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Abstract

Several intracellular pathogens display the ability to propagate within host tissues by displaying
actin-based motility in the cytosol of infected cells. As motile bacteria reach cell-cell contacts,
they form plasma membrane protrusions that project into adjacent cells and resolve into vacuoles
from which the pathogen escape, thereby achieving spread from cell to cell. Seminal studies have
defined the bacterial and cellular factors that support actin-based motility. By contrast, the
mechanisms supporting the formation of protrusions and their resolution into vacuoles have
remained elusive. Here we review recent advances in the field showing that Listeria
monocytogenes and Shigella flexneri have evolved pathogen-specific mechanisms of bacterial
spread from cell to cell.
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What is bacterial spread from cell to cell?

Bacterial spread from cell to cell is the ability of intracellular bacteria that reside in the
cytosol of infected cells to access the cytosol of adjacent cells without transiting through the
extracellular medium (Figure 1). The sequence of events occurring during bacterial spread
from cell to cell through formation of membrane protrusions (see Glossary) and double
membrane vacuoles were defined in seminal electron microscopy studies using macrophages
infected with Listeria monocytogenes as a model system [1]. Further electron microscopy
studies confirmed membrane protrusions and double membrane vacuoles as central features
of the spreading process in epithelial cells infected with L. monocytogenes and Shigella
flexneri [2,3]. This dissemination process relies on acquisition of actin-based motility in the
cytosol of infected cells (Box 1). As bacteria displaying actin-based motility in the cytosol
encounter cell-cell contacts, they form plasma membrane protrusions that project into
adjacent cells (Figure 1). The formed protrusions resolve into double membrane vacuoles
composed of an inner membrane, originating from the primary infected cell, and an outer
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membrane deriving from the adjacent cell (Figure 1). By escaping the double membrane
vacuoles, the pathogen gains access to the cytosol of adjacent cells and achieves spread from
cell to cell (Figure 1).

Compared to the mechanisms supporting actin-based motility, the mechanisms supporting
cell-to-cell spread through formation and resolution of membrane protrusions into vacuoles
from which the pathogen escapes, have received little attention. This situation is partly due
to the widespread assumption that the forces generated by actin-based motility are necessary
and sufficient to deform the plasma membrane, and form membrane protrusions that
undergo non-specific scission into vacuoles. Although experimental evidence has been
presented in support of this model [4], a growing body of evidence suggests the existence of
alternative and pathogen-specific mechanisms. Here, we review recent advances in the field
supporting the notion that, although employing similar strategy of cytosolic motility based
on the actin cytoskeleton, the intestinal pathogens L. monocytogenesand S. flexneri have
evolved pathogen-specific mechanisms of cell-to-cell spread.

Methods for studying bacterial spread from cell to cell

The formation of essential features of bacterial spread from cell to cell, including membrane
protrusions and double membrane vacuoles, has been documented in animal models of
human infection, such as rhesus monkeys [5]. As the cost of extensive studies of bacterial
spread from cell to cell in relevant models of intestinal infection is prohibitive, in vitro tissue
culture systems are commonly used to investigate the ability of intestinal pathogens to
disseminate within monolayers of cells [6,7]. S. flexneri and L. monocytogenes readily
spread from cell to cell in human intestinal cell lines [8,9]. In addition to the intestine, L.
monocytogenes also infects macrophages in vivo, and spreads to distant organs, including
the liver, the spleen and the brain [10]. Accordingly, various phagocytic and non-phagocytic
cell types, support L. monocytogenes spread from cell to cell invitro [1,7,11,12,13,14].

