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Escape of Actively Secreting Shigella flexneri from ATG8/LC3-Positive
Vacuoles Formed during Cell-To-Cell Spread Is Facilitated by IcsB
and VirA
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ABSTRACT The enteropathogenic bacterium Shigella flexneri uses a type 3 secretion apparatus (T3SA) to transfer proteins
dubbed translocators and effectors inside host cells, inducing bacterial uptake and subsequent lysis of the entry vacuole. Once in
the cytoplasm, the outer membrane protein IcsA induces actin polymerization, enabling cytoplasmic movement and cell-to-cell
spread of bacteria. During this infectious process, S. flexneri is targeted by ATG8/LC3. The effector IcsB was proposed to inhibit
LC3 recruitment by masking a region of IcsA recognized by the autophagy pathway component ATG5. The effector VirA, a
GTPase-activating protein (GAP) for Rab1, was also shown to prevent LC3 recruitment. However, the context of LC3 recruit-
ment around S. flexneri is not fully understood. Here, we show that LC3 is recruited specifically around secreting bacteria that
are still present in vacuoles formed during entry and cell-to-cell spread. While LC3 recruitment occurs around a small propor-
tion of intracellular wild-type bacteria, the icsB, virA, and icsB virA mutants display incremental defaults in escape from LC3-
positive vacuoles formed during cell-to-cell spread. Our results indicate that IcsB and VirA act synergistically to allow bacteria to
escape from LC3-positive vacuoles by acting at or in the immediate vicinity of the vacuole membrane(s). We also demonstrate
that LC3 is recruited around bacteria still present in the single-membrane entry vacuole, in a manner akin to that seen with LC3-
associated phagocytosis. Our results indicate that LC3 recruitment occurs around bacteria still, or already, in membrane com-
partments formed during entry and cell-to-cell spread, and not around bacteria free in the cytoplasm.

IMPORTANCE The targeting of S. flexneri by LC3 is a classic example of the targeting of foreign cytoplasmic particles by au-
tophagy (so-called “xenoautophagy”). It is often assumed that LC3 is recruited around bacteria present in the cytoplasm through
the formation of canonical double-membrane autophagosomes. Our results indicate that LC3 is recruited around the entry vac-
uole composed of a single membrane as in the case of LC3-associated phagocytosis. Effectors IcsB and VirA had been implicated
in the blocking of LC3 recruitment, but it was not known if they acted on the same or distinct LC3-recruiting pathways. Our re-
sults indicate that LC3 is recruited exclusively around bacteria present in vacuoles formed during entry and cell-to-cell spread
and that both IcsB and VirA intervene at the latter stage to facilitate bacterial escape. Our report reconciles several findings and

may have broad implications for our understanding of the specific targeting of bacterial pathogens by LC3.
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utophagy is a cellular homeostasis process characterized by

the entrapping of cytoplasmic content into double-
membrane compartments dubbed autophagosomes. Fusion of
the latter with late endosome/lysosome compartments (LE/Ly)
leads to the formation of autophagolysosomes whose complex
biochemical contents are degraded into their simpler biochemical
constituents (e.g., amino acids, glucids and lipids, etc.) to be re-
used by the cell. The study of macroautophagy using amino acid
or growth factor starvation led to the identification of the princi-
pal proteins implicated in canonical autophagosome biogenesis.
In addition, specialized autophagy pathways have been described,
including noncanonical autophagy-related processes that are in-
dependent of some core components of canonical autophagy and

May/June 2015 Volume 6 Issue 3 e02567-14

selective autophagy targeting specific organelles or, in the case of
so-called “xenoautophagy,” foreign intracellular particles such as
viruses and bacteria. Proteins of the family ATG8/MAP1LC3
(LC3) are implicated in every type of autophagy and are used as
markers of autophagosome membranes (1, 2). LC3 is also re-
cruited in the xenoautophagy of many intracellular bacterial
pathogens, including Shigella flexneri, Salmonella enterica, Burk-
holderia pseudomallei, Listeria monocytogenes, group A Streptococ-
cus, and Staphylococcus aureus, to facilitate fusion of bacterium-
containing vacuoles with LE/Ly and to create a hostile
environment for pathogens (2, 3). Noncanonical autophagy path-
ways have been implicated in several cases of xenoautophagy (2,
4). For example, intracellular B. pseudomallei is targeted by LC3-
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associated phagocytosis (LAP), consisting in the recruitment of
LC3 directly to the bacterium-containing vacuole formed during
entry (5).

S. flexneri is an enteropathogenic Gram-negative bacterium
and the etiologic agent of bacterial dysentery. The intracellular
infection cycle of S. flexneri includes the induction of the initial
uptake (entry) of extracellular bacteria by epithelial cells in a man-
ner akin to phagocytosis, through the delivery of bacterial trans-
locators and effectors by its type 3 secretion apparatus (T3SA) (6)
(step 1); the rupture of the entry vacuole, which requires the trans-
locators IpaB and IpaC and potentially other effectors (7-9) and is
detectable by galectin-3 (Gal-3) recruitment (10, 11) (step 2); the
proliferation of bacteria in the cytoplasm of infected cells (step 3);
and the cell-to-cell spread of bacteria (step 4), consisting in (i) the
movement of bacteria in the cytoplasm promoted by the outer
membrane protein IcsA (also known as VirG) inducing the actin
polymerization at one pole of the bacterium (12) and (ii) the en-
countering of motile bacteria with the plasma membrane (PM),
which induces (iii) the formation of protrusions that are finger-
like extensions of the PM of a given cell into a neighboring receiv-
ing cell (13-15) and (iv) the secondary uptake of protrusion-
trapped bacteria by the receiving cell through the formation of a
secondary vacuole that is subsequently ruptured (through the ac-
tion of translocators and, potentially, other effectors) and detected
by Gal-3 recruitment, as during entry, to allow bacteria to gain
access to the cytoplasm of the receiving cell (15-17). The iteration
of steps 3 and 4 leads to the progressive invasion of the epithelial
cell monolayer in vitro or of the colonic mucosa in vivo. Transcrip-
tion of a subset of effector-encoding genes is positively controlled
by the activity of the T3SA (18). Using a transcription-based se-
cretion activity reporter (TSAR) to detect recent T3SA activity of
individual bacteria, we demonstrated that the T3SA is active dur-
ing both the initial and the secondary uptakes, when bacteria are
in close contact with the PM, but not in bacteria free in the cyto-
plasm (19).

