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Abstract

:

Shigella spp. are one of the leading causes of infectious diarrheal diseases. They are Escherichia coli pathovars that are characterized by the harboring of a large plasmid that encodes most virulence genes, including a type III secretion system (T3SS). The archetypal element of the T3SS is the injectisome, a syringe-like nanomachine composed of approximately 20 proteins, spanning both bacterial membranes and the cell wall, and topped with a needle. Upon contact of the tip of the needle with the plasma membrane, the injectisome secretes its protein substrates into host cells. Some of these substrates act as translocators or effectors whose functions are key to the invasion of the cytosol and the cell-to-cell spread characterizing the lifestyle of Shigella spp. Here, we review the structure, assembly, function, and methods to measure the activity of the injectisome with a focus on Shigella, but complemented with data from other T3SS if required. We also present the regulatory cascade that controls the expression of T3SS genes in Shigella. Finally, we describe the function of translocators and effectors during cell-to-cell spread, particularly during escape from the vacuole, a key element of Shigella’s pathogenesis that has yet to reveal all of its secrets.
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1. Introduction


Shigella spp. are important human pathogens infecting the large intestine and responsible for hundreds of millions of infections every year [1,2]. They mainly differ from commensal Escherichia coli by the presence of a large virulence plasmid (VP) that encodes the various components of the Shigella type III secretion system (T3SS). This comprises the various proteins required to assemble the syringe-like type III secretion apparatus (T3SA), also known as the injectisome, as well as those acting as transcription regulators, substrates, and their cognate chaperones. Some of the T3SA substrates are effectors that rewire human cell biochemical processes through their enzymatic or binding activities. The effectors allow the invasion of the cytosol of epithelial cells by Shigella. This entry process is akin to phagocytosis. Shigella then uses actin-based motility and effectors to invade the cytosol of neighboring cells in a process named cell-to-cell spread that shares some similarities with the entry [3]. Herein, we discuss the structure and function of the T3SA, the regulation of the expression of T3SS genes, and recent progress in our understanding of the role of T3SA effectors in vacuole escape.




2. The Structure of the T3SA


2.1. Overview of the T3SA


The T3SA weighs 3.5 MDa and is prevalent among pathogenic proteobacteria; its genetic organization, protein components, and structure are well conserved [4,5]. The structure of the T3SA has been reviewed from a historical and global perspective encompassing data from many bacteria [5,6,7]. Here, we focus on the most recent advances about the structure of the T3SA of Shigella. In some cases, though, data from other bacterial systems are used to complement this model. We will refer generically to the various proteins forming the T3SA as its parts and use their Shigella names throughout, but at the first occurrence where their name in the unified nomenclature is mentioned [5]. Shigella harbors a ~232 kbp virulence plasmid (VP) that is maintained by an intricate combination of toxin–antitoxin systems [8] and harbors most T3SS genes [9]. The parts of the T3SA in Shigella, as in other species [4], are encoded on a single DNA fragment of approximately 30 kbp named the entry region and composed of the mxi/spa and ipa operons [10,11]. In permissive conditions (e.g., temperature > 32 °C), the mxi/spa and ipa operons produce approximately 20 different protein parts that yield the T3SA once assembled together. This nanomachine is composed of three segments: the extracellular needle and the tip complex that protrudes on the surface of the bacteria, the transmembrane basal body spanning the outer and the inner membranes as well as the cell wall, and the cytosolic complex, also known as the sorting platform. When the T3SA is active, the protein substrates are selected and unfolded by the sorting platform. Then, substrates through the action of the export apparatus successively transit through a narrow secretion channel in the center of the basal body and the needle, and a pore of similar width formed by the insertion of a translocon into the host plasma membrane [12]. At the end of their journey, the substrates are finally delivered in the host cytosol where they can refold to their native state.




2.2. The Detailed Structure of the T3SA


Structures of the needle complex composed of the basal body and the extracellular needle are known since the turn of the 21st century [13,14]. Since then, near-atomic details of several parts of its structure have been described [5,15]. The structure of the intact membrane-embedded T3SA was elusive until two seminal studies provided a first glimpse of it [16,17]. These studies and others described below delineate the knowns and unknowns of the structure of the T3SA (Figure 1a). Unless indicated otherwise, the structural models described in this section represent the inactive state of the T3SA.



Compared to the flagellum, its distant relative, the most distinctive part of the T3SA is arguably the extracellular needle [18]. The needle protrudes 50 nm from the outer membrane and provides a 1.5–2.5 nm wide secretion channel [19]. The needle has a helical symmetry resulting from the homopolymerization of approximately 100 MxiH (SctF) subunits, which adopt an α-hairpin structure [20,21,22]. The needle is capped with the tip complex that adopts an elongated shape slightly wider than the needle, giving the ensemble a scepter shape. The tip complex in the inactive state has been proposed to be made of an homopentamer of IpaD or an heteropentamer comprising four IpaD and one IpaB [23,24]. The source of discrepancy between the two models could be due to the experimental conditions, as others found that IpaB is more readily detectable at the tip of the needle upon exposure to bile salts, which bind IpaD and prime the T3SA for activation [25,26]. This IpaB–IpaD heteropentamer may thus represent a configuration of the tip complex that is intermediate between those encountered in the inactive and the active state of the T3SA [27]. Interestingly, genetic data indicate that IpaD and IpaB are both essential to block the constitutive secretion of substrates [3,28], suggesting that IpaB, particularly its N-terminus [29,30], is contributing to the stabilization of the tip complex in a closed conformation (Figure 1a).



The frame of the basal body is composed of an outer ring (OR) with mixed C15–16 cyclic symmetry standing on the inner rings (IR) with C24 cyclic symmetry [39]. The OR is composed of the secretin MxiD (SctC), which extends into the periplasm where it contacts the peripheral IR composed of MxiG (SctD). The central IR composed of MxiJ (SctJ) sits under the OR and is circled by the peripheral ring [39] (Figure 1a). The needle is inserted in the basal body through interactions with the inner rod, also known as the needle adapter [40], which is composed of one or two helical turns of homopolymerized MxiI (SctI). Cryo-EM revealed the stoichiometry of the export apparatus; it is composed of five Spa24 (SctR), four Spa9 (SctS), and one Spa29 (SctT) [41]. The core complex of the export apparatus has an inverted conical shape [41] and is located right beneath the inner rod within the periplasmic region of the OR and the IR [17,39,42]. The apex of the core is embedded in an area of the cytosolic membrane sitting below the IR and that appears highly curved and thinned in its vicinity [32]. Based on the flagellum, a single copy of Spa40 (SctU) would be located near the apex of the core [43]. By contrast, the gate of the export apparatus named MxiA (SctV) was detectable only in intact T3SA [16,17]. The insertion of the N-terminus of MxiA in the cytosolic membrane positions its nonameric C-terminus domain [44] in the cytosol at the entrance of the secretion channel, just beneath the core of the export apparatus [16,17,32].



Cryo-ET indicated that the sorting platform sits just below the MxiA ring (Figure 1a) [16]. The proteins forming the export apparatus and sorting platform were located in the intact T3SA tomograms by measuring the loss of electrons absorbance in mutant strains or the appearance of new electron-dense areas when complementing a relevant mutant with the corresponding Green Fluorescent Protein (GFP) fusion [16,17]. These data indicated that the sorting platform is arranged in a six-fold symmetry structure reminiscent of a pinwheel (Figure 1a). It is characterized by a central hub density with six spokes harboring a pod at their periphery. This pod-like structure forms a “cage” around the gate of the export apparatus. This structure differs significantly from the corresponding C-ring “wall” of the flagellum [16,45,46]. The hub of the sorting platform is formed by the stalk Spa13 (SctO) inserted in the central pore of the homohexameric ATPase Spa47 (SctN) [16,36,47]. From this ATPase complex, six MxiN (SctL) spoke-like linkers radiate outward and are each attached at their edge to a Spa33 (SctQ) pod. Each of these is attached to one MxiK (SctK), which directly binds the cytosolic domain of the peripheral IR formed by MxiG [31]. Spa33 may also form a heterodimer with a short version of itself obtained through an alternative translation site; both versions of Spa33 are required for the assembly of functional T3SA [48]. Nonetheless, it is not clear at the moment where this heterodimer, let alone more complex oligomers [49], might be located within the pod [16].




2.3. The Assembly of the T3SA and the Orderly Secretion of Its Substrates


The assembly of the basal body of the T3SA has been studied in several bacteria, yielding two alternative models: the inside-out and the outside-in model [5,7,15]. The first step is sec-dependent but unique to each model, while the second step is T3SA-dependent and common to the two models. The first step of the inside-out model consists in the nucleation of the IR around the core components of the export apparatus already embedded in the inner membrane [50,51,52]. Then, the OR would assemble, helped or not by a pilotin [53], and join the IR to form the basal body. This model is favored for the flagellum and the injectisomes of Salmonella (SPI-1 T3SA) and E. coli (enteropathogenic and enterohemorrhagic) [5]. The assembly of the T3SA has not been thoroughly characterized in Shigella [41,54,55], but the similarity with the SPI-1 T3SA suggests that it should follow the inside-out model. By contrast, in Yersinia, the assembly of the T3SA was instead hypothesized to proceed from the outside in. The key difference with the first model is that the secretin is required to stabilize or allow the insertion of the IR in the cytosolic membrane [56]. Further studies are warranted to demonstrate whether T3SA assembly indeed varies between species.



In both models, the recruitment of the sorting platform to the basal body is critical to obtaining secretion-competent T3SA. Indeed, in the absence of the sorting platform, the secretion channel in the basal body appears close, putatively preventing premature secretion [16,17]. Of particular importance at this stage are the early substrates Mxi and MxiH, which upon secretion spontaneously homopolymerize to form the inner rod and needle. Then, a small fraction of the cytosolic store of the middle substrates IpaB and IpaD is secreted to form the tip complex at the top of the needle. This step yields the fully functional but inactive T3SA. Despite his name, this state is indeed characterized by a leaky secretion, which corresponds to the release of only a small quantity of the middle and late substrates [57]. Finally, T3SAs switch to their active state upon contact with host cells or treatment with the chemical inducer Congo red [28,57]. This triggers the ordered secretion of the middle substrates followed by that of the late substrates. In Shigella, the late substrates were characterized as either first wave or second wave effectors [3], which we propose naming late substrates A and B for the sake of simplicity. The VP-encoded secretome of the T3SA in Shigella flexneri str. M90T consists of 35 protein substrates that were confirmed or identified for the first time by mass spectrometry analyses of the secretome [58]. Most of these substrates are encoded by T3SS-related genes. The exception resides in four antitoxins from type II toxin–antitoxin systems, which are minor late substrates that warrant further study [58]. Below, we describe how the T3SA parts and accessory proteinaceous factors regulate the ordered secretion of the T3SA substrates (Figure 2).



As hinted above, MxiI and MxiH are the early T3SA substrates and form the inner rod and the needle (Figure 2a). Their secretion necessitates the association of the sorting platform with the basal body [16,17,31] and the ATPase activity of Spa47 as described below. The length of the needle is controlled by the first switch regulator dubbed the “molecular ruler,” which is homologous to that originally characterized in Yersinia [5,59]. Indeed, the absence of the homologous Shigella protein Spa32 (SctP) confers extra long needles and poor secretion of middle substrates [60,61,62]. The detailed mechanism through which Spa32 measures needle length is still debated [5]. Nonetheless, Spa32 interacts with the core export apparatus component Spa40 and suppresses its autocleavage [62,63], thereby favoring the secretion of the early substrates. Concomitantly with the needle reaching the proper length, Spa32 is secreted [60]. This event hence relieves the inhibition of the autocleavage of Spa40 [64]. This cleavage is hypothesized to modulate the interactions that Spa40 may form with other components or regulators of the T3SA, rather than its tertiary structure [65], thereby switching the secretion from early to middle substrates [62] (Figure 2b).



The critical event that activates T3SAs is the sensing of host cells by the tip complex. In response to this event, the tip complex undergoes a first conformational change leading to the exposure of IpaB at the tip. From this position, IpaB can then insert its C-terminus transmembrane domain in the host plasma membrane (HPM) [25,27,30]. This second conformational change leads to the secretion of IpaC, which the C-terminus inserts in the HPM as well, allowing the formation of the translocon through the formation of a transmembranar heteromer with IpaB [30,66]. The stoichiometry of IpaB and IpaC in the translocon, however, is still unknown [67]. The translocon width in Salmonella is approximately 13.5 nm [68], and the diameter of its pore at about 2.5 nm is comparable to that of the secretion channel [69]. The translocon seems to induce a tent-like distortion of the host PM around it [68]. This might be due to the cytoskeleton-manipulating function of IpaC. Indeed, IpaC is known to hijack the actin microfilaments during host cell invasion [70]. It was also found to bind vimentin intermediate filaments, a property shared with orthologs in other T3SS [33]. The binding of the C-terminus of IpaC to vimentin is instrumental to inducing a conformational change that extends from the binding interface to the extracellular N-terminus of IpaC [34,71]. This was hypothesized to permit the docking of the tip complex to the translocon (Figure 1b). Interestingly, the tip complex associated to the translocon appears narrower than the needle [68], contrary to what was reported in the inactive state [23,24]. This is perhaps a consequence of the conformational changes induced by the docking of the tip complex into the HPM translocon.



Let us take a step back and discuss how the conformational change at the tip complex is signaled down to the export apparatus and the sorting platform. The identification of IpaB and IpaD mutants that assemble a functional tip complex in the inactive state (e.g., capable of blocking constitutive secretion), but deficient in the active state (e.g., incapable of host cell invasion or Congo red induction), suggests that both proteins play a direct role in the signaling of secretion activation [30,66,72]. This message is probably signaled toward the basal body through the needle since some MxiH mutants are capable of forming normal needles but neither respond to Congo red nor invade cells [73]. Presumably, the message is then communicated to the gate of the export apparatus, the sorting platform, or both through an unknown mechanism likely involving the inner rod, the core of the export apparatus, and probably the peripheral IR [32].



The key player of the sorting platform is the ATPase Spa47. As several ATPases, Spa47 is a homohexamer in its holo form [16,36,47,74,75]. This quaternary structure is stabilized by MxiN, which reduces futile ATP hydrolysis prior to the association of the sorting platform with the needle complex [76,77]. The main role of the ATPase is to strip the chaperone of its substrate and unfold the latter to render it secretion-competent [78]. Spa47 is helped in this and in the coupling with MxiA by the stalk Spa13 [79]. A chaperone was suggested to directly interact with the surface of the ATPase located within the export gate cage of the injectisome of Salmonella [35]. As yet, this model has not been confirmed in Shigella. A recent structure of the complex formed by the Spa47–Spa13 homologs in enteropathogenic E. coli suggests the rotation of the ATPase and the tilt of the stalk may couple substrate unfolding to the activation of the gate of the export apparatus MxiA [36]. Intriguingly, the rotation of the ATPase complex may be responsible for the needle-complex-induced rotation observed in living cells of Pseudomonas aeruginosa [80,81].



