagic flux after being
transfected with mRFP-GFP-LC3 plasmid in Hela cells. Results showed that SpvC
inhibited autophagosome formation through its phosphothreonine lyase activity.
Additionally, analysis of nucleotide-binding oligomerization domain, leucine-rich repeat
and pyrin domain-containing 3 (NLRP3) and NLR with CARD domain-containing 4
(NLRC4) in J774A.1 cells indicated that spvC decreased the protein levels of NLRP3
and NLRC4, which were significantly changed by autophagy inhibitor Bafilomycin A1.
Together, our observations reveal a novel mechanism of spvC in Salmonella pathogenesis
and host inflammatory response via inhibiting autophagy and NLRP3 as well as NLRCA4.
These pathways and their subversion by diverse pathogen virulence determinants are
expected to throw light on the design of anti-infective agents.

Keywords: Salmonella, spvC, autophagy, NLRP3, NLRC4

INTRODUCTION

Salmonella is a facultative intracellular pathogen that causes a serious threat to global public health.
Centers for Disease Control and Prevention estimates approximately 1.35 million infections, 26,500
hospitalizations, and 420 deaths caused by Salmonella in the United States every year (1). Among
2600 Salmonella enterica serovars, Salmonella enterica serovar typhimurium (S. Typhimurium) is
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spvC Inhibits Autophagy and NLRs

one of the most common isolates causing infection with a broad
range of hosts (2). Therefore, it will be clinically important to
develop new strategies to control S. Typhimurium infection. In
particular, pathogenesis of S. Typhimurium requires the action
of multiple virulence factors. SpvB and SpvC, virulence factors
encoded within the Salmonella plasmid virulence (spv) operon,
are responsible for pathogenicity of S. Typhimurium (3).
Previously we reported a novel contribution of spvB to
Salmonella pathogenesis through interfering with intracellular
iron homeostasis (4). spvC, another essential factor of Salmonella
virulence determinant encoding phosphothreonine lyase,
suppresses intestinal inflammation and aggravates systemic
dissemination through mitogen-activated protein kinase
(MAPK) signaling pathway (5, 6). However, the underlying
mechanisms have been only partly illuminated.

Intracellular pathogens invade mammalian host cells in
membrane bound vesicles called phagosomes. Of note,
autophagy is a process whereby a double-membrane structure
(autophagosome) engulfs unnecessary invading pathogens and
delivers them to the lysosome for degradation. But the pathogens
have developed several survival mechanisms to prevent this
degradation event (7). S. Typhimurium, including its effectors,
has evolved to block host signaling cascades or even create
favorable conditions for self-replication and survival by virtue
of autophagy through specific mechanisms, so as to resist the
host defense (8, 9). It has been reported that spvC is responsible
for the anti-inflammatory effect of S. Typhimurium to facilitate
bacterial dissemination, and the host can eliminate intracellular
bacteria by autophagy, which can inhibit the further spread
of bacteria. In light of this, we hypothesize that autophagy is
also involved in spvC-mediated infection while the precise
mechanism remains obscure.

Innate immune recognition is initiated by pattern-recognition
receptors (PRRs), of which nucleotide-binding domain and
leucine-rich repeat receptors (NLRs) function in the
recognition of danger signals introduced into the host cell
cytosol. Nucleotide-binding oligomerization domain, leucine-
rich repeat and pyrin domain-containing 3 (NLRP3) responds
to a diverse range of stimuli, including pathogens, microbial
toxins, etc. NLRP3 plays a pivotal role in regulating live-or-die
cell-fate decisions (10, 11). Inhibition of the NLRP3
inflammasome using MCC950 enhances host protection
against B. cereus-induced infection (12). Besides, NLR with
CARD domain-containing 4 (NLRC4) in epithelium is
sufficient to protect against S. Typhimurium invasion (13).
Assembly of the NLRP3 and NLRC4 inflammasomes leads
to caspase 1-dependent/independent release of the pro-
inflammatory cytokines IL-1 and IL-18, as well as to
gasdermin D-mediated pyroptosis (14, 15). NLRP3 recruited by
NLRC4 had been considered distinct inflammasome scaffolds in
response to S. Typhimurium infection (16). Moreover, NLRP3
could be activated by flagellin under conditions of suboptimal
NAIP/NLRC4 activation in S. Typhimurium infected
macrophages (17). Our recent research revealed that spvC
inhibits NLRP3 and NLRC4-associated pyroptosis against
S. Typhimurium (18). Reports showed autophagy machinery

constitutes a key cellular monitoring system that prevents
excessive NLRP3 inflammasome activation (19, 20). However,
more thorough investigation is required to shed light on the
fundamental mechanisms underlying autophagy regulated
NLRP3 and NLRC4 mediated by spvC.

