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Intracellular Vibrio parahaemolyticus Escapes the Vacuole and
Establishes a Replicative Niche in the Cytosol of Epithelial Cells

Marcela de Souza Santos, Kim Orth

Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, Texas, USA

ABSTRACT Vibrio parahaemolyticus is a globally disseminated Gram-negative marine bacterium and the leading cause of
seafood-borne acute gastroenteritis. Pathogenic bacterial isolates encode two type III secretion systems (T3SS), with the second
system (T3SS2) considered the main virulence factor in mammalian hosts. For many decades, V. parahaemolyticus has been
studied as an exclusively extracellular bacterium. However, the recent characterization of the T3SS2 effector protein VopC has
suggested that this pathogen has the ability to invade, survive, and replicate within epithelial cells. Herein, we characterize this
intracellular lifestyle in detail. We show that following internalization, V. parahaemolyticus is contained in vacuoles that de-
velop into early endosomes, which subsequently mature into late endosomes. V. parahaemolyticus then escapes into the cyto-
plasm prior to vacuolar fusion with lysosomes. Vacuolar acidification is an important trigger for this escape. The cytoplasm
serves as the pathogen’s primary intracellular replicative niche; cytosolic replication is rapid and robust, with cells often contain-
ing over 150 bacteria by the time of cell lysis. These results show how V. parahaemolyticus successfully establishes an intracellu-
lar lifestyle that could contribute to its survival and dissemination during infection.

IMPORTANCE The marine bacterium V. parahaemolyticus is the leading cause worldwide of seafood-borne acute gastroenteritis.
For decades, the pathogen has been studied exclusively as an extracellular bacterium. However, recent results have revealed the
pathogen’s ability to invade and replicate within host cells. The present study is the first characterization of the V. parahaemo-
Iyticus’ intracellular lifestyle. Upon internalization, V. parahaemolyticus is contained in a vacuole that would in the normal
course of events ultimately fuse with a lysosome, degrading the vacuole’s contents. The bacterium subverts this pathway, escap-
ing into the cytoplasm prior to lysosomal fusion. Once in the cytoplasm, it replicates prolifically. Our study provides new in-
sights into the strategies used by this globally disseminated pathogen to survive and proliferate within its host.
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ibrio parahaemolyticus is a Gram-negative, halophilic bacte-
rium that naturally inhabits warm marine and estuarine envi-
ronments (1, 2). Ballast water discharge and rising ocean water
temperatures have been associated with V. parahaemolyticus dis-
semination and prevalence worldwide, including southern Alaska
(3-5). Recently, this bacterium was identified as the infectious
agent responsible for devastating the Southeast Asian shrimp sup-
ply, with a consequent global product price increase (6). V. para-
haemolyticus is recognized as the world’s leading cause of acute
gastroenteritis through the consumption of contaminated raw or
undercooked seafood (7). In immunocompetent individuals, the
illness is self-resolving and manifested by diarrhea with abdomi-
nal cramps, nausea, vomiting, and low-grade fever (7, 8). How-
ever, for individuals with underlying health conditions, infection
can cause severe diarrhea and septicemia, the latter correlated with
high mortality rates (9). V. parahaemolyticus has also been re-
ported to cause infections of seawater-exposed wounds, which in
rare cases lead to necrotizing fasciitis and septicemia (10).
Genome sequencing of the pandemic V. parahaemolyticus iso-
late RimD2210633 revealed the presence of two type III secretion
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systems (T3SS1 and T3SS2), injectisome apparatuses used to di-
rectly deliver bacterial proteins (termed effectors) into the host
cell (11,12).T3SS1is presentin all sequenced V. parahaemolyticus
strains, including both environmental and clinical isolates (13),
and is induced by culturing the bacteria in low Ca?*, as with
serum-free Dulbecco’s modified Eagle’s medium (DMEM) tissue
culture medium (14). While this system marginally contributes to
the bacterium’s enterotoxicity (15), the T3SS1 effectors orches-
trate a series of events to cause toxicity to cultured cells (16). These
events include rapid accumulation of autophagosomes and dis-
ruption of cell ion homeostasis, plasma membrane blebbing, cell
rounding, and finally lysis (16). T3SS2 was recently acquired
through lateral gene transfer (11), and T3SS2 gene clusters are
coincident primarily with V. parahaemolyticus clinical isolates. In
contrast to T3SS1, the expression of T3SS2 genes is induced by bile
salts (17). Together, these findings suggest that T3SS2 is important
for gastroenteritis. In fact, studies using several mammalian mod-
els for V. parahaemolyticus-induced enterotoxicity have found
T3SS2 to be the key virulence factor responsible for the pathogenic
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FIG 1 CAB2-induced uptake by epithelial cells. (A) Representative confocal
micrograph of HeLa cells infected with CAB2-GFP for 30 min and stained for
F-actin and DNA using rhodamine-phalloidin (red) and Hoechst (blue), re-
spectively. White arrows indicate membrane ruffle formation at the site of
bacterial entry. Scale bar, 20 um. (B) Representative electron micrograph of
HeLa cells infected with CAB2 for 30 min. Bacteria were pseudocolored in
purple. Scale bars, 1 wm.

