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Legionella pneumophila (Lp) exhibits different morphologies with varying degrees of
virulence. Despite their detection in environmental sources of outbreaks and in respiratory
tract secretions and lung autopsies from patients, the filamentous morphotype of
Lp remains poorly studied. We previously demonstrated that filamentous Lp invades
lung epithelial cells (LECs) and replicates intracellularly in a Legionella containing
vacuole. Filamentous Lp activates B1integrin and E-cadherin receptors at the surface
of LECs leading to the formation of actin-rich cell membrane structures we termed
hooks and membrane wraps. These structures entrap segments of an Lp filament
on host cell surface and mediate bacterial internalization. Here we investigated the
molecular mechanisms responsible for the actin rearrangements needed for the
formation and elongation of these membrane wraps and bacterial internalization. We
combined genetic and pharmacological approaches to assess the contribution of
signaling downstream of 1integrin and E-cadherin receptors, and Lp Dot/lcm secretion
system- translocated effectors toward the invasion process. Our studies demonstrate
a multi-stage mechanism of LEC invasion by filamentous Lp. Bacterial attachment to
host cells depends on signaling downstream of B1integrin and E-cadherin activation,
leading to Rho GTPases-dependent activation of cellular actin nucleating proteins,
Arp2/3 and mDia. This mediates the formation of primordial membrane wraps that
entrap the filamentous bacteria on the cell surface. Following this, in a second phase of
the invasion process the Dot/lcm translocated effector VipA mediates rapid membrane
wrap elongation, leading to the engulfment of the filamentous bacteria by the LECs.
Our findings provide the first description of Rho GTPases and a Dot/lcm effector VipA
regulating the actin dynamics needed for the invasion of epithelial cells by Lp.
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INTRODUCTION

Legionella  pneumophila  (Lp), the etiological agent of
Legionnaires’ disease, is an intracellular pathogen found
ubiquitously in natural and man-made aquatic systems, where
it thrives inside protozoa and forms biofilms (McDade et al.,
1977; Fields, 1996; Steinert et al., 2002). A majority of studies
examining Lp pathogenicity have focused on the invasion and
intracellular replication of the bacteria in macrophages. These
studies have identified the role of several Dot/Icm type IV
secretion system (T4SS) translocated effectors that modify the
bacteria-containing phagosome into a replication permissive
compartment known as the Legionella containing vacuole (LCV)
(Ensminger, 2015). Along with macrophages, alveolar epithelial
cells may also play an important role in Legionnaires’ disease.
Indeed, the ability of Lp to infect lung epithelial cells (LECs) has
been described using different models of infection, including
human lung explants (Daisy et al., 1981; Mody et al, 1993;
Cianciotto et al., 1995; Newton et al., 2010; Brown et al., 2013;
Jager et al., 2014).

Lp has a complex life cycle in which it develops different
morphologies with varying capacities for extracellular survival
and intracellular replication (Garduno et al., 2008; Robertson
et al, 2014). Among Lp morphotypes, the filamentous form
remains poorly studied, in spite of being found in cultured
mammalian cells (Ogawa et al., 2001; Gardufo et al., 2011;
Prasharetal., 2012, 2013), biofilms (Piao et al., 2006) and sputum,
bronchoalevolar lavage and histological specimens from patients
with legionnaires’ disease (Blackmon et al., 1978; Boyd et al,
1978; Rodgers, 1979; Hernandez et al., 1980; Legionella Molecular
Biology, 2008; Prashar et al., 2012). We have previously shown
that filamentous Lp can invade LECs and macrophages and
these intracellular filaments undergo fragmentation to produce
bacillary infectious progeny (Prashar et al., 2012, 2013).

The invasion of LECs by filamentous Lp occurs via a process
that resembles a case of the zipper mechanism of invasion
known as overlapping phagocytosis (Rittig et al., 1998, 1999;
Prashar et al., 2012), which has been described for the uptake
of Francisella tularensis and Candida albicans (d’Ostiani et al.,
2000). The invasion is initiated by the binding and activation
of host cell Blintegrin and E-cadherin receptors at the cell
surface by unknown bacterial adhesins (Prashar et al., 2012).
However, unlike other bacteria, where the binding of adhesins
to receptors is sufficient to anchor the pathogens to the host
cells (Young et al., 1992; Tang et al., 1994; Cowan et al., 2000;
Sa et al, 2010), the attachment of filamentous Lp to LECs is
a more complex process, which is likely a consequence of the
bacterial morphology. The attachment requires the formation
of filopodial and lamellar structures, which we named “hooks”
and “membrane wraps,” respectively, that entrap segments of the
filaments on the host cell surface (Prashar et al., 2012). These
membrane wraps elongate over time through a process that
depends on actin polymerization, encompassing longer segments
of the filament in a “pre-vacuolar” compartment. The entrapped
segments of Lp filaments subsequently lose their association with
F-actin and the bacteria are internalized in an LCV, where they
fragment to produce short rods that replicate (Prashar et al.,

2012). The cellular and molecular mechanisms driving actin
remodeling during filamentous Lp attachment and entry in LECs
are not fully understood.

The subversion of the host cell actin cytoskeleton is a common
strategy used by bacterial pathogens to force their uptake by
non-phagocytic cells (Knodler et al., 2001; Zhou and Galan,
2001; Rottner et al., 2005; Schlumberger and Hardt, 2005;
Sousa et al., 2007; Huveneers and Danen, 2009; Ireton et al.,
2014; Bugalhdo et al., 2015). Src tyrosine kinase (Src), class
I phosphoinositide 3-kinase (PI3K) and Rho family of small
GTPases (hereafter referred to as Rho GTPases) are among the
host targets exploited by pathogenic bacteria to achieve this
objective (Finlay, 2005; Heasman and Ridley, 2008; Hall, 2012).
In this study, we show that the attachment and internalization of
filamentous Lp in LECs result from the combined action of both,
Blintegrin and E-cadherin downstream signaling cascades and
the T4SS effector VipA, an actin nucleating protein (Franco et al.,
2012). The engagement of Blintegrin and E-cadherin receptors
by filamentous Lp leads to Src activation, PI3K signaling and
the activation of the Rho GTPases, Cdc42, Racl and RhoA,
that in turn induce the formation of membrane wraps for the
effective entrapment of filamentous Lp. The T4SS effector VipA
is then translocated into the host cells, favoring the elongation of
membrane wraps leading to a faster internalization of bacterial
filaments by the epithelial cells.

Our results show, for the first time, that host Rho GTPase
signaling is required for the invasion of LECs by filamentous Lp
and this host cell signaling, together with the T4SS effector VipA
mediates the invasion process.

MATERIALS AND METHODS

Reagents and Constructs

Anti-Legionella antibody was from Public Health Ontario and
anti-VipA antibody was generously provided by Dr. H Shuman
(University of Chicago, USA). pSrc (Y416), total Src, total
Akt antibodies were from Cell Signaling (Danvers, MA, USA)
and the pAkt (S743) antibody was from ThermoFisher (Life
technologies, Carlsbad, CA, USA). Anti-calnexin antibody was
from BD biosciences (Mississauga, ON, Canada). FuGENE (HD)
was from Promega Biosciences (Madison, W1, USA).

The following inhibitors were used in this study: PP2 (25 .M,
Tocris) (Hanke et al., 1996), Ly294002 (100 wM, Sigma) (Vlahos
et al., 1994), membrane permeable C3 transferase (0.5 pg/mL,
Cytoskeleton Inc.) (Ridley and Hall, 1992), ML141 (20 pM,
Tocris) (Surviladze et al., 2010), Blebbistatin (200 wM, Sigma)
(Straight et al., 2003), Nsc23766 (50 uM, Tocris) (Gao et al.,
2004), ROCK (1 uM, Millipore) (Narumiya et al., 2000), SMIFH2
(25 uM, Millipore) (Rizvi et al., 2009), CK-666 (80 wM, Sigma)
(Nolen et al., 2009).

Plasmids and Oligonucleotides

Racl-GFP, RhoA-GFP, PAK-PBD GFP and rGBD-GFP were kind
gifts from Dr. Sergio Grinstein (The Hospital for Sick Children,
Toronto, Canada) and Cdc42-GFP was from Dr. Katalin Szaszi
(St. Michael’s Hospital, Toronto, Canada). PH-Akt-GFP was a
gift from Dr. Roberto Botelho (Ryerson University, Toronto,
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Canada) and has been previously described in Kontos et al.
(1998). FH1/FH2-GFP were kind gifts from Dr. Andras Kapus
(St. Michael’s Hospital, Toronto). Plasmids and DNA fragment
used to generate vipA mutant and complementation strains were
generous gifts from Dr. H Shuman (University of Chicago, USA)
and were previously described in Franco et al. (2012).

Primers for sequencing to confirm vipA deletion:

F- 5" to 3': GAACGCGCTTCAGTATGACA

R- 5 to 3': AGCATTGGCCTTTTGAGATA.

Bacterial Strains and Culturing

Legionella pneumophila strain Lp02 was used in this study. dotA
mutant strain was originally obtained from Dr. R Isberg (Tufts
University Medical School, USA) (Berger and Isberg, 1993). RFP-
Lp02 and RFP-dotA strains have been described previously in
Prashar et al. (2012, 2013). vipA deletion mutant was generated in
Lp02 strain as described in Franco et al. (2012). Briefly, bacteria
were naturally transformed with a DNA fragment containing
PCR products of kanamycin cassette and vipA flanking regions.
A strain with IPTG-inducible expression of wild-type or mutant
vipA allele were generated by natural transformation of vipA
deletion mutants as described in Franco et al. (2012). Plasmids
pMMB207c-Ptac-vipATand AvipA pMMB207c-Ptac-vipA-1 for
these strains were generously provided by Dr. H Shuman
(University of Chicago, USA) and were previously described
in Franco et al. (2012). All strains were cultured as described
previously in Prashar et al. (2012). Bacteria from frozen glycerol
stocks were streaked on buffered charcoal yeast extract (BCYE)
plates and allowed to grow for 3-4 days at 37°C at 5% CO;.
Colonies were resuspended in buffered yeast extract (BYE) media
and cultured for 24h at 100 rpm at 37°C, followed by sub-
culturing for 16-18h till cultures reached ODggpp of 3.5-4.0
(Molofsky et al., 2005). All experiments were performed with
these late-exponential phase cultures. IPTG (1 mM) was added to
the broth cultures to induce vipA or vipA-1 expression in assays
using vipA complementation studies.

Cell Culturing and Transfections

Unless otherwise stated, all experiments were performed using
human alveolar epithelial cells NCI-H292 (ATCC CRL-1848).
Cells were maintained in RPMI-1640 supplemented with 10%
fetal bovine serum (FBS) (Wisent, Quebec) at 37°C at 5%
CO,. Cells were cultured and transfected with indicated
constructs using FugeneHD for at least 18 h before being used
in experiments. MDCK cells (Madin-Darby Canine Kidney)
(ATCC CCL-34) were maintained in Dulbecco’s modified Eagle’s
media (DMEM) media supplemented with 10% FBS (Wisent,
Quebec) at 37°C at 5% CO,. 16HBEol4o- cells were originally
from Dr. Dieter C. Gruenert (Cardiovascular Research Institute,
University of California, San Francisco, USA) (Gruenert et al.,
1995). Cells were grown in Eagle’s Minimum Essential Media
(EMEM) supplemented with 10% FBS at 37°C at 5% COs.

