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SUMMARY

Numerous pathogenic Gram-negative bacteria use a
type three secretion apparatus (T3SA) to translocate
effector proteins into host cells. Detecting and moni-
toring the T3SA of intracellular bacteria within intact
host cells has been challenging. Taking advantage
of the tight coupling between T3S effector-gene
transcription and T3SA activity in Shigella flexneri,
together with a fast-maturing green fluorescent pro-
tein, we developed reporters tomonitor T3SA activity
in real time. These reporters reveal a dynamic tempo-
ral regulation of the T3SA during the course of infec-
tion. T3SA is activated initially during bacterial entry
and downregulated subsequently when bacteria
gain access to the host cell cytoplasm, allowing
replenishment of the bacterial stores of T3S sub-
strates necessary for invading neighboring cells.
Reactivation of the T3SA was strictly dependent on
actin-based motility and formation of plasma mem-
brane protrusions during cell-to-cell spread. Thus,
the T3SA is subject to a tight on/off regulation within
the bacterial intracellular niche.

INTRODUCTION

Several Gram-negative pathogenic bacteria use a type III secre-

tion system (T3SS) to inject proteins into host cells. It is

composed of five classes of proteins: (i) components of the

type III secretion apparatus (T3SA), a syringe-like multimolecular

complex that spans the bacterial cell envelope and through

which transit-secreted proteins described under (ii) and (iii); (ii)

the tip proteins and translocators that regulate secretion and

form a pore in the membrane of host cells to enable the transfer

of (iii) effectors necessary for hijacking host functions; (iv)

chaperones that interact in the bacterial cytoplasm with T3SA-

secreted proteins (e.g., ii and iii); and (v) transcription activators

and regulators controlling expression of T3SS components

(Cornelis, 2006).
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Shigella spp. are responsible for bacillary dysentery in hu-

mans. They use their T3SS to enter epithelial cells by inducing

membrane ruffles leading to the engulfment of bacteria within

a vacuole (Cossart and Sansonetti, 2004). The vacuole is lysed

from 7 to 19 min after initial contact with host cells and can be

tracked by the recruitment of galectin-3 on the vacuolar mem-

brane (Dupont et al., 2009; Paz et al., 2009; Ray et al., 2010).

Cytoplasmic bacteria multiply and move using surface-exposed

IcsA (VirG) to induce microfilament-forming structures known as

comet tails (Bernardini et al., 1989). The encounter of a motile

bacterium with the plasma membrane (PM) leads to the forma-

tion of a protrusion (Vasselon et al., 1992), which is a finger-like

double membrane compartment created by the extension of

the primarily infected cell into an adjacent cell. Bacteria ulti-

mately lyse this membrane compartment to access the cyto-

plasm of this secondarily infected cell. The translocators IpaB

and IpaC are necessary both for the escape from the entry vac-

uole and from protrusions (Page et al., 1999; Schuch et al., 1999;

Zychlinsky et al., 1994).

The T3SA of S. flexneri is inactive when grown in broth at 37�C
(Ménard et al., 1994), hence permitting the buildup of intrabacte-

rial stores of the tip protein (IpaD), translocators (IpaB and IpaC),

and prestored effectors (OspD1, OspC2, etc.). The capacity of

the bacteria to block the T3SA is dependent on the formation

of the tip complex, which includes IpaB and IpaD, as demon-

strated by the constitutive secretion of the corresponding

mutants in vitro (Ménard et al., 1994). Secretion can also be acti-

vated upon exposure of bacteria to the dye Congo red (CR) (Par-

sot et al., 1995). During infection, the sensing of the PM by the

tip complex leads to the secretion of the intrabacterial store of

translocators and their assembly in the PM, forming pores that

enable the transfer of effectors from the bacteria to the host cell.

Secretion of prestored effectors induces the expression of

a second set of effectors (e.g., IpaH7.8, OspC1, etc.) (Demers

et al., 1998; Le Gall et al., 2005; Parsot, 2009). Transcription of

the latter is based on mutually exclusive protein interactions

regulating the activity of the transcription activator MxiE (Fig-

ure S1A available online). First, the chaperone IpgC is free to

act as MxiE coactivator for transcription (Mavris et al., 2002a),

following secretion of its cognate cargo (IpaB and IpaC). Second,

the antiactivator OspD1, which inhibits MxiE activity in resting

conditions, is secreted with the prestored effectors (Parsot
Microbe 15, 177–189, February 12, 2014 ª2014 Elsevier Inc. 177

mailto:fxcamval@pasteur.fr
http://dx.doi.org/10.1016/j.chom.2014.01.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2014.01.005&domain=pdf


(legend on next page)

Cell Host & Microbe

T3SA Activity in Shigella Flexneri

178 Cell Host & Microbe 15, 177–189, February 12, 2014 ª2014 Elsevier Inc.



Cell Host & Microbe

T3SA Activity in Shigella Flexneri
et al., 2005). A MxiE:IpgC complex is then able to activate tran-

scription of promoters carrying a MxiE box (Bongrand et al.,

2012; Mavris et al., 2002b; Pilonieta and Munson, 2008). This

dual control on MxiE activity ensures that the second set of

effectors is produced only when the T3SA is active.

Various fluorescent translocation assays have been used to

measure the kinetics of secretion of specific bacterial proteins

by various pathogens in intact host cells (Ashida et al., 2007;

Enninga et al., 2005; Mills et al., 2008, 2013; Van Engelenburg

and Palmer, 2010), but these methods do not enable the study

of the specific host environment of secreting bacteria, because

reporter molecules do not label bacteria, but rather diffuse

away after translocation. The b-galactosidase activity of bacteria

harboring a lacZ transcriptional fusionwithMxiE-dependent pro-

moters and recovered from infected cells suggested that the

T3SA activity was inhibited after entry (Demers et al., 1998).

Kane et al. (2002) showed the feasibility of using green fluores-

cent protein (GFP) to monitor the activity of MxiE-regulated pro-

moters in intracellular bacteria recovered by host cell lysis.

