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ABSTRACT
Macroautophagy/autophagy functions as a part of the innate immune system in clearing intracellular patho-
gens. Although this process iswell known, themechanisms that control antibacterial autophagy are not clear. In
this studywe show that during intracellular Salmonella typhimurium infection, the activity of TFEB (transcription
factor EB), a master regulator of autophagy and lysosome biogenesis, is suppressed by maintaining it in
a phosphorylated state on the lysosomes. Furthermore, we have identified a novel, antibacterial small molecule
autophagy (xenophagy) modulator, acacetin. The xenophagy effect exerted by acacetin occurs in an MTOR
(mechanistic target of rapamycin kinase)-independent, TFEB-dependent manner. Acacetin treatment results in
persistentlymaintaining active TFEB in thenucleus andalso in TFEBmediated inductionof functional lysosomes
that target Salmonella-containing vacuoles (SCVs). The enhanced proteolytic activity due to deployment of
lysosomes results in clamping down Salmonella replication in SCVs. Acacetin is effective as a xenophagy
compound in an in vivomouse model of infection and reduces intracellular Salmonella burden.

Abbreviations: 3-MA: 3-methyladenine; BafA1: bafilomycin A1; CFU: colony-forming units; DQ-BSA: dye
quenched-bovine serum albumin; EEA1: early endosome antigen 1; FITC: fluorescein isothiocyanate; FM 4-64:
pyridinium,4-(6-[4-{diethylamino}phenyl]-1,3,5-hexatrienyl)-1-(3[triethylammonio] propyl)-dibromide; GFP:
green fluorescent protein; LAMP1: lysosomal associated membrane protein 1; MAPILC3/LC3: microtubule
associated protein 1 light chain 3; MOI: multiplicity of infection; MTOR: mechanistic target of rapamycin kinase;
RFP: red fluorescent protein; SCVs: Salmonella-containing vacuoles; SD: standard deviation; SDS: sodium
dodecyl sulfate; SEM: standard mean error; SQSTM1: sequestosome 1; TBK1: TANK binding kinase 1; TFEB:
transcription factor EB.
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Introduction

Intracellular pathogenic bacteria invade mammalian host
cells in membrane bound vesicles called phagosomes (or
endosomes). Among the various anti-microbial strategies,
the host exerts its defense against intracellular bacteria by
directing the phagosomes to fuse with the lysosomes for
degradation. But the pathogens have evolved several survival
mechanisms to prevent this fusion event. Prominent ploys
include causing phagosome arrest or escaping to the cyto-
plasm by damaging phagosomes [1]. Both these outcomes
allow unrestricted access to the nutrient-rich cytoplasm and
provide an ideal environment for the replication of bacteria.
As a countermeasure, the host strategies include a selective
macroautophagy (hereafter autophagy) process known as
xenophagy to capture such intracellular pathogens by encap-
sulating them within a double-membrane vesicle known
as xenophagosome and subject them for lysosomal clear-
ance [2–4]. Several studies employing diverse bacterial
species have highlighted the tactical interplay between the
pathogen and host with respect to xenophagy [5,6].

Salmonella typhimurium is a well-studied bacterium spe-
cies in xenophagy. They enter eukaryotic cells in phagosomes
(or endosomes) mediated by virulence gene island, SPI-I that
codes for type III secretion system. Salmonella can damage the
endosomes and enter the nutrient-rich cytosol. Host response
in capturing such cytosolic bacteria involves tagging them
with ubiquitin [7]. The ubiquitinated bacteria are cargoes
that are recognized by a variety of xenophagy receptor pro-
teins such as SQSTM1/p62 (sequestosome 1), CALCOCO2/
NDP52 (calcium binding and coiled-coil domain 2/nuclear
domain 10 protein 52), OPTN (optineurin), NBR1 (NBR1
autophagy cargo receptor) [8]. These receptor proteins then
bind to MAPILC3/LC3 (microtubule associated protein 1
light chain 3), a phagophore and autophagosomal membrane-
associated protein [9]. Alternatively, Salmonella containing
endosomes-like structures mature into SCVs. These SCVs
are spacious vacuoles that get acidified slowly as compared
to phagosomes containing dead bacteria [10]. Although SCVs
resemble lysosomes due to their membrane composition, they
are devoid of hydrolytic enzymes [11].

Various studies have shown that immediately after
Salmonella invasion, host cells undergo amino acid starvation
and this energy stress leads to the activation of autophagy.
However, this activation is reported to be transient and at
later time points of infection, Salmonella prevents xenophagy-
mediated capture [12,13].

Salmonella invasion in vivo occurs via gastrointestinal
tract by infecting the intestinal epithelium followed by dis-
semination to other epithelial tissues such as liver, kidney,
spleen and mesenteric lymph nodes. Recent studies have
highlighted the role of xenophagy in restricting Salmonella
infection in various organs of mice. However, akin to in
cellulo models, elevated levels of xenophagy as seen during
early stages of infection, drops to basal levels after 2 to 3
d post infection [14].

Several studies have suggested that restoring the xenophagic
potential by intervention through genetic or pharmacological
means results in effective subjugation of intracellular pathogen

survival [15–18]. Although the capture and degradation
mediated processes are well studied, the host mechanisms that
recognize the intracellular pathogens to induce xenophagy
remain unclear. Moreover, the relevance of xenophagy in vivo,
in mammalian immunity is also less explored. Recent studies
have shown activation of TFEB ortholog in Caenorhabditis
elegans, HLH30 (helix loop helix 30) during Staphylococcus
aureus or Salmonella typhimurium infections [19,20]. TFEB is
considered as a master regulator of autophagy and lysosomal
genes [21,22]. The activity of TFEB is determined by its phos-
phorylation status. Phosphorylated TFEB remains in the cyto-
plasm on the lysosomal surface whereas the dephosphorylated
TFEB translocate to the nucleus where it can activate its target
genes which include lysosomal and autophagy genes [23]. Some
of the regulators reported to control TFEB activation
include kinases like MTOR, MAPK/ERK (mitogen-activated
protein kinase), GSK3B (glycogen synthase kinase 3 beta) and
AKT1/PKB (AKT serine/threonine kinase 1) and a phosphatase,
PPP3/calcineurin [23–27]. Inhibition of these negative regulator
kinases or activation of calcineurin results in dephosphorylation
of TFEB.

