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ABSTRACT Shigella is a genus of Gram-negative
enteropathogens that have long been, and continue to be,

an important public health concern worldwide. Over the past
several decades, Shigella spp. have also served as model
pathogens in the study of bacterial pathogenesis, and Shigella
flexneri has become one of the best-studied pathogens on a
molecular, cellular, and tissue level. In the arms race between
Shigella and the host immune system, Shigella has developed
highly sophisticated mechanisms to subvert host cell processes
in order to promote infection, escape immune detection, and
prevent bacterial clearance. Here, we give an overview of
Shigella pathogenesis while highlighting innovative techniques
and methods whose application has significantly advanced
our understanding of Shigella pathogenesis in recent years.

SHIGELLA AND SHIGELLOSIS

Shigella spp. are diarrheal pathogens closely related to
Escherichia coli. They are named after Kiyoshi Shiga,
who in 1898 identified its most virulent member, Shi-
gella dysenteriae, as the causative agent of bacillary
dysentery, also known as shigellosis (1). Shigella spp. are
Gram-negative, non-spore-forming, facultative anaerobic
bacilli that in humans and other primates cause diarrheal
disease by invading the colonic epithelium. Spreading of
the infection is generally limited to the intestinal lining,
where it leads to colonic inflammation, mucosal ulcera-
tion, and a loss in intestinal barrier function. Shigellae are
transmitted through the fecal-oral route or through in-
gestion of contaminated food and water. In most cases,
Shigella spp. cause a self-limiting disease that can be effec-
tively treated by oral rehydration or antibiotics, although a
steady increase in the number of shigellosis cases caused
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by antibiotic-resistant Shigella strains has become a grow-
ing concern (2, 3). Shigellosis can be fatal in the very young
and in infected individuals who are immunocompromised
or do not have access to adequate medical treatment.

Clinical symptoms of shigellosis range from mild wa-
tery diarrhea to a bloody mucoid diarrhea accompanied
by painful abdominal cramps and fever. The range of
clinical symptoms is related to both the immune status
of the host and the causative Shigella species, which
differ in the presence of some critical virulence factors,
including Shiga toxin. A major complication in infants
and children is toxic megalocolon, while after clearance
of the infection, other possible complications include
hemolytic-uremic syndrome, characterized by renal fail-
ure, low platelet and red blood cell levels, and a 35%
fatality rate, as well as postreactive arthritis, where pa-
tients may suffer from chronic arthritis of the joints for
years after the shigellosis episode (4).

Shigella has a very low infectious dose, estimated to be
10 to 100 bacteria, and Shigella remains a major public
health concern with an estimated 165 million cases
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occurring worldwide every year, including up to 100,000
deaths, particularly in children under 5 years of age
(5, 6). The occurrence of shigellosis is largely restricted to
developing countries where limited availability of clean
drinking water and poor hygiene foster disease transmis-
sion and malnutrition contributes to disease severity. A
vaccine for Shigella has not been licensed, partly due to
the large repertoire of Shigella serotypes that need to be
targeted in order for the vaccine to be globally effective (6).

The genus Shigella is composed of four species: S. dys-
enteriae, S. flexneri, S. boydii, and S. sonnei. Each species
represents a different serogroup (A through D, respec-
tively) and is composed of multiple (15 to 20) serotypes,
except for S. sonnei, which has only one (4). The large
number of serotypes reflects the extensive variability in
the composition, modification, and number of repeats of
its lipopolysaccharide (LPS) O antigen, a major Shigella
antigenic target of the humoral response of the host. Shi-
gella spp. are endemic in a number of tropical and sub-
tropical regions. Globally, S. boydii and S. dysenteriae are
the least common agents of shigellosis, but they remain
endemic in South Asia and sub-Saharan Africa, while
S. sonnei is the most prevalent Shigella species linked
to diarrheal disease in industrialized countries and an

important cause of traveler’s diarrhea (7). At 60% of all
cases, S. flexneri is the most common cause of shigellosis
worldwide. It is also the most widely studied Shigella
species. In vitro and in vivo studies, in combination with
clinical observations, have led to a detailed description
of S. flexneri pathogenesis (3).

THE SHIGELLA INFECTIOUS CYCLE

Virulence of Shigella requires its type III secretion system
(T3SS), a needle-like molecular syringe anchored in the
bacterial cell wall. Activation of the T3SS occurs through
contact of the needle tip with the host plasma membrane,
resulting in the formation of a direct channel between the
bacterial and host cytoplasm. Shigella injects a large
number of bacterial effectors through this syringe to
subvert many different host cell processes and to facili-
tate infection and dissemination.

To invade the host, Shigella must first withstand the
physiochemical conditions encountered through its tran-
sit of the digestive system and cross the mucus layer of
the colon. Shigella then traverses the colonic epithelial
barrier through M (microfold) cells of the specialized
epithelium overlying lymphoid follicles (Fig. 1). M cells

FIGURE 1 Shigella pathogenesis. Shigella infects the colonic epithelium at the follicle-
associated epithelium and near the opening of colonic crypts. Invasion of M cells leads to
Shigella transcytosis and release of Shigella at the basolateral side of the epithelium.
Shigella can be taken up by macrophages and dendritic cells, which subsequently undergo
pyroptosis, stimulating inflammation through the release of IL-1p and IL-18, which recruit
neutrophils and activate innate defenses. Shigella also efficiently invades the basolateral
side of the colonic epithelium from the lamina propria to reach its major replicative niche
and the epithelial cell cytosol and propagate infection through cell-to-cell spread.
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deliver Shigella to the basolateral side of the epithe-
lium, where the bacteria are phagocytosed by antigen-
presenting cells such as macrophages and dendritic cells
residing within or near the M cell pocket. Shigella rapidly
lyses the phagosomal compartment of the macrophage in
a T3SS-dependent manner, and after limited replication
in the cytosol, escapes the macrophage through activa-
tion of a lytic inflammatory cell death called pyroptosis.
Macrophage pyroptosis, a process actively promoted by
Shigella, is accompanied by caspase-lI-mediated proteolytic
activation and subsequent secretion of the proinflamma-
tory cytokines interleukin 1B (IL-1pB) and IL-18. Lytic cell
death of infected macrophages releases Shigella at the ba-
solateral side of colonic epithelial cells. Shigella interacts
with host cell proteins found at the basolateral side of
epithelial cells and forces its uptake into epithelial cells by
inducing epithelial cell macropinocytosis. Invasion de-
pends on the T3SS and a first wave of effectors to subvert
the host cell cytoskeleton and mediate vacuolar escape.

Once in the cytosol, Shigella replicates and uses actin-
based motility to escape host cell innate defenses such
as autophagy and to spread to neighboring cells. Lysis of
the double membrane of secondary phagosomes formed
by Shigella physically pushing into neighboring epithe-
lial cells again releases Shigella into its replicative niche,
the host cell cytosol. Cytosolic replication of Shigella is
also facilitated through the injection of a second wave of
T3SS effectors that function to damp the host inflam-
matory response, promote host cell survival, and coun-
teract antimicrobial processes. This ensures the integrity
of its cytosolic niche and favorable conditions for rep-
lication and continued dissemination.

Although the inflammatory response is antagonized
by Shigella effectors in infected epithelial cells, neighbor-
ing bystander cells actively participate in the inflamma-
tory process by secreting the neutrophil chemoattractant
IL-8 (8). Release of IL-8 from epithelial cells, in addition to
release of the proinflammatory cytokines IL-1p and IL-18
by pyroptotic macrophages, fosters inflammation, the re-
cruitment and activation of immune cells, including nat-
ural killer (NK) cells and particularly neutrophils, and
antimicrobial defenses. Transmigration of neutrophils to
the luminal side participates in the destabilization of the
epithelial barrier and provides a means for luminal Shigella
to translocate to the basolateral side. The host inflamma-
tory response thereby can facilitate Shigella dissemination.

However, Shigella has devised numerous strategies to
inhibit the host inflammatory response, subvert host in-
nate immune responses, and maintain its privileged cy-
tosolic replicative niche in order to prolong survival in
the host. Ultimately, however, inflammation and neu-

trophil-mediated killing of Shigella lead to clearance of
the infection. Neutrophils are particularly important in
Shigella containment and resolution of infection, as they
are more resistant than macrophages to Shigella-mediated
cell death and can kill Shigella through phagocytosis,
production of reactive oxygen species, and release of
microbicidal molecules from their granules (degranula-
tion) (9). In addition, Shigella induces neutrophil extra-
cellular traps, whereby neutrophil death is accompanied
by the release of nuclear chromatin and bactericidal pro-
teins to immobilize and kill Shigella (10). Notably, Shi-
gella also uses its T3SS and effectors to block the host
from mounting an efficient adaptive immune response not
only by suppressing innate immune response but also by
directly targeting and subverting host processes of B and
T cells.

SHIGELLA T3SS AND T3SS EFFECTORS

The T3SS apparatus and the majority of the ~30 T3SS
effectors secreted by the T3SS are encoded on a large
(~200-kb) virulence plasmid (Fig. 2) (11). Genes en-
coding the structural components of the T3SS appara-
tus, effectors involved in cellular invasion, and the main
transcriptional regulators VirB and MxiE are located
in a 31-kb pathogenicity island termed the entry region
(12). Conversely, effectors whose genes are scattered
throughout the plasmid are generally involved in post-
invasion processes. Expression of the T3SS and its ef-
fectors is under tight control of a regulatory network
that responds to environmental cues encountered during
transit through the host. The major trigger for the ex-
pression of the T3SS apparatus and the first wave of
effectors involved in the host cell invasion is a shift to
37°C. Other factors that affect virulence gene expres-
sion are pH, osmolarity, and iron availability (3). A shift
to 37°C induces the transcription of the transcriptional
activator VirF, leading to the expression of IcsA, an
adhesin and the actin nucleator required for cytosolic
actin-based motility, as well as the transcription factor
VirB. VirB, in turn, induces transcription of structural
components of the T3SS apparatus (mxi-spa genes), ef-
fectors that mediate bacterial entry, and some additional
effectors (3). A second wave of effectors, under the con-
trol of MxiE, is transcriptionally induced upon activa-
tion of the T3SS (Fig. 2A).

