
Nasser et al. Molecular and Cellular Pediatrics            (2022) 9:12  
https://doi.org/10.1186/s40348-022-00145-z

REVIEW

Molecular mechanisms of Shigella effector 
proteins: a common pathogen among diarrheic 
pediatric population
Ahmad Nasser1, Mehrdad Mosadegh1, Taher Azimi2*   and Aref Shariati3 

Abstract 

Different gastrointestinal pathogens cause diarrhea which is a very common problem in children aged under 5 
years. Among bacterial pathogens, Shigella is one of the main causes of diarrhea among children, and it accounts 
for approximately 11% of all deaths among children aged under 5 years. The case-fatality rates for Shigella among 
the infants and children aged 1 to 4 years are 13.9% and 9.4%, respectively. Shigella uses unique effector proteins to 
modulate intracellular pathways. Shigella cannot invade epithelial cells on the apical site; therefore, it needs to pass 
epithelium through other cells rather than the epithelial cell. After passing epithelium, macrophage swallows Shigella, 
and the latter should prepare itself to exhibit at least two types of responses: (I) escaping phagocyte and (II) mediat-
ing invasion of and injury to the recurrent PMN. The presence of PMN and invitation to a greater degree resulted in 
gut membrane injuries and greater bacterial penetration. Infiltration of Shigella to the basolateral space mediates (A) 
cell attachment, (B) cell entry, (C) evasion of autophagy recognition, (D) vacuole formation and and vacuole rapture, 
(E) intracellular life, (F) Shiga toxin, and (G) immune response. In this review, an attempt is made to explain the role of 
each factor in Shigella infection.
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Introduction
Diarrhea is a significant public health problem that is 
caused by different gastrointestinal pathogens, including 
protozoa, viruses, and bacteria [1]. Etiologic diagnosis of 
infectious diarrhea is challenging due to (1) high similar-
ity in clinical signs and symptoms and (2) having similar 
transmission routes [2]. Gastrointestinal pathogens are 
transmitted in different ways including (1) consump-
tion of contaminated food or water, (2) person-to-person 
contact, (3) swimming pools, (4) exposure to animals, (5) 
flies, and (6) acquiring from the environment [3].

The frequency of protozoa, viruses, and bacteria var-
ies among patients with diarrhea. Among hospitalized 

diarrheal patients during 2004–2006 in the Republic of 
Korea, the frequency of bacteria, viruses, and protozoa 
was 1797, 1759, and 129 per 10,000 individuals, respec-
tively [4]. Moreover, in another published study, the 
frequency of protozoa, viruses, and bacteria was 20.8%, 
19.6%, and 2.8%, respectively [5].

Many bacterial pathogens can be transmitted through 
food products such as Shigella spp., Salmonella spp., 
Yersinia enterocolitica, and Campylobacter spp. One of 
the important pathogens that causes dysentery is Shi-
gella spp. [6]. Shigella is a gram-negative, nonmotile 
Enterobacteriaceae which is separated from Escherichia 
coli [7, 8].

Human and other primates along with monkeys, rab-
bits, calves, fish, chickens, and piglets are considered as 
the natural hosts of Shigella [9]. Several different factors 
including raw meat consumption, unhygienic food han-
dling practices, extensive field slaughtering practices, and 
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unsafe water supply can affect the incidence of Shigella 
species [10].

Globally, the annual incidence rate of Shigella infec-
tions is estimated at 80 to 165 million cases [10]. More-
over, it is estimated that nearly 95% of all cases were 
related to developing countries [10, 11]. Shigella is one 
of the main leading causes of death in children under 5 
years old. The death rate due to Shigella varied from 12 
million in 1990 to 6.9 million in 2011 [12]. This patho-
gen accounts for approximately 11% of all deaths among 
children under 5 years. Moreover, the case-fatality rates 
of Shigella among infants and children aged 1 to 4 years 
old are 13.9% and 9.4%, respectively [12].

In most cases, Shigella is related to bloody diarrhea 
(dysentery). Based on the World Health Organization 
(WHO) recommendation, ciprofloxacin or azithromycin, 
pivmecillinam, and ceftriaxone are suitable antibiotics for 
the treatment of dysentery [13].

Although several live attenuated, inactivated, and 
subunit vaccines are available to prevent Shigella infec-
tions, WHO highlighted the need for novel interven-
tions and development of new Shigella vaccines and 
antibiotics [14].

Regarding Shigella pathogenesis, after internalization 
inside the intestine lumen, bacteria should be infiltrated 
to the subcellular position. Shigella needs an M cell to 
cross the epithelial layer; an M cell is a particular epi-
thelial cell that carries sampling antigen and transports 
it across the epithelial cell to the M cell pocket [15]. In 
the M cell pocket, bacteria are delivered to the resident 
macrophage and T cell to propagate immune responses. 
Following the internalization of Shigella into the mac-
rophage, it massively duplicates, resulting in macrophage 
dying and bacterial release [16]. After release from mac-
rophage, Shigella appears on a basolateral surface, and 
after binding with the epithelial cell, it inserts effector 
proteins via type-three secretion system (T3SS).

In general, there are several different classes of secre-
tion systems in gram-negative bacteria (types 1 to 6), 
and each system transports a specific subset of proteins. 
The structures and mechanistic functions of secretion 
systems vary [17]. Gram-negative bacteria with type-1 
secretion systems (T1SSs) transport their substrates 
including digestive enzymes, proteins with repeats-in-
toxins (RTX) motifs, adhesins, and heme-binding pro-
teins in a one-step process across both of the inner and 
outer bacterial membranes. T1SSs are highly similar to 
a large family of ATP-binding cassette (ABC) transport-
ers [18, 19]. Similar to T1SSs, type-II secretion systems 
(T2SSs) have been found in a large number of gram-
negative bacteria. Transporting of folded proteins from 
the periplasm into an extracellular environment occurs 
by T2SSs [20]. Type-III secretions systems (T3SSs), 

described as “injectisomes” and “needle and syringe,” 
are present in various gram-negative bacteria. T3SSs 
transport different proteinaceous substrates (generically 
called effector proteins) in a one-step process across both 
the inner and outer bacterial membranes. Moreover, 
this system can transport effector proteins into a target 
eukaryotic cell membrane in a one-step process [21, 22]. 
Type-IV secretion systems (T4SSs) are extensively found 
in gram-negative bacteria, and they are associated with 
bacterial DNA conjugation systems. T4SSs can transport 
single proteins, protein-protein, and DNA-protein com-
plexes across both the inner and outer membranes [20].

In Shigella, T3SSs mediate internalization into the epi-
thelial cell after engulfment with the vacuole. Then, a 
unique effector protein degrades double-layer vacuole, 
which in turn helps bacteria escape into the cytoplasm. 
After reaching the cytosol, Shigella uses an actin filament 
to make movements. Free movement affects the cytoplas-
mic membrane and makes a pseudopod; afterward, this 
pseudopod is swallowed by an adjacent cell [6]. Shigella 
spp. effector proteins with their mechanisms, targets, and 
outcomes are shown in Table  1. Overall, the infiltration 
of Shigella to the basolateral space mediates seven steps 
including (A) cell attachment, (B) cell entry, (C) evasion 
of autophagy recognition, (D) vacuole formation and vac-
uole rapture, (E) intracellular life, (F) Shiga toxin, and (G) 
immune response. In general, Shigella utilizes these seven 
steps and effector proteins to invade hosts, damage tissue 
sites, and thwart the immune system from responding. In 
this review, an attempt is made to explain the role of each 
factor in Shigella infection.

Cell attachment
The first barrier to microbial infection is mucin glyco-
protein. Shigella can glycosylate and remodel the mucus 
barrier to its benefit. Mucin is categorized into three 
types, including cell surface mucin, non-oligomeric gel-
forming mucin, and oligomeric gel-forming mucus [23]. 
Gel-forming mucin as a major component of mucus can 
be induced by proinflammatory cytokines such as inter-
feron-gamma (IFN-γ), tumor necrosis factor-α (TNF-α), 
neutrophil elastase, and microbial product [24, 25]. Stim-
ulation of a specific gel-forming mucin namely Mu5Ac by 
Shigella flexneri (S. flexneri) leads to the accumulation of 
a gel-like structure on the apical surface that facilitates 
access to S. flexneri, thus leading to invasion. However, 
S. flexneri attempts to reduce the secretion of gel-form-
ing mucus to reduce its distance from the epithelial cell. 
Nevertheless, S. flexneri can modify the glycosylation 
of mucin, resulting in changing the structure to its ben-
efit. This phenomenon is T3SS dependent, and the MxiD 
mutant that lacks T3SS efficiency does not exhibit this 
phenomenon [26]. Given that Shigella cannot invade the 
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apical epithelial surface, the target M cells penetrate the 
epithelial barrier. M cells are particular cells in mucosal-
associated lymphoid tissue (MALT) that play a significant 
role in the transport of antigen from lumen to antigen-
presenting cells (APC). M cells with their thin micro-
villi along with the absence of surface glycoprotein are 
exposed to the Shigella invasion [27]. The entrance of S. 
flexneri to the M cells leads to the recurrence of poly-
morphonuclear neutrophils (PMN) and increase in the 
size of M cell. S. flexneri cannot invade the apical mem-
brane of the colonic cell; however, the recurrence of 
PMN leads to the destruction of epithelial conjunction 
and helps Shigella reach the basolateral space [28, 29]. 
Inflammation, which is induced by PMN, leads to greater 
permeability and further passage of S. flexneri. Thus, S. 
flexneri can pass through the epithelial cell by M cells or 
directly through permeability induced by PMN. After 
this, the bacteria swallowed by dendritic cells (DCs) and 
macrophages in the pocket of M cells degrade; however, 
S. flexneri can induce apoptosis in this APC and release 
itself [30]. In the first step, S. flexneri ruptures the vacu-
ole and escapes to the cytoplasm; then, it fully duplicates 

in the cytoplasm. In the final step, Shigella induces host 
cell apoptosis to make itself free. Mucosal inflammation 
is partly induced by peptidoglycan and sensed by the 
nucleotide-binding oligomerization domain-1 (NOD1). 
Being a cytosolic pattern recognition molecule, NOD1 
can bind with the peptidoglycan in the cell wall structure 
and mediate cascade signaling, leading to the stimulation 
of inflammatory responses. NOD1 specifically recognizes 
gamma-D-glutamyl-meso-diaminopimelic acid in the 
peptidoglycan of gram-negative bacteria.

