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Abstract: Shigellosis, characterized by inflammation and ulceration of the large intestine, is caused 
by infection with Shigella species. It is a major public health problem in developing countries where 
filthy sanitation practices and restricted access to clean water encourage the spread of the disease. 
Shigellosis is spread by means of fecal-oral route. It is one of the most common disorders specially 
affecting children in West Bengal, India. Disease from Shigella species accounts for 165 million 
cases of diarrhoea culminating in one million deaths annually worldwide. Severe dysentery is treated 
still with antibiotics, with limited success because of the continuous development of multi drug 
resistance by the bacteria. WHO has identified Shigella as a potential target pathogen against which 
new drugs need to be formulated and in silico approach has the potential to identify drug targets. 
Molecular modeling of Shigella invasion proteins using computational tools may divulge novel 
therapeutic targets that can be used for future pharmacological intervention. Detailed annotation of 
previously unknown Hypothetical Proteins using an in-silico pipeline can identify crucial proteins in 
pathogenesis cascade, which can be explored further as effective drug targets, which may eventually 
enable us to combat the menace of shigellosis. 
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1. Introduction 

Diarrheal diseases have always been a threat to growing human population all over the world, 
with increased incidence in developing countries like India, China, Bangladesh, etc. Shigella spp. is 
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diarrheal pathogen, producing mild to acute diarrhoea specifically in infants and children below 5 
years of age [1]. Recent reports on global disease burden of Shigellosis, have evaluated Shigella as 
the second leading cause of mortality associated with diarrhoea across all ages, whereas 
Enterotoxigenic Escherichia coli (ETEC) was the eighth leading cause of diarrheal deaths [2]. Khalil 
et al. (2018) found a total of 212,438 deaths due to shigellosis worldwide which accounted for 13.2% 
of all diarrheal deaths all over the world (Figure 1). Shigella was also responsible for 63,713 deaths 
among children younger than 5 years [2]. Besides, studies have indicated an association of 
shigellosis with reduced linear growth and poor weight gain in children aged 2–5 years, thus 
contributing to global stunting [3]. Shigellosis is predominant in children having minimal access to 
clean water, living in poor hygiene and sanitation conditions and lacking proper nutrition. 

Identification of Shigella spp. dates back to 1898, when a Japanese physician and bacteriologist 
Dr. Kiyoshi Shiga first isolated and characterized Shigella species [4]. The genus Shigella belongs to 
the family Enterobacteriaceae, with their closest relative being Escherichia coli. Shigella spp. are 
Gram negative, rod-shaped, non-spore forming, non-flagellated, facultative anaerobes. Shigella spp. 
are lysine decarboxylase negative, ornithine decarboxylase negative, oxidase negative, urease 
negative, catalase positive, methyl red positive and Voges Proskauer negative [5]. Shigella ferments 
glucose but unlike Escherichia coli, it does not ferment lactose and does not produce H2S like 
Salmonella. Shigella invades the colonic epithelium causing inflammation and ulceration of the large 
intestine, producing diarrheal symptoms varying from mild watery diarrhoea to severe dysentery 
characterized by blood stained stools, abdominal cramps and elevated temperature. Normally 10-100 
individuals of Shigella are enough to produce the disease, thus conferring the pathogen with a very 
low infectious dose [6]. With a prevalence of 165 million cases worldwide and an annual death 
penalty of 100,000 Shigella spp. is a major scourge to public health. 

On the basis of serological characteristics, the genus Shigella can be grouped into four species 
viz. Shigella dysenteriae, Shigella flexneri, Shigella boydii and Shigella sonnei. The ‘O’ antigen of 
lipopolysaccharide layer, further divides each species into multiple serotypes viz. Shigella dysenteriae 
has 15 serotypes, Shigella flexneri has 6 serotypes with 15 subtypes, Shigella boydii with 18 serotypes 
and Shigella sonnei with only one serotype [7]. The highly immunogenic ‘O’ antigen comprising of 
many repeats of an Oligosaccharide unit (O), exhibits widespread diversity in its biochemistry (sugar 
composition), number of repeats, arrangement and linkages thus accounts for the extensive diversity 
of Shigella spp. Of the four species, Shigella flexneri is the causative agent of 60% of the infections 
occurring globally and it has been studied in great depth, enhancing our perception of Shigella 
pathogenesis and the hidden host-pathogen intercommunication [8]. 
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Figure 1. Graphical representation of mortality caused Shigella in children aged younger 
than 5 years (A) and people of all ages (B) by Global Burden of Diseases region, adapted 
from Khalil et al. [2]. 