The T3SS is composed of a basal body spanning both
the inner and outer bacterial membrane, a long needle-
like structure that protrudes from the bacterium and a tip
complex composed of the translocators IpaB and IpaD
(Fig. 2B). The needle is composed of repeating MxiH

ASMscience.org/MicrobiolSpectrum

Downloaded from https://journals.asm.org/journal/spectrum on 20 March 2023 by 151.100.157.207.


http://www.ASMscience.org/MicrobiolSpectrum

Schnupf and Sansonetti

A Iron B

Osmolarity
pH
Temperature

—> TTSS Apparatus

>» Translocators

> Cytoskeletal
remodeling

> Membrane remodeling

—> TTSS regulator

Anti- OspC2
activator _OspCB——) Pyroptosis inhibition
>» Vesicular trafficking
MxiE inhibition
> Autophagy inhibition
—» MAPK inhibition
Y
MxiE > NF-kB inhibtion
Activator

—>» Pyroptosis promotion

—» TTSS regulator

—> Cell adhesion promotion

Closed Open

@D

_—MxiH

OO OO OO =

IS EEEEEEEEEEEE!
EEEENEEEEEEEEEEEEE]

OO O T
~ /S

FIGURE 2 Shigella T3SS and effectors. (A) Expression of the T3SS apparatus and its effec-
tors is regulated by a number of environmental factors that, through the transcription factor
VirF, control the expression of the transcription factor VirB, which controls the expression of
the T3SS apparatus and the first wave of effectors. Upon activation of the T3SS apparatus,
MXxiE is released from its inhibition and stimulates the transcription of the second wave of
effectors. (B) When the T3SS is closed, first-wave effectors are stored in the bacterial cy-
toplasm with or without chaperones, while the gatekeeper MxiC and the translocator
proteins lpaB and lpaD at the T3SS tip prevent effector secretion. Upon activation of the
T3SS, effectors are secreted into the host cell cytosol, and expression of second-wave
effectors is mediated by MxIE in complex with IpgC. IM, inner membrane; OM, outer

membrane; PM, plasma membrane.

subunits and has been resolved to a striking precision of
0.4 A using a combination of cryo-electron microscopy
and solid-state nuclear magnetic resonance (13). The
high resolution obtained through this hybrid approach,
together with alanine scanning mutagenesis of MxiH
and effector translocation studies (14), supports a model

whereby the translocation of unfolded effector proteins
through the T3SS needle lumen is mediated by effector
interactions with side chains of several luminal MxiH
amino acids (K79 and K72) while interaction with the
D73 side chain regulates substrate release from the nee-
dle together with the translocators at the needle tip.
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Three-dimensional reconstruction of transmission elec-
tron microcopy images of the T3SS needle tip revealed
IpaD to be a homopentamer at the needle tip with the
distal domain in an elongated conformation that con-
trols the stepwise assembly of the tip complex (Fig. 2B)
(15). Bile salt recognition leads to conformational changes
in IpaD and promotes the recruitment of the hydrophobic
IpaB effector distal to IpaD (16). IpaD and IpaB keep the
needle complex in an “off” state so that deletion of either
IpaD or IpaB renders the T3SS constitutively active or in a
perpetual “on” state. Activation of the T3SS is achieved
through the interaction of the needle tip complex with
cholesterol and lipid rafts of the host plasma membrane
(17, 18); although activation can be artificially induced
through the addition of the dye Congo red. T3SS activa-
tion involves structural changes in IpaB, recruitment of the
hydrophobic effector IpaC, their secretion, and the inser-
tion of an IpaB-IpaC pore into the host membrane. Suc-
cessful pore formation and opening of the T3SS lead to
the secretion of MxiC, an effector that serves as a gate-
keeper protein through direct interaction with IpaD to
ensure that translocon proteins (IpaD, IpaB, and IpaC) are
secreted before effectors (19). Removal of MxiC allows
injection of the first wave of VirB-dependent Shigella
effectors that are prestored in the bacterial cytoplasm and
many of which are associated with their chaperone until
the T3SS is activated (11).

Upon activation, secretion of IpaB and IpaC frees up
their chaperone, IpgC, while secretion of OspD1 disso-
ciates OspD1 from its chaperone Spal5 and the tran-
scriptional activator MxiE, alleviating inhibition of MxiE
by OspD1 (20). MxiE is free to interact with its coac-
tivator IpgC, newly liberated from its interaction of IpaB
and IpaC, to form an active MxiE-IpgC complex. The
MxiE-IpgC complex drives transcription of “second-
wave” effectors involved in subverting host immune
responses, host innate defenses, and host cell death path-
ways (Fig. 2A). In addition, MxiE further upregulates
expression of some VirB-regulated effectors containing an
MXxiE recognition sequence (called the MxiE box) as part
of their promoters.

The highly coordinated and hierarchical regulatory
network that controls the synthesis of the T3SS and its
effectors maximizes energy usage and ensures controlled
release of effectors in time and space. This was recently
investigated using a novel transcription-based secretion
activity reporter in combination with fluorescence re-
covery after photobleaching (21). In this system, control
of green fluorescent protein synthesis was placed down-
stream of the MxiE-regulated promoter of the second-
wave effector IpaH7.8 and thereby served as a visual

reporter for MxiE activity and a surrogate for T3SS
activity during infection. The secretion activity reporter
revealed tight control of T3SS activity during infection
whereby the T3SS is active upon entry, shut off during
cytosolic growth, and reactivated when bacteria form
protrusions into neighboring cells for cell-to-cell spread.

Functional screening using a novel bottom-up, reduc-
tionist approach of heterologous expression of the Shi-
gella T3SS and individual effectors in E. coli recently
identified OspD2 as a T3SS regulator that limits effector
secretion during cytosolic growth (22). By limiting VirA
secretion, OspD2 functionally reduces epithelial cell
death fostered by VirA-mediated calpain activation (23).
In addition, T3SS shutdown during cytosolic growth al-
lows the resynthesis and storage of effectors required for
phagosomal lysis and facilitates escape from the sec-
ondary vacuole during cell-to-cell spread (21).

Shigella effectors and virulence factors exhibit various
biochemical activities to subvert host cell processes. These
include phosphorylation, dephosphorylation, deamina-
tion, demyristoylation, stimulation of GTP hydrolysis of
small GTPases, promotion of GDP-GTP exchange of
small GTPases, and ubiquitination. Polyubiquitination
generally leads to degradation of the tagged protein by
host proteasomes, although ubiquitination can also func-
tion in host cell signaling, transcriptional regulation, DNA
damage control, and membrane trafficking. Ubiquiti-
nation is a recurring feature in the subversion of the host
by Shigella, mainly because Shigella codes for a large
IpaH effector family composed of five plasmid-encoded
members and seven chromosome-encoded paralogs (24).
IpaHs contain an N-terminal leucine-rich repeat domain
involved in specific binding to target proteins and a C-
terminal region with E3 ubiquitin ligase activity that
mediates the ubiquitination of a bound target protein and
subsequent ubiquitin-dependent degradation by host pro-
teasomes (25, 26).

SHIGELLA OVERCOMES THE
PHYSICOCHEMICAL BARRIERS OF THE
HOST AND THE GUT MICROBIOTA TO
REACH THE COLONIC EPITHELIUM

Shigella infects the colonic epithelium but first needs to
overcome multiple barriers to reach the epithelial sur-
face. For one, Shigella has to compete with the resident
microbiota and overcome the microbiota-mediated col-
onization resistance. Streptomycin treatment, and thus
reduction in the resident microbiota, facilitates Shi-
gella infection (27), but how the resident microbiota
restricts Shigella infection remains somewhat unclear.
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Microbiota-mediated colonization resistance can be ei-
ther indirect, by the stimulation of host defenses such
as antimicrobial peptides, or direct, by, for example, the
secretion of small-molecule inhibitors such as colicins to
kill phylogenetically related strains, scavenging of essen-
tial nutrients, or contact-dependent injection of toxins
through the T6SS. To be competitive in the interbacterial
war of the microbiota, Shigella has been described to re-
sist colicins, through modulation of the O-antigen chain
length of its LPS, as well as to itself produce colicins to kill
competing bacterial strains (2). In addition, some Shigella
spp., such as S. sonnei, code for a T6SS that provides a
competitive advantage over T6SS-deficient strains to in-
fect the host (28).

To prime itself for infection and activate its own de-
fenses, Shigella also senses environmental changes spe-
cific to the host as it transits through the intestine. Shigella
survives the acid environment of the stomach through an
effective acid resistance system (3, 29). In the small in-
testine, Shigella becomes primed for adhesion through
the presence of bile salts. First, the surface protein IcsA,
whose transcription is temperature dependent and is in-
duced when Shigella enters the host, undergoes bile salt-
dependent structural changes that lead to enhanced polar
adhesion of Shigella to epithelial cells (30). In addition,
the transcription of the effectors OspE1 and -2 is induced
by bile salts and leads to an OspE1/2-mediated increase
in cellular adhesion (31). In the colon, Shigella secretes
mucinases to facilitate their crossing of the mucus layer
in order the reach the epithelial surface. There, oxygen
sensing plays an integral part in priming Shigella for in-
fection. While strict anaerobes are largely restricted to
the colon, where luminal oxygen concentrations are very
low, oxygen concentrations are elevated at the epithelial
surface due to diffusion of oxygen from the oxygenated
epithelium. Oxygen levels remain highest at the epithelial
surface, as oxygen diffusion may be limited by the thick
mucus layer. While the transcription of the T3SS is in-
hibited under anaerobic conditions (32), Shigella senses
the increased oxygen concentration at the epithelial sur-
face to activate their T3SS and enhance invasion, thereby
avoiding unnecessary activation of its T3SS when physi-
cally far from its cellular target (33).

