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SUMMARY

Shigella, the causative agent of bacillary dysentery
in humans, invades epithelial cells, using a type III
secretory system (T3SS) to inject bacterial effectors
into host cells and remodel the actin cytoskeleton.
ATP released through connexin hemichanels on the
epithelial membrane stimulates Shigella invasion
and dissemination in epithelial cells. Here, we show
that prior to contact with the cell body, Shigella is
captured by nanometer-thin micropodial extensions
(NMEs) at a distance from the cell surface, in
a process involving the T3SS tip complex proteins
and stimulated by ATP- and connexin-mediated
signaling. Upon bacterial contact, NMEs retract,
bringing bacteria in contact with the cell body, where
invasion occurs. ATP stimulates Erk1/2 activation,
which controls actin retrograde flow in NMEs and
their retraction. These findings reveal previously
unappreciated facets of interaction of an invasive
bacterium with host cells and a prominent role for
Erk1/2 in the control of filopodial dynamics.

INTRODUCTION

Diversion of host cytoskeletal processes is a strategy developed

by invasive bacteria to establish andmaintain a successful infec-

tion (Cossart and Sansonetti, 2004; Ogawa et al., 2008). Shigella

flexneri, the causative agent of bacillary dysentery, triggers its

internalization into epithelial cells through a type III secretion

system (T3SS) and elicits an acute inflammatory reaction

responsible of the destruction of the colonic epithelium (Phalipon

and Sansonetti, 2007). Shigella is considered as a potent enter-

oinvasive bacterium since as little as ten to 100 bacteria are
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sufficient to cause the disease in humans despite the fact that

in vitro bacteria do not adhere to cells. At the basal state, the

T3SS is inactive and presents at its tip two type III substrates,

IpaB and IpaD, which form a so-called ‘‘tip complex’’ (Veenen-

daal et al., 2007). The tip complex proteins regulate the activity

of the T3SS and could participate in the recognition of host cell

receptors, such as b1-integrins or the hyaluronan receptor

CD44 (Lafont et al., 2002; Parsot et al., 1995; Veenendaal

et al., 2007; Watarai et al., 1997). Upon cell contact, IpaB and

IpaC are secreted by the T3SS and insert into the host plasma

membrane, forming a so-called ‘‘translocator’’ required for the

injection of type III effectors that act in concert to promote bacte-

rial invasion (Galán and Wolf-Watz, 2006; Ogawa et al., 2008).

Recent evidence indicates a role for intercellular signaling

mediated by Connexins (Cx) during bacterial infection (Garg

et al., 2005; Guttman et al., 2010; Tran Van Nhieu et al., 2003).

Cxs are transmembrane proteins that oligomerize in hexamers,

or connexons (Willecke et al., 2002). Pairs of connexons from

adjacent cells appose to form open channels that are the basis

for gap intercellular junctional communication (GIJC). In addition

to GIJCs, Cx hexamers can form hemichanels at the plasma

membrane that release of ATP or NAD in the extracellular

medium (Spray et al., 2006). Shigella entry induces calcium tran-

sients and ATP-mediated paracrine signaling through the

opening of Cx hemichanels, which further stimulates invasion

(Tran Van Nhieu et al., 2003; Clair et al., 2008). Here, we investi-

gated the mechanism through which ATP and Cx-mediated

signaling stimulate bacterial invasion and dissemination. We

show that prior to contact with the cell body, Shigella is captured

by filopodial extensions, which we termed NMEs for ‘‘nano-

meter-thin micropodial extensions.’’ After bacterial contact,

which depends on the T3SS tip complex proteins, NMEs retract,

leading to apposition of the bacteria to the cell body and subse-

quent engulfment. NME-mediated bacterial capture occurs in

noncommunicating cells but is stimulated by Cx-mediated

signaling and extracellular ATP. We show that NME retraction

requires activation of the Erk1/2 MAP kinase. Inhibition of NME
c.
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retraction points at a prominent role of these extensions during

the initial phases of Shigella invasion of epithelial cells.

RESULTS

Bacterial Capture by NMEs Precedes Invasion
and Requires the IpaB and IpaD T3SS Components
Because Shigella does not express any known adhesin, most

studies on bacterial entry were performed via enhancing inva-

sion by centrifugation or using an ectopic adhesin to enhance

bacterial contact with host cells. When analyzing the very early

stages of cell interaction, we observed that wild-type Shigella

attached to pre-existing filopodia at the cell periphery (Figure 1A

and Movie S1 available online). Bacterial interaction with filopo-

dia represented a major mode of interaction at these early time

points since bacteria were seldom found in direct contact with

the main cell body (Figure 1A). Despite the fact that a large multi-

plicity of infection (multiplicity of infection [MOI] = 500 bacteria/

cell) was used and many filopodia were present at the cell

surface, only a limited fraction of bacterial captures were

observed, in addition, bacterial capture occurred essentially

via filopodia present at the cell periphery and not by filopodia

at the dorsal cell surface (Figure 1A and Figure S1). These obser-

vations suggested that only a limited numbers of filopodia have

the ability to interact with bacteria. To account for a potential

heterogeneity between filopodia, we used the term ‘‘NMEs’’ to

describe these extensions. Interaction with NMEs was not

observed with BS176, a Shigella strain cured from the virulence

plasmid, or a Shigella mxiD mutant, indicating that a functional

T3SS is required for capture (data not shown). Furthermore,

capture was inhibited when bacteria were incubated with anti-

bodies directed against the T3SS IpaB or IpaD tip complex

proteins (Figure 1B). Scanning electron microscopy analysis

showed that NMEs had a diameter of 100–200 nm and a length

ranging from 5 to 15 mm (Figure 1C). In a few cases, bacterial

interaction was detected with the side of NMEs (Figure S1), but

the majority of events occurred between one bacterial pole

and a region immediately adjacent to the tip of NMEs (71% ±

4% of total capture events, 98 events scored, n = 6; Figure 1C,

top panels), in some instances, establishing a tight apposition

(Figure 1C, bottom panels). Bacteria could also be detected

contacting these extensions emanating from entry sites (Fig-

ure 1D, arrowhead), indicating that NME-mediated capture

could occur during the invasion process, possibly increasing

the number of bacterial invading at the same site. As expected

for filopodia, fluorescence staining indicated that NMEs con-

tained F-actin (Figure S2 and Movie S1).