Thus, modulation of autophagy and lysosomal pathways
can curb intracellular infection. We reasoned that
a previously identified set of small molecule autophagy
inducers from our laboratory may also contain potent xeno-
phagy modulators. In this study we identify and characterize
a xenophagy inducer, acacetin, which reduces intracellular
infection of S. typhimurium in both in vitro and in vivo
models. Acacetin induces TFEB dephosphorylation thereby
increasing lysosomal and autolysosomal populations in the
cell. This effect, during Salmonella infection, helps in restor-
ing the acidification of SCVs thus restricting the replication
of intracellular Salmonella. We also report that TFEB is kept
inactivated during later time points of infection and pro-
longed activation by pharmacological means is beneficial.
This compound-mediated restriction of S. typhimurium is
also seen in a mouse model of infection by translocating
TFEB to the nucleus and inducing xenophagy.

Results

Acacetin induces autophagy in yeast and mammalian cell
lines

Acacetin was previously identified in our laboratory as an
autophagy inducer in yeast based high throughput screening
of ENZO library containing 502 pharmacologically active
compounds [28]. Briefly, the rates of degradation of luciferase
containing peroxisomes in yeast were tested in the presence of
the compounds [29]. Those compounds that decreased the
time taken for 50% peroxisome degradation compared to the
untreated cells were selected as putative autophagy inducers.
Acacetin in a dose-dependent manner increased the autopha-
gic flux (Fig. S1A and B). Because autophagy is an evolutio-
narily conserved process, we next examined the effect of this
compound on mammalian cells. In HeLa cells, as even
100 µM of acacetin did not appear to be toxic after 15 h of
treatment (Fig. S1C), we used 50 µM of acacetin in our
further experiments. HeLa cells transiently expressing tandem
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Figure 1. Acacetin induces autophagy and increases lysosomal population. (A) Representative microscopy images for tandem RFP-GFP-LC3 transfected HeLa
cells treated with acacetin (50 µM) for 2 h. Yellow puncta correspond to autophagosomes whereas red puncta correspond to autolysosomes. Scale bar: 10 µm.
(B) Fold change in autophagosomes and autolysosomes induced by acacetin were quantified (n = 25, three independent experiments N = 3). (C) Fold change
in normalized LC3-II levels between growth condition and acacetin treatment were quantified (N = 3). (D) Representative immunoblot for LC3-I to LC3-II
conversion in HeLa cells in the presence of the compound for 2 h. (E) Representative immunoblot for LC3-II accumulation in the presence of acacetin only and
acacetin with BafA1 (100 nM). (F) Representative immunoblot for SQSTM1 degradation post acacetin treatment. (G) Representative immunofluorescence
microscopy images of HeLa cells stained for LAMP1 and LC3 after 2 h of acacetin treatment (n = 25, N = 3). Scale bar: 10 µm. (H) Fold change in lysosomes
and autolysosomes induced by acacetin were quantified (n = 25, N = 3). (I) Representative electron micrographs of acacetin treated HeLa cells. Electron dense
structures in the zoomed-in panel represent lysosomes (red arrow). (J) Representative immunoblot indicating the phosphorylation status of MTOR substrates,
RPS6KB1/p70S6K and EIF4EBP1 caused by acacetin and Earle’s Balanced Salt Solution (EBSS) treatments. TUBB/β-tubulin was used as a loading
control. Quantification of microscopy images was performed on projected images. Statistical analyses were performed using unpaired two-tailed student’s
t-test; ns- non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean ± SEM.
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RFP-EGFP-LC3, when treated with the compound for 2 h in
growth medium, showed a significant increase in autolyso-
some population suggesting an increase in fusion flux
(Figure 1A,B). Immunoblotting also revealed a concomitant
increase in LC3-II levels (Figure 1C,D). Although LC3-II
accumulation is the most common indicator to check autop-
hagy modulation, it could be either due to autophagy induc-
tion or a block in degradation. To verify if the compound is
a bona fide autophagy inducer, cells were treated with the
compound in the presence or absence of fusion inhibitor,
bafilomycin A1 (BafA1). As shown in Figure 1E, immunoblot-
ting with LC3 antibody revealed that the combination
of BafA1 and the compound resulted in further increase in
LC3-II levels over and above that of BafA1 treatment alone,
indicating that the compound indeed induced autophagy.
Similarly, autophagy receptor protein SQSTM1 was degraded
post compound treatment also indicating autophagy induc-
tion (Figure 1F).

In addition to stimulating basal autophagy, acacetin treat-
ment also resulted in an increase in total lysosomal population
as seen by LAMP1 (lysosomal associated membrane protein 1)-
positive vesicles by fluorescence microscopy (Figure 1G,H). The
same observation was also validated by electron microscopy
where an increase in electron dense structures indicative of
lysosomes was seen (Figure 1I and S1D). The compound treat-
ment did not inhibit MTOR activity as revealed by the phos-
phorylation status of its downstream targets such as EIF4EBP1
(eukaryotic translation initiation factor 4E binding protein 1)
and RPS6KB1/p70S6K (ribosomal protein S6 kinase B1)
(Figure 1J). Additionally, p-MTOR and MTOR localization on
lysosomes also did not change upon acacetin treatment, sug-
gesting that MTOR was active in presence of acacetin (Fig. S2A
to S2C). Collectively, these results suggest that acacetin acts in
an MTOR-independent manner to induce autophagy.