Attachment Assays

All infections were performed using post-exponential phase
cultures as described above (in bacterial strains and culturing).
1.0 x 10° cells were plated for 48 h, to yield approximately 2.0

x 10° cells per well and infected with 6 x 107 bacteria for 1 h
at 37°C at 5% CO,. Unbound bacteria were washed 3 times with
1X PBS and cells were fixed. Under these conditions, 24.9 £ 2.7
bacteria attached to 100 cells. Where indicated, cells were treated
with pharmacological inhibitors for specified times prior to the
addition of bacteria. The inhibitors were maintained during the
duration of the attachment assays.

Internalization Assays

Bacteria were allowed to attach for 1h and unbound bacteria
were washed. Internalization of attached bacteria was allowed to
proceed for indicated times before cells were washed and fixed.
External bacteria were immunolabeled using anti-Lp antibodies
followed by permeabilization of cells with 0.1% Triton-X in
1XPBS. Actin was stained with Alexa fluorophore-conjugated
phalloidin to label the membrane wraps. Internalization was
quantified by measuring the lengths of the bacteria that were
entrapped in the membrane wraps and were inaccessible
to externally applied antibodies. Each segment of an Lp
filament undergoing internalization was considered as a distinct
internalization event instead of adding the lengths together to
ensure that effects of treatments on membrane wrap elongation
were not overlooked. For studies examining Lp internalization in
the presence of pharmacological inhibitors, bacteria were allowed
to attach to cells for 1h. Unbound bacteria were washed and
the media was replaced with media containing the indicated
inhibitors for the duration of the experiment, followed by
washing and fixation. Internalization was assessed by described
above.

Disruption of Tight Junctions

Low calcium treatments were performed as described previously
in Pentecost et al. (2006). Confluent, polarized monolayers of
MDCK cells were maintained in low calcium media (140 mM
NaCl, 20 mM HEPES, pH 7.4, 3mM KCI, 1 mM MgCl,, 5mM
glucose and 5puM CaCly) for 1h at 37°C at 5% CO;. Cells
were then switched back to normal DMEM media with 1.8 mM
calcium and infected with Lp at MOI 300 for 10 min, washed and
fixed. Attachment was quantified by manually enumerating the
number of bacteria attached to cells.

For cell wounding assays, confluent MDCK monolayers were
wounded using a 21 mm gauge needle and washed twice with
PBS before being infected with RFP-Lp for 10 min, washed and
fixed. Automated analysis was performed to quantify bacterial
attachment to confocal micrographs of fields of cells using
Volocity (PerkinElmer). With the freehand drawing function,
images were cropped such that only areas close to the wound were
included. Automatic threshold function was used to threshold
the fluorescence signal for the bacteria between images. Mean
intensity of channel corresponding to the RFP channel was
measured to assess the number of bacteria attached to each field.

Cytochalasin-D Treatment for Detachment
Assay

Cells were infected with the indicated strains for 1h, unbound
bacteria washed and infection allowed to proceed. 6h p.i cells
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were washed and treated with DMSO or 10 uM cytochalasin-
D for 20 min. Cells were washed with 1X PBS, fixed with 4%
PFA and external bacteria were immunolabeled using anti-Lp
antibodies.

CFU Enumeration

LECs were infected at MOI 300 as described above for 1h.
Unbound bacteria were washed and infection was allowed
to proceed for an additional 17h. All Lp strains used were
auxotrophic for thymidine, therefore, 50 jLg/ml of thymidine was
maintained during the duration of the assay. IPTG (0.2 mM)
was used in addition to thymidine to induce the expression of
vipA in vipA-1 complemented strain. 18 h p.i cells were washed 3
times with 1X PBS and incubated with RPMI-1640 + 10% FBS +
100 pg/ml gentamicin for 1 h at 37°C/5% CO. Cells were washed
3 times with 1X PBS followed by 15min incubation with 0.1%
saponin at 37°C at 5% CO,. Lysed cells were retrieved and serial
dilutions were plated on BCYE + thymidine plates and viable
bacteria were counted 3 days later.

Immunofluorescence and Microscopy
Confocal images were acquired using a spinning disc confocal
microscope (Quorum Technologies) consisting of an inverted
fluorescence microscope (DMI6000B; Leica) equipped with an
ORCA-R2 camera and spinning disc confocal scan head, an
ASI motorized XY stage and a Piezo Focus Drive (Quorum
Technologies). Images were acquired using MetaMorph
software (Molecular Devices). Data processing and analysis was
performed using Volocity software (PerkinElmer) and images
were prepared using Adobe Photoshop and Illustrator (Adobe
Systems, Inc.). Where indicated images acquired as described
above were deconvolved using calculated point spread function
in Volocity. Unless stated otherwise, for all fluorescence images
shown, the main panels are merged z-stacks and the associated
higher magnifications are single confocal planes.

Whole Cell Lysates and Immunoblotting

At indicated times p.i, whole cell lysates were prepared using 1X
Laemmli Sample Buffer (0.5M Tris pH 6.8, Glycerol, 10% SDS,
10% P-mercaptoethanol, and 5% bromophenol blue). Proteins
were resolved by Glycine-Tris SDS-PAGE followed by transfer
onto a PVDF membrane, which were washed, blocked and
incubated with antibodies as previously described (Garay et al.,
2015). The levels of phosphorylated proteins were determined
using Image], following normalization to total protein expression
(i.e. pSrc/total Src and pAkt/total Akt).

Quantification and Statistical Analysis

Unless stated otherwise, all data shown are mean + SEM
from three independent experiments. Bacterial attachment
to cells following inhibitor treatments was normalized to
vehicle treated cells, for each replicate, expressed as 100%.
Quantitative analysis of western blots was performed using
Image] (NIH). All other quantifications were performed using
fluorescence microscopy. Statistical analysis was performed
using two-tailed Student’s t-test when comparing means
between 2 groups. Means between 3 or more groups were

compared using one-way ANOVA with Tukeys multiple
comparison tests (Graph Pad Prism software). Ninety-five
percentage confidence interval was used to determine statistical
significance.

RESULTS

Src and PI3 Kinase Signaling Is Needed for
Attachment of Filamentous Lp to LECs

The recruitment and activation of Blintegrin and E-cadherin
receptors at Lp-host cell contact sites trigger the formation
of actin-rich membrane wraps that entrap Lp filaments and
facilitate their subsequent internalization. As described elsewhere
in Prashar et al. (2012) and depicted in Figures 1A-C, these
membrane wraps were clearly detectable 2 h after the infection
of LECs. To investigate the mechanisms leading to the formation
and elongation of membrane wraps, we examined the role of
Src and PI3K in these processes. These kinases are critical
regulators of actin polymerization downstream of Plintegrin
and E-cadherin activation (Mitra et al, 2005; Pang et al,
2005; McLachlan et al, 2007). Src was clearly recruited to
the membrane wraps and surrounded the segments of the Lp
filaments entrapped by these structures, which were inaccessible
to external antibodies and therefore, could not be immunolabeled
unless the host cells were permeabilized (Figures 1ID-F and
Figure S1A). The membrane localization of Src indicated
its activation by filamentous Lp, which was confirmed by
assessing Src (Tyr416) phosphorylation by western blot analysis
(Figure 1G). To investigate if Src was required for the attachment
of Lp to LECs, we treated cells with the Src family inhibitor
PP2 (Hanke et al, 1996) prior to the infection. The average
Lp binding to LEC 1h p.i. was 24.9 & 2.7 bacteria per 100
cells, determined from 13 experiments. PP2 treatment caused a
marked reduction in the attachment of filamentous Lp to the
host cells, confirming a role for Src in the invasion process
(Figure 1H and Figure S1C). Src acts as an upstream activator
of PI3K in several pathways including cadherin based cell-
cell adhesions and integrin signaling (Cantrell, 2001; Guo and
Giancotti, 2004; McLachlan et al., 2007). Therefore, we next
assessed the activity of PI3K in LECs transiently expressing
a fusion probe of the pleckstrin homology domain of Akt
and GFP (PH-Akt-GFP) that binds to phosphatidylinositol-
trisphosphate(Mody et al., 1993; Fields, 1996; Ensminger, 2015),
the product of the phosphorylation of phosphatidylinositol-
bisphosphate by PI3K (Varnai and Balla, 1998). PH-Akt-
GFP was recruited to membrane wraps, indicating that PI3K
was active in these structures (Figures 1ELJ and Figure
S1B). Consistent with this, an increase in the levels of Akt
activation was observed in cells infected with Lp (Figure 1K).
Furthermore, pre-treatment of cells with the PI3K inhibitor
Ly294002 (Ly) (Vlahos et al., 1994) reduced the attachment
of filamentous Lp to the LECs, therefore indicating a role
for PI3K activity in the invasion of LECs (Figure 1L and
Figure S1C). Altogether these results demonstrated a role
for Src and PI3K in the attachment of filamentous Lp in
LECs.
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FIGURE 1 | Attachment of filamentous Lp to LECs requires Src and PI3K activity. Representative confocal micrographs showing the recruitment of g 1integrin (A) and
E-cadherin (B) receptors at the membrane wraps 2 h post infection (p.i.). Green: F-actin, Grayscale: receptors, Red: Lp. Panels to the right show higher magnifications
of framed regions. (C) Quantification from (A and B) showing mean + SEM from 3 independent experiments (n>25 per experiment). (D-E) Recruitment of Src at
membrane wraps. Src-YFP expressing cells were infected with RFP expressing Lp for 2h and fixed. Cells were permeabilized and actin stained with phalloidin (green)
(D) or external bacteria were immunolabeled in un-permeabilized cells (blue; E). Higher magnifications of framed regions are shown in panels to the right. (F) Src-YFP
and PH-Akt-GFP recruitment at membrane wraps. Data shown are means + SEM from three independent experiments. (n>25 in each experiment). (G) Levels of Src
(Y416) in cells infected with Lp for the indicated times. Blot shown is representative from 4 independent experiments. Statistical analysis was performed using multiple
comparisons one-way ANOVA. (H) Lp attachment to cells treated with DMSO or PP2. Cells were treated with DMSO or PP2 for 1h followed by infection with Lp.
Attachment was assessed by fluorescence microscopy 1h p.i. Data shown are average number of bacteria attached per cell, normalized to vehicle controls from 4
independent experiments, expressed as a percentage (n>300 cells in each experiment). Error bars shown are SEMs. Statistical analysis was performed using
(Continued)
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FIGURE 1 | Student’s t test. (I,J) Recruitment of PH-Akt-GFP in membrane wraps. Cells transiently expressing the probe were infected with RFP expressing Lp for 2 h
and fixed, permeabilized and actin stained with phalloidin (green) (I) or external bacteria were immunolabeled in un-permeabilized cells (blue; J). Panels to the right
show higher magnifications of framed regions. (K) Levels of Akt (S473) in cells infected with Lp for the indicated times. Blot shown is representative from 3
independent experiments. Statistical analysis was performed using multiple comparisons one-way ANOVA. (L) Effect of PI3K inhibition on Lp attachment in cells
pre-treated with DMSO or 100 pM Ly294002 (Ly) for 30 min followed by bacterial infection for 1 h. Data shown are mean + SEM from 3 independent experiments

(n > 300 cells in each experiment). Statistical analysis was performed using Student’s t-test. For all fluorescence micrographs the main panels are merged z-stacks
and the higher magnifications are single z-planes. All scale bars shown, 12 um. ns = not significant, “***p < 0.0001, ***p < 0.001.