On the other hand, the threading of substrates through the ATPase complex pore is unlikely because this site is occupied by the stalk [16,36,47]. Taken together, these findings support the notion that the substrates, through their cognate chaperone, their secretion signal, or both, are recruited directly on the surface of the ATPase complex that is located within the export gate cage in intact T3SAs. By contrast, it has been proposed that substrates may also be recruited through cytosolic pools of Spa33–MxiN–Spa47–chaperone–substrate or Spa13–chaperone–substrate complexes [7,79]. In the case of the flagellum, a tripartite complex between a substrate and its chaperone and the export gate was reported [82], suggesting the gate might also act as a docking site for substrates. This model, however, has not been validated for the injectisome of Shigella; it is also difficult to reconcile with the substrate unfolding role of the ATPase. The hydrolysis of ATP, the electrostatic repulsion between the substrates and the secretion channel, and the potential energy of the unfolded polypeptides have been suggested to participate in powering secretion, but the proton motive force (PMF) is currently considered the most important contributor [38,83]. The flagellum export gate was suggested to act as a proton–protein antiporter [37], thus enabling the secretion of substrates (Figure 1c). Whether the export gate of injectisomes play a similar role or not is unknown. It is noteworthy that ATP hydrolysis should increase the local proton concentration in the vicinity of the export gate, but the role of this in secretion is unclear since it seems it would disfavor antiport secretion by dissipating the local proton gradient.



The selection of middle substrates and late substrates among thousands of cytosolic proteins depends on the presence of a degenerate polar and disordered 20 amino acids N-terminal signal that is not cleaved during processing [5]. The secretion of middle substrates is prioritized over the late substrates through autochaperoning activity in the case of IpaD or binding to the chaperone IpgC in the case of IpaBC, and the action of the second switch regulator MxiC (SctW) [84,85], which is also known as the gatekeeper. At this stage, cytosolic MxiC inhibits the secretion of late substrates, hence favoring the secretion of the middle substrates [84,85] (Figure 2b). It was hypothesized to do so by binding to the inner rod [86,87]. MxiC appears to be a promiscuous binder since interactions with Spa47, MxiA, and Spa33 were also reported [49,86,88]. For example, MxiA mutants preventing MxiC binding partly disrupted the secretion hierarchy of substrates [88]. Nevertheless, how these interactions between MxiC and different parts of the T3SA are orchestrated to permit substrate class switching is unclear.



Mutation to alanine of a conserved patch of charge residues lining the lumen of the needle inhibits secretion in several species, suggesting a role for the needle in the transport of substrates [19]. It is unknown, however, whether unfolded substrates, once engaged, can backtrack or if rather they are poised to move toward the extracellular medium due to the properties of the needle, as electron micrographs of T3SA trapped with a GFP cargo seemed to indicate [89]. When secretion can proceed unimpeded, though, the cytosolic store of the middle substrates is eventually exhausted [90]. It is noteworthy that the cytosolic store of IpaBCD greatly exceeds the amount required for the formation of the tip complex and translocon. This ensures the tight repression of secretion in the inactive state; once T3SAs are activated, however, the cytosolic store of translocators must be significantly depleted, if not exhausted, before the secretion of late substrates is finally permitted (Figure 2c).



Concurrently with the exhaustion of the middle substrate store, MxiC is secreted [84,85]. The needle was suggested to play a critical signaling role in the trigger of the secretion of MxiC [91]. The depletion of the cytosolic store of MxiC allows MxiA to secrete the late substrates [88]. The late substrates A, which are stored in the cytosol prior to T3SA activation, possess a secretion signal and their own chaperones, which belong to a different structural class than their translocator-binding counterpart [6]. Hence, it was proposed that the structural diversity of chaperones contributes to establishing the secretion hierarchy through their binding with varying affinity to the ATPase [92]. This phenomenon may also be modulated by MxiC. By contrast, the late substrates B, which are only produced following the secretion of late substrates A (Figure 2d and next section), are unchaperoned and secreted as soon as produced [93]. This suggests that the secretion signal suffices for the secretion of late substrate B and that their transcription serves merely as another manner of hierarchizing secretion further.





3. The Regulation of the Expression of the T3SS in Shigella


3.1. Overview of the Regulatory Cascade of the T3SS


The regulation of the production of proteins encoded by T3SS genes intervenes mostly at the transcriptional level. The T3SS regulatory cascade is composed of a repressor named the histone-like nucleoid structure protein (H-NS), and of three transcription activators named VirF (AraC-family), VirB (ParB family), and MxiE (AraC family) (Figure 3a) [94]. The first three players coordinate the transcriptional response to the rise of temperature occurring upon Shigella’s transition from an external environment to its host. The interaction between these factors and DNA culminates with the production of VirB, which activates the expression of most T3SS genes, hence ensuring that the T3SA is assembled in the Shigella membrane only when it is inside its host. The last transcription activator MxiE senses the presence of host cells using T3SA activity as a proxy. Indeed, MxiE is inhibited at the posttranslational level when T3SAs are inactive. This inhibition is released when T3SAs are active, allowing MxiE to upregulate the expression of genes encoding late substrates B. Finally, a handful of genes called late substrates A/B are dually controlled by VirB- and MxiE-dependent promoters [95,96] (Figure 3b). Below, we detail the action of these different transcription factors in the regulation of the main virulence genes.




3.2. Master Regulators of the T3SS in Shigella: H-NS, VirF, and VirB


The repressor of the T3SS regulatory cascade in Shigella is the histone-like nucleoid structure protein (H-NS). It forms homomers in isolation, but may also heteromerize with two related proteins named StpA (prevalent in Shigella spp.) and Sfh (S. flexneri str. 2457T) [98,99]. Interestingly, StpA and Sfh can complement the loss of H-NS by, for example, ensuring the repression of T3SS genes, thus suggesting that these three paralogs share this function [99,100]. H-NS binds AT-rich DNA through the insertion of a conserved three-residue motif into the minor groove according to molecular dynamics simulations [101]. In response to changing physicochemical conditions, H-NS can toggle between a stiffening or a bridging DNA binding mode [102]. In the filament mode, several H-NS protomers are associated to a single DNA segment, while in the stiffening mode, they bundle two or more DNA segments together [103]. Both binding modes inhibit transcription initiation by impeding the access of transcriptional regulators and the RNA polymerase to promoters. The binding of H-NS to DNA can also hinder transcription elongation, which can favor Rho-dependent termination [104]. To our knowledge, this phenomenon, however, has not been assessed for Shigella T3SS genes.



In Shigella, T3SS genes have 60% to 70% AT content [10]. H-NS thus has a countless number of potential binding sites spread over the VP. Those located in the entry region have been particularly scrutinized due to their key role in the regulation of virulence. Below 32 °C, H-NS binding is favored, thus imposing three locks on the regulatory cascade of Shigella. The two most upstream result in the silencing of virF and virB that encode two transcription activators; the third is downstream and results in the silencing of T3SA parts and several substrates [99,105,106,107,108]. The main consequence of the switch to human body temperature is to open these three locks. For example, the conformation of the promoter of virF favors H-NS binding and silencing of virF below 32 °C [107,108]. By contrast, at the human body temperature (or >32 °C), the conformation of the promoter precludes H-NS binding, hence favoring transcription initiation and, ultimately, the production of the VirF protein [107,108]. virF integrates other environmental cues to ensure that the virulence genes are expressed to optimal level when the right conditions are met. For example, virF is silenced at acidic pH due to the inactivation of the CpxAR two-component system. In neutral conditions, CpxA-activated CpxR upregulates the expression of virF. The translation factor EF-P and its regulator PoxA are required for the production of CpxA, and thus play an indirect role in the expression of virF [109]. The antisilencing of virF is also favored by nucleoid-associated proteins such as IHF and FIS whose functions are modulated by the physiological state of the cell, most notably in function of the growth phase [108,109,110]. Furthermore, the production and the function of VirF are respectively regulated at the translational level through posttranscriptional modifications of several tRNAs [108,111,112], and by the production of an N-terminally truncated isoform of VirF, which, in contrast to its full-length counterpart, represses target genes [113]. As the most upstream transcription activator in the virulence cascade, VirF activates the transcription of icsA, which encodes a virulence factor essential for cell-to-cell spread, as well as of virB, which encodes the second transcription activator [108]. VirF is a promiscuous DNA binder that tolerates degeneracy within its AT-rich consensus binding site. This property, combined with the high AT-content of T3SS genes, allows the formation of large VirF oligomers bridging discrete binding sites within the same gene [114]. Interestingly, VirF may be acting through the displacement of H-NS around the +1 of transcription and in the coding sequence of icsA [114], while in the case of virB, it more classically binds to the promoter [105,108]. On top of this antisilencing effect on transcription, VirF was recently suggested to regulate the expression of icsA by directly binding its mRNA and its noncoding antisense regulator RnaG [115].



VirB is the key to activating the transcription of T3SS-related genes for which the repression of H-NS function by temperature (>32 °C) is not sufficient. The DNA binding site of VirB is disputed, as independent studies indicated that an eight-nucleotide motif or two inverted repeats thereof separated by a single nucleotide were required for VirB activity [116,117,118]. As suggested in the most recent study, the number of sites matching to the larger recognition site is commensurate with the number of genes controlled by VirB, thus arguing in favor of its relevance. Alternately, noncontiguous eight-nucleotide motifs, provided they can be brought together in space, might act as nucleation sites for the formation of VirB–DNA complexes. VirB is deemed an antisilencing factor because its capacity to control the expression of its target genes depends on the silencing activity of H-NS on them [99,119,120]. Furthermore, VirB binding motifs both upstream and downstream, and sometimes at a considerable distance from the +1 of transcription of several T3SS genes, are documented, suggesting that the formation of large VirB complexes nucleating from these sites may help displace H-NS complexes [106,118,119,120,121,122,123]. The existence of two positive feedback loops of VirB on virB and virF was proposed to explain the great change of expression of T3SS genes observed upon shifting to the permissive temperature [117] (Figure 3a). The VirB regulon was determined with DNA microarrays by comparing mRNA abundance in ΔvirB or WT grown at 30 °C versus WT grown at 37 °C. This study showed that T3SS genes are regulated by VirB, thus supporting its role in mediating the effect of temperature on virulence [124]. Although this study was not pangenomic, it probed almost all T3SS genes on the VP. Based on these findings and the mode of action described above, VirB is hypothesized to directly activate the transcription of T3SA parts, early substrates, middle substrates, and late substrates A (Figure 3a,b). Besides transcription regulation, a few cases of posttranscriptional regulation of the virulence regulatory cascade have been reported. First, the mRNA-binding protein and posttranscriptional regulator CsrA acts as a positive regulator of virF and virB through an unknown mechanism involving the glycolytic pathway [125]. Interestingly, CsrA controls the expression of T3SS genes in other species [126]. In enteropathogenic E. coli, the function of CsrA is even coupled to the activity of the T3SAs [127]. Second, VirB was identified in the phosphotyrosine proteome of Shigella; a phosphomimetic mutation at one of the two phosphorylated sites phenocopied ΔvirB [128]. Further work is needed to identify the putative tyrosine kinase responsible for this posttranslational modification and determine its relevance for pathogenesis.



The fumarate and nitrate reduction factor (FNR), which is a transcriptional activator important for bacterial adaptation to anaerobic conditions [129], is also known to act as a transcriptional repressor through hindering of RNA polymerase recruitment. It usually binds to DNA as a homodimer, which is destabilized strongly by dioxygen [129]. Indeed, in hypoxia, FNR directly represses the expression of spa32 and spa33 by binding to their promoter [130]. This led to the formation of partly functional T3SAs characterized by longer needles and poor secretion of middle and late substrates. A RNA-Seq study further described the role of FNR for the adaptation of Shigella to anaerobic conditions; the most salient finding was that the absence of oxygen induced an indirect FNR-dependent increase in H-NS repression that contributed to silencing virF, virB, and their target genes (Figure 3a) [131], which reinforces the notion that Shigella’s virulence is stunted in anaerobic conditions. In brief, the control of the key transcription activator VirB by VirF, the presence of positive feedback loops involving VirB, and the three locks imposed by H-NS on the two antisilencers and T3SS genes ensures a 5–10-fold change in the expression level of mxi/spa and ipaBCD operons at 37 °C compared to 30 °C [124]. These mechanisms, by ensuring that the assembly of the T3SAs takes place only in the host, allow the optimal use of cellular resources.




3.3. The MxiE Regulon


VirB also directly controls the transcription of mxiE, which encodes a transcription activator of the AraC family [124] (Figure 3a). The full-length transcript of mxiE is the result of transcriptional slippage [132]; this phenomenon might be used in so far unknown environmental conditions to reduce the production of MxiE. Besides, VirB controls the expression of genes ipgC, ipaB, ipaC, ospD1, and spa15 [124], which encode MxiE posttranslational regulators. Hence, VirB indirectly controls the expression of late substrates B through the regulation of these genes and others encoding T3SA parts. When T3SAs are inactive, MxiE and IpgC are segregated by the antiactivator OspD1, and its cognate cargos IpaB and IpaC, respectively. The chaperone of OspD1 named Spa15 also acts as co-antiactivator probably through the stabilization of OspD1 in a conformation that favors binding to MxiE (Figure 3c) [133,134,135,136]. By contrast, when T3SAs are active, IpaB, IpaC, and OspD1 are secreted, allowing the cytosol-resident MxiE and IpgC to oligomerize and activate the transcription of late substrates B (Figure 3c). Such direct coupling of transcription to the secretion activity is as elegant as it is rare. The combination of activator and antiactivator factors affords a switch-like behavior displaying 5- to 50-fold upregulation in expression of the MxiE-regulated genes in the active state compared to the inactive state [90,96,97].



The coelution of MxiE and IpgC from affinity columns supports the existence of an MxiE–IpgC complex [137], but its stoichiometry and relevance in vivo are not known. Furthermore, neither MxiE nor IpgC alone can activate the transcription of target genes, supporting the requirement of a MxiE–IpgC heteromer for transcription activation [135]. All monocistronic genes or short operons regulated by the MxiE–IpgC harbor a 17-nucleotide consensus MxiE box in their promoter [96,97,138]. The conservation of key nucleotides of this box is critical for transcriptional activity [97], most likely because of their role in stabilizing a tripartite promoter–MxiE–IpgC complex. The MxiE box being positioned at −35, MxiE–IpgC is thought to act as an RNA polymerase recruiting factor as expected from classical AraC-like transcriptional activators [138].



