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Autophagy Facilitates Salmonella Replication in HeLa Cells
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ABSTRACT Autophagy is a process whereby a double-membrane structure (autophagosome) engulfs unnecessary cytosolic pro-
teins, organelles, and invading pathogens and delivers them to the lysosome for degradation. We examined the fate of cytosolic
Salmonella targeted by autophagy and found that autophagy-targeted Salmonella present in the cytosol of HeLa cells correlates
with intracellular bacterial replication. Real-time analyses revealed that a subset of cytosolic Salmonella extensively associates
with autophagy components p62 and/or LC3 and replicates quickly, whereas intravacuolar Salmonella shows no or very limited
association with p62 or LC3 and replicates much more slowly. Replication of cytosolic Salmonella in HeLa cells is significantly
decreased when autophagy components are depleted. Eventually, hyperreplication of cytosolic Salmonella potentiates cell de-
tachment, facilitating the dissemination of Salmonella to neighboring cells. We propose that Salmonella benefits from au-
tophagy for its cytosolic replication in HeLa cells.

IMPORTANCE As a host defense system, autophagy is known to target a population of Salmonella for degradation and hence re-
stricting Salmonella replication. In contrast to this concept, a recent report showed that knockdown of Rab1, a GTPase required
for autophagy of Salmonella, decreases Salmonella replication in HeLa cells. Here, we have reexamined the fate of Salmonella
targeted by autophagy by various cell biology-based assays. We found that the association of autophagy components with cyto-
solic Salmonella increases shortly after initiation of intracellular bacterial replication. Furthermore, through a live-cell imaging
method, a subset of cytosolic Salmonella was found to be extensively associated with autophagy components p62 and/or LC3,
and they replicated quickly. Most importantly, depletion of autophagy components significantly reduced the replication of cyto-
solic Salmonella in HeLa cells. Hence, in contrast to previous reports, we propose that autophagy facilitates Salmonella replica-

tion in the cytosol of HeLa cells.
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almonella enterica serovar Typhimurium is a facultative intra-

cellular pathogen that causes diseases ranging from self-
limited gastroenteritis to typhoid fever in humans and mice (1). It
contains two type III secretion systems (T3SSs) encoded by Sal-
monella pathogenicity island 1 (SPI-1) and SPI-2. These T3SSs are
necessary for Salmonella pathogenicity and deliver bacterial pro-
teins (effectors) to the host cell cytosol to manipulate host cell
signaling, cytoskeletal, and vesicular pathways (2). In mouse in-
fection models, Salmonella can enter specialized intestinal epithe-
lial microfold (M) cells and gallbladder epithelial cells, and both
epithelial cell types play important roles in the establishment of
Salmonella infection (3, 4). To better understand the mechanisms
of Salmonella interactions with epithelial cells, various tissue cul-
ture epithelial cell lines have been widely used, including HeLa,
Henle 407, and Caco2 epithelial cells (2, 5). Upon invasion into
mammalian cells, most Salmonella bacteria remain in a single
membrane-bounded compartment called the Salmonella-
containing vacuole (SCV). The SCV rapidly acquires late endo-
somal markers, such as the lysosomal-associated membrane pro-
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tein 1 (LAMP-1). Although the SCV appears to be the default
niche where Salmonella resides, some bacteria escape from the
SCV and replicate rapidly in the host cell cytosol (6). However, the
mechanism underlying this phenotype remains unclear. It was
recently shown that hyperreplicating cytosolic bacteria (defined as
>50 bacteria per cell; the doubling time of these bacteria is around
20 min) present in epithelial cells express SPI-1 genes and possess
flagella, both of which prime Salmonella for further invasion (5).
These invasion-primed Salmonella bacteria are released into the
lumen through extrusion of epithelial cells that contain hyperrep-
licating bacteria, initiating secondary infections in neighboring
cells, indicating that invasive Salmonella can disseminate through
bacterium-induced extrusion of mucosal epithelia.

Many unnecessary cellular components or invading pathogens
can be engulfed by a double-membrane structure (autophago-
some) and delivered to the lysosome for degradation (7). This
process is called autophagy. Various host components are in-
volved in the autophagy pathway, such as LC3, Atg5, and p62. LC3
is present in two forms, cytosolic LC3-1 and autophagosome-
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associated LC3-1I that is converted from a fraction of LC3-I (8).
The levels of LC3-II correlate with autophagosome formation,
and green fluorescent protein (GFP)-LC3 is therefore tradition-
ally used as a marker for the autophagosomes (8). Atg5, through
association with Atgl2 to form a conjugation complex, mediates
the conjugation of LC3 to autophagosomes (9). p62 (also called
sequestosome 1) interacts with LC3 and ubiquitin that usually
serves as a molecular tag for protein aggregates, thus functioning
as an adaptor protein to target proteins to autophagosomes (7,
10). Many pathogens can be targeted by autophagy in the cytosol.
Some pathogens (group A Streptococcus and Mycobacterium tuber-
culosis) can be killed by autophagy, while others (Shigella flexneri,
Listeria monocytogenes, and Yersinia pseudotuberculosis) are able to
antagonize the autophagy pathway or exploit autophagosomes for
their benefit.

Salmonella can damage the SCV through SPI-1 components
(11). It has been suggested that autophagy targets a population of
Salmonella found in damaged SCVs or in the cytosol for degrada-
tion and hence restricts Salmonella replication. Paradoxically, a
recent report showed that knockdown of Rab1, a GTPase required
for autophagy of Salmonella, decreases Salmonella replication in
HeLa cells (12). These contradictory results prompted us to reex-
amine the interaction of autophagy with Salmonella and track the
fate of Salmonella targeted by autophagy by a live-cell imaging
method. Contrary to previous reports, we showed that autophagy
facilitates Salmonella replication in the cytosol of epithelial cells.