S. flexneri has been shown to be targeted by LC3 and to escape
autophagy through the action of its effectors IcsB and VirA (20,
21). Both icsB and virA mutants were more readily associated with
LC3-positive compartments and displayed a lower multiplicity
index than the wild-type (WT) strain at later time points after
entry (i.e., >180 min). Nevertheless, an icsB mutant displayed no
spreading defect in a plaque assay performed on a polarized cell
monolayer, suggesting that it was still capable of escaping au-
tophagy, at least to a certain extent (22). More recently, the cho-
lesterol binding domain of IcsB was implicated in the escape of
bacteria from LC3-positive membrane compartments (23), indi-
cating that perturbations in the lipid composition of the mem-
brane of the vacuole might be implicated in its disruption. VirA
was shown to act as a GTPase-activating protein (GAP) for the
small GTPase Rabl (21). Rabl, initially implicated in vesicular
transport between the endoplasmic reticulum and the Golgi ap-
paratus (24), was also recently implicated in autophagy and found
to be associated to phagosomes formed around inert particles (25,
26). However, it is not known whether IcsB and VirA act on the
same or on distinct LC3-recruiting pathways or whether LC3 is
recruited around bacteria that are free in the cytoplasm or are
present in entry or secondary vacuoles.

Here, we investigated the context of LC3 recruitment around
S. flexneri and the stage at which IcsB and VirA act to favor escape
of bacteria from LC3-positive vacuoles. By analyzing LC3 recruit-
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ment around intracellular WT, icsB, virA, and icsB virA bacteria,
monitoring expression of the TSAR, and detecting the secreted
translocator IpaB in the vicinity of bacteria, we demonstrated that
LC3 is recruited solely around secreting bacteria that are in vacu-
oles rather than around those that are in the host cell cytoplasm.
Other evidence also indicated that IcsB and VirA act synergisti-
cally on or in the vicinity of the membrane of bacterium-
containing vacuoles formed during cell-to-cell spread. Correlative
light electron microscopy (CLEM) indicated that the entry vacu-
ole targeted by LC3 is composed of a single membrane. These
results suggest that S. flexneri is targeted by LAP following entry
and, most probably, cell-to-cell spread.

RESULTS

LC3 is recruited around actively secreting Shigella flexneri bac-
teria present in membrane compartments formed during cell-
to-cell spread. To investigate the relationship between the T3SA
activity of individual bacteria and the recruitment of LC3 around
these bacteria during cell-to-cell spread, we used WT, icsB, and
virA strains expressing both the green fluorescent protein (GFP)
under the control of the T3SA activity-regulated ipaH7.8 pro-
moter (p-ipaH7.8) dubbed the TSAR and the cyan fluorescent
protein (CFP) variant Cerulean under the control of the constitu-
tive rpsM promoter (p-rpsM) carried by the pTSAR1Ud2.1 re-
porter plasmid (19). Human colonic epithelial TC7 cell monolay-
ers were infected for 240 min, fixed, labeled with anti-LC3
antibodies, and analyzed by confocal microscopy to evaluate si-
multaneously LC3 localization and the recent T3SA activity of
individual bacteria (Fig. 1A). The graph in the inset of Fig. 1A
shows the occurrence of LC3 labeling on at least three sides of a
bacterium relative to the total number of intracellular bacteria for
the WT (15.8 & 6.2%), icsB (24.8 = 8.7%), and virA (35.1 == 4.5%)
strains. For these three strains, most TSAR-negative (low secre-
tion activity) bacteria were devoid of LC3 labeling and 30 to 60%
of TSAR-positive (high secretion activity) bacteria were associated
with LC3 labeling. Moreover, for the two mutants, the frequency
of LC3-positive bacteria was increased in the subpopulation of
TSAR-positive, but not TSAR-negative, bacteria. These results in-
dicated that LC3 recruitment was occurring only around bacteria
in which the T3SA was active or had been active recently.
Detection of GFP expressed from a promoter regulated by the
T3SA activity lags the activation of the T3SA by ~15 min. Detec-
tion of secreted translocators in the vicinity of intracellular bacte-
ria readily permits the identification of bacteria that are still re-
tained in the membrane compartment in which the T3SA is or had
been active (19). Labeling of IpaB and LC3 was performed on TC7
cells infected for 240 min (Fig. 1B). The fraction of IpaB-positive
bacteria exhibiting LC3 labeling was increased for the icsB (49.7 *
10.4%) and virA (61.3 * 9.9%) strains compared to the WT
(37.2 = 3.4%) strain (Fig. 1B, graph in the upper panel). Consis-
tent with results obtained with the TSAR (Fig. 1A), LC3 labeling of
WT, icsB, and virA bacteria was associated with IpaB-positive
(>95%) but not IpaB-negative (<6%) bacteria. Bacterial strains
unable to move in the cytoplasm and, hence, unable to induce
their secondary uptake into neighboring cells, such as the icsA,
icsA icsB, and icsA virA mutants, exhibited a low level of TSAR
expression and scarce and rarely colocalizing IpaB and LC3 label-
ing at 240 min postchallenge (PC) (see Fig. S1A in the supplemen-
tal material). IpaB and LC3 labeling were rarely observed on more
than 2 sides of a given bacterium. These results supported the
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FIG1 LC3 is recruited around actively secreting Shigella flexneri bacteria present in membrane compartments formed during cell-to-cell spread. (A) Confocal
microscopy analyses of LC3 labeling and WT, icsB, or virA bacteria harboring the pTSAR1Ud2.1 plasmid in TC7 cells at 240 min postchallenge (PC) and
counterstained with DAPI. The graph in the inset shows the frequency of LC3-positive bacteria (n = 10). Arrowheads and arrows indicate poorly secreting
(TSAR—) or highly secreting (TSAR+) LC3-negative and LC3-positive bacteria, respectively. The graph in the right panel shows the frequency of LC3 labeling
around TSAR™ or TSAR ™ bacteria (n = 3). All histograms show mean values and standard deviations. A one-way analysis of variance (ANOVA) and Bonferroni’s
posttests for pairwise comparison were performed in both graphs, except for comparison between the same strains in the right panel, where Student’s ¢ tests for
paired data were used (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 [for all figures]). (B) Confocal microscopy analyses of LC3 and IpaB labeling
in infected TC7 cells obtained as described for panel A. Arrowheads and arrows indicate prototypical IpaB-negative and IpaB-positive bacteria, respectively. The
graph in the upper right panel shows the frequency of LC3 labeling around IpaB-negative or IpaB-positive bacteria (n = 3). The graph in the lower right panel
shows the frequency of IpaB-negative or IpaB-positive bacteria among LC3-positive bacteria. Statistical tests were performed as described for panel A (see also