Flow cytometry, a DNA microarray study previously mentioned, and a more recent RNA-Seq analysis defined the MxiE regulon, which is composed of eight operons encoding fifteen proteins on the VP and nine chromosomal genes [96,124,134] (Figure 3b). Seven chromosomal genes of this regulon belonged to the ipaH family and likely originated from the duplication of one or more ancestral ipaH genes from the VP [96,124]. The pangenomic RNA-Seq study added two previously unknown chromosomal genes temporarily named gem1 and gem3 that have no homology with T3SS genes to the MxiE regulon [96]. Further studies are required to determine whether they encode proteins that are T3SA substrates.





4. Genetically-Encoded Reporters to Monitor the Activity of the T3SA


4.1. Transcription-Based Assays


Bacterial adaptation occurs mainly through transcriptional regulation as illustrated in the virulence regulatory cascade of Shigella. Hence, transcriptional reporters using relevant promoters and reporter proteins such as the GFP (Figure 4a) can be easily designed to monitor critical elements of the bacterial physiology including T3SAs activity [139]. In Shigella spp., the regulation of late substrates B through their MxiE box provided a simple solution to develop a transcription-based secretion activity reporter (TSAR). The TSAR’s key feature is to put the production of a fast-maturing variant of GFP under the control of a MxiE-regulated promoter [90]. The TSAR demonstrated that the T3SA is not always active but rather follows cyclic activation and deactivation as it encounters and leaves plasma membrane compartments during the various stages of intracellular life [90]. The TSAR has proved useful to understand other elements of pathogenesis of Shigella [33,34,140,141,142,143]. It has also allowed monitoring of the tissue distribution and spatiotemporal parameters of T3SA activity in a guinea pig model of shigellosis [144,145].



Recently, transcriptional reporters have also been used to identify the factors affecting the activity of the T3SA in other bacteria. A fluorescent cytosolic dual-color reporter with a constitutive GFP put under control of the promoter of uhpT (uhpTp::GFP), which is induced by glucose-6-phosphate, was used to detect cytosolic Shigella or Salmonella [146,147]. Recently, an improved dual reporter system with constitutively expressed DsRed and uhpTp::sfGFP indicated that strains expressing SopE ruptured their vacuole more rapidly than their counterparts that were devoid thereof [148]. Interestingly, another study provided evidence that the SPI-1 T3SA is active in cytosolic bacteria [149], suggesting the absence of T3SA activity observed in cytosolic Shigella is not universal [90]. In Yersinia, a reporter system containing an expression cassette composed of yopHp::mCherry was used to monitor the effect of T3SS small molecule inhibitors and help define their mechanism of action [150]. A similar reporter based on the yopE promoter was used in a Yersinia mouse infection model. This reporter displayed maximal activity in bacteria located at the periphery of splenic microcolonies. This study drew attention to the key role of peripheral Yersinia in the maintenance of a shelter for their kins in the center of the microcolonies, as they fenced off host immune cells using their T3SAs [151].




4.2. Direct Secretion Assays


The applicability of transcriptional reporters is limited by the delay between the event of interest and the accumulation of sufficient reporter proteins for detection. To circumvent this caveat, various secretion assays have been developed to decipher the expression, secretion, translocation, activity, and localization of bacterial T3SS effectors within host cells (Figure 4b). The measurement of the secretion activity by GFP-substrate fusions is precluded by the clogging of T3SAs due to the incapacity of the ATPase SctN to unfold the GFP [78,89,152]. An alternative is the split-GFP in which the eleventh β-strand of the GFP (GFP11) spontaneously associates with the first 10 strands (GFP1-10) [153].



The tagging of T3SA substrates with the short and unfolded GFP11 allowed the recovery of GFP fluorescence upon its secretion in the cytosol of the host cell and association with GFP1-10. Nonetheless, the maturation time of the split-GFP was estimated to two hours [154], thus introducing a large dead time in the measurements. Despite this caveat, the split-GFP system was used to track the location of effectors OspF and OspG in plant cells by confocal microscopy [155]. Alternatives to GFP also include the light–oxygen–voltage domain (LOV) that belongs to the flavin-binding protein family, and the fluorescence-activating and absorption-shifting tag (FAST). By comparison with the full-length GFP, LOV and FAST are smaller, mature faster, and do not inhibit secretion, nor do they require oxygen to fluoresce. A variant of iLOV named phiLOV was used to monitor IpaB production and secretion [156]. Although the real-time imaging of IpaB–phiLOV was not reported, a substrate from another T3SA was tracked successfully with the same technique [156]. The poor brightness of phiLOV and LOV domain may, however, limit their use in live imaging. Similarly, the fusion of FAST to OspF and IpaB allowed to track them within infected host cells [157]. FAST is fluorescent through binding to exogenous small molecules with different fluorescent properties, thus allowing flexible imaging modalities. Similarly, the self-labeling enzymes SNAP-tag, CLIP-tag, and HaloTag work in both aerobic and anaerobic conditions, and can be labeled with different fluorophores. They were used to track T3SS effectors in Salmonella, and should be easily adapted to Shigella [158].



In place of these large protein fusions, smaller tags that allow direct labeling have been developed to minimize interference with effector secretion and function. A classical example is the tetracysteine motif (4Cys-FlAsH) and its ligand, the fluorescein-based biarsenical dye (FlAsH), which were used to track the translocation of IpaB and IpaC inside human epithelial cells [159]. This method has not been widely adopted, probably due to the toxicity and reaction of the dye with other cell constituents. An emerging alternative is the labeling of protein of interest with fluorescent nonstandard amino acids that are inserted during translation. This method was recently used to image the colonization of the gut by a probiotic E. coli strain with high spatial and temporal resolution [160]. The key advance of this study was the continuous in vivo incorporation of a fluorescent unnatural amino acid, which allowed long-term imaging previously impossible. Thus, this approach may prove useful in the future to monitor the secretion and location of T3SA substrates by microscopy.



Classical immunofluorescence approaches were used to monitor the production and localization of many effectors [90,140,161,162], but their low sensitivity can curtail detection of substrates in low amount. By contrast, the SunTag uses a GCN4 antibody–peptide pair to multimerize >10 copies of GFP to a protein of interest, thereby amplifying the fluorescence signal in both living and fixed samples [163]. This method was used to locate IcsB on the Shigella-containing vacuole [164], and to demonstrate the colocalization of IpaH9.8 with its substrate hGBP1 [165].



Higher throughput assays have also been developed. For example, in vitro semiautomated solid-plate and liquid assays based on epitope tagging of substrates and Congo red induction of the T3SA was used to measure the role of chaperones in the secretion of effectors [93]. Second, β-lactamase FRET (fluorescence resonance energy transfer) and colorimetric assays, using as reporter substrates the cephalosporins CCF2 and nitrocefin, respectively, confirmed novel T3SA substrates identified by mass spectrometry in a multiwell format [58]. Furthermore, the sensitivity of the FRET assay was increased about 50% with TEM3 M182T, a derivative of TEM1 β-lactamase with higher activity against cephalosporins [166]. Further optimization of the cargo increased the sensitivity of this assay further, thus allowing to more readily detect the T3SA activity against T lymphocytes [166,167], which are readily injected with substrates, but poorly invaded [168]. Surprisingly, the sensitivity of the colorimetric assay with the TEM3 M182T decreased, suggesting that testing additional TEM1 derivatives with improved activity against cephalosporins might be worthwhile to further the versatility and sensitivity of this method. Due to its enzymatic nature, the β-lactamase assay is more sensitive than those with no amplification, but this is at the expense of a loss of spatial information due to the free diffusion of the fluorescent product resulting from CCF2AM cleavage. It is noteworthy that anterior studies about T3SA secretion assays have been reviewed elsewhere [139,169].





5. Mechanisms of Vacuole Rupture and Escape in Shigella


5.1. The Intracellular Niche of Shigella


Shigella spp. enter host cells using an invasion mechanism shared with some bacteria expressing a T3SS such as Salmonella enterica [170]. Indeed, both bacteria force their entry into epithelial cells by manipulating the actin cytoskeleton. As in phagocytosis in macrophages, this results in the formation of a bacteria-containing vacuole. While intracellular S. enterica adopts a vacuolar lifestyle thereafter, Shigella ruptures its vacuole to access the cytosol of its host cell (Figure 5). Then, using IcsA to form actin comets, it initiates cytosolic movement in order to invade neighboring cells [171]. This process named cell-to-cell spread consists of: (1) the formation of a finger-like protrusion by a Shigella cell whose movement deforms the plasma membrane of the initially infected host cell and a neighboring cell; (2) the release of this Shigella cell into the cytosol of the neighboring host cell through the maturation of the protrusion into a dissemination vacuole and the rupture of the latter.



The formation of the dissemination vacuole and its rupture depends on the T3SS, thus sharing some similarities with the entry. Nevertheless, due to the affixation of the plasma membrane of both host cells, the dissemination vacuole has a double membrane. This might explain the critical role of additional effectors in the escape from the dissemination vacuole, as described below.




5.2. Effectors Implicated in the Escape from the Dissemination Vacuole


The rupture of both entry and dissemination vacuoles requires the secretion of translocators IpaB and IpaC [90,172,173,174,175]. Interestingly, the exchange of translocators from vacuole-resident Salmonella with those of cytosolic-resident Shigella sufficed to swap their final destination [176]. This suggests that the translocators are major players in vacuole rupture that act upstream of most effectors. A noteworthy exception is the PI(4,5)P2 phosphatase, IpgD, whose recruitment of Rab 11 contributes to vacuole rupture [177].



Xenophagy is a form of autophagy constituting a major cell autonomous defense mechanism. Indeed, xenophagy targets intracellular microbes to lysosomal degradation, thus restricting their growth. As in canonical autophagy, ATG8/MAP1LC3 proteins are the gold standard marker of xenophagosomes such as those triggered by the recognition of polyubiquitin chains accumulating on the bacterial membrane or on ruptured vacuole membranes, and on LC3-associated phagosomes [178]. The infection of tissue culture cells yields a small fraction of cytosolic Salmonella that is preferentially targeted by xenophagy [179,180,181]. By contrast, Shigella, despite LC3 presence on the entry vacuole [140], and the induction of an mTor-dependent amino acid starvation response that is proautophagic [182], is less susceptible than Salmonella to xenophagy ensuing from the rupture of the entry vacuole [183,184]. The shorter vacuole residence time of Shigella due to its translocators and the cytosolic movement enabling escape from ruptured vacuoles are probably the key factors preventing its capture by the autophagy machinery following entry into epithelial cells.



Nonetheless, the escape of Shigella from the dissemination vacuole requires additional effectors such as IpaH9.8, VirA, and IcsB. The first reported example implicated IcsB, whose absence resulted in reduced bacterial fitness and increased labeling with LC3-GFP [185]. This study proposed that IcsB protected IcsA from direct recognition by the autophagy core component ATG5 to prevent the capture of Shigella in autophagosomes. To our knowledge, this is the only reported case in which a specific microbial protein is used to initiate xenophagy [178]. Moreover, in the absence of IcsB, Shigella is captured in septin cages that restrict its movement [186]. The presence of septin cages around Shigella was correlated with that of the ubiquitin-binding proteins SQSTM1 (p62) and NDP52, which are known to favor autophagosome formation. More recently, it was reported that septin cages and LC3 were enriched around dividing bacteria [187]. Furthermore, LC3 recruitment occurred exclusively on vacuole-associated bacteria with active T3SAs, but not in cytosolic bacteria with inactive T3SAs (Figure 5). The amount of LC3 labeling was higher around ΔicsB than on the WT solely during cell-to-cell spread [140]. Interestingly, NDP52 was also enriched on secreting bacteria, suggesting that they might be the subpopulation targeted by septin cages. In this regard, it is noteworthy that the division of Shigella daughter cells seems coupled with their presence in the dissemination vacuole, perhaps because this step of the cell division is slower in this compartment than in the cytosol [90].



Taken together, these results suggested that LC3 recruitment was occurring by default on Shigella-containing vacuoles and that IcsB acted downstream of translocators to favor vacuole escape rather than in blocking xenophagy. In agreement with this notion, time-lapse video microscopy data suggested that the accumulation of LC3 on the dissemination vacuoles formed by ΔicsB was the consequence of the failure or retardation of vacuole escape [188]. IcsB was also suggested to play an active role in favoring cell-to-cell spread by recruiting the actin-associated protein TOCA-1 and forming an actin-rich structure, dubbed an actin cocoon, around the Shigella-containing vacuole [162,189,190,191]. Recently, compelling biochemical data indicated that IcsB is an 18-carbon fatty acid lysine Nε-acyltransferase of at least 60 host proteins, including several SNAREs, septins, and small GTPases [164]. The addition of an IcsB-mediated lipid anchor to the C-terminus of Rho GTPAses was suggested to perturb their function by preventing their normal membrane cycling. Distant homologs of IcsB named the Rho interacting domains (RID) of MARTX toxins acylate the C-terminus of Rho GTPases as well [192]. Interestingly, the RIDs adopt an inverted papain-like fold [192], as predicted for IcsB [193]. The perturbation of Rho function through acylation might be extendable to other putative IcsB substrates [164], such as the septins [186], as well as Cdc42 and other actin-associated proteins implicated in the formation of actin cocoons [191]. Nevertheless, it is not clear if IcsB acylates all of these proteins and to what this might avail. Intriguingly, the cell-to-cell spread phenotype of ΔicsB appeared to be solely due to another putative IcsB substrate named CHMP5, which is a poorly studied regulator of the endosome sorting complex required for transport III (ESCRT-III) (Figure 5). The mechanistic contribution of the ESCRT machinery in preventing vacuole escape in Shigella is unknown.



Despite this progress in our understanding of the function of IcsB, it is important to consider the role of other virulence factors in vacuole escape. This is underscored by the observation that nonpolar icsB mutants have a small spreading defect that is hardly detectable in the plaque formation assay [140,164,194]. It is also noteworthy that this phenotype may vary depending on the Shigella strain or the host cell model studied [185]. Moreover, ΔvirA displayed a more robust recruitment of LC3 than ΔicsB, and ΔicsB ΔvirA displayed a much stronger plaque formation defect than both single-locus mutants [140]. This double mutant was used to identify a V-ATPase-dependent xenophagic response [195] whose role during WT Shigella infection is currently unknown. Similar to IcsB, VirA prevents the recruitment of LC3 to secreting bacteria residing in the dissemination vacuole. VirA is a Rab-specific GTPase-activating protein (GAP) that allows Shigella to dampen LC3 recruitment. Specifically, inactivation of Rab1 by VirA inhibited the endoplasmic reticulum (ER) to Golgi trafficking [196]. Although Rab1 involment in the ER exit site was implicated in the early stage of autophagosomes formation through the mobilization of ATG9A vesicles [197,198], it is not clear how Rab1 is tied to the recruitment of LC3 to Shigella-containing vacuoles. It is plausible that Rab1, akin to CHMP5, is involved in the repair of ruptured vacuoles (Figure 5); this might proceed through Rab1-mediated extension of the autophagosome membrane as suggested in macroautophagy [198].