To circumvent the difficulty of analysis in time-lapse phase-

contrast microscopy linked to the swirling of NMEs in 3D and

to the low levels of bacterial interaction with cells, we used

BS167, a Shigella galU mutant (Maurelli et al., 1985). BS167 is

deprived of an LPS 0-antigen side chain and shows increased

adherence to glass and cells. This property allows reduction of

the number of bacteria in the assay to analyze these captures

in the focal plane of the coverslip. Time-lapse acquisition indi-

cated that upon bacterial contact, NMEs retracted at an average

speed of 5.1 ± 0.5 mm/min (n = 6), pulling the bound bacteria in

contact with the main cell body where invasion occurs (Fig-

ure 1E). The majority of NME-mediated bacterial capture events
Cell H
was followed by bacterial invasion, with 62% leading to entry foci

formation (109 cells, n = 4; Movie S2). When cells were chal-

lenged with the noninvasive Shigella isogenic plasmid-cured

derivative BS169, a 6-fold decrease of the number of capture

by NMEs was observed, consistent with the role of IpaB and

IpaD. Furthermore, bacterial captures were rarely followed by

NME retraction events, and bacteria remained bound at the tip

of the NME for extended periods of time, suggesting a role for

the T3SS in NME retraction.

Extracellular ATP-Mediated Signaling Amplifies
Bacterial Capture by NMEs and Induces Erk1/2
Activation
HeLa cells do not express any known connexins and are defi-

cient for cell-cell communication (Saez et al., 2003). Cx

transfectants of HeLa cells are proficient for extracellular ATP-

mediated signaling, which increases Shigella invasion (Tran

Van Nhieu et al., 2003). To test the role of extracellular ATP-

mediated signaling in bacterial capture by NME, we performed

time-lapse experiments using HeLa cells or HeLa transfectants

expressing human connexin 26 (HCx26) challenged with

Shigella. Two independent clones of HCx26 cells were used,

which gave similar results (Experimental Procedures). As shown

in Figure 1B, bacterial capture by NMEs was also observed

in HCx26 cells, which was inhibited by anti-IpaB or anti-IpaD

antibodies, but occurred at a 3.7-fold higher frequency per

cell compared to parental HeLa cells. Time-lapse acquisition

indicated that the frequency of bacterial capture per cell

followed by NME retraction was 3.5-fold higher in HCx26 cells

compared to HeLa cells (Figure 2A, solid bars). When ATP

was added to HeLa cells during bacterial challenge, the

frequency of NME-mediated bacterial captures was increased

to levels similar to those observed in HCx26 cells (Figure 2A).

Consistent with a role for NME capture in bacterial invasion,

during the 30 min duration of these time-lapse acquisitions,

the majority (62%–88%) of bacterial capture by NME events

led to entry foci formation (Figure 2A, gray bars). Measurements

from time lapse acquisitions indicated a similar average speed

of retraction of NME after bacterial capture in HeLa (5.1 ±

0.5 mm/min, 25 determinations, n = 6) and HCx26 cells (4.9 ±

0.9 mm/min, 18 determinations, n = 6), indicating that the differ-

ence in NME-mediated capture was not linked to increased

NME dynamics of retraction.

ATP also induced a transient increase in the tyrosyl-phosphor-

ylation of a 42 kDa band, detected between 2.5 and 10 min after

the addition in HeLa cells (Figure 2B, top panel). Probing with

an anti-phospho Erk antibody showed that the p42 probably

corresponded to the activated form of Erk1/2 (Figure 2B, bottom

panel). Wild-type invasive Shigella induced a weak activation of

Erk1/2 in noncommunicating parental HeLa cells, which was not

significantly different than that induced by the mxiD mutant

(Figure 2C). In contrast, when HCx26 communicating cells

were challenged with invasive Shigella, a transient activation of

Erk1/2 could be clearly detected after the first 5 min of infection,

consistent with ATP-mediated signaling in these cells (Fig-

ure 2D). These results indicate that bacterial capture is more

efficient in Cx-expressing cells proficient for ATP-mediated

signaling and that extracellular ATP signaling induces the activa-

tion of Erk1/2.
ost & Microbe 9, 508–519, June 16, 2011 ª2011 Elsevier Inc. 509



Figure 1. Bacterial Capture by NMEs Precedes Shigella Invasion

(A) Representative images of wild-type Shigella captured by NMEs. HeLa cells were challenged with wild-type Shigella at a MOI of 500 for 15 min at 37�C.
Samples were fixed and observed by phase-contrast microscopy. The arrowheads point at individual capture events. Scale bars represent 5 mm.

(B) The T3SS tip complex IpaB and IpaD proteins are required for bacterial capture. Bacteria were incubated with polyclonal anti-IpaB, anti-IpaD, or preimmune

serum prior to addition to HeLa cells (left panel) or HCx26 communicating cells (right panels). Anti-IpaB or -IpaD antibodies inhibit NME capture of Shigella. Error

bars correspond to the standard error of the mean (SEM). n = 3. HeLa, 309 cells; Hcx26, 277 cells. *p < 0.0001.

(C and D) Scanning electron microscopy Shigella capture by NMEs. Samples were prepared as in (A) and were processed for Scanning electron microscopy

analysis (Experimental Procedures). In (C), NMEs are visualized as 50–200 nm thin extensions, sometimes branched (arrowheads). The scale bar represents 1 mm.

In (D), bacterial capture is also observed with NMEs emanating from invasion sites (arrowhead). The inset shows a higher magnification of the captured bacteria.

The scale bar represents 5 mm.

(E) Time-lapse analysis of bacterial capture by NMEs. HeLa cells were challenged with the invasive BS167 Shigella strain (Experimental Procedures) at a MOI of

50. The panels correspond to frames at the time indicated in seconds. Colored arrowheads point at distinct bacterial captures and subsequent NME retraction

events. The scale bar represents 5 mm.