Fig. S1 to S3 in the supplemental material).

notion that LC3 labeling surrounding bacteria after escape from
the entry vacuole was due to the recruitment of LC3 to the sec-
ondary vacuole formed during cell-to-cell spread. Following the
initial uptake (60 min PC), when the T3SA is activated even in the
absence of IcsA (19), there were no detectable differences in LC3
labeling between the WT, icsB, and virA strains and their cell-to-
cell-spreading-deficient counterparts, the icsA, icsA icsB, and icsA
virA strains (see Fig. S1B). Both IpaB and LC3 labeling were often
observed on three or four sides of bacteria. These data confirmed
the occurrence of an IcsA-independent recruitment of LC3 during
entry (27). Although the icsB, virA, icsA icsB, and icsA virA mutants
are similarly targeted by LC3 during the initial uptake, the absence
of a noticeable increase in the frequency of LC3 recruitment
around the cell-to-cell-spreading-deficient icsA icsB and icsA virA
strains at a later time point (240 min PC) indicates that they are
not strongly impaired in their ability to escape from the entry
vacuole.

A strong occurrence of LC3 recruitment around IpaB-positive
bacteria at 240 min PC was also observed in colonic sections of
guinea pigs infected by WT bacteria constitutively expressing GFP
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(see Fig. S2 in the supplemental material). The colocalization of
LC3 and IpaB was superior to that of LC3 and GFP (Pearson’s
coefficients of 0.90 and 0.53, respectively). Thus, recruitment of
LC3 around intracellular bacteria in which the T3SA is active, or
had been recently active, occurs during an in vivo infection.

To test whether IcsB and VirA had an effect on the autophagy
pathway upstream from the recruitment of LC3, we performed
labeling of IpaB and Beclin-1 or ATGI12 in cells infected by the
WT, icsB, and virA strains at 240 min PC. For the three strains, the
presence of Beclin-1 and ATG12 was strongly correlated with the
presence of IpaB around individual bacteria (>90%), and there
were no significant increases in the detection of these proteins in
the vicinity of icsB and virA bacteria compared to WT bacteria (see
Fig. S3 in the supplemental material).

Taken together, these results suggested that the mechanism of
LC3 recruitment observed in cells infected by the icsB and virA
mutants is the same as, albeit more efficient than, the one observed
in cells infected by the WT strain. Hence, both IcsB and VirA seem
to play a role in permitting escape from LC3-positive membrane
compartments formed during cell-to-cell spread.
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LC3-positive vacuoles containing icsB and virA bacteria are
less destabilized and acquire the LE/Ly marker LAMP2 more
readily. Since the recruitment of LC3 occurred around bacteria
located in membrane compartments formed during cell-to-cell
spread, we wondered whether the increased occurrence of LC3
around icsB and virA bacteria, particularly when they were or had
been recently secreting (Fig. 1A), was due to a longer residence
time of these bacteria inside an intact membrane compartment.
To test that hypothesis, Gal-3 labeling (Gal-3 is a marker of the
disruption of bacterium-containing vacuoles [10, 11]) and LC3
labeling were performed on invaded TC7 cells at 240 min PC
(Fig. 2A). For the three strains, approximately 10% of intracellular
bacteria exhibited Gal-3 labeling. Within the LC3-positive bacte-
rial subpopulation, there were fewer Gal-3-positive bacteria for
the icsB (52.6 = 14.3%) and virA (20.3 * 3.4%) strains than for
the WT (70.1 £ 11.6%) strain. The strong reduction in Gal-3
labeling of LC3-positive virA bacteria suggested that virA bacteria
were less effective than WT and icsB bacteria at destabilizing the
LC3-positive vacuoles surrounding them. Furthermore, the high
proportion of WT bacteria labeled for both LC3 and Gal-3 sug-
gested that the recruitments of these proteins were almost simul-
taneous and, therefore, that vacuoles surrounding WT bacteria
were destabilized soon after they were formed.