2. Shigella encoded toxin 

Shigella produces high levels of protein toxins encoded by both the chromosome and the 
plasmid like Shigella enterotoxin 1 (ShET-1), Shigella enterotoxin 2 (ShET-2) and Shiga toxin (Stx). 
Shiga toxin is an exotoxin only produced by Shigella dysenteriae serotype 1 and exhibits an AB5 
toxin structure containing a single subunit of 32 kDa and a pentameric B subunit of 7.7 kDa, which 
are non-covalently associated with each other [9]. The pentameric B subunit helps in the binding of 
the holotoxin to specific membrane glycolipid Gb3 on the surface of vascular endothelial cells [10]. 
On binding to the Gb3 receptor, Stx is internalized by the process of endocytosis. The internalized 
vesicle fuses with the early endosome, followed by their transport to the trans-golgi network and 
finally into the cytosol. In the cytosol, the A subunit is cleaved at a trypsin sensitive site, into a 27 kDa 
A1 fragment and 4 kDa A2 fragment by furin. The catalytically active A1 fragment acts as a specific 
N-glycosidase and cleaves a single adenine residue from the 3’ end of 28S rRNA component of 
eukaryotic ribosome. This depurination blocks elongation factor-1 dependent aminoacyl tRNA 
binding, thus inhibiting peptide formation and damages the cell by apoptosis [11]. Impaired 
endothelial cells in turn release cytokines which further augment the inflammatory environment, 
causing cell damage by altering homeostatic control and promoting interaction of inflammatory cells 
and endothelial cells [12]. 

 
 

http://et.al/
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3. Shigella T3SS and effectors 

Shigella invasion and subsequent infection is mediated by its Type III Secretion System (T3SS). 
The T3SS apparatus and the effectors are encoded by a ~220 kb large plasmid present in Shigella [13]. 
A 31 kb entry region within the virulence plasmid codes for the structural components of T3SS 
molecular syringe (Figure 2), the majority of T3SS secreted effectors and key transcriptional 
activators (VirB, MxiE) that facilitate Shigella invasion and dissemination [14]. The synthesis and 
the expression of T3SS and its effectors is stringently regulated and responds to environmental cues 
encountered while transport through the host. 

 

Figure 2. T3SS activation on encounter with host cell membrane. 

A vital trigger that brings about T3SS expression and secretion of first wave of effectors is a 
swap to 37°C. However, pH, osmolarity and iron availability are other factors affecting expression 
and secretion of virulence factors [8]. A temperature of 37°C brings about the expression of the 
transcriptional activator VirF and VirB. VirF in turn induces expression of the actin nucleator and 
adhesin IcsA, thus stimulating actin remodelling. VirB upregulates the transcription of the parts 
assembling T3SS i.e., the mxi and spa genes, the first round of effectors required for cellular 
invasion [15]. 

The T3SS is composed of a basal body that spans the bacterial membrane with a needle like 
structure projecting from the bacterial surface. The needle is made up of repeating MxiH subunits 
with IpaB-IpaD translocators forming a complex at the needle tip [16]. Recent studies have proposed 
that the interactions of T3SS effectors with side chains of MxiH’s amino acids play a crucial role in 
the release of effectors [17]. 

The predominant virulence factors of Shigella are the Invasion plasmid antigens, namely, IpaA, 
IpaB, IpaC, IpaD, IpaH. The needle tip of T3SS is composed of a pentamer of IpaD which serves as 
an attachment site for further recruitment of effectors [18]. 

During transit through the small intestine, IpaD undergoes a bile-salt dependent conformational 
change which results in the attachment of the hydrophobic effector IpaB [19]. The IpaB-IpaD 
complex thus formed keeps the needle complex in a closed form. 
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The T3SS activity is strictly controlled during the infection cycle, whereby T3SS is active 
only during entry and cell to cell spread but remains shut during cytosolic growth [20]. T3SS is 
activated by direct contact of the needle tip with the cholesterol and lipid rafts of the host plasma 
membrane [21]. Upon encounter with the host cell membrane, IpaB goes through a conformational 
change and stimulates recruitment of the next effector IpaC. The resulting IpaB-IpaC conjugate 
creates pores in the host cell membrane thus leading to effector influx. Following successful pore 
formation, MxiC is secreted first which serves as a guard and blocks the secretion of first wave of 
effectors, thereby ensuring the earlier release of IpaB, IpaC, IpaD factors [22]. The release of MxiC 
now clears the way for subsequent effector secretion. 

The release of IpaB and IpaC, frees their chaperone IpgC, which forms an active complex with 
MxiE, liberated from the inhibitory effect of OspD1 by its seepage. The MxiE-IpgC complex now 
elicits the secretion of second wave of effectors while simultaneously upregulating the transcription 
of first round of effectors [23]. The injection of Shigella effectors in host cell suppresses host cell 
innate immune response and prolongs survival of infected cell. Shigella effector IpaH, with E3 
ubiquitin ligase activity targets several proteins for degradation by host proteasomes, thus playing a 
crucial role in subverting host defense mechanism [24,25]. 

4. Shigella infection cycle 

Shigella enters the human body through ingestion of contaminated food and water. It expresses 
an effective acid resistant system (glutamate decarboxylase system) which endows Shigella with the 
ability to bear with the highly acidic environment of the stomach [26]. After successful passage 
through the stomach, the pathogen reaches the intestine where invasion occurs. 