RESULTS

The association of p62 and/or LC3 with cytosolic Salmonella
increases shortly after initiation of intracellular replication.
Like many other groups who have used HeLa cells to study the
interaction of Salmonella with autophagy (13-16), we created
HeLa cell lines stably expressing GFP-p62 or GFP-LC3 and in-
fected them with Salmonella. Salmonella replicates in the SCV and
the cytosol in epithelial cells, but its cytosolic replication accounts
for the majority of its net replication (17). We aimed to determine
the percentage of autophagy (p62 or LC3)-targeted Salmonella
that is present in the cytosol over time and see how it correlates
with intracellular Salmonella replication.

Both wild-type (WT) and AsifA Salmonella strains were used to
infect HeLa cells, as the AsifA strain (compared to the WT) escapes
more frequently from the SCV into the cytosol, where it is more
likely to be targeted by autophagy (15, 18). The association of p62
and LC3 with both Salmonella strains was measured at 1, 5,and 8 h
postinfection (hpi). As shown in Fig. 1A, a subpopulation of Sal-
monella was associated with GFP-p62 (p62™") but not GFP alone.
The percentage of p62* Salmonella gradually decreased over time
(from 1 hpi to 8 hpi) (Fig. 1B), consistent with the previous report
where the association of endogenous p62 with Salmonella has
been examined (19).

We then determined the intracellular location of p62+ Salmo-
nella by examining the colocalization of these bacteria with
LAMP-1, a marker for the SCV membrane (6). As shown in
Fig. 1C, the percentage of LAMP-1~ p62™* bacteria (cytosolic) out
of total p62* Salmonella increased from ~15% (WT) and ~22%
(AsifA strain) at 1 hpi to ~42% (WT) and ~52% (AsifA strain) at
5 hpi. The presence of cytosolic p62* Salmonella was confirmed
by immunostaining for ubiquitin, a marker for Salmonella present
in the host cell cytosol (20) (see Fig. S1A in the supplemental
material). Since it is known that Salmonella replication in epithe-
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lial cells commences at 4.5 to 6 hpi (21), we conclude that the
increased presence of cytosolic p62™* Salmonella at 5 hpi correlates
with intracellular replication of Salmonella. It appears that such an
increased presence of cytosolic p62™* Salmonella is proportional to
the increased presence of cytosolic bacteria in the total Salmonella
population (from 1 hpi to 5 hpi) (Fig. 1D). In line with this, the
AsifA strain that showed a slightly higher (although insignifi-
cantly) percentage of LAMP-1" bacteria than the WT at 5 hpi had
a higher percentage of cytosolic p62* bacteria (Fig. 1B to D). In-
terestingly, although the percentage of p62™* Salmonella decreased
significantly from 5 hpi to 8 hpi, the percentage of LAMP-1~ p62+
Salmonella and the percentage of LAMP-1~ Salmonella did not
change significantly between these two time points (Fig. 1C and
D).

LC3 associated with Salmonella (WT and AsifA strains) in a
manner that mimicked p62-Salmonella association (see Fig. S1A
to D in the supplemental material). Most Salmonella-associated
LC3 signals represent autophagosome structures (see Fig. S1E),
since the association of LC3 with Salmonella (LC3™" Salmonella) is
dependent on Atg5, a protein required for autophagosome forma-
tion (9). An electron microscopy study suggested that autophago-
some structures were associated with Salmonella that is present in
the cytosol (the bacterium indicated by the black arrowhead in
Fig. S1F to Fiii) or partially exposed to the cytosol (bacteria indi-
cated by black arrowheads in Fig. S1Fi) through damaged SCVs,
consistent with previous reports (15, 16). The association of LC3
with Salmonella also requires p62, since cells treated with p62
small interfering RNA (siRNA) showed decreased colocalization
of LC3 with Salmonella (see Fig. S1E). In support of this result, p62
and LC3 colocalized extensively, targeting the same bacterium
(see Fig. S1G and H). This is also consistent with the previous
report where the association of endogenous p62 with transiently
expressed LC3 has been examined (19).

Collectively, these results not only confirm that p62 and LC3
participate in the autophagy pathway and associate with Salmo-
nella but also suggest that the association of p62 and/or LC3 with
cytosolic Salmonella correlates with Salmonella replication.

Dynamic association of p62 and/or LC3 correlates with Sal-
monellareplication in the cytosol of HeLa cells. To further probe
this area, we examined the fate of Salmonella associated with p62
and/or LC3 by a live-cell imaging analysis method.

First, GFP-LC3-expressing HeLa cells were infected with mo-
nomeric Kusabira orange fluorescent (mKO)-expressing WT Sal-
monella (WT-mKO). As shown in Fig. 2A and Movie SI in the
supplemental material, LC3 associated with Salmonella (GFP-
LC3") in multiple patterns. In one case, GFP-LC3 puncta
(Fig. 2A, arrowhead labeled “2”) gradually expanded and associ-
ated with Salmonella from two poles of the same bacterium or one
pole of each dividing bacterium. These puncta then transiently
fused with each other, completely surrounding the bacterium. In
less than 30 min, they disappeared from one pole, accompanied by
the completion of cell division of this bacterium. In other cases,
GFP-LC3 puncta associated with Salmonella at one side or one
pole of the bacterium (Fig. 2A, arrowheads labeled “1” and “3”).
Overall, GFP-LC3 puncta moved rapidly in the cell and appeared
to transiently associate with Salmonella, highlighting the dynamic
association of LC3 with Salmonella. Some bacteria, appearing in
light red (e.g., arrowheads labeled “1,” “2,” and “3”), associated
with GFP-LC3 extensively and replicated in less than 30 minutes,
as shown previously for hyperreplicating cytosolic bacteria (5). In
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FIG1 The association of p62 with cytosolic Salmonella increases shortly after initiation of intracellular replication. (A) GFP-p62- or GFP-expressing HeLa cells
were infected with wild-type (WT) or AsifA Salmonella. Cells at 1 hpiand 5 hpi were stained with LAMP-1 (red) and DAPI (cyan). “Zoom” represents a magnified
picture of the boxed area. Scale bar, 10 wm. (B to D) Quantification of the percentage of p62* WT or p62+ AsifA bacteria (B), the percentage of p62* WT or p62+
AsifA bacteria that are not associated with LAMP-1 (C), and the percentage of LAMP-1~ WT or LAMP-1~ AsifA bacteria (D) in GFP-p62-expressing cells at 1,
5, and 8 hpi (mean = SD, n = 3).
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FIG 2 Dynamic association of p62 and/or LC3 correlates with Salmonella replication in the cytosol of HeLa cells. (A) GFP-LC3-expressing cells were infected
with mKO-expressing Salmonella. After infection for 4.5 h (0 min), cells were imaged at 30-s intervals with a spinning-disc confocal microscope. A series of
live-cell imaging data is shown, and the elapsed time (minutes) is shown in the corner of each picture. Arrowheads 1, 2, 3, and 4 indicate replicating bacteria,
whereas arrowheads 5 and 6 indicate nonreplicating bacteria. Scale bar, 10 um. (B) GFP-p62-expressing cells were infected with mKO-expressing Salmonella.
After infection for 4.5 h (0 h), the cells were imaged at 20-s intervals with a spinning-disc confocal microscope. Boxed areas indicate where p62 associates with
cytosolic Salmonella. Arrows 1 to 5 indicate bright bacteria that are not replicating; arrowheads 6 and 7 in column 1 (0 h) indicate light-red bacteria that start to