To test whether the longer residence time of icsB and virA mu-
tants inside the vacuole was sufficient to increase fusion events of
this compartment with LE/Ly, infected TC7 cells were labeled for
both the lysosomal marker LAMP2 (28) and LC3 at 240 min PC
(Fig. 2B). The frequency of LAMP2-positive bacteria in the total
population was lower for the WT strain (5.2 = 1.6%) than for the
icsB (19 £ 10%) and virA (31.4 = 0.8%) strains. Among the LC3-
positive subpopulation, the frequencies of LAMP2-positive bac-
teria were increased drastically for icsB and virA strains (71.3 *
8.5% and 72.2 * 8.6%, respectively) compared to the WT strain
(32.2 = 12.9%). Furthermore, for each strain, the LAMP2 labeling
was strongly correlated with the LC3 labeling in the total popula-
tion (y = —11.1 + 1.34X, R = 0.99). These results indicated the
strong correlation between the presence of bacteria in intact LC3-
positive vacuoles and the acquisition of the LAMP2 LE/Ly marker
by this membrane compartment.

Results presented above indicated that IcsB and VirA are play-
ingarole at the same stage of the infectious cycle, i.e., following the
secondary uptake, to restrain association of bacteria with LC3-
positive vacuoles, suggesting that these effectors might act syner-
gistically. To test this hypothesis, an icsB virA mutant was con-
structed and characterized and compared to the other strains.
First, the observation of intracellular icsB virA bacteria by immu-
nofluorescence performed on invaded TC7 cells at 240 min PC
revealed the formation of large bacterial clusters that affected the
intracellular distribution of this mutant compared to the WT
strain (see Fig. S4A in the supplemental material). To compare the
sizes of clusters formed by the various strains, we counted the
number of adjacent bacteria surrounded by LC3 and/or LAMP2
labeling in TC7 cells at 240 min PC (see Fig. $4B). Compared to
the WT strain, the numbers of bacteria present in the clusters
formed by the icsB strain or by the virA and icsB virA strains were
increased approximately 2-fold and 3-fold, respectively (Fig. 2C).
This result indicated that icsB, virA, and icsB virA bacteria were
incrementally retained within their secondary vacuole. Moreover,
the frequency of LAMP2-positive and LC3-negative clusters was
increased approximately 4-fold for the icsB virA mutant compared
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to the virA mutant, indicating that vacuoles containing icsB virA
bacteria underwent a more sustained maturation than vacuoles
formed by the virA mutant (see Fig. S4B). Accordingly, the fre-
quency of vacuolar disruption measured by Gal-3 labeling was
reduced approximately 2-fold for the icsB virA mutant (6.7 *
1.1%) compared with the virA mutant (11.9 = 2.0%) (P < 0.05,
according to a Student’s ¢ test for unpaired data). To determine if
the larger bacterial clusters observed with the icsB virA mutant
were the result of the replication of bacteria present in vacuoles,
we used videomicroscopy to follow the association of icsB virA
bacteria harboring pTSAR1Ud2.1 with mCherry-LC3A in TC7
cells from 120 min PC. The data revealed that clusters increased
through bacterial divisions over the course of the observation (see
Movie S1 and Movie S2). Bacteria could nevertheless occasionally
escape the LC3-positive vacuoles (see Movie S2). These results
suggested that the icsB virA mutant has a stronger cell-to-cell
spread defect than the icsB and virA mutants. To test this hypoth-
esis, a plaque assay was performed on confluent TC7 cells. The
numbers of plaque-forming units were similar for all strains tested
(see Fig. S4C), suggesting that the entry process, including escape
from the entry vacuole, was not strongly affected in the mutants.
Nevertheless, plaques formed by the icsB virA mutant were 3-fold
smaller than those formed by the WT strain and the icsB and virA
mutants (Fig. 2D). Taken together, these observations indicate
that IcsB and VirA act synergistically to enable bacterial escape
from LC3-positive vacuoles.

IcsB and VirA actlocally to promote escape of bacteria from
LC3-positive vacuoles. The results presented above suggested
that recruitment of LC3 to bacteria was occurring in the PM-
derived compartment in which the T3SA was activated. To mon-
itor LC3 recruitment, T3SA activation, and bacterial cytoplasmic
movement in real time, we used live video microscopy of MK2
cells that were expressing mCherry-LC3A and infected with the
WT strain harboring pTSAR1Ud2.1 (see Movie S3 in the supple-
mental material). In the representative example illustrated in
Fig. 3A, where time 0 min (T0) is arbitrary, the LC3 signal in-
creased from T5 up to T28 and decreased thereafter until it disap-
peared at one pole of the bacterium, presumably through vacuole
lysis, at T44. Then, the bacterial movement in the cytoplasm re-
sumed almost immediately. Detection of the TSAR started at T32,
i.e., ~25 min after the appearance of the LC3 labeling, increased
steadily, and reached a plateau at T64, i.e., ~22 min after the dis-
appearance of the LC3 labeling. Due to the time required for mat-
uration of GFP, there is an ~15 min delay between the activation
of the T3SA-regulated promoter controlling expression of the
GFP and the detection of the TSAR signal (19). Therefore, these
observations suggest that effectors are secreted and function
shortly after LC3 recruitment to promote vacuolar escape.