Here, we describe the development of a series of transcrip-

tion-based secretion activity reporters (TSARs) based on the

combination of MxiE-dependent promoters controlling expres-

sion of a fast-maturing GFP to sense the recent activity of the

T3SA in both fixed and live samples. The TSAR was used to

demonstrate the following: (i) the T3SA is active during entry,

inactive in the cytoplasm of host cells, and reactivated during

cell-to-cell spread, and (ii) the entry vacuole and protrusions

formed during spreading are the unique sites of T3SA-mediated

secretion.

RESULTS

Design of a TSAR
Selected promoters and their associated 50 UTR were inserted

upstream of the coding sequence of eGFP in pUC18 derivatives

in which the lac promoter (p-lac) had been removed (Table S1).

Expression of eGFP from the MxiE-independent promoter p-

ospC2 and the MxiE-dependent promoters (activated by secre-

tion) p-ipaH7.8 and p-ospC1 in the wild-type (WT), mxiE�, and
ipaD� strains were compared by flow cytometry (FC) following

exposure or not of bacteria to CR. Production of eGFP by the

p-ospC2 was similar in WT, mxiE� and ipaD� (Figure 1A). In

contrast, exposure of the WT, but not the mxiE�, to CR led to

an increased eGFP production by the p-ipaH7.8 and p-ospC1,

although it was lower as compared to ipaD� in which the T3SA

is constitutively active. These results confirmed that p-ipaH7.8

and p-ospC1 carried by recombinant plasmids were controlled
Figure 1. Design of a Transcription-Based Secretion Activity Reporter

(A) FC histograms of eGFP expressed from p-ospC2, p-ipaH7.8, and p-ospC1 in W

WT and mxiE�. Mean relative fluorescence unit (RFU) and signal-to-noise ratios

lower panels. Mean, SD, and Student’s t-tests for unpaired data with a 95% co

***p< 0.001; ****p< 0.0001.)

(B) FC histograms, mean RFU, and signal-to-noise ratios obtained for eGFP and

(C) Confocal microscopy images of TC7 cells coinfected for 60 min with distinct

respectively, and counterstained with DAPI and Phalloidin-Alexa Fluor 647. Histog

measured by FC after recovery from independently infected TC7 cells (n= 3).

(D) Confocal microscopy images of a guinea pig colon section at 240 min PC by

is magnified in the bottom panels. Arrow and arrowheads point at bacteria displa

Table S1.
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by the T3SA activity. Although lower as compared to p-ospC1

in both the WT (+CR) and ipaD�, eGFP expression from

p-ipaH7.8 resulted in a higher signal-to-noise ratio (Figure 1A,

lower right panel; S1B; and S1C). The signal-to-noise ratio of

p-ipaH7.8 in the ipaD� strain or in the WT during cellular invasion

was improved approximately 7-fold and 4.5-fold, respectively,

by the following: (i) usingGFPsf (Pédelacq et al., 2006) (Figure 1B)

and (ii) replacing the Shine and Dalgarno (SD) sequence of

ipaH7.8 with the corresponding sequence of lacZ (Figure S1D).

GFP chromophore maturation takes several minutes and af-

fects the capacity to detect transcriptional activity in real time.

Among the GFP variants previously characterized, GFPmut2

combines a fast-maturing chromophore with high fluorescence

and solubility in bacteria (Cormack et al., 1996; Iizuka et al.,

2011). Thus, the substitutions carried by GFPmut2 were intro-

duced in the GFPsf background to construct GFPsfm2. The

time dependences of GFPsf and GFPsfm2 fluorescence were

compared using an assay mimicking the properties of the

transcription-based reporter (Figures S1E–S1H). As compared

to GFPsf, the fluorescence of GFPsfm2 appeared faster

(15 min versus 30 min; Figures S1G and S1H) and was therefore

selected for further studies.

The reporter composed of the p-ipaH7.8, the lacZ SD

sequence, and the GFPsfm2 was dubbed transcription-based

secretion activity reporter (TSAR). Plasmid derivatives (pTSAR)

were obtained by inserting a second cistron encoding various

fluorescent proteins under the control of the constitutive rpsM

promoter (p-rpsM; Table S1; Figure S2A). TSAR expression

had no detectable impact on virulence (plaque formation) and

secretion capacity of bacteria (Figures S2B and S2C).

To test expression of the TSAR upon entry of bacteria into

colonic epithelial cells, TC7 cells were coinfected with WT and

mxiE� strains harboring pTSAR derivatives, permitting discrimi-

nation of the strains by mCherry and Cerulean fluorescence (Fig-

ure 1C).WT, but notmxiE�, bacteria displayedGFP fluorescence

at 60min postchallenge (PC). This observation was confirmed by

quantitative FC analyses of the TSAR signal in WT and mxiE�,
following independent invasion and recovery of bacteria by

detergent lysis of TC7 cells (Figure 1C). These observations

indicated that the TSAR signal is robust following invasion of

cultured cells.

To determine if the TSAR was suitable to perform in vivo

studies, we infected the colon of guinea pigs with a WT

strain harboring pTSAR1.1 and imaged a section recovered at

240 min PC (Figure 1D). Bacteria present inside the mucosa

exhibited a Cerulean signal, indicative of their recent metabolic

activity, and a small fraction of the bacterial population displayed
T,mxiE�, and ipaD� strains grown in broth; CRwas used to induce secretion in

of eGFP expressed from the MxiE-dependent promoters are shown in the two

nfidence interval are shown here and in the next panels. (*p< 0.05; **p< 0.01;

GFPsf expressed from p-ipaH7.8 (similar conditions as in [A]; n= 6).

ly labeled WT (mCherry) and mxiE� (Cerulean) harboring pTSAR1.4s and 1.1,

ram shows the TSAR signal in WT andmxiE� bacteria harboring pTSAR1.3, as

a WT strain harboring pTSAR1.1, counterstained as in (C). The boxed region

ying low and high TSAR signals, respectively. See also Figures S1 and S2 and
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Figure 2. Kinetics of Activation of the T3SA upon Entry into Host Cells

(A) FC histograms of the change in fluorescence of the TSAR and DsRed (p-rpsM) by WT bacteria recovered from TC7 cells at 60 min and 240 min PC. Histogram

in the lower panel shows the mean RFU of the TSAR derived from FC analyses of intracellular WT and mxiE� (signal baseline) bacteria recovered from non-

confluent TC7 cells at the indicated time PC. Mean and SD are shown (n= 3).