Guanylate-binding proteins are a family of dynamin-related GTPases expressed in epithelial cells stimulated with interferon-γ (IFNγ). Through a C-terminal triple arginine motif, GBPs bind to the surface of S. flexneri, which, however, uses its effector IpaH9.8 to break free from GBPs coating [165,199,200,201]. Indeed, IpaH9.8 is an E3 ubiquitin ligase that can synthesize polyubiquitin K48 chains on several GBPs, thus degrading them through the proteasome [165,199]. GBP1 seems to be the most important target, as it is efficiently polyubiquitinated [165,199], and in its absence, other family members are not recruited on the bacterial surface [200]. In Salmonella, GBP1 is recruited to the surface of bacteria found in ruptured vacuoles [202]. Similar observations, although complicated by cytosolic movement, were also reported in Shigella [199]. These data suggest that IpaH9.8 acts downstream of vacuoles rupture just as IcsB and VirA do (Figure 5). How GBP restricts cell-to-cell spread and whether this leads to capture of Shigella into xenophagic vacuoles is unknown. The outer-membrane-associated Shigella protease IcsP was suggested to protect Shigella from complement C3-induced autophagy [203]. Taken together, these studies highlight the possibility that other virulence factors might be implicated in the escape of Shigella from xenophagy in specific immunological contexts.





6. Conclusions


Shigella is arguably one of the gold standard models for the T3SS. Since the early 2000s, several research groups have used it to describe the structure of the T3SA with impact well beyond this pathogen. The sophistication of our understanding of its structure and of the regulatory cascade that controls its expression in Shigella have little equivalent in bacteriology. Nonetheless, there are still many interesting phenomena to decipher. For example, the assembly and, particularly, the functioning of the T3SA remains opaque. We have no grasp of the motion of the T3SA during the secretion process. The role of the proton motive force and its eventual coupling with the ATPase have yet to be elucidated and pose questions. Our capacity to monitor the activity of the T3SA is somewhat limited by a detection lag due to the production and maturation of reporter proteins in transcription-based assays or by the low signal amplification of most direct secretion assays. The development of new approaches to address this issue is instrumental to tackling unresolved questions about bacterial pathogenesis. Finally, the ballet of host factors and effectors around the dissemination vacuole is another hot area. The cooperation of effectors, the meaning of their functional redundancies, and their diverging role in various cell types or immunological contexts are passionating topics for the years to come.







Author Contributions


N.H.-A. and K.T. wrote the first draft of Section 2; N.S. wrote the first draft of Section 3; F.O.M. and C.F.T. wrote the first draft of Section 4; W.B. and A.H.K. wrote the first draft of Section 5; F.-X.C.-V. wrote all other sections and prepared the final and revised version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The publication cost of this review was defrayed by the Canadian Institutes of Health Research (CIHR), grant number 159517. N.H.-A., N.S., K.T. and C.F.T. hold a TECHNOMISE NSERC CREATE fellowship. W.B. was the holder of a King Abdullah Scholarship. The fellowships of F.O.M., A.H.K., and W.B. are covered by the CIHR grant mentioned above.




Acknowledgments


The authors are grateful to the staff of the Faculty of Science and, more broadly, to the University of Ottawa for their support of our research activities. (in French) Les auteurs tiennent à remercier le personnel de la Faculté des sciences et plus largement de l’Université d’Ottawa pour leur soutien à nos activités de recherche.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kotloff, K.L.; Riddle, M.S.; Platts-Mills, J.A.; Pavlinac, P.; Zaidi, A.K.M. Shigellosis. Lancet 2018, 391, 801–812. [Google Scholar] [CrossRef]

	



Lampel, K.A.; Formal, S.B.; Maurelli, A.T. A brief history of Shigella. EcoSal Plus 2018, 8, 1–25. [Google Scholar] [CrossRef] [PubMed]

	



Campbell-Valois, F.-X.; Pontier, S.M. Implications of spatiotemporal regulation of Shigella flexneri type three secretion activity on effector functions: Think globally, act locally. Front. Cell. Infect. Microbiol. 2016, 6, 28. [Google Scholar] [CrossRef] [PubMed]

	



Izoré, T.; Job, V.; Dessen, A. Biogenesis, regulation, and targeting of the type III secretion system. Structure 2011, 19, 603–612. [Google Scholar] [CrossRef] [PubMed]

	



Deng, W.; Marshall, N.C.; Rowland, J.L.; McCoy, J.M.; Worrall, L.J.; Santos, A.S.; Strynadka, N.C.J.; Finlay, B.B. Assembly, structure, function and regulation of type III secretion systems. Nat. Rev. Microbiol. 2017, 15, 323–337. [Google Scholar] [CrossRef] [PubMed]

	



Portaliou, A.G.; Tsolis, K.C.; Loos, M.S.; Zorzini, V.; Economou, A. Type III secretion: Building and operating a remarkable nanomachine. Trends Biochem. Sci. 2016, 41, 175–189. [Google Scholar] [CrossRef]

	



Wagner, S.; Grin, I.; Malmsheimer, S.; Singh, N.; Torres-Vargas, C.E.; Westerhausen, S. Bacterial type III secretion systems: A complex device for the delivery of bacterial effector proteins into eukaryotic host cells. FEMS Microbiol. Lett. 2018, 365. [Google Scholar] [CrossRef]

	



McVicker, G.; Tang, C.M. Deletion of toxin-antitoxin systems in the evolution of Shigella sonnei as a host-adapted pathogen. Nat. Microbiol. 2016, 2, 16204–16211. [Google Scholar] [CrossRef]

	



Cervantes-Rivera, R.; Tronnet, S.; Puhar, A. Complete genome sequence and annotation of the laboratory reference strain Shigella flexneri serotype 5a M90T and genome-wide transcriptional start site determination. BMC Genom. 2020, 21, 285. [Google Scholar] [CrossRef]

	



Buchrieser, C.; Glaser, P.; Rusniok, C.; Nedjari, H.; d’Hauteville, H.; Kunst, F.; Sansonetti, P.; Parsot, C. The virulence plasmid pWR100 and the repertoire of proteins secreted by the type III secretion apparatus of Shigella flexneri. Mol. Microbiol. 2000, 38, 760–771. [Google Scholar] [CrossRef]

	



Venkatesan, M.M.; Goldberg, M.B.; Rose, D.J.; Grotbeck, E.J.; Burland, V.; Blattner, F.R. Complete DNA sequence and analysis of the large virulence plasmid of Shigella flexneri. Infect. Immun. 2001, 69, 3271–3285. [Google Scholar] [CrossRef]

	



Edgren, T.; Forsberg, A.; Rosqvist, R.; Wolf-Watz, H. Type III secretion in Yersinia: Injectisome or not? PLoS Pathog. 2012, 8, e1002669. [Google Scholar] [CrossRef]

	



Kubori, T.; Matsushima, Y.; Nakamura, D.; Uralil, J.; Lara-Tejero, M.; Sukhan, A.; Galan, J.E.; Aizawa, S.I. Supramolecular structure of the Salmonella typhimurium type III protein secretion system. Science 1998, 280, 602–605. [Google Scholar] [CrossRef] [PubMed]

	



Blocker, A.; Jouihri, N.; Larquet, E.; Gounon, P.; Ebel, F.; Parsot, C.; Sansonetti, P.; Allaoui, A. Structure and composition of the Shigella flexneri “needle complex,” a part of its type III secreton. Mol. Microbiol. 2001, 39, 652–663. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Worrall, L.J.; Strynadka, N.C. Towards capture of dynamic assembly and action of the T3SS at near atomic resolution. Curr. Opin. Struct. Biol. 2020, 61, 71–78. [Google Scholar] [CrossRef]

	



Hu, B.; Morado, D.R.; Margolin, W.; Rohde, J.R.; Arizmendi, O.; Picking, W.L.; Picking, W.D.; Liu, J. Visualization of the type III secretion sorting platform of Shigella flexneri. Proc. Natl. Acad. Sci. USA 2015, 112, 1047–1052. [Google Scholar] [CrossRef] [PubMed]

	



Hu, B.; Lara-Tejero, M.; Kong, Q.; Galán, J.E.; Liu, J. In situ molecular architecture of the salmonella type III secretion machine. Cell 2017, 168, 1065–1074. [Google Scholar] [CrossRef]

	



Diepold, A.; Armitage, J.P. Type III secretion systems: The bacterial flagellum and the injectisome. Philos. Trans. R. Soc. Lond. Bbiol. Sci. 2015, 370, 20150020. [Google Scholar] [CrossRef]

	



Habenstein, B.; El Mammeri, N.; Tolchard, J.; Lamon, G.; Tawani, A.; Berbon, M.; Loquet, A. Structures of type III secretion system needle filaments. Curr. Top. Microbiol. Immunol. 2020, 427, 109–131. [Google Scholar] [PubMed]

	



Demers, J.-P.; Sgourakis, N.G.; Gupta, R.; Loquet, A.; Giller, K.; Riedel, D.; Laube, B.; Kolbe, M.; Baker, D.; Becker, S.; et al. The common structural architecture of Shigella flexneri and Salmonella typhimurium type three secretion needles. PLoS Pathog. 2013, 9, e1003245. [Google Scholar] [CrossRef]

	



Demers, J.-P.; Habenstein, B.; Loquet, A.; Kumar Vasa, S.; Giller, K.; Becker, S.; Baker, D.; Lange, A.; Sgourakis, N.G. High-resolution structure of the Shigella type-III secretion needle by solid-state NMR and cryo-electron microscopy. Nat. Commun. 2014, 5, 4976–5012. [Google Scholar] [CrossRef] [PubMed]

	



Verasdonck, J.; Shen, D.-K.; Treadgold, A.; Arthur, C.; Böckmann, A.; Meier, B.H.; Blocker, A.J. Reassessment of MxiH subunit orientation and fold within native Shigella T3SS needles using surface labelling and solid-state NMR. J. Struct. Biol. 2015, 192, 441–448. [Google Scholar] [CrossRef] [PubMed]

	



Epler, C.R.; Dickenson, N.E.; Bullitt, E.; Picking, W.L. Ultrastructural analysis of IpaD at the tip of the nascent MxiH type III secretion apparatus of Shigella flexneri. J. Mol. Biol. 2012, 420, 29–39. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, M.; Shen, D.-K.; Makino, F.; Kato, T.; Roehrich, A.D.; Martinez-Argudo, I.; Walker, M.L.; Murillo, I.; Liu, X.; Pain, M.; et al. Three-dimensional electron microscopy reconstruction and cysteine-mediated crosslinking provide a model of the type III secretion system needle tip complex. Mol. Microbiol. 2015, 95, 31–50. [Google Scholar] [CrossRef]

	



Olive, A.J.; Kenjale, R.; Espina, M.; Moore, D.S.; Picking, W.L.; Picking, W.D. Bile salts stimulate recruitment of IpaB to the Shigella flexneri surface, where it colocalizes with IpaD at the tip of the type III secretion needle. Infect. Immun. 2007, 75, 2626–2629. [Google Scholar] [CrossRef]

	



Stensrud, K.F.; Adam, P.R.; La Mar, C.D.; Olive, A.J.; Lushington, G.H.; Sudharsan, R.; Shelton, N.L.; Givens, R.S.; Picking, W.L.; Picking, W.D. Deoxycholate interacts with IpaD of Shigella flexneri in inducing the recruitment of IpaB to the type III secretion apparatus needle tip. J. Biol. Chem. 2008, 283, 18646–18654. [Google Scholar] [CrossRef]

	



Veenendaal, A.K.J.; Hodgkinson, J.L.; Schwarzer, L.; Stabat, D.; Zenk, S.F.; Blocker, A.J. The type III secretion system needle tip complex mediates host cell sensing and translocon insertion. Mol. Microbiol. 2007, 63, 1719–1730. [Google Scholar] [CrossRef]

	



Menard, R.; Sansonetti, P.; Parsot, C. The secretion of the Shigella flexneri Ipa invasins is activated by epithelial cells and controlled by IpaB and IpaD. EMBO J. 1994, 13, 5293–5302. [Google Scholar] [CrossRef]

	



Dickenson, N.E.; Arizmendi, O.; Patil, M.K.; Toth, R.T.; Middaugh, C.R.; Picking, W.D.; Picking, W.L. N-terminus of IpaB provides a potential anchor to the Shigella type III secretion system tip complex protein IpaD. Biochemistry 2013, 52, 8790–8799. [Google Scholar] [CrossRef]

	



Barta, M.L.; Tachiyama, S.; Muthuramalingam, M.; Arizmendi, O.; Villanueva, C.E.; Ramyar, K.X.; Geisbrecht, B.V.; Lovell, S.; Battaile, K.P.; Picking, W.L.; et al. Using disruptive insertional mutagenesis to identify the in situ structure-function landscape of the Shigella translocator protein IpaB. Protein Sci. 2018, 27, 1392–1406. [Google Scholar] [CrossRef]

	



Tachiyama, S.; Chang, Y.; Muthuramalingam, M.; Hu, B.; Barta, M.L.; Picking, W.L.; Liu, J.; Picking, W.D. The cytoplasmic domain of MxiG interacts with MxiK and directs assembly of the sorting platform in the Shigella type III secretion system. J. Biol. Chem. 2019, 294, 19184–19196. [Google Scholar] [CrossRef] [PubMed]

	



Butan, C.; Lara-Tejero, M.; Li, W.; Liu, J.; Galán, J.E. High-resolution view of the type III secretion export apparatus in situ reveals membrane remodeling and a secretion pathway. Proc. Natl. Acad. Sci. USA 2019, 116, 24786–24795. [Google Scholar] [CrossRef] [PubMed]

	



Russo, B.C.; Stamm, L.M.; Raaben, M.; Kim, C.M.; Kahoud, E.; Robinson, L.R.; Bose, S.; Queiroz, A.L.; Herrera, B.B.; Baxt, L.A.; et al. Intermediate filaments enable pathogen docking to trigger type 3 effector translocation. Nat. Microbiol. 2016, 1, 16025. [Google Scholar] [CrossRef] [PubMed]

	



Russo, B.C.; Duncan, J.K.; Wiscovitch, A.L.; Hachey, A.C.; Goldberg, M.B. Activation of Shigella flexneri type 3 secretion requires a host-induced conformational change to the translocon pore. PLoS Pathog. 2019, 15, e1007928. [Google Scholar] [CrossRef] [PubMed]