SHIGELLA INVADES COLONOCYTES
AND ELICITS HELP FROM THE HOST
TO REACH THE EPITHELIUM

Once Shigella crosses the mucus layer, it reaches the co-
lonic epithelium. This single-layer intestinal epithelium
provides a physical barrier between the contents of the

intestinal lumen and the immune system of the host and is
a critical part of the host defense system. Tight junctions
located near the apical side link neighboring epithelial
cells together to form a fluid-impermeable barrier. How-
ever, regulated sampling of luminal contents does occur
through specialized M cells of the follicle-associated epi-
thelium (FAE) overlying Peyer’s patches and smaller mu-
cosal lymphoid tissues, such as cryptopatches, isolated
lymphoid follicles, and colonic patches. Experiments in
monkeys and morphological analysis of rectal biopsy
samples from shigellosis patients identified the FAE of the
colon as the first site targeted by Shigella (34, 35). More
targeted analysis of Shigella interactions with the FAE
of small intestinal Peyer’s patches using rabbit ileal loop
models supported the early interaction of Shigella with
the FAE and specifically implicated M cells as the entry
portal (36-38). These observations, together with the
observation that Shigella invades the basolateral side of
polarized colonocytes in vitro much more efficiently than
the apical side, established M cells as the main entry
portal of Shigella. However, the early steps of invasion
are still not clear. The relatively recently developed co-
lonic guinea pig infection model (39) has highlighted
Shigella’s ability to also interact and invade the apical
side of colonocytes. At the same time, Shigella infection of
epithelial cells in vitro has provided interesting insights
into the interaction of Shigella with the apical side of
epithelial cells.

Shigella is nonflagellated and therefore does not use
flagellum-mediated motility to either reach the colonic
mucosa or carry out close interaction with the host epi-
thelium. Instead, Shigella elicits the help of the host to
reach the epithelial surface. Time-lapse video microscopy
of Shigella infection of epithelial cells 772 vitro has revealed
that Shigella can be captured by nanometer-width mi-
cropodial extensions resembling filopodia that extend
from the epithelial cell body (40). Capture of Shigella
triggers retraction of the filopodia, effectively bringing
Shigella into close proximity to the cell body, where in-
vasion can then proceed. Filopodium-mediated motility
can be considered a pathogenic feature of Shigella, as it is
dependent on the T3SS and particularly on a functional
IpaB and IpaD tip complex. Thus, Shigella T3SS mutants
are captured less often, and capture does not stimulate
filopodial retraction. During infection of polarized colo-
nocytes, these filopodial-capture events mostly occur at
cell-cell junctions, and in addition to enhancing invasion
efficiency, filopodial capture of Shigella facilitates the
entry of multiple bacteria within one entry focus.

Filopodium-mediated capture by Shigella is enhanced
by host cell signaling in response to Shigella infection
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through Ca®*-mediated release of ATP via connexin
hemichannels at the plasma membrane. ATP sensing then
leads to Erk1/2 activation, which stimulates filopodium
retraction through enhancement of actin retrograde flow
(40). Measurements of stall forces for the retraction of
single filopodia using optical tweezers suggests that in-
teractions of only a limited number of Shigella T3SS with
receptors on the filopodial tip is sufficient for a high re-
traction stall force of 10 pN (41). In comparison, a max-
imal stall force of 8 pN was reached with beads heavily
coated with Yersinia invasin, a Bl integrin ligand.

In addition, it was recently shown that Shigella mem-
brane proteins are targeted by human defensin 5 (HDS)
and that this interaction promotes Shigella adhesion and
invasion of colonocytes both iz vitro and in several in vivo
models (42). Enhanced attachment and invasion were
specific to HDS and did not occur with mouse cryptdins,
leaving open the possibility that HD5-mediated infection
participates in the narrow host range of Shigella. The
investigation of the interaction and invasion of the apical
side of colonocytes by Shigella has been facilitated by
new in vivo and ex vivo models. Indeed, the analysis of
Shigella invasion of the colon, the natural site of infec-
tion, was long hindered due to the lack of a suitable in-
fection model. This limitation was recently overcome
through the development of a guinea pig colonic infec-
tion model that largely recapitulates the disease pheno-
type in humans (39).

Although the guinea pig model generally suffers from
a shortage of available reagents to interrogate the host
immune response, infection with Shigella can be moni-
tored using simple fluorescent markers of the actin cyto-
skeleton. Interrogation of Shigella infection of the guinea
pig colon using advanced quantitative bioimaging and
correlative light and electron microscopy revealed that
Shigella preferentially associates with colonic crypts and
invades colonocytes located at the crypt mouth while
rarely reaching the base of the crypt, where stem cells are
located in their protected niche (43). Similarly, Shigella is
preferentially found at crypt openings during early inter-
actions with human colonic explants (44). In the guinea
pig model, Shigella infection of cryptoproximal colo-
nocytes is followed by spreading of the bacteria within
the epithelium and increasing levels of tissue destruction
until the infection is controlled by the host immune sys-
tem. As seen in human rectal biopsy samples, Shigella
infection does not generally reach the level of the intes-
tinal crypt, although shigellosis and the associated vas-
cular lesions do lead to an increase in mitotic activity in
the crypt (43). Under these circumstances, direct invasion
of colonocytes near the crypt opening likely delays the

interaction of Shigella with macrophages to a later time
point in the infection process.

SHIGELLA LIKELY TRAVERSES THE COLONIC
EPITHELIUM THROUGH M CELLS

M cells are part of the specialized epithelium overlying
mucosa-associated lymphoid tissue, including crypto-
patches, isolated lymphoid follicles, and Peyer’s patches
of the small intestine as well as colonic patches (43).
These secondary lymphoid tissues are inductive sites for
adaptive B and T cell immune responses against antigens
found in the intestinal lumen. Compared to neighboring
villus epithelial cells, the FAE is characterized by reduced
levels of mucus, antimicrobial peptides, and fucosylation
and a site more easily accessible to antigens and mi-
crobes. M cells are best characterized as part of the small
intestinal Peyer’s patches, as these are large and acces-
sible lymphoid structures. Lymphoid tissues of the large
intestine resemble Peyer’s patches but are smaller and
less discernible with fewer follicles and smaller germinal
centers, the sites where B cells are activated, proliferate,
switch immunoglobulin class, and increase immunoglob-
ulin antigen affinity by somatic hypermutation. Small in-
testinal Peyer’s patches instead bulge out of the intestinal
wall, allowing easy identification, and therefore often
serve as proxies for the interaction of microbes with
lymphoid tissue.

M cells are involved in immunosurveillance by the host
and are characterized by their lack of microvilli, an apical
microfold structure, and a large pocket-like invagination
on their basolateral side (45). These cells are thereby
structured to mediate the controlled sampling of antigens
and bacteria from the intestinal lumen and transcytose
these to the basolateral side, where antigen-presenting
cells such as macrophages and dendritic cells are stra-
tegically located in or near the M cell pocket to kill
commensals and process antigens. Like other entero-
pathogenic bacteria, Shigella can hijack this specialized
M cell portal to breach the protective intestinal barrier
and gain access to the basolateral side of the epithelium.

In both the mouse and rabbit ileal loop models, Shi-
gella invades M cells overlying Peyer’s patches early dur-
ing infection (36, 37, 46). Notably, little is still known
about the interaction of Shigella with M cells, as this in-
teraction remains to be investigated in detail on a cellu-
lar level. However, time course analysis coupled with
transmission electron microscopy of rabbit ileal loops
suggests that Shigella does not access the M cell cytosol
but rather traverses M cells in endocytic vacuoles (36).
Shigella transcytosis is not generally associated with
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significant cytotoxicity to the M cells and thus leaves the
entry portal intact (36). After transcytosis, Shigella is
captured by macrophages residing in the M cell pocket
and in the subepithelial dome of the Peyer’s patches.
Macrophages are, however, largely unable to contain
Shigella in the phagosomal compartment. Instead, Shi-
gella reaches the macrophage cytosol and the macro-
phage undergoes pyroptotic death, allowing Shigella to
escape to the lamina propria.

SHIGELLA ESCAPES MACROPHAGES
BY INDUCING PYROPTOSIS

The main functions of macrophages are to detect and
phagocytose microbes, to kill them, and to coordinate an
inflammatory response to regain sterility. Due to their
central role in clearing infections, pathogens have devised
strategies to subvert them. Macrophages are used by some
pathogens, such as Listeria monocytogenes, as replicative
niches and Trojan horses to reach deeper tissues. Listeria
therefore evolved to support macrophage survival in order
to safeguard its replicative cytosolic niche. Unlike Listeria,
Shigella does not generally disseminate into deeper tissues
and instead aims to rapidly escape from the macrophage
to reach and invade its preferred replicative niche, the
colonic epithelium. Shigella escapes from macrophages by
triggering and actively promoting pyroptotic macrophage
death (Fig. 3) (47).

Pyroptosis is a highly inflammatory type of programmed
cell death that links the detection of danger signals known
as microbe-associated molecular patterns (MAMPs) and
danger-associated molecular patterns (DAMPs) by cyto-
solic pattern recognition receptors (PRRs) to the release
of proinflammatory cytokines and lytic cell death (48).
Rupture of the infected cell in turn releases cytokines and
DAMPs such as ATP and DNA, which further augment
the proinflammatory environment and lead to the re-
cruitment of immune cells. Pyroptosis is therefore an an-
timicrobial response to intracellular pathogens activated
when the host cell has been compromised and MAMPs
are sensed in the host cell cytoplasm. It thereby serves to
release the invading bacteria into the extracellular space,
making them accessible for killing by the more bacteri-
cidal neutrophils while concomitantly alerting the im-
mune system to the intruder.

Pyroptosis, like apoptosis, is mediated through the con-
trolled activation of caspases, which are aspartate-specific
cysteine proteases that cleave cellular targets to ultimately
kill the cell (48, 49). Unlike apoptosis, a noninflammatory
programmed cell death, pyroptosis involves the activation
of inflammatory caspases, such as caspase-1 and caspase-

11 in mice and caspase-4 and -5 in humans. The canonical
inflammasome is a multiprotein complex composed of
activated PRRs and, depending on the PRR, the adaptor
protein-associated speck-like protein and caspase-1, pre-
viously known as IL-1B-converting enzyme (50). Three
types of cytosolic PRRs sense a wide variety of MAMPS:
the nucleotide-binding oligomerization domain (NOD)-
like receptor (NLR) family, the Aim2 (absent in melano-
ma 2)-like receptor family, and the retinoic acid-inducible
gene-related I-like receptor family. Activation of a subset
of these cytosolic PRRs leads to inflammasome formation
and caspase-1 activation.