Acacetin induces xenophagy of Salmonella typhimurium

Apart from inducing general autophagy, we tested whether
acacetin also induces selective autophagy pathways such as
xenophagy. For this approach, we employed an intracellular
S. typhimurium infection model. The ability of the compound
to clear intracellular bacteria through xenophagy was examined
by adding acacetin to HeLa cells. The compound treatment
showed a reduction in the replication of intracellular
S. typhimurium as quantified by colony forming unit assay and
also exhibited a dose-dependent effect (Figure 2A, S3A, and
SVideo 1–3). Similarly, we also validated these results in RAW
264.7 macrophages (Figure 2A).

Furthermore, to understand whether the compound works
through autophagy, we examined the bacterial burden from
autophagy deficient HeLa cells (ATG5−/-) treated with acacetin.
The compound was ineffective in lowering the intracellular
bacterial burden which was similar to that of untreated samples
(Figure 2B). Similar results were obtained when autophagy
inhibitors such as 3-methyladenine (3-MA) and wortmannin
were used (Figure 2C, S3B and C). These results suggest that
autophagy is essential for the compound-mediated xenophagy
action. In addition, the decrease in bacterial burden could be
due to a potential antibacterial property of the compound along

with autophagy, as seen for certain antibiotics such as Isoniazid
and Pyrazinamide [30]. We therefore examined the growth of
extracellular S. typhimurium in the presence of acacetin. As
seen in Figure 2D, there was no apparent lag in the bacterial
growth between the untreated and compound-treated samples.

Xenophagy induction involves capture of pathogens by
autophagy related receptor proteins (SQSTM1, NDP52, OPTN
and NBR1) and xenophagosome membrane proteins (LC3 and
its isoforms). To elucidate the xenophagy-dependent action of
acacetin, recruitment of SQSTM1 and LC3 to intracellular
S. typhimurium was studied post compound treatment. As seen
in Figure 2E-H acacetin treatment for 6 h resulted in increased
recruitment of autophagic proteins to bacteria in a temporal
manner. As opposed to untreated infected cells where
S. typhimurium is known to evade xenophagy capture, acacetin
treatment resulted in increased recruitment of SQSTM1 and
LC3. In order to understand the mechanism of SQSTM1 recruit-
ment to S. typhimurium post acacetin treatment, we specifically
studied the S403 phosphorylation in the ubiquitin-associated
domain (UBA) of SQSTM1 that has been associated with
enhanced binding to ubiquitinated cargoes (Fig. S4A).
Furthermore, TBK1 (TANK-binding kinase 1) phosphorylates
SQSTM1 at S403. Active TBK1 itself is phosphorylated at S172
within its activation loop. Thus, monitoring the levels and
recruitment of p-SQSTM1 and p-TBK1 can be used to assess
effectiveness of cargo capture [31]. As seen in Figure 2I,J, there
was an increased recruitment of p-TBK1 and p-SQSTM1 to
Salmonella post acacetin treatment until 6 h tested.
Immunoblotting analysis revealed an increase in p-TBK1 levels
of HeLa cells post acacetin treatment (Fig. S3D). Furthermore,
to differentiate the cytosolic S. typhimurium from those con-
tained in SCVs, we resorted to electron microscopy. Electron
micrographs of infected HeLa cells exhibited both vacuolar and
cytosolic intracellular S. typhimurium populations (Figure 2K,L).
Upon compound treatment, host-induced capture of
S. typhimurium was observed with reduced bacterial numbers
and increased electron dense lysosomal structures 6 h post
infection (Figure 2M, S3E). These observations suggest that
acacetin increased the xenophagic potential of cells.

Acacetin treatment results in enhanced capture of
S. typhimurium in a TFEB-dependent manner