(B) Confocal microscopy images of nonconfluent TC7 cells infected for 30, 60, 120, and 180 min with WT bacteria harboring pTSAR1. See also Figure S2.
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a detectable TSAR signal. This observation confirmed that

the TSAR is adaptable to in vivo studies and suggested that, in

the course of mucosal invasion, the T3SA is not constitutively

active.

Kinetics of TSAR Activity upon Entry in Epithelial Cells
To monitor expression of the TSAR during cellular infection, WT

bacteria harboring pTSAR1.3 were used to infect nonconfluent

TC7 cells. The fluorescence of bacteria recovered from infected

cells was evaluated by FC, as described above. Production of

DsRed from p-rpsM was similar at 60 and 240 min PC, while

the TSAR signal decreased strongly during the same period

(Figures 2A and S2D). Analyses of bacteria recovered from cells

infected for 30, 60, 120, 180, 240, and 330 min indicated that

the TSAR signal increased at 30 and 60 min PC in a MxiE-

dependent fashion and declined steadily thereafter (Figure 2A).

These results indicated that bacteria had experienced a coordi-

nated and homogenous activation of expression of the TSAR

upon entry; the specific decrease of the TSAR signal at later

time points resulted from a lack of activity of p-ipaH7.8 and

the dilution of GFPsfm2 store through bacterial divisions

(Figure S2E). FC data were confirmed by microscopic observa-

tions of the TSAR signal of WT bacteria inside TC7 cells (Fig-

ure 2B). However, a few brightly fluorescent bacteria were

detected at late time points, suggesting that the TSAR was still

active, or had been reactivated, in a small proportion of the

population.

Intracellular T3SA Reactivation Is Dependent on Actin-
Mediated Movement
Using the FC approach described in Figure 2A, we compared the

TSAR signal of WT,mxiE�, icsA�, and icsB� strains during infec-

tion of TC7 cells (Figure S2F). This initial screen suggested that
180 Cell Host & Microbe 15, 177–189, February 12, 2014 ª2014 Else
IcsA-mediated cell-to-cell spread (Bernardini et al., 1989), but

not IcsB-mediated avoidance of autophagy (Ogawa et al.,

2005), is directly involved in reactivation of the T3SA at

240 min. Microscopic observations confirmed that expression

of the TSAR was similar in the icsA� and WT at 60 min PC but

was lower in the iscA� than in the WT at 240 min PC (Figure 3A).

Further FC analyses of the TSAR signal were performed on WT

and iscA� bacteria recovered from confluent TC7 cells (to favor

cell-to-cell spread); at 120 min the TSAR signal distribution in

these strains was unimodal and similar; in contrast, at 240 min

the TSAR signal in the WT population was bimodal (low and

high), while in the icsA� population it remained unimodal (low).

The Overton positive difference obtained by subtracting

the icsA� histogram from its WT counterpart indicated that

27.5% ± 5.2% of WT bacteria belonged to the TSAR-high signal

subset. To document further the involvement of the intracellular

movement of bacteria in reactivation of the TSAR expression,

cells infected by the WT and iscA� were treated with cytocha-

lasin D (CD; see Figure S2G), starting at 30 min PC, to prevent

actin polymerization mediated by IcsA in WT bacteria. FC anal-

ysis of bacteria recovered at 120 min and 240 min indicated

that the CD treatment had no effect on the TSAR signal of icsA�

bacteria at either time points but led to a 2-fold to 3-fold

decrease in the TSAR signal of WT bacteria at 240 min, but not

at 120 min (Figure 3B).

Initial observations at the microscope revealed different

F-actin structures associated with WT, but not with icsA�, bac-
teria (Figure 3A). To investigate whether there was a correlation

between the T3SA activity and F-actin structures in the vicinity

ofWT bacteria, the TSAR signal of individual bacteria was scored

as low (�), intermediate (+), or high (++), and F-actin structures

were classified as negative, surrounding, irregular, or polar-

ized/comet tail (Figure 3C; see scheme for scoring guidelines).
vier Inc.
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Using this classification, 28%± 3.9%of bacteria belonged to the

intermediate- and high-TSAR classes at 240 min PC, consistent

with the value obtained by analyses of FC histograms (Figure 3B).

Furthermore, the distribution of F-actin structures associated

with bacteria belonging to the various TSAR classes differed

significantly (two-way ANOVA; p < 0.0001). The irregular struc-

tures were more frequent in the intermediate- and high-TSAR

signal classes (37.1% ± 3.6% and 30.9% ± 3.0%, respectively)

than in the low TSAR signal class (5.0% ± 0.4%). In contrast,

the polar/comet and the surrounding structures were more

frequent in bacteria with low TSAR signal (24.3% ± 5.8% and

7.0% ± 3.2%, respectively) than in those with high TSAR signal

(3.6% ± 0.9% and 0.9% ± 0.9%, respectively). These observa-

tions suggest that bacteria with comet tail or surrounded by

F-actin staining, such as around nascent phagosomes (Camp-

bell-Valois et al., 2012), are not secreting, while those in close

vicinity to irregular F-actin structures have recently reached their

maximal level of secretion and have accessed the cytoplasm of

the secondarily invaded cell.

To follow in real-time events associated with reactivation of

the TSAR in intracellular bacteria, we developed amore dynamic

version of the reporter using a general method to destabilize pro-

teins expressed in bacteria by fusing variants of the 13-residues

tag of the ssrA system, previously shown to destabilize GFPmut3

(Andersen et al., 1998), to the C terminus of the GFPsfm2

(Figure S2H). The TSAR with the tag d2 (half-time of 40 min)

was used for further studies. To arrest bacterial movement, CD

was added at 120 min PC to TC7 cells infected by the WT strain.

Within 80 min after addition of the drug, the TSAR signal had

decreased noticeably, while the mCherry (p-rpsM) signal was

constant and bacteria replicated (Figure 3D; Movie S1). In Vero

cells, icsA-dependent movement is naturally ‘‘jerky,’’ thus, we

could observe the decrease of the TSAR signal in WT bacteria

that immobilized in the absence of drug treatment (data not

shown).