Direct sensing of bacterial compounds is achieved by
Aim2, a bacterial double-stranded DNA sensor, and
NLRC4/IPAF, a PRR coreceptor that links the recogni-
tion of conserved bacterial proteins such as flagella and
T3SS rod and needle proteins by neuronal apoptosis in-
hibitory proteins (NAIPs) to caspase-1 activation. Con-
versely, indirect sensing of bacterial infection through
sensing of pathogenicity patterns is achieved by NLRP1B,
a sensor for the proteolytic activity of bacterial toxins
(e.g., Bacillus antbhracis lethal factor); by NLRP3, a PRR
activated by a wide range of MAMPs and DAMPs that
lead to host cell changes such as potassium efflux, pro-
duction of reactive oxygen species, and lysosomal desta-
bilization; and by pyrin, a sensor for the deactivation of a
subset of small GTPases (RhoA, -B, and -C) involved in
cytoskeleton regulation and a frequent target of bacterial
effectors.

Upon its activation by the inflammasome, caspase-1
cleaves and activates the proinflammatory cytokines IL-
1B and IL-18 and the cellular protein gasdermin D (49).
Activated gasdermin D oligomerizes and forms pores in
host membranes that allow the release of the proinflam-
matory cytokine IL-1B but eventually lead to water in-
flux, cell swelling, host cell lysis, and release of the cellular
contents. Gasdermin D-mediated host cell death can also
be induced by the activation of caspase-11, or its human
homolog, through direct sensing of the cytosolic hexa-
acyl lipid A moiety of LPS. The secreted proinflammatory
cytokines IL-1B and IL-18 bind to the IL-1 and related IL-
18 receptors, respectively, to trigger NF-kB- and mitogen-
activated protein kinase (MAPK)-signaling pathways in
a MyD88- and TRAF-dependent manner, leading to
release of additional proinflammatory cytokines such
as tumor necrosis factor alpha and IL-6. IL-1B also
functions to recruit neutrophils and to stimulate a Th17
response, while IL-18 stimulates T and NK cells to
produce gamma interferon, which enhances the anti-
microbial activity of macrophages by inducing nitric
oxide production.
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FIGURE 3 Shigella subversion of host cell survival, integrity, and function. Shigella produces
numerous effectors that subvert various host cell processes to promote its virulence. Upon
invasion of epithelial cells, numerous effectors function to protect the cytosolic replicative
niche of Shigella by antagonizing host cell death (apoptosis, pyroptosis, and necrosis),
promoting host cell integrity, and inhibiting the recruitment of neutrophils, which kill Shi-
gella. Conversely, Shigella actively promotes host cell death in infected macrophages. For
immune cells, Shigella mediates B cell death and the inhibition of T cell migration in infected

and noninfected cells.

In Shigella-infected macrophages, pyroptotic host cell
death requires phagosomal escape of Shigella and is me-
diated by the NLRC4 inflammasome, with some contri-
bution from the NLRP3 inflammasome (Fig. 3) (47, 51).
Shigella first escapes the phagosome with the help of

the pore-forming activity of the IpaC-IpaB translocon at
the tip of the T3SS. Pore formation by IpaB allows in-
flux of potassium, and phagosomal rupture releases vac-
uolar contents and results in membrane damage that may
be recognized and serves to activate the NLRC4 inflam-
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masome (47). In addition, during cytosolic replication,
the T3SS rod and needle proteins MxiH and Mxil are
sensed by NAIP1 and NAIP2 of the NLR family and
activate NAIP-dependent NLRC4 inflammasomes, trig-
gering caspase-1 activation and pyroptosis (52-55). Shi-
gella LPS is also sensed by human caspase-4, exacerbating
the pro-death response.

Notably, Shigella is not an innocent bystander in
triggering macrophage cell death but actively promotes
caspase-1 activation and pyroptosis, as the T3SS-secreted
E3 ubiquitin ligase IpaH7.8 was shown to ubiquitinate
glomulin, an inhibitor of NALP3/NLRC4 inflammasome
activity, and target it for degradation by host protea-
somes (26). Loss of glomulin inhibition leads to in-
flammasome activation and pyroptosis. Notably, in the
absence of IpaH7.8, intranasal challenge of mice with
Shigella leads to a reduction in macrophage cell death,
reduced IL-1B production, and less extensive coloniza-
tion. Thus, although pyroptosis serves as an antimicro-
bial defense mechanism of the host, Shigella actively
promotes it and, at least in the early stages of the in-
fection, uses it to its advantage. Pyroptosis of infected
macrophages releases Shigella near the basolateral side
of the epithelium, which Shigella invades to reach its
replicative niche, the epithelial cell cytosol.

ADHESION AND FORCED ENTRY INTO
NONPHAGOCYTIC HOST CELLS

Shigella interacts with several host receptors to adhere to
epithelial cells and to favor insertion of the T3SS tip
complex, which is required for epithelial cell invasion.
The needle complex components IpaB, IpaC, and IpaD
can bind osB; integrins, and their overexpression in
Chinese hamster ovary cells increases invasion efficiency
of Shigella in these cells (56). In addition, IpaB can bind
to CD44, a hyaluronic acid receptor, to mediate entry.
Expression of CD44 in host cells increases Shigella ad-
hesion, while treatment of CD44-expressing cells with
a monoclonal antibody directed against CD44 decreases
Shigella invasion (57). Both a5 integrins and CD44 are
surface receptors that interact with the extracellular ma-
trix and, as expected, are located on the basolateral side
of polarized epithelial cells, supporting a role for these
receptors in the basolateral invasion of Shigella. Shigella
may also use IcsA-mediated adhesion to a yet-undefined
receptor to facilitate entry during basolateral invasion of
epithelial cells.

Unlike L. monocytogenes, which induces a zipper-type
uptake into epithelial cells, Shigella uses a trigger mech-
anism that results in extensive ruffle formation at the cell

surface. Ruffle formation and invasion are mediated by a
combination of changes in membrane tension, host cell
signaling, and hijacking of the host actin cytoskeleton,
although other cytoskeletal components, such as inter-
mediate filaments, are also implicated. Cellular actin cy-
toskeletal rearrangements are largely regulated through
p21 Rho-family small GTPases, including Rho, Rac, and
Cdc42 GTPases. These master regulators of actin dy-
namics are molecular switches. In their GTP-bound “on”
state, they activate a range of host factors to promote
actin dynamics. When the intrinsic GTPase activity of the
small GTPases is stimulated by GTPase-activating pro-
teins (GAPs), GTP is hydrolyzed to GDP and renders the
small GTPase in its “off” state. The replacement of GDP
with GTP is then promoted by guanine nucleotide ex-
change factors. Through this cycling between the GTP-
and GDP-bound states, these small GTPases drive actin
dynamics.

Overall, Shigella promotes ruffle formation and entry
by stimulating actin cytoskeleton remodeling and actin
polymerization through a complex but coordinated pro-
cess involving numerous effectors, including IpaC, IpaA,
VirA, IpgD, and the guanine nucleotide exchange factors
IpgB1 and IpgB2. Upon insertion into the host mem-
brane, the C terminus of IpaC faces the cytoplasm and
directly binds to the intermediate filaments vimentin and
keratin 18 (58). The IpaC-vimentin interaction is neces-
sary for stable docking of Shigella with the host cell
membrane and a requirement for the secretion of effectors
(58). The IpaC C terminus also stimulates actin polymer-
ization and actin remodeling through Cdc42, Racl, and
the activation of the tyrosine kinase Src (59). The role of
these host factors has been addressed through targeted
inhibition in host cells. Thus, inhibition of Cdc42 blocks
Shigella-induced membrane extensions and inhibition of
Rac activity interferes with lamellae formation, while in-
hibition of the Src pathway blocks cellular extensions and
Shigella engulfment and reduces entry by a factor of 10.
Src activation by IpaC leads to the phosphorylation and
activation of the actin-binding protein cortactin, which
in turn interacts with the Arp2/3 complex and the Src-
related tyrosine kinase CrK to stimulate actin polymeri-
zation and actin remodeling around the entry site.

IpaA is also a critical effector for entry, as an IpaA
deletion mutant exhibits a 10-fold entry defect (60). IpaA
regulates formation of actin protrusions and counter-
acts the uncontrolled formation of microspike structures
induced by IpaC by promoting actin filament depoly-
merization (60). IpaA directly binds vinculin, a cytosolic
actin-binding protein that is enriched in focal adhesions
and links integrin adhesion molecules to the actin cyto-
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skeleton (61). Binding of vinculin to the C-terminal
domain of IpaA enhances vinculin affinity for F-actin,
thereby partially capping the barbed end of actin fila-
ments to inhibit monomer addition and promoting F-
actin depolymerization. At the same time, IpaA promotes
actin cytoskeletal rearrangements by targeting Bl integ-
rins and stimulating the GTPase activity of the small
GTPase RhoA, rendering RhoA inactive. Through the
ROCK (Rho-associated protein kinase)-myosin II path-
way, this leads to stress fiber disassembly and the freeing
up of actin for membrane ruffle formation.

IpgB1, like IpaC, stimulates Rac1 and Cdc42 activity
and, by stabilizing them in their GTP-bound state, pro-
motes ruffle formation in an Arp2/3 complex-dependent
manner. In the absence of IpgB1, invasion is reduced
twofold. In addition, VirA may indirectly destabilize mi-
crotubules to promote Racl activity (62, 63). In con-
trast to IpaA, IpgB2 stimulates actin nucleation and stress
fiber formation by stimulating GDP-GTP exchange in
RhoA. Shigella thereby targets stress fibers for disassem-
bly and formation in a coordinated fashion to promote
bacterial entry. Entry is also supported by the hydrolysis
of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] by
the effector IpgD. This activity loosens the connection be-
tween cortical actin and the membrane to facilitate actin
dynamics at the invasion site (64).