Rho GTPases and Their Downstream
Effectors Are Required for Attachment of

Filamentous Lp to LECs

Src and PI3K control the phosphorylation states of specific
GAPs (GTPase activating proteins), GEFs (guanine nucleotide
exchange factors) and GDIs (guanine dissociation inhibitors)
to regulate the activation cycle and cellular localization of Rho
GTPases, which are central regulators of actin dynamics (Schmidt
and Hall, 2002; Hanna and El-Sibai, 2013). Signaling downstream
of RhoA activates actin-nucleating formins, while Cdc42 and
Racl targets include the actin nucleating proteins Arp2/3 (actin
related protein) and mDia (Lammers et al., 2008; Hanna and El-
Sibai, 2013). Therefore, we sought to investigate if Rho GTPases
could be involved in the formation of membrane wraps and the
attachment of filamentous Lp in LECs.

As shown in Figures 2A-D and Figures S2A-C, Rho GTPases
Cdc42, Racl and RhoA were recruited to the membrane wraps.
Furthermore, PAK-PBD (p21 activated kinase binding domain)
and rGBD (Rho binding domain of Rhotekin), which bind
to activated Cdc42/Racl and Rho respectively (Burbelo et al,
1995; Ren et al., 1999), were also recruited to the membrane
wraps (Figures 2E-G and Figure S2D,E), indicating that these
Rho GTPases were activated at the site of Lp attachment and
membrane wrap formation. Accordingly, both the pre-treatment
of cells with any one of the Cdc42, Racl and Rho inhibitors
(Figures 2H-J) or the expression of dominant negative alleles
for these Rho GTPases (Figures 2K-M), caused a significant
decrease in the attachment of filamentous Lp to LECs. Thus, we
concluded that Rho GTPases were needed for the attachment of
filamentous Lp to the LECs.

We next investigated if the actin-nucleating proteins
downstream of Rho GTPase were contributing to filamentous
Lp attachment. Consistent with this possibility, inhibiting the
actin nucleating activity of the formin mDia prior to infection
with SMIFH2 or by expressing the dominant negative construct
FH1/H2, inhibited the attachment of filamentous Lp to LECs
(Figures 2N,0). Pre-treatment of cells with CK666 to inhibit
Arp2/3 activity also caused a reduction in bacterial attachment
(Figure 2P). Altogether these results indicated that actin
polymerization into both linear and branched actin filaments,
associated with the formation of filopodia and lamellopodia
(Goley and Welch, 2006; Goode and Eck, 2007), respectively, is
required for the initial attachment of Lp to LECs.

In addition to controlling the actin nucleators, Rho activity
can also regulate actin-myosin contractility by controlling
myosin II activity via the Rho effector ROCK (Rho-associated
protein kinase) (Hanna and El-Sibai, 2013). Myosin II-dependent
actin bundling and contraction have been previously shown to

be required for membrane wrap elongation and maintenance
(Prashar et al., 2012). Interestingly, treatment of LECs with
specific ROCK or myosin II inhibitors Y27632 and blebbistatin,
respectively also caused a reduction in filamentous Lp attachment
to LECs (Figures 2Q,R), suggesting the potential involvement
of myosin II-dependent actin contraction in the entrapment
of filamentous Lp by closing the membrane wraps to secure
filamentous Lp at the LEC surface.

Collectively, these results indicated that the activation of
Rho GTPases and their downstream actin nucleating proteins
were responsible for the changes in actin polymerization
and contractility required for the membrane wrap-mediated
attachment of the filamentous bacteria to the LEC surface.

Rho GTPases Are Needed for the
Elongation of Membrane Wraps and

Internalization of Filamentous Lp in LECs
Our previous findings using synchronized infections showed
that internalization of filamentous Lp by LECs requires the
elongation of membrane wraps (Prashar et al., 2012). Individual
membrane wraps elongate over time and merge with each other,
internalizing longer segments of Lp filaments in an actin-rich
cradle (Prashar et al., 2012). Considering this, we reasoned that
the internalization of Lp filaments would require membrane
and actin cytoskeleton rearrangements, probably controlled by
the same signaling axes discussed above. Thus, we investigated
the role of Src, PI3K and Rho GTPases in the elongation of
membrane wraps by measuring the length of the Lp segments
entrapped by these structures. To this end, LECs were infected
with RFP-Lp for 1h to allow membrane wraps to form, and
subsequently treated with specific inhibitors for Src, PI3K
or Rho GTPases for an additional 5h period. As shown in
Figures 3A-G,], inhibiting the activity of Src, PI3K, Rho GTPases
or their downstream effectors except for the RhoA downstream
effector ROCK, caused a reduction in the length of the bacterial
segments internalized in LECs. Taken together, these findings
supported a role for Rho GTPases in the elongation of membrane
wraps, leading to the internalization of filamentous Lp in LECs.

Contribution of Dot/lcm Type IV Secretion
System (T4SS) to Lp Attachment and

Internalization in LECs

Bacterial Invasion of non-phagocytic cells is a pathogen
driven process that requires the coordinated activity of
adhesins, toxins and effectors (Cossart and Sansonetti, 2004).
Even though the phagocytic uptake of Lp T4SS mutants
(dotA mutants) by macrophages has been shown to be
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FIGURE 2 | Rho family small GTPases are needed for the attachment of filamentous Lp to LECs. Recruitment of Cdc42 (A), Rac1 (B), and RhoA (C) at the
membrane wraps formed by Lp attachment. Cells transiently expressing Cdc42-GFP, Rac1-GFP or RhoA-GFP were infected for 2 h, fixed and external bacteria were
immunolabeled (blue). Panels to the right show higher magnifications of framed areas. (D) Quantification of Rho GTPase recruitment at membrane wraps from (A=C).
Means + SEM from 3 independent experiments are shown (n> 25 bacteria per experiment). (E,F) Confocal micrographs showing the recruitment of PAK-PBD-YFP
and rGBD-GFP at the membrane wraps formed by Lp 2h p.i. (G) Quantification from (E,F). Means + SEM from 3 independent experiments are shown (n > 25
bacteria in each experiment). (H-J) Lp attachment to NCI-H292 cells following inhibition of Cdc42, Rac1, and Rho by ML141, Nsc23766 (NSC) and C3 transferase
(C3) respectively. Cells were treated with the indicated inhibitors for 1 h followed by infection with Lp for 1 h in the presence of the inhibitors. Quantification of bacterial
attachment, normalized to vehicle treated cells is shown. (K-M) Attachment of Lp to cells expressing wild-type or dominant-negative (DN) forms of Rho GTPases.
Attachment of bacteria to cells pre-treated for 1 h with inhibitor for mDia (N) or cells expressing dominant negative form of mDia (mDia-DN) (O). Attachment of bacteria
to cells pre-treated with CK666, Y27632 or blebbistatin to inhibit Arp2/3, ROCK or myosin Il respectively (P-R). Data shown are means + SEM where bacterial
attachment to at least 200 cells was analyzed. The number of independent experiments analyzed for each treatment were as follows: (H,,K-P,R) n = 3; (J,Q) n = 4.
Vehicle controls for each condition were as follows: (H,N-R) DMSO; (l) water; (J) glycerol. For all fluorescence micrographs the main panels are merged z-stacks and

the higher magnifications are single z-planes. All scale bars shown, 12 um. Statistical tests were performed using Student’s t-test, **p < 0.0001, **p< 0.001,
*p < 0.05.

defective (Hilbi et al., 2001), the role of T4SS-delivered We previously showed that Lp dotA mutants can attach to
effectors in attachment and entry of Lp in LECs is not the LECs and form F-actin rich membrane wraps (Prashar et al.,
known. 2012). However, whether these membrane wraps formed by dotA
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FIGURE 3 | Elongation of membrane wraps requires the activity of Src and PI3 kinases and Rho GTPases. Quantifications of the lengths of the segments of Lp
filaments internalized in cells following the indicated treatments: (A) DMSO or Src inhibition with PP2, (B) DMSO or PI3K inhibition with Ly294002 (Ly), (C) DMSO or
Cdc42 inhibition with ML141, (D) Water or Rac1 inhibition with NSC23766 (NSC), (E) Glycerol or Rho inhibition using C3 transferase (C3), (F) DMSO or Arp2/3
9
inhibition using CK666, (G) DMSO or mDia inhibition using SMIFH2, (H) DMSO or ROCK inhibition using Y27632 and (I) DMSO or Myosin Il inhibition using
blebbistatin. Cells were infected with RFP-Lp for 1h. Unbound bacteria were washed and the indicated inhibitors were added for 5 h before cells were fixed and
external bacteria were immune-labeled. Internalization was quantified by measuring the lengths of the Lp segments that were inaccessible to the external antibody
applied in non-permeabilized cells (see materials and methods). Data shown are mean + SEMs from 3 independent experiments. Each segment of an Lp filament
undergoing internalization was considered as an independent value. At least 100 filaments were analyzed in each condition. Statistical analyses were performed using
Student’s t-test, **p < 0.0001, **p < 0.001, *p < 0.05.

mutants elongate to cause bacterial internalization, similar to
wild-type bacteria, was not assessed. To investigate this, we first
assessed the intracellular signaling triggered by dotA mutants at
the surface of NCI-H292 cells. As shown in Figures 4A,B, both
plintegrin and E-cadherin receptors were recruited to the actin-
rich membrane wraps formed by dofA mutants with an efficiency
of 92 and 89% respectively, and also similar to wild-type Lp (as
shown in Figures 1, 2), Src, PH-Akt and Rho GTPases were also
recruited to these membrane wraps (Figures 4C-L). Therefore,
these results indicated that the formation of membrane wraps
occurred independently of T4SS effectors. Rather, it was the
activation of host receptors, and the subsequent downstream
signaling that was needed for their formation. This is in
agreement with our previously reported findings that blocking or
silencing the expression of B1 integrin and E-cadherin receptors
was sufficient to inhibit the attachment of wild-type Lp to LECs
(Prashar et al., 2012). To further confirm that attachment to
receptors was solely responsible for bacterial binding to LECs,
we assessed the ability of Lp to attach and invade polarized
epithelial cells, where Blintegrin and E-cadherin receptors are
segregated to the basolateral surface of the cell (Pentecost et al.,
2006). Lp was unable to attach to polarized cell monolayers

(Figure 5A). However, Lp attachment to MDCK (Madin-Darby
Canine Kidney) cells increased when tight junctions were
disassembled in low calcium media (Figures 5B,C and Figure
S3) or by wounding the monolayers (Figures 5D,E), exposing
Blintegrin and E-cadherin receptors. Collectively, these results
demonstrated that the binding to host cell receptors, and not
T4SS effectors, led to the formation of primordial membrane
wraps necessary for the first step in the attachment of Lp to
LEC.

Interestingly, while dotA mutants were able to attach to
LECs and form membrane wraps, the attachment occurred
with a lower efficiency (Figure 6A). Furthermore, we detected
differences in how the subsequent steps in their internalization
proceeded when compared to wild-type Lp. As the infection
progressed, there were a greater number of internalized segments
per bacteria filament (i.e., number of membrane wraps) produced
by dotA mutants compared to wild-type Lp. However, the
length of these internalized segments for dotA was significantly
shorter than those for wild-type bacteria (Figures 6B,C).
The fact that dotA mutants produced a greater number of
internalized segments, but of a shorter length, suggested that
the membrane wraps formed by the mutant strain failed to
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FIGURE 4 | 1 integrin, E-cadherin receptors and downstream signaling molecules are recruited to the membrane wraps independently of Dot/lcm translocated
effectors. Representative confocal micrographs showing the recruitment of g 1integrin (A) and E-cadherin (B) receptors in membrane wraps formed by RFP
expressing dotA mutants 2 h p.i. Green:F-actin. Higher magnifications of areas indicated by dashed lines are in panels to the right. (C,D) Recruitment of Src and
PH-AKT (grayscale) in cells infected with dotA mutants for 2 h. Blue: external bacteria. Panels to the right show higher magnification of the indicated regions.