The plaque assay constitutes a standard readout of cell-to-cell spread in tissue culture
systems [6,7]. The assay relies on confluent epithelial cells or fibroblasts, which are infected
at a low multiplicity of infection and then overlaid with an agar-tissue culture medium
mixture to prevent long-range dissemination through the extracellular medium. Pathogens
multiply and spread to adjacent cells leading to the formation of infection foci. After a few
days of infection, primary infected cells succumb to the infection process leading to the
formation of patches of dead cells or plaques in the monolayer of non-infected cells. The
size of the plaques is used as a measure of the efficiency of cell-to-cell spread (Figure 2A).
In addition to the plaque assay, cellular imaging offers the possibility of quantifying early
events in foci formation, when the death of primary infected cells cannot be used as readout.
Automated microscopy followed by computer-assisted image analysis is used to quantify the
size of infection foci and identify spreading defects (Figure 2B) [15,16,17,18,19]. The use of
tissue culture cells expressing fluorescent membrane markers allows for visualization of
protrusions and double membrane vacuoles by high-magnification confocal microscopy
Figure 2C) [15,16,17,18,19]. Finally, time-lapse confocal microscopy provides
unprecedented dissection of the dynamics of protrusion and vacuole formation (Figure 2D),
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which in combination with powerful genetic approaches has helped elucidate mechanisms of
bacterial cell-to-cell spread for S. flexneri and L. monocytogenes [15,16,17,18,19].

What is the role of cell-cell contact in bacterial spread?

Bacterial spread from cell to cell is supported by the formation of membrane protrusions that
project into the cytosol of adjacent cells. In epithelial structures, this process is facilitated by
cell-cell contacts where the plasma membranes of the primary infected cells and adjacent
cells are in close apposition. In addition to providing physical proximity, several studies
have suggested that cell-cell contacts may support specific functions in bacterial spread from
cell to cell.

Bacterial spread in epithelial structures

The formation of cell-cell contact in epithelial structures is critical to support the formation
of membrane protrusions that project into adjacent cells upon bacterial spread from cell to
cell. Accordingly, S flexneri spreads poorly in the cell-cell contact deficient cell line S180, a
phenotype that can be rescued by expression of the cell adhesion molecule E-cadherin [20].
Similarly, depletion of E-cadherin expression abrogates cell-cell contacts in HT-29 cells,
which prevents S flexneri spread from cell to cell [16]. In addition to their establishment,
cell-cell contacts must be maintained during the infection process, as intracellular pathogen
infection may affect the integrity of epithelial structures. For instance, the bacterial factor
OspE2 contributes to the maintenance of integrin-dependent cell adhesion during S. flexneri
infection [21,22]. Conversely, cell-cell contacts may represent a physical barrier that needs
to be manipulated in order to facilitate protrusion formation, as exemplified by the role of
the bacterial factors internalin C (InIC) in relieving Tuba/N-WASP-dependent cortical
tension in polarized epithelial cells infected with L. monocytogenes [23,24,25,26].

Remarkably, the role of InlIC in bacterial spread from cell to cell was confirmed in vivo in a
mouse model of L. monocyogenes infection [27]. Finally, the cellular identity and
composition of the plasma membrane are important, as suggested by the rescue of the poor
efficiency of S flexneri spread in HeLa cells by ectopic expression of cellular factors such
as the gap junction protein connexin 26 and the cell polarity kinase STK11 [16,28]. It is thus
critical to study cell-to-cell spread of intestinal pathogens such as L. monocytogenesand S,
flexneri in tissue culture systems that model the in vivo properties of the intestinal
epithelium [16,25].

Bacterial spread in macrophages

In addition to epithelial structures, intestinal pathogens such as L. monocytogenes can spread
from cell to cell in macrophages. A recent study suggested a novel mechanism of L.
monocytogenes dissemination supported by efferocytosis, the process by which
macrophages remove phosphatydilserine (PS)-positive cellular debris [29]. This cell-to-cell
spreading process is associated with plasma membrane damage due to the expression of the
pore-forming toxin listeriolysin O (LLO). LLO promotes the release of bacteria-containing
protrusions from primary infected macrophages, generating membrane-derived vesicles with
exofacial PS. As macrophages derived from mice deficient for the PS-binding receptor
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TIM-4 did not support L. monocytogenes spread as efficiently as macrophages derived from
C57BL/6 mice, a model of cell-to-cell spread was thus proposed in which TIM-4 mediates
L. monocytogenes spread to recipient macrophages through efferocytosis. It remains to be
determined whether this mode of pathogen dissemination from infected cells delivering
pathogen-containing vesicles to phagocytic cells is restricted to macrophages or may
contribute to pathogen spread in other cell types as well.

What are the mechanisms of membrane protrusions formation?