Herein, both macrophages J774A.1 and epithelial HeLa cells
were co-cultured with S. Typhimurium wild type, spvC deletion,
site-directed mutant which lacks phosphothreonine lyase activity
or complemented strain. We report a novel contribution of spvC
to S. Typhimurium pathogenesis through the inhibition of host
autophagy via its phosphothreonine lyase activity which affects
the protein level of NLRP3 and NLRCA4.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

S. Typhimurium wild type strain (STM-WT) was kindly
supplied by Professor Qian Yang (Nanjing Agricultural
University, Nanjing, China). STM-WT, spvC deletion mutant
(STM-AspvC), spvC site-directed mutant (STM-AspvC/pspvC
K136A) which lacks phosphothreonine lyase activity and spvC
complemented strain (STM-AspvC/pspvC) were grown to log
phase at 37°C in Luria Bertani (LB, Hangwei, China) broth
overnight. STM-AspvC/pspvC K136A and STM-AspvC/pspvC
were cultured in the media with 100 pug/ml ampicillin
(Sigma, USA).

Construction of Mutant Strains

STM-AspvC was constructed with ARed recombination system
basically as previously described (21) and the corresponding
plasmids were gifts from Professor Daoguo Zhou (Purdue
University, West Lafayette, USA). STM-AspvC/pspvC K136A
mutation was constructed by overlap PCR. STM-AspvC/pspvC
K136A and STM-AspvC/pspvC was complemented with STM-
AspvC using pBAD/gIII expression system (22). spvC deletion
mutant, site-directed mutant and complemented strain were
identified by PCR and sequencing.

Cell Culture

J774A.1 cells were purchased from the Procell Life Science &
Technology Co.,Ltd. HeLa cells were acquired from National
Collection of Authenticated Cell Cultures. Cells were routinely
cultured in complete medium that Dulbecco’s modified Eagle
medium (HyClone Laboratories, Logan, UT, USA)
supplemented with 10% (v/v) fetal bovine serum (Biological
Industries, Kibbutz Beit-Haemek, Israel) and in a humidified
incubator containing 5% CO, at 37°C.

Bacterial Infection

J774A.1 cells (1x10%well) and HeLa cells (5x10°/well) were
seeded in 12-well plates. On the day of infection, §.
Typhimurium were diluted 1:100 with LB broth to subculture
for 3 h. Both STM-AspvC/pspvC K136A and STM-AspvC/pspvC
were supplemented with 0.2% L-arabinose (Sigma, USA).
Bacteria were then washed three times in PBS. The optical
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density of bacteria was determined by spectrophotometry at
600 nm with viable plate counts before infection. The bacterial
suspension was subsequently added to cultured cells at the
multiplicity of infection (MOI) described in the figure legends.
Fresh medium containing amikacin (100 pg/ml, Sigma,
Burlington, MA, USA) was added to kill the extracellular
bacteria at 1 hour post infection (hpi). Afterwards, infected
cells were washed and subsequently cultured in fresh medium
containing amikacin (10 pg/ml) to limit extracellular replication
of bacteria. PD0325901 (50 nM, Selleck, USA) functioned as an
ERK inhibitor was added to the complete medium mentioned in
Cell Culture section 24 h before infection. Cells were pretreated
with Bafilomycin A1 (100 nM, Sigma, USA) 2 h before infection
to inhibit autophagosome-lysosome fusion. At different time
points following infection, cells were processed in the
following ways.