Entry is furthermore dependent on local calcium sig-
naling induced by Shigella (65). T3SS translocators, likely
through their pore-forming activity, stimulate the activity
of host phospholipases C-p1 and C-y1, leading to the
production of InsP3 through the hydrolysis of PIP2. A
local increase in InsP3 at the invasion site and its binding
to recruited InsP3 receptors on the endoplasmic reticulum
(ER) leads to an atypical and highly localized Ca** re-
sponse. Fluorescent recovery after photobleaching re-
vealed that bacterially induced actin reorganization at the
site of entry hinders diffusion of small molecules, thereby
restricting diffusion of InsP3, enriching InsP3 receptors,
and favoring sustained local Ca** increases that are of
long (tens of seconds) duration, peaking 15 minutes after
Shigella makes contact with the host cell (66). In addition,
long-lasting local Ca®* signals are promoted by hydro-
lysis of PI(4,5)P2 through IpgD, which effectively limits
the substrate pool available to host phospholipases and
thereby restricts the generation, and subsequent diffusion,
of InsP3 (67). Low InsP3 diffusion curbs the release of
Ca** stores from the ER, thereby also maintaining cell
integrity by preventing Ca**-mediated disassembly of fo-
cal adhesions (67). These atypical local Ca** responses
are critical for entry; more global Ca** responses with
slower dynamics follow and, while not critical to entry,

facilitate Shigella invasion by filopodial capture. Shigella
mediates these atypical Ca®* responses through IpgD.

PHAGOSOMAL ESCAPE OF SHIGELLA
FLEXNERI

Shigella invasion of epithelial cells and phagosomal es-
cape are difficult processes to investigate because they are
rapid events that last less than 15 minutes. Phagosomal
rupture is dependent on a functional T3SS and is facili-
tated by a number of Shigella effectors, including IpgB1,
IpgB2, and IpgD, that each contribute a small amount to
the efficiency of phagosomal lysis (68, 69). Small inter-
fering RNA screens and advanced large-volume correl-
ative light electron microscopy have recently yielded new
insights into the invasion and phagosomal escape pro-
cess of Shigella (68, 70). Despite the massive ruffling
induced upon invasion, Shigella is found in a tight vac-
uole where the bacteria are in close contact with the
phagosomal membrane. Ruffling leads to the formation
of macropinosomes surrounding the entry site, but while
macropinosomes take up fluid-phase markers, such as
fluorescently labeled dextran, these markers are excluded
from the Shigella-containing vacuole.

IpgD activity promotes ruffle formation and fosters
the formation of macropinosomes and recruitment of
the GTPase Rab11 to macropinosomes in the vicinity of
bacterial entry (Fig. 4A) (70). Although Rab11 is not
required for macropinosome formation, inhibition of
Rab11 by expression of a dominant negative mutant
delays vacuolar rupture and interferes with the entry
process (70). How exactly Rab11 macropinosomes foster
phagosomal lysis remains unclear. Rab11-positive mac-
ropinosomes come into direct contact with the Shigella-
containing vacuole but do not fuse or deliver fluid-phase
markers to the phagosome (68). In nonphagocytic cells,
macropinosomes recycle back to the plasma membrane
with minimal interaction with the endosomal pathway
and are not known to recruit Rab11, a marker of the
endosomal recycling compartment. Shigella thereby trig-
gers macropinosome formation but through the action
of IpgD initiates a novel vesicular trafficking pathway
that is dependent on the formation of modified macro-
pinosomes to mediate phagosomal lysis.

SURVIVAL OF SHIGELLA FLEXNERI
IN EPITHELIAL CELLS

Shigella uses the epithelial host cell cytosol as its main
replicative niche and therefore has evolved mechanisms
to escape host antimicrobial defenses and to safeguard its

ASMscience.org/MicrobiolSpectrum

11

Downloaded from https://journals.asm.org/journal/spectrum on 20 March 2023 by 151.100.157.207.


http://www.ASMscience.org/MicrobiolSpectrum

Schnupf and Sansonetti

o @D, e
/GBP

(%)

(£62)oUP

= O°) & ¥

v/

f Cytokine
secretion

PIP5 PIP2

= ATP

SRS

Apparatus

, GIC
cyclic
nucleotide

(paHa5>

©

%/ 0 LG
O RS ER

~

FIGURE 4 Shigella modulation of antimicrobial defenses
and proinflammatory responses. (A) Numerous effectors
have been linked to the evasion of autophagy during Shi-
gella cytosolic growth and cell-to-cell spread to foster
bacterial survival and propagation. The presence, replica-
tion, and spreading of Shigella are sensed by the cellular
immune surveillance system of the host, which is linked to
proinflammatory responses. Shigella actively counteracts
the cellular proinflammatory response in epithelial cells
through inhibition of key signaling pathways (B) and dis-
ruption of the vesicular trafficking pathways (C).
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replicative niche from destruction. One major host de-
fense mechanism that is activated and that Shigella must
subvert in order to survive in host cells is autophagy
(Fig. 4A) (71). Canonical autophagy involves around 40
autophagy-related proteins that act together in a multi-
step process to sequester cytoplasmic cargo, including
large structures such as whole organelles, in newly gen-
erated double-membrane vacuoles. Autophagosomes ma-
ture along the endocytic pathway into autolysosomes,
where lysosomal enzymes degrade their contents. The
main function of this process is to recycle cellular compo-
nents for the host cell and maintain cellular homeostasis.
A second critical role of autophagy is in cellular de-
fense, whereby intracellular bacteria are targeted and de-
livered to autolysosomes for killing and degradation in a
process termed xenophagy. During xenophagy, cytosolic
bacteria are recognized by autophagy sensor proteins such
as p62 and nuclear dot protein 52 (NDP52), which bind
ubiquitinated proteins and the major autophagy marker
LC3 to initiate autophagosome formation. Conversely,
pathogens surrounded by phagosomal membranes may
be targeted for lysosomal degradation by noncanonical
autophagy that involves only a subset of the autophagy
machinery, including the autophagy markers LC3 and
Atg$5. In this noncanonical pathway, phagosomes con-
taining bacterial pathogens are distinguished by the
host from endogenous vesicles through the detection of
phagosomal membrane damage. Membrane damage as-
sociated with the insertion of the secretion system pores
of the T3SS exposes the sugar-coated luminal side of
the vacuole, which can be recognized by carbohydrate-
binding proteins such as galectin-3 and galectin-8, lead-
ing to recruitment of autophagy-related proteins.
Shigella is susceptible to recognition by both the
noncanonical and canonical autophagy pathways but
counteracts autophagic capture through at least three
effectors, IcsP, IcsB, and VirA (Fig. 4A). During initial
entry, recognition of Shigella peptidoglycan by the cy-
tosolic sensor NOD1 at the bacterial entry site leads to
the recruitment of the autophagic factor ATG16L and
stimulation of autophagy (72). In addition, Shigella in-
duces a nutrient stress response that blocks mTOR sig-
naling and leads to a stimulation of autophagy (73).
Before invasion, Shigella is susceptible to being recog-
nized by the complement system, which leads to the coat-
ing of bacteria with split products of complement C3 (74).
In the host cell cytosol, surface-deposited C3 targets bac-
teria for autophagy through a direct interaction with the
autophagy marker ATG16L1 (74). Shigella subverts this
process by the shedding of C3, in part, through the pro-
teolytic activity of the surface protease IcsP (74). During

invasion, phagosomal damage induced by the Shigella
T3SS is recognized by galectin-3 and galectin-8, but Shi-
gella escapes recruitment of the autophagic marker LC3 to
the phagosome or phagosomal remnants by secreting IcsB
(75). IcsB prevents LC3 and NDP52 targeting by bind-
ing to Toca-1 (transducer of CDC42-dependent actin
assembly 1), a host protein necessary for efficient actin
polymerization.

Biorthogonal chemical proteomic profiling, biochemi-
cal assays, and proteomic analysis using SILAC (stable
isotope labelling with amino acids in cell culture) recently
revealed IcsB to be an 18-carbon fatty acyltransferase
catalyzing lysine N°*-fatty acylation of up to 60 host pro-
teins involved in the regulation of the actin cytoskeleton,
membrane trafficking, cell-cell adherens junctions, endo-
cytosis, and endosomal recycling (76). By stearoylating
charged multivesicular body protein 5, a component of
the ESCRT-III complex involved in endosomal mem-
brane sorting, IcsB is thought to inhibit the development
of the autophagic response (76).

Lysis of the phagosome allows Shigella access to cy-
tosolic host factors, including those required for actin-
based mobility, and enables Shigella to move within the
cell and to ultimately reach new replicative niches in
neighboring cells (77). Actin-based motility is mediated
by surface-localized IcsA. IcsA acts as a mimic of the small
GTPase Cdc42 to recruit neutral Wiskott-Aldrich syn-
drome protein, which binds actin monomers and acti-
vates the actin-related protein 2 (Arp2)-Arp3 complex
to mediate actin polymerization. Arp2/Arp3 complex-
mediated F-actin assembly and filament growth provide
the propulsive force for Shigella to move in the cytosol, at
speeds up to 26 pm/min, and induce membrane protru-
sions into neighboring cells for cell-to-cell spread. IcsP
also mediates correct polar localization and cleavage of
IcsA to facilitate directed motility and efficient spreading
(78), which primarily occurs at multicellular junctions
involving components of the clathrin endocytic pathway
(79). By hijacking the host cell cytoskeletal machinery,
Shigella gains motility in the cytosol without itself hav-
ing to invest into metabolically costly motility machin-
ery, such as flagella, which could also be recognized as a
MAMP and activate the host NLRC4 inflammasome.
However, while subversion of the host cytoskeleton is an
evolutionarily conserved mechanism used by pathogens
to gain intracellular motility, it also triggers autophagic
defense mechanisms that the pathogen then must try to
counter to survive and replicate (Fig. 4A).

One way the host tries to target cytosolic Shigella to
autophagy is through septins (80). These GTP-binding
proteins are part of the cytoskeleton network, as they can
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form filaments that interact with cellular membranes,
actin filaments, and microtubules (80). They are involved
in several biological processes, including cell division,
but also link the recognition of actin polymerization to
the autophagic pathway. Septins are recruited to IcsA-
mediated actin polymerization and form cages around
cytosolic Shigella. Septin cages restrict Shigella movement
and recruit the autophagic adaptors p62 and NDP52
to target Shigella for autophagic destruction (81). This
process is antagonized by mitochondrial fragmentation
through Shigella actin-mediated motility, as well as the
effector IcsB, as wild-type cytosolic bacteria are only half
as likely to show recruitment of these autophagic mark-
ers as an icsB mutant (82, 83). Notably, the evolutionary
conservation of septin caging as an innate host defense
that targets bacteria for autophagic destruction was dem-
onstrated in a novel zebrafish Shigella infection model
(84). In this model, as observed in vitro in mammalian
cells, Shigella became trapped in p62-associated septin
cages upon infection of the zebrafish, leading to p62 re-
cruitment and autophagic restriction.