After sensing this ligand by NOD1, its adaptor recep-
tor-interacting serine/threonine-protein kinase 2 (RIP2) 
recurs and is finally phosphorylated [31]. This phos-
phorylation leads to the activation of the tumor growth 
factor-β (TGF-β) activating kinase 1 (TAK1). This cas-
cade leads to the activation IKK complex and is, finally, 
phosphorylated and causes proteasomal degradation for 
the NF-κB inhibitor. This effect leads to the release of p50 
and p65 subunits of NF-κB, thus producing the antimi-
crobial peptide, chemokines, and cytokines [32].

Finally, this sensing leads to the activation of nuclear 
factor kappa-B (NF-κB); in turn, NF-κB leads to 

Table 1 Shigella effector proteins with their mechanisms, targets, and outcomes

Effector protein Role Target Outcome

Pic Serine protease O-linked glycan Impair PMN chemotaxis

IpaA Filopodial formation Vinculin and talin Stimulate filopodial formation

IpaB Formation of ion channel Plasma membrane Detection of host cell cholesterol

IpaB-IpaC Pore formation Lipid raft

IpaD Assembly IpaB-IpaC (bacteria) Cholesterol sensor, activate T3SS

Induce apoptosis B cell Connection to the TLR-2 and induce apoptosis

IcsA Induce actin polymerization Cdc-42 Moving through actin polymerization

IcsB Inhibit autophagy Toca-1 Blocking recruitment of LC3 to the bacterial surface

IpgB1 Guanine nucleotide exchange factor Rac1 Mediate activation of ELMO and formation of ELMO-Dock180 
complex

IpgB2 Guanine nucleotide exchange factor Rho Conformations change in Rho, mimicking Dbl family

IpgD Phosphoinositide phosphatase activity PIP2 Produce PIP5, mediating more bacterial invasion

SpeG Spermidine acetyltransferase spermidine Protects Shigella from ROS

IpaH 9.8 Ubiquitin E3 ligase NEMO Proteasomal degradation of NEMO and NF-κB activation

IpaH7.8 E3 ligase GLMN Activated inflammasome

IpaH4.5 Ubiquitin ligase TBK1 Activated INF regulatory factor 3

IpaH1.4 E3 ligase LUBAC Catalize functional subunit of LUBAC

IpaJ Cysteine protease ARF1 Cleavage of myristoyl group from GTP-active protein

OspB Remodeling of chromatin P38-ERK1/2 Diminish inflammatory cytokine production

OspC1 Mediate activation of kinase MEK/ERK Imbalance membrane stability

OspC3 Mediate inhibit activation of caspase Caspase-4 Inhibit epithelial cell death

OspF Phosphatase activity MAPK Suppress gene expression

OspG Kinase IϏB Inhibit activation of NF-κB

OspI Glutamine deaminase UBC13 Reduce inflammatory response by suppressing signaling through 
UBC13-TRAF6

OspZ Methyltransferase activity TAB-3 Inhibit signaling through TLR, IL-1
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transcription of interleukin 8 (IL-8), which is a major 
factor in the recurrence of neutrophil [33]. NOD1 
also leads to the upregulated expression of intracel-
lular adhesion molecule-1 (ICAM-1) through NF-κB 
signaling. ICAM as transmembrane glycoprotein has 
a receptor role in the β2 integrin of leukocytes. This 
upregulation leads to greater recurrence of neutrophils 
to the infection site [34].

Intestinal epithelium plays a protective role in the lumi-
nal barrier and inhibits the penetration of pathogen and 
nonpathogenic bacteria. However, the basolateral surface 
is a clean area that does not encounter lipopolysaccha-
rides (LPS). Thus, presentation of S. flexneri in the baso-
lateral membrane may stimulate an epithelial response 
[35]. LPS is a major factor in forming an interaction with 
epithelial cells in the basolateral position, and S. flexneri 
with defects in LPS structure may affect the ability of bac-
teria to mediate the basolateral attachment. Attachment 
and recognition of LPS lead to the activation of extracel-
lular signal-regulated kinase (ERK) and the initiation of 
inflammatory responses. The inflammatory response, in 
turn, results in PMN recurrence [36]. Invasion of apical 
epithelial cells is limited, which is proportional to the 
basolateral surface. Moreover, the addition of M cells 
to the apical surface mediates increased invasion by S. 
flexneri [29]. LPS and intermediate metabolite activate 
the inflammatory response, and tumor necrosis factor 
receptor (TNF-R)-associated factor (TRAF) protein inter-
acting with the forkhead-associated domain (TIFA) may 
induce the activation of TRAF2 and TRAF6, leading to 
activation of the inhibitor of the nuclear factor-kB kinase 
(IKK). β-heptose 1,7-biphosphate as an intermediate 
metabolite of the LPS biosynthesis pathway mediates the 
activation and oligomerization of TIFA. TIFA activation 
prompts proinflammatory gene expression. Interestingly, 
β-heptose 1,7-bisphosphate causes a delay in TIFA acti-
vation and should be processed intracellularly to induce 
inflammation. As a metabolite, ADP heptose can medi-
ate rapid TIFA activation and recognize new pathogen-
associated molecular patterns (PAMPs) [37]. Although 
NOD-1 can detect S. flexneri invasion, NOD-1 facilitates 
detecting the early phase of the invasion. However, TIFA 
performs the next or final recognition phase for Shi-
gella invasion through bacterial replication sensing [38]. 
On the other hand, the O-antigen of LPS interacts with 
gangliosides on the T-cell surface to mediate injection of 
the T3SS effector; this injection needs actin polymeriza-
tion [39]. Shigella can only inject effector protein inside 
the lymphocyte without invasion, a phenomenon that 
used to be called injection-only. Many immune cells can 
be affected by injection-only such as B cell, T CD4+, T 
CD8+, and memory B cells [40]. Although TLR4-MD2-
CD14 mediates LPS recognition on the cell surface of 

the eukaryotic cell, cytosolic plant disease resistance-like 
protein (CARD4/NOD1) mediates cytosolic recognition 
of the LPS. Activation and oligomerization of CARD4 
by LPS of invasive Shigella sufficiently induce NF-κB 
and c-Jun N-terminal kinases (JNKs) activation [35]. This 
activation involves not only the JNKs kinase activity but 
also the c-Jun phosphorylation, which finally leads to the 
regulation of inflammatory response [41]. LPS of Shigella 
is hexa-acylated and can be modified when the growth 
of bacteria inside the epithelial cell occurs. This modifi-
cation made by hypoacetylation provides a chance for 
inducing an immune response, reducing the capacity to 
induce oxidative burst by the PMN, and downregulating 
the release of IL-1β from the infected macrophage [42]. 
Altogether, the response released by Shigella facilitates 
survival, in all probability.

IcsA (VirG)
Attachment is the beginning step in infection, which is 
the most important step in the beginning of pathogene-
sis. The S. flexneri IcsA (VirG) protein is sufficient for the 
attachment process that helps bacteria spread through 
actin polymerization inside the cell [43]. Ten amino 
acid regions (138–148) are required from IcsA to ensure 
adhesion to the host cell. IcsA triggers signal transduc-
tion in the N-terminal which mediates secretion through 
the autotransporter system. The N-terminal region pro-
vides a chance for translocation across the inner mem-
brane, while the β-barrel domain facilitates translocation 
through the outer membrane [44]. Furthermore, IcsA has 
a polar targeting region that mediates attachment to the 
old pole of the bacterial cell. Passenger-associated trans-
port repeat (PATR) with conserved glycine residue has a 
significant role in the transporting and surface exposure 
of the IcsA. IcsA is secreted through the Sec system and 
polarized on the pole side of the bacterial cell. In addi-
tion, it can be secreted from the bacterial cell surface 
with the aid of IcsA protease (IcsP). Therefore, the sig-
nal peptide of IcsA has two distinct residues that medi-
ate two distinct conformations; first, it is attached to the 
pole side of bacteria, while the latter mediates secretion 
into the environment [45]. IcsP causes catalytic activi-
ties through protease measures against IcsA accumulated 
in the non-pole region. The localization of IcsA occurs 
through the instrumentality of a specific protein PhoN2 
which is strictly found on the pole side of the bacterial 
cells [46].