symptoms associated with gastroenteritis, including diarrhea and
intestinal epithelial disruption and inflammation (15, 18, 19).

V. parahaemolyticus has been studied primarily as an extracel-
lular pathogen, subverting host cell functions from the outside
through the injection of T3SS effectors. However, the recent char-
acterization of the T3SS2 effector VopC has revealed that V. para-
haemolyticus can invade host cells. VopC exhibits homology to the
catalytic domain of the cytotoxic necrotizing factor (CNF) toxins,
which indirectly induce changes in the actin cytoskeleton, facili-
tating bacterial invasion of host cells through activation of Rho
GTPases. Similarly to CNFs, VopC activates Racl and CDC42 by
deamidating key residues (20). Interestingly, VopC-mediated ac-
tivation of CDC42 allows bacterial invasion with subsequent in-
tracellular replication within cultured epithelial cells at levels
comparable to those of the established intracellular pathogens Sal-
monella enterica serovar Typhimurium (S. Typhimurium) and
Shigella flexneri (20, 21). Despite these interesting findings, the
intracellular lifestyle of V. parahaemolyticus has not yet been stud-

ied.

Intracellular pathogens often invade host cells as a means of
escaping extracellular immune defenses. However, internalized
pathogens are not entirely protected, as they are normally routed
to lysosomes for degradation. Invasive pathogens must devise
strategies to avoid this. Typically, intracellular pathogens either (i)
reside within a customized, membrane-bound compartment,
which limits trafficking along the endosomal pathway, as for Le-
gionella and Brucella subspp. (22, 23), or (ii) rupture and escape
their vacuole to reside and replicate in the host cytosol, as in the
case of Shigella, Listeria, and Rickettsia subspp. (22, 24, 25). Recent
findings have challenged this canonical classification, as popula-
tions of vacuolar and cytosolic pathogens have been observed to
escape to the cytosol or reenter endocytic compartments, respec-
tively (25), underscoring the uniqueness of each intracellular
pathogen in creating a safe niche for replication within its host.

Given the recent findings supporting the ability of V. parahae-
molyticus to invade, survive, and replicate within epithelial cells,
the goal of the present work was to uncover the strategies used by
this pathogen to circumvent lysosomal routing and establish a
replicative niche within the host. We found V. parahaemolyticus-
containing vacuoles have limited interactions with the endosomal
pathway, including impaired fusion with lysosomes. Moreover,
V. parahaemolyticus was revealed to disrupt its vacuole and escape
into the cytosol, which became the primary site of replication.
Vacuolar acidification was identified as an important factor me-
diating bacterial vacuolar escape. Through these strategies,
V. parahaemolyticus successfully establishes an intracellular life-
style that could contribute to its survival and dissemination dur-
ing infection.

RESULTS

Invasive V. parahaemolyticus induces membrane ruffling of ep-
ithelial cells. To study T3SS2-mediated cell invasion indepen-
dently of other V. parahaemolyticus virulence factors, we made use
of CAB2, an isogenic strain derived from RimD2210633. The ther-
mostable direct hemolysins (TDH) and the T3SS1 transcriptional

FIG 2 CAB?2 intracellular replication. (A to F) Representative confocal micrographs of HeLa cells infected with CAB2-GFP for 75 min and incubated with
100 pg-ml~! gentamicin for the times indicated at the top of each panel. F-actin and DNA were stained using rhodamine-phalloidin (red) and Hoechst (blue),

respectively. Scale bars, 10 wm.
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regulator gene exsA have been deleted in CAB2, but T3SS2 expres-
sion is intact (20).