A central question with respect to the mechanisms supporting protrusion formation is
whether the formation of actin tails in the cytosol and actin networks in protrusions are
governed by the same mechanisms. Similar to the situation observed in the cytosol, L.
monocytogenes and S flexneri appear to utilize the core components of the ARP2/3-
dependent machinery to assemble the network of actin filaments in protrusions. However,
recent studies have revealed protrusion-specific features that probably relate to structural
and functional properties of the plasma membrane surrounding protrusions.

Mechanisms of actin network assembly in protrusions

The first indication that the mechanisms supporting the formation of actin networks may
differ in the cytosol and in protrusions came from an ultra-structural study of cells infected
with L. monocytogenes [30]. Unlike the fully branched network generated by the ARP2/3
complex, typical of cytosolic tails, the actin filaments found in protrusions appeared short
and branched proximal to the bacteria, but long and bundled in the distal region [19,30]. In
full agreement with these observations, actin was detected along protrusions, but the
ARP2/3 complex was only detected proximal to the bacterial pole [19,31]. Studies on the
dynamics of actin and the ARP2/3 complex revealed that the elongation of protrusions
requires the local recycling of the ARP2/3 complex in protrusions (Figure 3A) [19]. This
local recycling is supported by the AIP1/CFL1/GMF/TWF2 machinery that disassembles
the distal network to fuel continuous ARP2/3-mediated assembly of the actin network
formed at the bacterial pole in protrusions [19]. Importantly, this local recycling process
does not take place in the cytosol where interfering with the activity of the disassembly
machinery does not critically impair bacterial velocity. This is in contrast with the situation
observed in protrusions where interfering with the actin disassembly machinery severely
impairs protrusion elongation and protrusion resolution into vacuoles [19]. Thus, local
recycling appears as a specific feature of the dynamics of ARP2/3 complex-mediated
network in protrusions.

In addition to the ARP2/3 complex, recent research has unveiled a possible role for ARP2/3-
independent components in actin network assembly in protrusions. Diaphanous-related
formins have been established as important determinants of protrusion formation in S.
flexneri infected cells [32]. Diaphanous-related formins have also been localized to L.
monocytogenes protrusions and identified as important factors in protrusion formation and
cell-to-cell spread [31]. The importance of these formins and the existence of bundled actin
network in protrusion [19,30] are strongly suggestive of multi-factorial mechanisms of actin
assembly in protrusions. Future research should determine the exact role of formins and
whether pathogen-specific features regulate their activity in protrusions.
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Additional cytoskeleton factors in protrusions

Aside from factors directly participating in actin network assembly, accessory cytoskeleton
factors have also been found in membrane protrusions (Table 1). For instance, the ERM
family protein ezrin is present specifically in L. monocytogenes protrusions where it is
required for normal protrusion shape and length [33]. Ezrin harbors an actin-binding domain
and a membrane-binding domain and provides structural support to protrusion formation by
linking the actin cytoskeleton to the plasma membrane [33]. Similarly, myosin X has
recently been found to localize to the plasma membrane surrounding S. flexneri protrusions
[34]. Myosin X depletion results in shorter and wider protrusions, indicating a role for this
protein in proper protrusion structure [34]. Myosin X also localizes to L. monocytogenes
protrusions and is important for efficient cell-to-cell spread [34]. S flexneri dissemination
relies on myosin 11 as well, and its regulator, the myosin light chain kinase MLCK [35,36].
The specific role of myosin Il in S. flexneri spread from cell to cell is unclear. However,
MLCK inhibition had apparently no effect on L. monocyotgenes dissemination [36], which
constituted the first observation suggesting the existence of pathogen-specific mechanisms
of cell-to-cell spread.

What are the mechanisms of protrusion resolution into vacuoles?

The resolution of protrusions into vacuoles is probably the least understood aspect of the
dissemination process. Protrusion elongation and vacuole formation require seemingly
antagonistic events, as elongation relies on actin network assembly and vacuole formation
necessitates the disassembly of the actin network, a mandatory step toward membrane
scission. Recent research has revealed that L. monocytogenesand S flexneri have evolved
strikingly different strategies to solve this conundrum.