4.1. Shigella competes with gut microbiota and breaches intestinal barrier 

In order to reach the epithelial surface, Shigella escapes multiple barrier of the host. The 
existing gut microbiota provides resistance to Shigella infection by a handful of direct and indirect 
means, like releasing of inhibitors like colicin, depriving Shigella of nutrients, pushing toxins into 
Shigella via direct contact or simply by enhancing production of antimicrobial peptides by the host. 
Shigella survives the war by altering its ‘O’-antigen chain length and releasing colicins to kill the 
strains of competing bacteria [4]. The intestinal epithelium is enveloped by a rich layer of mucus 
which the pathogen penetrates by its expression of mucinase and neuraminidase [27]. Once 
Shigella reaches the epithelial surface, it targets the ‘M’ cells to breach the single layer intestinal 
epithelium [28]. ‘M’ cells are present in between the follicle associated epithelium (FAE) overlying 
the mucosa associated lymphoid tissue such as Peyer’s patches, cryptopatches of the small intestine 
and colonic patches [29]. ‘M’ cells or microfold cells lack apical microvilli, has a large basal 
invagination and an apical microfold structure. ‘M’ cells are used as a surveillance system of the host 
by sampling antigens and microbes from the intestinal lumen to the basolateral side to elicit host 
immune response [29]. Shigella preferentially exploits these M cells to conquer the intestinal barrier 
and reach the basolateral side of polarized colonocytes. The reduced levels of mucus and 
antimicrobial peptides make M cells an easy target for entry. It has been highlighted by some recent 
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investigations that Shigella mainly travels in M cells within endocytic vacuoles, thus, leaving the 
microfold cells intact after its exit [30]. After release from M cells, Shigella is phagocytosed by the 
macrophages and dendritic cells strategically located in the lymphoid pocket (Figure 3). 

However, recently developed Guinea pig model of Shigellosis has shown that the entry of 
Shigella may occur without organized lymphoid follicles [31]. Another study revealed the existence 
of M cells away from Peyer’s patches, although no conclusive evidence could be provided to show 
that these distally located M cells were used by the bacteria for the purpose of entry. 

 

Figure 3. Shigella breaches the intestinal barrier via M cells. 

4.2. Macrophage pyroptosis 

Macrophages are antigen presenting cells that function to detect and phagocytose microbes and 
elicit an inflammatory response to mediate bacterial clearance. Shigella prefers to escape 
macrophages quickly and invade the colonocytes to reach their replicative niche, the epithelial cell 
cytosol [32]. Shigella exits from macrophages by triggering macrophage pyroptosis. Pyroptosis is an 
inflammatory type of cell death that serves as an antimicrobial response by releasing the intracellular 
pathogen into extracellular space for more efficient killing of bacteria [33]. Pyroptosis of Shigella 
bearing macrophages first requires the phagosomal escape of Shigella which is induced by IpaB-
IpaC needle complex component of T3SS secretory pathway. IpaB-IpaC forms pores in the 
phagosomal membrane, leading to influx of potassium and finally rupture of phagosome with release 
of vacuolar contents. Once in the cytosol, the bacterial compounds can be sensed by the cytosolic 
pattern recognition receptors (PRRs) [34]. The 3 main PRRs viz. nucleotide binding oligomerization 
domain (NOD) like receptor family (NLR), Aim2 (absent in melanoma 2) like receptor family and 
retinoic acid inducible gene related 1 like receptor family, recognizes a great variety of MAMPS 
(Microbe Associated Molecular Pattern) and DAMPS (Danger Associated Molecular Patterns). 
Among these receptors, Aim2 and NLRC4 can directly sense bacterial double stranded DNA and 
conserved bacterial proteins like T3SS rod and needle proteins by NAIP (Neuronal Apoptosis 
Inhibitory Proteins) respectively [35–38]. On the other hand, receptors like NLRP1B and NLRP3 
recognize MAMPS and DAMPS by their host cell changes such as production of ROS, lysosomal 
destabilization, etc. Activation of any of these PRRs by MAMPS and DAMPS leads to 
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inflammasome formation and caspase-1 activation [39,40]. Caspase-1, an aspartate specific cysteine 
protease, then cleaves and activates the cellular protein Gasdermin D and the proinflammatory 
cytokines IL-18 and IL-1β [40]. Gasdermin D creates pores in the macrophage membrane thereby 
releasing IL-18 and IL-1β and simultaneously leading to water influx within macrophage, 
macrophage swelling and ultimately rupture of the infected macrophage. In the pyroptosis of 
macrophage, Shigella is not functionally quiescent, but rather plays a vital part. Shigella T3SS 
effector IpaH acts as an E3 ubiquitin ligase and targets glomulin for proteasome degradation [25]. 
When present, glomulin acts as an inhibitor for NLRC4 inflammasome. Thus, glomulin degradation 
frees NLRC4 from its inhibitory effect, leading to inflammasome formation and macrophage death. 
On pyroptosis of macrophage Shigella gains access to the basolateral side of epithelium, which 
Shigella proceeds to invade (Figure 4). 

 

Figure 4. Macrophage pyroptosis. 