As we previously reported, CAB2 infection of nonphagocytic
cells, followed by gentamicin-induced death of extracellular bac-
teria, revealed an increase in intracellular bacterial numbers over
time that precipitously dropped 5 to 6 h after antibiotic incubation
(20). In order to visualize bacterial invasion and intracellular rep-
lication, HeLa cells were infected with a green fluorescent protein
(GFP)-tagged CAB2 strain, and confocal microscopy images were
acquired over time.

Following bacterial attachment to the host (30 to 60 min
postinfection), we observed membrane ruffling at sites of bacterial
entry into HeLa cells stained for actin (Fig. 1A). We also obtained
high-resolution scanning electron micrographs of HeLa cells in-
fected with CAB2 for 30 min. Figure 1B shows irregular wave-like
membrane folds surrounding entering bacteria. Membrane ruf-
fles induced by Shigella flexneri have been described as blossom-
like structures near the vicinity of the entering bacterium, com-
posed of parallel microspikes that become interconnected by
membrane curtains (26). Membrane ruffle formation induced by
Shigella is dependent on Rho protein isoforms, which have been
shown to not be activated during V. parahaemolyticus invasion
(20, 21). Instead, epithelial cell invasion by V. parahaemolyticus
seems to be dependent on activation of CDC42 (21), consistent
with the observation that different intracellular pathogens elicit
different patterns of membrane folding upon entry (26).

Invasive V. parahaemolyticus replicates within and lyses its
host cell. Following internalization, we proceeded to visualize in-
tracellular replication of CAB2 using confocal microscopy. As
mentioned above, bacterial invasion of HeLa cells was mostly ob-
served between 30 and 60 min postinfection, so we used an infec-
tion time of 75 min for all experiments to allow visualization of
intracellular bacteria. Following the 75-min infection time, the
samples were treated with gentamicin in order to prevent further
bacterial internalization. Confocal microscopy images indicated a
progressive increase in the intracellular load of CAB2 over time
(Fig. 2A to F; see Movie Sl in the supplemental material). We also
observed that the invaded HeLa cells were more likely to be found
as clusters rather than isolated invaded cells (data not shown). The
implications of this observation await further study. Following 4 h
of gentamicin treatment, both invaded and noninvaded HeLa cells
appeared to shrink; by 5 h, clusters of viable (fluorescent) extra-
cellular CAB2 in the vicinity of round and shrunk HeLa cells were
often observed (Fig. 2E and F). The observed pool of viable extra-
cellular bacteria is consistent with host cell lysis prior to cell fixa-
tion.

V. parahaemolyticus escapes from membrane-bound com-
partments into the cytosol. Thus far, we have provided evidence
corroborating the view of V. parahaemolyticus as an intracellular
pathogen (20). Next, we wanted to understand the strategies used
by this pathogen to establish and maintain its intracellular life
cycle. Following internalization, foreign particles are usually
found within membrane-bound compartments that sequentially
develop into early and late endosomes for ultimate fusion with
lysosomes, where the particles are degraded. We monitored the
acquisition of endosomal markers and lysosomal fusion in CAB2-
containing vesicles over time using confocal microscopy. Genta-
micin was added after bacterial invasion to remove extracellular
bacteria, and dual staining of extracellular bacteria was used to
differentiate between extracellular and intracellular bacteria. Early
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after invasion (75 min postinfection), 63.6% = 10.9% of the in-
tracellular CAB2 was found enclosed within vacuoles that colocal-
ized with early endosomal antigen 1 (EEA1) (Fig. 3A and C), in-
dicating interaction with early endosomes. These interactions
were transient, as EEA1 colocalization rapidly decreased to 1.6%
* 1.5% by 1 h post-gentamicin incubation (Fig. 3A and C). As
EEALI colocalization was progressively lost, a relatively constant
percentage (around 20%) of intracellular CAB2 was colocalized
with late endocytic lysosome-associated membrane protein 1
(lamp-1) (Fig. 3B and C) between 0 and 2 h after gentamicin
addition. These findings are consistent with vacuolar maturation.
However, lamp-1 acquisition decreased to 2.7% * 0.4% at 3 h
post-antibiotic incubation.