Given the ability of the compound to induce lysosomal bio-
genesis along with increased autophagy flux, we suspected
a potential role for TFEB, which upon dephosphorylation,
translocate to the nucleus to transcriptionally upregulate its
target genes. Such increased nuclear translocation of TFEB
was seen by immunofluorescence staining of HeLa epithelial
cells treated with acacetin for 2 h (Figure 3A,B). In addition,
immunoblotting analysis showed a distinct dephosphorylated
TFEB band (Figure 3C,D) and increased TFEB in nuclear
fraction of acacetin-treated cell lysates (Figure 3E). Similarly,
2 h of acacetin treatment also led to transcriptional induction
of TFEB target genes related to autophagy and lysosomal
pathways (Figure 3F). Finally, to study the involvement of
MTOR in acacetin-mediated TFEB dephosphorylation,
MTOR was constitutively activated by over expressing the
RHEBN153T (Ras homolog enriched in brain) mutant [32].
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Figure 2. Acacetin induces xenophagy of S. typhimurium. (A) Graph showing CFU indicating intracellular S. typhimurium in HeLa cells and RAW 264.7 after acacetin
treatment (N = 3). (B) Graph showing CFU indicating intracellular S. typhimurium in HeLa cells and ATG5−/− HeLa cells after acacetin treatment (N = 3). (C) Graph
showing CFU indicating intracellular S. typhimurium in HeLa cells after various treatments like acacetin, wortmannin and 3-MA (N=3). (D) Growth curve of
S. typhimurium in cell free Luria Broth containing acacetin. (E) Graph representing the percentage of time course recruitment of SQSTM1 to S. typhimurium induced
by acacetin. (F) Graph representing the percentage of time course recruitment of LC3 to S. typhimurium induced by acacetin. (G) Representative microscopy images of
HeLa cells infected with mCherry expressing S. typhimurium and immunostained for SQSTM1 at 6 h post infection (n = 25, N = 3). Scale bar: 5 µm. (H) Representative
microscopy images of GFP-LC3 transfected HeLa cells and infected with mCherry expressing S. typhimurium at 6 h post infection. Scale bar: 10 µm. (I) Representative
microscopy images of HeLa cells infected with mCherry expressing S. typhimurium and immunostained for p-TBK1 and p-SQSTM1 at 6 h post infection (n = 25, N = 3).
Scale bar: 10 µm. (J) Graph representing the percentage recruitment of p-TBK1 and p-SQSTM1 to S. typhimurium induced by acacetin. Quantification of microscopy
images was performed on individual Z slices. (K-M) Representative electron micrographs of S. typhimurium infected HeLa cells (showing (K) Vacuolar and (L)
cytoplasmic Salmonella population) with and without acacetin. Red arrows indicate electron dense lysosomes and yellow arrows indicate host mediated capture of
S. typhimurium. Statistical analyses on three independent experiments were performed using unpaired two-tailed student’s t-test; ns- non-significant, *p < 0.05,
**p < 0.01, ***p < 0.001. Error bars represent mean ± SEM. The concentrations of 3-MA, wortmannin and acacetin used were 5 mM, 100 nM and 50 µM respectively.
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Figure 3. Acacetin enhances nuclear translocation of TFEB. (A) Representative microscopy images of HeLa cells treated with acacetin for 2 h and immunostained for
TFEB. Scale bar: 5 µm. (B) Fold change in nuclear TFEB intensity induced by acacetin were quantified (n = 50, N = 3). Quantification of microscopy images were
performed on individual Z slices. (C) The graph represents the fold change in dephosphorylated form of TFEB caused by acacetin (N = 3). (D) Representative
immunoblot for HeLa cells treated with acacetin and probed for TFEB. Molecular weight shift in TFEB band corresponds to dephosphorylated TFEB. TUBB/β-tubulin
was used as a loading control. (E) Representative immunoblot of cytoplasmic-nuclear fractionation indicating TFEB levels in nucleus and cytoplasm. 2X concentration
of nuclear fraction was loaded compared to cytoplasmic fraction. S.E and L.E represents short and long exposure respectively. (F) Fold change in mRNA levels of
indicated TFEB target genes related to autophagy and lysosomal pathways post 2 h of acacetin treatment (N = 3). (G) Representative immunoblot indicating the
phosphorylation status of TFEB post S. typhimurium infection across different time points and MOI. The lower molecular weight TFEB band corresponds to
dephosphorylated TFEB. (H) Representative immunoblot indicating the phosphorylation status of TFEB post S. typhimurium infection and acacetin treatment in a time
dependent manner. (I) Graph representing the difference in dephosphorylated TFEB induced by acacetin post S. typhimurium infection (N = 3). TUBB/β-tubulin was
used as a loading control. Statistical analyses on three independent experiments were performed using unpaired student’s two-tailed t-test; ns- non-significant,
*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean ± SEM.
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Upon expression of this mutant, phosphorylation of RPS6KB1
increased (as shown by both immunoblotting and fluores-
cence microscopy analysis) suggesting that overexpression of
this dominant mutant resulted in constitutive activation of
MTOR (Fig. S5C). In addition, cells transfected with this
construct (as represented by enhanced p-RPS6KB1 staining)
showed translocation of TFEB to the nucleus upon acacetin
treatment (Fig. S5A and B). These results suggest that acace-
tin-mediated TFEB translocation into the nucleus occurs in an
MTOR-independent manner.

We further investigated the levels and phosphorylation
status of TFEB during S. typhimurium infection. We noticed
that the overall levels of TFEB increased during infection,
especially the higher molecular weight band (Figure 3G). To
test if this band was indeed p-TFEB, we treated the lysates
with calf intestine phosphatase (CIP). CIP treated samples
showed accelerated migrating bands of TFEB (dephosphory-
lated) suggesting that infection results in maintaining TFEB in
a phosphorylated state (Fig. S5D). Contrastingly, acacetin
treatment during infection resulted in increase in depho-
sphorylation status of TFEB (Figure 3H,I) thus reversing the
Salmonella-mediated block in TFEB dephosphorylation.

In order to access the dependency of acacetin on TFEB, we
silenced TFEB in HeLa cells. Acacetin-mediated autophagy
induction was significantly decreased upon TFEB silencing
as seen by reduced LC3-II puncta in microscopy and absence
of LC3-II accumulation by immunoblotting analysis (Fig. S6A
to S6C). Additionally, to selectively evaluate if dephosphor-
ylation of TFEB is also important for xenophagy, we tested the
bacterial capture upon TFEB silencing. In cells silenced for
TFEB, the acacetin-mediated SQSTM1 recruitment was sig-
nificantly reduced (Figure 4A,B) confirming the role of TFEB
in acacetin action. Results thus far suggested that acacetin
exerts its effect by mediating dephosphorylation of TFEB
and subsequent autophagy and xenophagy induction.

Acacetin treatment increases the proteolytic activity of
Salmonella-containing vacuoles

To verify if the acacetin induced increase in the number of lyso-
somes also corresponds to a concomitant increase in the lysosomal
activity, cells were treated with dye quenched-bovine serum albu-
min (DQ-BSA). It is a derivative of bovine serum albumin that is
heavily conjugated to BODIPYdye that acts as a protease substrate
and gets cleaved by lysosomal cysteine and aspartyl proteases such
as CTSB and CTSD. As shown in Figure 5A,C, acacetin treatment
resulted in increased fluorescence of DQ-BSA due to lysosomal-
mediated processing resulting in brighter mono-conjugates of
DQ-BSA. In addition, to study the effect of acacetin on fluid
phase endocytosis, we temporally followed reporter cargoes such
as fluorescein isothiocyanate (FITC) labeled Dextran beads and
pyridinium,4-(6-[4-{diethylamino}phenyl]-1,3,5-hexatrienyl)-
1-(3[triethylammonio] propyl)-,dibromide (FM 4–64) dye.
Furthermore, FITC-Dextran was colocalized with early endoso-
mal marker EEA1 (early endosome antigen 1) and the acidified
late endosomes or lysosomes stain, LysoTracker Deep Red. As
seen in Fig. S7, there was neither any significant difference
between the rate of uptake (Fig. S7A to S7D) nor in the temporal

colocalization between the endocytic and lysosomal markers
(Fig. S8A and B). These results suggest that acacetin treatment,
for the time assessed, did not perturb the uptake and trafficking of
endocytic cargoes. Taken together, acacetin specifically increases
the number of functional lysosomes in addition to enhancing
autophagy flux.