replicate. Scale bar, 5 um.

contrast, other bacteria, appearing in bright red (arrowheads la-
beled “5” and “6”), did not associate with GFP-LC3 and were not
replicating; these bacteria are likely in SCVs. LAMP-1 staining of
Salmonella-infected cells suggested the light-red GFP-LC3™* bac-
teria represent Salmonella present in damaged SCVs or in the cy-
tosol of host cells, whereas the bright-red GFP-LC3~ bacteria rep-
resent Salmonella in intact SCVs (see Fig. S2A). Real-time analysis
of GFP-LC3-expressing cells infected with wild-type cyan fluores-
cent protein (CFP)-expressing Salmonella (WT-CFP) in the pres-
ence of LysoTracker (which labels acidic compartments, including
the SCV) also showed that GFP-LC3™" Salmonella was not in an
intact SCV (see Movie S2).

Next, GFP-p62-expressing cells were infected with WT-mKO.

4 mBio mbio.asm.org

During 4 h of real-time imaging, a subset of cytosolic Salmonella
associated with p62 extensively and replicating rapidly (Fig. 2B,
bacteria in light red in boxed areas; see also Movie S3). In contrast
to p62™* bacteria, most Salmonella bacteria in intact SCVs (bright
red) showed very limited association with p62 (Fig. 2B, bacteria
labeled by arrows 2 to 5; see also Movie S3). These bacteria were
not replicating.

Last, cells expressing GFP-p62 and mRFP-LC3 were infected
with WT-CFP. The same bacterium clearly associated with both
p62 and LC3 and was replicating in less than 30 min (see Fig. S2B,
bacteria indicated by white arrows, and Movie S4). Many mRFP-
LC3 puncta frequently and rapidly moved along the surface of
Salmonella bacteria, with GFP-p62 signals being redistributed to
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dividing bacteria. Future work is to determine if/how the redistri-
bution of p62 affects the traffic pattern of LC3 (autophagosomes)
to the surface of Salmonella bacteria.

Overall, live-cell imaging analysis demonstrates that a subpop-
ulation of Salmonella is dynamically associated with p62 and LC3
while replicating in the cytosol of epithelial cells.

p62 and autophagy support Salmonella replication in the cy-
tosol of HeLa cells. To investigate whether Salmonella benefits
from p62 and LC3 for its replication in the cytosol, we determined
if depletion of autophagy proteins by siRNA would decrease the
cytosolic replication of Salmonella, using a gentamicin protection
assay and a microscopic analysis that quantifies the percentage of
infected cells containing different numbers of bacteria per cell.

The replication of WT Salmonella in HeLa cells treated with
control siRNA or siRNA targeting p62, LC3 (including isoforms
LC3A, LC3B, and LC3C) (22), Atg5, or p62 and LC3 was first
determined. Western blot analysis confirmed that LC3, Atg5, and
p62 were effectively knocked down in cells treated with corre-
sponding siRNA (Fig. 3A). Knockdown of LC3, Atg5, or p62 and
LC3 by siRNA significantly decreased autophagy, as evidenced by
the decreased levels of LC3-1I (Fig. 3A). In contrast, knockdown of
p62 did not affect autophagy, as the level of LC3-II remained sim-
ilar in control siRNA- and p62-siRNA-treated cells. Knockdown
of p62, LC3, Atg5, or p62 plus LC3 did not affect the invasion
ability of Salmonella, as assessed by the population of infected cells
containing different numbers of bacteria at 2 hpi (Fig. 3B, top).
However, the replication of Salmonella in cells treated with p62,
LC3, Atg5, or p62 and LC3 siRNA was significantly reduced com-
pared to that in cells treated with control siRNA at 6 and 8 hpi
(Fig. 3C). Knockdown of Atgl6L1, another subunit of the large
protein complex containing the Atg5-Atgl2 conjugate (23), de-
creased Salmonella replication to a similar extent as knockdown of
Atg5 (see Fig. S3A and B). The decreased replication of Salmonella
in cells treated with p62, LC3, Atg5, or p62 and LC3 siRNA was not
due to detachment of infected cells from plates at 6 hpi, as all cells
showed similar cell viability (see Fig. S3C). The knockdown of p62
and LC3 did not have an additive effect on the replication of Sal-
monella compared to the knockdown of p62 or LC3 alone
(Fig. 3A), indicating that p62 and LC3 are involved in the same
pathway that facilitates Salmonella replication. Additionally, con-
trol siRNA-treated cells showed a greater percentage of cells with
high numbers of bacteria than autophagy protein siRNA-treated
cells at 6 hpi, concomitant with a decreased percentage of cells
with low numbers of bacteria (Fig. 3B, bottom). At 8 hpi, a de-
crease in the bacterial replication was observed, suggesting that
some of the infected cells may have detached from plates.