To directly assess the T3SA activity, we compared the relative

amounts of OspC proteins (OspCs) secreted by WT and icsA�

strains in TC7 cells at 120 min and 240 min PC. Detergent lysis

and centrifugation were used to recover a fraction containing

soluble host cell proteins and an other fraction containing insol-

uble host cell proteins and intact bacteria. Fractions were

analyzed by western blotting (WB) to detect OspCs and IpgC

(cytoplasmic bacterial chaperone). IpgC was detected only in

insoluble fractions, indicating that the fractionation procedure

did not lead to bacterial lysis (Figure 3E). The amount of IpgC

present in the insoluble fractions at 240 min PC was similar in

both strains, indicating that there was the same number of intra-

cellular WT and icsA� bacteria. At 120 min PC, similar amounts

of OspCs were present in the soluble and insoluble fractions of

both strains. In contrast, at 240 min PC, approximately 6-fold

fewer OspCs were present in the soluble fraction recovered

from cells infected by the icsA� than in those infected by the

WT. Therefore, the direct measurement of the secretion of effec-

tors confirmed that the T3SA is more active in motile versus

nonmotile bacteria, confirming that actin-mediated movement

is critical for reactivation of the T3SA.

To ensure that the lack of expression of the TSAR by intra-

cellular bacteria was not the consequence of an unsuspected

mechanism interrupting the regulatory cascade coupling tran-
Cell Host &
scription of MxiE-regulated promoters to the T3SA activity,

we engineered a conditional ipaD� strain (ipaD� ipaD+::Tn7)

expressing IpaD in an IPTG-dependent fashion (Figure S2I).

TC7 cells were infected with the ipaD� ipaD+::Tn7 strain grown

in the presence of IPTG to enable invasion and then incubated

for 240 min in a medium supplemented, or not, with IPTG.

While +IpaD bacteria displayed a WT phenotype, �IpaD

bacteria exhibited a homogenously high TSAR signal and

increased amounts of IpaH in the cytoplasm of infected

cells (Figure 3F), consistent with the deregulated activity of

the T3SA in an ipaD� strain (Ménard et al., 1994). In addition,

bacteria were unable to spread from cell to cell, although they

were found to move normally in the cytoplasm at early time

points after infection (Figure 3F; data not shown). These obser-

vations confirmed that the cascade controlling transcription

of MxiE-regulated promoters is functional in non-spreading

intracellular bacteria.

Cellular Context of Bacteria with High T3SA Activity
Actin-mediated movement leads to bacteria contacting the PM,

and hence successivelly to the formation of protrusions and vac-

uoles. Their disruptions, an event that is coupled to galectin-3

recruitment, ultimately permit the access of the bacteria to the

secondary cell cytoplasm. To determine if there is a link between

these events and the T3SA reactivation, the galectin-3 labeling in

the vicinity of WT bacteria was quantified by confocal micro-

scopy (Figure 4A). The distribution of the various types of galec-

tin-3 labeling (negative, punctate, and irregular) associated with

bacteria belonging to the various TSAR classes differed signifi-

cantly (two-way ANOVA; p < 0.0001). Specifically, the punctate

galectin-3 labeling was more frequently observed on bacteria

exhibiting low or intermediate TSAR signals than on those with

a high TSAR signal. In contrast, the irregular galectin-3 labeling,

which is suggestive of vacuolar remnants, was less frequently

observed around bacteria exhibiting low TSAR signal. These re-

sults indicated that the TSAR signal started to increase upon

destabilization of host membrane surrounding spreading bacte-

ria but peaked only after disruption of galectin-3-decorated

membranes.

The PM-derived compartments in which bacteria are en-

closed during entry or cellular spreading are likely to limit the

diffusion of proteins after secretion, and we sought to use this

confinement to delineate further the context in which the

T3SA is active. Monoclonal antibodies (mAbs) directed against

IpaB, IpaC, and IpaD did not significantly label bacteria grown

in broth, and permeabilization of bacteria with lysozyme

permitted the detection of the cytoplasmic pool of these pro-

teins (Figure S3A). TC7 cells infected for 60 min and 240 min

by WT bacteria expressing the TSAR were labeled (in the

absence of lysozyme) to detect potentially secreted Ipa proteins

(Figure 4B); similarly to galectin-3, three classes of Ipa labeling

were observed in the vicinity of bacteria, and their occurrences

within each TSAR signal classes were quantified. The distribu-

tion of the three types of Ipa labeling associated with bacteria

belonging to the three TSAR classes differed significantly

(two-way ANOVA; p < 0.0001). Second, these data further

revealed that most bacteria exhibiting positive TSAR signals

(+ and ++) had no detectable Ipa labeling in their vicinity; in

the remaining cases, bacteria exhibiting positive TSAR signals
Microbe 15, 177–189, February 12, 2014 ª2014 Elsevier Inc. 181



Figure 3. T3SA Reactivation Is Dependent upon Actin-Mediated Movement

(A) Confocal microscopy images of confluent TC7 cells infected for 60 min or 240 min with WT and icsA� strains harboring pTSAR1.4s and counterstained

as indicated in Figure 1C. Arrows point at bacteria displaying a comet tail and a low TSAR signal, and the arrowhead points to a bacterium with an irregular

F-actin staining and a high TSAR signal. The large arrowhead points to an icsA� bacterium displaying no F-actin staining and a low TSAR signal.

(B) Representative FC histogram of WT and icsA� bacteria recovered from cells at 120 min and 240 min PC (upper panel);mxiE� is shown here solely to indicate

the baseline. Mean RFU of the TSAR measured by FC analyses in WT bacteria recovered from confluent TC7 cells at 120 min and 240 min PC following, or not,

treatment of infected cells with 1 mM cytochalasin D (CD), starting from 30 min PC (lower panel). Mean values, SD and Student’s t tests for unpaired data with a

95% confidence interval are shown (n= 3).

(C) Stacked column histograms representing the association of various types of F-actin structures (see legend) with the TSAR signals observed in WT bacteria at

240 min PC. Mean and SD are shown (n= 3; R350 bacteria counted per experiment); a two-way ANOVA statistical test was performed with a 95% confidence

interval (interaction p value between actin structures and TSAR signal classes is shown).