L. monocytogenes relies on local network recycling

Time-lapse microscopy studies of cells infected with L. monocytogenes revealed that the
resolution of protrusions into secondary vacuoles does not occur during the elongation phase
of protrusion formation [19,37]. Instead, the elongation phase is followed by a non-
elongation phase during which protrusions display “fitful” movement characterized by a
period of slow and erratic motility [37]. The resolution of L. monocytogenes protrusions
occurs by scission of the distal region of protrusions in a snapping motion that suggest a
sudden release of tension [37]. These observations first suggested the existence of a
mechanism that creates the tension forces required for membrane rupture, and
concomitantly, mediates clearance of the distal network that would otherwise hinder
protrusion scission. Accordingly, a model of L. monocytogenes protrusion resolution was
recently proposed [19] in which the activity of the disassembly machinery is critical for
exhausting the actin network from the distal region in protrusions (Figure 3B). The
disassembled network fuels the continuous activity of the assembly machinery at the
bacterial pole (Figure 3B). As the protrusions do not elongate any longer, actin assembly
creates a massive retrograde flow of the actin network (Figure 3B, retrograde flow), which
was proposed to generate tension forces against the plasma membrane in the distal region,
where scission occurs (Figure 3B, distal snap). To date, all evidence thus point to a model of
resolution of L. monocytogenes protrusions that relies on the physical disruption of the
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membrane as a consequence of the tension forces generated by the actin cytoskeleton
(Figure 4A). It is however unclear whether, in addition to the actin network assembly and
disassembly machineries, additional cellular or bacterial factors contribute to the efficiency
of this resolution process.

S. flexneri manipulates cellular signaling at the plasma membrane

Similar to L. monocytogenes, S. flexneri forms protrusions that first undergo elongation and
then stop elongating [16,17]. In stark contrast to the situation observed with L.
monocytogenes, however, non-elongating S. flexneri protrusions transition into a membrane
compartment termed vacuole-like protrusions (Figure 4B, VLP) [17]. Similar to vacuoles,
VLPs display a seemingly continuous lining of the plasma membrane around the bacterium.
Unlike vacuoles, however, VLPs remain connected to the primary infected cells through a
membranous tether that apparently results from the complete collapse of the protrusion neck
and underlying cytoskeleton (Figure 4B). The progressive disappearance of the membranous
tether leads to the formation of genuine vacuoles (Figure 4B), without the brutal tension
release observed during the resolution of L. monocytogenes protrusions. Genetic
investigations revealed that the class Il phosphatidyl-inositol 3-phosphate [P1(3)P] kinase
PIK3C2A is specifically required for S. flexneri dissemination through production of PI(3)P
in the protrusion membrane of primary infected cells [17]. PIK3C2A-dependent production
of PI(3)P relied on the activation of host cell tyrosine kinase (TK) signaling by the bacterial
type I11 secretion system (T3SS) through an unknown mechanism [Figure 4B,
T3SS>TK>PI(3)P] [16,17,18]. Thus, S flexneri manipulates phosphoinositide signaling at
the plasma membrane of primary infected cells to resolve protrusions into vacuoles through
VLP formation, a process that most likely involves the collapse of the actin cytoskeleton in
protrusions and remains to be elucidated. Thus, the resolution of S. flexneri and L.
monocytogenes protrusions into vacuoles relies on radically different mechanisms (Figure
4A and 4B).

Role of the adjacent cells in bacterial spread from cell to cell

In addition to the signaling events occurring in the plasma membrane of the primary infected
cells, recent studies have revealed a role for signaling events taking place in adjacent cells.
On the basis of genetic depletion and pharmacological inhibition, it was proposed that the
engulfment of the protrusion formed by S. flexneri relies on a non-canonical form of
endocytosis executed by the adjacent cells [38]. This pathway involves class | PI3K,
clathrin, epsin-1 and dynamin-2, but not AP-2, Dab2 and Eps15 [38]. Time-lapse
microscopy indicated the recruitment of clathrin- and Eps-1-positive materials in the vicinity
of protrusions, which led the authors to draw a functional analogy between the engulfment
of protrusions and the endocytosis of clathrin-coated pits [38]. Importantly, the requirement
for dynamin-2 strongly suggests a role for the adjacent cells in the scission of the protrusion
membrane. Together with the observation that S. flexneri protrusions resolve into vacuoles
through VLP formation [17], this may indicate a role for dynamin-2 in the scission of the
membranous tether connecting VLPs to primary infected cells. Although the scission
machinery most likely acts on the membrane of the adjacent cells, the mechanisms
supporting the resolution of the primary infected cell membrane in protrusions remains
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obscure. Future research will be required to address these questions and determine whether
S flexneri plays an active role in this process, potentially through its T3SS [18,29].