4.3. Adhesion and entry into epithelial cells 

Shigella adheres to epithelial cells by interacting with numerous host cell surface receptors like, 
α5β1 integrin and CD44 and promotes activation of T3SS and secretion of effectors. CD44 are 
present with lipid rafts at the basolateral surface of colonocytes and IpaB-CD44 binding enhances 
internalization of Shigella [41]. Binding of α5β1 integrin with IpaBCD complex also occurs in lipid 
rafts [42]. Binding within lipid rafts favours the entry of bacteria and augments its further survival in 
the cell. Lipid rafts are thought to prevent the fusion of bacteria holding endosomes with lysosomes, 
thus protecting pathogen from degradation [43]. Besides this, the unique protein and lipid 
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composition and high cholesterol level trigger the release of bacterial effectors in vicinity of the 
signaling areas.  

Bacteria generally employ either of the two different processes to gain access to epithelial cells: 
(1) Zipper formation: this process involves intimate contact between a bacterial surface ligand 

and host cell membrane proteins like cadherins and integrins. This interaction stimulates the 
recruitment of additional host factors thus strengthening the bacteria-host cell association and local 
cytoskeleton remodeling at the entry site, finally enabling bacterial uptake [44]. Pathogens like 
Lysteria monocytogenes, Yersinia exhibits zipper type uptake into host cell. 

(2) Trigger mechanism: This process involves the injection of bacterial effectors into the host cell 
cytoplasm triggering cytoskeleton remodeling and ruffle formation at the site of invasion, therefore 
allowing bacterial engulfment by micropinocytosis [45]. Actin reorganization produces cellular 
extensions that risen up to 10 µm above cell surface, followed by which the filopodial extensions 
approach towards each other, effectively capturing Shigella within a few minutes [46]. Shigella 
induces ruffle formation by an intricate process involving multiple effectors viz. IpaC, IpaA, VirA, 
IpgD, IpgB1 and IpgB2 (Table 1). 

Table 1. Invasion proteins secreted by the T3SS. 

Sr 
No. 

Invasion
Proteins 

Structure Function 

1 IpaA Structurally IpaA is made up of 
a N-terminal region, a central 
region and a C-terminal region. 
The N-terminal domain 
constitutes the chaperone 
binding site, while the helical 
C-terminal sequence forms the 
binding site for vinculin. 

• IpaA counteracts the uncontrolled formation of 
IpaC stimulated actin protrusions at the site of 
pathogen entry, thereby preventing the repulsion of 
Shigella from epithelial surface [47]. IpaA C-
terminus has 3 vinculin binding sites in a row, each 
of which attaches to one vinculin head. This 
interaction induces a conformational change in 
vinculin, exposing F-actin binding site and 
enhancing the F-actin affinity of vinculin by three 
times [48]. This results in a partial capping of 
barbed end of actin filament by IpaA-vinculin 
complex, henceforth preventing further monomer 
addition [49]. 

• IpaA also stimulates the intrinsic GTPase activity 
of small GTPase RhoA, thus rendering RhoA 
inactive. Inhibition of ROCK pathway (Rho 
Associated Protein Kinase) causes stress fibre 
disassembly and frees actin for membrane ruffle 
formation [47]. 

Continued on next page 
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Sr 
No. 

Invasion
Proteins 

Structure Function 

2 IpaB The structure of IpaB 
contains a N-terminal 
region, a central 
hydrophobic sequence 
forming two membrane-
spanning domains and a C-
terminal region. The N-
terminal region is assumed 
to play a vital role in 
maintaining normal IpaB 
expression and is thought to 
prevent IpaB degradation in 
the bacterial cytoplasm by 
interacting with IpgC. The 
hydrophobic region is 
crucial for different 
functions of IpaB, while the 
C-terminal region may be 
more important for epithelial 
cell invasion. 

• IpaB helps in macrophage pyroptosis by activating 
Caspase-1, also known as IL-1β Converting 
Enzyme (ICE). Activated Caspase1, cleaves and 
activates Gasdermin D, IL-18, IL-1β which 
subsequently leads to macrophage lysis [39].  

• IpaB facilitates epithelial cell adhesion by binding 
CD44 receptors within lipid rafts on the basolateral 
surface of epithelial cells [42].  

3 IpaC Structurally IpaC is composed 
of a N-terminal signal 
sequence, a chaperone 
binding site, a central 
hydrophobic region and a C-
terminal binding site [50].  

• The interaction of IpaC C-terminus with vimentin 
and intermediate filament keratin 18 is an absolute 
requirement for stable docking of Shigella with host 
cell and a prerequisite for secretion of T3SS 
effectors [51]. 

• IpaC is also known to promote actin 
polymerization and rearrangement indirectly, by 
interacting with Cdc42, Rac1 and activation of Src 
tyrosine kinase pathway [52,53]. 

• IpaC interacts with β-catenin and destabilizes 
cadherin-mediated cell adhesion complex, thereby 
facilitating cell-to-cell spread of Shigella [54].  