(D) TC7 cells were infected by WT bacteria harboring pTSAR1Ud2.4s, and during observation by time lapse microscopy, CD was added to the medium; time

(in min) since addition of CD is indicated above the panels.

(legend continued on next page)
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were only associated with irregular Ipa labeling. In contrast,

bacteria with low TSAR signal were more frequently associated

with the punctate labeling than with the irregular labeling. More-

over, lysozyme permeabilization of intracellular bacteria indi-

cated that bacteria exhibiting high TSAR signal did not contain

detectable levels of cytoplasmic Ipa proteins, whereas those

exhibiting low TSAR signal did (Figures 4C and S3B–S3D) (En-

ninga et al., 2005). Taken together, these results suggest that,

during cell-to-cell spread, Ipa proteins stored in the bacterial

cytoplasm are completely secreted, transiently retained around

bacteria, and dispersed upon lysis of the membrane compart-

ment; at the same moment or shortly thereafter, the TSAR signal

peaked.

Protrusions Are the Key Site Where the T3SA Is Active
To follow in real-time activation of the TSAR expression during

cell-to-cell spread, we infected TC7 cells with a WT strain

harboring pTSAR1Ud2.4s, labeled their PM, and performed a

time lapse microscopy from 30 min PC (Figure 5A; Movie S2).

The TSAR signal increased within 10–15 min after passage of

bacteria into an adjacent cell. The peak in fluorescence intensity

corresponded with the disappearance of the membrane staining

around the bacteria (Figure 5A, insets). These observations pro-

vided direct evidence of the activation of the T3SA in membrane

compartments.

During a small-scale screening of drugs that could affect cell-

to-cell spread, we found that the F-actin depolymerization

inhibitor jasplakinolide induced the appearance of clusters of

bacteria displaying high and homogenous TSAR signal when

TC7 cells were treated for 240 min from 30 min PC (Figures

5B and S4A). These bacterial clusters displayed IpaD, and

particularly IpaB, labeling that was frequent (92.8% ± 7.7%;

Figure 5B, inset), more homogenous, and more tightly associ-

ated to bacteria than the corresponding labeling usually

observed in the vicinity of individual bacteria exhibiting high

TSAR signal in untreated samples (Figure 4B). These bacterial

clusters occurred at the border between two cells, sometimes

in or at proximity of PM bridges connecting neighboring cells.

Although actin-mediated movement was inhibited, the subse-

quent retraction occasionally forced contacts between bacteria

and the PM, which led to an increase in the TSAR signal (Movie

S3; Figure S4B). To scrutinize the cellular environment of these

bacteria, correlative light and electron microscopy (CLEM) ex-

periments were performed using LLC-MK2 cells (Fukumatsu

et al., 2012); LLC-MK2 cells were infected with a WT strain

harboring pTSAR1Ud2.4s during 30 min and were treated

with jasplakinolide during 150 min. The cellular ultrastructure

in the vicinity of bacterial clusters with a high TSAR signal,

but not with a low TSAR signal, was characterized by the pres-

ence of partially disrupted membrane compartments (Fig-

ure 5C). We concluded that, in the presence of jasplakinolide,

bacteria at least partially retained their capacity to lyse sur-
(E) TC7 cells were infected for 120min and 240 min with WT and icsA�. Soluble (S

volumes of both fractions were analyzed by WB using sera against the OspC effe

and SD of supernatant/pellet ratio (n= 3); Student’s t tests for unpaired data with

(F) TC7 cells were infected with the conditional ipaD� strain (ipaD�ipaD+::Tn7�)
permit entry of bacteria into TC7 cells; infected cells were incubated in a medi

240 min. See also Figure S2 and Movies S1.
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rounding membranes, but inhibition of their cytoplasmic move-

ment fixed them at their original site of penetration into the

secondarily infected cell. These observations also indicated

that it is the physical contact of bacteria with the PM, but not

the actin-mediated movement per se, that is required for activa-

tion of the T3SA.

We reasoned that a conditionally complemented ipaC� strain

would be useful to study the importance of membrane com-

partments in reactivating the T3SA, because IpaC-negative

bacteria failed to escape membrane compartments formed

during cell-to-cell spread (Page et al., 1999). First, measure-

ment of the TSAR signal confirmed that the T3SA can be

activated in an ipaC� strain following exposure to CR and

internalization of bacteria by macrophages (Figures S4C and

S4D). Then, a conditional ipaC� strain (ipaC� ipaC+::Tn7) was

generated (Figure S4E), and derivative strains harboring

pTSAR1Ud2.4s or pTSAR1Ud2.1 were used to infect TC7cells,

as described previously for ipaD� (see Figure 3F). �IpaC bac-

teria formed clusters exhibiting high TSAR signal at the periph-

ery of cells and in between two cells (Figure 5D), while +IpaC

bacteria displayed WT phenotype (Figure S4F). Moreover, clus-

ters of �IpaC bacteria displayed homogenous and surrounding

IpaD and IpaB labeling (Figure 5D, right panels), rarely

observed in the WT (Figure 4B and S4F); 72.7% ± 2.8% of

the bacterial clusters exhibiting high TSAR signal were labeled

with IpaB (Figure 5D, inset). CLEM analysis indicated that clus-

ters of �IpaC bacteria exhibiting high TSAR signal, but not

those with negative TSAR signal, were present in protrusions

often displaying two apposed PM (Figure 5E). These results

indicated that the T3SA of bacteria trapped in protrusions

was active.