Western Blot Analysis

Proteins were extracted using RIPA buffer containing protease
inhibitors and phosphatase inhibitors (Beyotime, China).
Samples were homogenized on ice, centrifuged for supernatant
at 12,000 g for 15 min at 4°C and heated to 100°C for 5 min.
Protein extracts resuspended in sample loading buffer were
separated by electrophoresis through 12% polyacrylamide gels
and transferred to PVDF membranes (Millipore, USA). After
blocking with 5% non-fat milk (Sangon Biotech Shanghai Co.,
Ltd., China), membranes were incubated with primary
antibodies anti-LC3 (4108S, CST, USA; 1: 1,000 dilution), anti-
Beclin 1 (3738, CST, USA; 1: 1,000 dilution), anti-NLRP3
(151018, CST, USA; 1: 1,000 dilution), anti-NLRC4 (ab201792,
abcam, UK; 1: 1,000 dilution), anti-GAPDH (BA2913, Boster,
China; 1: 1,000 dilution), anti-Tubulin (AF1216, Beyotime,
China; 1: 1,000 dilution) and anti-Histone H3 (ab194681,
abcam, UK; 1: 1,000 dilution) overnight at 4°C. Membranes
were then washed and incubated with the horseradish peroxidase
(HRP)-labeled goat anti-rabbit IgG (A0208, Beyotime, China;
1: 3,000 dilution) for 1 h at room temperature. Proteins were
visualized using ECL luminescence reagent (Meilunbio, China).
The gray-scale values of the bands were determined by Image ]
launcher broken symmetry software program (National
Institutes of Health, Bethesda, MD, USA).

Confocal Laser Scanning Microscopy

For immunofluorescence microscopy, HeLa cells transfected
with mRFP-GFP-LC3 plasmid were used to establish the
infection model. HeLa cells were collected at 2 hpi, bacteria
and cell nucleus were labeled by Hoechst (33258, Beyotime,
China; 1: 10,000 dilution). The samples were imaged under a
confocal laser scanning microscopy (Fluoview FV1000,
Olympus, Japan). GFP-LC3 and mRFP-LC3 punctate dots
were counted in more than 100 cells and measured by Image ]
software program for quantification.

Statistical Analysis
Statistical significance was determined by ANOVA for three or
more groups. P < 0.05 was considered to be statistically significant.

RESULTS

spvC Suppresses Autophagy and
Increases Intracellular Survival of
Salmonella Typhimurium in Macrophages
at the Early Stage of Infection

Our previous study revealed that Salmonella plasmid virulence
gene spvB impair autophagic flux in infected macrophages for
pathogen clearance (23). To determine the role of spvC on host
cell autophagy, J774A.1 cells were collected to detect the
expression of Microtubule associated protein light chain 3
(LC3) by western blot after being co-cultured with STM-WT,
STM-AspvC or STM-AspvC/pspvC at 2 hpi, 8 hpi, 16 hpi and 24
hpi (Figure 1A). We found an increasing evidence of LC3-II in
the early stage of infection (2 hpi and 8 hpi) compared with that
in the late stage of infection (16 hpi and 24 hpi). At 2 hpi, higher
level of LC3-II was found in STM-AspvC infected J774A.1 cells
than those in STM-WT or STM-AspvC/pspvC infected cells. We
next focused on the early stage of infection, and data confirmed
that much more LC3-II and Beclin 1 were assessed in
macrophages infected with STM-AspvC than in those infected
with S. Typhimurium carrying spvC (Figure 1B). These data
suggest that spvC suppresses autophagy in macrophages at the
early stage of infection.

Autophagy is a cellular mechanism involving the degradation
of cellular components or intracellular microbes through
lysosomal machinery. We next examined the effect of the
Salmonella spvC gene on intracellular bacterial loads. In
agreement with our previous studies in vivo (18), macrophages
J774A.1 infected with STM-AspvC showed significantly lower
bacterial burden than those infected with STM-WT or STM-
AspvC/pspvC since 2 hpi in vitro (Figure 1C). The
aforementioned results suggest spvC restricts elimination of
pathogens in host cells which may be related to its contribution
to autophagy, while the underlying mechanism remains elusive.

spvC Inhibits the Formation of
Autophagosomes in Host Cells During
Salmonella Typhimurium Infection

LC3-1II, as the marker of autophagosomes, associates with both
the outer and inner membranes of the autophagosomes. The
increased protein level of LC3-II in Figures 1A, B indicates
that spvC disturbs the number of autophagosomes in
S. Typhimurium infected macrophages. Since autophagy is a
dynamic process, the raised number of autophagosomes in
STM-AspvC infected cells may represent either the increased
formation of autophagosomes and/or the inhibition in
autophagosomal maturation. Of interest, treatment of S.
Typhimurium-infected macrophages with Bafilomycin Al,
which blocks autophagosome-lysosome fusion, led to the
accumulation of autophagosomes in all groups, but the
magnitude of the increase was significantly lower in the STM-
AspvC infected group than STM-WT or STM-AspvC/pspvC
infected groups (Figure 2A). These data suggest that spvC
negatively regulates autophagic activity and intervenes in the
formation of autophagosomes in host cells. Furthermore,
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J774A.1 cells were infected with STM-WT, STM-4spvC or STM-AspvC/pspvC at an