4 IpaD The structure of IpaD consists 
of a N-terminal chaperone 
binding region, a central coiled 
region and a C-terminal region 
that harbors the IpaB binding 
site. 

• IpaD is present as a polymer at the T3SS needle tip, 
where it helps to display IpaB at the needle tip and 
facilitates IpaB-IpaC pore formation on the host 
cell membrane [18].  

• After successful pore formation and T3SS 
activation, IpaD mediates secretion of the T3SS 
effectors. 

Continued on next page 
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Sr 
No. 

Invasion
Proteins 

Structure Function 

5 IpgD IpgD shares similar motifs with 
mammalian phosphoinositide 
phosphatase enzyme. 

• It exhibits inositol 4-phosphatase activity [55]. It 
acts on phosphatidylinositol 4,5-bisphosphate 
(PIP2), an integral membrane constituent, and 
dephosphorylates it forming phosphatidyl inositol 
5-monophosphate (PIP). PIP2 maintains the 
connection between epithelial cell membrane and 
actin cytoskeleton and its hydrolysis thereby results 
in a reduction in membrane tether force, facilitating 
actin remodeling at the entry site [55]. 

• Rab11 that is thought to facilitate vacuolar rupture 
and subsequent release of the pathogen in host cell 
cytosol, is found missing in IpgD mutant Shigella 
strains, thus indicating a role of IpgD in Rab11 
mediated vacuolar lysis [58]. 

6 IpgB1, 
IpgB2 

IpgB1 and IpgB2 shares 
identical motif with guanine 
nucleotide exchange factors, 
involved in stimulating GDP-
GTP exchange in Rho family 
of small GTPases. 

• IpgB1 interacts with β2-3 residues of Cdc42 and 
Rac1 GTPases, thus exchanging GDP with GTP 
and triggering the formation of filopodial 
extensions from the host cell surface [57].  

• IpgB2 directly activates RhoA by stabilizing them 
in their GTP bound state and promotes stress fibre 
formation [58]. 

4.4. Calcium signaling mediated entry 

Ruffle formation and filopodium mediated capture of Shigella is followed by retraction of 
filopodium, which is effectively monitored by local calcium signaling in host cells [59]. Pore 
formation by T3SS translocators IpaB and IpaC, activates host phospholipases C-β1 and C-γ1, 
which catalyzes the hydrolysis of membrane PIP2, yielding IP3 and DAG. Actin reorganization at 
the entry site blocks diffusion of IP3 out of the cell. IP3 is thus compelled to bind to IP3 receptors 
localized on endoplasmic reticulum. This binding interaction brings about a conformational change 
in IP3 receptors, opening calcium channels and causing a localized influx of calcium ions in 
epithelial cells [60]. The rise in intracellular calcium levels triggers opening of connexin 
hemichannels in the plasma membrane, releasing ATP through it. ATP sensing then leads to Erk1/2 
activation, which induces actin retrograde flow, thus causing filopodial retraction [61]. 

4.5. Phagosomal lysis and release of Shigella 

The entry of Shigella into host cells within single membrane bound vacuoles and its release into 
the cytosol by vacuolar lysis are rapid events occurring within a span of 15 minutes. A functional 
T3SS with IpaB, IpaC, IpaD were found to carry out phagosomal rupture efficiently. The insertion of 
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IpaB-IpaC complex into vacuolar membrane by pore formation would lead to destabilization of 
vacuolar membrane. The passage of T3SS effectors via the pores would further interfere with the 
membrane integrity, thus promoting vacuolar rupture [62]. IpgD promotes vacuolar lysis by recruiting 
small GTPase Rab11 to macropinosomes formed during ruffle formation and pathogen entry [56]. 
Studies have shown the association of Rab11 containing macropinosomes with Shigella containing 
vacuole just prior to the rupture, indicating a role of Rab11 in triggering vacuolar lysis (Figure 5). 

However, the precise mechanism by which Rab11 influences phagosomal rupture without fusing 
with it, is still a matter of investigation. Recent studies have revealed that phosphoinositide 
phosphatase activity of IpgD is required for successful recruitment of Rab11 to macropinosomes [56].  

 

Figure 5. Vacuolar escape and release of Shigella in the cytosol. 

4.6. Shigella survives and replicates in epithelial cell cytosol 

The host deploys multiple strategies to target Shigella for destruction and prevent further 
invasion. Before entering phagosome, Shigella is prone to recognition by the host complement 
system and may result in masking of the bacteria with complement fragments. Once in the host cell 
cytosol, these complement fragments interact with autophagy marker ATG16L1, thus selecting the 
cell for autophagy [63]. Shigella antagonizes this destructive process by releasing the effector IcsP, 
which removes the coating of complement fragments from the bacterial surface by its proteolytic 
activity. 
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Canonical and non-canonical autophagic pathways play a vital role in bacterial clearance. The 
membrane damage created by Shigella T3SS during phagosomal invasion, exposes the sugar-coated 
luminal side of the phagosome, which is recognized by two carbohydrate binding proteins, viz. 
Galectin-3 and Galectin-8. These carbohydrate binding proteins link the recognition of luminal side 
of the vacuole to the recruitment of autophagic markers, thereby stimulating autophagy. Shigella 
secretes the effector IcsB, which forms a complex with TocA-1 (Transducer of CDC42 dependent 
actin assembly 1) and prevents the recruitment of LC3 and other autophagic markers [64]. 