This adhesin can be activated by sensing bile salt 
through the T3SS. Bile can stimulate S. flexneri to attach 
to and invade the epithelial cells. In addition, it enhances 
the expression of the Shigella effectors ospE1/ospE2 as 
adhesins [47, 48]. OspE can interact with integrin-like 
kinase to fix cell adhesins, and this interaction increases 



Page 5 of 21Nasser et al. Molecular and Cellular Pediatrics            (2022) 9:12  

the integrin level. Therefore, upon increasing the level of 
integrin, Shigella inhibits detachment and shedding of 
infected cells [49]. The exposure of S. flexneri to bile for 
a long time can induce biofilm formation. Bile sensitivity 
is dose dependent; in this way, through the reduction of 
bile in the ileum, biofilm dispersion leads to the invasion 
of the colon by S. flexneri [50, 51]. S. flexneri can subvert 
cell division control protein-42 (Cdc-42) via IcsA and 
finally cause actin polymerization. First, IcsA binds with 
the neural Wiskott-Aldrich syndrome protein (N-WASP); 
then, N-WASP mediates the recurrence of Arp2/3, thus 
making IcsA-N-WASP-Arp2/3 complex [52]. These com-
plexes induce actin polymerization. Region A (acidic 
motif ) of WASP binds with Arp2/3, and consequently, 
actin monomer is added to the actin filament [53]. In a 
natural state, the Cdc42-N-WASP-Arp2/3 complex keeps 
actin polymerization in check [54]. IcsA greatly mimics 
Cdc42 to help bacteria bind the N-WASP to Arp2/3 [52]. 
Interestingly, the special N-terminal of IcsA only forms 
a connection with the calmodulin-binding IQ motif of 
N-WASP; this finding makes it clear as to why Shigella 
only induces actin rearrangement in N-WASP expressing 
cells such as an epithelial cell [55, 56].

Pic (protease involved in colonization)
Pic belongs to class 2 of serine protease autotransporters 
of Enterobacteriaceae (SPATE), and it is found in entero-
aggregative Escherichia coli and S. flexneri [57, 58]. The 
O-linked glycan can affect the Pic in leukocyte adhesion 
proteins such as CD45, CD44, CD43, CD93, and P selec-
tin. This adhesion is involved in migration and cell traf-
ficking. O-linked glycan is clustered in the mucin-like 
domain protein, which was influenced by Pic [58, 59]. 
Therefore, this cleavage by Pic affects PMN chemotaxis 
and migration. However, Pic via mucinase activity helps 
Shigella penetrate the mucus layer [60]. It also makes a 
distinction between the coagulation factor V and pepsin 
A [61]. Altogether, Pic may mediate the growth and intes-
tinal colonization of Shigella by serine protease activity 
against mucin [62].

Cell entry
Cell entry
T3SS is encoded via a large plasmid and has been used to 
translocate the effector protein to the eukaryotic cell. The 
attachment component of T3SS consists of IpaB, IpaC, 
and IpaD members. The first two members are involved 
in the formation of pores in the eukaryotic cell, and the 
latter facilitates the assembly of the first two members 
[63]. IpaD is a hydrophilic protein that binds with the 
tips of T3SS through C-terminal and is composed of four 
subunits that block the needle pore in order to inhibit 
secretion. A critical step in initial binding depends on 

sphingolipid, and the cholesterol-rich domain is called 
lipid raft. After depletion of cholesterol, the S. flexneri 
invasion is impaired [64]. First, IpaD should sense the 
existence of cholesterol and sphingomyelin to stimulate 
invasion against plasmid antigen B (IpaB) to be present in 
the T3SS tip. However, sensing bile via IpaD can promote 
IpaB exposure at the tip [65]. Direct interaction between 
deoxycholate and IpaD mediates the recruitment of IpaB 
to the T3SS tip. After this interaction, a conformational 
change is made to the IpaD which leads to the recruit-
ment of IpaB to the T3SS tip [66].

Interaction between IpaB and IpaD at the tip is a sig-
nificant factor in the host cell sensing and T3SS activa-
tion [63, 67]. Following the formation of the connection 
between IpaB and the host cholesterol, T3SS was acti-
vated to inject effector protein into the host cell. Finally, 
after introducing IpaB to the tip of T3SS, IpaC recurs to 
the tip, and the T3SS is activated [68].

Following the activation of T3SS, IpaB, IpaC, and IpaD 
are released, and they bind with the α5β1 integrin, thus 
mediating actin rearrangement.

IpaB can act as an ion channel in the host cell mem-
brane that leads to the influx of potassium (K+), which 
is recognized via NLR family CARD domain-containing 
protein 4 (NLRC4) resulting in the activation of pyrop-
tosis. Potassium plays an essential role in membrane 
stability; thus, the imbalance between potassium ions 
intensifies osmotic pressure and vacuole rapture.

Interestingly, the reduction of intracellular K+ con-
centration stimulates NLRP3 (NOD-, LRR-, and pyrin 
domain-containing protein 3) [69]. This molecule causes 
host cell invasion and phagosome escaping [70]. IpaB can 
directly bind with the hyaluronan receptor CD44 that 
is located in the basolateral membrane of the cell and 
participates in bacterial invasion [71]. Finally, IpaC may 
cause the activation and return of Src tyrosine kinase, 
leading to actin polymerization at the bacterial entry 
[72]. After actin rearrangement, Shigella enters the epi-
thelial cell. Src is translocated to the plasma membrane 
and attached to the inner surface; Src activities lead to 
signal transduction [73]. After this signaling, Shigella is 
swallowed in the vacuole and should activate the T3SS. 
IpaC is a chaperone attached to the IpaB in the bacte-
rial cytoplasm and is separated before secretion in the 
extracellular milieu [74, 75]. Furthermore, following the 
engulfment of bacteria inside the vacuole of epithelial 
cell, T3SS helps bacteria evade the vacuole and release it 
to the cytoplasm [76].

B‑cell infection
The interaction between the IpaD and Toll-like receptor 
2 (TLR-2) leads to mitochondrial apoptosis in B cells. 
Interestingly, this interaction needs a bacterial co-signal 
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to sensitize B cells and to upregulate the TLR-2; the 
upregulation of the TLR-2 mediates the attachment of 
IpaD to TLR-2 and triggers the apoptosis [77]. Infec-
tion with wild-type Shigella that possesses a T3SS leads 
to the death of B cell in both invaded and non-invaded B 
lymphocytes.

Signaling by TLR-1 mediates apoptosis, and it is indi-
cated that TLR-1/2 heterodimer generates death signal 
by IpaD. Altogether, Shigella has the power to invade 
the B lymphocyte and proliferate inside it, leading to cell 
death [77].

IpaA Vinculin and talin as mediate cell adhesins have a 
distinct role. Talin as an integrin-associated protein (IAP) 
mediates the adhesion of integrin to the extracellular 
matrix and links integrin directly to the actin cytoskele-
ton. Talin increases focal adhesion, senses matrix rigidity, 
and is a platform for adhesin structure [78, 79]. Recur-
rence of talin to the site of ligand-bound integrin medi-
ates the talin connection between integrin and actin to 
make the integrin-talin-actin complex; this complex 
mediates filopodial formation [80]. IpaA can bind with 
vinculin and talin, leading to the formation of filopodial 
adhesin and capturing of Shigella. IpaA contains vinculin 
binding sites (VBS) and binds with talin to make filopo-
dial adhesin [81]. After the attachment of IpaA to talin, 
talin semi-stretches and stimulates Shigella capturing. 
The C-terminal of IpaA VBS by mimicking the activ-
ity of talin VBS modulates the function of vinculin to be 
recruited to the bacterial entry [82].

Evasion of autophagy recognition
IcsB
Autophagy is a mechanism that degrades macromolecule 
in the cytoplasm to recycle energy and damaged orga-
nelles, and it consists of assembling many autophagy-
related proteins (ATG). One important form in canonical 
autophagy is the formation of the double-membrane 
enclosure, a so-called phagophore that finally converts 
into the autophagosome [83]. Accumulation of microtu-
bule-associated protein light chain 3 (LC3) and ATG16L1 
causes the maturity of phagophore to the autophago-
some. In bacterial cases, a bacterial component including 
peptidoglycan can be sensed by NOD that restricts bacte-
rial survival. NOD causes the recurrence of ATG16L1 to 
the invasion site and autophagy activation [84]. In nonca-
nonical autophagy, ATG proteins, such as LC3-associated 
phagocytosis (LAP), can be activated, and they recur to 
the already damaged membrane vacuole [85]. Following 
the activation of the T3SS, in noncanonical autophagy, 
the LAP can be activated; however, IcsB as an IpgA chap-
erone has an influential role during cell-to-cell spread 

[86]. Following the invitation of the transducer of Cdc42-
dependent actin assembly 1 (Toca-1), IcsB can block the 
recurrence of LC3 to the bacterial surface [87]. Toca-1 is 
required for bacterial spread through the actin tail. How-
ever, for actin rearrangement, both N-WASP and Toca-1 
are required. N-WASP should be activated by Toca-1 for 
Cdc-42 activation and actin polymerization [88] (see the 
“Actin rearrangement” section). After the degradation 
of the vacuole and its release, IcsA can be recognized by 
the ATG5; moreover, ATG5 can interact with tectonic 
beta-propeller repeat-containing 1 (TECPR1) protein. 
TECPR1 interacts with PI3P to induce LC3 and activate 
autophagy [89]. Following the attachment of TECPR1 to 
the PI3P, in the next step, it is attached to the ATG5 and 
localized in the autophagosome targeting bacteria. How-
ever, IcsB masks the region that is again unmasked by 
ATG5, thus inhibiting the recognition by LC3 [90].