What are the mechanisms of vacuole escape?

Cell-to-cell spread through formation and resolution of membrane protrusions leads to the
formation of double membrane vacuoles composed of an inner membrane, originating from
the primary infected cell, and an outer membrane deriving from the adjacent cell. Access to
the cytosol requires the disruption of both inner and outer membrane through production of
bacterial factors that challenge the integrity of host cell membranes.

Role of pore-forming toxin and phospholipases in L. monocytogenes vacuole escape

L. monocytogenes displays several activities that challenge the integrity of host cell
membranes. After the initial invasion step, bacteria promote their escape from the primary
vacuole through production of the pore-forming toxin LLO [39]. In absence of LLO, L.
monocytogenes can escape from primary vacuoles during infection of human epithelial cells
through production of the broad-range phospholipase C, PC-PLC [40,41]. Interestingly, the
use of inducible systems demonstrated that, in absence of LLO, PC-PLC is not only required
for escape from primary vacuoles, but also from double membrane vacuoles formed upon
cell-to-cell spread [40]. Moreover, upon L. monocytogenes spread from cell to cell in
macrophages, the use of a strain conditionally deficient for LLO expression showed that the
bacterial phospholipases PI-PLC (PIcA) and PC-PLC (PIcB) first facilitate the destruction of
the inner membrane of the double membrane vacuole, but remain trapped in single-
membrane compartments [42]. Thus, the pore-forming toxin LLO is essential for
degradation of the outer membrane in macrophages, perhaps because of the phospholipid
components of the receiving cell membrane. However, when epithelial cells were used as
the secondary infected cell, the LLO deficient strain was able to fully escape the double
membrane vacuole using only the bacterial phospholipases, highlighting the differences in
membrane phospholipid composition present in different cell types [42]. These studies point
to PC-PLC as a bacterial factor, along with LLO that distinctly contributes to L.
monocytogenes spread from epithelial cells to epithelial cells within the intestine, and from
macrophages to distant organs.

Post-invasion role of the T3SS in S. flexneri vacuole escape

After the initial invasion step, S flexneri escapes from primary vacuoles in a process
dependent on the T3SS and the pore-forming translocases IpaB and IpaC [43,44]. The
secreted effector protein IpgD functions just prior to primary vacuole escape [45]. The
phosphoinositide phosphatase, IpgD depletes the phosphatidylinositol 4.5 biphosphate
P1(4,5)P, from the primary vacuolar membrane resulting in recruitment of Rab11-positive
vesicles and subsequent disruption of the vacuole through an unknown mechanism [45]. The
use of inducible systems demonstrated that, in addition to its role in primary vacuole escape,
the T3SS is also necessary for S. flexneri escape from the double membrane vacuoles
formed upon cell-to-cell spread, as demonstrated by electron micrographs revealing the
accumulation of bacteria in double membrane vacuoles in adjacent cells [18,46,47]. As
opposed to the demonstrated role for effector proteins such as IpgD in primary vacuole
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escape, it is unclear whether secreted effector proteins in addition to the core components of
the T3SS and associated translocases, are required for escape from secondary vacuoles.
Similarly, the potential role for cellular processes, such as Rab GTPase-mediated vesicular
trafficking, in secondary vacuole escape remains to be explored.