	



Allison, S.E.; Tuinema, B.R.; Everson, E.S.; Sugiman-Marangos, S.; Zhang, K.; Junop, M.S.; Coombes, B.K. Identification of the docking site between a type III secretion system ATPase and a chaperone for effector cargo. J. Biol. Chem. 2014, 289, 23734–23744. [Google Scholar] [CrossRef] [PubMed]

	



Majewski, D.D.; Worrall, L.J.; Hong, C.; Atkinson, C.E.; Vuckovic, M.; Watanabe, N.; Yu, Z.; Strynadka, N.C.J. Cryo-EM structure of the homohexameric T3SS ATPase-central stalk complex reveals rotary ATPase-like asymmetry. Nat. Commun. 2019, 10, 626. [Google Scholar] [CrossRef] [PubMed]

	



Minamino, T.; Morimoto, Y.V.; Hara, N.; Aldridge, P.D.; Namba, K. The bacterial flagellar type III export gate complex is a dual fuel engine that can use both H+ and Na+ for flagellar protein export. PLoS Pathog. 2016, 12, e1005495. [Google Scholar] [CrossRef] [PubMed]

	



Terashima, H.; Imada, K. Novel insight into an energy transduction mechanism of the bacterial flagellar type III protein export. Biophys. Physicobiol. 2018, 15, 173–178. [Google Scholar] [CrossRef] [PubMed]

	



Lunelli, M.; Kamprad, A.; Bürger, J.; Mielke, T.; Spahn, C.M.T.; Kolbe, M. Cryo-EM structure of the Shigella type III needle complex. PLoS Pathog. 2020, 16, e1008263. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Vargas, C.E.; Kronenberger, T.; Roos, N.; Dietsche, T.; Poso, A.; Wagner, S. The inner rod of virulence-associated type III secretion systems constitutes a needle adapter of one helical turn that is deeply integrated into the system’s export apparatus. Mol. Microbiol. 2019, 112, 918–931. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, S.; Kuhlen, L.; Deme, J.C.; Abrusci, P.; Lea, S.M. The structure of an injectisome export gate demonstrates conservation of architecture in the core export gate between flagellar and virulence type III secretion systems. mBio 2019, 10, 111. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Worrall, L.J.; Hong, C.; Vuckovic, M.; Atkinson, C.E.; Caveney, N.; Yu, Z.; Strynadka, N.C.J. Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin. Nat. Commun. 2018, 9, 3840–3911. [Google Scholar] [CrossRef] [PubMed]

	



Kuhlen, L.; Johnson, S.; Zeitler, A.; Bäurle, S.; Deme, J.C.; Caesar, J.J.E.; Debo, R.; Fisher, J.; Wagner, S.; Lea, S.M. The substrate specificity switch FlhB assembles onto the export gate to regulate type three secretion. Nat. Commun. 2020, 11, 1296–1310. [Google Scholar] [CrossRef] [PubMed]

	



Abrusci, P.; Vergara-Irigaray, M.; Johnson, S.; Beeby, M.D.; Hendrixson, D.R.; Roversi, P.; Friede, M.E.; Deane, J.E.; Jensen, G.J.; Tang, C.M.; et al. Architecture of the major component of the type III secretion system export apparatus. Nat. Struct. Mol. Biol. 2013, 20, 99–104. [Google Scholar] [CrossRef]

	



Chen, S.; Beeby, M.; Murphy, G.E.; Leadbetter, J.R.; Hendrixson, D.R.; Briegel, A.; Li, Z.; Shi, J.; Tocheva, E.I.; Müller, A.; et al. Structural diversity of bacterial flagellar motors. EMBO J. 2011, 30, 2972–2981. [Google Scholar] [CrossRef]

	



Qin, Z.; Tu, J.; Lin, T.; Norris, S.J.; Li, C.; Motaleb, M.A.; Liu, J. Cryo-electron tomography of periplasmic flagella in Borrelia burgdorferi reveals a distinct cytoplasmic ATPase complex. PLoS Biol. 2018, 16, e3000050. [Google Scholar] [CrossRef]

	



Gao, X.; Mu, Z.; Yu, X.; Qin, B.; Wojdyla, J.; Wang, M.; Cui, S. Structural Insight into conformational changes induced by ATP binding in a type III secretion-associated ATPase from Shigella flexneri. Front. Microbiol. 2018, 9, 1468. [Google Scholar] [CrossRef]

	



McDowell, M.A.; Marcoux, J.; McVicker, G.; Johnson, S.; Fong, Y.H.; Stevens, R.; Bowman, L.A.; Degiacomi, M.T.; Yan, J.; Wise, A.; et al. Characterisation of Shigella Spa33 and Thermotoga FliM/N reveals a new model for C-ring assembly in T3SS. Mol. Microbiol. 2016, 99, 749–766. [Google Scholar] [CrossRef]

	



Kadari, M.; Lakhloufi, D.; Delforge, V.; Imbault, V.; Communi, D.; Smeesters, P.; Botteaux, A. Multiple proteins arising from a single gene: The role of the Spa33 variants in Shigella T3SS regulation. MicrobiologyOpen 2019, 8, e932. [Google Scholar] [CrossRef]

	



Kimbrough, T.G.; Miller, S.I. Contribution of Salmonella typhimurium type III secretion components to needle complex formation. Proc. Natl. Acad. Sci. USA 2000, 97, 11008–11013. [Google Scholar] [CrossRef]

	



Wagner, S.; Königsmaier, L.; Lara-Tejero, M.; Lefebre, M.; Marlovits, T.C.; Galán, J.E. Organization and coordinated assembly of the type III secretion export apparatus. Proc. Natl. Acad. Sci. USA 2010, 107, 17745–17750. [Google Scholar] [CrossRef]

	



Dietsche, T.; Tesfazgi Mebrhatu, M.; Brunner, M.J.; Abrusci, P.; Yan, J.; Franz-Wachtel, M.; Schärfe, C.; Zilkenat, S.; Grin, I.; Galán, J.E.; et al. Structural and functional characterization of the bacterial type III secretion export apparatus. PLoS Pathog. 2016, 12, e1006071. [Google Scholar] [CrossRef] [PubMed]

	



De Oliviera Silva, Y.R.; Contreras-Martel, C.; Macheboeuf, P.; Dessen, A. Bacterial secretins: Mechanisms of assembly and membrane targeting. Protein Sci. 2020, 29, 893–904. [Google Scholar] [CrossRef] [PubMed]

	



Schuch, R.; Maurelli, A.T. MxiM and MxiJ, base elements of the Mxi-Spa type III secretion system of Shigella, interact with and stabilize the MxiD secretin in the cell envelope. J. Bacteriol. 2001, 183, 6991–6998. [Google Scholar] [CrossRef] [PubMed]

	



Sidik, S.; Kottwitz, H.; Benjamin, J.; Ryu, J.; Jarrar, A.; Garduno, R.; Rohde, J.R. A Shigella flexneri virulence plasmid encoded factor controls production of outer membrane vesicles. G3 (Bethesda) 2014, 4, 2493–2503. [Google Scholar] [CrossRef] [PubMed]

	



Diepold, A.; Amstutz, M.; Abel, S.; Sorg, I.; Jenal, U.; Cornelis, G.R. Deciphering the assembly of the Yersinia type III secretion injectisome. EMBO J. 2010, 29, 1928–1940. [Google Scholar] [CrossRef]

	



Parsot, C.; Menard, R.; Gounon, P.; Sansonetti, P.J. Enhanced secretion through the Shigella flexneri Mxi-Spa translocon leads to assembly of extracellular proteins into macromolecular structures. Mol. Microbiol. 1995, 16, 291–300. [Google Scholar] [CrossRef]

	



Pinaud, L.; Ferrari, M.L.; Friedman, R.; Jehmlich, N.; von Bergen, M.; Phalipon, A.; Sansonetti, P.J.; Campbell-Valois, F.-X. Identification of novel substrates of Shigella T3SA through analysis of its virulence plasmid-encoded secretome. PLoS ONE 2017, 12, e0186920. [Google Scholar] [CrossRef]

	



Journet, L.; Agrain, C.; Broz, P.; Cornelis, G.R. The needle length of bacterial injectisomes is determined by a molecular ruler. Science 2003, 302, 1757–1760. [Google Scholar] [CrossRef]

	



Magdalena, J.; Hachani, A.; Chamekh, M.; Jouihri, N.; Gounon, P.; Blocker, A.; Allaoui, A.I.M. Spa32 regulates a switch in substrate specificity of the type III secreton of Shigella flexneri from needle components to Ipa proteins. J. Bacteriol. 2002, 184, 3433–3441. [Google Scholar] [CrossRef]

	



Botteaux, A.; Sani, M.; Kayath, C.A.; Boekema, E.J.; Allaoui, A. Spa32 interaction with the inner-membrane Spa40 component of the type III secretion system of Shigella flexneri is required for the control of the needle length by a molecular tape measure mechanism. Mol. Microbiol. 2008, 70, 1515–1528. [Google Scholar] [CrossRef] [PubMed]

	



Shen, D.-K.; Moriya, N.; Martinez-Argudo, I.; Blocker, A.J. Needle length control and the secretion substrate specificity switch are only loosely coupled in the type III secretion apparatus of Shigella. Microbiology 2012, 158, 1884–1896. [Google Scholar] [CrossRef] [PubMed]

	



Botteaux, A.; Kayath, C.A.; Page, A.L.; Jouihri, N.; Sani, M.; Boekema, E.; Biskri, L.; Parsot, C.; Allaoui, A. The 33 carboxyl-terminal residues of Spa40 orchestrate the multi-step assembly process of the type III secretion needle complex in Shigella flexneri. Microbiology 2010, 156, 2807–2817. [Google Scholar] [CrossRef] [PubMed]

	



Ho, O.; Rogne, P.; Edgren, T.; Wolf-Watz, H.; Login, F.H.; Wolf-Watz, M. Characterization of the ruler protein interaction interface on the substrate specificity switch protein in the Yersinia type III secretion system. J. Biol. Chem. 2017, 292, 3299–3311. [Google Scholar] [CrossRef]

	



Deane, J.E.; Graham, S.C.; Mitchell, E.P.; Flot, D.; Johnson, S.; Lea, S.M. Crystal structure of Spa40, the specificity switch for the Shigella flexneri type III secretion system. Mol. Microbiol. 2008, 69, 267–276. [Google Scholar] [CrossRef]

	



Murillo, I.; Martinez-Argudo, I.; Blocker, A.J. Genetic dissection of the signaling cascade that controls activation of the Shigella type III secretion system from the needle tip. Sci. Rep. 2016, 6, 27649. [Google Scholar] [CrossRef]

	



Picking, W.L.; Picking, W.D. The many faces of IpaB. Front. Cell. Infect. Microbiol. 2016, 6, 12. [Google Scholar] [CrossRef]

	



Park, D.; Lara-Tejero, M.; Waxham, M.N.; Li, W.; Hu, B.; Galán, J.E.; Liu, J. Visualization of the type III secretion mediated Salmonella-host cell interface using cryo-electron tomography. Elife 2018, 7, 935. [Google Scholar] [CrossRef]

	



Blocker, A.; Gounon, P.; Larquet, E.; Niebuhr, K.; Cabiaux, V.; Parsot, C.; Sansonetti, P. The tripartite type III secreton of Shigella flexneri inserts IpaB and IpaC into host membranes. J. Cell Biol. 1999, 147, 683–693. [Google Scholar] [CrossRef]

	



Mounier, J.; Popoff, M.R.; Enninga, J.; Frame, M.C.; Sansonetti, P.J.; van Nhieu, G.T. The IpaC carboxyterminal effector domain mediates Src-dependent actin polymerization during Shigella invasion of epithelial cells. PLoS Pathog. 2009, 5, e1000271. [Google Scholar] [CrossRef]

	



Russo, B.C.; Duncan, J.K.; Goldberg, M.B. Topological analysis of the type 3 secretion system Translocon pore protein IpaC following its native delivery to the plasma membrane during infection. mBio 2019, 10, e00877-19. [Google Scholar] [CrossRef] [PubMed]

	



Roehrich, A.D.; Guillossou, E.; Blocker, A.J.; Martinez-Argudo, I. Shigella IpaD has a dual role: Signal transduction from the type III secretion system needle tip and intracellular secretion regulation. Mol. Microbiol. 2013, 87, 690–706. [Google Scholar] [CrossRef] [PubMed]

	



Kenjale, R.; Wilson, J.; Zenk, S.F.; Saurya, S.; Picking, W.L.; Picking, W.D.; Blocker, A. The needle component of the type III secreton of Shigella regulates the activity of the secretion apparatus. J. Biol. Chem. 2005, 280, 42929–42937. [Google Scholar] [CrossRef] [PubMed]

	



Demler, H.J.; Case, H.B.; Morales, Y.; Bernard, A.R.; Johnson, S.J.; Dickenson, N.E. Interfacial amino acids support Spa47 oligomerization and shigella type three secretion system activation. Proteins 2019, 87, 931–942. [Google Scholar] [CrossRef] [PubMed]

	



Burgess, J.L.; Case, H.B.; Burgess, R.A.; Dickenson, N.E. Dominant negative effects by inactive Spa47 mutants inhibit T3SS function and Shigella virulence. PLoS ONE 2020, 15, e0228227. [Google Scholar] [CrossRef]

	



Burgess, J.L.; Burgess, R.A.; Morales, Y.; Bouvang, J.M.; Johnson, S.J.; Dickenson, N.E. Structural and biochemical characterization of Spa47 provides mechanistic insight into type III secretion system ATPase activation and Shigella virulence regulation. J. Biol. Chem. 2016, 291, 25837–25852. [Google Scholar] [CrossRef]

	



Case, H.B.; Dickenson, N.E. MxiN differentially regulates monomeric and oligomeric species of the Shigella type three secretion system ATPase Spa47. Biochemistry 2018, 57, 2266–2277. [Google Scholar] [CrossRef]

	



Akeda, Y.; Galán, J.E. Chaperone release and unfolding of substrates in type III secretion. Nature 2005, 437, 911–915. [Google Scholar] [CrossRef]

	



Cherradi, Y.; Hachani, A.; Allaoui, A. Spa13 of Shigella flexneri has a dual role: Chaperone escort and export gate-activator switch of the type III secretion system. Microbiology 2014, 160, 130–141. [Google Scholar] [CrossRef]

	



Ohgita, T.; Hayashi, N.; Hama, S.; Tsuchiya, H.; Gotoh, N.; Kogure, K. A novel effector secretion mechanism based on proton-motive force-dependent type III secretion apparatus rotation. FASEB J. 2013, 27, 2862–2872. [Google Scholar] [CrossRef]