Shigella prevents autophagosome formation by the T3SS effector VirA. VirA prevents ER to 
Golgi vesicular trafficking by converting the GTPase Rab1 from its GTP bound active state to its 
inactive GDP bound form by stimulating its GTPase activity [65,66]. Vesicular trafficking is also 
monitored by ARFs (ADP ribosylation factors) [67]. Shigella virulence factor IpaJ, detaches ARF1 
from Golgi membrane by cleaving the myristoyl moiety from ARF1, thereby obstructing vesicular 
trafficking from ER to ER-Golgi intermediate compartment (ERGIC). Obstruction of ER to Golgi 
vesicular trafficking does another favour for Shigella by simultaneously suppressing the STING 
protein mediated host innate response. STING that is anchored in the ER membrane, is capable of 
sensing bacterial cyclic dinucleotides, which triggers STING activation and translocation to ERGIC, 
where it associates with TBK1 and IRF3 (transcription factor) [68]. Activated IRF3 in turn induces 
expression of antiviral interferon. Disruption of ER to golgi trafficking by VirA, IcsB and IpaJ 
hinders STING mediated interferon release. Phagosomal rupture releases Shigella into the epithelial 
cell cytosol, where the bacteria replicate to multiple copies and eventually disseminate into 
surrounding epithelial cells to enlarge its replicative niche. In the cytosol Shigella is highly receptive 
to identification by the cytosolic PRR and rapidly targets it for elimination. Shigella restricts 
recognition of MAMPs by PRRs, by altering its LPS from a hexa-acylated form, easily noticeable by 
TLR4 and caspase-11 to a tetra and tri-acylated form, which is less identifiable [69]. Shigella also 
limits caspase-4 activation by secretion of the T3SS effector OspC3. Activated Caspase-4 is a 
tetramer comprising of two p19 and two p10 subunits. OspC3 binds to one p19 subunit and blocks 
the assembly and activation of Caspase-4 tetramer [70]. Shigella spreads to the neighbouring 
epithelial cells by influencing host actin filament remodelling by the secretion of the effector IcsA. 
IcsA resembles the small GTPase CDC42 and recruits WASP protein, which in turn binds globular 
actins and activates Arp2-Arp3 complex to induce actin polymerization. However, this IcsA is easily 
targeted by the host for autophagic capture. In this regard, the host uses a specific GTP binding 
protein, septins, that binds to IcsA associated actin polymers and envelops the bacteria into septin 
cages and recruits p62 and NDP52, thus marking them for autophagy [71]. Shigella counteracts this 
autophagic process again using IcsB which binds IcsA, thus competitively inhibiting Atg5 binding 
by concealing its recognition site [72]. IcsB also helps the pathogen to escape from the phagosome, 
thus indirectly helping its spread to other host cells. In IcsB mutant Shigella strains, the pathogen fails 
to undergo phagosomal lysis thus eventually matures to autolysosome [73]. Shigella infection also 
results in DNA damage of the host cell, which induces the p53 mediated proapoptotic signaling. 
Shigella overcomes this challenge by using another effector VirA. VirA binding to calpastatin, 
releases calpain from its inhibitory effect. Degradation of calpastatin frees up calpain which now 
targets p53 for degradation [74]. Besides VirA, p53 proapoptotic pathway is also antagonized by 
the phosphoinositide phosphatase activity of IpgD which liberates PI5P upon action on PIP2. PI5P 
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in turn induces activation of the EGF receptor and the subsequent PI3kinase/Akt prosurvival 
pathway [75]. Activated Akt in turn phosphorylates the E3 ubiquitin ligase Mdm2, which carries out 
p53 degradation [76]. Besides autophagy, the host tries to seize Shigella replication by employing the 
guanylate binding proteins (GBPs), those are induced upon γ-interferon stimulation. GBPs augment 
cell autonomous antimicrobial responses to intracellular pathogens, thus challenging pathogen 
survival and multiplication. Shigella subverts this guanylate binding proteins by tagging them for 
ubiquitin mediated proteasomal degradation, using IpaH9.8, a T3SS effector [77]. Shigella infection 
also results in transition of mitochondrial permeability, which leads to the release of cytochrome c. 
Sensing of cytochrome c by APAF1, brings about formation of apoptosome and subsequent 
activation of caspase-9 and caspase-3, ultimately culminating in apoptosis [78]. Shigella is thought to 
prevent this caspase-3 mediated apoptosis by use of multiple factors, viz. FimA, Spa15m and IpgD. 
Association of FimA with mitochondrial outer membrane protein Vpac, enhances the affinity of 
Vpac for hexokinase, therefore preventing hexokinase dissociation from the mitochondrial 
membrane [79]. This inhibits Bax translocation to the outer membrane and formation of pores by 
Bax-Bak complex, through which cytochrome c would have been released. IpgD releases PI5P which 
prevents apoptosis by stimulating Akt activation as mentioned earlier [80]. Shigella infection also 
results in oxidative stress of the cell which leads to cell necrosis. This destructive process is 
antagonized by Shigella peptidoglycan which activates the cytosolic PRR Nod-1. Nod-1 in turn 
activates Rip2-IKKβ-NF-κβ signaling cascade, that upregulates the expression of potent antiapoptotic 
factors, thereby obstructing the prodeath pathways [81]. 