The role of IcsB and VirA in promoting bacterial escape from
secondary vacuoles during cell-to-cell spread suggests that these
effectors might act on or in the immediate vicinity of the mem-
brane. To investigate where IcsB and VirA are located during in-
fection, icsB and virA strains were complemented with plasmids
encoding Myc-tagged versions of IcsB WT, VirA WT, or VirA
R188K/Q280A devoid of GAP activity toward Rabl (21) (see
Fig. S5A in the supplemental material). Localization of LC3, IpaB,
IcsB-Myc, and VirA-Myc was performed in invaded TC7 cells at
240 min PC (Fig. 3B; see also Fig. S5B). Most Myc-positive bacte-
ria were IpaB positive (89%, 97%, and 97% for IcsB-Myc, VirA-
Myc, and GAP-dead VirA-Myc, respectively). These Myc-positive
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FIG2 LC3-positive vacuoles containing icsB and virA bacteria are less destabilized and acquire the LE/Ly marker LAMP2 more readily. (A) Confocal microscopy
analyses of LC3 and galectin-3 (Gal-3) labeling and WT, icsB, or virA bacteria harboring the pTSAR1Ud2.1 plasmid in TC7 cells at 240 min postchallenge (PC)
and counterstained with DAPI. The graph with gray bars shows the frequency of Gal-3-positive bacteria (n = 3). The graph with black bars shows the frequency
of Gal-3-positive bacteria among LC3-positive bacteria (n = 3). One-way ANOVA and Bonferroni’s posttests for pairwise comparison were performed. (B)
Confocal microscopy analyses of LC3 and LAMP2 labeling in infected TC7 cells obtained as described for panel A. The graph with gray bars shows the frequency
of LAMP2-positive bacteria (n = 3). The graph with black bars shows the frequency of LAMP2-positive bacteria among LC3-positive bacteria (n = 3). The graph
in the lower panel shows the correlation between LC3 and LAMP2 labeling around S. flexneri (Sf) bacteria based on the strain-to-strain variations. The statistical
tests used were the same as those described for panel A. (C) Graph showing the average number of bacteria per LC3 and/or LAMP2 cluster for the WT, icsB, virA,
and icsB virA bacteria (n = 3; 15 to 54 clusters were counted per replicate of the experiment) in TC7 cells at 240 min PC. (D) Plaque formation assays performed
on confluent TC7 cell monolayers with the WT, icsB, virA, and icsB virA strains. The left panels show the plaques formed by each strain. The graph in the right
panel indicates the average area of plaques formed by each strain (n = 3). A one-way ANOVA and Bonferroni’s posttests for pairwise comparison were performed
(see also Fig. S4 in the supplemental material).

bacteria were also frequently LC3 positive (19%, 44%, and 67%  vacuoles labeled with the secreted GAP-dead variant of VirA than
for IcsB-Myc, VirA-Myc, and GAP-dead VirA-Myc, respectively), — with the WT VirA (Fig. 3B, right panel), supporting the idea of a
consistent with a direct action of IcsB and VirA on LC3-positive  role for the GAP activity of VirA in promoting escape of bacteria
vacuoles. A significantly larger amount of LC3 was associated with ~ from LC3-positive vacuoles.
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for T46 the inset is rotated by 90° with respect to the corresponding boxed area. Insets were pseudocolored according to the mCherry-LC3 signal intensity (blue,
low signal; red, high signal). The graph in the right panel shows the variation in TSAR and LC3 normalized pixel intensities through time for that bacterium. The
dashed line indicates the time point at which the movement of the bacterium resumed. (B) Confocal microscopy analysis of VirA-Myc, LC3, and IpaB labeling
in TC7 cells infected by the virA mutant harboring a plasmid encoding WT or Rab GAP-dead (R188K/Q280A) VirA-Myc at 240 min PC. The graph in the right
panel shows the recruitment of LC3 around WT and GAP-dead VirA-Myc-positive bacteria (approximately 30 bacteria were considered for each strain). A
Student’s ¢ test for unpaired data with unequal variance was performed. (C) Confocal microscopy analysis of LAMP2 in TC7 cells coinfected with WT bacteria
harboring pTSAR1Ud2.4s (p-rpsM-mCherry) and icsB virA bacteria harboring pTSAR1Ud2.1 (p-rpsM-Cerulean) at 240 min PC. Arrowheads and arrows
indicate WT and icsB virA bacteria, respectively (see also Fig. S5 and Movie S3).

To investigate whether IcsB and VirA act in the immediate
vicinity of secreting bacteria, coinfection experiments performed
with the WT strain and each of the icsB, virA, and icsB virA mu-
tants were performed in TC7 cells. To differentiate the WT from
the mutant strains, the WT strain harbored pTSAR1Ud2.1 encod-
ing Cerulean under the control of p-rpsM and the icsB, virA, and
icsB virA strains harbored pTSAR1Ud.4s encoding mCherry un-
der the control of p-rpsM. Samples were processed for LAMP2
labeling at 240 min PC (Fig. 3C; see also Fig. S5C in the supple-
mental material). Within the same cell, icsB virA bacteria formed
LAMP2-positive clusters as described above, while WT bacteria
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remained devoid of LAMP2 labeling. The sizes of the bacterial
clusters formed by icsB virA in the context of coinfection and in
regular infection were similar (see Fig. S5C). Similar results were
obtained upon coinfections by the WT strain and the icsB or virA
mutants (see Fig. S5C). These results indicated that the lack of
production of IcsB or VirA by the mutants was not complemented
in trans by IcsB and VirA produced by WT bacteria infecting the
same cell, suggesting that these effectors exert their function in the
immediate vicinity of the bacterium-containing vacuole.
LC3isrecruited to Shigella flexneri entry vacuoles composed
of a single membrane. The experiments whose results are pre-
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sented above focused on the recruitment of LC3 on the secondary
vacuoles formed during cell-to-cell spread. In this compartment,
bacteria are surrounded by two cellular membranes, the PM of the
cell from which the bacterium creates a protrusion and the PM of
the cell in which the protrusion enters (13, 14, 19), in a process
independent of canonical autophagy pathways. LC3 is also re-
cruited during the entry process around secreting bacteria (see
Fig. S1in the supplemental material). To determine the number of
membranes surrounding LC3- and TSAR-positive bacteria fol-
lowing entry of bacteria in epithelial cells, a correlative light and
electron microscopy (CLEM) experiment was designed. TC7 cells
were transfected with mCherry-LC3A and processed for observa-
tion 60 min PC by the WT or icsB virA strain (Fig. 4; see also
Fig. S6). EM images obtained from cells infected by each strain
demonstrated that secreting (TSAR-positive) bacteria were pres-
ent in an LC3-positive compartment composed of a single mem-
brane. This result strongly supported the hypothesis that LC3 is
recruited to S. flexneri-containing vacuoles in a manner akin to
that seen with LAP.