Besides the recognition of actin polymerization, the
autophagic marker Atg5 directly recognizes the surface-
localized protein IcsA. IcsB appears to antagonize this
autophagic process by binding to IcsA, thereby mask-
ing the Atg$ recognition site and competitively inhibit-
ing Atg$ binding to IcsA (83).

Shigella also uses the T3SS effector VirA to inter-
fere with autophagy. Besides being important during the
entry process (85), VirA counteracts autophagosome for-
mation during cytosolic growth of Shigella by disrupt-
ing ER-to-Golgi vesicular trafficking. VirA activates the
GTPase activity of the small GTPase Rabl, rendering
Rab1 inactive and unable to direct vesicle traffic from
the ER to the Golgi apparatus (86, 87). Finally, VirA and
IcsB also have important functions in preventing auto-
phagy by mediating phagosomal escape from the double-
membrane phagosome formed during cell-to-cell spread.
In the absence of VirA and/or IcsB, intercellular spread-
ing is reduced as Shigella becomes impaired in escap-
ing the secondary phagosome and becomes trapped in
LC3-decorated phagosomes that mature to autolyso-
somes (88).

In addition to autophagy, Shigella replication and
motility are further antagonized through guanylate-
binding proteins (GBPs) (Fig. 4A) (89, 90). GBPs are
induced by gamma interferon stimulation and medi-
ate cell-autonomous antimicrobial defenses to a number
of intracellular pathogens in a yet poorly characterized
manner. However, during Shigella infection, IpaH9.8
specifically targets human GBP1 for ubiquitin-mediated

degradation to promote Shigella replication and facilitate
polymerization of host actin for actin-based motility.

MAINTENANCE OF THE EPITHELIAL
CELL CYTOSOLIC REPLICATIVE NICHE

Aside from escaping the degradative autophagy system
and spreading from cell to cell to extend its replicative
niche, Shigella also needs to safeguard its cytosolic niche
and uses several strategies to prevent host cell death (47).
Since the infectious dose of Shigella can be as low as 10 to
100 bacteria, safeguarding its replicative niche is of par-
ticular importance early during the infection process in
order to increase the bacterial load. Shigella evades host
cell death by obstructing the activation of pro-death
pathways and by activating pro-survival pathways (Fig. 3).
The inhibition of epithelial cell death is impressive, as
Shigella can replicate to high numbers (>100 bacteria)
without lysing the epithelial cell, which is in stark con-
trast to the rapid cell death induced in macrophages.
As Shigella replicates in the epithelial cell cytosol, it is
highly susceptible to recognition by cytosolic PRRs. One
of the most abundant MAMPs, LPS, is recognized by
human caspase-4 (caspase-11 in mice) and leads to py-
roptotic host cell death. Shigella, however, limits recog-
nition of its LPS during cytosolic growth by switching
from a hexa-acylated LPS form, typically observed dur-
ing growth in laboratory medium and highly stimulating
for both TLR4 and caspase-11, to a tetra- and triacylated
form, which is poorly recognized by these PRRs, upon
cytosolic growth (91). In addition to the hypoacylation
of its LPS, Shigella counteracts caspase-4 activity with the
secretion of the late T3SS effector OspC3 (92). OspC3
binds to the p19 subunit of caspase-4 and thereby inhibits
the assembly of the active caspase-4 tetramer, consisting
of two p19 and two p10 subunits. In the absence of
OspC3, Shigella infection leads to increased pyroptosis
and enhanced IL-18 release by epithelial cells i vitro and,
in the in vivo guinea pig colon infection model, to greater
cell death of the colonic mucosa and a reduction in col-
onizing bacteria compared to wild-type Shigella infection.
Shigella infection of epithelial cells also leads to host
DNA damage, or genotoxic stress, which triggers the
proapoptotic p53 pathway (23) (Fig. 3). This pathway is
antagonized by the delivery of VirA during entry into
epithelial cells. VirA binds to calpastatin, the inhibitor of
calpain protease, and targets it for degradation, resulting
in the activation of calpain and calpain-mediated p53
degradation. However, while calpain activation limits ap-
optotic host cell death during the early phase of Shigella
infection, calpain activation during later stages promotes
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necrotic cell death. Strikingly, short hairpin RNA inhibi-
tion of calpain and live fluorescence video microscopy
showed that in the absence of calpain, Shigella intracellular
growth is impressively enhanced and cells resist lysis until
the cells are literally bursting with bacteria (23). In addition
to VirA, p53-mediated apoptosis is antagonized through
the phosphoinositide phosphatase activity of IpgD. During
bacterial entry, PISP, liberated through IpgD activity on PI
(4,5)P2, promotes the activation of the epidermal growth
factor receptor and the downstream PI3-kinase/Akt pro-
survival pathway (23, 93, 94). Akt activation inhibits p53
proapoptotic signaling through the phosphorylation and
stabilization of Mdm2, an E3 ubiquitin ligase that, when
activated, targets p53 for degradation.

The mitochondrion is another organelle affected by
Shigella. Induction of mitochondrial permeability during
infection releases cytochrome ¢, which is sensed by APAF-
1, leading to the formation of the apoptosome, activation
of caspase-9, and activation of the executioner caspase,
caspase-3, resulting in apoptosis (95). Shigella antagonizes
caspase-3-mediated apoptosis by FimA, Spal5Sm, and
IpgD. FimA is a pilus protein that in the cytosol of infected
cells antagonizes cytochrome c¢ release and subsequent
caspase-3 activation (96). By binding to the mitochon-
drial outer membrane protein VPAC, FimA strengthens
the interaction of VPAC with hexokinase. This prevents
hexokinase dissociation from the mitochondrial mem-
brane, an event that triggers Bax translocation to the outer
mitochondrial membrane, the formation of Bax/Bak mi-
tochondrial outer membrane pores, loss of membrane in-
tegrity, and release of cytochrome c. Notably, however,
Shigella does not have fimbriae, and FimA expression is
questionable due to mutational inactivation across at least
three phylogenetic groups (97).

Further down the pathway, Shigella inhibits caspase-
3 activation in response to cytochrome ¢ release and
caspase-9 activation through the involvement of the T3SS
chaperone Spal3, by a yet-unknown mechanism (98). In
addition, secretion of the T3SS effector IpgD antagonizes
caspase-3 activation again through the stimulation of the
PI3-kinase/Akt pro-survival pathway (99). Shigella in-
fection also leads to oxidative stress of the cell that trig-
gers a mitochondrial permeability transition-dependent
necrosis-like cell death through the signaling of the BH3-
only protein BNIP3 and CypD (100). This cell death
pathway is counterbalanced by the sensing of Shigella
peptidoglycan and activation of the cytosolic PRR Nod1-
mediated Rip2-IKKB-NF-kB signaling cascade, which
upregulates proinflammatory factors but also induces
the expression of potent antiapoptotic factors, includ-
ing Bcl-2. Shigella thereby uses the activation of pro-

survival pathways to counteract necrotic and apoptotic
cell death.

In addition to obstructing host cell death, Shigella also
preserves its intracellular niche within the epithelial layer
by promoting the adhesion of infected cells to the base-
ment membrane and preventing cell division. To ensure
adhesion, the Shigella T3SS effector OspE is recruited to
focal adhesions, where it interacts with the integrin-like
kinase ILK, reduces focal adhesion kinase phosphoryla-
tion, and increases surface B1 integrins (101). The OspE-
ILK complex thereby promotes epithelial adhesion to the
basal membrane by inhibiting focal adhesion disassembly
(101, 102) (Fig. 3). To prevent division, and the accom-
panying reduction of adhesion to neighboring cells and
the lamina propria, the Shigella effector IpaB can mediate
cell cycle arrest by interfering with the binding of the
anaphase-promoting complex inhibitor Mad21.2 to Cdh1
(103), which is part of the anaphase-promoting complex
and is involved in preventing mitosis by suppressing
mitotic cyclins needed to enter mitosis. Lack of binding of
Mad2L2 to Cdh1 keeps Cdh1 constitutively active and
prevents cells from undergoing mitosis. Additionally, the
phosphatase activity of IpgD that generates PISP favors the
internalization and subsequent degradation of ICAM-1
in infected epithelial cells, thereby reducing the adhesion
of neutrophils and the inflammation and tissue de-
struction associated with their recruitment (104).

Through these multiple mechanisms, Shigella safe-
guards its replicative niche and ensures sufficient time to
replicate extensively in the host cell and to spread to
neighboring cells.

REPLICATION OF SHIGELLA IN THE
EPITHELIAL CELL CYTOSOL

Unlike intravacuolar pathogens, such as Salmonella,
which need strategies to acquire nutrients in the phago-
somal compartment and to subvert the endomembrane
system of the host to prevent the maturation of the
phagosome into hostile and degradative lysosomal com-
partments, Shigella enters and replicates in what is con-
sidered a relatively nutrient-rich environment of the
cytosol. Transcriptional profiling and global proteomic
analysis of Shigella during cytosolic growth have given a
good overview of the metabolic changes that accompany
Shigella adaptation to the cytosolic replicative niche. In
contrast to its extracellular growth, Shigella adapts to
the low-oxygen environment of the epithelial cytosol by
downregulating enzymes involved in oxidative respira-
tion and increasing expression of enzymes involved in
glycolysis and mixed-acid fermentation (105). Shigella
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also increases fructose and mannose importers as well as
the dipeptide transporter DppA to scavenge nutrients
from the host. Transcriptional profiling also suggests that
the cytosolic environment of epithelial cells is not a par-
ticularly stressful environment as, at least in the in vitro
system, Shigella does not upregulate stress response pro-
teins, such as nitric oxide dioxygenase, during cytosolic
growth compared to growth in broth (105).

A notable exception is iron stress. Due to the inherent
toxicity of iron, the host limits intracellular iron con-
centrations and sequesters free iron by expressing iron-
binding proteins. Iron is an essential micronutrient for
Shigella growth, and Shigella can capture intracellular
iron through multiple routes, including the expression of
siderophores and uptake of heme or ferric and ferrous
iron through dedicated iron transport systems, which
Shigella upregulates in response to the low iron accessi-
bility in the cytosolic milieu (106). However, overall, nu-
trients are not limiting for Shigella growth in the host cell
cytosol, as Shigella maintains an extremely high growth
rate during cytosolic growth, doubling around every 37
minutes, similar to what is seen in rich nutrient broth
(107). Analysis of auxotrophic mutants of Shigella also
indicates that Shigella has access to diverse amino acids in
sufficient quantities, while availability of host fatty acids,
purine nucleosides, and some amino acids, such as as-
paragine and proline, is limiting.