SCVs are modified Salmonella containing endosomes-like
structures that resemble lysosomes by membrane composi-
tion but do not contain proteases similar to functional lyso-
somes [11]. These protease-deficient vesicles provide a niche
for S. typhimurium to replicate within cells. In addition to
increasing the number of active lysosomes in cells, acacetin
treatment also increases the proteolytic activity of SCVs pre-
venting bacterial replication, as seen by DQ-BSA processing
in the SCVs (Figure 5B,D). DQ-BSA processing to monocon-
jugates is a sign of increased proteolytic activity in the con-
tained vesicles. These results suggest that apart from
enhanced acacetin-mediated S. typhimurium capture by xeno-
phagy proteins, there is an increase in functional lysosomal
numbers which also target SCVs to enhance their proteolytic
activity and thus reduce S. typhimurium replication.

Acacetin induces xenophagy in mouse model of infection

Salmonella invasion via gastrointestinal route establishes
infection initially in the intestine followed by dissemination
to other organs like liver, kidney, spleen and lymph nodes. It
is reported that the xenophagy potential of the organs during
Salmonella infection is short lived, returning to basal levels
at around 72 h post infection [14]. In order to test the
efficacy of acacetin in inducing xenophagy-mediated bacter-
ial clearance, an in vivo mouse model of infection was
established. Based on our preliminary studies, we found
that administering 1010 bacteria through oral gavage, disse-
minates bacteria across key organs involved during
Salmonella infection like intestine, liver, spleen and kidney
at 7 d post infection. Additionally, the concentration of
acacetin to be tested was decided based on previously avail-
able reports that did not show any change in body weight or
mortality. Three groups of mice were tested namely unin-
fected, infected and infected along with acacetin treatment.
In this infection model, acacetin (20 mg/kg body weight) was
administered intraperitoneally starting from 1 d prior to
Salmonella infection in order to maintain an induced autop-
hagy status in the organs. Acacetin treatment continued until
7 d post infection. At the end of 7 d post infection, mice
from all groups were sacrificed and the number of intracel-
lular Salmonella was determined by counting the number of
colony-forming units (CFU) and autophagy induction was
visualized in liver using immunohistochemistry (Figure 6A).
Results obtained are comparable to the study done by
Benjamin et al highlighting the role of in vivo xenophagy
[14]. As seen in Figure 6B, there is a reduction in the
number of intracellular bacteria in various organs of infected
mice like liver, spleen, and intestine in the acacetin treated
group. In addition, immunohistochemical analysis revealed
induction of autophagy as seen by increased LC3-II puncta
(Figure 6C,D) in the infected group that received acacetin.
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Discussion

In the constant battle between the host and pathogens for one
upmanship, both sides employ several strategies and counter
strategies. One powerful mechanism the host cells employ is
xenophagy that functions in concert with other antimicrobial
strategies of the host cell and is implicated in a number of
intracellular bacterial infections [33]. However, in order to
successfully establish infection, bacteria deploy diverse tactics

to down regulate xenophagy. Host capabilities for counter-
acting this subversion resulting in enhanced clearance of
intracellular bacteria and hence mitigate infection pathology
has been reported by several studies [34].

Chemical biology approaches to understand xenophagy has
two-fold benefits. Characterization of xenophagy “hits” not only
provides insights into this process, their specificity can also
reveal therapeutic potential. For example, chemical modulators

Figure 4. Acacetin treatment results in enhanced capture of S. typhimurium in a TFEB-dependent manner. (A) Representative microscopy images of control and TFEB
silenced HeLa cells post S. typhimurium infection for 6 h and immunostained for SQSTM1 and TFEB. Scale bar: 5 µm. (B) Graph represents the time course recruitment
of SQSTM1 to S. typhimurium induced by acacetin treatment (n = 25, N = 3). Quantification of microscopy images were performed on individual Z slices. Statistical
analysis was performed using unpaired student’s two-tailed t-test; ns- non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean ± SEM.
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of xenophagy like trifluoperazine, BRD5631 act through distinct
but diverse mechanisms suggesting therapeutically novel strate-
gies to induce xenophagy [18]. In this study, we identify and
characterize a novel xenophagy modulator acacetin that clears
intracellular S. typhimurium infection in anMTOR-independent
but TFEB-dependent manner. Although prolonged exposure of

high concentration of acacetin has been shown to induce apop-
tosis in cancer cells recently [35], we show that at the lower
concentrations used in our study, acacetin robustly induces
autophagy and is effective as a xenophagy inducer in curbing
S. typhimurium infection both in cell lines and in an in vivo
model.

Figure 5. Acacetin treatment increases the proteolytic activity of Salmonella-containing vacuoles. (A) Representative microscopy images of HeLa cells treated
with DQ-BSA for 2 h followed by 4 h incubation of DQ-BSA along with acacetin treatment. Cells were immunostained for LAMP1 (n = 25, N = 3). Scale bar:
5 µm. (B) Representative microscopy images of mCherry S. typhimurium infected HeLa cells treated with DQ-BSA for 2 h followed by 4 h incubation of DQ-BSA
along with acacetin treatment. Cells were immunostained for LAMP1. Scale bar: 5 µm. (C and D) The differences in DQ-BSA intensity per cell or SCVs induced
by acacetin treatment were quantified (n = 25, N = 3). Quantification of microscopy images were performed on projected images. Statistical analyses on three
independent experiments were performed using unpaired student’s two-tailed t-test; ns- non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars
represent mean ± SEM.
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Acacetin treatment resulted in an overall increase in the
number of autolysosomes. Further, increased formation of auto-
lysosomes suggests that acacetin treatment results in enhanced
fusion of autophagosomes and lysosomes thus leading to an

increased number of autolysosomes. In spite of this increase in
autolysosome number, autophagosomes number did not decline
upon acacetin treatment, further suggesting that the overall
autophagy flux is upregulated in presence of acacetin. When