Concluding remarks

The recent research reviewed here support the notion that pathogens displaying actin-based
motility have evolved specific mechanisms of cell-to-cell spread. As we realize the existence
of these mechanisms, future work will be required to identify and characterize the bacterial
and cellular factors that support this important aspect of bacterial pathogenesis. Powerful
genetic approaches in relevant model systems are now available to identify and characterize
the bacterial and cellular factors supporting bacterial spread from cell to cell (Box 2). In
addressing questions related to the mechanisms supporting the resolution of protrusions into
vacuoles and vacuole escape, the field is likely to depart from previous studies that focused
on the mechanisms supporting actin assembly, and begin to tackle questions related to the
dynamics of actin networks in membrane protrusions, and the remodeling of the plasma
membrane supporting vacuole formation. It is also noteworthy that the exact mechanisms
supporting vacuole escape are still unknown. Finally, it is tempting to extend the notion of
specificity discussed here to additional pathogens displaying actin-based motility, and
speculate that similar to S. flexneri and L. monocytogenes, Rickettsia spp. and Burkholderia
spp. may have evolved specific mechanisms of spread from cell to cell as well. We suggest
that, beyond actin-based motility, studies on bacterial spread from cell to cell will reveal a
fascinating diversity of strategies deployed by pathogens to achieve dissemination.
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Glossary

Membrane
protrusion

Primary
infected cell

Primary
vacuole

Protrusion
resolution

Secondary
vacuole

Vacuole-like
protrusion
(VLP)

Vacuole
escape

a plasma membrane extension containing one or more bacteria at the
distal end, originating from the primary infected cell and protruding
into an adjacent cell as a result of motile bacteria encountering the
plasma membrane

the first infected cell at a site of infection. Pathogens may spread from
this cell to adjacent cells creating a focus of infection

a single-membrane vacuole surrounding invading bacteria in the
primary infected cell. The single membrane is derived from the plasma
membrane of the primary infected cell

the process of transition from a membrane protrusion connected to the
primary infected cell to a secondary vacuole, no longer connected to the
primary infected cell

a double-membrane vacuole that derives from a protrusion by scission
of the protrusion neck and contains one or more bacteria within the
cytosol of a cell adjacent to the primary infected cell. The inner
membrane is derived from the plasma membrane of the primary
infected cell, and the outer membrane is derived from the plasma
membrane of the adjacent cell

an intermediate membrane-bound compartment that derives from a
protrusion and is delineated by a seemingly continuous lining of the
plasma membrane surrounding a bacterium yet connected to the
primary infected cell by a thin, membranous tether

the process of membrane disruption in the secondary vacuole leading to
one or more bacteria gaining access to the cytosol of the adjacent cell
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Box 1

Mechanisms of actin-based motility in the cytosol of cells infected with the
intestinal pathogens L. monocytogenes and S. flexneri

The mechanisms supporting L. monocytogenes and S. flexneri cytosolic motility have
been reviewed recently [48]. In brief, both L. monocytogenes and S. flexneri achieve
actin-based motility by recruiting to their surface a major nucleator of actin
polymerization in eukaryotic cells, the ARP2/3 complex (Figure I) [49,50]. S. flexneri
engages the ARP2/3 complex through expression of IcsA [51,52], a bacterial adaptor that
recruits and activates the ARP2/3 nucleation-promoting factor N-WASP [53,54]. L.
monocytogenes does not engage the ARP2/3 complex through N-WASP recruitment, but
through expression of ActA [11,12], a bacterial factor that displays structural and
regulatory mimicry with N-WASP [55,56,57]. The expansion of the actin network
formed by the ARP2/3 complex at the bacterial surface generates forces that propel the
bacterium throughout the cytosolic compartment [58,59].
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Figure 1. Sequence of events in bacterial spread from cell to cell
(A) Cytosolic bacteria (green) spread from cell to cell within a monolayer of intestinal cells

through the following sequence of events: (1) Escape from the primary vacuole, (2) Actin
(red)-based motility, (3) Membrane protrusion formation into adjacent cells, (4) Resolution
of membrane protrusions into (double-membrane) secondary vacuoles and (5) Escape from
secondary vacuoles into the cytosol of the adjacent cell. Adapted from reference [1].