See also Figures S1 and S2 and Movies S1 and S2.
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Figure 2. ATP- and Connexin-Mediated

Signaling Amplifies Bacterial Capture and

Induces Erk1/2 Activation during Shigella

Invasion

(A) Cells were challenged with the Shigella BS167

strain and bacterial capture by NMEs was

analyzed by time-lapse phase-contrast micros-

copy. HeLa, HCx26 cells or HeLa cells challenged

in the presence of 50 mM ATP bacterial capture

followed by NME retraction (black bars) or bacte-

rial capture and retraction followed by an entry foci

formation (gray bars) ± SEM were quantified in at

least three independent sets of experiments.

(HeLa, 61 cells; HCx26, 54 cells; HeLa + ATP, 72

cells.)

(B) Extracellular ATP stimulates Erk1/2 transient

activation. HeLa cells were treated with 100 mM

ATP for the indicated times in minutes, and cell

lysates were analyzed by western blotting with

anti-phosphotyrosine (top) or anti-phosphorylated

Erk (bottom) antibodies. The molecular weight

markers are indicated.

(C and D) Invasive Shigella induces Erk1/2 acti-

vation in HCx26 cells. Cells were challenged with

bacteria for the indicated times, and samples were

lysed and processed for anti-phosphorylated Erk2

(P-Erk2) or anti-Erk2 (Erk2) western blot analysis.

Cells challenged with the following: wt, wild-type

Shigella strain; mxiD, an isogenic T3SS-deficient

mxiD mutant strain. HeLa cells (C) and HCx26

cells (D) were used. Quantification indicated no

statistical difference between the levels of phos-

phorylated Erk2 induced by wild-type Shigella or themxiDmutant in HeLa cells. In contrast, in HCx26 cells, wild-type Shigella induced an increase in the intensity

of phosphorylated Erk2 signal reaching up to 3.9-fold ± 0.6-fold that observedwith themxiDmutant (n = 3). *p < 0.01when tested against samples challengedwith

the wild-type Shigella strain M90T.
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Erk1/2 Is Required for NME Retraction
The enhanced Erk1/2 activation observed in HCx26 cells sug-

gested that this kinase could play a role in NME-mediate bacte-

rial capture. To visualize the effect of ATP on Erk1/2 localization,

we transfected HeLa cells with GFP-Erk2 and stimulated them

with ATP (Experimental Procedures). In the absence of stimula-

tion, Erk2 showed a diffuse cytoplasmic distribution (Figure 3A,

control). As previously described (Tai et al., 2004; Turjanski

et al., 2007), ATP stimulation led to the nuclear redistribution

of Erk2 (Figure 3A, +ATP). However, we observed that Erk2

also accumulated at the cell edges in local ruffling areas and

at the base of some filopodia (Figure 3A, +ATP, arrows;

Figure S3). When HeLa or HCx26 cells, transfected with

GFP-Erk2, were challenged with wild-type Shigella, clusters of

Erk2 were visualized at the base of NMEs interacting with

bacteria (Figure 3B), suggesting a role for Erk1/2 in the control

of the dynamics of NMEs. To investigate the role of Erk1/2

in NME-mediated bacterial capture, we treated cells with the

Mitogen-activated protein kinase kinase (MEK) inhibitor

U0126, which prevents Erk1/2 activation. Anti-phospho Erk1/2

western blot analysis indicated that cell treatment for 45 min

in the presence of U0126 at a final concentration of 25 mM

prevented ATP- and bacterial-induced Erk1/2 activation (data

not shown). To determine whether Erk1/2 inhibition affected

bacterial capture by NMEs, we incubated HeLa and HCx26 cells

treated with U0126 with wild-type Shigella, the plasmid-cured

isogenic strain BS176, or with the irrelevant E. coli K12
Cell H
MC4100 and fixed them to quantify the number of bacteria inter-

acting with NMEs. Cell treatment with U0126 did not prevent

but, on the contrary, increased the capture of wild-type Shigella

in HeLa and HCx26 cells but not that of BS176 or E. coli (Fig-

ure 3C). However, when real-time analysis of NME dynamics

upon capture of Shigella was performed, U0126-treated cells

were much less proficient at retracting NMEs after bacterial

capture, with a 4-fold decrease in HCx26 cells, and a 5-fold

decrease in retraction in the case of parental HeLa cells (Fig-

ure 3D). These results show that retraction of Shigella captured

by NMEs requires Erk1/2 activity.

Erk1/2 Controls the Actin Retrograde Flow in Filopodia
Erk1/2 was reported to regulate the activity of myosin II by

inducing indirect phosphorylation of the myosin light chain

(Klemke et al., 1997; Mansfield et al., 2000). In our conditions,

however, we could not detect any increase in phosphorylated

MLC upon ATP stimulation (data not shown). Furthermore,

when cells were incubated with blebbistatin, which prevents

myosin II activation by MLCK (Figure S4), we could not detect

any difference in the frequency of NME-mediated bacterial

capture and retraction (0.8 ± 0.17) compared to untreated cells

(0.77 ± 0.1), although at the concentrations used, cell division

was inhibited. These results suggest thatmyosin II is not required

for NME retraction.

We then investigated the role of Erk1/2 in the regulation of

actin dynamics in filopodia. Actin monomers assemble at
ost & Microbe 9, 508–519, June 16, 2011 ª2011 Elsevier Inc. 511



Figure 3. Erk1/2 Localizes at the Base of NME and Is Required for Their Retraction

(A) Extracellular ATP induces Erk2 localization at the base of filopodia. Representative fluorescence images of GFP-Erk2 (green) -transfected HeLa cells

stimulated for 5 min with buffer alone (control) or with 50 mM ATP (+ATP). The right panels are magnification of the insets shown in the left panels. The scale bar

represents 5 mm.

(B) Erk2 localizes at the base of NMEs during bacterial capture. Cells transfected with GFP-Erk2 were incubated with wild-type Shigella (HCx26 cells) or Shigella

expressing GFP (HeLa cells) for 20 min, fixed, and processed for fluorescence staining. Blue, DAPI staining; red, rhodamine-phalloidin staining; green, GFP-Erk2

fluorescence. Top panels, HeLa cells; bottom panels, HCx26 cells. The scale bar represents 3 mm.