To demonstrate that association of intracellular bacteria with

the PM is the key event for reactivation of the T3SA, fluorescent

recovery after photobleaching (FRAP) experiments were per-

formed in infected HeLa cells. The rationale was that, after

bleaching, bacteria found in a membrane compartment, hence

with active T3SA, would express new GFPsfm2 molecules lead-

ing to the recovery of the TSAR signal. As model systems of bac-

teria trapped in membrane compartments and in the cytoplasm,

we used ipaC� ipaC+::Tn7 and icsA� strains, respectively, hy-

pothesizing that the former, but not the latter, should display

FRAP. After bleaching, the fluorescence intensity wasmonitored

every min during 60 min, and data were quantified using trace

graphs of the FRAP amplitude (Figures 5F and S5). Overall,

FRAP traces were flat or downward for cytoplasm-trapped bac-

teria (icsA�), whereas they presented a clear upward trend for

protrusion-trapped bacteria (�IpaC). Bacteria present in vacu-

oles derived from these protrusions (PM-origin) showed more

diversity in the shape of FRAP traces. These results suggested

that the T3SA was actively secreting in bacteria present in pro-

trusions and, to some extent, in vacuoles and that it was inactive

in cytoplasmic bacteria.
) and insoluble (I) fractions were obtained by centrifugation of cell lysates; equal

ctors and the cytoplasmic chaperone IpgC. The histogram displays the mean

a 95% confidence interval are shown.

harboring pTSAR1.1. Bacteria were grown in broth in the presence of IPTG to

um containing, or not, IPTG (indicated as +IpaD and �IpaD, respectively) for
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Figure 4. Cellular Context of Bacteria Exhibiting Low and High T3SA Activity

(A) Confocal microscopy images of TC7 cells infected for 240 min with a WT strain harboring pTSAR1.1, labeled with a galectin-3 antibody. Arrowheads point to

bacteria displaying high TSAR signal with irregular or no galectin-3 labeling; arrows point to bacteria displaying low to intermediate TSAR signals and surrounded

by a punctate galectin-3 labeling. Stacked column histograms are shown in the right panel to indicate the frequency of the different types of galectin-3 labeling

(negative, punctate, and irregular) in the vicinity of bacteria with various TSAR signals (see Figure 3C) at 240 min PC; means and SD are shown (n= 6); a two-way

ANOVA statistical test was performed with a 95% confidence interval (interaction p value between the labeling and TSAR signal classes is shown).

(B) TC7 cells infected during 60 min and 240 min with a WT strain harboring pTSAR1.1 were labeled with mAbs raised against IpaD, IpaB, and IpaC. Insets

represent enlargements of boxed regions; for the IpaD labeling (240 min), the inset in the top of the panel shows another type of labeling. Arrowheads point to

bacteria displaying high TSAR signal with irregular or no IpaB/C/D labeling (large and small arrowheads, respectively); arrows point to bacteria displaying a low

TSAR signal and surrounded by a punctate Ipa labeling. Stacked column histograms are shown in the right panels to indicate the frequency of the different types

(legend continued on next page)
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DISCUSSION

We have presented the design of a reporter of the activity of the

T3SA relying on the detection of the intrinsic fluorescence of a

fast-maturing variant of GFP under the control of the ipaH7.8

promoter, previously shown to be tightly coupled to secretion

(Demers et al., 1998). The optimization of the reporter allowed

us to measure the activity of the T3SA in individual bacteria in-

side intact infected cells and, thus, to characterize the cellular

environment in which the T3SA is active.

To increase the sensitivity of the reporter, we engineered

GFPsfm2 combining fast protein folding for optimal bacterial

expression, high fluorescence, and the faster chromophore

maturation rate of GFP variants reported so far (Cormack et al.,

1996; Iizuka et al., 2011; Kane et al., 2002; Pédelacq et al.,

2006; Zaslaver et al., 2006). Nevertheless, the TSAR dynamic

response is still limitedby thematuration rate of the chromophore

and the amount of GFP molecules required for detection of the

signal; the lag between activation of the TSAR and detection of

the GFPsfm2 fluorescence was estimated to be of 10–15 min.

The issue of the extended half-life of GFP was partially resolved

by fusing the peptide encoded by ssrA to the C terminus of

GFPsfm2, thereby reducing its half-life from several hours to

approximately 40 min (Andersen et al., 1998). In the absence of

TSAR expression, the dilution of the signal by bacterial division

(occurring every 30–40 min) is also important.

The TSAR is expressed upon entry of bacteria inside host

cells up to around 60 min PC, as was previously reported using

lacZ transcriptional fusion with MxiE-dependent promoters

(Demers et al., 1998). Although the peak in TSAR signal

observed at 60 min partly represents accumulation of GFPsfm2,

its reduction at later time points indicates that there is a coordi-

nated interruption in the secretion activity of intracellular bacte-

ria. Nonetheless, we presented evidence indicating that when

conditions favor cell-to-cell spread, a fraction of WT bacteria

reactivate their T3SA. Indeed, nonmotile bacteria, such as

icsA� or WT bacteria in CD-treated samples, displayed low or

decreasing TSAR signals over time. Furthermore, FRAP on the

TSAR signal of icsA� bacteria after entry (before 45 min PC)

indicated that inhibition of secretion in cytoplasmic bacteria is

rapidly effective. T3SA-dependent transfers of OspC effectors

into the cytosolic fraction of infected cells was measured by

WB, which confirmed that the T3SA was less active in nonmotile

bacteria (icsA�) as compared to motile bacteria (WT). Further-

more, the phenotype of intracellular ipaD� bacteria (i.e., cell-

to-cell spread defect and high TSAR signal) indicates that the

T3SA is still functional in non-spreading bacteria, even at a

high bacterial density.

Intracellular bacteria displayed various types of labeling of Ipa

proteins exposed at the bacterial surface: (1) regular and sur-

rounding IpaB-labeling was only observed around protrusion-

trapped ipaC� bacteria exhibiting a high TSAR signal; in WT

bacteria, (2) one type of labeling was punctate and homoge-

nously associated to the vicinity of bacteria, while another type
of Ipa labelling in the vicinity of bacteria with various TSAR signals (see [A]) at 240

ANOVA statistical tests were performed as in (A).

(C) TC7 cells were infected for 240 min with a WT strain harboring pTSAR1.1. S

revealed by labeling with mAb and relevant secondary antibodies prior to or afte

Cell Host &
(3) was irregular and loosely associated to bacteria; these

different Ipa labels were correlated with low and positive TSAR

signals, respectively, as was observed for similar structures

decorated by galectin-3. Hence, the irregular structures found

in the vicinity of a WT bacterium and either labeled with galec-

tin-3, which is a hallmark of ruptured membrane (Paz et al.,

2009), or with the secreted Ipa proteins indicate the completion

of a cell-to-cell spread event. The punctate labeling might repre-

sent an intermediary stage in which translocators have been

secreted but are retained around a bacterium, because the

surrounding membrane compartment is not disrupted yet. This

observation is reminiscent of a recent model for T3SA-mediated

translocation of effectors, which suggests that secreted proteins

could accumulate in the lumen of the PM-derived vacuole before

being transferred to the cytoplasm following assembly of the

translocons in the membrane (Akopyan et al., 2011; Edgren

et al., 2012).