(E) Quantification from (C,D). Data shown are mean + SEM from 3 independent experiments (n > 25 filaments per experiment). (F-H) Confocal micrographs showing
the recruitment of Rho GTPases to sites of attachment of dotA mutants. Cells expressing Cdc42-GFP (F), Rac1-GFP (G) or RhoA-GFP (H) were infected with
RFP-dotA mutants for 2 h, fixed and external bacteria were immunolabeled using anti-Lp antibodies (blue). Panels to the right show higher magnifications of the areas
indicated in the main panels. (I) Quantification from (F-H). Data shown are means + SEM from 3 independent experiments (n > 25 filaments in each experiment).
(J,K) Confocal micrographs showing the recruitment of PAK-PBD-YFP (J) and rGBD-GFP (K) at the membrane wraps formed by RFP-dotA 2 h p.i. Panels to the right
show higher magnifications of indicated regions. (L) Quantification from (J,K). Data shown are mean £+ SEM from 3 independent experiments (n > 25 bacteria in each
case). For all fluorescence micrographs the main panels are merged z-stacks and the higher magnifications are single z-planes. All scale bars, 12 pm.

efficiently elongate and/or merge to internalize longer bacterial ~ (Figure 6D). Importantly, this reduction in the internalization
segments. of dotA mutants was not due to differences in the lengths

Supporting this notion, at later stages of infection, dotA  of the two strains (Figure S4). Thus, collectively our results
mutants were less efficient in entering LECs, as indicated by  strongly suggest that dotA translocated effectors may contribute
the number of bacteria completely internalized at 12h p.  to the internalization of filaments by LECs. If T4SS translocated
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MDCK cell monolayers treated with low calcium media (see Materials and Methods) were infected with RFP-Lp for 15 or 60 min, fixed and external bacteria were
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antibodies (bottom panels). Panels to the left show uninfected control cells. Dapi: cyan. (C) Quantification of Lp attachment to MDCK monolayers after treatment with
low calcium media. Data shown are mean + SEMs from 3 independent experiments. (D) Lp attachment to MDCK cell monolayers after mechanical disruption of tight
junctions. Monolayers were wounded and infected with RFP-Lp for 10 or 60 min and fixed. External bacteria and B1 integrin or E-cadherin receptors (grayscale) were
immunolabeled in unpermeabilized cells. (E) Quantification of bacterial attachment from (D). Data shown are mean + SEM from 3 independent experiments. All scale
bars, 12 um. Statistical analysis was performed using Student’s t-test, ***p < 0.0001.

C

30

M Control
g 25 xkx !LowCaz*media
q) =
2 20
® 15
)
8 10
o
[ai]
15 min 60 min

E

2 ==~ H Control
52 Il After wounding
o
8
a1
°
©
[aa]

15 min 60 min

effectors contribute to the internalization of filaments by LECs,
these effectors must be delivered into the host cells at the
sites of Lp attachment, prior to the filaments being fully
internalized. Indeed, 6h p.i, calnexin, a bona fide marker
of LCVs that is recruited to these compartments when Lp
T4SS effectors hijack the host ER to Golgi vesicular trafficking
pathway (Isaac and Isberg, 2014), was recruited by wild-type
but not dotA mutants to the sites of bacterial attachment
(Figures 6E,F).

T4SS Translocated Effector VipA
Contributes to Lp Attachment and Entry in
Lung Epithelial Cells

Pathogenic bacteria can subvert host cell actin-cytoskeleton
through effectors that co-opt Rho GTPases (Guttman and Finlay,
2009; Kim et al., 2010; Bonazzi and Cossart, 2011). However,
dotA mutants were able to recruit and activate Rho GTPases in
the membrane wraps (Figure 4) and there were no differences
in the effect of inhibiting the activity of Rho GTPases on
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membrane wraps formed by attachment of RFP-WT (left) or RFP-dotA mutants (right) 6 h p.i. For all fluorescence micrographs the main panels are merged z-stacks
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(n > 25 in each case). Statistical analysis was performed using Student’s t-test, ****p < 0.0001.
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the elongation (Figures 7A-D) or number (Figures 7E-H) of
membrane wraps formed by both wild-type Lp or dotA mutants.
Therefore, we discarded the possibility that Lp T4SS-translocated
effectors could contribute to the elongation of membrane wraps
via Rho-GTPases.

How do T4SS effectors contribute to the attachment and
internalization of filamentous Lp in LECs? Our findings from
Figure 6 showing that both dotA mutants and wild-type Lp
generated a similar number of membrane wraps early during
infection, confirmed that T4SS effectors were not required for
the formation of the primordial wraps. However, the membrane
wraps generated by dotA mutants were shorter compared to
wild-type Lp, indicating that a bacterial encoded effector could
instead be a key contributor in the elongation and/or merging
of individual membrane wraps. To investigate this possibility
we assessed the role of the Lp T4SS effector VipA that has
been shown to bind actin and enhance actin polymerization
in vitro by acting as a G-actin nucleating protein (Franco
et al, 2012). To this end, we generated a vipA deletion
mutant to examine the contribution of this effector toward

the internalization of Lp filaments in LECs (Figures S5A,B).
Similar to dotA mutants (Figure 6A), vipA mutants showed a
reduction in the number of bacteria attached to LECs 1h p.i.
when compared to wild-type Lp (Figure 8A). The internalized
bacterial segments generated by vipA mutants (i.e., membrane
wraps) were shorter, but more numerous, when compared to
wild-type bacteria (Figures 8B,C). This phenotype was rescued
to wild type levels by reintroducing a vipA allele but not
with the vipA-1 mutant allele, which is defective in actin
nucleating activity (Shohdy et al., 2005; Franco et al, 2012)
in the vipA mutant strains (Figure 8B). Accordingly, vipA
mutants, with lengths comparable to wild-type Lp (Figure S5C),
were impaired in their ability to enter LECs, as assessed by
the numbers of fully internalized bacteria, and consequently
produced less intracellular progeny (Figures 8D,E and Figure
S5D).

Assessing the length of internalized segments overtime
for wild-type, dotA and vipA mutants, we found that while
the length of the internalized segments ramped to 25.4 pm
at 12h p.i for wild-type Lp, it stalled for both dotA and
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vipA mutants (Figure 8F). Furthermore, while there were
small differences in internalization between dotA and vipA
mutants, the lack of VipA activity alone was largely sufficient
to account for the defect in internalization observed with
dotA mutants (Figures 8D-F). Thus, the actin nucleating
activity of VipA may be responsible for the elongation of
individual membrane wraps that will ultimately merge with
their neighbors, allowing for the internalization of longer
segment of bacteria, leading to their fully internalization by
LECs. Accordingly, blocking the formation of new membrane
wraps by treating the infected cells with Arp2/3 and mDia
inhibitors 1h p.i, produced shorter internalized segments (i.e.
membrane wraps), which was accompanied by a reduction
in their number (Figure S5E) at 12h p.i. Therefore both,
VipA and the cellular actin-nucleating proteins contributed
to the elongation of membrane wraps. However, the actin-
nucleating inhibitors only caused minor reduction in the length
of the already shorter membrane wraps produced by dotA
and vipA mutants, assessed at 12h p.i (Figures 8F,G). Thus,
the contribution of the cellular-actin nucleating proteins to
the elongation of membrane wraps, beyond the formation
of the primordial structure may be conditioned by VipA
activity. Considering this, we speculated that the elongation of

a primordial membrane wrap by VipA could favor the close
contact of the attached Lp filament against the LEC surface
nearby the original membrane wrap. At these sites, the activation
of Plintegrin and E-cadherin receptors could cause new
membrane wraps to form and elongate to eventually merge with
the older wraps. Supporting a role of VipA in the morphogenesis
of membrane wraps, we detected structural and functional
changes in the membrane wraps associated with a lack of VipA
expression. The membrane wraps formed by both vipA and
dotA mutants, assessed at 6h pi, were defective in the barriers
required to prevent the antibodies applied in un-permeabilized
cells from diffusing and immunolabelling internalized
bacterial segments, rendering a “patchy” staining phenotype
(Figures 9A,B).

Given the defective barriers at the membrane wraps
formed by the mutant strains, we surmised that the “patchy”
phenotype could reflect defects in the development of membrane
wraps which would have consequences for how securely
these structures trapped Lp filaments at the cell surface. We
previously showed that the disruption of the membrane
wraps with cytochalasin-D during the early stages of their
morphogenesis causes the release of the entrapped Lp
filaments and their detachment from the LECs (Prashar
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FIGURE 8 | Lp effector VipA mediates Lp attachment and entry in LECs (A) Attachment efficiency of vipA deletion mutants compared to wild-type Lp. Cells were fixed
1h p.i and attachment was quantified. Data shown are mean + SEM from 3 independent experiments, normalized to wild-type as 100%. (n > 100 cells in each
experiment). Statistical analysis was performed using Student’s t-test ***p < 0.001. (B) Internalization efficiency of indicated Lp strains 10 h p.i. Cells were infected for
1h, washed and infections were allowed to proceed for an additional 9 h. Cells were fixed and external bacteria were immunolabeled using anti-Lp antibodies followed
by cell permeabilization and immunolabeling of total bacteria. Internalization was measured using antibody exclusion prior to internalization. Data shown are mean +
SEM from 3 independent experiments, relative to the length of wild-type Lp, expressed as 100% (n > 100 bacteria in each experiment). (C) Number of membrane
wraps formed by the indicated Lp strains 12 h p.i. Data shown are mean + SEMs from 3 independent experiments (n > 50 bacteria in each case). (D) Lp filaments
fully internalized by LECs 12 h p.i. Data shown are mean + SEM from 3 independent experiments (n > 30 in each case). (E) CFU counts showing wild-type Lp, dotA
or vipA mutants internalized in LECs 18 h p.i (see Materials and Methods). Data shown are mean + SEMs from 5 independent experiments. (F) Internalization
efficiency of wild-type Lp compared to dotA mutants and vipA deletion mutants at the indicated times. Infected cells were washed at 1 h p.i to remove unbound
bacteria and cells were fixed at 1, 6, or 12h p.i. External bacteria were labeled using anti-Lp antibodies, followed by permeabilization of cells and total bacteria were
labeled. Exclusion of external antibody prior to permeabilization was used to measure the length of bacteria undergoing internalization at each time point. Data shown
are mean £+ SEM from 3 independent experiments (n > 150 bacteria in each experiment). (G) Effect of inhibiting actin nucleators on internalization of wild-type Lp,
dotA or vipA mutants analyzed 12 h p.i. Cells were infected for 1 h, washed and treated with DMSO or the indicated inhibitors for 11 h before fixation. External bacterial
were immunolabeled and lengths of Lp segments undergoing internalization were measured. For all fluorescence micrographs the main panels are merged z-stacks
and the higher magnifications are single z-planes. All scale bars, 12 um. Unless stated otherwise, all statistical analyses were performed using one-way ANOVA with
Tukey’s multiple comparison test, ****p < 0.0001, **o < 0.001, **p < 0.01, *p < 0.05.

et al, 2012). Similarly, a short pulse with cytochalasin-D, Altogether, these findings support the role of the T4SS
even at 6h p.i. caused the detachment of both vipA and dotA  translocated effector VipA in promoting Lp attachment to and
mutants, while wild-type Lp were not affected (Figure9C), entry of LECs, through its role in facilitating actin polymerization
demonstrating the need for VipA in membrane wrap needed for membrane wrap formation and elongation over
morphogenesis. entrapped Lp filaments.
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(C) Lp attachment to LECs following treatment with cytochalasin-D. Bacterial attachment to vehicle treated controls has been normalized to 100% and attachment
following treatment is expressed as relative values. Data shown are mean + SEM from 3 independent experiments (n>1000 cells in each experiment). For all
fluorescence micrographs the main panels are merged z-stacks and the higher magnifications are single z-planes. All scale bars, 12 wm. Statistical analyses were
performed using one-way ANOVA with Tukey’s multiple comparison test. **o < 0.01, *p < 0.05.