	



Ohgita, T.; Saito, H. Biophysical mechanism of protein export by bacterial type III secretion system. Chem. Pharm. Bull. 2019, 67, 341–344. [Google Scholar] [CrossRef] [PubMed]

	



Xing, Q.; Shi, K.; Portaliou, A.; Rossi, P.; Economou, A.; Kalodimos, C.G. Structures of chaperone-substrate complexes docked onto the export gate in a type III secretion system. Nat. Commun. 2018, 9, 1773–1779. [Google Scholar] [CrossRef] [PubMed]

	



Lee, P.-C.; Rietsch, A. Fueling type III secretion. Trends Microbiol. 2015, 23, 296–300. [Google Scholar] [CrossRef] [PubMed]

	



Botteaux, A.; Sory, M.P.; Biskri, L.; Parsot, C.; Allaoui, A. MxiC is secreted by and controls the substrate specificity of the Shigella flexneri type III secretion apparatus. Mol. Microbiol. 2009, 71, 449–460. [Google Scholar] [CrossRef] [PubMed]

	



Roehrich, A.D.; Bordignon, E.; Mode, S.; Shen, D.-K.; Liu, X.; Pain, M.; Murillo, I.; Martinez-Argudo, I.; Sessions, R.B.; Blocker, A.J. Steps for Shigella gatekeeper protein MxiC function in hierarchical type III secretion regulation. J. Biol. Chem. 2017, 292, 1705–1723. [Google Scholar] [CrossRef] [PubMed]

	



Cherradi, Y.; Schiavolin, L.; Moussa, S.; Meghraoui, A.; Meksem, A.; Biskri, L.; Azarkan, M.; Allaoui, A.; Botteaux, A. Interplay between predicted inner-rod and gatekeeper in controlling substrate specificity of the type III secretion system. Mol. Microbiol. 2013, 87, 1183–1199. [Google Scholar] [CrossRef]

	



El Hajjami, N.; Moussa, S.; Houssa, J.; Monteyne, D.; Perez-Morga, D.; Botteaux, A. The inner-rod component of Shigella flexneri type 3 secretion system, MxiI, is involved in the transmission of the secretion activation signal by its interaction with MxiC. MicrobiologyOpen 2018, 7, e00520. [Google Scholar] [CrossRef]

	



Shen, D.-K.; Blocker, A.J. MxiA, MxiC and IpaD regulate substrate selection and secretion mode in the T3SS of Shigella flexneri. PLoS ONE 2016, 11, e0155141. [Google Scholar] [CrossRef]

	



Radics, J.; Königsmaier, L.; Marlovits, T.C. Structure of a pathogenic type 3 secretion system in action. Nat. Struct. Mol. Biol. 2014, 21, 82–87. [Google Scholar] [CrossRef]

	



Campbell-Valois, F.-X.; Schnupf, P.; Nigro, G.; Sachse, M.; Sansonetti, P.J.; Parsot, C. A fluorescent reporter reveals on/off regulation of the shigella type III secretion apparatus during entry and cell-to-cell spread. Cell Host Microbe 2014, 15, 177–189. [Google Scholar] [CrossRef]

	



Martinez-Argudo, I.; Blocker, A.J. The Shigella T3SS needle transmits a signal for MxiC release, which controls secretion of effectors. Mol. Microbiol. 2010, 78, 1365–1378. [Google Scholar] [CrossRef] [PubMed]

	



Lara-Tejero, M.; Kato, J.; Wagner, S.; Liu, X.; Galán, J.E. A sorting platform determines the order of protein secretion in bacterial type III systems. Science 2011, 331, 1188–1191. [Google Scholar] [CrossRef]

	



Ernst, N.H.; Reeves, A.Z.; Ramseyer, J.E.; Lesser, C.F. High-Throughput screening of type III secretion determinants reveals a major chaperone-independent pathway. mBio 2018, 9, 415–513. [Google Scholar] [CrossRef] [PubMed]

	



Dorman, M.J.; Dorman, C.J. Regulatory hierarchies controlling virulence gene expression in Shigella flexneriand Vibrio cholerae. Front. Microbiol. 2018, 9, 2686. [Google Scholar] [CrossRef] [PubMed]

	



Parsot, C. Shigella type III secretion effectors: How, where, when, for what purposes? Curr. Opin. Microbiol. 2009, 12, 110–116. [Google Scholar] [CrossRef]

	



Silué, N.; Marcantonio, E.; Campbell-Valois, F.-X. RNA-Seq analysis of the T3SA regulon in Shigella flexneri reveals two new chromosomal genes upregulated in the on-state. Methods 2020, 176, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Bongrand, C.; Sansonetti, P.J.; Parsot, C. Characterization of the promoter, MxiE box and 5’ UTR of genes controlled by the activity of the type III secretion apparatus in Shigella flexneri. PLoS ONE 2012, 7, e32862. [Google Scholar] [CrossRef]

	



Deighan, P.; Beloin, C.; Dorman, C.J. Three-way interactions among the Sfh, StpA and H-NS nucleoid-structuring proteins of Shigella flexneri 2a strain 2457T. Mol. Microbiol. 2003, 48, 1401–1416. [Google Scholar] [CrossRef]

	



Picker, M.A.; Wing, H.J. H-NS, its family members and their regulation of virulence genes in Shigella species. Genes 2016, 7, 112. [Google Scholar] [CrossRef]

	



Beloin, C.; Deighan, P.; Doyle, M.; Dorman, C.J. Shigella flexneri 2a strain 2457T expresses three members of the H-NS-like protein family: Characterization of the Sfh protein. Mol. Genet. Genom. 2003, 270, 66–77. [Google Scholar] [CrossRef]

	



Riccardi, E.; Van Mastbergen, E.C.; Navarre, W.W.; Vreede, J. Predicting the mechanism and rate of H-NS binding to AT-rich DNA. PLoS Comput. Biol. 2019, 15, e1006845. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Chen, H.; Kenney, L.J.; Yan, J. A divalent switch drives H-NS/DNA-binding conformations between stiffening and bridging modes. Genes Dev. 2010, 24, 339–344. [Google Scholar] [CrossRef] [PubMed]

	



Ali, S.S.; Xia, B.; Liu, J.; Navarre, W.W. Silencing of foreign DNA in bacteria. Curr. Opin. Microbiol. 2012, 15, 175–181. [Google Scholar] [CrossRef] [PubMed]

	



Kotlajich, M.V.; Hron, D.R.; Boudreau, B.A.; Sun, Z.; Lyubchenko, Y.L.; Landick, R. Bridged filaments of histone-like nucleoid structuring protein pause RNA polymerase and aid termination in bacteria. Elife 2015, 2015, 1–24. [Google Scholar] [CrossRef]

	



Tobe, T.; Yoshikawa, M.; Mizuno, T.; Sasakawa, C. Transcriptional control of the invasion regulatory gene virB of Shigella flexneri: Activation by virF and repression by H-NS. J. Bacteriol. 1993, 175, 6142–6149. [Google Scholar] [CrossRef] [PubMed]

	



Beloin, C.; Dorman, C.J. An extended role for the nucleoid structuring protein H-NS in the virulence gene regulatory cascade of Shigella flexneri. Mol. Microbiol. 2003, 47, 825–838. [Google Scholar] [CrossRef] [PubMed]

	



Falconi, M.; Colonna, B.; Prosseda, G.; Micheli, G.; Gualerzi, C.O. Thermoregulation of Shigella and Escherichia coli EIEC pathogenicity. A temperature-dependent structural transition of DNA modulates accessibility of virF promoter to transcriptional repressor H-NS. EMBO J. 1998, 17, 7033–7043. [Google Scholar] [CrossRef]

	



Di Martino, M.L.; Micheli, G.; Falconi, M.; Colonna, B.; Prosseda, G. The multifaceted activity of the VirF regulatory protein in the Shigella Lifestyle. Front. Mol. Biosci. 2016, 3, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Marman, H.E.; Mey, A.R.; Payne, S.M. Elongation factor P and modifying enzyme PoxA are necessary for virulence of Shigella flexneri. Infect. Immun. 2014, 82, 3612–3621. [Google Scholar] [CrossRef]

	



Dorman, C.J. Virulence gene regulation in Shigella. EcoSal Plus 2004, 1, 1–18. [Google Scholar] [CrossRef]

	



Durand, J.M.; Björk, G.R.; Kuwae, A.; Yoshikawa, M.; Sasakawa, C. The modified nucleoside 2-methylthio-N6-isopentenyladenosine in tRNA of Shigella flexneri is required for expression of virulence genes. J. Bacteriol. 1997, 179, 5777–5782. [Google Scholar] [CrossRef] [PubMed]

	



Durand, J.M.; Dagberg, B.; Uhlin, B.E.; Björk, G.R. Transfer RNA modification, temperature and DNA superhelicity have a common target in the regulatory network of the virulence of Shigella flexneri: The expression of the virF gene. Mol. Microbiol. 2000, 35, 924–935. [Google Scholar] [CrossRef] [PubMed]

	



Di Martino, M.L.; Romilly, C.; Wagner, E.G.H.; Colonna, B.; Prosseda, G. One gene and two proteins: A leaderless mRNA supports the translation of a shorter form of the Shigella VirF regulator. mBio 2016, 7, 235. [Google Scholar] [CrossRef] [PubMed]

	



Tran, C.N.; Giangrossi, M.; Prosseda, G.; Brandi, A.; Di Martino, M.L.; Colonna, B.; Falconi, M. A multifactor regulatory circuit involving H-NS, VirF and an antisense RNA modulates transcription of the virulence gene icsA of Shigella flexneri. Nucleic Acids Res. 2011, 39, 8122–8134. [Google Scholar] [CrossRef] [PubMed]

	



Giangrossi, M.; Giuliodori, A.M.; Tran, C.N.; Amici, A.; Marchini, C.; Falconi, M. VirF relieves the transcriptional attenuation of the virulence gene icsA of Shigella flexneri Affecting the icsA mRNA-RnaG complex formation. Front. Microbiol. 2017, 8, 650. [Google Scholar] [CrossRef] [PubMed]

	



Taniya, T.; Mitobe, J.; Nakayama, S.I.; Mingshan, Q.; Okuda, K.; Watanabe, H. Determination of the InvE binding site required for expression of IpaB of the Shigella sonnei virulence plasmid: Involvement of a ParB boxA-like sequence. J. Bacteriol. 2003, 185, 5158–5165. [Google Scholar] [CrossRef] [PubMed]

	



Kane, K.A.; Dorman, C.J. VirB-mediated positive feedback control of the virulence gene regulatory cascade of Shigella flexneri. J. Bacteriol. 2012, 194, 5264–5273. [Google Scholar] [CrossRef]

	



Karney, M.M.A.A.; McKenna, J.A.; Weatherspoon-Griffin, N.; Karabachev, A.D.; Millar, M.E.; Potocek, E.A.; Wing, H.J. Investigating the DNA-binding site for VirB, a key transcriptional regulator of Shigella virulence genes, using an in vivo binding tool. Genes 2019, 10, 149. [Google Scholar] [CrossRef]

	



Basta, D.W.; Pew, K.L.; Immak, J.A.; Park, H.S.; Picker, M.A.; Wigley, A.F.; Hensley, C.T.; Pearson, J.S.; Hartland, E.L.; Wing, H.J. Characterization of the ospZ promoter in Shigella flexneri and its regulation by VirB and H-NS. J. Bacteriol. 2013, 195, 2562–2572. [Google Scholar] [CrossRef]

	



Weatherspoon-Griffin, N.; Picker, M.A.; Pew, K.L.; Park, H.S.; Ginete, D.R.; Karney, M.M.; Usufzy, P.; Castellanos, M.I.; Duhart, J.C.; Harrison, D.J.; et al. Insights into transcriptional silencing and anti-silencing in Shigella flexneri: A detailed molecular analysis of the icsP virulence locus. Mol. Microbiol. 2018, 108, 505–518. [Google Scholar] [CrossRef]

	



Wing, H.J.; Yan, A.W.; Goldman, S.R.; Goldberg, M.B. Regulation of IcsP, the outer membrane protease of the Shigella actin tail assembly protein IcsA, by virulence plasmid regulators VirF and VirB. J. Bacteriol. 2004, 186, 699–705. [Google Scholar] [CrossRef] [PubMed]

	



Turner, E.C.; Dorman, C.J. H-NS antagonism in Shigella flexneri by VirB, a virulence gene transcription regulator that is closely related to plasmid partition factors. J. Bacteriol. 2007, 189, 3403–3413. [Google Scholar] [CrossRef] [PubMed]

	



McKenna, J.A.; Wing, H.J. The anti-activator of type III secretion, OspD1, is transcriptionally regulated by VirB and H-NS from remote sequences in Shigella flexneri. J. Bacteriol. 2020, 202, e00072-20. [Google Scholar] [CrossRef] [PubMed]

	



Le Gall, T.; Mavris, M.; Martino, M.C.; Bernardini, M.L.; Denamur, E.; Parsot, C. Analysis of virulence plasmid gene expression defines three classes of effectors in the type III secretion system of Shigella flexneri. Microbiology 2005, 151, 951–962. [Google Scholar] [CrossRef]

	



Gore, A.L.; Payne, S.M. CsrA and Cra influence Shigella flexneri pathogenesis. Infect. Immun. 2010, 78, 4674–4682. [Google Scholar] [CrossRef]

	



Vakulskas, C.A.; Potts, A.H.; Babitzke, P.; Ahmer, B.M.M.; Romeo, T. Regulation of bacterial virulence by Csr (Rsm) systems. Microbiol. Mol. Biol. Rev. 2015, 79, 193–224. [Google Scholar] [CrossRef]

	



Katsowich, N.; Elbaz, N.; Pal, R.R.; Mills, E.; Kobi, S.; Kahan, T.; Rosenshine, I. Host cell attachment elicits posttranscriptional regulation in infecting enteropathogenic bacteria. Science 2017, 355, 735–739. [Google Scholar] [CrossRef]

	



Standish, A.J.; Teh, M.Y.; Tran, E.N.H.; Doyle, M.T.; Baker, P.J.; Morona, R. Unprecedented abundance of protein tyrosine phosphorylation modulates Shigella flexneri virulence. J. Mol. Biol. 2016, 428, 4197–4208. [Google Scholar] [CrossRef]

	



Mettert, E.L.; Kiley, P.J. Reassessing the structure and function relationship of the O2 sensing transcription factor FNR. Antioxid. Redox Signal. 2018, 29, 1830–1840. [Google Scholar] [CrossRef]

	