Figure 6. Acacetin induces xenophagy in mouse model of infection. (A) Scheme for infection assay. (B) Graph representing the reduction in intracellular
S. typhimurium burden in various organs of acacetin treated mice (N = 10). (C) Graph representing the difference in number of LC3-II puncta per microscopy
field (1X1 binning and 1024 × 1024 pixel) between different groups of mice (N=3). (D) Representative immunohistochemistry images of liver cryosections stained for
autophagosome membrane marker, LC3 (Olympus FV3000 1.25X objective was used for imaging entire DAPI stained liver section, 20X objective was used to choose
a region of interest stained for LC3 in red and DAPI. 40X objective was used for observing LC3 puncta, indicated by yellow arrows). Quantification of microscopy
images were performed on projected images. Statistical analyses of three independent experiments was performed using unpaired student’s two-tailed t-test; ns-
non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean ± SEM.
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tested for its xenophagy potential, acacetin was able to inhibit
intracellular S. typhimurium multiplication. Detailed mechanis-
tic analysis revealed the following: Firstly, the compound treat-
ment induced enhanced recruitment of autophagy receptor
proteins such as SQSTM1 to Salmonella. This increased recruit-
ment of SQSTM1 after acacetin treatment is possibly facilitated
by phosphorylation of SQSTM1 (S403) in its UBA domain
thereby enhancing its binding affinity to ubiquitinated cargoes
rather than transcriptional induction of SQSTM1. Additionally,
phosphorylation of TBK1 and its recruitment to S. typhimurium
both were increased. These observations are in agreement with
the published literature where p-TBK1 has been shown to be
actively phosphorylating SQSTM1 at S403 in its UBA domain.
Such a mechanism has been shown for capturing damaged
mitochondria by the selective autophagy process known as
mitophagy [31]. Secondly, acacetin functions by activating the
transcription factor TFEB, a master regulator of lysosome bio-
genesis and autophagy pathways [36]. Phosphorylated TFEB is
localized on the lysosomes, but upon dephosphorylation, it
migrates to the nucleus and activates the expression of several
genes involved in lysosomal biogenesis and autophagy related
pathways [37]. However, TFEB-mediated mechanisms are com-
plex with multiple phosphorylation sites and co-ordinated reg-
ulation of this phosphorylation-dephosphorylation balance by
a number of kinases (MTOR, ERK, GSK3B, Akt) and the phos-
phatase, calcineurin governs the metabolic state of the cell [38].
Apart from increasing autophagy flux in presence of acacetin,
TFEB also promoted autolysosome formation. Thirdly, acacetin
treatment promoted TFEB translocation into the nucleus.
Previous studies have shown that activation and translocation
of MiT-TFE family of transcription factors (TFEB, TFE3) that
regulate lysosome biogenesis and autophagy, increase the innate
immune response of LPS-activated macrophages [39]. In fact,
phagocytosis of bacteria and IgG opsonized beads activate TFEB.
A study by Gray et al showed that depletion of TFEB lead to
a loss in pathogen restriction by downregulating lysosomal
degradation during infection [40]. In addition, the TFEB ortho-
log in C. elegans, HLH30 has been reported to be activated
during S. typhimurium and S. aureus infection and provide
cytoprotection [20,41]. Our results show that upon Salmonella
infection, although TFEB levels increase, it is maintained in
a transcriptionally inactive, phosphorylated form. However, aca-
cetin treatment resulted in increased levels of dephosphorylated
form of TFEB with a concomitant induction of autolysosome
numbers and enhanced xenophagy flux.

A recent study on xenophagy in mice during Salmonella
infection highlighted the role of ATG5, an essential autophagy
protein needed for autophagosome formation [14]. Intestinal
knockdown of Atg5 increased the bacterial load in mice,
suggesting the importance of xenophagy-mediated host
immune response. Similarly, a previous study by Conway
et al reported the requirement of another autophagy protein,
ATG16L1 for xenophagy during Salmonella infection [42].
Although the above studies emphasized the role of xenophagy
process, the molecular mechanisms that induce xenophagy
in vivo are not well known. Here, we show that consistent
acacetin treatment in vivo led to increase in LC3B-II levels,
with a concomitant restriction of bacterial infection. Together,
our data suggests a mechanism to overcome the reported host

xenophagy inhibition mediated by intracellular pathogens
such as S. typhimurium [14].

Furthermore, some of the well-known potent TFEB inducers
like torin1, work by inhibiting MTOR, a critical kinase that
regulates cellular growth and survival. It is therefore essential
to identify TFEB inducers that function in an MTOR-
independent manner such as acacetin. Similar studies exploring
the mechanisms of MTOR-independent TFEB activation are
reported [24,26] and in particular, a small molecule compound
trehalose, activates TFEB by inhibiting Akt and enhances clear-
ance of protein aggregates [27].

Thus, we show that identifying potent xenophagy inducers
can strengthen the host response against pathogens. As
a potential translational application, such molecules can be envi-
saged as a host mediated therapy which may be especially effec-
tive when dealing with multidrug resistant pathogens.