As discussed above, a larger fraction of AsifA bacteria (com-
pared to WT bacteria) was present in the cytosol and associated
with LC3. As expected, AsifA bacteria exhibited the same replica-
tion defect as WT Salmonella in LC3 siRNA-treated cells (see
Fig. S3D and E).

TBK1 helps to maintain the integrity of vacuolar membranes
during intracellular bacterial infection, and knockdown of TBK1
leads to the disruption of SCVs, resulting in release of Salmonella
into the host cell cytosol, where Salmonella hyperreplicates (24).
GFP-LC3-expressing and regular HeLa cells were treated with
siRNA that targets TBK1, TBK1 and LC3 (TBK1-LC3), or TBK1
and Atg5 (TBK1-Atg5), followed by infection with Salmonella.
Consistent with the previous report (24), TBK1 siRNA-treated
cells showed a higher percentage of LAMP-1~ Salmonella at 5 hpi

March/April 2014 Volume 5 Issue 2 e00865-14

Autophagy Facilitates Salmonella Replication

and had a significantly higher percentage of cells containing more
than 20 bacteria than control siRNA-treated cells at 6 hpi (Fig. 3D,
bottom; Fig. 3E, right). Furthermore, TBK1 siRNA-treated cells
showed a slightly but insignificantly higher percentage of LC3™
Salmonella bacteria than control siRNA-treated cells (Fig. 3E,
left). However, the percentage of LC3* bacteria dropped dramat-
ically when cells depleted of TBK1 were further treated with LC3
siRNA or Atg5 siRNA; this correlated with a significant decrease in
the percentage of cytosolic bacteria (LAMP-1") and cells contain-
ing more than 20 bacteria in TBK1-LC3 siRNA- or TBK1-Atg5
siRNA-treated cells (compared to TBK1 siRNA-treated cells) at
late time points (Fig. 3D, bottom; Fig. 3E, right). These differences
were not caused by a different invasion rate of Salmonella to cells,
as the numbers of intracellular bacteria at 2 hpi are similar among
different siRNA-treated cells (Fig. 3D, top). The knockdown effi-
ciency of each protein was confirmed by Western blotting
(Fig. 3F). Thus, knockdown of autophagy components decreases
the hyperreplication of cytosolic Salmonella in TBK1 siRNA-
treated cells.

Taken together, these results demonstrate that p62 and au-
tophagy support Salmonella replication in the cytosol of HeLa
cells.

The effector SopB is required for Salmonella to associate
with autophagosomes. It has been shown that Salmonella au-
tophagy requires the SPI-1 T3SS (16). As multiple effectors are
translocated via the SPI-1 T3SS, we attempted to determine which
effector(s) could increase the association of autophagosomes with
Salmonella and thus promote Salmonella replication in HeLa cells.

First, we examined the colocalization of LC3 with the WT and
several Salmonella mutants (the AinvA, AsopB, AsopE AsopE2,
AsptP, AsipA, AsipB, and AssaR mutants). The AinvA (invA en-
codes an inner membrane protein) and AsipB mutants do not
translocate any SPI-1 effectors (including SipB itself) (25),
whereas the AssaR mutant does not translocate any SPI-2 effectors
into host cells (26). AinvA bacteria barely associated with LC3,
while AssaR bacteria associated with LC3 to the same extent as the
WT (16). These two mutants were used as controls. The remaining
mutants lack one or two SPI-1 effectors that can promote Salmo-
nella replication rate or invasion ability (27, 28). Unlike other
mutants, AinvA and AsipB bacteria are unable to invade into epi-
thelial cells (data not shown) and therefore are used in a coinfec-
tion model as described previously (21). It is believed coinfection
of cells with WT and AinvA (or AsipB) bacteria facilitates the
SPI-1-dependent cointernalization of AinvA (or AsipB) bacteria
with the WT. As shown in Fig. 4A, AsipB and AinvA mutants had
little association with LC3, whereas AsopE AsopE2, AsptP, AsipA,
AssaR, and WT strains were associated with LC3 at similar levels.
AsopB bacteria were also able to associate with LC3, albeit less
frequently than the WT. The decreased association of LC3 with
AsopB could be rescued by overexpression of SopB in the AsopB
mutant (AsopB/pACDE mutant).

Next, the replication of the above-described mutants, except
the AsipB mutant in control siRNA- and LC3 siRNA-treated cells,
was measured. We reasoned that if a mutant showed low (com-
pared to that of the WT) or no association with autophagosomes,
its replication would be independent of autophagy. Western blot
analysis confirmed that LC3 was effectively depleted by siRNA
treatment (Fig. 4B). As shown in Fig. 4C, LC3 siRNA treatment
compared to control siRNA treatment decreased the replication of
all mutants except the AinvA mutant, although the decrease for
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FIG 3 p62 and autophagy favors cytosolic replication of Salmonella. (A) Western blot analyses of HeLa cells treated with control siRNA (si-NT) or siRNA
targeting p62 (si-p62), LC3 (si-LC3), Atg5 (si-Atg5), and p62 and LC3 (si-p62+LC3). These cells were infected with WT Salmonella. Calnexin was used as a
loading control. (B) Microscopic analyses of infected cells containing 1 to 5, 6 to 10, 11 to 20, or greater than 20 bacteria per cell at 2 hpi (top) and 6 hpi (bottom).
The number of bacteria in at least 50 infected cells was enumerated, and the percentage of cells containing the indicated number of bacteria was presented (mean
+ SD, n = 3). (C) Replication of Salmonella was compared in HeLa cells used in panel A. The fold replication was calculated as fold increases of the number of
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FIG 4 The effector SopB is required for Salmonella to associate with autophagosomes. (A) GFP-LC3-expressing cells were infected with the indicated strains.
The AsopB/pACDE mutant expresses the wild-type SopB in a AsopB background. Unlike other strains that are individually used to infect cells, AinvA and AsipB
bacteria were used in a coinfection model. The percentage of LC3 ™ bacteria at 5 hpi was quantified for each strain (mean = SD, n = 3). (B) Western blot analysis
of HeLa cells used in panel A. (C) HeLa cells treated with si-NT or si-LC3 were infected with the indicated strains. The fold replication of these strains at 6 hpi was

determined (mean = SD, n = 3).