(C) Erk1/2 inhibition leads to increased bacterial capture by NMEs. Wild-type Shigella, BS176, or E. ColiMC4100were incubated for 20min with HeLa cells (white

bars) or HCx26 cells (black bars) in the absence or in the presence of theMEK inhibitor U0126, and samples were fixed and processed for fluorescence staining of

F-actin and bacteria (Experimental Procedures). The number of NME-mediated capture was scored by epifluorescence microscopy analysis. The average

number of NME-mediated capture per cell was normalized over the value obtained for HeLa cells challenged in control conditions. Error bars correspond to the

SEM (HeLa cells, n = 3, 142 cells; HCx26 cells, n = 3, 120 cells). *p < 0.0001.

(D) The U0126 inhibitor prevents NME retraction following bacterial capture. HeLa cells (white bars) or HCx26 cells (black bars) were challenged with invasive

BS167 andNME-mediated capture and retractionwas analyzed by time-lapsemicroscopy. Cells were challenged in the following: control, buffer alone; U0126, in

the presence of 20 mM U0126. The average number of NME-mediated retraction per cell was normalized over the value obtained for HeLa cells challenged in

control conditions. At least three independent sets of experiments were performed for the quantification; error bars correspond to the SEM (HeLa, 83 cells;

HCx26, 97 cells). *p < 0.0001 when tested against the corresponding untreated sample.

See also Figure S3.
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free barbed ends of actin filaments at filopodial tips, pushing

backward the actin network, a process called retrograde flow

(Small and Resch, 2005). To measure the rate of the retrograde

flow in filopodia (see the Experimental Procedures), we per-

formed FRAP experiments on GFP-actin transfected HeLa cells

and analyzed fluorescence recovery in actin filaments on kymo-

graphs. The rate of actin retrograde flow was determined as the

rate of extension of the recovered fluorescence between the

photobleached area and the edge of the membrane (Experi-

mental Procedures).
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The average rate of actin retrograde flow inside filopodia was

estimated at 21.9 ± 1.8 nm/s (Figures 4A and 4E). Addition of ATP

at a final concentration of 100 mM led to a slight increase of the

average rate of actin retrograde flow (27 ± 3.8 nm/s) that did

not appear to significantly differ from the one measured in unsti-

mulated cells (Figures 4C and 4E). When U0126 was added, the

rate of actin retrograde flow dramatically decreased to 5.3 ±

0.7 nm/s, whereas addition of U0124, the inactive U0126 analog

had no effect (Figures 4B and 4E). When ATP was added in the

presence of U0126, this rate, estimated at 4.9 ± 0.8 nm/s, was
c.



Figure 4. Erk1/2 Controls the Rate of Actin Retrograde Flow in Filopodia and Its ATP-Mediated Activation Transiently Induces Ruffles

(A)Measurement of actin retrograde flow in filopodia. HeLa cells transfectedwith GFP-actin were imagedwith spinning-disk confocalmicroscopy every 4 s. Small

areas in filopodia or in the cell cortex at their base were photobleached (arrowheads). Representative time-lapse recording of photobleached filopodia are shown

in the left panels. Kymographs in filopodia were used to calculate the rate of actin retrograde flow from the photobleached tracks (right panels, dashed line). The

vertical scale bar represents 1 mm and the horizontal scale bar 60 s.

(B) Erk1/2 controls the rate of actin retrograde flow. Kymographs analyze of FRAP experiments on filopodia of HeLa cells pre-incubated for 45min in the presence

of 25 mM U0126. The vertical scale bar represents 1 mm and the horizontal scale bar 60 s.

(C and D) Extracellular ATP leads to a slight increase in the rate of actin retrograde flow. Kymographs analyze of FRAP experiments on filopodia of HeLa cells

preincubated for 45 min with buffer alone (C) or 25 mM U0126 (D) and treated with 100 mM ATP as indicated. The vertical scale bar represents 1 mm and the

horizontal scale bar 60 s.

(E) The rate of actin retrograde flow in filopodia is controlled by Erk1/2. The average rates of actin filament assembly in filopodia derived from FRAP experiments

are indicated ± SEM, before or after the addition of 100 mM ATP, in the absence or in the presence of 25 mM U0126 or U0124 (165 filopodia, 30 independent

experiments, *p < 0.000001 when tested against the corresponding untreated sample).

(F) Extracellular ATP induces transient ruffles at the base of filopodia. Representative time-lapse recording of HeLa cells treated with ATP. 100 mM of ATP was

added at time 0.

See also Figure S4 and Movies S3 and S4.
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not further stimulated (Figures 4D and 4E). In addition, ATP

treatment induced transient ruffles in the cortex, at the base of

filopodia (Figure 4F andMovie S3). The formation of these ruffles

was dependent on ATP-mediated Erk1/2 activation since they

were not induced by ATP when cells were treated with U0126

(Movie S4). These data demonstrate that Erk1/2 activation

controls the rate of actin retrograde flow in filopodia and the

increased actin dynamics at their base in the cell cortex.

Filopodia Dynamics and Bacterial Capture by NME
Require Actin Polymerization
To investigate the role of actin assembly in NME dynamics, we

treated HeLa cells with cytochalasin D, which caps the barbed

end of actin filaments at low concentrations but also sequesters

monomers at high concentrations (Carlier et al., 1986). At high

concentrations, all filopodial extensions disappeared, indicating
Cell H
that actin polymerization was required for NME formation (data

not shown). However, at low concentrations of cytochalasin D,

the numbers of extensions was reduced, concomitant with

a decrease in their dynamics. In time-lapse acquisitions, filopo-

dia were observed to elongate with an average rate of 8.2 ±

4.3 mm/min, reaching a maximum length that remained constant

with an average half-life of 102 ± 37 s. Cytochalasin D increased

the filopodial elongation rate to 13 ± 3.1 mm/min, as well as the

filopodial half-life by 10-fold (1053 ± 260 s) (Figures 5A–5C and

Movie S5). These long filopodia, however, were not proficient

at capturing bacteria (Figure 5D). These data indicate that

NME-mediated bacterial capture requires actin polymerization,

possibly to stabilize contacts between the bacterium and the

NME tip. The increased elongation rate of filopodia observed

upon treatment with low concentrations of cytochalasin D is

consistent with the proposed funneling effects of capping
ost & Microbe 9, 508–519, June 16, 2011 ª2011 Elsevier Inc. 513