Q

DISCUSSION

Stressful environmental stimuli like host effectors, protist
predation or antimicrobial treatments can lead to bacterial
filamentation, and this morphology can provide the bacteria
with a survival advantage (Justice et al., 2008). The process of
invasion of host cells by filamentous bacteria has only been
reported for the urinary tract pathogen Proteus mirabilis (Allison
et al,, 1992) and long chains of Streptococcus (Molinari et al.,
2000), however the invasion mechanisms remain unknown. We
previously showed that filamentous Lp is more efficient than
rods in attaching to LECs and that the invasion of LECs by
filamentous Lp requires the engagement of B1 integrin and
E-cadherin receptors at the host cell surface (Prashar et al,
2012). Here we demonstrate that the binding to these host cell
receptors causes the downstream activation of Src and class I
PI3 kinases, and members of the Rho family of small GTPases,
namely Cdc42, Racl, and RhoA. These in turn induce actin
polymerization via the actin nucleating proteins Arp2/3 and
formins (mDia). We show that these pathways are critical for
the initial attachment of Lp filaments and the formation and

elongation of the primordial membrane wraps that prime the
internalization of Lp filaments. While further work is required
to dissect the hierarchy and individual contribution of each one
of the small GTPases toward the morphogenesis of membrane
wraps and internalization of Lp, our results indicate a more
preponderant contribution of the Cdc42-mDia axis to these
processes. Cdc42-mDia have been previously associated with the
formation of filopodia (Mattila and Lappalainen, 2008; Mellor,
2010) and hence may control the formation of hooks required for
the initial attachment of Lp, and also contribute to the extension
of the leading edges of lamellas that form the membrane in
wraps.

Along with actin polymerization, RhoA also modulates
the forces exerted by the actin cytoskeleton in filopodia and
lamellopodia by regulating the actin motor myosin II (Sit and
Manser, 2011; Sayyad et al., 2015). Accordingly, we found that
myosin II plays a role in the formation of membrane wraps,
potentially by providing the force required to close the opposing
lamellar protrusions that form these structures. Supporting
this, blebbistatin (Straight et al., 2003) inhibits membrane
wrap formation and elongation. Rho-associated protein kinase
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(ROCK) activates myosin II activity via the phosphorylation of
myosin light chain (MLC) (Kimura et al., 1996). Despite the
requirement for myosin II in Lp attachment and internalization,
ROCK inhibition with Y27632 (Narumiya et al., 2000) only
inhibited Lp attachment but did not cause a significant defect in
bacterial internalization. These results suggest that an alternative
pathway for myosin II activation downstream of Rho GTPases
could be playing a role in the internalization of Lp filaments.
Indeed ROCK independent and MLCK dependent activation of
myosin IT has been previously reported (Totsukawa et al., 2004;
Kassianidou et al., 2017).

Altogether our findings show that filamentous Lp utilizes
Rho GTPases for the invasion of LECs. Although hijacking
Rho GTPases is a common strategy employed by intracellular
bacterial pathogens (Huveneers and Danen, 2009; Hall, 2012),
to our knowledge this is the first study that demonstrates
that Lp utilizes such a mechanism for the invasion of host
epithelial cells.

Interestingly, the activation of Rho GTPases by attachment
of filamentous Lp occurs independently of T4SS effectors.
Nevertheless, we found that bacterial segments entrapped inside
membrane wraps translocated T4SS dependent effectors into
the host cells. The primordial membrane wraps formed by
the activation of Rho GTPases and the action of Arp2/3 and
mDia, may allow enough proximity between the LEC surface
and Lp filaments, as well as time for filamentous Lp to inject
effectors to manipulate the host cells, while still attached at the
cell surface. Indeed, we found that the T4SS effector VipA, an
actin nucleating protein (Franco et al., 2012), is needed for the
entry of filamentous Lp in LECs. The activity of VipA may
complement Arp2/3 and mDia dependent actin nucleation, as
membrane wrap morphogenesis and their capacity to elongate
are diminished in dotA and vipA mutants, demonstrating
that VipA facilitates a faster uptake of filamentous Lp in
LECs. Thus, VipA translocated from the membrane wrap-
internalized segments of filamentous Lp could drive the actin
polymerization required for membrane wrap elongation and
Lp internalization. Of note, only a few other bacterial effectors
that can directly nucleate actin have been identified, including
Salmonella typhimurium effector SipC, which nucleates actin
with the same efficiency as Arp2/3 (Chang et al, 2007) and
Chlamydia trachomatis effector Tarp that can cause formation of
actin filaments to mediate bacterial invasion (Clifton et al., 2004).

Considering our findings altogether, we propose a multi-
stage model of LEC invasion by filamentous Lp. The first
phase of this process depends exclusively on the bacterial
binding to Pl integrin and E-cadherin receptors and their
activation to form hooks and primordial membrane wraps
that can elongate, but not sufficiently to merge. This initial
binding to receptors and the consequent formation of hooks
and membrane wraps rapidly entraps the bacteria on the
LEC surface (Figure 10). In the lung environment, this would
prevent bacterial clearance by the host mucociliary response
(Lieberman et al., 1996). The larger surface area presented
by filaments could favor the engaging of host cells receptors,
and as it has been shown for filamentous E. coli, confer an
advantage in adhering to surfaces under physiological flow

conditions, accelerating bacterial colonization (Moller et al.,
2013).

The binding to B1 integrin and E-cadherin receptors, which
is required to initiate the first phase of invasion may reduce
the likelihood of Lp infecting healthy lung mucosa where these
receptors are segregated basolaterally by tight junctions (TJs).
Supporting this, our findings show that Lp is unable to break
TJs and consequently Lp attachment to polarized epithelial
cell monolayers is severely inhibited unless the monolayers
are disrupted, exposing the receptors. This is in contrast to
professional pathogens including Burkholderia cenocepacia, P.
aeruginosa, and enteropathogenic E. coli, which secrete toxins
that can disrupt tight junctions (TJs) (Hanajima-Ozawa et al,,
2007; Soong et al.,, 2008). Importantly, our findings correlate
well with clinical data indicating that Legionnaires’ disease
develops in individuals with underlying lung conditions that
compromise tissue integrity (Petecchia et al., 2009; Tam et al.,
2011).

In the second phase of the invasion process, Lp filaments,
held securely inside primordial membrane wraps are able to
utilize their T4SS to translocate VipA and other effectors into
the LECs to elongate and modify the membrane wraps into
a pre-vacuolar, calnexin positive LCV like compartment. The
elongation of a primordial membrane wrap by VipA may favor
new close contacts between bacteria and host cell receptors. These
contacts will, in turn, allow new primordial membrane wrap to
form and elongate to eventually merge by the action of VipA,
thus internalizing longer portion of the filamentous bacteria
(Figure 10). Is VipA the only T4SS translocated Lp effector
mediating the internalization of filamentous Lp? Although for
most of the internalization parameters analyzed in this study,
vipA mutants perform similarly to dotA mutants, dotA mutants
produced more membrane wraps than those generated by vipA
mutants or wild type Lp. These results suggest that additional
T4SS translocated effector(s) may act to limit the number
of membrane wraps. It is reasonable to speculate that RavkK,
a recently described Lp effector that can cleave actin and
thereby prevent actin filament formation (Liu et al., 2017) could
contribute to membrane wrap morphogenesis. The remodeling
of cortical actin required for the loss of membrane rigidity
necessary for the invasion of epithelial cells has been described
for Salmonella (Mason et al, 2007) and Shigella (Lhocine
et al, 2015). During the course of invasion, the segments
of Lp filaments entrapped in membrane wraps lose their
association with actin (Prashar et al., 2012). We envision that
the coordinated activity of VipA and RavK could be responsible
for cytoskeletal remodeling during the internalization of Lp
segments. Cegl4 (Guo et al,, 2014) and Legk (Michard et al.,
2015) are two additional Lp T4SS effectors that have been
reported to modulate actin cytoskeleton, however their role
in Lp internalization remains to be assessed. Furthermore,
several Lp effectors that target host phosphoinositides (PIs) have
been described (Qiu and Luo, 2017). For instance, SidF acts
as a phosphatase to remove D3 phosphate from PI(3,4,5)P3
to produce PI(4,5)P2 (Hsu et al., 2012), a well characterized
regulator of actin polymerization (Hilpeld et al., 2004). While
their role has only been studied in the context of LCV formation
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(v).

and maturation, given the critical role of PIs as regulators of  cell surface, initiating the invasion process. Both host-mediated
actin dynamics, through targeting host Pls, Lp effectors could  responses, namely Cdc42, Racl, RhoA, and their downstream
indirectly modify host actin cytoskeleton needed for membrane  effectors, and Lp T4SS translocated effectors facilitate the
wrap elongation. invasion of LECs by filamentous Lp via membrane wraps. While

Bacterial attachment to host cells is the first step in the  further work is needed to determine the potential contribution of
invasion process. Attachment to Bl integrin and E-cadherin  this morphotype to Legionnaires’ disease, our findings delineate
receptors on the LEC surface and the subsequent formation of  the molecular details of the mechanism responsible for the
the primordial membrane wraps anchor filamentous Lp to the  invasion of LECs by filamentous Lp.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16 May 2018 | Volume 8 | Article 133


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Prashar et al.

Epithelial Cell Invasion by L. pneumophila

AUTHOR CONTRIBUTIONS

AP, CA, CG, and MT conceived and designed the experiments.
AP, MO, SL, EB, ZT, FS, and DR performed the experiments and
AP, MO, SL, EB, ZT, FS, and DR analyzed the data. AP and MT
wrote the manuscript.

FUNDING

This work was supported by NSERC Discovery grant and
Ontario  Lung  Association/Pfizer =~ Canada  Research
Award to MT.

ACKNOWLEDGMENTS

We thank Dr. H. Shuman for generously providing the plasmids
for vipA deletion and vipA-1 strain and anti-VipA antibodies. We

REFERENCES

Allison, C., Coleman, N., Jones, P. L., and Hughes, C. (1992). Ability of Proteus
mirabilis to invade human urothelial cells is coupled to motility and swarming
differentiation. Infect. Immun. 60, 4740-4746.

Berger, K. H., and Isberg, R. R. (1993). Two distinct defects in intracellular
growth complemented by a single genetic locus in Legionella pneumophila. Mol.
Microbiol. 7, 7-19. doi: 10.1111/j.1365-2958.1993.tb01092.x

Blackmon, J. A., Hicklin, M. D., and Chandler, F. W. (1978). Legionnaires’ disease.
Pathological and historical aspects of a ‘new’ disease. Arch. Pathol. Lab. Med.
102, 337-43.