Given the transitory colocalization between CAB2-containing
vacuoles and lamp-1, we used transmission electron microscopy
(TEM) to assess whether the decrease in lamp-1 retention was due
to vacuolar exclusion of lamp-1 or bacterial escape into the cyto-
sol. HeLa cells infected with CAB2 were fixed at 3 h post-
gentamicin incubation, a time point at which CAB2 displayed low
lamp-1 colocalization (Fig. 3C) and therefore could be highly cy-
tosolic. Under these conditions, the vast majority of CAB2 was
found free from membrane-bound compartments (Fig. 3D), con-
sistent with CAB2 localization in the cytoplasm. Further exami-
nation of TEM images evidenced several replication events taking
place in the cytosol (see Fig. S1 in the supplemental material). We
also observed that the number of intravacuolar bacteria clustered
in one vacuole was relatively small (1 to 2 bacteria/vacuole on
average) and remained constant for the studied time points.
Moreover, the majority of the intracellular bacteria were devoid of
colocalization with endosomal markers (Fig. 3C). Together, these
observations indicate that the cytosol is the primary site of bacte-
rial replication.

Finally, to test whether mature, lamp-1-positive CAB2-
containing vacuoles were fused with lysosomes, HeLa cells were
initially loaded with Texas Red dextran for 6 h and chased over-
night. Under these conditions, dextran is contained mostly within
lysosomes. Infection of these cells with CAB2-GFP followed by
gentamicin treatment showed no colocalization between dextran
and lamp-1-positive CAB2-containing vacuoles from 15 min to
2 h post-antibiotic addition (Fig. 3E). These results suggest that
CAB2-containing vacuoles do not fuse with lysosomes and that
CAB2 might translocate into the cytosol prior to lysosomal fusion
in order to avoid degradation.

Acidification of CAB2-containing vacuoles mediates bacte-
rial escape into the cytosol. Luminal acidification not only is a
critical step for progressive maturation of endosomes but has been
shown to be essential in triggering vacuolar escape for many in-
tracellular pathogens, including Listeria monocytogenes and Fran-
cisella tularensis (24). To investigate whether vacuolar acidifica-
tion plays a role in CAB2 escape into the cytoplasm, we first
monitored vacuolar acidification over time using the acidification
probe LysoTracker Red DND-99, a lysosomotropic agent that
concentrates in acidic vesicles and compartments. At 30 min post-
gentamicin addition, 24.8% * 9% of CAB2-containing lamp-1-
positive vacuoles acquired the acidic marker (Fig. 4A), although
LysoTracker staining was faint for most of the acidified vacuoles.
At later time points, such as 1 and 2 h post-antibiotic incubation,
about half of the CAB2-containing lamp1-positive vacuoles were
colocalized with LysoTracker, and acidification staining was
bright (Fig. 4A and B).
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FIG 3 CAB2-containing vacuoles transiently acquire endosomal markers, followed by bacterial escape into the cytosol. (A and B) Representative confocal
micrographs of HeLa cells infected with CAB2-GFP for 75 min and incubated with 100 pg-ml~! gentamicin for the times indicated on the sides of the panels. Cells
were immunostained for EEA1 (A [red]) or lamp-1 (B [red]). Dual staining (green and magenta) was applied to indicate extracellular bacteria, and DNA was
stained using Hoechst (blue). White boxes indicate the magnified area to the right of each panel. Scale bars, 10 um. (C) Enumeration of CAB2-containing
vacuoles positive for EEA1 or lamp-1 for the indicated gentamicin incubation times. Over 30 cells were analyzed for each condition. Values are means = SD (n
= 3). (D) Representative electron micrograph of HeLa cells infected with CAB2 for 75 min and incubated with gentamicin for 3 h. The boxed region was amplified
to highlight the absence of membranes surrounding bacteria. Scale bar in top panel, 1 wm. Scale bar in bottom panel, 10 wm. (E) Representative confocal
micrograph of HeLa cells preloaded with 1 mg-ml~! Texas Red dextran (red) for 6 h and chased overnight, after which cells were infected with CAB2-GFP for
75 min and incubated with gentamicin for 2 h. DNA was stained with Hoechst, and late endosomes were immunostained with lamp-1 (magenta).