Time-lapse microscopy of bacteria during cell-to-cell spread

in cells stained with a PM dye indicated that bacteria reside in

membrane compartment for up to at least 30 min, suggesting

that secretion of prestored and second wave effectors could

proceed within the same timeframe. Moreover, intracellular

ipaC� and WT bacteria in jasplakinolide-treated samples (trap-

ped in protrusions or at their site of spreading into the secondary

cell, respectively), which formed clusters that exhibited a high

TSAR signal, were frequently associated with secreted-IpaB

labeling in their vicinity. Therefore, secretion of translocators

immediately precedes detection of TSAR signal and disruption

of the membrane compartment. To demonstrate the site where

the T3SA is activated, we performed FRAP on the TSAR ex-

pressed in ipaC� bacteria trapped in protrusions or vacuole

during cell-to-cell spread. The properties of FRAP traces were

correlated with the ‘‘age’’ of the membrane compartment sur-

rounding bacteria, as bacteria trapped in protrusions (‘‘young’’

compartment) displayed a stronger FRAP than those present

in vacuole (‘‘old’’ compartment). This phenomenon might be

due to the force applied to the encompassing membrane in pro-

trusion, but not in vacuole, by the moving bacteria or to changes

in the membrane properties as it matures. Taken together, the

data support a model in which contact with the PM induces acti-

vation of the T3SA; upon rupture of the membrane compart-

ment, the T3SA is inactivated, potentially through the loss of

its physical contacts with the membrane or translocators and

its ulterior plugging by proteins constituting the tip complex

(e.g., IpaB and IpaD). As a result, the secretion of effectors is

highly constrained both in time and in space during S. flexneri

infection.

In other bacterial pathogens as well, the initial activation of the

T3SA seems to rely principally on the interaction with compo-

nents of the PM of host cells (Cornelis, 2006). However, mecha-

nisms regulating the T3SA activity after this initial contact are

less known. Results reported herein suggest that the major fac-

tor controlling the activity of the T3SA in S. flexneri is its interac-

tion with PM-derived compartments, which it manipulates by
min PC; means and SD are shown (IpaD, n= 4; IpaB, n=3; IpaC, n= 4); two-way

ecreted IpaC (IpaC�perm) and intrabacterial store of IpaC (IpaC+perm) were

r lysozyme treatment, respectively. See also Figure S3.

Microbe 15, 177–189, February 12, 2014 ª2014 Elsevier Inc. 185



Figure 5. Formation and Disruption of Membrane Compartments Is the Key Event that Regulates the T3SA

(A) Spinning disk confocal microscope images of TC7 cells stained with Cell Mask Deep Red (PM dye) and infected with WT bacteria harboring pTSAR1Ud2.4s

(timeframes fromMovie S2 are shown). The arrow points to a bacterium surrounded by PM and spreading to a secondary cell. The insets showmagnified views of

the region boxed in the first frame to facilitate appreciation of the presence and disappearance of PM around bacteria.

(B) Confocal microscopy images of TC7 cells infected with the WT strain harboring pTSAR1Ud2.4s or pTSAR1ud2.1 and treated with 1 mM jasplakinolide for

240 min from 30 min PC. IpaD and IpaB were labeled with mAb, where indicated, and cells visualized using phase contrast and DAPI. Small arrowheads and

arrows point at bacteria with high and low TSAR signals, respectively. Pairs of large facing arrowheads indicate PM bridges connecting neighboring cells. The

histogram in the inset indicates the percentage of TSAR-positive clusters with or without surrounding IpaB labeling. Means, SD, and a Student’s t test for paired

data with a 95% confidence are shown (n= 3).

(legend continued on next page)
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provoking the rupture of the host membrane in a T3SA- and

translocators-dependent process. Therefore,S. flexneri undergo

on and off regulation of the activity of its T3SA within its intracel-

lular niche. In contrast, bacterial pathogens establishing long-

lasting interactions with host membrane have probably other

mechanisms to regulate the activity of their T3SA. The activity

of the SPI-2 T3SA of Salmonella enterica is regulated by the

sensing of the neutral pH of the cytoplasm, following exposition

to the proton-rich vacuole (Yu et al., 2010). However, it is not

clear how secretion is regulated over time, while bacteria either

remain in the vacuole or access the cytoplasm. Enteropatho-

genic Escherichia coli forms pedestal structures at the surface

of intestinal epithelial cells in a T3SA-dependent manner by in-

jecting its own receptor Tir to which it binds through intimin

(Kenny et al., 1997). Attachment of bacteria progressively leads

to the formation of microcolonies at the surface of the intestinal

epithelium. It is not known if all bacteria within a microcolony or

only those in close contact with the membrane are actively

secreting (Mills et al., 2013). Development of adapted transcrip-

tion-based reporters or alternative methods will be instrumental

to tackle these questions.

EXPERIMENTAL PROCEDURES

TSAR Plasmids

Minimal promoters and 50 UTR from ospC2 (bp 51,144 to 54,199), ipaH7.8 (bp

63,726 to 64,061), and ospC1 (bp 78,351 to 78,645) genes of pWR100

(GenBank: A391753.1) were cloned into EcoRI and BamHI sites of pUC18D

(pUC18 derivative with p-lac replaced by trpA transcription terminators) using

EcoRI/MfeI and BamHI restriction sites at the 50 and 30, respectively. The
coding sequences for eGFP and GFPsf were cloned between the BamHI

and XbaI sites located downstream from the promoters and 50 UTR to

construct the basic reporters (see Supplemental Experimental Procedures;

Table S1; Figure S2).

FC Analyses of TSAR-Expressing Bacteria Recovered from Infected

Cells

TC7 cells were infected with polylysin-coated bacteria (Enninga et al., 2005)

harboring the pTSAR1.3 plasmid. Intracellular bacteria were recovered as

described (Aussel et al., 2011) and subjected to FC analyses (see Supple-

mental Experimental Procedures).