Bonazzi, M., and Cossart, P. (2011). Impenetrable barriers or entry portals?
The role of cell-cell adhesion during infection. J. Cell Biol. 195, 349-358.
doi: 10.1083/jcb.201106011

Boyd, J. F., Buchanan, W. M., MacLeod, T. L, Dunn, R. I, and Weir, W. P.
(1978). Pathology of five Scottish deaths from pneumonic illnesses acquired
in Spain due to Legionnaires disease agent. J. Clin. Pathol. 31, 809-816.
doi: 10.1136/jcp.31.9.809

Brown, A. S., van Driel, I. R.,, and Hartland, E. L. (2013). Mouse models
of Legionnaires disease. Curr. Top. Microbiol. Immunol. 376, 271-291.
doi: 10.1007/82_2013_349

Bugalhdo, J. N., Mota, L. J., and Franco, L. S. (2015). Bacterial nucleators: actin’ on
actin. Pathog. Dis. 73:ftv078. doi: 10.1093/femspd/ftv078

Burbelo, P. D., Drechsel, D., and Hall, A. (1995). A conserved binding motif defines
numerous candidate target proteins for both Cdc42 and Rac GTPases. J. Biol.
Chem. 270, 29071-29074. doi: 10.1074/jbc.270.49.29071

Cantrell, D. A. (2001). Phosphoinositide 3-kinase signalling pathways. J. Cell Sci.
114(Pt 8), 1439-1445.

Chang, J., Myeni, S. K., Lin, T. L., Wu, C. C,, Staiger, C. J., and Zhou, D.
(2007). SipC multimerization promotes actin nucleation and contributes
to Salmonella-induced inflammation. Mol. Microbiol. 66, 1548-1556.
doi: 10.1111/j.1365-2958.2007.06024.x

Cianciotto, N. P., Stamos, J. K., and Kamp, D. W. (1995). Infectivity of Legionella
pneumophila mip mutant for alveolar epithelial cells. Curr. Microbiol. 30,
247-250. doi: 10.1007/BF00293641

Clifton, D. R., Fields, K. A., Grieshaber, S. S., Dooley, C. A., Fischer, E. R,,
Mead, D. J., et al. (2004). A chlamydial type III translocated protein is
tyrosine-phosphorylated at the site of entry and associated with recruitment
of actin. Proc. Natl. Acad. Sci. U.S.A. 101, 10166-10171. doi: 10.1073/pnas.0402
829101

Cossart, P., and Sansonetti, P. J. (2004). Bacterial invasion: the paradigms
of enteroinvasive pathogens. Science 304, 242-248. doi: 10.1126/science.10
90124

thank Dr. Sergio Grinstein for providing the Racl-GFP, RhoA-
GFP, PAK-PBD-GFP and rGBD-GFP plasmids, Dr. Katalin
Szaszi for sharing the Cdc42-GFP plasmid and Dr. Andras
Kapus for sharing the FH1/FH2 constructs. We would like
to thank A. Ensminger for sharing the Lp02 dotA strain and
AX. Brassinga for providing the KB288 plasmid. We would
also like to thank the Centre for Neurobiology of Stress at
the University of Toronto at Scarborough for the use of the
imaging facilities. This work was supported by NSERC Discovery
grant and Ontario Lung Association/Pfizer Canada Research
Award to MT.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2018.00133/full#supplementary-material

Cowan, C., Jones, H. A, Kaya, Y. H., Perry, R. D., and Straley, S. C. (2000).
Invasion of epithelial cells by Yersinia pestis: evidence for a Y. pestis-
specific invasin. Infect. Immun. 68, 4523-4530. doi: 10.1128/1A1.68.8.4523-45
30.2000

Daisy, J. A., Benson, C. E., McKitrick, J., and Friedman, H. M. (1981).
Intracellular replication of Legionella pneumophila. J. Infect. Dis. 143, 460-464.
doi: 10.1093/infdis/143.3.460

d’Ostiani, C. F., Del Sero, G., Bacci, A., Montagnoli, C., Spreca, A., Mencacci, A.,
et al. (2000). Dendritic cells discriminate between yeasts and hyphae of the
fungus Candida albicans. Implications for initiation of T helper cell immunity
in vitro and in vivo. J. Exp. Med. 191, 1661-1674. doi: 10.1084/jem.191.10.1661

Ensminger, A. W. (2015). Legionella pneumophila, armed to the hilt: justifying the
largest arsenal of effectors in the bacterial world. Curr. Opin. Microbiol. 29,
74-80. doi: 10.1016/j.mib.2015.11.002

Fields, B. S. (1996). The molecular ecology of legionellae. Trends Microbiol. 4,
286-290. doi: 10.1016/0966-842X(96)10041-X

Finlay, B. B. (2005). Bacterial virulence strategies that utilize Rho GTPases. Curr.
Top. Microbiol. Immunol. 291, 1-10. doi: 10.1007/3-540-27511-8_1

Franco, I. S., Shohdy, N., and Shuman, H. A. (2012). The Legionella pneumophila
effector VipA is an actin nucleator that alters host cell organelle trafficking. PLoS
Pathog. 8:e1002546. doi: 10.1371/journal.ppat.1002546

Gao, Y., Dickerson, J. B., Guo, F., Zheng, J., and Zheng, Y. (2004). Rational design
and characterization of a Rac GTPase-specific small molecule inhibitor. Proc.
Natl. Acad. Sci. U.S.A. 101, 7618-7623. doi: 10.1073/pnas.0307512101

Garay, C., Judge, G., Lucarelli, S., Bautista, S., Pandey, R., Singh, T., et al.
(2015). Epidermal growth factor-stimulated Akt phosphorylation requires
clathrin or ErbB2 but not receptor endocytosis. Mol. Biol. Cell 26, 3504-3519.
doi: 10.1091/mbc.E14-09-1412

Garduno, R. A., Chong, A., and Faulkner, G. (2008). Developmental cycle-
differentiation of Legionella pneumophila. Legionella Mol. Microbiol. 19, 55-73.

Garduio, R. A,, Chong, A., Nasrallah, G. K., and Allan, D. S. (2011). The Legionella
pneumophila Chaperonin - An Unusual Multifunctional Protein in Unusual
Locations. Front. Microbiol. 2:122. doi: 10.3389/fmicb.2011.00122

Goley, E. D., and Welch, M. D. (2006). The ARP2/3 complex: an actin nucleator
comes of age. Nat. Rev. Mol. Cell Biol. 7, 713-726. doi: 10.1038/nrm2026

Goode, B. L., and Eck, M. J. (2007). Mechanism and function of formins
in the control of actin assembly. Annu. Rev. Biochem. 76, 593-627.
doi: 10.1146/annurev.biochem.75.103004.142647

Gruenert, D. C., Finkbeiner, W. E., and Widdicombe, J. H. (1995). Culture and
transformation of human airway epithelial cells. Am. J. Physiol. 268(3 Pt 1),
L347-L360. doi: 10.1152/ajplung.1995.268.3.L347

Guo, W., and Giancotti, F. G. (2004). Integrin signalling during tumour
progression. Nat. Rev. Mol. Cell Biol. 5, 816-826. doi: 10.1038/nrm1490

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

17

May 2018 | Volume 8 | Article 133


https://www.frontiersin.org/articles/10.3389/fcimb.2018.00133/full#supplementary-material
https://doi.org/10.1111/j.1365-2958.1993.tb01092.x
https://doi.org/10.1083/jcb.201106011
https://doi.org/10.1136/jcp.31.9.809
https://doi.org/10.1007/82_2013_349
https://doi.org/10.1093/femspd/ftv078
https://doi.org/10.1074/jbc.270.49.29071
https://doi.org/10.1111/j.1365-2958.2007.06024.x
https://doi.org/10.1007/BF00293641
https://doi.org/10.1073/pnas.0402829101
https://doi.org/10.1126/science.1090124
https://doi.org/10.1128/IAI.68.8.4523-4530.2000
https://doi.org/10.1093/infdis/143.3.460
https://doi.org/10.1084/jem.191.10.1661
https://doi.org/10.1016/j.mib.2015.11.002
https://doi.org/10.1016/0966-842X(96)10041-X
https://doi.org/10.1007/3-540-27511-8_1
https://doi.org/10.1371/journal.ppat.1002546
https://doi.org/10.1073/pnas.0307512101
https://doi.org/10.1091/mbc.E14-09-1412
https://doi.org/10.3389/fmicb.2011.00122
https://doi.org/10.1038/nrm2026
https://doi.org/10.1146/annurev.biochem.75.103004.142647
https://doi.org/10.1152/ajplung.1995.268.3.L347
https://doi.org/10.1038/nrm1490
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Prashar et al.

Epithelial Cell Invasion by L. pneumophila

Guo, Z., Stephenson, R., Qiu, J., Zheng, S., and Luo, Z. Q. (2014). A
Legionella effector modulates host cytoskeletal structure by inhibiting actin
polymerization. Microbes Infect. 16, 225-236. doi: 10.1016/j.micinf.2013.11.007

Guttman, J. A, and Finlay, B. B. (2009). Tight junctions as targets
of infectious agents. Biochim. Biophys. Acta 1788, 832-84l.
doi: 10.1016/j.bbamem.2008.10.028

Hall, A. (2012). Rho family GTPases. Biochem. Soc. Trans. 40, 1378-1382.
doi: 10.1042/BST20120103

Hanajima-Ozawa, M., Matsuzawa, T., Fukui, A., Kamitani, S., Ohnishi, H., Abe, A.,
et al. (2007). Enteropathogenic Escherichia coli, Shigella flexneri, and Listeria
monocytogenes recruit a junctional protein, zonula occludens-1, to actin tails
and pedestals. Infect. Immun. 75, 565-573. doi: 10.1128/TAL.01479-06

Hanke, J. H., Gardner, J. P, Dow, R. L., Changelian, P. S., Brissette, W. H.,,
Weringer, E. J., et al. (1996). Discovery of a novel, potent, and Src family-
selective tyrosine kinase inhibitor. Study of Lck- and FynT-dependent T cell
activation. J. Biol. Chem. 271, 695-701. doi: 10.1074/jbc.271.2.695

Hanna, S., and El-Sibai, M. (2013). Signaling networks of Rho GTPases in cell
motility. Cell. Signal. 25, 1955-1961. doi: 10.1016/j.cellsig.2013.04.009

Heasman, S. J., and Ridley, A. J. (2008). Mammalian Rho GTPases: new insights
into their functions from in vivo studies. Nat. Rev. Mol. Cell Biol. 9, 690-701.
doi: 10.1038/nrm2476

Hernandez, F. J., Kirby, B. D., Stanley, T. M., and Edelstein, P. H. (1980).
Legionnaires’ disease. Postmortem pathologic findings of 20 cases. Am. J. Clin.
Pathol. 73, 488-495.