Vacuolar formation and vacuolar rupture
IpgD
After the internalization of Shigella, vacuole forms 
around the bacteria. IpgD effector protein is translo-
cated via the T3SS, and this effector is a homolog to 
the Salmonella SopB. IpgD has a phosphoinositide 
phosphatase activity and dephosphorylates phosphati-
dylinositol 4,5-biphosphates (PIP2) into phosphatidylino-
sitol 5-phosphate (PI5P) [91, 92]. PI5P can be increased 
through the stimulation of osmotic shock or during S. 
flexneri infection [91].

Furthermore, PI5P activates the epidermal growth fac-
tor receptor (EGFR) in a ligand-independent manner and 
mediates the recurrence of the target of myb-1 (TOM1) 
to lagging EGFR degradation [93]. Blocking the degrada-
tion of EGFR lead to continuous signaling and cell sur-
vival. The recurrence of TOM1 as a membrane trafficking 
regulator by PI5P leads to the inhibition of endosomal 
maturation [94]. TOM1 directly binds with the PIP5 as 
an effector to regulate endosomal maturation. Increased 
PI5P level leads to the actin rearrangement and greater 
bacterial invasion.

Moreover, PI5P activates and phosphorylates Akt 
and ensures cell survival [95]. The phosphatidylinositol 
4,5-bisphosphate is cytoskeleton remodeling [96] and 
activates Akt to mediate cells to survive. Following the 
internalization of Shigella to the vacuole, the first marker 
Rab5 and early endosome A1 (EEA1) stay on the surface 
of the vacuole and then exchange with Rab7 to mediate 
lysosome degradation [97]. Rab5 and early endosome 
transiently appear and disappear. Rab11 mediates early/
recycling endosomes to endoplasmic reticulum [98]. 
Another role of IpgD is mediating the recurrence of 
Rab11 to the early vacuole-containing Shigella. This mas-
sive recurrence of Rab11 to the invasion site continues 
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until the point of the vacuole explosion. The fusion of 
Rab11 to the nascent vesicle leads to the promotion of 
its rupture [99]. IpgD can block the recurrence of T lym-
phocyte to the infection site and evade immune response 
[100]. Through the production of PI5P, IpgD protects 
early endosomes from lysosomal degradation.

The depletion of PIP2 via IpgB can block actin forma-
tion around the vacuole containing S. flexneri which, in 
turn, results in vacuolar destabilization [93]. The pro-
duction of PI5P via IpgD leads to the internalization of 
ICAM-1, which is a significant adhesin playing a part 
in the recurrence of immune cells. ICAM-1 as a leuko-
cyte receptor can be internalized by PI5P and directed 
to lysosomal degradation; so, IpgD as a PI5P producer 
blocks leukocyte recurrence [101]. PI5P performs the 
internalization of the surface receptors such as EGFR 
and ICAM-1; however, binding between TOM1 and 
PI5P interestingly leads to stabilization of the EGFR on 
the surface. However, another effector may interact with 
ICAM-1 to internalize lysosome and degrade it [94, 101]. 
IpgD inhibits the release of ATP as an inflammatory 
signal from the infected epithelial cell. S. flexneri may 
open connexin 26 hemichannels and stimulate the ATP 
release. However, PI5P production from PIP2 by IpgD 
blocks the hemichannel and forces the ATP release [102]. 
Interestingly, at the beginning of the infection, Shigella 
stimulates the release of ATP to induce inflammation 
and membrane disorder which favors the mucus passage 
[103]. Thus, after the passage of Shigella, bacteria do not 
need inflammation and block the ATP release.

VirA
Being a secretory protein that acts as a GTPase activat-
ing protein (GAP), VirA can be inactivated by Rab1, and 
it disrupts the trafficking of endoplasmic reticulum (ER) 
to the Golgi [104]. Disruption of ER to Golgi trafficking 
blocks autophagosome formation. Furthermore, VirA can 
stabilize Rab1 in the deactivated form (GDP) and block 
autophagy [85]. After the internalization of the vacuole, 
VirA activity disrupts vacuole and intracellular spread-
ing. This effector is similar to the IcsB and works together 
to disrupt vacuole. LC3 particularly recruits monolayer 
vacuole-containing bacteria and does not affect free bac-
teria in the cytoplasm [90].

T3SS effects
A special protein-containing syringe mediates the 
transport of effector protein and chaperon from bacte-
rial cytoplasm to eukaryotic cytoplasm. This syringe is 
regulated by temperature and can only be assembled at 
37 °C, a process that keeps the transcription shut down 
until the appropriate time [105]. Following the invasion 
of the epithelial cell, Ca2+ responds to the inducing of 

inositol 1,4,5-triphosphate (IP3). IP3 is generated by 
phospholipase C (PLC). Finally, IP3 is attached to the 
IP3 receptor at the entry site of bacteria and leads to the 
release of Ca2+ [106]. Calcium influx can be activated 
by calpain, a protease that degrades p53. Calpain remod-
els the cytoskeleton and helps S. flexneri form filopodia 
[107, 108]. Calpain can degrade p53 through the pro-
tease activity and induce apoptosis [109]. Increase in 
the value of Ca2+ leads to the opening of the connexin 
channel and mediates the release of ATP to the extracel-
lular milieu. This atypical Ca2+ response at the entry 
site mediates cytoskeleton rearrangement and S. flexneri 
engulfment [110]. However, Pilus protein FimA inhibits 
the release of cytochrome C by mitochondria and inter-
venes in the apoptosis process [111].

Interestingly, the activation of calpain by VirA in a 
Ca2+ dependent manner finally leads to cell necrosis. 
Therefore, Shigella should regulate cell death at the 
later phase of infection, mediating opportunities to full 
duplication. The presence of oxygen can regulate the 
activation and secretion of effector proteins by T3SS. In 
the lumen and anaerobic conditions, the virulence gene 
regulates spa32 and spa33 repressed by fumarate and 
nitrate (FNR). However, reverse repression mediated by 
FNR occurs near the mucosa through the diffusion of 
oxygen from the tip of villi [112]. Interestingly, Shigella 
aerobic respiration causes oxygen depletion through 
the formation of the colonic extracellular matrix in the 
foci of infection. Therefore, this depletion leads to T3SS 
repression as a primary strategy for the beginning of 
colonization [113].

IpgB1 and IpgB2
IpgB1 and IpgB2 have guanine nucleotide exchange fac-
tor (GEF) activities that affect Ras homolog gene fam-
ily, member A (RhoA), and Rac family small GTPase 
1 (Rac1), leading to actin reorganization. Signaling 
through Rho needs to undergo a change from the GDP 
to GTP form [114]. IpgB1 and IpgB2 activate Rac1 and 
Rho, respectively. Rac1 activation leads to actin polym-
erization, and Rho activation causes actin-myosin con-
traction [115]. Interestingly, the activation of Rho leads 
to Rac downregulation. The entrance of Shigella needs 
the membrane ruffling, and this activity needs the 
RhoG-ELMO-Dock180 complex to induce Rac1. IpgB1 
mimics the role of RhoG and binds with the engulfment 
and motility protein (ELMO), and this complex activates 
Rac1 [116]. Dock180 (dedicator of cytokinesis) super-
family acts as a particular guanine nucleotide exchange 
factor for Rho GTPase, and ELMO (the engulfment and 
migration protein) is a regulator for Dock180. In fact, 
after activation of ELMO by IpgB1, the ELMO-dock180 
complex recurs to the membrane plasma and activates 
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Rac1 [116, 117]. Finally, GEF activity prompts the IpgB 
to recur to the state of membrane ruffling and induces 
bacterial internalization to the bacterial-containing 
vacuole (BCV) [118]. IpgB2 can activate the RhoA path-
way by mimicking the function of RhoA, leading to the 
activation of RhoA effector Rock and mDia [119]. By 
mimicking Dbl activity, IpgB2 which is a multifunctional 
molecule plays the role of GEF and mediates Rho activa-
tion [120]. Furthermore, IpgB2 can activate NOD1 after 
an attack on the epithelial cell and finally activate NF-
κB. Interestingly, GEF-H1 of host cells mediates RhoA 
activation and interacts with NOD1, leading to NF-κB 
activation. GEF-H1, which is a significant factor in the 
activation of the NF-κB, can interact with NOD1 [121]. 
In a reasonable condition, GEF-H1 connects to cingu-
lin; however, after invasion by Shigella, it is released and 
transfered to connect to NOD1. This connection medi-
ates NOD1 signaling and finally causes NF-κB activa-
tion. This mechanism is working through the detection 
of peptidoglycan components and is independent of the 
GEF activity. NOD1, in addition to the recognition of 
peptidoglycan, together with GEF-H1, can detect Shi-
gella effector proteins [121, 122].