(B) Electron micrographs of the two main features of bacterial cell-to-cell spread, membrane
protrusions and double membrane vacuoles. Left panel: S. flexneri (S.f) within a membrane
protrusion in between two lobes of the adjacent cell nucleus (n). Membranes surrounding the
protrusion are marked with arrows. Middle panel: S flexneri within a secondary vacuole.
Membranes surrounding the secondary vacuoles are marked with arrows. Right panel: high
magnification showing the double membranes of a secondary vacuole corresponding to the
boxed area in the middle panel. Double membranes are marked with opposing arrowheads.
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Figure 2. Readouts of bacterial spread from cell to cell

(A) L. monocytogenes plaque assay depicting large (wild type) plaques, and a small plaque
phenotype (DP-L793). Adapted from reference [7].

(B) Automated microscopy of S flexneri infection in HT-29 cell monolayer. Left panels,
overlay of DNA staining (red) and GFP (green)-expressing wild type and type 111 secretion
system (T3SS) mutant strains. Middle panels: bacterial infection foci. Right panels:
computer-assisted image analysis of infection foci size (green).

(C) High-magnification confocal microscopy showing features of bacterial spread form cell
to cell in HT-29 cells expressing a fluorescent membrane marker (yellow) infected with S
flexneri (blue). Cytosolic bacteria in a primary infected cell (*) form membrane protrusions
(closed arrow) that project into adjacent cells and resolve into secondary vacuoles (open
arrow).
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(D) Tracking analysis of 60 wild type (top) and T3SS mutant (bottom) strains. Each line
represents one bacterium that was tracked for 180 minutes and the progression of the
dissemination process is depicted using the color key shown at the bottom. Primary cell,
dark blue; Protrusion, light blue; Vacuole, yellow; Free bacteria in adjacent cell, red. The
data shows that 75% of the wild type bacteria succeed in forming protrusions that resolve
into vacuoles from which the bacteria escape (free). By contrast, the majority of the T3SS
mutant bacteria either form protrusions that fail to resolve into vacuoles and retract to the
primary infected cell, or fails to escape the formed vacuole. Adapted from reference [18].
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Figure 3. Dynamics of the actin cytoskeleton in protrusions
Dynamics of the actin cytoskeleton were determined by photo-activation experiments with

photo-activatable GFP-actin fusion protein. Photo-activated GFP-actin (green network)
demonstrating local recycling (green arrow at the bottom) from the distal network (top
panel) to the bacterial pole (bottom panel). The vertical boxes indicate the position of the
actin network at the bacterial pole at the instant of photo-activation (top panel) and shortly
after photo-activation (bottom panel).

(A) Cytoskeleton dynamics in elongating protrusions. The disassembly of the distal network
(top panel, photo-activated actin-GFP, green) fuels the assembly of the proximal network at
the bacterial pole (bottom panel, photo-activated actin-GFP, green). Note that the network at
the bacterial pole did not move with reference to the plasma membrane (vertical boxes). The
assembly of the network at the bacterial pole provides the forces leading to protrusion
elongation (black arrow).

(B) Cytoskeleton dynamics in non-elongating protrusions. The disassembly of the distal
network (top panel, photo-activated actin-GFP, green) fuels the assembly of the proximal
network at the bacterial pole (bottom panel, photo-activated actin-GFP, green). Note that the
network at the bacterial pole moves backwards (retrograde flow) with reference to the
plasma membrane (vertical boxes). The assembly of the network at the bacterial pole
provides the forces leading to retrograde flow (black arrow) and membrane scission (distal
snap).
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Figure 4. Mechanisms of L. monocytogenes and S. flexneri protrusion resolution

(A) Mechanism of L. monocytogenes protrusion resolution. After elongation, the actin
network (red lines) in protrusions (P) undergoes retrograde flow (black arrow), which
generates the forces leading to membrane scission (vertical arrow, distal snap) and vacuole
formation (V).

(B) Mechanism of S. flexneri protrusion resolution. After elongation, the actin network (blue
lines) collapses in response to PI(3)P production in the protrusion membrane (green line).
P1(3)P production is mediated by a signaling cascade involving the type 3 secretion system
(T3SS), host cell tyrosine kinase (TK) and PI3KC2A-dependent production of PI(3)P.
Cytoskeleton collapse leads to the formation of vacuole-like protrusions (VLP) and the

resolution of the membrane tether (scission?) connecting VVLP to the primary infected cells
leads to the formation of a genuine vacuole (V).
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