While Shigella obtains a substantial amount of bio-
mass through uptake of nutrients, metabolite mass spec-
trometry using '>C glucose isotype tracking revealed that
Shigella derives its energy almost exclusively from py-
ruvate during cytosolic growth in HeLa cells (107). Py-
ruvate is a particularly abundant metabolite in Hela
cells, as these cancer cells mostly rely on glycolytic path-
ways rather than the oxidative tricarboxylic acid cycle
for energy production. Shigella metabolizes pyruvate into
acetate using the low-yield but high-speed acetate path-
way. The acetate pathway is a typical pathway used
during rapid growth under nutrient-rich conditions in
Enterobacteriaceae because although it produces only one
ATP per pyruvate molecule, it also uses only two enzymes
and can therefore rapidly generate energy to sustain rapid
growth. Infected host cells are therefore not compromised
for energy output, as Shigella infection does not affect the
host’s main energy pathways. Rather, Shigella efficiently
uses the waste product of the host energy production to
power its replication.

Shigella infection of epithelial cells does, however,
activate metabolic stress responses, as metabolic labeling
of de novo protein synthesis shows a global shutdown of
host protein synthesis, particularly early within the first

two hours during infection (108). Shigella infection trig-
gers the host amino acid starvation response whereby
activation of the sensor kinase GCN2 (general control
nonderepressible 2) leads to downstream phosphoryla-
tion of the master regulator elF2a (eukaryotic initiation
factor 2a) (73). Phosphorylated elF2a blocks translation
initiation on a global scale while selectively enhancing
translation of the transcription factor ATF4, which to-
gether with ATF3 enhances transcription of stress-related
genes involved in amino acid metabolism and protec-
tion against oxidative damage. Nutrient limitation is also
sensed through the mechanistic target of rapamycin
(mTOR) pathway and leads to its inhibition. Inhibition
of the mTOR pathway during Shigella infection stimu-
lates autophagy and contributes to the general inhibition
of translation. To support the metabolic needs of its rapid
replication, Shigella may benefit from the amino acid
resources made available through the reduction in overall
host translation and stress-induced stimulation of amino
acid metabolism. However, Shigella also actively antag-
onizes the downregulation of the mTOR pathway through
the secretion of the T3SS effector OspB (109). OspB acts
early during infection by turning on the mTOR complex
1 through the scaffolding protein IQ motif-containing
GAP1, possibly to prevent the activation of the auto-
phagy pathway.

SHIGELLA-MEDIATED SUBVERSION OF
HOST INFLAMMATORY RESPONSES

While inflammation can support Shigella virulence early
during infection by facilitating Shigella invasion of the
colonic epithelium, Shigella has devised multiple strategies
to limit the inflammatory response of infected epithelial
cells to promote its virulence. This includes targeted in-
hibition of factors involved in proinflammatory pathways,
interference in transcriptional activation of proinflamma-
tory cytokines, inhibition of the endomembrane system
required for cytokine secretion, and prevention of the re-
lease of endogenous danger signals (Fig. 4) (12).
Epithelial cells, similar to professional immune cells,
are alerted to the presence of microbes through sensing of
conserved MAMPs by various PRRs. Sensing of bacterial
compounds in the extracellular environment is largely
mediated by the membrane-anchored Toll-like receptor
(TLR) family, while cytosolic sensing is mediated by cy-
tosolic PRRs, including NOD1 and -2 and the family of
NLRs. The host response to PRR activation depends on
the type of PRR activated, its location, and the danger it
represents (110). Thus, CpG activation of TLR9 on the
apical side of differentiated epithelial cells leads to a
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cytoprotective and tolerogenic host response, while en-
gagement of TLR9 located at the basolateral side leads
to expression of proinflammatory genes, as it signals a
breach in the epithelial barrier (111). In addition, sensing
of the same MAMP by different receptors can lead to
different host responses. For example, while sensing of
extracellular LPS by membrane-bound TLR4 triggers
the activation of two major proinflammatory pathways,
NF-kB and MAPKSs, cytosolic LPS is sensed by caspase-
11 (and caspase-4 in humans), which leads to gasdermin
D-mediated host cell lysis, potentially because the pres-
ence of a pathogen in the cytosol is a greater threat to the
cell than sensing of the microbe extracellularly.

Extracellular and intracellular sensing of MAMPs is
also intimately linked to the cellular response (112). Thus,
TLR sensing, through for example TLR-3 or -4, activates
the NF-xB pathway and leads to transcriptional upregu-
lation and synthesis of IL-1B, IL-18, and caspase-1. Under
these circumstances, whereby the host cell is first primed,
activation of caspase-11 leads to pyroptotic host cell death,
as gasdermin D-mediated membrane damage is sensed by
the NLRP3 inflammasome and leads to caspase-1 activa-
tion and proteolytic activation of the proinflammatory
cytokines IL-1pB and IL-18.

The NF-«B and MAPK pathway are two major pro-
inflammatory pathways activated by epithelial cells in re-
sponse to PRR recognition, danger sensing, and cytokine
stimulation. Both pathways use the activation of pre-
synthesized transcriptional activators, allowing a rapid
transcriptional response to harmful stimuli. The MAPK
pathway involves the activation of MAPKs ERK, JNK,
and p38 through a phosphorelay system of upstream ki-
nases and the downstream activation of transcription
factors. Conversely, the transcription factor NF-kB, com-
posed of a p50 and p65 subunit in its canonical state, is
maintained in an inactive state in the cytoplasm through
direct interaction with the inhibitor IkBa. Phosphoryla-
tion of IkBa by the upstream IxB kinase (IKK), composed
of the master regulator NEMO (also called IKKy) and the
catalytic heterodimer IKKa and IKKP, targets IkBo for
ubiquitination and degradation by host proteasomes, re-
leasing NF-xB from its inhibition and freeing it to move
into the nucleus to drive transcription of target genes.

Early during Shigella invasion, recognition of the bac-
terial MAMP diaminopimelic acid-containing peptido-
glycan fragments by the PRR NOD1 drives a robust
inflammatory response through the activation of the JNK
MAPK pathway and a RIP2-dependent NF-xB activa-
tion (113, 114). NOD1-independent activation of NF-kB
also occurs in response to sensing of DAMPs gener-
ated during Shigella invasion and phagosomal escape.

Notably, later during infection, active replication of in-
tracellular Shigella is sensed through the TRAF-inter-
acting forkhead-associated protein A (TIFA)-dependent
cytosolic surveillance pathway (Fig. 4B). The TIFA path-
way senses cytosolic levels of the bacterial metabolite
heptose-1,7-bisphosphate, a MAMP specific to Gram-
negative-specific bacteria, leading to TIFA oligomeriza-
tion, recruitment, and activation of the E3 ubiquitin ligase
TRAF6 and NF-«B (115).

Attesting to the central role of NF-kB in host defense,
Shigella employs at least nine effectors to inhibit the NF-
kB pathway. Shigella effectors inhibit steps upstream of
IKK activation, at the level of IKK and the NF-xB complex,
and at the level of NF-«B transcription factor trafficking
and target promoter binding, as well as downstream of
NF-«kB-mediated transcription (Fig. 4B).

During Shigella entry, the accumulation and libera-
tion of diacylglycerol at the entry site are sensed as a
danger signal and lead to TRAF6-dependent activation
of NF-kB signaling. This pathway is inhibited by Ospl,
a glutamine deaminase, which targets UBC13, an E2
ubiquitin-conjugating enzyme (116, 117). Binding of Ospl
to UBC13-ubiquitin leads to deamination of UBC13 at
GIn-100 and inactivation of its E2 activity. This pre-
vents ubiquitination of TRAF6, which is necessary for the
activation of NF-xB signaling. Lysis of the phagosomal
membrane is also sensed by the host cell and leads to ac-
tivation of the protein kinase C pathway, which activates
NF-kB through TRAF2. This pathway is antagonized by
IpaH0722, which targets TRAF2 for degradation by host
proteasomes and thereby damps NF-«B activation (118).
In addition, IpaH1.4 and IpaH2.5 ubiquitinate and target
for proteasome degradation HOIP, a component of the
linear ubiquitin chain assembly complex that generates
Met1-linked linear ubiquitin chains involved in activating
NF-B signaling downstream of TRAF2 signaling (119).

The methyltransferase OspZ interferes with NF-kB
signaling by modifying the zinc finger cysteines of TAK1-
binding proteins 2 and 3 in order to prevent ubiqui-
tin chain binding and subsequent NF-«B activation (120,
121). Conversely, IpaH9.8 is particularly important for
blocking NF-kB activation through Nod1 sensing of Shi-
gella peptidoglycan fragments. IpaH9.8 targets NEMO
for degradation through its interaction with the IKK
complex and ABIN-1, a ubiquitin-binding adaptor pro-
tein that further promotes NEMO degradation by stim-
ulating NEMO polyubiquitination (122). Acting at the
level of the NF-xB complex, the secreted kinase OspG
prevents ubiquitination and subsequent degradation of
phosphorylated IkBa by inhibiting the E3 ubiquitin ligase
SCF* P through its interaction with the ubiquitinated
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E2 ubiquitin-conjugating enzyme, which is part of the
SCE> TP complex (123). OspG thereby inhibts NF-kB
activation within the first hour of infection. In addition,
IpaHA4.5 interferes with NF-«B activation by targeting the
p64 subunit of the NF-kB complex for ubiquitination and
subsequent degradation (124).