Figure 5. Baterial Capture and NME

Dynamics Requires Actin Polymerization

(A–C) Cytochalasin D treatment affects filopodial

dynamics. When indicated, cytochalasin D was

added at 2 nM final concentration to HeLa cells,

and samples were analyzed by phase-contrast

microscopy. Representative time-lapse record-

ings of filopodia the absence (–CD) or in the

presence of 2 nM cytochalasin D (+ CD) are shown

in (A). In (B), the tracks used to measure filopodia

lengths are represented with dashed lines. In (C),

lengths of filopodia were quantified on time-lapse

recording as in (B). The time following cytochalasin

D addition is indicated in seconds. Filopodia are

more stable after cytochalasin D treatment.

(D andE)CytochalasinD inhibitsShigellacaptureby

NMEs. HeLa cells were treated with 2 nM cytocha-

lasinD for 15min prior to challengewith the invasive

Shigella BS167 strain at a MOI of 50 for 15 min.

Samples were fixed and processed for phalloidin

and DAPI staining. Samples were scored epifluor-

escencemicroscopy analysis. The average number

of captureper cell is indicated±SEM. (Control cells,

n = 3, 1400 cells; cytochalasinD-treated cells, n = 3,

1260 cells.) NME capture/cell is shown in (D);

*p < 10�11 when tested against untreated sample.

Bacterial-induced actin foci are shown in (E);

*p < 10�8 when tested against untreated sample.

See also Movies S5 and S6.
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proteins, where the capping of a fraction of the pool of actin fila-

ments barbed ends leads to an increase in the concentration of

monomeric actin, thereby favoring elongation of the remaining

fraction of uncapped filaments (Pantaloni et al., 2001). The fact

that cytochalasin D increased the stability of filopodia suggests

that actin polymerization also controls filopodial retraction.

Erk1/2-Dependent NME Retraction Is Required
for Shigella Invasion of Epithelial Cells
We then analyzed the effects of inhibiting Erk1/2 and NME

retraction on bacterial invasion. Time-course analysis showed

that cell treatment with U0126 led to a 33% to 38% inhibition

of bacterial-induced actin foci in HCx26 cells and in parental

HeLa cells (Figures 6A and 6B). This inhibition, however, was

not observed when cell contact was forced by centrifugation or

when adhesin-expressing bacteria were used, indicating that

Erk1/2 was not required for invasion by bacteria already in

contact with cell bodies (Figure 6C and Figure S5A).

To confirm the role of Erk1/2 and NME-mediated capture in

wild-type Shigella invasion, we treated HeLa cells with short

interfering RNA (siRNA) to knock down Erk1/2 expression (Fig-

ure 6D) and then tested them for their ability to internalize wild-

type Shigellawith a gentamicin protection assay (Tran Van Nhieu

et al., 1997). As shown in Figure 6E, knockdown of Erk1/2 in

HeLa cells resulted in a significant increase of filopodia length

(5.1 ± 0.2 mm compared to 2.4 ± 0.1 mm for control cells, 243

filopodia analyzed, n = 2, p < 0.00001; Figure S5B), consistent

with a role of Erk1/2 in NME retraction. Furthermore, the number

of internalized bacteria was reduced to levels observed with the

noninvasive mxiD strain (Figure 6F). Consistently, cell treatment

with U0126 resulted in a reduced number of internalized

bacteria, but this inhibition was not observed upon
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centrifugation of bacteria on cells (Figure S5C). These results

indicate that Erk1/2 activity, which controls NME retraction,

plays an important role for Shigella entry and support a role for

NME-mediated capture in the early steps of bacterial invasion.

To test the role of NME-mediated capture in Shigella invasion

of polarized colonic epithelial cells, we used Caco-2/TC7, which

were allowed to polarize for 10 days prior to bacterial challenge

(Experimental Procedures). As shown in Figure 7A, gentamicin

protection assays indicated that invasion of wild-type Shigella

was decreased by 2-fold in the presence of U0126. Immunoflu-

orescence analysis was performed to visualize the early steps of

bacterial invasion (Experimental Procedures). To increase bacte-

rial adhesion to these cells in order to visualize bacterial-induced

cytoskeletal reorganization during invasion, we used strains ex-

pressing the AfaE adhesin (Tran Van Nhieu et al., 1997). Although

not as frequently observed as in nonpolarized HeLa cells, actin

foci were detected at the apical face of Caco-2/TC7 cells chal-

lenged with invasive Shigella, but not with the noninvasive

isogenic mxiD mutant (Figures 7B and 7C and data not shown).

These entry foci occurred at the levels of cell-cell junctions

and often implicated several bacteria (Figures 7B and 7C). In

addition, and as shown in Figure 7C, bacterial interaction with

NMEs were observed, emanating from Shigella-induced entry

foci (yellow arrowheads) (Movies S6 and S7), suggesting that

NME-mediated bacterial capture was responsible for the inva-

sion of multiple bacterial at one entry site. Consistently, when

cells were treated with U0126, the average number of bacteria

associated with an entry site was decreased from 2.6 ± 0.16

in the absence of U0126 (93 foci, n = 2) to 1.8 ± 0.13 (82 foci,

n = 2) in the presence of U0126 (Figure 7D).

These results suggest that NME-mediated capture favor

invasion by increasing the amounts of bacteria invading per
c.



Figure 6. Inhibition of NME Retraction by Erk1/2 Inactivation Reduces Shigella Invasion

(A and B) A role for Erk1/2 in the early phases of Shigella invasion. HeLa cells (red curves) or HCx26 cells (blue curves) were challenged with invasive Shigella

BS167 for the indicated time, in the absence (solid lines) or in the presence (dashed lines) of U0126. Samples were fixed, stained, and processed for F-actin

staining. Representative images of Shigella-induced actin foci in HeLa cells after 20min are shown in (A). The average number of foci per cell ± SEM is indicated in

(B). U0126 reduces Shigella-induced actin foci formation by 36% at 20 min and 30 min, consistent with a role for Erk1/2 and NME retraction in bacterial invasion.