Marteyn, B.; West, N.P.; Browning, D.F.; Cole, J.A.; Shaw, J.G.; Palm, F.; Mounier, J.; Prevost, M.-C.; Sansonetti, P.; Tang, C.M. Modulation of Shigella virulence in response to available oxygen in vivo. Nature 2010, 465, 355–358. [Google Scholar] [CrossRef]

	



Vergara-Irigaray, M.; Fookes, M.C.; Thomson, N.R.; Tang, C.M. RNA-seq analysis of the influence of anaerobiosis and FNR on Shigella flexneri. BMC Genom. 2014, 15, 438–522. [Google Scholar] [CrossRef] [PubMed]

	



Penno, C.; Sansonetti, P.; Parsot, C. Frameshifting by transcriptional slippage is involved in production of MxiE, the transcription activator regulated by the activity of the type III secretion apparatus in Shigella flexneri. Mol. Microbiol. 2005, 56, 204–214. [Google Scholar] [CrossRef] [PubMed]

	



Demers, B.; Sansonetti, P.J.; Parsot, C. Induction of type III secretion in Shigella flexneri is associated with differential control of transcription of genes encoding secreted proteins. EMBO J. 1998, 17, 2894–2903. [Google Scholar] [CrossRef]

	



Kane, C.D.; Schuch, R.; Day, W.A.; Maurelli, A.T. MxiE regulates intracellular expression of factors secreted by the Shigella flexneri 2a type III secretion system. J. Bacteriol. 2002, 184, 4409–4419. [Google Scholar] [CrossRef] [PubMed]

	



Mavris, M.; Page, A.-L.; Tournebize, R.; Demers, B.; Sansonetti, P.; Parsot, C. Regulation of transcription by the activity of the Shigella flexneri type III secretion apparatus. Mol. Microbiol. 2002, 43, 1543–1553. [Google Scholar] [CrossRef]

	



Parsot, C.; Ageron, E.; Penno, C.; Mavris, M.; Jamoussi, K.; d’Hauteville, H.; Sansonetti, P.; Demers, B. A secreted anti-activator, OspD1, and its chaperone, Spa15, are involved in the control of transcription by the type III secretion apparatus activity in Shigella flexneri. Mol. Microbiol. 2005, 56, 1627–1635. [Google Scholar] [CrossRef] [PubMed]

	



Pilonieta, M.C.; Munson, G.P. The chaperone IpgC copurifies with the virulence regulator MxiE. J. Bacteriol. 2008, 190, 2249–2251. [Google Scholar] [CrossRef]

	



Mavris, M.; Sansonetti, P.J.; Parsot, C. Identification of the cis-acting site involved in activation of promoters regulated by activity of the type III secretion apparatus in shigella flexneri. J. Bacteriol. 2002, 184, 6751–6759. [Google Scholar] [CrossRef]

	



Campbell-Valois, F.-X.; Sansonetti, P.J. Tracking bacterial pathogens with genetically-encoded reporters. FEBS Lett. 2014, 588, 2428–2436. [Google Scholar] [CrossRef] [PubMed]

	



Campbell-Valois, F.-X.; Sachse, M.; Sansonetti, P.J.; Parsot, C. Escape of actively secreting Shigella flexnerifrom ATG8/LC3-Positive vacuoles formed during cell-to-cell spread is facilitated by IcsB and VirA. mBio 2015, 6, e02567-14. [Google Scholar] [CrossRef] [PubMed]

	



Meijer, B.M.; Jang, S.M.; Guerrera, I.C.; Chhuon, C.; Lipecka, J.; Reisacher, C.; Baleux, F.; Sansonetti, P.J.; Muchardt, C.; Arbibe, L. Threonine eliminylation by bacterial phosphothreonine lyases rapidly causes cross-linking of mitogen-activated protein kinase (MAPK) in live cells. J. Biol. Chem. 2017, 292, 7784–7794. [Google Scholar] [CrossRef]

	



Grassart, A.; Malardé, V.; Gobba, S.; Sartori-Rupp, A.; Kerns, J.; Karalis, K.; Marteyn, B.; Sansonetti, P.; Sauvonnet, N. Bioengineered human organ-on-chip reveals intestinal microenvironment and mechanical forces impacting Shigella infection. Cell Host Microbe 2019, 26, 435–444. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Liao, C.; Zhang, B.; Tolbert, W.D.; He, W.; Dai, Z.; Zhang, W.; Yuan, W.; Pazgier, M.; Liu, J.; et al. Human enteric α-defensin 5 promotes Shigella infection by enhancing bacterial adhesion and invasion. Immunity 2018, 48, 1233–1244. [Google Scholar] [CrossRef] [PubMed]

	



Tinevez, J.-Y.; Arena, E.T.; Anderson, M.; Nigro, G.; Injarabian, L.; André, A.; Ferrari, M.; Campbell-Valois, F.-X.; Devin, A.; Shorte, S.L.; et al. Shigella-mediated oxygen depletion is essential for intestinal mucosa colonization. Nat. Microbiol. 2019, 4, 2001–2009. [Google Scholar] [CrossRef] [PubMed]

	



Nigro, G.; Arena, E.T.; Sachse, M.; Moya-Nilges, M.; Marteyn, B.S.; Sansonetti, P.J.; Campbell-Valois, F.-X. Mapping of Shigella flexneri’s tissue distribution and type III secretion apparatus activity during infection of the large intestine of guinea pigs. Pathog. Dis. 2019, 77, ftz054. [Google Scholar] [CrossRef] [PubMed]

	



Schmutz, C.; Ahrné, E.; Kasper, C.A.; Tschon, T.; Sorg, I.; Dreier, R.F.; Schmidt, A.; Arrieumerlou, C. Systems-level overview of host protein phosphorylation during Shigella flexneri infection revealed by phosphoproteomics. Mol. Cell Proteom. 2013, 12, 2952–2968. [Google Scholar] [CrossRef] [PubMed]

	



Spinnenhirn, V.; Farhan, H.; Basler, M.; Aichem, A.; Canaan, A.; Groettrup, M. The ubiquitin-like modifier FAT10 decorates autophagy-targeted Salmonella and contributes to Salmonella resistance in mice. J. Cell Sci. 2014, 127, 4883–4893. [Google Scholar] [CrossRef]

	



Röder, J.; Hensel, M. Presence of SopE and mode of infection result in increased Salmonella-containing vacuole damage and cytosolic release during host cell infection by Salmonella enterica. Cell. Microbiol. 2020, 22, e13155. [Google Scholar] [CrossRef]

	



Finn, C.E.; Chong, A.; Cooper, K.G.; Starr, T.; Steele-Mortimer, O. A second wave of Salmonella T3SS1 activity prolongs the lifespan of infected epithelial cells. PLoS Pathog. 2017, 13, e1006354. [Google Scholar] [CrossRef]

	



Morgan, J.M.; Lam, H.N.; Delgado, J.; Luu, J.; Mohammadi, S.; Isberg, R.R.; Wang, H.; Auerbuch, V. An experimental pipeline for initial characterization of bacterial type III secretion system inhibitor mode of action using enteropathogenic yersinia. Front. Cell. Infect. Microbiol. 2018, 8, 1988–2017. [Google Scholar] [CrossRef]

	



Davis, K.M.; Mohammadi, S.; Isberg, R.R. Community behavior and spatial regulation within a bacterial microcolony in deep tissue sites serves to protect against host attack. Cell Host Microbe 2015, 17, 21–31. [Google Scholar] [CrossRef]

	



Jacobi, C.A.; Roggenkamp, A.; Rakin, A.; Zumbihl, R.; Leitritz, L.; Heesemann, J. In vitro and in vivo expression studies of yopE from Yersinia enterocolitica using the gfp reporter gene. Mol. Microbiol. 1998, 30, 865–882. [Google Scholar] [CrossRef] [PubMed]

	



Cabantous, S.; Terwilliger, T.C.; Waldo, G.S. Protein tagging and detection with engineered self-assembling fragments of green fluorescent protein. Nat. Biotechnol. 2005, 23, 102–107. [Google Scholar] [CrossRef] [PubMed]

	



Van Engelenburg, S.B.; Palmer, A.E. Imaging type-III secretion reveals dynamics and spatial segregation of Salmonella effectors. Nat. Methods 2010, 7, 325–330. [Google Scholar] [CrossRef] [PubMed]

	



Jo, S.H.; Lee, J.; Park, E.; Kim, D.W.; Lee, D.H.; Ryu, C.M.; Choi, D.; Park, J.M. A human pathogenic bacterium Shigella proliferates in plants through adoption of type III effectors for shigellosis. Plant. Cell Environ. 2019, 42, 2962–2978. [Google Scholar] [CrossRef] [PubMed]

	



Gawthorne, J.A.; Audry, L.; McQuitty, C.; Dean, P.; Christie, J.M.; Enninga, J.; Roe, A.J. Visualizing the translocation and localization of bacterial type III effector proteins by using a genetically encoded reporter system. Appl. Environ. Microbiol. 2016, 82, 2700–2708. [Google Scholar] [CrossRef]

	



Peron-Cane, C.; Fernandez, J.-C.; Leblanc, J.; Wingertsmann, L.; Gautier, A.; Desprat, N.; Lebreton, A. Fluorescent secreted bacterial effectors reveal active intravacuolar proliferation of Listeria monocytogenes in epithelial cells. PLoS Pathog. 2020, 16, e1009001. [Google Scholar] [CrossRef]

	



Göser, V.; Kommnick, C.; Liss, V.; Hensel, M. Self-Labeling enzyme tags for analyses of translocation of type III secretion system effector proteins. mBio 2019, 10, 1306. [Google Scholar] [CrossRef]

	



Enninga, J.; Mounier, J.; Sansonetti, P.; Tran Van Nhieu, G. Secretion of type III effectors into host cells in real time. Nat. Methods 2005, 2, 959–965. [Google Scholar] [CrossRef]

	



Praveschotinunt, P.; Dorval Courchesne, N.M.; Den Hartog, I.; Lu, C.; Kim, J.J.; Nguyen, P.Q.; Joshi, N.S. Tracking of engineered bacteria in vivo using nonstandard amino acid incorporation. ACS Synth. Biol. 2018, 7, 1640–1650. [Google Scholar] [CrossRef]

	



Ambrosi, C.; Pompili, M.; Scribano, D.; Limongi, D.; Petrucca, A.; Cannavacciuolo, S.; Schippa, S.; Zagaglia, C.; Grossi, M.; Nicoletti, M. The Shigella flexneri OspB effector: An early immunomodulator. Int. J. Med. Microbiol. 2015, 305, 75–84. [Google Scholar] [CrossRef] [PubMed]

	



Baxt, L.A.; Goldberg, M.B. Host and bacterial proteins that repress recruitment of LC3 to Shigella early during infection. PLoS ONE 2014, 9, e94653. [Google Scholar] [CrossRef] [PubMed]

	



Tanenbaum, M.E.; Gilbert, L.A.; Qi, L.S.; Weissman, J.S.; Vale, R.D. A protein-tagging system for signal amplification in gene expression and fluorescence imaging. Cell 2014, 159, 635–646. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Zhou, Y.; Peng, T.; Zhou, P.; Ding, X.; Li, Z.; Zhong, H.; Xu, Y.; Chen, S.; Hang, H.C.; et al. Nε-fatty acylation of multiple membrane-associated proteins by Shigella IcsB effector to modulate host function. Nat. Microbiol. 2018, 996–1009. [Google Scholar] [CrossRef]

	



Li, P.; Jiang, W.; Yu, Q.; Liu, W.; Zhou, P.; Li, J.; Xu, J.; Xu, B.; Wang, F.; Shao, F. Ubiquitination and degradation of GBPs by a Shigella effector to suppress host defence. Nature 2017, 551, 378–383. [Google Scholar] [CrossRef]

	



Pinaud, L.; Samassa, F.; Porat, Z.; Ferrari, M.L.; Belotserkovsky, I.; Parsot, C.; Sansonetti, P.J.; Campbell-Valois, F.-X.; Phalipon, A. Injection of T3SS effectors not resulting in invasion is the main targeting mechanism of Shigella toward human lymphocytes. Proc. Natl. Acad. Sci. USA 2017, 13, 201707098. [Google Scholar] [CrossRef]

	



Belotserkovsky, I.; Brunner, K.; Pinaud, L.; Rouvinski, A.; Dellarole, M.; Baron, B.; Dubey, G.; Samassa, F.; Parsot, C.; Sansonetti, P.; et al. Glycan-Glycan interaction determines shigella tropism toward human T lymphocytes. mBio 2018, 9, 858. [Google Scholar] [CrossRef]

	



Konradt, C.; Frigimelica, E.; Nothelfer, K.; Puhar, A.; Salgado-Pabon, W.; di Bartolo, V.; Scott-Algara, D.; Rodrigues, C.D.; Sansonetti, P.J.; Phalipon, A. The Shigella flexneri type three secretion system effector IpgD inhibits T cell migration by manipulating host phosphoinositide metabolism. Cell Host Microbe 2011, 9, 263–272. [Google Scholar] [CrossRef]

	



O’Boyle, N.; Connolly, J.P.R.; Roe, A.J. Tracking elusive cargo: Illuminating spatio-temporal Type 3 effector protein dynamics using reporters. Cell. Microbiol. 2018, 20, e12797. [Google Scholar] [CrossRef]

	



Pinaud, L.; Sansonetti, P.J.; Phalipon, A. Host cell targeting by enteropathogenic bacteria T3SS effectors. Trends Microbiol. 2018, 26, 266–283. [Google Scholar] [CrossRef]

	



Bernardini, M.L.; Mounier, J.; d’Hauteville, H.; Coquis-Rondon, M.; Sansonetti, P.J. Identification of icsA, a plasmid locus of Shigella flexneri that governs bacterial intra- and intercellular spread through interaction with F-actin. Proc. Natl. Acad. Sci. USA 1989, 86, 3867–3871. [Google Scholar] [CrossRef] [PubMed]

	



High, N.; Mounier, J.; Prevost, M.C.; Sansonetti, P.J. IpaB of Shigella flexneri causes entry into epithelial cells and escape from the phagocytic vacuole. EMBO J. 1992, 11, 1991–1999. [Google Scholar] [CrossRef] [PubMed]

	



Page, A.L.; Ohayon, H.; Sansonetti, P.J.; Parsot, C. The secreted IpaB and IpaC invasins and their cytoplasmic chaperone IpgC are required for intercellular dissemination of Shigella flexneri. Cell. Microbiol. 1999, 1, 183–193. [Google Scholar] [CrossRef] [PubMed]

	



Schuch, R.; Sandlin, R.C.; Maurelli, A.T. A system for identifying post-invasion functions of invasion genes: Requirements for the Mxi-Spa type III secretion pathway of Shigella flexneri in intercellular dissemination. Mol. Microbiol. 1999, 34, 675–689. [Google Scholar] [CrossRef] [PubMed]