SpeG
Polyamines including spermine and spermidine are 
involved in many processes such as survival, cell growth, 
gene expression, biosynthesis of siderophores, free radi-
cal ion scavenger, and acid resistance [122, 123]. Sper-
midine provides protection against oxidative stress, 
reduces nuclear translocation of NF-κB p65 subunit, and 
decreases the quantity of LPS-induced reactive oxygen 
species (ROS) [124]. SpeG as a spermidine acetyltrans-
ferase converts spermidine into acetylspermidine, which 
is not functional. However, evolutionary silencing of this 
gene in Shigella accumulates spermidine inside the bac-
teria. Therefore, this accumulation enhances the survival 
chance for Shigella against oxidative stress and leads to 
free radical scavenging [125].

Intracellular life
After the multiplication of Shigella in a host cell, dam-
age and inflammation occur. One strategy to terminate 
intracellular bacterial life is to program cell death. Rec-
ognition of components such as LPS and T3SS via nod-
like receptor (NLR) and TLRs leads to inflammatory 
caspase activation [126]. Furthermore, the LPS recogni-
tion triggers caspase-4 and caspase-11 to activate pyrop-
tosis, resulting in cell death and intestinal epithelial cell 
shedding [127]. Pyroptosis is activated through NLR and 
mediated by IL-18 and IL-1β, resulting in membrane 
rupture. Membrane rupture in the case of pyroptosis 
cells by caspase-1 leads to ion venting and inflammatory 

response [128]. The lipid-A component of cytoplasmic 
LPS can directly bind with the caspase-11, resulting 
in the activation of the inflammasome and pyroptosis 
[129]. However, Shigella can prevent epithelial cell death 
before total duplication [130]. Cell death also is induced 
through mitochondrial injury regulated through the 
interaction between cyclophilin D and Bcl-2/19kDa pro-
tein 3 (Bnip3). NOD1 detects bacterial components and 
causes protection against the activation of Bnip3 and 
cyclophilin D, ensuring protection against epithelial cell 
death. Therefore, NOD1 may mediate protection against 
cell death in nonmyeloid cells [131]. Protection against 
cell death by NOD1 depends on the ability of NOD1 to 
induce NF-κB [132]. After the entrance of Shigella to the 
epithelial cell, membrane ruffle forms around the bacte-
ria and leads to the recurrence of NOD1 and the com-
ponent of NOD1 downstream signaling NF-κB essential 
modulator (NEMO) to the bacterial positions. Locali-
zation of NOD1 in the plasma membrane depends on 
F-actin [133]. Another type of NOD1, NLRs as an 
immune sensor for bacterial components, consist of two 
parts: nucleotide-binding domain (NBD) and leucine-
rich repeat (LRR). Being autoinhibitory, LRR inhibits the 
activation of the NBD domain and, as a sensor, directly 
or indirectly detects the microbial components [134, 
135]. In macrophages, the activation of NLRC4 (nod-like 
receptor C4) and NLRP3 (nod-like receptor P3) com-
menced, thus inducing pyroptosis and secretion of IL-1β 
and IL-18 [136]. MxiH needle protein of T3SS is detected 
by neuronal apoptosis inhibitory protein (NAIP), lead-
ing to the activation of NLRC4 inflammasome [137]. 
This activation mediates the release and activation of 
human neuronal apoptosis inhibitory protein (hNAIP). 
hNAIP can sense T3SS components and flagellin and 
cause NLRC4 inflammasome activation. However, given 
that S. flexneri does not express flagellin, MxiH has a sig-
nificant role in the activation of NLRC4 [138]. MxiH is 
also injected into the host cytoplasm and modulates anti-
microbial gene transcription [139]. NLRC4 can detect 
conserved T3SS components and distinguish between 
T3SS-positive and T3SS-negative bacteria [136]. How-
ever, recognition of and response to MxiH can be done 
in a dose-dependent manner (in low doses), thus leading 
to the activation of caspase and pyroptosis. However, in 
high doses, activated NLRP3 leads to pyronecrosis [138]. 
Pyronecrosis is considered as a subtype of necrosis and is 
a caspase-independent cell death pathway. Pyronecrosis 
is activated through the NAIP-dependent pathway, and 
this activation is induced by the mutation of the NAIP 
gene or microbial pathogens. Therefore, altogether, Shi-
gella may trigger cell death through both apoptosis and 
necrosis [140]. It should be noticed that almost in early 
events, the caspase-1-dependent mechanism mediates 
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apoptosis; however, in later events, caspase-1-independ-
ent apoptosis occurs by lipid A [141]. This event explains 
that at the initial phase of the infection, whose bacterial 
dose is low, caspase-dependent death occurs; however, 
after the replication, caspase-independent apoptosis 
occurs with a considerable amount of lipid A. NAIP2 as 
an NLR family can directly bind with the T3SS rod pro-
teins and induce caspase-1 activation. Upon binding with 
its ligand, NAIPs with NLRC4 formed an inflammasome. 
NAIP2, as an immune sensor, regulates the oligomeriza-
tion of NLRC4 and the formation of the NAIP2-NLRC4 
complex [142]. As a homolog to the NAIP1 in the mouse 
model, hNAIP can recognize the T3SS needle MxiH and 
activate NLRC4 inflammasome [138, 143]. Interestingly, 
in the intracellular life of Shigella, the T3SS is dampened 
but reactivated during actin-based motility and cell-cell 
spread [144] (see “IpaH family” section).

IpaH family
IpaH is encoded via both chromosome and plasmid; 
however, IpaH gene in the chromosome interestingly 
plays no role in pathogenesis [145]. IpaH has a C-termi-
nal via catalytic activities toward ubiquitin and N-termi-
nal leucine-rich repeat (LRR). LRR can be sensed through 
a pathogen-associated molecular pattern (PAMP) of 
the host cell [146]. This effector enters the host cell in a 
T3SS-independent manner and is internalized via the 
endocytic mechanism [147]. Ubiquitylation of protein is 
involved in many cellular processes including cell cycle, 
protein degradation, endocytosis, and inflammatory 
response [148]. Ubiquitylation involves three enzymes: 
E1 as a ubiquitin-activation enzyme, E2 as a ubiquitin-
conjugating enzyme, and E3 as a ubiquitin ligase [148]. 
After escaping Shigella from the vacuole, the damaged 
vacuole membrane can be sensed by ubiquitin. Ubiq-
uitinated proteins attract adaptor p62 and autophagy 
markers such as LC3 [149]. LC3 detects and binds with 
the leftover of the damaged vacuole membrane. p62, as 
a scaffolding protein, can interact with the ubiquitin-
associated domain of tumor necrosis factor receptor-
associated factor 6 (TRAF6). p62 directly binds with the 
autophagic protein LC3 and ubiquitin via N-terminal and 
C-terminal, respectively [150]. p62 leads to polyubiquit-
ination of TRAF6, and in turn, TRAF6 causes the acti-
vation of NF-κB [151]. Activation of NF-κB yields many 
activities such as innate immune response, cell survival, 
and inflammatory response in the cell [152]. In a normal 
cell, NF-κB binds with its inhibitor, i.e., an inhibitor of κB 
(IκB), but after signal stimulation, IκB kinase is activated. 
IκB kinase is composed of an NF-κB essential modula-
tor (NEMO), IKK1, and IKK2 [153]. After the activation 
of IKK, proteasome can cause the degradation of IκB 
and the release of NF-κB [154]. Ubiquitin ligase activity 

of TRAF6 mediates the activation of NF-κB and IKK. In 
addition, surprisingly, TRAF6 as an E3 ubiquitin ligase 
can ubiquitinate NEMO [155]. This ubiquitination leads 
to the recurrence of IKK and the initialization of signal-
ing. Activation of IKK results in the phosphorylation of 
IκB and polyubiquitination, in turn leading to the protea-
some degradation of IκB and the release of NF-κB to the 
nucleus [156].

IpaH9.8 Following the escape of Shigella from bacteria-
containing vacuole, it can freely move inside the cyto-
plasm until IFN-Ƴ induces guanylate-binding protein 
(GBP). Cytosolic bacteria can be trapped by GBP. Inter-
estingly, IpaH9.8, as a ligase, binds with GBP and ubiqui-
tinates it. Therefore, IpaH9.8 exposes GBP to degradation 
by the proteasome [157]. Furthermore, IpaH9.8, which is 
a ubiquitin E3 ligase, affects NEMO and causes protea-
some polyubiquitylation of NEMO, proteasomal degra-
dation, and suppressed activation of NF-κB [158].