(HeLa cells, n = 2, 1534 cells; HCx26 cells, n = 2, 1732 cells.)

(C) HeLa cells (white bars) or HCx26 cells (black bars) were challenged with the Shigella BS167-GFP strain in the absence or in the presence of 25 mMU0126 and

centrifuged at 1000 g for 10min at 20�C to force the contact between cells and bacteria. Samples were shifted to 37�C for 30min, fixed, and processed for F-actin

staining. (HeLa cells, n = 2, 181 cells; HCx26 cells, n = 2, 192 cells.)

(D) siRNA-mediated inhibition of Erk1/2 expression. HeLa cells were treated with 10 or 20 nM control siRNA or 5, 10, or 20 nM Erk2 siRNA as indicated, and cell

lysates were analyzed by western blotting with anti-Erk2 (top) or anti-actin (middle) antibodies. The band intensities were quantified (Experimental Procedures),

and the relative levels of Erk2 expression were normalized to actin levels (bottom panel).

(E) Erk1/2 knockdown results in increased filopodial length. Representative images of HeLa cells treated with 10 or 20 nM anti-Erk2 siRNA, fixed, and processed

for fluorescence staining with Alexa546-phalloidin.

(F) Percentage of Shigella internalization in siRNA transfectants. HeLa cells treated with control siRNA or Erk2 siRNA were challenged with Shigella wild-type

strain (M90T) or the noninvasivemxiD isogenic derivative for 45min at 37�C. The percentage of internalized bacteria was quantifiedwith the gentamicin protection

assay (Tran Van Nhieu et al., 1997). Each value is the mean of three independent determinations ± SEM. *p < 0.01 when tested against cells challenged with the

invasive Shigella strain M90T.

See also Figure S5.

Cell Host & Microbe

Shigella Capture by Filopodia
entry foci, during the early stages of bacterial interaction with

epithelial cells.

DISCUSSION

While investigating the basis for increased bacterial invasion in

cells proficient for Cx- and ATP-mediated signaling, we found

that during the early steps of Shigella invasion, bacteria are

captured by NMEs that retract toward the cell body, where the

invasion occurs. Extracellular ATP, which leads to an increase

in bacterial invasion, simulates NME-mediated bacterial capture.

Thus, NME retraction provides a functional mechanism that

support increased Shigella invasion in Cx-expressing cells. We

observed that extracellular ATP transiently stimulates the tyrosyl

phosphorylation of Erk1/2, reminiscent of observations in
Cell H
neuronal growth cone filopodia (Gomez et al., 2001; Lakshmi

and Joshi, 2006). Enhanced NME-mediated capture and retrac-

tion of Shigella in Cx-expressing cells is likely to be a conse-

quence of the combination of increased dynamics of actin in

NME and at the cell cortex at the NME’s base that we observed

upon ATP stimulation. Consistently, in other studies, ATP has

been reported to stimulate membrane ruffles after G protein-

coupled activation of purinergic receptors (Scott et al., 2006;

Ohsawa et al., 2007). Alternatively, increased invasion could

also result from an increase in the number of NMEs, an increase

in their length, or an increase in the frequency of their retraction,

mediated by Erk1/2 regulation of actin treadmilling.

In addition to its role in ATP-mediated stimulation of bacterial

invasion, we show that Erk1/2 activity is required for filopodial

retraction. Our FRAP experiments indicated that Erk1/2 controls
ost & Microbe 9, 508–519, June 16, 2011 ª2011 Elsevier Inc. 515



Figure 7. Invasion of Polarized Colonic

Epithelial Cells through the Apical Side Is

Dependent on Erk1/2

(A) Percentage of Shigella internalization upon

U0126 treatment. Caco-2/TC7 cells, treated with

or without 25 mM of U0126 as indicated, were

challenged with Shigella wild-type strain (black

bars) or the noninvasive mxiD isogenic derivative

(white bars) for 15 min at 37�C. The percentage of

internalized bacteria was quantitated with the

gentamicin protection assay. Each value is the

mean of three independent determinations ± SEM.

*p < 0.001 when tested against untreated cells

challenged with the invasive Shigella strain M90T.

(B) Shigella enters through the apical side of

polarized Caco-2/TC7 cells. Caco-2/TC7 cells

were allowed to polarize for 10 days. Cells

were incubated with the M90T AfaE strain, fixed,

and processed for immunostaining. Z sections

(100 nm) were acquired via spinning-disk confocal

microscopy. A representative entry site is shown.

Left: 3D reconstruction using maximum intensity

projection, displayed with an angle of 10�.
Right: 3D reconstruction from deconvolved

images displayed with a �170� angle. Red, anti-

LPS immunostaining; green, alexa488-phalloidin

staining; yellow arrowheads, bacteria captured by NMEs; white arrowhead, bacteria engulfed in the host cell cytoplasm.

(C and D) Effects of U0126 on the number of bacteria per entry site. Cells incubated with the M90T AfaE strain were fixed and processed for immunostaining, and

100 nm Z sections were acquired via spinning-disk confocal microscopy (C). Shown is a Z projection view of Shigella-induced actin foci, in the absence (left) or in

the presence (right) of 25 mM U0126. Quantification of the average number of bacteria per entry foci ± SEM, in the absence (empty bar, 93 entry foci, n = 3) or in

the presence (solid bar, 83 entry foci, n = 3) of 25 mMU0126 is shown in (D). *p < 0.0001 when tested against untreated cells challenged with the invasive Shigella

strain M90T.