Statistically significant differences are indicated. ***P < 0.001; *P < 0.05.

autophagic flux was morphologically monitored by mRFP-GFP-
LC3. Autophagosomes and autolysosomes are labeled with
yellow (RFP and GFP merged) and red (RFP only) puncta,
respectively, since RFP exhibits more stable fluorescence in
acidic compartments while GFP signal quenches for the low
pH inside the lysosome (24). HeLa cells transfected with mRFP-
GFP-LC3 were infected with different S. Typhimurium strains.
More yellow LC3 puncta were visualized in STM-AspvC infected
cells than those in STM-AspvC or STM-AspvC/pspvC infected
cells at 2 hpi (Figures 2B, C). These results demonstrate that
spvC inhibits autophagy by suppressing the formation
of autophagosomes.

spvC Phosphothreonine Lyase Activity

Is Critical for Inhibiting Autophagy in
Salmonella Typhimurium Infection

Previous literature reported that SpvC is a Salmonella effector
with phosphothreonine lyase activity on host MAPK (6). To
investigate whether the enzymatic activity of SpvC is involved in
its effect on autophagy, J774A.1 cells were co-cultured with STM-
WT, STM-AspvC, site-directed mutant STM-AspvC/pspvC
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FIGURE 1 | SpvC suppresses autophagy and increases intracellular survival of Saimonella Typhimurium in macrophages at the early stage of infection. (A, B)

MOI of 10. Cell lysates were analysed by western blot with specific antibodies to

LC3 and the control GAPDH at 2 hpi, 8 hpi, 16 hpi and 24 hpi (A), to Beclin 1, LC3 and the control GAPDH at 1 hpi, 2 hpi and 4 hpi (B). (C) Intracellular bacterial
loads of J774A. 1 cells were assayed by colony forming units counting. Data were compared by ANOVA. Values are expressed as the means + S.D., n = 3.

K136A which lacks phosphothreonine lyase activity and STM-
AspvClpspvC, respectively. As expected, both STM-AspvC and
STM-AspvClpspvC K136A gave rise to elevated levels of LC3-1I
in their infected macrophages compared with S. Typhimurium
carrying spvC (Figure 3A). Concomitantly, levels of Beclin 1
were in line with the changing trend of LC3-II (Figure 3B).
These results reveal that SpvC suppresses autophagy in
macrophages through its phosphothreonine lyase activity.

ERK is an essential component in MAPK signaling pathway.
To further elucidate the relationship between the effect of SpvC
on autophagy and its phosphothreonine lyase activity on MAPK,
Hela cells were pretreated with ERK inhibitor PD0325901 before
co-cultured with STM-WT, STM-AspvC or STM-AspvC/pspvC.
In line with the results obtained in Figure 1B, significantly more
LC3-II and Beclin 1 were determined in HeLa cells infected with
STM-AspvC than those in cells infected with S. Typhimurium
carrying spvC at 2 hpi. The conversion from LC3-I to LC3-II also
correlates well with the number of autophagosomes (24).
PD0325901 only decreased the expression of LC3-II and Beclin
1 in STM-AspvC infected cells rather than those infected with
STM-WT or STM-AspvC/pspvC. Additionally, there was no
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significant difference of the expression of LC3-II and Beclin 1
among STM-WT, STM-AspvC or STM-AspvC/pspvC infected
cells after PD0325901 treatment, which indicates that ablation of
ERK signaling pathway virtually eliminates the inhibition of spvC
on autophagy (Figure 3C). Collectively, these data indicate that
phosphothreonine lyase activity of SpvC is required to inhibit the
formation of autophagosomes.