IpaH7.8 The inflammasome can sense abnormality in 
the cell such as lysosomal rupture, Ca2+ signaling, and 
mitochondrial damage. Inflammasome activation leads to 
caspase-1 activation which finally leads to the secretion 
of IL-18 and IL-1β as well as pyroptosis [159]. IpaH7.8 via 
E3 ligase activity has a vital role in activating inflammas-
ome by NLRC4 and NLRP3 in a dependent manner. Glo-
malin/flagellar-associated protein 68 (GLMN), a member 
of the negative regulator of NLR inflammasome, acts as 
an E3 ligase inhibitor. Glomalin binds with RBX1 and 
masks the E2 binding site to inhibit the E3 ligase activ-
ity of RBX1 [160]. E3 ligase activity of RBX1 mediates 
proteasomal degradation of ubiquitinated proteins. How-
ever, GLMN in the presence of IpaH7.8 through E3 ligase 
activity is polyubiquitinated and enzymatically degraded 
to finally activate RBX1, thus leading to pyroptosis [161].

IpaH1.4 IpaH1.4 as an E3 ligase is another cell protec-
tor. The E3 ubiquitin ligase complex and linear ubiquitin 
chain assembly complex (LUBAC) have an antibacterial 
mechanism and are recruited on the bacterial surface 
that already has a ubiquitin. As an E3 ligase, IpaH 1.4 can 
interact with LUBAC and catalyze the functional subunit 
[162]. The GLMN binds with the inhibitor of apoptosis 
(IAP), a member of E3 ligase, and causes a reduction in 
the ligase activity; thus, the reduction of the E3 ligase 
activity of the GLMN by IpaH7.8 enhances inflamma-
some activation and forces pyroptotic cell death [163].

IpaH4.5 Another IpaH member, IpaH4.5, can interact 
with Tank-binding kinase 1 (TBK1) through ubiquitin 
ligase activities. As an INF regulator, TBK1s activate INF 
regulatory factor 3 (IRF3) which mediates INF activation. 
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Upon polyubiquitination of TBK1, IpaH4.5 causes pro-
teasome degradation and inhibits IRF3 activation. Alto-
gether, IpaH4.5 inhibits INF activation and cytokine 
expression, thus dampening the antibacterial response 
[164]. In a normal cell, proteasome regulatory particle 
non-ATPase 13 (RPN13), a component of the 19S pro-
teasome that acts as a regulatory subunit on the 26S, 
mediates ATP-dependent degradation of ubiquitinated 
protein. Through E3 ubiquitin ligase activities, IpaH4.5 
targets and degrades RPN13 results by inhibiting 26S 
proteasome activities. This outcome leads to the suppres-
sion of proteasome-catalyzed peptide and reduction of 
cross-presentation to CD8+ cell [165].

IpaJ
IpaJ is separable from the myristoyl group of GTP-active 
protein through cysteine protease activities. However, 
IpaJ is characterized by specificity to the ADP-ribosyla-
tion factor 1 (ARF1). ARF1 is found in the Golgi mem-
brane, mediates vesicle trafficking, and regulates vesicle 
formation as well as ER-Golgi transportation [166, 167]. 
ARF1 facilitates the recurrence of coat proteins to the 
Golgi and has an essential role in the secretory pathway 
[168]. IpaJ separates the myristoyl group from ARF1 and 
inhibits vesicular trafficking [167]. In addition, it inhib-
its the activation of STING, a protein associated with 
ER membrane, and mediates the sensing of pathogens. 
The STING activates IFN-I through TBK1 signaling. By 
blocking the STING translocation from ER to the ER-
Golgi intermediate component (ERGIC), IpaJ can inhibit 
the activation of INF-I [169].

OspB
OspB is an effector that is secreted through the T3SS 
and is involved in the activation of p38, ERK1/2, and 
phospholipase A2 (PLA2). Activation of phospholipase 
A2 leads to the secretion of chemoattractant and IL-8 
[106]. Immediately after secretion, OspB can stimulate 
phosphorylation of ERK1/2 and p38 [170]. Activation of 
p38 and ERK1/2 leads to the activation of PLA2 which 
mediates eicosanoid generation, eicosanoid involved 
in immune responses such as inflammation, and recur-
rence of PMN to the infection site [171]. OspB also inter-
acts with the mechanistic target of rapamycin complex 1 
(mTORC1) to facilitate cell proliferation. The activity of 
mTORC1 as a master regulator of cell growth and pro-
liferation depends on the IQ motif containing GTPase 
activating protein 1 (IQGAP1). IQGAP1 plays a signifi-
cant role in the assembly of actin and is affected by OspB 
directly. It also mediates mTORC1 activation. Finally, 
this activation and cell growth mediate niche protection 
inside the cell [172] (Fig. 1).

OspC1/OspC3
OspC1 mediates the activation of MEK/ERK and phos-
phorylation of ERK1/2, thus leading to the transloca-
tion of ERK to the nucleus and phosphorylation and also 
activation of the transcription factor. Crucial roles of the 
ERK include cell motility and cell survival [173]. There-
fore, Shigella flexneri by inducing inflammation leads to 
the recurrence of neutrophil and imbalances the stabil-
ity of membrane which mediates access to the submucosa 
[174]. In the mouse model, S. flexneri fails to elicit IL-8 
and to allow neutrophil to recur to the infection site, a 
phenomenon that explains mice resistance to the Shigella 
infection [175]. After infection via Shigella, caspase-4 
mediates epithelial cell death. Interestingly, Shigella can 
inhibit the activation of Caspase-4 by OspC3. Caspase-4 
has two subunits, p10 and p19, and OspC3 interacts with 
the subunit p19 to inhibit the activation of Caspase-4 
[176]. Ankyrin repeat of OspC inhibits caspase-4 con-
served in other bacteria such as Rickettsia ricketssii and 
Legionella pneumophila [130].

OspF
OspF has a phosphatase activity and interacts with 
MAPK signaling. OspF can interact with chromatin 
reader, heterochromatin protein 1Ƴ (HP1Ƴ), and His-
tone-3 to dephosphorylate and suppress gene expres-
sion. To activate the HP1Ƴ and Histone-3, MAPK 
should be phosphorylated in both proteins [177]. 
HP1Ƴ, as a transcription regulator, has multiple phos-
phorylation sites, and Serine 83 has a significant role 
in the process. MSK1, as an HP1Ƴ kinase, phosphoryl-
ates HP1Ƴ at Serine 83. OspF can inactivate ERK and 
downstream kinase MSK1 by serine 83 dephospho-
rylation [178]. OspF translocates to the nucleus and 
interacts with Histone-3 to control the expression of 
inflammatory cytokine. Phosphorylation of Histone-3 
is necessary for chromatin availability to transcription 
factor NF-κB; thus, it inhibits Histone-3 phosphoryla-
tion by OspF and blocks the activation of a gene which 
is under the control of NF-κB [179]. OspF can interact 
with retinoblastoma that leads to downregulation of 
histone modification and mediates blocking of inflam-
matory cytokine production [180]. Interestingly, OspF 
can directly interact with HP1Ƴ and dephosphoryl-
ate it. A small ubiquitin-related modifier (SUMO) can 
modify OspF and mediate nuclear localization and 
dephosphorylation activity of OspF [181]. Nevertheless, 
how is OspF translocated to the nucleus? Importin-α, 
as a heterodimer, targets a different protein to trans-
locate across the nuclear membrane. By binding of the 
nuclear signal localization (NLS) of the target protein, 
importin-α connects to the importin-β which mediates 



Page 11 of 21Nasser et al. Molecular and Cellular Pediatrics            (2022) 9:12  

translocation to the nucleus. Interestingly, OspF is 
translocated through importin-α to the nucleus and 
interacts with MAPK. Through phosphothreonine lyase 
activities, OspF interacts with X-residue in the MAPK 
and degrades the threonine hydroxyl group [182, 183].

OspG
In normal conditions, NF-κB is suppressed by inhibitory 
protein (IκBs). Signaling from extracellular or intracel-
lular cell leads to inhibitor phosphorylation and of IκB 
ubiquitination, leading to proteasomal degradation of 
inhibitor and release of NF-κB [184]. With the similari-
ties to the eukaryotic protein kinase, OspG can inhibit 
not only the degradation of phosphorylated IκB but also 
the activation of NF-κB. In other words, OspG cannot 
block TNF-α signaling but may suppress the degradation 
of phosphorylated IκB [185].

OspI
As a glutamine deamidase, OspI can interact with 
ubiquitin-conjugating enzyme 13 (UBC13) and deami-
dase glutamine residue in UBC13. UBC13 is an E2 
ubiquitin enzyme and a significant factor in activating 
NF-κB by TRAF6 signaling. OspI reduces the inflam-
matory response by suppressing signaling through the 

UBC13-TRAF6 complex [186, 187]. Conversion of glu-
tamine into glutamate by OspI leads to the inhibition of 
the synthesis of polyubiquitin chain and UBC13/TRAF6, 
which resulted in inhibiting the activation of NF-κB. 
Interestingly, deamidation occurs outside the UBC13/
TRAF6 interaction, but changing the salt-bridge inter-
action inhibits regular interaction between UBC13 and 
TRAF6 [188].