4.7. Epithelial cell cytosol: not so stressful environment 

The replication of Shigella in the epithelial cell cytosol, is accompanied by certain metabolic 
changes. In order to sustain in the poor oxygen conditions of the epithelial cytosol, Shigella enhances 
expression of glycolytic enzymes and reduces the production of enzymes involved in aerobic 
oxidative pathways. Shigella also upregulates expression of transporter proteins for glucose and its 
derivatives [82]. 

The epithelial cytosol is not a stressful environment as Shigella replicates with a very high 
growth rate in the epithelial cytosol, doubling around every 37 minutes [83]. Although the cytosol is 
enriched in nutrients, the pathogen does not have adequate access to some fatty acids, some amino 
acids like proline and particularly iron. The host captures free iron through multiple iron binding 
proteins to get rid of its toxicity, while simultaneously depriving the pathogen of iron. Shigella 
overpowers this difficulty by intensifying the production of siderophores and by capturing ferric or 
ferrous iron, through a handful of transporters specific for iron [83]. However, although the cytosol 
provides the pathogen with a significant proportion of nutrients, Shigella acquires its energy from 
pyruvate, a metabolite present in ample quantities in the epithelial cell [83]. Shigella oxidizes 
pyruvate to acetate, liberating one ATP per pyruvate molecule. The acetate pathway is used in spite 
of its poor energy yield because of its speedy generation of energy to sustain rapid growth. Shigella 
infection therefore does not interfere with host cell energy yielding process, but rather uses an 
alternative pathway to support its living. 
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Shigella infection is followed by a shutdown in host protein synthesis [84]. This is brought 
about by the activation of host amino acid starvation response which results in activation of the 
sensor kinase GCN-2 (General control non-depressible 2). GCN-2 phosphorylates Eif2α, which 
inhibits initiation of protein synthesis [85]. On the contrary, Eif2α stimulates translation of ATF4, a 
transcription factor, which along with ATF3, upregulates expression of genes related to stress 
response and safety against oxidative damage. The nutrient stress response blocks mTOR pathways 
which further prevents translation and induces autophagy. The reduction in protein synthesis and 
increased metabolism of amino acids supplies Shigella with excess amino acids to maintain its 
growth. But Shigella opposes mTOR inhibition due to the autophagic stimulation associated with it. 
Using the T3SS effector OspB, the pathogen activates mTOR complex1, with the help of scaffolding 
protein Gap1 [86].  

Shigella manages to preserve its cytosolic niche by encouraging the adhesion of infected 
epithelial cells to the basal membrane and blocking cell division. Shigella takes help of the T3SS 
effector OspE which binds to focal adhesion and forms OspE-ILK (Integrin like kinase) complex 
that works to prevent focal adhesion dismantling [87,88]. Shigella blocks cell division using IpaB. 
IpaB interferes with Mad2l2 and inhibits it from binding Cdh2, thus making Cdh2 constitutively 
active [89]. Cdh2 stops cells from undergoing mitosis by suppressing mitotic cyclins needed to 
progress into mitosis. Besides, PI5P liberated by IpgD action on PIP2, promotes the internalization 
and degradation of ICAM-1 in infected cells, thereby reducing neutrophil recruitment and 
subsequent bacterial clearance [90].  