spvC Down-Regulates NLRP3 and NLRC4
in an Autophagy Related Manner

Previous studies have reported that SpvC exerts as an anti-
inflammatory effector in systemic infection of Salmonella (5). Our
earlier research has showed that spvC inhibits pyroptosis of host
cells and it could also modulate NLRP3 and NLRC4-associated
inflammatory response against S. Typhimurium. Of note, various
literatures suggest that autophagy, a cellular waste removal
and rejuvenation process, serves a crucial role as a macrophage-
intrinsic negative regulator of NLRP3 inflammasome (25). In order
to explore whether the autophagic response contributed to the
effect of spvC on NLRP3 and NLRC4, we first co-cultured
macrophages J774A.1 with STM-WT, STM-AspvC, or STM-
AspvC/pspvC to investigate the dynamic function of spvC on
NLRP3 and NLRC4. Western blot analysis showed the increasing
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FIGURE 2 | SpvC inhibits the formation of autophagosomes in host cells during Salmonella Typhimurium infection. (A) J774A.1 cells were infected with STM-WT,
STM-AspvC or STM-AspvC/pspvC at an MOI of 10 after being pretreated with Bafilomycin A1. Cell lysates were analysed by western blot with specific antibodies to
LC3 and the control GAPDH at 2 hpi. n = 3. (B, C) Hela cells stability expressing mRFP-GFP-LC3 were used to establish an infection model. (B) LC3 puncta were
visualized at 2 hpi by CLSM. Cell nucleus were labeled by Hoechst. (C) Punctate LC3 dots were measured by Image J. Number of punctate dots was enumerated in
at least 100 cells. Scale bar, 5 pm. Data were compared by ANOVA. Values are expressed as the means + S.D. and statistically significant differences are indicated.

evidence of NLRP3 and NLRC4 at 8 hpi due to the absence of
spvC (Figures 4A, B), which suggests that spvC down-regulates
NLRP3 and NLRC4.

Next, we generated the infection model pretreated with
Bafilomycin Al. As previously mentioned, western blot
analysis exhibited that in the absence of Bafilomycin Al, the
levels of NLRP3 and NLRC4 in cells infected with STM-AspvC
were significantly higher than that in cells infected with
Salmonella carrying spvC. After Bafilomycin Al treatment to
inhibit autophagosome-lysosome fusion, the levels of NLRP3
and NLRC4 significantly changed though differences among
three groups were still observed (Figures 4C, D). The results
indicate that the effect of spyC on NLRP3 and NLRC4 is closely
related to autophagy, but other factors are also involved in
this process.

DISCUSSION

S. Typhimurium is not only a leading cause of human morbidity
and mortality worldwide, but also a model pathogen for
investigating the mechanisms of host-bacterium interactions
(26). It is well known that macrophages, the professional
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FIGURE 3 | SpvC phosphothreonine lyase activity is critical for inhibiting autophagy in Salmonella Typhimurium infection. (A, B) J774A.1 cells were infected with STM-
WT, STM-AspvC, STM-AspvC/pspvC or STM-AspvC/pspvC K136A at an MOI of 10 for 2 h. Cell lysates were analysed by western blot with specific antibodies to LC3
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by ANOVA. Values are expressed as the means + S.D., n = 3. Statistically significant differences are indicated. ***P < 0.001; *P < 0.01; ns, not significant.

phagocytes in host innate immune system, play a pivotal role in
the clearance of S. Typhimurium. Autophagy is an important
component of the innate immune system in host anti-bacterial
defense, which is known to target a population of Salmonella for
degradation and restrict Salmonella replication (27, 28). Beclin 1
interacts with several cofactors (e.g., Atgl4L, HMGBI, IP3R and
PINK) to promote the formation of Beclin 1-Vps34-Vps15 core
complexes, thereby inducing autophagy (9). LC3, a mammalian
homolog of yeast Atg8, is known to serve as a widely used marker

for autophagosomes. To assess a possible correlation between
autophagy and spvC, we extended these studies by monitoring the
time course of autophagy in macrophages during 24 h. Data
showed that spvC restrains autophagy at the early stage of
infection (2 hpi). Concomitantly, much more bacteria were
counted in macrophages infected with S. Typhimurium carrying
spvC at 2 hpi and 6 hpi, suggesting that spvC gene restricts
elimination of pathogens in host cells which may related
to autophagy.
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However, some pathogens have evolved complex escape
mechanisms of autophagy. We have previously shown that
spvB blocks initial stage of autophagy and enhanced
intracellular bacterial survival (29). In this study, we pretreated
the infection model with Bafilomycin Al which inhibits
autophagosome-lysosome fusion, and results showed that spvC
blocks the formation of autophagosomes. It is now appreciated
that the devoured Salmonella can survive after internalization
into professional phagocytes (e.g. macrophages and neutrophils)
and nonprofessional cells (e.g. epithelial cells) (30). Consistent
with this, morphologically tracked autophagosomes (yellow
puncta) and autolysosomes (red puncta) with mRFP-GFP-LC3
tandem construct indicates that S. Typhimurium harboring spvC
inhibits the formation of autophagosomes.