Hilbi, H., Segal, G., and Shuman, H. A. (2001). Icm/dot-dependent upregulation
of phagocytosis by Legionella pneumophila. Mol. Microbiol. 42, 603-617.
doi: 10.1046/j.1365-2958.2001.02645.x

Hilpel4, P., Vartiainen, M. K., and Lappalainen, P. (2004). Regulation of the actin
cytoskeleton by PI(4,5)P2 and PI(3,4,5)P3. Curr. Top. Microbiol. Immunol. 282,
117-163. doi: 10.1007/978-3-642-18805-3_5

Hsu, F., Zhu, W., Brennan, L., Tao, L., Luo, Z. Q., and Mao, Y. (2012).
Structural basis for substrate recognition by a unique Legionella
phosphoinositide phosphatase. Proc. Natl. Acad. Sci. U.S.A. 109, 13567-13572.
doi: 10.1073/pnas.1207903109

Huveneers, S., and Danen, E. H. (2009). Adhesion signaling - crosstalk between
integrins, Src and Rho. J. Cell Sci. 122(Pt 8), 1059-1069. doi: 10.1242/jcs.039446

Ireton, K., Rigano, L. A., and Dowd, G. C. (2014). Role of host GTPases
in infection by Listeria monocytogenes. Cell. Microbiol. 16, 1311-1320.
doi: 10.1111/cmi.12324

Isaac, D. T., and Isberg, R. (2014). Master manipulators: an update on Legionella
pneumophila Icm/Dot translocated substrates and their host targets. Future
Microbiol. 9, 343-359. doi: 10.2217/fmb.13.162

Jager, J., Marwitz, S., Tiefenau, J., Rasch, J., Shevchuk, O., Kugler, C., et al.
(2014). Human lung tissue explants reveal novel interactions during Legionella
pneumophila infections. Infect. Immun. 82, 275-285. doi: 10.1128/IA1.00703-13

Justice, S. S., Hunstad, D. A., Cegelski, L., and Hultgren, S. J. (2008). Morphological
plasticity as a bacterial survival strategy. Nat. Rev. Microbiol. 6, 162-168.
doi: 10.1038/nrmicro1820

Kassianidou, E., Hughes, J. H., and Kumar, S. (2017). Activation of ROCK
and MLCK tunes regional stress fiber formation and mechanics via
preferential myosin light chain phosphorylation. Mol. Biol. Cell 28, 3832-3843.
doi: 10.1091/mbc.E17-06-0401

Kim, M., Ashida, H., Ogawa, M., Yoshikawa, Y., Mimuro, H., and Sasakawa, C.
(2010). Bacterial interactions with the host epithelium. Cell Host Microbe 8,
20-35. doi: 10.1016/j.chom.2010.06.006

Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku, M., et al.
(1996). Regulation of myosin phosphatase by Rho and Rho-associated kinase
(Rho-kinase). Science 273, 245-248. doi: 10.1126/science.273.5272.245

Knodler, L. A., Celli, J., and Finlay, B. B. (2001). Pathogenic trickery: deception of
host cell processes. Nat. Rev. Mol. Cell Biol. 2, 578-588. doi: 10.1038/35085062

Kontos, C. D., Stauffer, T. P., Yang, W. P., York, J. D., Huang, L., Blanar, M. A,,
et al. (1998). Tyrosine 1101 of Tie2 is the major site of association of p85 and
is required for activation of phosphatidylinositol 3-kinase and Akt. Mol. Cell.
Biol. 18, 4131-4140. doi: 10.1128/MCB.18.7.4131

Lammers, M., Meyer, S., Kithlmann, D., and Wittinghofer, A. (2008). Specificity
of interactions between mDia isoforms and Rho proteins. J. Biol. Chem. 283,
35236-35246. doi: 10.1074/jbc.M805634200

Legionella Molecular Biology (2008). Norfolk: Caister Academic Press.

Lhocine, N., Arena, E. T., Bomme, P., Ubelmann, F., Prévost, M. C,
Robine, S., et al. (2015). Apical invasion of intestinal epithelial cells by
Salmonella typhimurium requires villin to remodel the brush border actin
cytoskeleton. Cell Host Microbe 17, 164-177. doi: 10.1016/j.chom.2014.
12.003

Lieberman, D., Porath, A., Schlaeffer, F., Lieberman, D., and Boldur,
I (1996). Legionella species community-acquired pneumonia. A
review of 56 hospitalized adult patients. Chest 109, 1243-1249.

doi: 10.1378/chest.109.5.1243

Liu, Y., Zhu, W., Tan, Y., Nakayasu, E. S., Staiger, C. J., and Luo, Z. Q. (2017). A
Legionella effector disrupts host cytoskeletal structure by cleaving actin. PLoS
Pathog. 13:e1006186. doi: 10.1371/journal.ppat.1006186

Mason, D., Mallo, G. V., Terebiznik, M. R., Payrastre, B., Finlay, B. B., Brumell,
J. H., et al. (2007). Alteration of epithelial structure and function associated
with PtdIns(4,5)P2 degradation by a bacterial phosphatase. J. Gen. Physiol. 129,
267-283. doi: 10.1085/jgp.200609656

Mattila, P. K., and Lappalainen, P. (2008). Filopodia: molecular architecture and
cellular functions. Nat. Rev. Mol. Cell Biol. 9, 446-454. doi: 10.1038/nrm2406

McDade, J. E., Shepard, C. C., Fraser, D. W., Tsai, T. R, Redus, M. A., and
Dowdle, W. R., (1977). Legionnaires disease: isolation of a bacterium and
demonstration of its role in other respiratory disease. N. Engl. J. Med. 297,
1197-1203.

McLachlan, R. W., Kraemer, A., Helwani, F. M., Kovacs, E. M., and Yap, A. S.
(2007). E-cadherin adhesion activates c-Src signaling at cell-cell contacts. Mol.
Biol. Cell 18, 3214-3223. doi: 10.1091/mbc.E06-12-1154

Mellor, H. (2010). The role of formins in filopodia formation. Biochim. Biophys.
Acta 1803, 191-200. doi: 10.1016/j.bbamcr.2008.12.018

Michard, C., Sperandio, D., Bailo, N., Pizarro-Cerd4, J., LeClaire, L., Chadeau-
Argaud, E. et al. (2015). The Legionella Kinase LegK2 Targets the
ARP2/3 complex to inhibit actin nucleation on phagosomes and allow
bacterial evasion of the late endocytic pathway. MBio 6, €00354-e00315.
doi: 10.1128/mBi0.00354-15

Mitra, S. K., Hanson, D. A., and Schlaepfer, D. D. (2005). Focal adhesion kinase:
in command and control of cell motility. Nat. Rev. Mol. Cell Biol. 6, 56-68.
doi: 10.1038/nrm1549

Mody, C. H., Paine, R. 3rd, Shahrabadi, M. S., Simon, R. H., Pearlman,
E., Eisenstein, B. I, et al. (1993). Legionella pneumophila replicates
within rat alveolar epithelial cells. J. Infect. Dis. 167, 1138-1145.
doi: 10.1093/infdis/167.5.1138

Molinari, G., Rohde, M., Guzmdn, C. A., and Chhatwal, G. S. (2000). Two
distinct pathways for the invasion of Streptococcus pyogenes in non-
phagocytic cells. Cell. Microbiol. 2, 145-154. doi: 10.1046/j.1462-5822.2000.00
040.x

Moller, J., Emge, P., Avalos Vizcarra, I, Kollmannsberger, P., and Vogel,
V. (2013). Bacterial filamentation accelerates colonization of adhesive
spots embedded in biopassive surfaces. New J. Phys. 15:125016.
doi: 10.1088/1367-2630/15/12/125016

Molofsky, A. B., Shetron-Rama, L. M., and Swanson, M. S. (2005). Components
of the Legionella pneumophila flagellar regulon contribute to multiple virulence
traits, including lysosome avoidance and macrophage death. Infect. Immun. 73,
5720-5734. doi: 10.1128/1A1.73.9.5720-5734.2005

Narumiya, S., Ishizaki, T., and Uehata, M. (2000). Use and properties
of ROCK-specific inhibitor Y-27632. Methods Enzymol. 325, 273-284.
doi: 10.1016/50076-6879(00)25449-9

Newton, H. J., Ang, D. K., van Driel, I. R,, and Hartland, E. L. (2010). Molecular
pathogenesis of infections caused by Legionella pneumophila. Clin. Microbiol.
Rev. 23, 274-298. doi: 10.1128/CMR.00052-09

Nolen, B. J., Tomasevic, N., Russell, A., Pierce, D. W, Jia, Z., McCormick, C. D.,
et al. (2009). Characterization of two classes of small molecule inhibitors of
Arp2/3 complex. Nature 460, 1031-1034. doi: 10.1038/nature08231

Ogawa, M., Takade, A. Miyamoto, H., Taniguchi, H., and Yoshida,
S. (2001). Morphological variety of intracellular microcolonies of
Legionella species in Vero cells. Microbiol. Immunol. 45, 557-562.
doi: 10.1111/.1348-0421.2001.tb02658.x

Pang, J. H., Kraemer, A., Stehbens, S. J., Frame, M. C., and Yap, A. S. (2005).
Recruitment of phosphoinositide 3-kinase defines a positive contribution of
tyrosine kinase signaling to E-cadherin function. J. Biol. Chem. 280, 3043-3050.
doi: 10.1074/jbc.M412148200

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

18

May 2018 | Volume 8 | Article 133


https://doi.org/10.1016/j.micinf.2013.11.007
https://doi.org/10.1016/j.bbamem.2008.10.028
https://doi.org/10.1042/BST20120103
https://doi.org/10.1128/IAI.01479-06
https://doi.org/10.1074/jbc.271.2.695
https://doi.org/10.1016/j.cellsig.2013.04.009
https://doi.org/10.1038/nrm2476
https://doi.org/10.1046/j.1365-2958.2001.02645.x
https://doi.org/10.1007/978-3-642-18805-3_5
https://doi.org/10.1073/pnas.1207903109
https://doi.org/10.1242/jcs.039446
https://doi.org/10.1111/cmi.12324
https://doi.org/10.2217/fmb.13.162
https://doi.org/10.1128/IAI.00703-13
https://doi.org/10.1038/nrmicro1820
https://doi.org/10.1091/mbc.E17-06-0401
https://doi.org/10.1016/j.chom.2010.06.006
https://doi.org/10.1126/science.273.5272.245
https://doi.org/10.1038/35085062
https://doi.org/10.1128/MCB.18.7.4131
https://doi.org/10.1074/jbc.M805634200
https://doi.org/10.1016/j.chom.2014.12.003
https://doi.org/10.1378/chest.109.5.1243
https://doi.org/10.1371/journal.ppat.1006186
https://doi.org/10.1085/jgp.200609656
https://doi.org/10.1038/nrm2406
https://doi.org/10.1091/mbc.E06-12-1154
https://doi.org/10.1016/j.bbamcr.2008.12.018
https://doi.org/10.1128/mBio.00354-15
https://doi.org/10.1038/nrm1549
https://doi.org/10.1093/infdis/167.5.1138
https://doi.org/10.1046/j.1462-5822.2000.00040.x
https://doi.org/10.1088/1367-2630/15/12/125016
https://doi.org/10.1128/IAI.73.9.5720-5734.2005
https://doi.org/10.1016/S0076-6879(00)25449-9
https://doi.org/10.1128/CMR.00052-09
https://doi.org/10.1038/nature08231
https://doi.org/10.1111/j.1348-0421.2001.tb02658.x
https://doi.org/10.1074/jbc.M412148200
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Prashar et al.