Having observed acidification of CAB2-containing lamp-1-
positive vacuoles, we assessed whether inhibition of vacuolar acid-
ification could affect bacterial escape into the cytosol. Bafilomycin
Al (BAF), a specific inhibitor of the proton vacuolar ATPase
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(vATPase) pump (27), was used to block acidification of late en-
dosomal compartments and to assess the role of vacuolar acidifi-
cation for bacterial escape. BAF did not affect bacterial growth in
cell culture medium, and BAF inhibited vacuolar acidification at
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FIG 4 CAB2-containing vacuoles positive for lamp-1 become acidified. (A) Quantification of acidified lamp-1 vacuoles containing CAB2 at the indicated
gentamicin incubation times. Values are means = SD from over 30 cells (n = 3). (B) Representative confocal micrograph of HeLa cells infected with CAB2-GFP
for 75 min and incubated with 100 pg-ml~! gentamicin for 2 h. During the last 5 min of antibiotic treatment, samples were added with 75 nM Lysotracker Red

DND-99 (red). DNA was stained with Hoechst (blue), and late endosomes were immunostained with lamp-1 (magenta). Scale bar, 10 um.

100 nM (see Fig. S2 and S3 in the supplemental material). Cells
were incubated with BAF for 30 min prior to infection, and the
drug was kept in the medium throughout both infection and gen-
tamicin treatment. Enumeration of colony-forming units of in-
tracellular CAB2 indicated that BAF treatment significantly re-
duces intracellular bacterial proliferation (Fig. 5A). Comparison

of untreated and BAF-treated samples for bacterial colocalization
with lamp-1 using confocal microscopy not only showed a reduc-
tion in total intracellular bacterial counts at the single-cell level,
corroborating the bulk quantification assay (Fig. 5A), but also
revealed a significant retention of CAB2 within lamp-1-positive
vacuoles (Fig. 5B and C). As observed in Fig. 5B, vacuolar CAB2
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FIG 5 Inhibition of vacuolar acidification impairs bacterial translocation into the cytosol and reduces replication. (A) HeLa cells pretreated or not with 100 nM
bafilomycin A1 (BAF) were infected with CAB2 for 75 min and incubated with 100 pg-ml~! gentamicin for the indicated times. Cell lysates were plated and CFU
enumerated for intracellular bacteria. Values are means * SD (n = 3). Asterisks indicate statistically significant differences between untreated and BAF-treated
samples at 120 (P = 0.0045), 180 (P = 0.0038), 240 (P = 0.0372), and 300 (P = 0.0420) min. (B) Representative confocal micrograph of HeLa cells pretreated
or not with BAF and infected with CAB2-GFP for 75 min, followed by a 3-h antibiotic incubation. DNA was stained with Hoechst, and late endosomes were
immunostained with lamp-1 (red). White boxes indicate the magnified area to the right of each panel. Scale bars, 10 um. (C) Enumeration of CAB2-containing
vacuoles positive for lamp-1 for the indicated gentamicin incubation times, in the absence and presence of BAF. Over 30 cells were analyzed for each condition.
Values are means = SD (n = 3). Asterisks indicate statistically significant differences between untreated and BAF-treated samples at 120 (P = 0.0038) and 180
(P =0.0131) min.

September/October 2014 Volume 5 Issue 5 e01506-14 mBio mbio.asm.org 5


mbio.asm.org

de Souza Santos and Orth

cells in BAF-treated samples were often brighter than cytosolic
bacteria; when we adjusted the fluorescence signal for the vacuolar
bacteria, the cytosolic bacteria appeared faint. Confocal analysis of
untreated and BAF-treated samples did not suggest apparent dif-
ferences in the frequency of bacterial cell invasion (data not
shown), so it seems unlikely that the reduced intracellular bacte-
rial load resulted from of impaired bacterial uptake. The findings
suggest that the intravacuolar pH is an important signal for acti-
vation of bacterial factors that mediate vacuolar disruption and
escape into the cytosol. Moreover, as BAF treatment resulted in
vacuolar retention and decreased replication of CAB2, bacterial
escape into the cytosol seems to be crucial for proliferation.