the AsopB mutant was not as large as that observed for other mu-
tants and the WT. Complementation of the AsopB mutant with a
plasmid (pACDE) expressing SopB partially restored the replica-
tion of the AsopB mutant in control siRNA-treated cells but not in
LC3 siRNA-treated cells. Thus, SopB is able to enhance Salmonella
replication through increasing the interaction of Salmonella with
autophagy. Unlike the WT and other mutants, AinvA bacteria did
not show a replication defect (or benefit) in LC3 siRNA-treated
cellsin a coinfection model (Fig. 4C, right). This suggests that even
within the same cell, the replication/survival of the AinvA mutant,
but not the WT, is independent of autophagy.

Collectively, these data suggest that, together with the T3SS
apparatus proteins InvA and SipB, the effector SopB is required
for Salmonella to associate with autophagosomes for replication in
HeLa cells.

Cells containing hyperreplicating bacteria and showing de-
creased autophagy are positive for caspase-1 and caspase-3/7 ac-
tivation and undergo cell death. Cells containing hyperreplicat-
ing Salmonella can be extruded out of the epithelial monolayer
and undergo cell death, releasing intracellular bacteria into the

Figure Legend Continued

lumen that facilitate the dissemination of Salmonella to neighbor-
ing cells (5). Based on this concept, we tracked the fate of the
hyperreplicating bacterium-containing (HRBC) cells. A real-time
analysis of a Salmonella-infected GFP-LC3-expressing cell showed
that a subset of Salmonella was hyperreplicating in the cytosol
where it frequently associated with LC3 at 4.5 hpi (see Movies S1
and S5). The hyperreplication of Salmonella was accompanied by
the decrease of LC3 levels in the cell at late time points. Such
decreased LC3 signals correlated with lower levels of autophago-
some formation (i.e., decreased autophagy), as bafilomycin (a
drug used to block the fusion of autophagosomes with lysosomes)
treatment did not increase LC3 signals in HRBC cells (data not
shown). The decreased autophagy was observed in more than 90%
of HRBC cells. As shown in Movie S5, the HRBC cell eventually
detached from the plate. We speculated that the cell could be un-
dergoing cell death, which led to its detachment from the plate.
Consistent with this hypothesis, most (~86%) HRBC cells dis-
playing decreased autophagy (as judged by the low level of p62
signals colocalized with Salmonella) showed abnormal (such as
chromatin condensation and DNA fragmentation) nuclear mor-

bacteria at late time points compared to the number of bacteria at 2 hpi (mean = SD, n = 3). (D) HeLa cells were treated with control siRNA (si-NT) or siRNA
targeting TBK1 (TANK-binding kinase-1) (si-TBK1), TBK1 and LC3 (si-TBK1+LC3), and TBK1 and ATGS5 (si-TBK1+ATGS5) and infected with Salmonella for
2 h (top) or 6 h (bottom). The percentage of cells containing the indicated number of bacteria was quantified as in panel B (mean = SD; n = 3). (E)
GFP-LC3-expressing HeLa cells were treated with si-NT, si-TBK1, si-TBK1+LC3, or si-TBK1+Atg5. The percentage of LC3™ bacteria or LAMP-1~ bacteria at
5 hpi was quantified (mean * SD, n = 3). (F) Western blot analyses of HeLa cells used in panel D.
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phology at 8 hpi (Fig. 5A and B). In contrast, only ~33% of HRBC
cells having normal autophagy (as judged by a relatively high level
of p62 staining colocalized with Salmonella) contained abnormal
nuclei (Fig. 5B). Figure 5C shows an HRBC cell with relatively
enhanced autophagy exhibiting normal nuclear morphology.

We next sought to determine if HRBC cells with decreased
autophagy were positive for active caspase-1 and caspase-3/7,
both of which have been shown to be activated and capable of
inducing cell death in extruding HRBC cells (5). As shown in Fig.
5D and E, HRBC cells with normal autophagy (as measured by the
level of mRFP-LC3 associated with bacteria) and uninfected cells
were negative for casapse-1 or caspase-3/7 staining, whereas the
majority of HRBC cells with decreased autophagy were positive
for active casapase-1 and caspase-3/7.

Taken together, these results suggest that hyperreplication of
Salmonella accompanied by decreased autophagy and enhanced
caspase-1 and caspase-3/7 activation promotes cell death, poten-
tiating cell detachment at later stages of infection.

DISCUSSION

We propose that the p62-dependent autophagy pathway favors
the replication of Salmonella in the cytosol of HeLa cells (Fig. 6).
This concept is based on the following observations: (i) the in-
creased association of p62 or LC3 with cytosolic Salmonella cor-
relates with Salmonella replication; (ii) the replication of WT Sal-
monella and the AsifA mutant (a strain that escapes into the
cytosol more often than the WT at 5 hpi) was reduced when p62,
LC3, Atg5, or Atgl6L1 was depleted; (iii) the replication of cyto-
solic Salmonella in TBK1 siRNA-treated cells (which increases the
number of cytosolic bacteria) was reduced when autophagy was
inhibited; (iv) p62 and LC3 belong to the same pathway to facili-
tate Salmonella replication; (v) most convincingly, live-cell imag-
ing analyses demonstrated that a subset of cytosolic Salmonella
associated extensively with p62 and/or LC3 and replicated quickly
(in contrast, most intravacuolar Salmonella bacteria ineffectively
associated with p62 and/or LC3 and replicated at much lower rates
than cytosolic Salmonella); and (vi) hyperreplication of Salmo-
nella in the cytosol concomitant with decreased autophagy and
enhanced casapase-1 and caspase-3/7 activation potentiates cell
death, leading to the detachment of HRBC cells at later times
postinfection.