DISCUSSION

Results presented here demonstrated that LC3 is recruited specif-
ically around secreting bacteria that, as previously shown (19), are
present exclusively in PM-derived membrane compartments
formed during entry and cell-to-cell spread. This study also indi-
cated that icsB, virA, and icsB virA mutants are more efficiently
retained in LC3-positive vacuoles than the WT strain during cell-
to-cell spread (240 min PC). The LC3-positive secondary vacuoles
formed by the icsB, virA, and icsB virA mutants contained more
bacteria, were less associated with Gal-3, and fused more readily
with LE/Ly compartments than their counterparts formed by the
WT strain. Furthermore, compared to the WT strain, the icsB and
virA bacteria trapped in these membrane compartments were
more frequently TSAR positive, suggesting that the mutants were
residing for alonger period in membrane compartments endowed
with an improved capacity to maintain their integrity and the
T3SA activity. The strong spreading defect exhibited by the icsB
virA mutant, compared to the icsB and virA mutants, is evidence
that IcsB and VirA act in synergy, most likely on different targets.
The idea of local action of IcsB and VirA is supported by the
inability of WT bacteria to complement in trans icsB, virA, or icsB
virA mutants infecting the same cell.

Does the mechanism leading to the recruitment of LC3 around
intracellular S. flexneri correspond to classical autophagy, in
which a cytoplasmic bacterium gets surrounded by two cellular
membranes, or to a process of LAP operating on the membrane of
an entry vacuole or of a secondary vacuole obtained by internal-
ization of a protrusion by a neighboring cell? The observation that
vacuoles labeled by LC3 upon entry of S. flexneri into epithelial
cells are composed of a single membrane unambiguously indi-
cates that LC3 recruitment at the membrane of the entry vacuole
corresponds to LAP, as proposed previously (27). Since canonical
autophagosomes and internalized protrusions are both limited by
two cellular membranes, they cannot be distinguished on the basis
of the number of membranes limiting these compartments.
Through the use of conditional systems to control gene expression
in intracellular bacteria, the T3SA and IpaB and IpaC were shown
to be required for cell-to-cell spread (13, 14, 19). The compart-
ment in which bacteria devoid of IpaB or IpaC were trapped was
limited by two cellular membranes and contained a dense material
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FIG4 LC3is recruited to Shigella flexneri entry vacuoles composed of a single
membrane. (A) Light-fluorescence microscope images of TC7 cells transfected
with a plasmid encoding mCherry-LC3A and infected with icsB virA bacteria
harboring pTSAR1Ud2.1 at 60 min PC. TSAR-positive bacteria such as those
in the boxed area were selected for observation by electron microscopy (EM).
The number and letters indicate the cell of interest and its neighboring cells,
respectively, and match the corresponding cells labeled in panel B. (B) Cells
and bacteria in the region of interest indicated in panel A recovered from the
corresponding grid and observed by EM. The bottom left panels display the
membrane morphology of the slightly curved bacteria; the bottom right panels
display the membrane morphology of the other bacterium in the field of in-
terest. Arrows and arrowheads indicate the bacterial outer membrane (BOM)
and the vacuolar membrane (sVM), respectively (see also Fig. S6 in the sup-
plemental material).

interpreted as being composed of polymerized actin, suggesting
that it corresponded to internalized protrusions (13, 14). Other
works showed that an icsA mutant (unable to induce the forma-
tion of protrusions) was present in an LC3-positive compartment
shortly after entry (27), but not at later time points (20). These
observations were interpreted as an indication that there are two
types of LC3 recruitment, an IcsA-independent recruitment fol-
lowing the initial uptake and an IcsA-dependent recruitment af-
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FIG5 Scheme describing the role of the effectors IcsB and VirA in the escape of actively secreting S. flexneri from LC3-positive vacuoles formed in epithelial cells.
Nonsecreting bacteria present in the extracellular medium come into contact with the host cell membrane, inducing their own uptake through secretion of
translocators and effectors by the T3SA (step 1). LC3, translocators, and effectors, including IcsB and VirA, associate with the entry vacuole (step 2); the
translocators IpaB and IpaC, with lesser contributions from other effectors, induce vacuole rupture (step 3), which allows bacteria to gain access to the cytoplasm,
where the activity of the T3SA is turned off and bacteria replicate (step 4). Upon access to the cytoplasm of the infected cell, bacteria start forming actin comet
tails using the IcsA outer membrane protein (step 5) and move in the cytoplasm to form protrusions (step 6), where the T3SA is reactivated. Bacteria that fail to
form a protrusion, such as the icsA mutant, cannot induce secondary uptake events and their T3SA is not reactivated. Protrusions are taken up by neighboring
cells, forming secondary vacuoles composed of a double membrane that is associated, similarly to the entry vacuole, with LC3, IcsB, VirA, and the translocators
(step 7). However, IcsB and VirA play a more prominent role in the escape from the LC3-positive vacuole during secondary uptake compared to the initial uptake.
In the WT strain, IcsB and VirA facilitate escape from the LC3-positive vacuole to access the cytoplasm and continue cell-to-cell spreading (step 7A). In contrast,
the icsB virA mutant is defective in cell-to-cell spreading because it is not able to efficiently escape its LC3-positive vacuole that matures further, as indicated by

acquisition of the LE/Ly marker (LAMP2) (step 7B).

terward (27). Detection of interactions between IcsA and both
IcsB and ATG5, together with the absence of LC3 recruitment on
an icsA icsB mutant, led to the proposal that IcsB prevents the
binding of ATG5 to IcsA (VirG), thereby blocking subsequent
steps in the autophagy pathway, including LC3 recruitment (20).
However, at a late time point postentry (240 min PC), the absence
of LC3 recruitment around icsA, icsA icsB, and icsA virA bacteria
appeared to be mostly due to the inability of these mutants to
induce secondary uptake events. Results presented here suggest
the following model for the association of LC3 to intracellular
bacteria (Fig. 5): LC3 is recruited onto S. flexneri-containing vac-
uoles formed upon uptake of both extracellular bacteria (during
entry) and protrusions (during cell-to-cell spread); and IcsB and
VirA facilitate escape from LC3-positive vacuoles formed during
cell-to-cell spread by acting on or in the immediate vicinity of the
membrane(s) of these vacuoles, destabilizing them and avoiding
the fusion with LE/Ly that would reduce bacterial fitness and dis-
semination.