DISCUSSION

V. parahaemolyticus was recently shown to invade, survive, and
proliferate within epithelial cells (20). This study is the first de-
scription of how V. parahaemolyticus turns the intracellular envi-
ronment into a hospitable niche that allows for efficient bacterial
replication. Herein, we provided visual evidence for bacterial up-
take by nonphagocytic cells by means of wave-like membrane ruf-
fles and further supported, through both fixed- and live-cell im-
aging, the capacity of V. parahaemolyticus to replicate within its
host. Following uptake by HeLa cells, V. parahaemolyticus-derived
strain CAB2 was found within vacuoles that transiently acquired
the early endosome marker EEA1. Progressive CAB2-containing
vacuole maturation was indicated by its colocalization with
lamp-1. The decrease in lamp-1-positive vacuoles over time, asso-
ciated with visualization of membrane-free bacteria by TEM, re-
vealed CAB2 to escape its vacuole and take residence in the host
cytoplasm, the site for proficient bacterial replication (>150 bac-
teria/cell). As with other cytosolic bacteria, vacuolar acidification
played a role in CAB2 escape into the cytosol, since pharmacolog-
ical blockage of vacuolar acidification caused a bacterial retention
within lamp-1-positive vacuoles and consequent reduction in
replication efficiency.

Initially identified as a select group, emerging evidence indi-
cates that many typical vacuolar pathogens can adopt a cytoplas-
mic phenotype (25). The cytosolic location appears advantageous
compared to the luminal vacuole, the former being richer in nu-
trient supply and devoid of the microbicidal lysosomal compo-
nents (24). In fact, Knodler et al. demonstrated that a subpopula-
tion of S. Typhimurium “hyperreplicates” when in the cytosol,
reminiscent of previous findings supporting efficient cytoplasmic
replication by an S. Typhimurium population defective in main-
taining vacuolar integrity (28, 29). Interestingly, the cytosolic “hy-
perreplicating” subset of S. Typhimurium was shown to be inva-
sion primed and to cause epithelial cell death and extrusion for
both in vitro and in vivo models and was responsible for facilitating
cell-to-cell spread (28). In addition, Van der Wel et al. reported
the cytosolic localization of Mycobacterium tuberculosis and My-
cobacterium leprae to be essential for successful infection, since the
avirulent vaccine strain Mycobacterium bovis is incapable of vacu-
olar escape and remains intravacuolar upon invasion of dendritic
cells (30).

It has been shown that vacuoles can acidify within 15 min of
forming (31), necessitating fast bacterial escape in order for the
pathogen to avoid the subsequent lysosomal fusion. Consistent
with this, the kinetics of vacuolar escape of many cytosolic patho-
gens average 15 to 30 min postinvasion (24). As with these patho-
gens, CAB2 translocates into the cytosol as early as 15 min post-
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gentamicin treatment; this was indicated by the absence of
bacterial colocalization with endosomal markers. However, our
vacuolar acidification studies indicated that the onset of acidifica-
tion occurs after the initiation of vacuolar escape (i.e., vacuolar
staining with Lysotracker is only detected 30 min after gentamicin
treatment). Based on these findings, it is possible that (i) although
acidification plays a role for bacterial translocation into the cyto-
sol, pH-independent factors might also contribute to vacuolar
escape, and in this case, CAB2 could translocate to the cytoplasm
before its vacuole matures into a late endosome and/or acidifies,
or (ii) a slight or transient acidification (not detected in our stud-
ies using LysoTracker) could be sufficient to trigger bacterial es-
cape early during infection (Fig. 6). In all known cytosolic patho-
gens, vacuolar disruption relies on secretion of enzymes (24),
which many times are only active under acidic pHs, as for listerio-
lysin O from Listeria monocytogenes (32). By identifying the
V. parahaemolyticus proteins responsible for vacuolar escape—
and then assessing whether their activity is dependent on intra-
vacuolar pH—it should be possible to better understand this crit-
ical step of the bacterial intracellular life cycle.