This model challenges the current dogma that p62 and au-
tophagy protect host cells against Salmonella infection (16, 19, 29).
The differing conclusions could be due to off-target effects of
siRNA when used at high concentrations (~20 to 50 nM) by other
groups as opposed to 1 nM in our study or incomplete dissocia-
tion of membrane-associated Salmonella when quantifying intra-
cellular bacterial numbers. For instance, it is possible that the
0.1% Triton X-100 lysis buffer used in several seminal studies (14,
22, 30) dissociates autophagosome-associated Salmonella less ef-
ficiently than the 1% Triton X-100 and 0.1% SDS buffer used in
this study. The time point at which bacteria were quantified may
also be important. Zheng et al. (19) demonstrated that p62 limits
Salmonella replication at 10 hpi, whereas we quantified bacteria at
6 hpi to avoid analysis when the host cells begin to detach or die at
late time points (5). Additionally, the fate of autophagy-targeted
Salmonella could be cell type dependent. In the first study exam-
ining the role of autophagy in Salmonella replication (16), Bir-
mingham et al. examined the colocalization between autophagy
markers and bacteria in HeLa cells and mouse embryonic fibro-
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blasts (MEFs) but quantified only the effect of autophagy inhibi-
tion in MEFs. Thus, it is possible that inhibiting autophagy in-
creases Salmonella replication in MEFs as they reported but has
the opposite effect in HeLa cells, as we observed in this study.

Interestingly, Huang et al. recently showed that knockdown of
Rabl, a GTPase required for autophagy of Salmonella, decreases
Salmonella replication in HeLa cells (12). Although they inter-
preted this result as a distinct role for Rab1 in supporting Salmo-
nella replication in vacuoles, a recent live-cell imaging study (17)
convincingly shows that cytosolic replication of Salmonella ac-
counts for the majority of the net replication of Salmonella. Thus,
their observation with Rabl knockdown could be explained by
our model in which inhibiting autophagy reduces cytosolic Sal-
monella replication.

Autophagy also benefits several other bacterial pathogens, in-
cluding Legionella pneumophila, Coxiella burnetii, and Yer-
sinia pseudotuberculosis (29). Two mechanisms are proposed to
contribute to the beneficial effects of autophagy on bacterial
pathogens. First, through autophagolysosomal fusion, autopha-
gosomes may serve as a source of nutrients for intracellular patho-
gens (7). This mechanism could partly explain why a previous
study found that inhibition of autophagy by chloroquine (a drug
that may block autophagolysosomal fusion, in addition to block-
ing acidification of the SCV) decreases Salmonella replication (31,
32). In support of this hypothesis, we were able to identify that
oleic acid (a type of free fatty acid), but not amino acids, is likely to
support Salmonella replication through autophagy (see Fig. S4A
to C). However, the free fatty acid is not the limiting factor for
Salmonella replication, since supplementation of the free fatty acid
into autophagy-deficient cells does not rescue the replication de-
fect of Salmonella (see Fig. S4C). There are likely other nutrients
supplied by autophagy for Salmonella replication. Autophago-
somes may also serve as a protected niche for intracellular patho-
gens (7). We speculate that before a complete fusion of the au-
tophagosome and the lysosome, the autophagosome ensures
Salmonella replication in a less acidic environment and/or accom-
modates replicating bacteria through constant membrane elonga-
tion. This hypothesis awaits further study.

In addition to confirming that Salmonella autophagy requires
the SPI-1 T3SS, this study identifies that SipB is the key player
mediating Salmonella-autophagosome association. Possibly
through its pore-forming activity, SipB damages the SCV, allow-
ing Salmonella to access the host cell cytosol where it can access the
autophagy machinery. Alternatively, SipB translocated into the
host cell cytosol induces the formation of autophagosomes (33),
which in turn associate with ubiquitinated Salmonella. However,
it is also possible that SipB functions as a translocon compo-
nent to translocate other effectors that mediate Salmonella-
autophagosome association. Unlike AsipB bacteria that were
barely associated with autophagosomes, AsopB bacteria showed a
moderately decreased association with autophagosomes, suggest-
ing that SopB plays a lesser role than SipB in mediating
Salmonella-autophagosome association. Since SopB can be ubi-
quitinated in host cells over a prolonged period (34), it will be
interesting to determine if the ubiquitination of SopB enhances
Salmonella-autophagosome association.