OspZ
P65, as a transcription subunit of NF-κB, should be 
translocated and phosphorylated toward the nucleus 
to mediate the expression of inflammatory cytokines. 
OspZ can interact with p65 and block the transloca-
tion of p65 to the nucleus. Altogether, this suggests an 
inhibitory mechanism that blocks activation of NF-κB 
[189]. Through methyltransferase activities, OspZ can 
interact with host adaptor protein TAK-binding pro-
teins 3 (TAB3) that mediates signaling through IL-1 
and Toll-like receptor (TLR) [190]. Cysteine residue 
of TAB3 mediates the link between polyubiquitin and 
the target protein including TRAF6. This polyubiq-
uitination leads to the formation of a complex with 
IκB kinase and degradation of IκB, resulting in NF-κB 
signaling. OspZ modifies cysteine residue of TAB3 

Fig. 1 Interaction between Shigella effectors and the host cell that mediated activation and suppressive effects. OspI, Shigella effector encoded 
by ORF169b on the large plasmid and delivered by the T3SS; Ubc13, ubiquitin-conjugating enzyme that has a main role in the NF-κB signal 
transduction pathway in human infections; TRAF, tumor necrosis factor receptor (TNF-R)-associated factor; IpaH, invasion plasmid antigen H gene 
sequence; NEMO, NF-κB essential modulator; GPB, guanylate-binding protein; OspB, effector that is secreted through the T3SS; ERK, extracellular 
regulated kinase; PLA2, phospholipase A2; IRAK, interleukin-1-receptor-associated kinase; MyD88, myeloid differentiation primary response 88; IKB, 
inhibitor of NF-κB
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through methyltransferase activities and disrupts the 
ubiquitin-binding activities of TAB3 [191, 192]. This 
disruption leads to the inhibition of NF-κB response to 
IL-1β and TNF-α.

Actin rearrangement
Many cellular processes include immune response, 
motility, and shape rearrangement that need an actin 
network. A core set of proteins includes Arp2/3, cap-
ping protein, actin, profilin, and ADF/cofilin, all 
involved in the shigella movements [193]. First, intra-
cellular or extracellular signals activate the Rho-
GTPase family that stimulates WASp/Scar protein. 
Then, WASp/Scar with Arp 2/3 and actin next to each 
other form a new branch [193]. Finally, the capping 
protein attaches to the distal side of the branch and 
terminates the new branch growth. In the Arp2/3 com-
plex, a class of protein nucleation promoting factors 
(NPFs) facilitates actin activation. NPF leads to the 
activation of Arp2/3 which promotes the formation of 
the actin branch. One important WASP family of NFPs 
is N-WASP. By mimicking the activity of NPF, Shigella 
IcsA causes the release of autoinhibited N-WASP and 
activates Arp2/3, leading to actin assembly [194].

Cortactin After the Shigella invasion, the Src family 
is activated, and this leads to the recurrence and phos-
phorylation of cortactin. Cortactin is a substrate of 
the Src family that involves the Shigella entry process 
and regulates actin rearrangement. Cortactin has two 
domains: C-terminal and N-terminal. N-terminal acety-
lation (NTA) mediates the activation of Arp2/3 that is 
involved in the assembly of the actin branch. The next 
region after N-terminal is cortactin, which facilitates 
binding with the F-actin [195]. The SH3 domain of the 
C-terminal can bind with another activator of Arp2/3, 
which is called N-WASP. Therefore, cortactin may acti-
vate actin by either direct binding of NTA to the Arp2/3 
or the recurrence of N-WASP by SH3 [196]. Cortactin 
may be recurred by the Rho GTPase family or microbial 
pathogens. Through glycine-rich IcsA, Shigella leads to 
the recurrence of N-WASP. The CRIB motif of N-WASP 
is enough to attach to the IcsA. In the next step, Cdc42 
bounds to the CRIB motif, which regulates the ability of 
N-WASP to stimulate Arp2/3 and actin assembly [197, 
198] (Fig. 2).

Shiga toxin
Shiga toxin, a part of A-B toxin, is a pentamer B subu-
nit that functions by connecting toxin to the host cell. 
Subunit A penetrates the host cell after connection with 

subunit B. Subunit B connects to the neutral glycolipid 
globotriaosylceramide (Gb3), and it is endocytosed. 
After endocytosis, it is transported to the Golgi and, con-
versely, is translocated to the ER. In the ER, subunit A 
enzymatically activates and transfers it to the cytosol to 
remove adenine from 28S RNA, which leads to inhibition 
of protein synthesis [199]. In the subunit A, the region 
between amino acids 248–251 mediates trypsin sensitiv-
ity and cleavages subunit A into A1 and A2 [200]. Gb3 
as a significant receptor for toxin and cell line deficiency 
in Gb3 is insensitive to the toxin. In addition, Fabry’s 
disease with overexpressed Gb3 attenuates sensitivity 
to the Shiga toxin, perhaps due to the spread of toxin in 
the whole body instead of one position [201]. Shiga toxin 
also mediates Ca+ influx and ATP release from infected 
HeLa cells. ATP release mediates ATP signaling through 
purinergic receptor P2X, which in turn leads to Ca+ 
influx and cellular damage. Finally, it produces Shiga 
toxin containing microvesicle [202]. Shiga toxin mediates 
unfolded protein response mediated by ER and yields 
apoptosis for epithelial, lymphoid, and endothelial cells 
[203]. The toxin can be translocated and shed by stimu-
lated blood cells. Translocation of toxin finally leads to its 
release by microvesicle and its attachment to a target cell 
such as a renal cell [204]. A human endothelial cell may 
have different amounts of Gb3 on the cell surface, and 
exposure to the LPS increases the amount of Gb3 sixfold. 
Interestingly, the level of Gb3 in renal cells is much more 
than the endothelial cell and may explain the sensitivity 
of the renal cell to the toxin [205] (Fig. 3).

Immune response
In general, interference with the innate and adaptive 
immune responses in children during primary infection 
leads to the high susceptibility of children to shigellosis 
than adults [206]. The difference in human susceptibil-
ity to Shigella infection is rooted in the discrepancies 
between key components of the human innate defense 
barrier present in the colon [139, 206]. T3SS is the main 
weapon of Shigella to dampen host defenses. Shigella 
T3SS effectors target key cellular pathways of gut resi-
dent macrophages and enterocytes and modulate the 
important host cell functions [16]. Shigella T3SS effectors 
affect different signaling pathways involved in traffick-
ing, cell viability, host cell actin cytoskeleton dynamics, 
and NF-κB-mediated inflammatory pathways [42]. On 
the other hand, Shigella leads to the reprogramming of 
gene expression in infected enterocytes and contributes 
to the downregulation of CCL20 production. CCL20 is a 
chemokine mediating DCs recruitment [207].

One mechanism for blocking the spread of cell-to-cell 
Shigella is GTP-binding protein (Septin). Septin has a 
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role in cell division, but this protein can also activate 
through actin tail produced via cytoplasmic bacte-
ria. TNF-α may stimulate the formation of septin and 
surround cytoplasmic bacteria that form the actin tail 
[208]. In other words, septins make a cage-like struc-
ture to contain the free movement of Shigella. Septin 
can sense micron-scale membrane curvature and bring 
the proteins back to the bacterial position. Cardiolipin 
with anionic properties has the presence on the bacte-
rial division site. Cardiolipin via curvature property 
may trigger activation and migration of septin to the 
bacterial location [209]. Septin recruits to the IcsA 
position that mediates actin polymerization. Adap-
tor p62 protein also recurs to the septin location and 

mediates autophagy [210]. Cardiolipin is present in 
both the inner and outer membranes of the cell. PbgA 
as a transporter takes cardiolipin from the inner to 
outer cell membrane. The mutant of pbgA appears to be 
devoid of cardiolipin in the outer membrane cell. pgbA 
mutation cannot keep IcsA properly fixed in the outer 
membrane. Altogether, cardiolipin in the inner mem-
brane is responsible for cell division and in the outer 
membrane responsible for properly localized IcsA 
[211]. IgG against IcsA and IpaB is shown to be pro-
tective, and it reduces the severity of S. flexneri infec-
tion [212]. Paneth cells secrete antimicrobial peptides 
such as LL-37 and defensin. Interestingly, S. flexneri 
can downregulate the secretion of this antimicrobial 

Fig. 2 1 IpgB mediated to the block actin formation around vacuole. 2 IpaJ inhibit vesicle trafficking. 3 VirA lead to the disrupt of trafficking from RE 
to the Golgi and also mediated stabilized Rab1 in an inactivated form. 4 PIP5 regulate endosomal maturation and actin rearrangement and protect 
vacuole from lysosome degradation. 5 and 6 P62 can bind to the LC3 and also bind to the ubiquitin. 7 IpgB can mimic the role of RhoG and finally 
lead to the actin polymerization, massive recurrent of Rab11 to the vacuole. 8 PIP5 can activate Akt that mediated cell to survive. 9 TOM1 lead to 
lagging EGFR degradation. 10 IpgD can inhibit ATP releasing by cell as an inflammatory signal. 11 ICAM as a leukocyte receptor affected by IpgD 
and mediated to the internalization and degradation. 12 TOM1 inhibit vacuole maturation. IpaB, invasion plasmid antigen B; IpaJ, cysteine protease; 
IpgB, effector protein involved in Shigella invasion of host cells; IpaH, invasion plasmid antigen H gene sequence; Rab, Ras-related protein in brain; 
TOM 1, target of myb-1; RhoG, Ras homology growth related; ELMO, engulfment and cell motility protein; Dock180, dedicator of cytokinesis; ICAM, 
intercellular adhesion molecule; Akt, protein kinase B
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peptide. MxiE, as a bacterial regulator, can also regu-
late innate immune responses and suppress the expres-
sion of the antimicrobial peptide by intestinal cells. S. 
flexneri mediates suppression of chemokine CCL20 
[139, 206].