The understanding of V. parahaemolyticus as an intracellular
pathogen is recent. It is thought that the environmental driving
force for the evolution of this invasive V. parahaemolyticus T3SS2
is a marine animal. Recently, Okada et al., using an infant rabbit
model, argued that because invasion is not important for mani-
festations of acute gastroenteritis (such as intestinal epithelial dis-
ruption and fluid accumulation), V. parahaemolyticus should be
regarded as an extracellular pathogen (21). We suggest that the
findings presented here provide strong evidence to the contrary.
We propose that the clinical implications of cell invasion by
V. parahaemolyticus require further consideration, especially with
regard to sepsis following both gastroenteritis and necrotizing fas-
ciitis. Importantly, sepsis was not observed in any of the animal
models presented to date (15, 18, 19, 33, 34), and the role of cell
invasion for the pathogenicity in immunocompromised individ-
uals has not yet been addressed. Interestingly, it has been demon-
strated that macrophages derived from chronic granulomatous
disease patients infected with the invasive pathogen Burkholderia
cenocepacia J2315 are more permissive of intracellular replication
than normal ones (35). Our studies demonstrate that the bacte-
rium has a complex and deliberate intracellular life cycle: it not
only invades but also subverts detrimental trafficking of
bacterium-containing vacuoles through the endosomal pathway
by means of bacterial translocation from the vacuole to the cyto-
sol, where this pathogen aggressively replicates. Therefore, while
the question of the contribution of cell invasion to the disease
remains open, it is quite clear from the findings presented here
that V. parahaemolyticus has acquired the capacity to behave as an
intracellular pathogen, and this behavior merits further study.

MATERIALS AND METHODS

Bacterial strains and cell culture. The V. parahaemolyticus CAB2 strain
was derived from POR1 (RIMD2210633 AtdhAS), which was generously
provided by Tetsuya lida and Takeshi Honda (18). The CAB2 strain was
made by deleting the transcriptional factor ExsA, which regulates T3SS1.
CAB2 was grown in Luria-Bertani (LB) medium, supplemented with 3%
NaCl, at 30°C. Spectinomycin was added at 50 ug-ml~! for growth of
CAB2-GFP (15). For induction of T3SS2, overnight CAB2 cultures were
subcultured in the presence of 0.05% bile salts for 90 min (17). HeLa cells
(ATCC) were maintained in Dulbecco’s modified Eagle’s medium
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FIG 6 Model for the CAB2 intracellular life cycle. Following invasion, CAB2 is enclosed with a primary vacuole that interacts with early endosomes and acquires
EEAI1. CAB2-containing vacuoles then traffic to late endosomes, shown by the acquisition of lamp-1, and become acidified. Before detrimental fusion with
lysosomes, CAB2 disrupts lamp-1 vacuoles and escapes into the cytosol, where replication takes place. Possible routes of bacterial escape from EEA1- and

nonacidified lamp-1-positive vacuoles are indicated by dashed arrows.

(DMEM [Invitrogen]) supplemented with 10% fetal bovine serum and
penicillin-streptomycin/glutamine and kept at 5% CO.,.

Antibodies. Rabbit polyclonal anti-Vibrio parahaemolyticus O3 and
rabbit polyclonal anti-lamp-1 antibodies were obtained from Abcam.
Mouse polyclonal anti-EEA1 antibody was purchased from BD Biosci-
ences. Secondary antibodies Alexa Fluor 647/568 goat anti-mouse/rabbit
were obtained from Life Technologies, and Alexa Fluor 555 goat anti-
mouse from Invitrogen.

Infection protocol. HeLa cells were infected with CAB2 at a multiplic-
ity of infection (MOI) of 10. To synchronize infection, the plates were
centrifuged for 5 min at 1000 rpm and then incubated at 37°C in 5% CO,.
For infection times up to 75 min, gentamicin was not applied, but for
infection times longer than 75 min, 100 pg-ml~! gentamicin was used for
the indicated incubation time points in order to kill extracellular bacteria.
Where indicated, 100 nM bafilomyicin A1 (LC Laboratories) was added
30 min prior to bacterial infection and kept during the whole infection
and gentamicin incubation times.

Labeling of acidified compartments with LysoTracker Red DND-99.
For the acidification studies, 75 nM LysoTracker Red DND-99 was added
to the samples 5 min prior to cell fixation.

Labeling of lysosomes with Texas Red dextran. HeLa cells were
treated with 1 mg-ml~! of Texas Red dextran (Invitrogen) for 6 h and
chased overnight. Following lysosome loading with dextran, cell infection
proceeded as described above.