	



Duncan-Lowey, J.K.; Wiscovitch, A.L.; Wood, T.E.; Goldberg, M.B.; Russo, B.C. Shigella flexneri disruption of cellular tension promotes intercellular spread. Cell Rep. 2020, 33, 108409. [Google Scholar] [CrossRef] [PubMed]

	



Du, J.; Reeves, A.Z.; Klein, J.A.; Twedt, D.J.; Knodler, L.A.; Lesser, C.F. The type III secretion system apparatus determines the intracellular niche of bacterial pathogens. Proc. Natl. Acad. Sci. USA 2016, 113, 4794–4799. [Google Scholar] [CrossRef] [PubMed]

	



Mellouk, N.; Weiner, A.; Aulner, N.; Schmitt, C.; Elbaum, M.; Shorte, S.L.; Danckaert, A.; Enninga, J. Shigella subverts the host recycling compartment to rupture its vacuole. Cell Host Microbe 2014, 16, 517–530. [Google Scholar] [CrossRef]

	



Huang, J.; Brumell, J.H. Bacteria-autophagy interplay: A battle for survival. Nat. Rev. Microbiol. 2014, 12, 101–114. [Google Scholar] [CrossRef]

	



Perrin, A.J.; Jiang, X.; Birmingham, C.L.; So, N.S.; Brumell, J.H. Recognition of bacteria in the cytosol of Mammalian cells by the ubiquitin system. Curr. Biol. 2004, 14, 806–811. [Google Scholar] [CrossRef]

	



Thurston, T.L.; Ryzhakov, G.; Bloor, S.; von Muhlinen, N.; Randow, F. The TBK1 adaptor and autophagy receptor NDP52 restricts the proliferation of ubiquitin-coated bacteria. Nat. Immunol. 2009, 10, 1215–1221. [Google Scholar] [CrossRef]

	



Thurston, T.L.; Wandel, M.P.; von Muhlinen, N.; Foeglein, A.; Randow, F. Galectin 8 targets damaged vesicles for autophagy to defend cells against bacterial invasion. Nature 2012, 482, 414–418. [Google Scholar] [CrossRef] [PubMed]

	



Tattoli, I.; Sorbara, M.T.; Vuckovic, D.; Ling, A.; Soares, F.; Carneiro, L.A.M.; Yang, C.; Emili, A.; Philpott, D.J.; Girardin, S.E. Amino acid starvation induced by invasive bacterial pathogens triggers an innate host defense program. Cell Host Microbe 2012, 11, 563–575. [Google Scholar] [CrossRef] [PubMed]

	



Dupont, N.; Lacas-Gervais, S.; Bertout, J.; Paz, I.; Freche, B.; van Nhieu, G.T.; van der Goot, F.G.; Sansonetti, P.J.; Lafont, F. Shigella phagocytic vacuolar membrane remnants participate in the cellular response to pathogen invasion and are regulated by autophagy. Cell Host Microbe 2009, 6, 137–149. [Google Scholar] [CrossRef] [PubMed]

	



Paz, I.; Sachse, M.; Dupont, N.; Mounier, J.; Cederfur, C.; Enninga, J.; Leffler, H.; Poirier, F.; Prevost, M.-C.; Lafont, F.; et al. Galectin-3, a marker for vacuole lysis by invasive pathogens. Cell. Microbiol. 2010, 12, 530–544. [Google Scholar] [CrossRef]

	



Ogawa, M.; Yoshimori, T.; Suzuki, T.; Sagara, H.; Mizushima, N.; Sasakawa, C. Escape of intracellular Shigella from autophagy. Science 2005, 307, 727–731. [Google Scholar] [CrossRef]

	



Mostowy, S.; Bonazzi, M.; Hamon, M.A.; Tham, T.N.; Mallet, A.; Lelek, M.; Gouin, E.; Demangel, C.; Brosch, R.; Zimmer, C.; et al. Entrapment of intracytosolic bacteria by septin cage-like structures. Cell Host Microbe 2010, 8, 433–444. [Google Scholar] [CrossRef]

	



Krokowski, S.; Lobato-Márquez, D.; Chastanet, A.; Pereira, P.M.; Angelis, D.; Galea, D.; Larrouy-Maumus, G.; Henriques, R.; Spiliotis, E.T.; Carballido-López, R.; et al. Septins recognize and entrap dividing bacterial cells for delivery to lysosomes. Cell Host Microbe 2018, 24, 866–874. [Google Scholar] [CrossRef]

	



Weddle, E.; Agaisse, H.J.I. Immunity spatial, temporal, and functional assessment of LC3-dependent autophagy in Shigella flexneri dissemination. Infect. Immun. 2018, 86, e00134-18. [Google Scholar] [CrossRef]

	



Leung, Y.; Ally, S.; Goldberg, M.B. Bacterial actin assembly requires toca-1 to relieve N-wasp autoinhibition. Cell Host Microbe 2008, 3, 39–47. [Google Scholar] [CrossRef]

	



Miller, K.A.; Garza-Mayers, A.C.; Leung, Y.; Goldberg, M.B. Identification of interactions among host and bacterial proteins and evaluation of their role early during Shigella flexneri infection. Microbiology 2018, 46, 251–311. [Google Scholar] [CrossRef]

	



Kühn, S.; Bergqvist, J.; Gil, M.; Valenzuela, C.; Barrio, L.; Lebreton, S.; Zurzolo, C.; Enninga, J. Actin assembly around the Shigella-Containing vacuole promotes successful infection. Cell Rep. 2020, 31, 107638. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Huang, C.; Yin, L.; Wan, M.; Wang, X.; Li, L.; Liu, Y.; Wang, Z.; Fu, P.; Zhang, N.; et al. Nε-Fatty acylation of Rho GTPases by a MARTX toxin effector. Science 2017, 358, 528–531. [Google Scholar] [CrossRef] [PubMed]

	



Pei, J.; Grishin, N.V. The Rho GTPase inactivation domain in Vibrio cholerae MARTX toxin has a circularly permuted papain-like thiol protease fold. Proteins 2009, 77, 413–419. [Google Scholar] [CrossRef] [PubMed]

	



Rathman, M.; Jouirhi, N.; Allaoui, A.; Sansonetti, P.; Parsot, C.; Tran Van Nhieu, G. The development of a FACS-based strategy for the isolation of Shigella flexneri mutants that are deficient in intercellular spread. Mol. Microbiol. 2000, 35, 974–990. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Zhou, P.; Cheng, S.; Lu, Q.; Nowak, K.; Hopp, A.-K.; Li, L.; Shi, X.; Zhou, Z.; Gao, W.; et al. A bacterial effector reveals the V-ATPase-ATG16L1 Axis that initiates xenophagy. Cell 2019, 178, 552–566. [Google Scholar] [CrossRef]

	



Dong, N.; Zhu, Y.; Lu, Q.; Hu, L.; Zheng, Y.; Shao, F. Structurally distinct bacterial TBC-like GAPs link Arf GTPase to Rab1 inactivation to counteract host defenses. Cell 2012, 150, 1029–1041. [Google Scholar] [CrossRef]

	



Zoppino, F.C.M.; Militello, R.D.; Slavin, I.; Alvarez, C.; Colombo, M.I. Autophagosome formation depends on the small GTPase Rab1 and functional ER exit sites. Traffic 2010, 11, 1246–1261. [Google Scholar] [CrossRef]

	



Kakuta, S.; Yamaguchi, J.; Suzuki, C.; Sasaki, M.; Kazuno, S.; Uchiyama, Y. Small GTPase Rab1B is associated with ATG9A vesicles and regulates autophagosome formation. FASEB J. 2017, 31, 3757–3773. [Google Scholar] [CrossRef]

	



Wandel, M.P.; Pathe, C.; Werner, E.I.; Ellison, C.J.; Boyle, K.B.; von der Malsburg, A.; Rohde, J.; Randow, F. GBPs inhibit motility of shigella flexneri but are targeted for degradation by the bacterial ubiquitin ligase IpaH9.8. Cell Host Microbe 2017, 22, 507–518. [Google Scholar] [CrossRef]

	



Piro, A.S.; Hernandez, D.; Luoma, S.; Feeley, E.M.; Finethy, R.; Yirga, A.; Frickel, E.M.; Lesser, C.F.; Coers, J. Detection of cytosolic Shigella flexneri via a C-terminal triple-arginine motif of GBP1 inhibits actin-based motility. mBio 2017, 8, e01979-17. [Google Scholar] [CrossRef]

	



Ji, C.; Du, S.; Li, P.; Zhu, Q.; Yang, X.; Long, C.; Yu, J.; Shao, F.; Xiao, J. Structural mechanism for guanylate-binding proteins (GBPs) targeting by the Shigella E3 ligase IpaH9.8. PLoS Pathog. 2019, 15, e1007876. [Google Scholar] [CrossRef] [PubMed]

	



Wandel, M.P.; Kim, B.-H.; Park, E.-S.; Boyle, K.B.; Nayak, K.; Lagrange, B.; Herod, A.; Henry, T.; Zilbauer, M.; Rohde, J.; et al. Guanylate-binding proteins convert cytosolic bacteria into caspase-4 signaling platforms. Nat. Immunol. 2020, 21, 880–891. [Google Scholar] [CrossRef] [PubMed]

	



Sorbara, M.T.; Foerster, E.G.; Tsalikis, J.; Abdel-Nour, M.; Mangiapane, J.; Sirluck-Schroeder, I.; Tattoli, I.; van Dalen, R.; Isenman, D.E.; Rohde, J.R.; et al. Complement C3 drives autophagy-dependent restriction of cyto-invasive bacteria. Cell Host Microbe 2018, 23, 644–652. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 08 01933 g001 550] 





Figure 1. Structure and function of the type III secretion apparatus (T3SA) in Shigella spp. (a) Overview of the structure of the inactive T3SA. Note that the tip complex and cytosolic components of the T3SA are represented with a 3D perspective while the body is represented as a flat longitudinal cross section [16,17,31,32]. The bottom panel represents the sorting platform viewed from the cytosol of the bacterium. (i.e., viewed from the underside). (b) Model for the formation of the translocon and mutual interaction with the tip complex, the host plasma membrane, and the intermediate filaments [33,34]. (c) This is a model for the secretion of T3SA substrates summarizing elements discussed in the text. It indicates the role of the chaperone and ATPase–stalk complex in the unfolding of the substrates (purple) through rotation induced by ATP hydrolysis [35,36], and of the gate of the export apparatus in the creation of a proton motive force required for substrates secretion [37,38]. Movement is represented by dashed arrows; rotation is represented by curved arrows. The coupling of the protein substrates–proton antiporter is represented by the red–blue circle. The legend indicates the name of the various components in Shigella and in the unified nomenclature in parentheses. 
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Figure 2. The ordered secretion of the T3SA in Shigella and its main regulators. (a) The early substrates are secreted as soon as expressed to assemble the inner rod and needle. The concomitant secretion of the first switch regulator Spa32 allows secretion of small amounts of middle substrates IpaD and IpaB to yield the inactive T3SA represented in Figure 1a. (b) The contact with host cells activates the T3SA, allowing the secretion of middle substrates and the second switch regulator MxiC. This, in turn, triggers the successive secretion of late substrates A (c) and late substrates B (d). The black arrow represents the secretion by the T3SA. The control of the production of late substrates B by late substrates A is described in Figure 3. 
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Figure 3. The transcription regulatory cascade of the T3SA. (a) Key transcriptional regulatory cascade of the type III secretion system (T3SS) in Shigella. (b) The VirB and MxiE regulons; this figure is inspired from a prior version [95], and updated to take into account the most recent findings [58,96]. * These are likely pseudogenes in strain M90T; † this gene belongs to the VirB and MxiE regulon but its product is not a T3SA substrate; ‡ this gene is weakly expressed and a new addition to the MxiE regulon; § the chromosomal ipaHs are annotated according to [97]; ¶ whether the product of these genes are T3SA substrates is currently unknown; ¥ this gene encodes an antitoxin from a TA system that is weakly secreted by the T3SA. Note that other antitoxin coding genes gmvA (orf48), orf86, and mvpA, which are not part of these two regulons, were also suggested to be T3SA substrates [58]. (c) Heteromers formed by MxiE and IpgC in the inactive and active state of the T3SA and their effect on the transcription of late substrates B. 
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Figure 4. The types of assays to measure the activity of the T3SA. (a) Transcription-based assays. The activation of T3SAs upregulate the expression of the reporter gene, thus leading to an increased production of the corresponding assay proteins. The relative secretion activity is then estimated by the measurement of the fluorescence or of any other relevant signal emitted by the assay protein (e.g., luminescence, colorimetric, etc.). (b) Secretion-based assay. Upon activation of the T3SA, T3SA substrates fused to a specific tag are secreted. The relative amount and location of the substrates inside host cells or in the extracellular medium are measured with the relevant method, as described in (a). 
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Figure 5. Shigella intracellular lifestyle and role of its virulence factors during vacuole escape. The invasion of a nonphagocytic host cell starts by the activation of T3SAs, which induce the remodeling of the plasma membrane through the action of their translocators and effectors (1). The intracellular bacterium is captured in a single membrane entry vacuole; several T3SA substrates, including the translocators IpaB, IpaC, and IpgD, accumulate in the vicinity of the vacuole (2). IpaBC form pores that are essential to vacuole rupture; the IpgD-dependent recruitment of Rab11 might accelerate this process (3a); although the other accessory vacuole rupture factors IcsB, VirA, and IpaH9.8 are dispensable during entry in epithelial cells, they might be important in yet undiscovered conditions such as in immune cells or in specific cytokinic contexts (3b). Cytosolic bacteria proliferate (4) and move using actin comets (5). Upon contact with the plasma membrane, the T3SA is reactivated, allowing the formation of a protrusion (6) and a double membrane dissemination vacuole (7). IpaB and IpaC initiate the rupture of the double membrane dissemination vacuole; the role of IpgD at this stage is unknown. The accessory VR factors IcsB and VirA, and probably IpaH9.8 in the presence of interferon-gamma (IFNγ), facilitate the escape of Shigella from the dissemination vacuole already partly ruptured by IpaBC (8a); this is probably realized through the inhibition of their respective targets CHMP5, Rab1, and GBPs. These WT bacteria can then resume cell-to-cell spread. By contrast, in the absence of these accessory VR factors, the repair of the partially ruptured vacuole is induced by Rab1 and CHMP5 (8b), a process that might also be facilitated by the action of the GBPs when IFNγ is present. These mutants (8b) are more often captured in lysosomes and partly deficient in cell-to-cell spread. 
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