Neutrophil destroys Shigella intracellularly or extra-
cellularly; in the intracellular mode, it occurs following 
the engulfment of Shigella into vacuole present in the 
lysosome and is digested [213]. In the extracellular mode, 
Shigella is trapped and killed using neutrophil extracel-
lular trap (NET). A critical component of NET is elastase 
that mediates the destruction of both outer membrane 
protein and virulence factor of Shigella in a lower con-
centration proportional to other bacterial proteins [214, 
215]. After the interaction of LPS-TLR4, pentraxin 3 

production is stimulated. Pentraxin 3 as a long pentraxin 
together with a short pentraxin such as C-reactive pro-
tein (CRP) forms acute-phase proteins. Pentraxin can 
bind with Shigella and interfere with Shigella epithelial 
invasion [216]. After the entrance of S. flexneri inside 
the macrophage, 34 KD outer membrane protein (OMP) 
can be detected by TLR-2. OMP induces expression of 
TRAF6 and MyD88 and facilitates the phosphorylation 
and activation of p38. It can also stimulate macrophages 
to produce chemokine and cytokine and upregulate the 
expression of MHC-II. All of these features are depend-
ent on the expression of TLR-2 on the macrophage sur-
face [217]. The 34 KD OMP exposed on the surface 
and antigenically conserved in S. flexneri mediates the 
induction of proinflammatory cytokines in macrophage, 

Fig. 3 1 The presence of bile leads to the two important pathways, biofilm formation and IcsA expression. 2 Expression of IcsA leads to the 
attachment and internalization to the host cell. 3 Interaction of the IcsA with N-WASP finally leads to the actin rearrangement. 4 Interaction of NOD 
with Shigella peptidoglycan. 5 Sensing of peptidoglycan leads to activation of NF-kappa B that finally mediated transcription of IL-8. 6 IpaB can act 
as an ion channel. 7 IpgD mediated conversion of PIP2 to the PI5P that mediated activation of EGFR and summons of TOM1 to the lagging of EGFR 
degradation. 8 IpaA has a VBS that mediated binding to the talin and finally activated filopodial adhesin. IcsA, a 120-kDa outer membrane protein 
required for actin-based motility; NOD, nucleotide-binding oligomerization domain; PIP2, phosphatidylinositol 4,5-biphosphate; EGFR, epidermal 
growth factor receptor; N-WASP, neural Wiskott-Aldrich syndrome protein
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and it plays a protective role in stimulating an immune 
response [218]. In primary infection due to missing T-cell 
response, ultimately, eradication of Shigella failed; how-
ever, in the case of secondary infection, Th17 produces 
IL-17A which yields restricted bacterial infection.

Interestingly, Th17 induction shows a stronger 
response over Th1 [219]. Although the adaptive immune 
response has a significant role in controlling intracellu-
lar infection, CD8+ cell as an adaptive immune cell has 
minor protection against S. flexneri infection. Interest-
ingly, T-cell response can be attenuated when APC is 
infected with S. flexneri [220]. Although many vaccines 
have been proposed so far, only vaccines against O-pol-
ysaccharide were developed, and they ensure almost 
2-year protection. This vaccine has functional capabili-
ties and mediates serum bactericidal activities [221, 222]. 
However, this protectivity by IgG is serogroup specific 
against shigellosis. The presence of specific IgG and IgA 
leads to a protective effect against homologous Shigella 
species [222–224] (Fig.  4). S. flexneri can induce hyper-
inflammatory response through EGFR and NOD2. Shi-
gella is inducing indoleamine 2,3-dioxygenases 1 (IDO1) 
by EGFR and NOD2. The above measure and the host 
cell response mediate immune hemostasis and disrupt 
IDO1 production through EGFR abrogation, and NOD2 
signaling leads to imbalanced response as well as dis-
rupted colon epithelial barrier and cytokine response 
[225]. Thus, S. flexneri induces IDO1 to mediate immune 
hemostasis, modulate cytokine secretion, and reduce 
cytokine consequences.

Horizontal gene exchange in the human gut
Horizontal gene transfer (HGT) is the lateral exchange 
of genes between organisms and has been revealed for 

various organisms such as bacteria and viruses [226]. In 
total, the three main mechanisms of HGT are transfor-
mation, transduction, and conjugation. Conjugation is the 
most studied HGT mechanism in the human intestine, 
and it requires cell-to-cell contact [227]. Plasmids and 
the mobile genetic elements can be transferred through 
conjugative machinery. Bacteria in the gut environment 
have suitable conditions such as stable temperature, suf-
ficient and permanent food resources, fixed physiological 
conditions, a large number of phages and bacterial cells, 
and plenty of opportunities for horizontal gene exchange 
[228]. It is revealed that the frequency of HGT in infants’ 
meconium and early fecal samples is higher than that in 
adults [229]. Genes that are widely transferred among 
bacterial genera and species encode proteins involved in 
fitness and multiple cycle-like alterations of gene expres-
sion. Prokaryotes of intestinal microbiome are reservoir 
of closely related antimicrobial resistance genes [228]. 
Antibiotic resistance genes spread between bacteria in 
gut environments through HGT and expression of resist-
ance genes from other strains. Notably, HGTs along with 
the bacteriophages, conjugative transposons, plasmids, 
and integrons have the main role in the transfer of genes 
and acquisition of pathogenicity by pathogenic human 
enteric pathobionts, and it leads to the expansion of viru-
lence traits and antibiotic resistance [228].

Conclusion
Shigella is an essential agent in bacillary dysentery that has 
induced millions of diarrhea cases all around the world. 
Shigella can be transmitted through water and food, and 
it threatens children’s lives. After passing through the gas-
trointestinal, Shigella must be ready to face microbial flora. 
Since the microbial flora is adapted to the physiologic 

Fig. 4 Penetration of the Shigella to the basolateral space and its consequence to invasion and immune stimulation
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condition, Shigella should change this condition to reduce 
the compatibility of this flora. In the next step, changing 
circumstances by proteins effector ensures superiority to 
Shigella. This condition should not be continuous because 
of the mediated inflammation and the recurrent PMN; 
thus, it is the primary inflammation-mediated disorder 
in the mucous membrane that leads to the penetration of 
Shigella to the submucosal position. After passing to the 
submucosa, Shigella is engulfed by APC which stands firm 
against pathogens. However, this is not a problem for Shi-
gella because it can modulate digestion.

Furthermore, Shigella can stimulate APC to induce 
apoptosis, but not before full duplication. Neverthe-
less, identifying the Shigella lifestyle and behavioral pat-
tern leads to the recognition receptor, ligand, effector 
proteins, immune response modulators, and immune 
responses that mediate immunity. So far, several studies 
regarding immune response against Shigella mediates are 
done. One study demonstrated that infection with Ple-
siomonas shigelloides by identical LPS properties to the 
Shigella sonnei mediated protection against shigellosis 
[230]. Another strategy uses the outer membrane vesicle 
as a transporter of the Shigella antigen; this strategy is 
useful for other bacterial cells. Results demonstrated effi-
ciency, similar to the live vaccine [231, 232]. Other stud-
ies use formalin as inactivated bacteria to induce immune 
responses. The result demonstrated the efficiency of the 
vaccine at the clinical trial phase 1 [233]. A new strategy 
to produce immunity is the subcellular vaccine, com-
posed of LPS and plasmid that mediated invasion. This 
type of vaccine may produce proper protection against 
shigellosis [234]. One strategy that was formerly used and 
nowadays is reused by scholars is phage therapy. Phage 
therapy can be applied in a single- or multidose manner 
or monovalent or cocktail. Many studies have shown that 
the phage can specifically kill the pathogens [235–238]. 
Phage can detect and destroy Shigella and reduce shed-
ding, without side effects on microbial flora. Phage can 
be useful as an antibiotic without side effects [239]. Alto-
gether, so far, O-polysaccharide antigen has exhibited a 
better protective immune response and remains the can-
didate for the vaccine. Identification and mechanism of 
bacterial entry and pathogenicity play an essential role 
in vaccination against Shigella. So, in this review, our 
study explained how Shigella could enter the gastroin-
testinal and finally penetrate the submucosa, be engulfed 
by APC, escape APC, and evade the immune response. 
Altogether, O-polysaccharide is an essential factor in 
stimulating a protective immune response. For further 
research in the future, it is recommended that this factor 
be considered as having an influential role in full protec-
tion. In addition, a survey of the O-polysaccharide in the 
pathogenesis of Shigella is recommended.
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