See also Movies S6 and S7.
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the retrograde flow of actin in filopodia, suggesting that Erk1/

2-mediated actin assembly plays a role in the retraction of

NMEs. Since, Erk1/2 was localized at the base of filopodia,

Erk1/2 may control the polymerization of actin filaments against

the plasma membrane at the base of NMEs, which, if connected

to the filopodial actin network, could act as a gear pulling the

NME toward the cell body. Thus, NME retraction may be linked

to differential rates of actin polymerization in NME and in the

cell cortex, controlled by Erk1/2. The control of actin assembly

by Erk1/2 could occur by the regulation of actin nucleation, fila-

ments capping or disassembly, as previously reported (Marti-

nez-Quiles et al., 2004; Menna et al., 2009; Nakanishi et al.,

2007). In other systems, myosin motors walking toward the

barbed ends of filopodial actin filaments participate in filopodial

retraction (Faix and Rottner, 2006). While myosin II has been

involved in virus gliding on filopodia and Erk1/2 was shown to

regulate myosin light chain activation (Klemke et al., 1997; Mans-

field et al., 2000; Lehmann et al., 2005), we could not detect

myosin II activation upon extracellular ATP-mediated signaling.

Furthermore, blebbistatin did not interfere with bacterial capture

and NME retraction. These results suggest that myosin II is not

required for NME retraction, although they do not rule out the

potential implication of other myosins (Kerber et al., 2009; Les

Erickson et al., 2003; Liu et al., 2008). The absence of a detect-

able role for myosin motors in the retraction of NME, which are

not connected to the substrate as opposed to filopodia onto

which viruses glide, is in line with the prominent role for Erk1/2

regulating actin assembly.
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Filopodia have been described in various cell types as

extensions that explore the cell environment, initiate contacts

or transmit cell-to-cell signals (Faix and Rottner, 2006; Rørth,

2003). Various viruses invade cells by interacting with the side

of filopodia and glide toward the cell body (Lehmann et al.,

2005; Sowinski et al., 2008). Yersinia has been shown to adhere

to filopodia prior to invasion in epithelial cells (Young et al., 1992),

and filopodial capture was observed in macrophages phagocy-

tosis of invasin-coated beads (Vonna et al., 2007). Capture of

pathogenic microbes by filopodia may thus appear as a general

feature involving various bacterial ligands. Shigella does not

adhere strongly to cells, but we show during that the early stages

of invasion, bacteria interact with NMEs through the tip complex

proteins IpaB and IpaD. As opposed to the Yersinia invasion,

which shows high affinity for b1-integrins (Isberg, 1991), the

Shigella T3SS tip complex components do not promote strong

adhesion. Upon Shigella capture, NMEs retract to bring bacteria

in contact with the cell body, where invasion is initiated. If

retraction and invasion does not ensue, however, because of

the fragility of filopodia, the bacteria-NME interaction is likely

to disrupt. These observations explain how Shigella triggers

its interaction with host cells without showing constitutive cell

binding activity. Also, during bacterial invasion, NMEs were

found to emanate from entry foci and to capture additional

bacteria, accounting for the accumulation of bacteria at a single

entry site either in HeLa cells or in polarized Caco-2/TC7 colonic

epithelial cells (Figures 1 and 7 and Movie S1), a process

stimulated by ATP and connexin-mediated signaling. Bacterial
c.
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capture by filopodia may represent a ‘‘clever’’ strategy to invade

cells without being exposed on the cell surface, thereby poten-

tially limiting innate immune defense signals.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents

The polyclonal antibodies anti-IpaB, -IpaD and -S. flexneri Flex5a LPS have

been described previously (Ménard et al., 1993; Mounier et al., 1997). The

4G10 anti-phosphotyrosine monoclonal antibody was from Upstate Biotech-

nology, (Lake Placid, NY), the anti-Erk2 polyclonal antibody from Santa Cruz

Biotechnology (catalog number sc-154), the anti-phospho-Erk1/2 polyclonal

from Cell Signaling Technology (catalog number 9101S), the peroxidase-

coupled and alkaline phosphatase-coupled anti-mouse IgG and anti-rabbit

IgG antibodies from Jackson Immunoresearch (West Grove, PA), and rhoda-

mine-coupled phalloidin, FITC-coupled anti-rabbit IgG, and ATP from SIGMA

(St. Louis, MO). siRNA against Erk1/2 was from QIAGEN (catalog number

1022564) (Gorina et al., 2009).

Cell Lines, Bacterial Strains, Plasmids and Transfections

HeLa cells were obtained from the American Type Culture Collection and

used between passages five and 15. HeLa transfectants expressing human

connexin 26 (HCx26) and polarized colonic epithelial Caco-2/TC7 cells were

described previously (Clair et al., 2008; Tran Van Nhieu et al., 2003). For these

studies, two independent clones of HCx26, HCx26-1, and HCx26-2 were used

(Tran Van Nhieu et al., 2003). Cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM, GIBCO) containing 10% fetal calf serum (FCS, GIBCO) for

HeLa and HCx26 cells or 20% for Caco-2/TC7 with nonessential aminoacids,

at 37�C in a 10%CO2 incubator. The invasive Shigella rough LPSmutant strain

of serotype 2a, BS167, its isogenic derivative cured from the virulence

plasmid, BS169, the AfaE-expressing strain, and AfaE-M90T were described

previously (Maurelli et al., 1985; Tran Van Nhieu et al., 1997). Bacterial strains

were grown in trypticase soy (TCS) broth at 37�C with agitation. The pMW211

plasmid encoding DsRedS4T was described previously (Sörensen et al.,

2003). The peGFPN1-Erk2 construct was kindly provided by Mark Scott

(Institut Cochin, Paris, France). For transfection and siRNA treatment, cells

were plated the day before at a density of 105 cells or 5 3 104 cells/25 mm

coverslip (Marenfield), transfected with the jetPEI reagent (Polyplus Transfec-

tion) or the HiPerfect reagent (QIAGEN) according to the manufacturer’s

instructions, and incubated for 16 or 48 hr, respectively.