Our results indicate that the icsB, virA, and icsB virA mutants
are impaired in their ability to escape from the secondary, but not
the entry, vacuole in polarized epithelial cells. These two vacuoles
differ in several aspects, including the number of membranes lim-
iting them (the entry vacuole is limited by one membrane,
whereas the secondary vacuole is limited by two membranes) and
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the leaflet of the PM facing the bacterium (the outer leaflet in the
entry vacuole and the inner leaflet in the secondary vacuole). The
detailed mechanisms by which IcsB and VirA contribute to desta-
bilizing bacterium-containing secondary vacuoles remain to be
elucidated. The cholesterol binding property of IcsB and its pro-
posed protease or acyltransferase activities (23, 29) and the GAP
activities of VirA toward Rab1l (21) might be involved in either
accelerating the disruption of the vacuole or blocking repair
mechanisms of a vacuole destabilized by the insertion of translo-
cators IpaB and IpaC. Depending on the cell type, the lipid and
protein composition of the entry vacuole might affect the stability
of its membrane and, hence, its sensitivity to different effectors.
Even though IcsB and VirA do not appear to be required for es-
cape of the entry vacuole in epithelial cells in vitro, they might be
necessary for escape in other cell types.

Ubiquitin-receptor molecules such as p62/SQSTM1, NDP52,
and optineurin have been implicated in the recognition of
ubiquitin-decorated intracellular pathogens, including Salmo-
nella enterica (serovar Typhimurium) and S. flexneri, and the en-
suing recruitment of LC3 (11, 27, 30-33). The recruitment of p62
and NDP52 occurred specifically around bacteria present in a dis-
rupted vacuolar compartment (11, 31, 34), suggesting that the
genuine danger signal responsible for ubiquitin-receptor recruit-
ment is the disruption of the vacuole. In the case of WT S. flexneri,
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we showed that LC3 was recruited to bacteria located in disrupted
vacuoles, as indicated by the concomitant recruitment of Gal-3,
rather than on cytosolic nonmotile bacteria. The decreased Gal-3
labeling among the subpopulation of LC3-positive bacteria in the
icsB and virA mutants, compared to the WT strain, may not reflect
achange in the mechanism of ubiquitin receptors or Gal-3 recruit-
ment but may rather be the consequence of the diminished capac-
ity of these mutants to escape from their secondary vacuoles. The
formation of septin cages has emerged as a mechanism that could
restrain cell-to-cell spread by retaining S. flexneri within LC3-
positive compartments (35). IcsB was also implicated in the escape
from septin cages associated with p62 and NDP52 (32, 35), sug-
gesting that septins might also be recruited specifically around
secreting S. flexneri. Further studies will be necessary to address
the role of ubiquitin receptors and septins in LC3 recruitment
around secreting bacteria.

LAP is increasingly implicated in the response to bacterial in-
fections, including infections by Mycobacterium avium, S. Typhi-
murium, Yersinia tuberculosis, and B. pseudomallei (4, 36). In LAP,
recruitment of LC3 was previously shown to increase fusion of
phagosomes with LE/Ly, thus enhancingkilling of ingested organ-
isms (37, 38). LC3 recruitment in LAP is independent of Unc-51-
like kinase 1 (ULK1), is activated by Toll-like receptors, and de-
pends on the presence of a functional NADPH oxidase (2, 37-39).
These specific properties distinguish LAP from canonical au-
tophagy and, hence, may allow pharmacologically targeting
infection-specific processes while keeping the core macroau-
tophagy machinery intact.

MATERIALS AND METHODS

S. flexneri strains. Shigella flexneri 5a strain M90T-Sm (GenBank acces-
sion no. CM001474.1) harboring the pWR100 virulence plasmid (Gen-
Bank accession no. AL391753.1) and a streptomycin resistance mutation
was used as the wild-type (WT) strain (40). Mutant strains icsA-I
(FXS297) and icsB-2 (FXS299) were previously described (12, 22). The
virA-3 (FXS570), icsA-1 virA-3 (FXS645), and icsB-2 virA-3 (FXS572)
strains were generated from the WT, icsA-1, and icsB-2 mutants by allelic
exchange (41). To construct the virA-3 mutant (FXS570), the cat gene was
inserted between nucleotides 144656 and 145596 of virA (virA open read-
ing frame [ORF] coordinates in pWR100, 144615 to 145817). The icsA-3
icsB-2 strain (FXS626) was also generated from the icsB-2 strain by allelic
exchange. To construct the iscA-3 allele in the icsB-2 mutant, the cat gene
was inserted between nucleotides 146685 and 149315 of icsA (icsA ORF
coordinates in pWR100, 146346 to 149654).