In the nucleus, NF-kB-dependent and -independent
transcription of proinflammatory genes is inhibited
through several mechanisms involving OspF. OspF has a
phosphothreonine lyase activity, a rare enzymatic activ-
ity that irreversibly dephosphorylates threonine through
beta elimination (125). OspF specifically targets and in-
activates MAPKs (Erk1/2 and p38), thereby preventing
transcription of MAPK-dependent proinflammatory genes
(126). OspF-mediated MAPK inactivation also inhibits
NF-«B -mediated transcriptional activation through at
least two epigenetic modifications downstream of MAPK
activation. OspF indirectly reduces phosphorylation of
histone H3 (H3pS10) and heterochromatin protein 1y
(HP1yS83) at proinflammatory target genes, including
the IL-8 gene (127). Reduced phosphorylation of histone
H3 and HP1y promotes chromatin condensation and a
transcriptionally inactive chromatin state, thereby pre-
venting access of NF-kB to the gene promoters, leading
to repression of proinflammatory-cytokine transcription.
Notably, phosphoproteomics showed that OspF affects
the phosphorylation status of several hundred host pro-
teins, highlighting the extensive effect a single effector
can have, directly and indirectly, on host signaling net-
works (128). In addition, IpaH9.8 interferes with pro-
inflammatory gene activation at the posttranscriptional
level (129). After nuclear translocation, IpaH9.8 inter-
acts with the mRNA splicing factor U2AF>® and inhibits
U2AF*’-mediated splicing reactions, resulting in reduced
proinflammatory gene transcripts.

Vesicular trafficking, required for cytokine secretion,
is also subverted by Shigella with the injection of the ef-
fectors Ipa] and VirA, and likely IcsB, as IcsB targets and
modifies numerous host proteins involved in vesicular
trafficking (76) (Fig. 4C). Vesicular trafficking is reg-
ulated by small GTPases of the Ras superfamily, such
as Rabs and ADP-ribosylation factors (ARFs). These
GTPases regulate successive steps in endomembrane traf-
ficking from the ER to the Golgi apparatus and beyond,
as well as endocytic trafficking, by mediating the for-
mation, trafficking, and docking of vesicles from donor
membranes to specific target membranes. Ipa] is a cyste-
ine protease that preferentially cleaves N-myristoylated
proteins but specifically targets ARFs, and notably ARF1,
during infection. Ipa] cleavage of the myristoyl moiety
from ARF1 irreversibly releases ARF1 from the Golgi

membrane, inhibiting vesicular trafficking from the ER to
the ER-Golgi intermediate compartments (ERGIC) (130).
Conversely, as a GAP, VirA can interact with and inac-
tivate many Rab GTPases, but through its preferred ac-
tivity on Rab1, which localizes on the ERGIC, it mainly
disrupts vesicular trafficking from the ERGIC to the
Golgi (87). The activity of Ipa], and to a lesser degree
VirA, thereby leads to a striking fragmentation of the
Golgi membrane.

Functionally, the disruption of vesicular trafficking
during Shigella infection inhibits the general secretory
pathway used to secrete cytokines and also interferes
with the innate immune sensor STING (87, 130-132).
STING senses the cytosolic presence of cyclic dinucle-
otides released from intracellular bacteria or generated
from cytosolic double-stranded DNA by the nucleo-
tidyltransferase cyclic GMP-AMP synthase. Recognition
of cyclic nucleotides by the ER transmembrane protein
STING triggers its activation and relocation from the
ER to the ERGIC, where it recruits TBK1 and the tran-
scription factor IRF3 to initiate IRF3-mediated tran-
scriptional activation of an antiviral interferon response.
By interfering with ER-to-ERGIC vesicular trafficking,
Ipa] effectively blocks type I interferon induction by
STING in response to Shigella infection (131). In addi-
tion, Shigella interferes with TBK1-mediated immune
activation with its effector IpaH4.5, which targets TBK1
for ubiquitination and proteasomal degradation (133).

A separate mechanism used by Shigella to limit in-
flammation is preventing the release of ATP by connexin
hemichannels. Connexin hemichannels are gated pores
formed at the plasma membrane through the assembly
of six connexins into a ring structure. Connexin chan-
nels allow the flow of ions and signaling molecules either
to the extracellular milieu in the case of hemichannels
or between neighboring cells through the stacking of
hemichannels at sites of cell-cell contact. Release of ATP
into the extracellular environment by connexin hemi-
channels is sensed by the host as a danger signal and
promotes inflammatory responses by binding to pu-
rinergic receptors on both professional and nonprofes-
sional immune cells. The rapid release of cellular ATP,
the ubiquitous expression of ATP-sensing receptors, and
a positive feedback loop of ATP release upon ATP
sensing make extracellular ATP a highly potent immune
mediator that rapidly amplifies the response to a local
cellular insult.

Downstream signaling to ATP depends on the cell
type, but in addition to enhancing filopodium forma-
tion, it includes phagocytosis and motility, the activation
of NF-«B signaling, expression of adhesion molecules,
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induction of proinflammatory mediators, and activation
of the NLRP3 inflammasome. ATP release is a com-
mon response of epithelial cells to challenge with enteric
pathogens, but Shigella subverts this innate immune re-
sponse and limits inflammation at the early stages of
infection by injecting the T3SS effector IpgD (134). IpgD
phosphatase activity on PI(4,5)P2 increases the levels
of PISP, which blocks hemichannel opening and ATP
release in a poorly understood manner. However, as PISP
is a relatively rare lipid in the host cell, small changes in its
cellular abundance may have a rapid and large impact.
The multiple mechanisms used by Shigella and the
many host pathways targeted during infection of epithelial
cells to limit inflammation clearly demonstrate the crucial
role innate immune evasion plays in promoting infection.

SHIGELLA SUBVERTS HOST ADAPTIVE
IMMUNITY

In recent years, evasion of acquired immune cell re-
sponses and function has become an exciting new area
of investigation, driven by new methods and applica-
tions of new technologies. The main portal of entry
for Shigella during its crossing of the epithelial barrier is
the specialized lymphoid follicle-associated epithelium,
bringing Shigella into early contact with both innate and
acquired immune cells. At the same time, Shigella can
migrate to the draining mesenteric lymph nodes using
the host lymphatic system. In these secondary lymphoid
tissues, Shigella encounters not only macrophages but
also dendritic cells (DCs), B cells, and T cells. DCs are
specialized antigen-presenting cells that stimulate T cell
responses, while both DCs and T cells support B cell
responses, including memory B cell responses. Shigello-
sis is characterized by massive T and B cell death in rectal
biopsy samples and by poor long-lived B cell immunity,
requiring multiple infections for the host to become
more resistant to infection. Shigella is therefore effective
in inhibiting the generation of long-lived immunity and
likely does this through several mechanisms.

Shigella interactions with DCs are similar to those of
macrophages, whereby invasion leads to pyroptotic host
cell death, limiting DC-mediated immune activation,
while the interaction of Shigella with B and T cells has
only recently been highlighted. In in vivo models, Shi-
gella has been demonstrated to invade both T and B
cells, while in vitro, Shigella is capable of invading B cells
and activated, but not unactivated, T cells (44, 135, 136).
Real-time two-photon microscopy of popliteal lymph
nodes after footpad inoculation with Shigella showed
that Shigella invasion of CD4" T cells arrested T cell

migration, while T cell mobility patterns were also dra-
matically affected independently of Shigella invasion
(136).

Mechanistic insights were unraveled in vitro, where
Shigella inhibited T cell motility towards a chemokine
attractant in an IpgD-dependent manner (135). IpgD
injected into T cells hydrolyzed PIP2 and reduced the
pool of PIP2 at the plasma membrane, leading to a re-
duction in phosphorylated active ezrin, radixin, and
myosin proteins, which are important for the early steps
of cell cortex organization during T cell polarization in
response to a chemokine stimulus, effectively impairing
T cell function (Fig. 3). Notably, a FACS (fluorescence-
activated cell sorting)-based analysis of a FRET (fluo-
rescence resonance energy transfer) pair-based approach
for monitoring effector injection revealed that IpgD can
be injected into activated T cells and can inhibit T cell
migration in the absence of invasion (135). In this assay,
activated T cells are loaded with the FRET pair CCF4
and then challenged with Shigella in the presence of
cytochalasin D, a drug that inhibits actin polymeriza-
tion and prevents invasion. T3SS-dependent injection
of an IpgD—B-lactamase fusion construct into T cells is
then monitored through the shift in fluorescent emission
upon B-lactamase cleavage of CCF4 in the host cyto-
sol. Inhibition of T cell migration may interfere with T-
cell-mediated immunity by preventing T cell interactions
with DCs and B cells and thereby preventing priming of
an effective protective response. Notably, improvements
in the sensitivity of this in vitro reporter system, coupled
to the use single-cell FACS imaging, suggests that injec-
tion of effectors in the absence of invasion is the main
mechanism Shigella uses to target T cells (137).

Conversely, Shigella interactions with B cells lead to
both necrotic and apoptotic cell death depending on the
interaction pattern (44). While invasion of B cells leads to
necrotic cell death, noninfected B cells primarily undergo
apoptosis. During apoptosis, B cells are first sensitized
via a yet-unidentified bacterial cosignal, leading to up-
regulation of TLR2, which recognizes the Shigella trans-
locator protein IpaD, a novel TLR2 ligand, and triggers
apoptosis. Induction of B cell death in both invaded and
noninvaded cells antagonizes antibody-mediated immune
responses and likely contributes to the poor priming of
B cell immunity to Shigella infection.

THE COMPLEXITY OF SHIGELLA
PATHOGENESIS

The pathogenesis of Shigella is a highly complex and
multifaceted process at the tissue, cellular, and molecular
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levels, underscored by the multitude of effectors Shigella
uses to subvert host processes. However, the context
of timing and cell specificity are also important consi-
derations. Thus, Shigella benefits from inflammation
early during infection and actively promotes the pro-
inflammatory pyroptosis of macrophages while using a
multitude of effectors to damp the host inflammatory
responses in epithelial cells. Having evolved to utilize the
host cell cytosol as its main replicative niche, Shigella
targets numerous host cell processes to ensure its own
survival and the integrity of the infected cell. These host
cell processes may be targeted by a single effector or by
many, and an effector may have one or multiple cellular
targets or an enzymatic activity that can affect a wide
range of processes. In addition, while most investigations
have centered on elucidating effector function in infected
cells, recent advances in our understanding of interac-
tion of Shigella with cells of the adaptive immune system
have already highlighted the role that some Shigella ef-
fectors can play independently of cell invasion to subvert
host cell function. This new “kiss and run” model adds
an additional layer of complexity to the study of Shi-
gella pathogenesis and, like many other areas of Shigella
pathogenesis, has strongly benefited from the develop-
ment of novel methods and new techniques.
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