Materials and methods

Chemicals and antibodies

3-MA (M9281), wortmannin (W1628), acacetin (00017), anti-
LC3B antibody (L7543), Atto 663 (41176), trypsin EDTA
(59418C), EBSS (E7510) and FITC-Dextran (46945) were pur-
chased from Sigma-Aldrich. Anti-TFEB antibody (4240), anti-
RPS6KB1/p70S6K antibody (9208), anti-p-RPS6KB1/p70S6K
(9202) antibody, anti-p-EIF4EBP1 antibody (2855), anti-
EIF4EBP1 antibody (9452), anti-LAMP1 antibody (9091), anti-
TBK1/NAK antibody (3504), anti-p-TBK1/NAK Ser172 antibody
(5483), anti-EEA1 antibody (3288), anti-ACTB/β-actin antibody
(4970), anti-rabbit IgG antibody conjugated with horseradish
peroxidase (HRP; 7074) were purchased from Cell Signaling
Technology. Anti-SQSTM1/p62 (ab56416) was purchased from
Abcam. Anti-p-SQSTM1/p62 Ser403 (D343-3) was purchased
from MBL. Anti-TUBB/β-tubulin antibody (DSHB-C1-377) was
purchased from Developmental Studies Hybridoma Bank. Anti
H3 was a kind gift from Prof. Tapas Kundu, JNCASR. DQ-BSA
Red BSA (D12051), FM 4–64 (F34653), LysoTracker Deep Red
(L12492) were purchased from Thermo Fisher Scientific.
Bafilomycin A1 (11038) was purchased from Cayman chemical.
CIP (M0290S) was purchased from New England Biolabs.

Plasmid constructs, esiRNA and bacterial strains

Plasmids used inmammalian cell culture include ptfLC3 (21074,
deposited by Tamotsu Yoshimori), pEGFP-N1-TFEB (38119,
deposited by Shawn Ferguson), LAMP1-RFP (1817, deposited
byWalther Mothes), RHEBN153T (19997, deposited by Fuyuhiko
Tamanoi) were purchased from Addgene. Bacterial strains used
for infectious studies include untagged and mCherry expressing
S. typhimurium (kind gift from Dr. C.V Srikanth, RCB, India).
For silencing experiments, TFEB esiRNA (EHU059261-20UG)
and scramble esiRNA (SIC001-10NMOL) were purchased from
Sigma-Aldrich.

Cell culture

RAW 264.7 and HeLa cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM; Sigma-Aldrich, 5648) supplemented
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with 3.7 g/L sodium bicarbonate (Sigma-Aldrich, S5761), 10%
fetal bovine serum (FBS; Gibco, 10270–106) and 100 units/ml
of penicillin and streptomycin (Gibco, 15140–122) and main-
tained in 5% CO2 at 37°C. ATG5

−/- HeLa cells was a kind gift
from Prof. Richard Youle, NIH.

Immunofluorescence microscopy

Cells were seeded on coverslips and allowed to attach overnight.
Cells were transfected with plasmid constructs (ptf-LC3/GFP-
LC3) using lipofectamine 2000 (Invitrogen, 11668019) as per the
manufacturer’s instructions. After 48 h post transfection, com-
pound treatment was carried out for indicated time points and
cells were fixed using 4% paraformaldehyde (Sigma-Aldrich,
P6148). For antibody staining, permeabilization with 0.25%
Triton X-100 (HiMedia Laboratories, MB031) was followed by
primary antibody incubation overnight at 4°C and appropriate
secondary antibody incubation for 1 h at room temperature. The
cover slips were mounted using Vectashield antifade reagent
with or without DAPI (Vector laboratories, H-1000/H-1200).

DQ-BSA processing assay

HeLa cells were seeded on cover slips and allowed to attach
overnight. DQ-BSA was added to HeLa cells or HeLa cells post
S. typhimurium infection for 2 h. The DQ-BSA processing was
allowed for 4 h and fixed using 4% paraformaldehyde.

Immunoblotting

Cells were seeded in 6-well plates and allowed to attach over-
night. After 2 h of compound treatment, cells were collected in
Laemmli buffer (10% SDS (HiMedia Laboratories, GRM886),
10 mM DTT (ThermoFisher Scientific, R0862), 20% glycerol
(Merck, 1.07051.0521), 0.2M Tris-HCl (Merck, 1.93315.0521),
0.05% bromophenol blue (ThermoFisher Scientific, 115-39-9),
pH 6.8) and boiled for 10 min at 95◦C. Samples were electro-
phoresed on SDS-PAGE and transferred onto PVDF membrane
(BioRad, 1,620,177). After incubation with primary antibody
overnight at 4°C and HRP conjugated secondary antibody for
1 h at room temperature, signals were obtained using enhanced
chemiluminescence substrate (Clarity Bio-Rad, 170–5061) and
image was acquired using gel documentation system (G-box,
Chemi XT 4, Syngene, USA). The bands were quantified using
ImageJ software (NIH).

Infection assay

Single colony of S. typhimurium (kind gift from Dr. C.V.
Srikanth, RCB, India) was grown for 6 h at 37°C in a shaking
incubator. Secondary culture (0.2% inoculum) was grown over-
night in micro-aerophilic conditions. HeLa (WT and ATG5−/-)
or RAW264.7 cell lines were infected at amultiplicity of infection
(MOI) of 200 for 1 h. The cells were treated with media contain-
ing 40 µg/ml gentamycin (Abbott, EAI03089) for 1 h to kill the
extracellular bacteria. The cells were then treated with the com-
pound and incubated for 4 h. Finally, the mammalian cells were
lysed using lysis buffer (0.1% SDS, 1% Triton X-100, 1X PBS

(Sigma-Aldrich, D6773)) and the intracellular S. typhimurium
was plated and the CFU was counted.