Quantification of NME-Mediated Bacterial Capture

HeLa cells (2 3 105) and HCx26 transfectants were plated the day before on

glass coverslips. When indicated, cells were preincubated with 25 mM

U0126 (Promega) for 30 min at 37�C in DMEM with 10% FCS. Samples

were washed three times in EM buffer (120 mM NaCl, 7 mM KCl, 1.8 mM

CaCl2, 0.8 mM MgCl2, 5 mM glucose, and 25 mM HEPES at pH 7.3), at

room temperature. Bacteria grown until OD600 = 0.4 were washed three times

in EM buffer and incubated when indicated with anti-IpaB or -IpaD or preim-

mune serum (1:10 dilution) for 5 min at room temperature prior to the addition

to cells. Samples were shifted to 37�C for the indicated time, fixed in 3.7%

paraformaldehyde for 1 hr at room temperature followed by overnight fixation

at 4�C, and processed for F-actin staining with rhodamine-phalloidin and

nuclear staining with DAPI (0.1 mg/ml). During the washing procedures, a

pipette connected to a peristaltic pump (P1, GE Healthcare) was used at a

flow rate of 10 ml/h�1 to avoid NME breakage.

Time-Lapse Phase-Contrast Microscopy Analysis

HeLa cells (2 3 105) or HCx26 transfectants were plated the day before on

25 mm diameter glass coverslips. Samples were rinsed three times in EM,

mounted in a microscope chamber, and put in a 37�C temperature-controlled

box for 10 min. They were challenged for 40 min with bacteria resuspended in

EM buffer at a final A600 of 0.1 (MOI of 20) at 37�C. Wide-field microscopy

analysis was performed with a LEICA DMRIBe inverted microscope (LEICA,

Wetzlar, Germany) connected to a Cascade 512B camera (Roper’s Instru-

ments), driven by the Metamorph software (Universal Imaging). Images were

acquired every 10 s and movies analyzed for quantification.
Cell H
Immunofluorescence Analysis

For visualization of Shigella-induced actin foci, immunofluorescence staining

was performed as described previously (Mounier et al., 1997; Tran Van Nhieu

et al., 2003). HeLa cells (2 3 105) or HCx26 transfectants were plated the day

before on glass coverslips. Cells were incubated with bacteria grown until

OD600 = 0.4, at a MOI of 20, in EM buffer for 15 min at room temperature,

or centrifuged at 1000 g for 10 min as indicated. For Caco-2/TC7 cells,

2 3 105 cells were plated on glass coverslips and allowed to grow to conflu-

ency and to polarize for 10 days. Cells were challenged with the bacteria in

EM buffer (MOI = 300), shifted to 37�C for the indicated time periods, and

immediately fixed with 3.7% paraformaldehyde. Samples were permeabi-

lized in 0.1% Triton X-100 for 4 min, washed three times with PBS, blocked

in DMEM containing 10% FCS for 15 min, and incubated with primary and

secondary antibodies diluted as follows: rhodamine phalloidin (1:500) and

anti-rabbit IgG coupled to Alexa525 or to Alexa470 secondary antibodies

(1:200).

Gentamicin Protection Assay

The gentamicin protection assay was previously described, with minor

modifications (Mounier et al., 1997). HeLa cells (105) plated the day before in

12-well plates were washed twice in PBS and challenged with bacteria in

EM buffer containing 0.5% bovine serum albumin (MOI = 300) for 60 min at

37�C. When mentioned, samples were centrifuged at 2000 g for 10 min at

21�C. Samples were incubated in DMEM containing 10% FCS and 50 mg/ml

gentamicin for 30 min at 37�C. Samples were then washed three times in

PBS, lysed in 0.5% sodium deoxycholate, and plated onto agar plates for

colony-forming unit counting. A similar procedure was used for Caco-2/TC7

cells, except that gentamicin treatment was performed in DMEM containing

20% FCS serum. When mentioned, cells were incubated with 25 mg/ml

U0126 inhibitor in cell medium for 30 min at 37�C, prior to bacterial challenge.

Scanning Electron Microscopy

Bacteria were grown until OD600 = 0.4 and resuspended in DMEM containing

15 mM HEPES at pH 7.3. Cells were incubated with bacteria for the indicated

times. Samples were washed in PBS, fixed overnight at 4�C in 2.5% glutaral-

dehyde in 0.1M cacodylate buffer (pH 7.2), washed three times for 5 min in

0.2 M cacodylate buffer (pH 7.2), postfixed for 1 hr in 1% osmium tetroxide

in cacodylate buffer, and rinsed with distilled water. Samples were dehydrated

through a graded series of 25%, 50%, 75%, and 95% ethanol solution in

successive 5 min incubations and for 10 min in 100% ethanol followed by

critical point drying with CO2. Dried specimens were sputter coated twice

with carbon with a BALTEC MED010 evaporator. Samples were analyzed

with a JEOL JSM 6700F field emission scanning electron microscope oper-

ating at 5 Kv.

Western Blot Analysis

Cells were plated the day before at semiconfluency (5 3 105 cells in 35 mm

culture dish), washed twice with PBS containing 1 mM sodium orthovanadate,

challenged with bacteria grown at A600 = 1 for 5 min at room temperature, and

incubated for the indicated times at 37�C or treated with the indicated concen-

trations of ATP at 37�C. Samples were transferred on ice, washed twice in ice-

cold PBS containing sodium orthovanadate, and lysed in 200 ml Laemmli

loading sample buffer. Samples were loaded onto SDS-PAGE gels and

analyzed by anti-phosphotyrosine or anti-phosphoErk2 western blot. Filters

were processed with ECL detection kit (Amersham) for phosphotyrosine or

with Attophos (Promega) for anti-phospho Erk2 western blotting.

FRAP Experiments

HeLa cells (2 3 105) were plated on 25 mm diameter glass coverslips. After

24 hr, cells were transfected with GFP-actin and incubated at 37�C for

16 hr. Samples were rinsed three times in EM, mounted in a microscope

chamber, put for 10 min, and observed at 37�C on an Eclipse Ti microscope

(Nikon) equipped with a 1003 objective (NA 1.4), a CSU-X1 spinning-disk

confocal head (Yokogawa), an Evolve camera (Roper Scientific Instruments),

and a FRAP module (Roper Scientific Instruments), controlled by the Meta-

morph 7.7 software. Images were acquired every 4 s for 10 min on a single

plane with a 200ms exposure time, and photobleached regions in the filopodia

were determined during the acquisition.
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