Plasmids. TSAR plasmids were described previously (19, 42). Briefly,
pTSAR1Ud2.1 is a dual-promoter reporter system consisting in the gene
encoding GFPsfm2 placed under the control of p-ipaH7.8, which is
strongly upregulated when the T3SA is active, and the gene encoding the
Cerulean (CFP variant) placed under the control of the constitutively
active p-rpsM; pTSAR1Ud2.4s encodes mCherry in place of Cerulean. The
coding sequences of effector genes icsB and virA were cloned through Pacl
and Xbal and through EcoRI and BamHI, respectively, into the pSU2.1tt
plasmid, which is derived from pSU2718 by the addition of the transcrip-
tion terminator of trpA upstream of the promoter of the effectors. IcsB
was expressed from the lac promoter and VirA from its endogenous pro-
moter (nucleotide coordinates in pWR100, 145818 to 145949) (43, 44). In
the subcloning process, the sequence encoding a 2-amino-acid spacer
(underlined) and the Myc tag (SGEQKLISEEDL) was introduced to the 3’
end of both coding sequences. To generate the GAP-dead variant (21),
mutations corresponding to R188K and Q280A were introduced into virA
using PCR-based mutagenesis. The resulting plasmids were named
pSU2.1tt-IcsB-Myc and pSU2.1tt-VirA-Myc (WT and GAP-dead), re-
spectively. The MAP1LC3A coding sequence was inserted between the
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Nsil and Xhol sites located in 3" of the mCherry coding sequence in the
pUBCA plasmid derived from pUB6/V5-His (Life Technologies) by the
insertion of an alternative multiple-cloning site (MCS) and removal of the
V5-His coding sequence and the two Nsil restriction sites occurring out-
side the MCS. The resulting chimeric gene encoding mCherry-
MAPI1LC3A was transcribed from the ubiquitin C promoter. The result-
ing plasmid was named pUBCA-mCherry-LC3A.

Immunofluorescence on infected cells. Infections, fixation, and per-
meabilization of TC7 cells were performed as described previously (19,
42) (see Text S1 in the supplemental material). Samples were incubated
with the primary antibodies overnight at 4°C. Rabbit polyclonal primary
antibodies recognizing MAP1LC3A, MAPILC3B, and MAPILC3C
(PMO036; MBL International) were used. Since there is significant lot-to-
lot variation associated with this antibody, experiments were mostly per-
formed with lot 025, producing, for example, less nonspecific cross-
reactivity with bacteria than lot 028; goat polyclonal primary antibodies
recognizing the c-Myc tag (A190-104A; Bethyl Laboratories) were used;
and mouse monoclonal antibodies recognizing galectin-3 (556904; BD
Biosciences), LAMP2/CD107b (555803; BD Biosciences), and IpaB (H16
[45]) were used. Secondary antibodies conjugated to Alexa Fluor 568 and
647 (Life Technologies) were used and incubated with samples for
120 min at room temperature. Cells were usually counterstained with
DAPI (4[prime],6-diamidino-2-phenylindole); Mowiol was used with
DABCO (1,4-diazabicyclo[2.2.2]octane) (Sigma-Aldrich) as the mount-
ing medium.

Plaque formation assay. Plaque formation assays were performed as
described previously (46). The area (A) of 8 to 10 plaques per strain for
each experiment was obtained by measuring the diameter (d) of a circle
encompassing each plaque scrutinized and was calculated as follows: A =
X (d/2)2.

Video microscopy. MK2 and TC7 cells were plated in 35-mm-
diameter glass-bottom dishes (reference no. 81158; IBIDI GmBH, Mar-
tinsried, Germany) coated with 50 wg/ml rat tail collagen (reference no.
A1048301; Life Technologies) and 25 ug/ml fibronectin (reference no.
F0895; Sigma-Aldrich), respectively, at 2 X 10° cells per well. Cells were
transfected 20 to 24 h later with 2.5 ug of a plasmid allowing expression of
mCherry-LC3A using 5 ul of Lipofectamine 2000 (Life Technologies),
following the protocol suggested by the supplier. Infections were per-
formed with polylysine-coated WT or icsB virA bacteria harboring
pTSAR1Ud2.1 (19), ata multiplicity of infection (MOI) of ~25, for 10 min
at room temperature. Acquisitions of images were performed in Dulbec-
co’s modified Eagle’s medium (DMEMS!?-2; Evrogen, Moscow, Russian
Federation) supplemented or not with 5% fetal bovine serum (FBS) and
10 pg/ml gentamycin and followed for 1 to 2 h (in general) at a rate of 1
image/min, under a controlled atmosphere (5% CO, and 37°C). Arrows
in Movie S2 in the supplemental material were introduced using Icy.
Pseudocolored images were created using Rainbow red-green-blue (RGB)
coloring in Fiji (ImageJ) Lookup Tables. Pixel intensities were measured
using Fiji (Image]) region-of-interest (ROI) and Measure tools.

Correlative light and electron microscopy (CLEM). TC7 cells were
plated at 1.5 X 10° to 2.0 X 10 cells per well on 35-mm-diameter dishes
with a glass bottom and grid (reference no. P35G-2-14-C-GRID; MatTek,
Ashland, MA) coated with human serum fibronectin (Sigma-Aldrich).
Coating was obtained by incubation of the coverslip with 25 mg/ml
fibronectin—phosphate-buffered saline (PBS) for from 120 min to over-
night and three washing steps with PBS and one with growth medium.
Cells were transfected 20 to 24 h later with 2.5 ug of a plasmid expressing
mCherry-LC3A from a ubiquitin promoter using 5 ul of Lipofectamine
2000 (Life Technologies) following the protocol suggested by the supplier.
At 24 h later, cells were infected with polylysine-coated WT or icsB virA
bacteria at a MOI of ~25 for 10 min at room temperature. The medium
was replaced with prewarmed (37°C) chase medium, and cells were incu-
bated for 30 min at 37°C under 5% CO,. The medium was again aspirated,
replaced with chase medium supplemented with gentamicin (50 ug/ml),
and incubated at 37°C under 5% CO, for 25 min. Samples were then
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processed for fixation and light and electron microscopy as described
previously (19) (see Text S1 in the supplemental material).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio0.02567-14/-/DCSupplemental.
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Figure S1, TIF file, 6 MB.
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Figure S4, TIF file, 6.8 MB.
Figure S5, TIF file, 3.2 MB.
Figure S6, TIF file, 8.9 MB.
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