Fluorescence microscopy and analysis

Images were acquired on the widefield Delta Vision microscope
(API, GE, USA, 29,065,728) using DAPI, FITC, TRITC, Cy5
filters with Olympus 60X/1.42 NA objective. Post-acquisition,
the images were deconvolved using Delta Vision SoftWorx
software. For Fig. S3A and Figure 6D, confocal microscopy
(Zeiss, LSM880) was used without deconvolution. For analyzes
that involved colocalization (Figure 2E,F,J, 3B, 4B, S2C, S3B,
S5B, S8B), individual Z-stacks were analyzed using
Colocalization plugin with “colocalization highlighter” option
in ImageJ (NIH) and the number of colocalized events were
counted using cell counter plugin of ImageJ . Whereas, for
images that required counting total puncta inside cells or
measuring total intensities of cells (Figure 1B,H, 5C,D, 6C,
S3B, S6B, S7C, S7D), projected image (collapsed Z-stacks)
were used for quantification. Graphs were plotted and signifi-
cance levels were tested using unpaired two-tailed student’s
t-test in GraphPad Prism software. However, all representative
images are projected images for better clarity.

Live cell microscopy

GFP-LC3 transfected HeLa cells were infected with mCherry-
S. typhimurium for 15 min (MOI 400) and were treated with
gentamycin for 15 min. The cells were then washed with 1X
PBS and were treated with the compound and imaged on
FV10i- Olympus confocal live cell imaging microscope using
60X water immersion lens with confocality aperture set to 1.0.
Images were taken at an interval of 15 or 20 min (Five
Z sections of 1 micron each). The intensity of the Red channel
was analyzed using Image J – Stacks T function- intensity vs.
time plot plugin.

RNA extraction and quantitative PCR

Total RNA from samples was isolated using TRIzol (Ambion,
15596–026). Reverse transcription was carried out using
Taqman reverse transcription kit (Applied Biosystems,
N8080234). Autophagy and lysosomal specific gene primers
which were previously reported [21,43,44] were purchased
from Sigma-Aldrich. The housekeeping gene ACTB was
used as normalizing control to calculate the fold change.

Primers used

Gene Forward Reverse

ACTB CATCATGAAGTGTGACGTGGAC CTTGATCTTCATTGTGCTGGGTG
LC3B ACCGTGTGATCAGTAAGATTCC GTGACCACTCACATGGGATATAG
BECN1 CCCGTGGAATGGAATGAGATTA CCGTAAGGAACAAGTCGGTATC
BCL2 AGATGGAGCATGAATGGTACTG TCTGTGCTCAGCTTGGTATG
TFEB CCAGAAGCGAGAGCTCACAGAT TGTGATTGTCTTTCTTCTGCCG
LAMP1 ACGTTACAGCGTCCAGCTCAT TCTTTGGAGCTCGCATTGG
SQSTM1 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG
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Electron microscopy

Sample processing for Transmission Electron Microscopy was
carried out in Christian Medical College, Vellore, India.
Briefly, HeLa cells were trypsinized and washed with 1X
PBS. Cells were fixed using 4% glutaraldehyde in 0.1 M caco-
dylate buffer (pH 7.3) for 1 h at 4◦C. Fixed cells were dehy-
drated in ethanol series and embedded in epoxy resin (TAAB
laboratory and microscopy, CY212 KIT, E009). Ultra-thin
sections were stained and observed using Tecnai, G2 F-30
with a point resolution of 2.2 Å.

Cell viability assay

HeLa cells were seeded on a 384-well plate and treatedwith different
concentrations of acacetin. After 15 h of compound treatment, cell
viability was measured using luminescence-based Cell Titer Glo cell
viability assay kit (Promega, G7572) using a micro-titer plate reader
(Varioskan Flash, Thermo Fisher Scientific, USA).

Immunohistochemistry

Liver cryosections of 40 µm thickness were collected on gela-
tine coated slides. Every eighth section was used for immu-
nostaining. Equilibration of the sections was done using 0.1 M
PBS (pH 7.4) for 10 min. This was followed by blocking using
3% bovine serum albumin (Sigma-Aldrich, A7906) for 4 h.
Then, the sections were incubated for 36 h in primary anti-
body. After washes the sections were incubated in fluorescent
secondary antibody for 4 h. The sections were mounted using
Vectashield mounting media after required washing. Images
were acquired using Olympus FV 3000 (1.25X objective was
used for imaging entire liver section, 40X objective was used
for observing LC3-II puncta).

Animal studies

All procedures carried out in the study were approved by
JNCASR Institutional Animal Ethics Committee. BALB/c
mice (6–8 weeks of age) were distributed into three groups
namely- uninfected, infected and infected along with acacetin
treatment. Acacetin (20 mg/kg) was administered intraperito-
neally to the infected with acacetin treatment group. The com-
pound treatment continued for next 7 d with one injection
a day. Other two groups were injected with vehicle solvent,
dimethyl sulfoxide (Sigma-Aldrich, D8418). Infection (1010)
was done through oral gavage for the second and third group
on the first day. All animals were sacrificed on the seventh day
post infection after 2 h of compound injection and the organs
(liver, spleen and intestine) were processed for plating and
immunohistochemistry.

Statistical analysis

For all observations made in this study, a minimum of three
independent experiments were performed. For fluorescence
microscopy based analysis, at least 25 cells per experiment (so
across three experiments, a minimum of 75 cells) were con-
sidered for quantification. Immunoblotting and microscopy

image quantifications were performed using ImageJ software
with appropriate plugins (NIH) mentioned elsewhere. The
significance levels between the control and test groups were
tested using unpaired two-tailed student’s t-test where ns-
non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error
bars represent mean ± SEM. All statistical tests and graphs
were plotted using GraphPad prism.

Video 1: HeLa cells infected with S. typhimurium SL1344
at MOI of 400 for 15 min followed by gentamycin treatment
(40 µg/ml) for 15 min. Fresh medium was added to the cells
and imaged every 20 min for 5 h 40 min. Scale bar: 10 µm.

Videos 2&3: HeLa cells infected with S. typhimurium
SL1344 at MOI of 400 for 15 min followed by gentamycin
treatment (40 µg/ml) for 15 min. Fresh medium containing
50 µM of acacetin was added to the cells and imaged every
15 min for 5 h 45 min. Scale bar: 10 µm.
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