All together, our various cell biology-based assays, especially
the live-cell imaging analyses, provide compelling evidence that
Salmonella benefits from p62-dependent autophagy for its repli-
cation in the cytosol of HeLa cells.
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FIG5 Cells containing hyperreplicating bacteria and showing decreased autophagy are positive for caspase-1 and caspase-3/7 activation and undergo cell death.
(A) GFP-p62-expressing HeLa cells were infected with Salmonella for 8 h and stained with DAPI (blue). A cell containing hyperreplicating bacteria (more than
50 bacteria per cell, i.e., HRBC cells) and showing abnormal nuclear morphology is shown. Scale bar, 10 um. (B) At least 100 HRBC cells were divided into two
groups. The first group exhibited a low level of p62 signals colocalized with Salmonella (<1% of intracellular bacteria), and the second group exhibited a relatively
high level of p62 signals (>2% of intracellular bacteria). The number of cells showing abnormal nuclear morphology (such as chromatin condensation and DNA
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FIG 6 A proposed model for p62-dependent autophagy favoring Salmonella
replication in the cytosol of HeLa cells. In this proposed model, Salmonella
likely acquires nutrients supplied by autophagy for its replication. At least
three populations of bacteria are present in infected HeLa cells. The first pop-
ulation of bacteria remains in intact Salmonella-containing vacuoles (SCVs).
These bacteria replicate slowly, as they do not associate with autophagosomes
and are difficult to acquire nutrients from the cytosol. The second population
of bacteria is partially exposed to the cytosol through the gaps between dam-
aged SCVs (16). These bacteria are ineffectively coated with ubiquitin and
associated with autophagosomes to a low level. They acquire a limited amount
of nutrients for replication and replicate faster than the first population of
bacteria. The third population of bacteria is completely exposed to the cytosol.
These bacteria are effectively coated with ubiquitin and associated with au-
tophagosomes to a high level. They acquire sufficient nutrients from the cyto-
sol and replicate the fastest. Notably, some cells containing the third popula-
tion of bacteria will undergo cell death and detach from the epithelial layer,
resulting in the release of hyperreplicating bacteria that are capable of initiating
secondary infections in neighboring cells. The whereabouts of the first and
second populations of bacteria at 8 hpi were not determined (ND).

MATERIALS AND METHODS

Bacterial strains and plasmids. Wild-type Salmonella (Salmonella en-
terica serovar Typhimurium strain SL1344) and its isogenic mutant
strains were cultured as described previously (21). Details of various Sal-
monella strains and plasmids are summarized in Table S1 in the supple-
mental material.

Cell culture. HeLa human epithelial cells (ATCC CCL-2) and 293T/17
human kidney epithelial cells (ATCC CRL-11268) were maintained in
Dulbecco’s modified Eagle medium (DMEM) high glucose (Thermo Sci-
entific) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 1% nonessential amino acids (Invitrogen), and 1% GlutaMax
(Gibco). Cells were used from passages 5 to 15.

Generation of stable cell lines with lentivirus infection. Lentivirus
constructs pLVX-GFP-LC3WT, pLVX-GFP, pLVX-GFP-p62, and pLVX-
mRFP-LC3 were individually packaged into lentivirus particles in
293T/17 cells using the lentiviral packaging mix (Sigma). HeLa cells were
infected with these lentivirus particles in the presence of 8 ug/ml Poly-
brene (Millipore) and selected in DMEM containing 3 ug/ml puromycin
(Sigma) for 2 weeks. A single-cell-derived stable cell line was further ob-
tained by culturing cells in a 96-well plate with a limiting dilution proce-
dure.

Figure Legend Continued

Bacterial infection and gentamicin protection assay. Salmonella was
cultured in Luria broth (LB) overnight at 37°C with shaking (200 rpm),
followed by dilution into 10 ml of fresh LB (1:33), and continued to grow
under the same conditions for 3 h. One milliliter of bacteria was then
centrifuged at 8,000 X g for 2 min and resuspended in 1 ml of phosphate-
buffered saline (PBS) containing Ca?>* and Mg?* (PBS*/*, pH 7.4). This
suspension was diluted in DMEM (no antibiotics) at 1:500, and 335 ul of
diluents was added directly to HeLa cells to give a multiplicity of infection
(MOI) of 10. After 10 min of infection, the monolayers were washed three
times in PBS*/* and then incubated in fresh culture medium. After
20 min, fresh culture medium containing 100 ug/ml gentamicin was
added. At 2 hpi, the gentamicin concentration was reduced to 10 pg/ml.
For coinfection experiments, wild-type Salmonella and mutant strains
were mixed at a ratio of 1:40 before infection. At designated time points,
cells were washed three times with PBS and lysed in 250 ul of lysis buffer
(PBS with 1% Triton X-100 and 0.1% SDS). Bacteria released from cells
were plated onto an LB agar plate (with 100 pg/ml streptomycin and
50 ug/ml kanamycin to select mutant strains) to obtain the bacterial CFU.
The number of bacteria recovered at 2 hpi defines the invasion ability of
Salmonella, whereas the fold increase of CFU at later time points versus
the CFU at 2 hpi is referred to as fold replication and defines the replica-
tion ability of Salmonella.

Transient transfection with siRNA. All small interfering RNAs (siR-
NAs) are from a pool of four single siRNAs that targets the same gene
(SMARTpool siRNA; Dharmacon RNA Technologies). The following
siRNA SMARTpools (catalog no.) are used: p62 siRNA (M-010230-00),
Atg5 siRNA (M-004374-04), Atgl6L1 siRNA (M-021033-02), TBK1
siRNA (M-003788-02), LC3A siRNA (M-013579-00), LC3B siRNA (M-
012846-01), LC3C siRNA (M-032399-01), and nontargeting scrambled
control siRNA (D-001206-13). For LC3 knockdown, 1 nM of each LC3A,
LC3B, and LC3C siRNA was used for transfection. One day before trans-
fection with siRNA, HeLa cells were seeded at densities of 7.5 X 10° per
10-cm dish in 8 ml DMEM without antibiotics. Cells were transfected
with 1 nM siRNA using INTERFERin (Polyplus Transfection) according
to the manufacturer’s instructions. One day after transfection with siR-
NAs, cells were trypsinized and seeded into a 24-well plate at a density of
4 X 10* cells per well. Bacterial infections were performed 48 h posttrans-
fection.

Western blot analysis. Cells were washed three times with PBS and
lysed in NP-40 buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1%
[vol/vol] Nonidet P-40, 10 mM Na ,P,0,, 50 mM NaF) supplemented
with a complete protease inhibitor tablet (Roche). The protein of interest
was then detected by the standard immunoblotting method.