Epithelial Cell Invasion by L. pneumophila

Pentecost, M., Otto, G., Theriot, J. A., and Amieva, M. R. (2006). Listeria
monocytogenes invades the epithelial junctions at sites of cell extrusion. PLoS
Pathog. 2:e3. doi: 10.1371/journal.ppat.0020003

Petecchia, L., Sabatini, F., Varesio, L., Camoirano, A., Usai, C., Pezzolo, A.,
et al. (2009). Bronchial airway epithelial cell damage following exposure to
cigarette smoke includes disassembly of tight junction components mediated
by the extracellular signal-regulated kinase 1/2 pathway. Chest 135, 1502-1512.
doi: 10.1378/chest.08-1780

Piao, Z., Sze, C. C., Barysheva, O., Iida, K, and Yoshida, S. (2006).
Temperature-regulated formation of mycelial mat-like biofilms by
Legionella  pneumophila. Appl.  Environ. Microbiol. 72, 1613-1622.
doi: 10.1128/AEM.72.2.1613-1622.2006

Prashar, A., Bhatia, S., Gigliozzi, D., Martin, T., Duncan, C., Guyard, C,
et al. (2013). Filamentous morphology of bacteria delays the timing of
phagosome morphogenesis in macrophages. J. Cell Biol. 203, 1081-1097.
doi: 10.1083/jcb.201304095

Prashar, A., Bhatia, S., Tabatabaeiyazdi, Z., Duncan, C. Gardufio, R. A,
Tang, P., et al. (2012). Mechanism of invasion of lung epithelial cells
by filamentous Legionella pneumophila. Cell. Microbiol. 14, 1632-1655.
doi: 10.1111/.1462-5822.2012.01828.x

Qiu, J., and Luo, Z. Q. (2017). Legionella and coxiella effectors: strength in diversity
and activity. Nat. Rev. Microbiol. 15, 591-605. doi: 10.1038/nrmicro.2017.67

Ren, X. D., Kiosses, W. B., and Schwartz, M. A. (1999). Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton. EMBO J. 18,
578-585. doi: 10.1093/emboj/18.3.578

Ridley, A. J., and Hall, A. (1992). The small GTP-binding protein rho regulates the
assembly of focal adhesions and actin stress fibers in response to growth factors.
Cell 70, 389-399. doi: 10.1016/0092-8674(92)90163-7

Rittig, M. G., Jagoda, J. C., Wilske, B., Murgia, R., Cinco, M., Repp, R,, et al.
(1998). Coiling phagocytosis discriminates between different spirochetes and
is enhanced by phorbol myristate acetate and granulocyte-macrophage colony-
stimulating factor. Infect. Immun. 66, 627-635.

Rittig, M. G., Wilske, B., and Krause, A. (1999). Phagocytosis of microorganisms
by means of overshooting pseudopods: where do we stand? Microbes Infect. 1,
727-735.

Rizvi, S. A., Neidt, E. M. Cui, J., Feiger, Z., Skau, C. T. Gardel, M.
L., et al. (2009). Identification and characterization of a small molecule
inhibitor of formin-mediated actin assembly. Chem. Biol. 16, 1158-1168.
doi: 10.1016/j.chembiol.2009.10.006

Robertson, P., Abdelhady, H., and Garduiio, R. A. (2014). The many forms of
a pleomorphic bacterial pathogen-the developmental network of Legionella
pneumophila. Front. Microbiol. 5:670. doi: 10.3389/fmicb.2014.00670

Rodgers, F. G. (1979). Ultrastructure of Legionella pneumophila. J. Clin. Pathol. 32,
1195-1202. doi: 10.1136/jcp.32.12.1195

Rottner, K., Stradal, T. E., and Wehland, J. (2005). Bacteria-host-cell interactions
at the plasma membrane: stories on actin cytoskeleton subversion. Dev. Cell 9,
3-17. doi: 10.1016/j.devcel.2005.06.002

Sa, E. C. C,, Griffiths, N. J., and Virji, M. (2010). Neisseria meningitidis Opc
invasin binds to the sulphated tyrosines of activated vitronectin to attach
to and invade human brain endothelial cells. PLoS Pathog. 6:¢1000911.
doi: 10.1371/journal.ppat.1000911

Sayyad, W. A., Amin, L., Fabris, P., Ercolini, E., and Torre, V. (2015). The role
of myosin-II in force generation of DRG filopodia and lamellipodia. Sci. Rep.
5:7842. doi: 10.1038/srep07842

Schlumberger, M. C., and Hardt, W. D. (2005). Triggered phagocytosis
by  Salmonella:  bacterial ~molecular ~mimicry of  RhoGTPase
activation/deactivation. Curr. Top. Microbiol. Immunol. 291, 29-42.
doi: 10.1007/3-540-27511-8_3

Schmidt, A., and Hall, A. (2002). Guanine nucleotide exchange factors
for Rho GTPases: turning on the switch. Genes Dev. 16, 1587-1609.
doi: 10.1101/gad.1003302

Shohdy, N., Efe, J. A, Emr, S. D, and Shuman, H. A. (2005). Pathogen
effector protein screening in yeast identifies Legionella factors that interfere
with membrane trafficking. Proc. Natl. Acad. Sci. U.S.A. 102, 4866-4871.
doi: 10.1073/pnas.0501315102

Sit, S. T., and Manser, E. (2011). Rho GTPases and their role in organizing
the actin cytoskeleton. J. Cell Sci. 124(Pt 5), 679-683. doi: 10.1242/jcs.0
64964

Soong, G., Parker, D., Magargee, M., and Prince, A. S. (2008). The type III toxins
of Pseudomonas aeruginosa disrupt epithelial barrier function. J. Bacteriol. 190,
2814-2821. doi: 10.1128/JB.01567-07

Sousa, S., Cabanes, D., Bougneres, L., Lecuit, M., Sansonetti, P., Tran-Van-Nhieu,
G., etal. (2007). Src, cortactin and Arp2/3 complex are required for E-cadherin-
mediated internalization of Listeria into cells. Cell. Microbiol. 9, 2629-2643.
doi: 10.1111/j.1462-5822.2007.00984.x

Steinert, M., Hentschel, U., and Hacker, J.,(2002). Legionella pneumophila:
an aquatic microbe goes astray. FEMS Microbiol. Rev. 26, 149-162.
doi: 10.1111/j.1574-6976.2002.tb00607.x

Straight, A. F., Cheung, A., Limouze, J., Chen, I, Westwood, N. J., Sellers,
J. R., et al. (2003). Dissecting temporal and spatial control of cytokinesis
with a myosin II inhibitor. Science 299, 1743-1747. doi: 10.1126/science.10
81412

Surviladze, Z., Waller, A., Strouse, J. J., Bologa, C., Ursu, O., Salas, V., et al. (2010).
A Potent and Selective Inhibitor of Cdc42 GTPase. Probe Reports from the NIH
Molecular Libraries Program. Bethesda (MD).

Tam, A., Wadsworth, S., Dorscheid, D., Man, S. F., and Sin, D. D. (2011). The
airway epithelium: more than just a structural barrier. Ther. Adv. Respir. Dis.
5,255-273. doi: 10.1177/1753465810396539

Tang, P., Rosenshine, I., and Finlay, B. B. (1994). Listeria monocytogenes, an
invasive bacterium, stimulates MAP kinase upon attachment to epithelial cells.
Mol. Biol. Cell 5, 455-464. doi: 10.1091/mbc.5.4.455

Totsukawa, G., Wu, Y., Sasaki, Y., Hartshorne, D. J., Yamakita, Y., Yamashiro, S.,
etal. (2004). Distinct roles of MLCK and ROCK in the regulation of membrane
protrusions and focal adhesion dynamics during cell migration of fibroblasts. J.
Cell Biol. 164, 427-439. doi: 10.1083/jcb.200306172

Varnai, P., and Balla, T. (1998). Visualization of phosphoinositides that bind
pleckstrin homology domains: calcium- and agonist-induced dynamic changes
and relationship to myo-[3H]inositol-labeled phosphoinositide pools. J. Cell
Biol. 143, 501-510. doi: 10.1083/jcb.143.2.501

Vlahos, C. J., Matter, W. F., Hui, K. Y, and Brown, R. F. (1994). A
specific inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-
8-phenyl-4H-1-benzopyran-4-one  (LY0294002). J. Biol. Chem. 269,
5241-5248.

Young, V. B., Falkow, S., and Schoolnik, G. K. (1992). The invasin protein
of Yersinia enterocolitica: internalization of invasin-bearing bacteria by
eukaryotic cells is associated with reorganization of the cytoskeleton. J. Cell Biol.
116, 197-207. doi: 10.1083/jcb.116.1.197

Zhou, D., and Galan, J. (2001). Salmonella entry into host cells: the work in
concert of type III secreted effector proteins. Microbes Infect. 3, 1293-1298.
doi: 10.1016/S1286-4579(01)01489-7

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

Copyright © 2018 Prashar, Ortiz, Lucarelli, Barker, Tabatabeiyazdi, Shamoun,
Raju, Antonescu, Guyard and Terebiznik. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2018 | Volume 8 | Article 133


https://doi.org/10.1371/journal.ppat.0020003
https://doi.org/10.1378/chest.08-1780
https://doi.org/10.1128/AEM.72.2.1613-1622.2006
https://doi.org/10.1083/jcb.201304095
https://doi.org/10.1111/j.1462-5822.2012.01828.x
https://doi.org/10.1038/nrmicro.2017.67
https://doi.org/10.1093/emboj/18.3.578
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1016/j.chembiol.2009.10.006
https://doi.org/10.3389/fmicb.2014.00670
https://doi.org/10.1136/jcp.32.12.1195
https://doi.org/10.1016/j.devcel.2005.06.002
https://doi.org/10.1371/journal.ppat.1000911
https://doi.org/10.1038/srep07842
https://doi.org/10.1007/3-540-27511-8_3
https://doi.org/10.1101/gad.1003302
https://doi.org/10.1073/pnas.0501315102
https://doi.org/10.1242/jcs.064964
https://doi.org/10.1128/JB.01567-07
https://doi.org/10.1111/j.1462-5822.2007.00984.x
https://doi.org/10.1111/j.1574-6976.2002.tb00607.x
https://doi.org/10.1126/science.1081412
https://doi.org/10.1177/1753465810396539
https://doi.org/10.1091/mbc.5.4.455
https://doi.org/10.1083/jcb.200306172
https://doi.org/10.1083/jcb.143.2.501
https://doi.org/10.1083/jcb.116.1.197
https://doi.org/10.1016/S1286-4579(01)01489-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Small Rho GTPases and the Effector VipA Mediate the Invasion of Epithelial Cells by Filamentous Legionella pneumophila
	Introduction
	Materials and Methods
	Reagents and Constructs
	Plasmids and Oligonucleotides
	Bacterial Strains and Culturing
	Cell Culturing and Transfections
	Attachment Assays
	Internalization Assays
	Disruption of Tight Junctions
	Cytochalasin-D Treatment for Detachment Assay
	CFU Enumeration
	Immunofluorescence and Microscopy
	Whole Cell Lysates and Immunoblotting
	Quantification and Statistical Analysis

	Results
	Src and PI3 Kinase Signaling Is Needed for Attachment of Filamentous Lp to LECs
	Rho GTPases and Their Downstream Effectors Are Required for Attachment of Filamentous Lp to LECs
	Rho GTPases Are Needed for the Elongation of Membrane Wraps and Internalization of Filamentous Lp in LECs
	Contribution of Dot/Icm Type IV Secretion System (T4SS) to Lp Attachment and Internalization in LECs
	T4SS Translocated Effector VipA Contributes to Lp Attachment and Entry in Lung Epithelial Cells

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