Immunofluorescence and confocal microscopy. Hela cells were
seeded onto 6-well plates containing sterile coverslips at a density of 5 X
10 cells/ml. Following infection with CAB2-GFP and gentamicin incuba-
tion (when indicated), cells were washed with phosphate-buffered saline
(PBS) and then fixed in 3.2% (vol/vol) paraformaldehyde for 10 min at
room temperature. Fixed cells were washed in PBS and permeabilized
with 0.5% saponin for 4 min at room temperature. After washing with
PBS, blocking was performed with 1% bovine serum albumin (BSA) and
0.1% saponin for 30 min at room temperature. Primary and secondary
antibodies were diluted in PBS containing 0.5% BSA and 0.1% saponin at
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appropriate dilutions and incubated serially for 1 h at room temperature.
Between each antibody incubation, coverslips were washed three times
with PBS containing 0.1% saponin for 5 min each. To differentiate be-
tween extra- and intracellular bacteria, coverslips were sequentially incu-
bated with anti-V. parahaemolyticus O3 antibody and anti-rabbit Alexa
Fluor 647, prior to cell permeabilization. This procedure resulted in dou-
ble staining for extracellular bacteria only. Nuclei and actin cytoskeleton
were stained with Hoechst (Sigma) and rhodamine-phalloidin (Molecu-
lar Probes), respectively. Fixed samples were viewed on a Zeiss LSM 710
confocal microscope, and time-lapse microscopy was performed using an
Andor spinning-disk confocal microscope. Images and video were con-
verted using Image] (NIH).

Scanning electron microscopy. Cells were fixed on coverslips with
2.5% (vol/vol) glutaraldehyde in 0.1 M sodium cacodylate buffer over-
night at 4°C. After three washes in 0.1 M sodium cacodylate buffer, cells
were postfixed with 1% osmium tetroxide in 0.1 M sodium cacodylate
buffer for 45 min. Cells were rinsed with water and dehydrated with in-
creasing concentrations of ethanol, followed by increasing concentrations
of hexamethyldisilazane in ethanol. Cells were air dried under the hood,
mounted on scanning electron microscopy (SEM) stubs, and sputter
coated with gold in a Cressington 108 auto sputter coater. Images were
acquired on a field emission scanning electron microscope (Zeiss, Sigma)
at 3 kV accelerating voltage.

Transmission electron microscopy. Cells were fixed on MatTek
dishes with 2.5% (vol/vol) glutaraldehyde in 0.1 M sodium cacodylate
buffer. After three washes in 0.1 M sodium cacodylate buffer, cells were
postfixed in 1% osmium tetroxide and 0.8% K;[Fe(CN)] in 0.1 M so-
dium cacodylate buffer for 1 h at room temperature. Cells were rinsed
with water and en bloc stained with 2% aqueous uranyl acetate overnight.
After three rinses with water, specimens were dehydrated with increasing
concentration of ethanol, infiltrated with Embed-812 resin, and polym-
erized in a 60°C oven overnight. Blocks were sectioned with a diamond
knife (Diatome) on a Leica Ultracut UCT 6 ultramicrotome (Leica Micro-
systems) and collected onto copper grids, poststained with 2% uranyl

mBio mbio.asm.org 7


mbio.asm.org

de Souza Santos and Orth

acetate in water and lead citrate. Images were acquired on a Tecnai G?
spirit transmission electron microscope (FEI) equipped with an LaBg
source using a voltage of 120 kV.

Gentamicin protection assay. Bacteria were added to triplicate wells
of HeLa cell monolayers for infection as described above. At each indi-
cated time point, extracellular bacteria were killed with gentamicin.
Monolayers were washed with PBS, and cells were lysed by incubation
with LB containing 0.5% Triton X-100 for 10 min at room temperature
with agitation. The lysate was serially diluted in LB medium and plated on
minimum marine medium (MMM) plates. Plates were incubated at 30°C
overnight for subsequent CFU enumeration.

Bacterial growth assay. Triplicates of overnight-grown CAB2 were
normalized to optical density at 600 nm (ODg,) of 0.1 and grown in
DMEM at 37°C with agitation (215 rpm) for 6 h. Growth was assessed by
ODg, measurements.

Statistical analysis. All data are given as means = standard deviations
(SD) from at least three independent experiments, unless stated other-
wise. Statistical analyses were performed by using two-tailed Student’s
t test. A P value of <0.05 was considered significant.
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