Immunofluorescence

Infected TC7 cells were fixed 10 min in 4% paraformaldehyde (PFA) at room

temperature and incubated 5 min in 100 mM glycine in PBS. Cells were per-

meabilized in PBS-Triton X-100 0.1%, blocked in 1% BSA or 1% BSA and
(C) Correlative light fluorescence and electron microscopy (CLEM) on LLC-MK

subsequently treated with jasplakinolide during 120 min. Arrowheads and arrows

bacteria displaying a high TSAR signal present in box 1 and box 2. The box 3 hig

vicinity.

(D) Confocal microscopy images of TC7 cells infected with the conditional ipaC�

and usage of arrows and small arrowheads are as in (B); counterstaining as in

exhibiting a high TSAR signal and a positive IpaB or IpaD labeling (compare to Fi

positive clusters with or without surrounding IpaB labeling; presentation of the d

(E) CLEM on LLC-MK2 cells infected for 150 min with the ipaC� ipaC+::Tn7 stra

around bacteria exhibiting a high TSAR signal in box 1; box 2 highlights bacteria

(F) HeLa cells were infected with the icsA� and the ipaC� ipaC+::Tn7strains h

respectively; PM staining and imaging were performed as in (A). TSAR fluoresc

fluorescent recovery after photobleaching (FRAP); here is shown 3-channel and 2-

t0 and t1 relative to photobleaching and at time, t, between t40 to t60, at which FRA

individual bacteria in each context. The histogram displays the SEM of the ma

Wilcoxon tests (p < 0.01 for protrusions versus cytoplasmic; p< 0.05 for protrusion

Cell Host &
0.2% fish gelatin (Sigma-Aldrich), and washed in PBS following regular immu-

nofluorescence procedure. When appropriate, coverslips were incubated with

the primary antibodies overnight at 4�C. Secondary antibodies conjugated to

Alexa Fluor 568 and 647 (Life Technologies) were used and incubated with

samples for 120 min at room temperature. To label successively the secreted

and cytoplasmic fraction of Ipa proteins, the secreted fraction was first labeled

following the protocol described above (using mAb reacting against Ipa

proteins and secondary antibody conjugated to Alex 568). Then, to label the

cytoplasmic fractions of Ipa proteins, samples were crosslinked with PFA

4%10min and incubatedwith 5mg/ml lysozyme in PBS 0.83, 50mMglucose,

and 5 mM EDTA for 20 minutes at 37�C to permeabilize bacterial cell walls.

Then, the primary mAb directed against Ipa proteins and cognate Alexa Fluor

647 secondary antibodies were successively added to reveal the cytoplasm

fraction. Cells were usually counterstained with phalloidin-Alexa Fluor 647 or

568 (Life Technologies) and DAPI; MOWIOL with DABCO (Sigma-Aldrich)

was used as mounting medium.

Video Microscopy

TC7 cells were plated the day before the experiments in 35 mm glass-bottom

dishes (IBIDI GmBH, Martinsried) coated with 25 mg/ml fibronectin (Sigma-

Aldrich) at 2 3 105 cells per well. Infections were performed with polylysin-

coated bacteria harboring pTSAR1Ud2.4s. Acquisition of images were

performed in DMEMGFP medium (Evrogen, Moscow), supplemented or not

with 5% FBS and 10–50 mg/ml gentamycin depending on the strains studies,

and followed for 3–15 hr (e.g., 1 image/min). Where indicated, cells were

treated with 1 mM CD (Sigma-Aldrich) or 1 mM jasplakinolide (Merck Millipore,

Darmstadt) during cell-to-cell spread.

FRAP

HeLa cells were plated the day before the experiment at 4 3 105 per 35 mm

glass-bottom dishes (IBIDI GmBH) and infected with polylysin coated icsA�

or ipaC� ipaC+::Tn7 strains harboring pTSAR1Ud2.4s at a multiplicity of infec-

tion of approximately 25. The infection was allowed to proceed for 30 min

before labeling with the PM dye Cell Mask Deep Red as described by the

manufacturer (Life Technologies). Imaging was performed in DMEMGFP

medium, supplemented with 5% FBS and 10 mg/ml of gentamycin. FRAP

was performed with a photokinesis device (Perkin Elmer) at 80% 405 nm laser

power and 2�3ms of exposition for four to seven cycles. Images composed of

6 to 12 stacks were acquired with the 633 objective at the rate of one image

per min for 60 min. Measurement of pixels intensity was performed with

the Icy software (http://www.bioimageanalysis.com/icy) using the ‘‘ROI

measures’’ tool within the optimal focal plane selected by inspection of the z

stacks in each time frame (quantification performed on 14 cytoplasmic, 7 pro-

trusion-trapped, and 20 vacuole-trapped bacteria).

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, one table, three movies, and

Supplemental Experimental Procedures and can be found with this article

online at http://dx.doi.org/10.1016/j.chom.2014.01.005.
2 cells infected for 30 min with the WT strain harboring pTSAR1Ud2.4s and

point at intact membrane and disrupted regions, respectively, in the vicinity of

hlights bacteria with a negative TSAR signal and devoid of membrane in their

strain (ipaC� ipaC+::Tn7), as described is Figure 3F. Labeling of IpaD and IpaB

Figure 1C. Large arrowheads indicate the cortical actin proximal to bacteria

gures 4 and S4). The histogram in the inset indicates the percentage of TSAR-

ata and statistics performed as in (B) (n= 3).

in harboring pTSAR1Ud2.4s. Arrowheads indicate the presence of membrane

with low TSAR signal and devoid of membrane in their vicinity.

arbouring pTSAR1Ud2.4s to model cytoplasm and PM-associated bacteria,

ence was monitored every minute for 60 min following bleaching to measure

channel fluorescence overlays (TSAR and p-rpsM-mCherry) of bacteria at time

P peaked. In the lower panel are shown five representative traces of FRAP for

ximal amplitude of the FRAP for traces analyzed and the results of pairwise

versus vacuolar bacteria). See also Figures S4 and S5 and Movies S2 and S3.
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