As mentioned above, SpvC is a phosphothreonine lyase which
exerts anti-inflammatory effects by inactivating dual-
phosphorylated MAPK through beta elimination (31). A site-
directed mutant STM-AspvC/pAspvC K136A which lacks
phosphothreonine lyase activity was constructed. We found that
the enzymatic activity of SpvC contributes to down-regulation of
autophagy in macrophages. To date, study showed that S.
Typhimurium spvC alleviated phospho-ERK1/2 expression in
the villus epithelial cells and lamina propria of caeca, but no
significant difference in phospho-p38 or phospho-JNK levels in
the caeca infected with all strains (5). Based on this, HeLa cells
were pretreated with ERK inhibitor PD0325901 before co-cultured
with S. Typhimurium. We demonstrated that spvC affects the
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FIGURE 4 | spvC down-regulates NLRP3 and NLRC4 in an autophagy related manner. (A, B) J774A.1 cells were infected with STM-WT, STM-AspvC and
STM-AspvC/pspvC at an MOI of 10. Cell lysates were analysed by western blot with specific antibodies to NLRP3 (A), NLRC4 (B) and the control Histone H3 at 2
hpi, 4 hpi and 8 hpi. (C, D) J774A.1 cells were infected with STM-WT, STM-AspvC and STM-AspvC/pspvC at an MOI of 10 at 8 hpi after being pretreated with
Bafilomycin A1. Cell lysates were analysed by western blot with specific antibodies to NLRP3 (C), NLRC4 (D) and the control Tubulin. Data were compared by
ANOVA. Values are expressed as the means + S.D., n = 3. Statistically significant differences are indicated. ***P < 0.001; *P < 0.01.

formation of autophagosomes in an ERK dependent manner.
Besides we have proved that spvC inactivates phospho-ERK1/2,
phospho-JNK and phospho-p38, leading to the interference of
NLRP3 and NLRC4 in S. Typhimurium infected macrophages
J774A.1 (18). Given all this, whether JNK and p38 are involved in
spvC suppressed autophagy remains to be fully elucidated.
Several studies employing diverse bacterial species have
highlighted the tactical interplay between autophagy and
NLRP3 or NLRC4 inflammasomes. Therefore, macrophages
J774A.1, applied in inflammation related research, were used
to firstly valid that spvC down-regulates NLRP3 and NLRC4 at 8
hpi. Activation of NLRP3 inflammasome involves in damage to
the mitochondria and the increased production of reactive
oxygen species (ROS) (32). Autophagy plays a role in the
removal of misfolded proteins, and the clearance of damaged
mitochondria and ROS (33). Notably, we demonstrated that
alleviated autophagosome formation is closely related to the
effect of spvC on NLRP3. On the other hand, type 1 interferon-
dependent host response performs a negative feedback that
represses expression of NLRC4 during Salmonella infection
(34). Besides, we have reported that Salmonella spv locus could
affect type 1 interferon response via inhibiting autophagy in
macrophages (35). Thus, we speculate that spvC-inhibited
autophagy may be related to NLRC4. Indeed, experimental
evidence reveals that the inhibition of autophagosome
formation by spvC interferes with the level of NLRC4.
Furthermore, MAPK can transmit signals from the cell
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membrane to the nucleus, which may provide the first signal for
transcription of inflammasomes (36). This pathway is
independent on the effect of autophagy on NLRP3 and
NLRC4. Hence, repression of NLRP3 and NLRC4 by spvC
contributes to the alleviation of pyroptosis, subsequently
promotes bacterial dissemination in mice (18). Therefore, the
role of NLRP3 and NLRC4 regulated by spvC to drive cell fate
decisions between autophagy and pytoptosis in Salmonella
infection deserves further investigation.

Taken together, we identify a novel contribution of the spvC
gene to the pathogenesis of Salmonella via impairing the
formation of autophagosome, thereby interfering with protein
levels of NLRP3 and NLRC4. These findings have important
implications for understanding the intricate evolutionary
adaptations that shape host-pathogen cross-talk.
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