Antibodies and reagents. Antibodies used for Western blotting and
immunofluorescence were anti-p62 (BD Transduction Laboratories),
anti-LC3, anti-Atgl6L1, and anti-ubiquitin (MBL International Incorpo-
ration), anti-Atg5 (Cell Signaling), anti-TBK1 (Imgenex), anti-FLAG and
anti-calnexin (Sigma), anti-LAMP-1 (clone H4A3), and Alexa Fluor 488
and Alexa Fluor 568 (Invitrogen). Dimethyl sulfoxide (DMSO) and oleic
acid (conjugated to albumin) were purchased from Sigma. Nonessential
amino acids at the final concentration of 10X and essential amino acids at
the final concentration of 5X (Invitrogen) were supplemented into the
medium for 3 h before infection; oleic acid (200 wM) was added into the
medium for 15 h before infection. All the above-named reagents remained
in the medium throughout the subsequent infection.

fragmentation) was further quantified and expressed as the percentage of cells with abnormal nuclei in each group of cells (mean * SD, n = 3). (C) A
GFP-p62-expressing HRBC cell shows a relatively enhanced autophagy and normal nuclear morphology. Scale bar, 10 wm. (D) Cells stably expressing mono-
meric red fluorescent protein (mRFP)-LC3 were infected with WT Salmonella for 7 h and stained with DAPI (blue) and active caspase-1 probe FAM-YVAD-FMK
(green) or caspase-3/7 probe FAM-DEVD-FMK (similar to caspase-1 staining [data not shown]). (E) Quantification of the percentage of casapase-1 (left)- or
caspase-3/7 (right)-positive cells in uninfected cells, HRBC cells showing decreased autophagy, and HRBC cells showing normal autophagy at 8 hpi (mean = SD,

n=3).
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Cell viability assay. Equal volumes of cells (including floating cells in
the medium) and 0.4% trypan blue (Invitrogen) were mixed and incu-
bated at room temperature for 3 min. The stained cells were visualized by
a bright-field microscope. The viable cell will exclude trypan blue and
have a clear cytoplasm, whereas a nonviable cell will take up trypan blue
and have a blue cytoplasm. At least 100 cells were counted and used to
calculate the percentage of viable cells.

Immunofluorescence staining and fluorescence microscopy. Cells
were fixed by 4% paraformaldehyde (PFA) for 30 min at room tempera-
ture, followed by washing with PBS*/* twice. Excess PFA was quenched
by incubation of the cells with 50 mM NH,Cl for 10 min. Fixed cells were
blocked and permeabilized by incubation buffer (IB; PBS*/* containing
0.2% saponin, 10% normal goat serum) for 30 min. Permeabilized cells
were sequentially incubated in IB containing primary (1 h) and secondary
(1h) antibody at room temperature. Coverslips that contain the cells were
mounted on glass slides using ProLong Gold with 4’,6-diamidino-2-
phenylindole (DAPI; Invitrogen) and sealed with nail polish.

All images are shown as representative confocal z-slices unless other-
wise indicated. Images were taken with a multiphoton laser scanning mi-
croscope (Olympus FVIOOOMPE) operated by FV10-ASW software.
Adobe Photoshop and Adobe Illustrator were used to process pictures
exported from the FV10-ASW software. For quantification of bacteria
associated with fluorescence signals, a Zeiss 510 metafluorescence micro-
scope was used. For each condition, at least 100 bacteria or 50 infected
cells were analyzed.

Live-cell imaging. Cells were cultured on glass-bottom dishes (Mat-
Tek). In most cases, unless otherwise indicated, cells were washed with
PBS containing Ca?* and Mg?* (pH 7.4; PBS*™/*) twice at 2 hpi and
imaged in Leibovitz’s L-15 medium (Invitrogen) containing 10% FBS,
Oxyrase (1:100) (Oxyrase), and 10 ug/ml gentamicin. Cells were imaged
with a high-speed spinning-disc confocal microscope (PerkinElmer) at
designated intervals. Images were acquired and analyzed with Volocity
three-dimensional (3D) image analysis software (Improvision). Movies
were exported from the Volocity software in QuickTime movie format
and edited with the iMovie software if necessary.

Live-cell staining. One day before infection (MOI of 10), 1.5 X
10° cells were seeded into a 35-mm glass-bottom dish (MatTek).
One hour before imaging, LysoTracker red (100 nM, Invitrogen) was
added into the medium. Right before imaging with a spinning-disc con-
focal microscope, cells were washed with PBS™/ twice and replaced with
Leibovitz’s L-15 medium containing 10% FBS, Oxyrase (1:100), and
10 pg/ml gentamicin. To stain active caspase-1 or caspase-3/7, cells (at
7 hpi) grown on coverslips were incubated with FAM-YVAD-FMK or
FAM-DEVD-FMK (Immunochemistry Technologies), respectively.
One hour after the incubation, cells were further processed according to
the instructions from the manufacturer and mounted on glass slides using
ProLong Gold with DAPI.

Correlative light microscopy-electron microscopy (CLEM). HeLa
cells stably expressing EGFP-LC3 were cultured on glass-bottom dishes
and infected with Salmonella for 5 h. The samples were processed similarly
to those performed by Kageyama et al. (35). A spinning-disc confocal
microscope (PerkinElmer Ultraview VoX) was used to identify cells con-
taining GFP-LC3* bacteria. A transmission electron microscope (Hitachi
7600) was used to take the electron micrographs of cells containing GFP-
LC3™ bacteria.

Statistical analysis. All analyses were performed with a 95% confi-
dence interval using GraphPad Prism version 4.0, and the data were ex-
pressed as mean values * standard deviations (SD). To calculate the P val-
ues, a two-tailed Student ¢ test was used for Fig. 1B to D, 4C, 5B, and
Fig. S1C, D, and G and S3D in the supplemental material; a one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test was used for
Fig. 3C and E, 4A, 5E, and Fig. S1E and S3A and C in the supplemental
material; a two-way ANOVA with Bonferroni posttest was used for Fig. 3B
and D and Fig. S4A to Cin the supplemental material (*, P < 0.05; **, P <
0.01; ***, P < 0.001).
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