4.8. Shigella undermines the power of host inflammatory response 

Inflammation of the colonic epithelium favours Shigella invasion in the early stages of 
infection. However, Shigella undertakes numerous strategies to demolish host inflammatory 
response. The host employs, Toll-like receptors, which are integral membrane proteins to carry out 
recognition of MAMPS and DAMPS in the extracellular environment while PRRs mediate 
intracellular sensing of MAMPs and DAMPs. Recognition by different TLRs and PRRs elicits a 
wide range of host responses. However, a single MAMP can be sensed by multiple receptors, 
activating multiple response pathways [91]. Sensing of Shigella peptidoglycan by the Nod-1 PRR, 
during pathogen invasion activates NF-κB pathway in a Rip2 dependent manner [92,93]. During 
cytosolic growth of Shigella, the bacterial metabolite heptose-1,7-bisphosphate is sensed by the host 
TIFA protein which also stimulates NF-κB pathway, via TRAF6 activation [94]. The host cells can 
also perceive the rupture of phagosome membrane and activates protein kinase C, which further 
activates NF-κB pathway in a TRAF2 dependent manner. NF-κB, which is present in inactive state 
in the cytoplasm due to the inhibitory effect of IκBα, is now freed by the phosphorylation and 
proteasomal degradation of IκBα by IKK. Active NF-κB now moves into the nucleus, thus 
promoting transcription of target genes. Shigella opposes the NF-κB pathway using nine effectors, 
which work to inhibit IKK activation and prevent NF-κB binding to the promoter region of target 
genes, thus downregulating target gene expression. The activation of NF-κB pathway via TRAF6 is 
antagonized via the effector OspI. OspI binds to UBC13 which carries out ubiquitination and 
activation of TRAF6 [95]. Deamination of UBC13 at Gln-100 position by OspI, impairs its E2 
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activity, thus hampering TRAF6 activation [96]. Shigella counteracts TRAF2 activation with the 
effectors IpaH0722, IpaH1.4 and IpaH2.5. IpaH0722 carries out proteasomal degradation of TRAF2, 
IpaH1.4 and IpaH2.5 targets HOIP (a protein that carries out activation of NF-κB downstream of 
TRAF) for proteasomal degradation [97]. Shigella also subverts NF-κB pathway using the effector 
OspF. OspF induces chromatin condensation and makes them transcriptionally inactive by 
regulating phosphorylation of histone H3 and heterochromatin protein 1γ of the proinflammatory 
target genes [98]. During pathogen invasion, sensing of bacterial LPS by TLR4 in the extracellular 
environment and recognition of bacterial peptidoglycan composed of diaminopimelic acid by the 
cytosolic PRR NOD1 activates the MAPK pathway. MAPK pathway involves the phosphorylation 
and activation of a cascade of MAPKs, viz. ERK, JNK, p38, finally culminating in increased 
expression of transcription factors. The pathogen counteracts MAPK activation with the effector 
OspF [99]. OspF inhibits expression of MAPK induced proinflammatory genes by deactivating 
Erk1/2 and p38, by irreversibly dephosphorylating threonine residues of the above-mentioned 
MAPKs [100]. The host uses connexin hemichannels to allow exchange of ATP between 
neighbouring cells and to release ATP into the extracellular environment. Abrupt speedy release of 
ATP into the extracellular environment is perceived by the host and leads to increased expression of 
ATP sensing receptors. ATP sensing then leads to a diverse range of host responses, viz. 
phagocytosis, NF-κB signaling, rise in the levels of proinflammatory cytokines and formation of 
inflammasome. Shigella wins the contest with the help of the effector IpgD. IpgD, as mentioned 
earlier, upon acting on PIP2 releases PI5P, that effectively plugs the connexin channel, thereby 
hindering ATP movement [101]. Therefore, Shigella uses myriads of effectors, which interferes with 
multiple host cell pathways and crushes host inflammatory response, ensuring its survival and 
replication in the epithelial cell cytosol. 

5. Computational studies for combating Shigella 

Despite the major studies in the experimental lab aimed towards the discovery of Shigella 
inhibitors/vaccines, till date no major success stories have been made available. This is exactly 
where computational investigations, both aimed towards genome and proteome analysis as well as 
virtual screening based drug discovery programs need to be embraced internationally to identify 
suitable targets as well as candidate small molecules from natural and synthetic sources, which have 
the potential to eradicate the threat of Shigella pathogenesis and reduce disease incidences across the 
globe. Few in silico reports have come up in recent years to accelerate the process of recognition of 
potential drug targets. A study conducted by Morteza Hadizadeh et al. (2017) used bioinformatic 
analysis to identify putative drug targets in the vital pathogens of Enterobacteriaceae family [102]. 
Using homology-based methods and several prediction tools, a total of 35 proteins were predicted as 
potential drug targets. These 35 proteins were found to be unique to the pathogen, such that any drug 
against these targets would not produce any harmful side effects in the host. However, the novel drug 
targets required further evaluation before new antimicrobials are designed against them. As the T3SS 
effectors play a pivotal role in Shigella invasion and its spread in host, new drugs can be formulated 
against them to prevent the pathogen. Ganguli and Chakrabarti (2011) have reported the presence of 
intrinsically unstructured region in the various invasion proteins of Shigella. In their work, they 
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distinctly characterized the amino acid sequence of the proteins and identified the intrinsically 
unstructured region of each [103]. This data has the potential to aid future next generation drug 
design studies where these specific regions can be targeted for testing the efficiency of binding of 
newly designed drugs to these targets. An alternative approach could be the use of Comparative 
Genomics for the identification of potential drug targets in Shigella, by functionally annotating the 
Shigella hypothetical proteins. The hypothetical proteins could later be assessed for their importance 
in infection development and those found crucial can be considered as candidates for future drug 
designing. Gazi et al. functionally predicted a few hypothetical proteins from Shigella flexneri and 
statistically evaluated the performance of various computational tools [104]. Thus, it is evident that 
computational studies can significantly reduce the time of drug discovery and simultaneously bring 
down the wastage of biological resources and expenditure. 

6. Molecular modeling of Shigella invasion proteins 

Despite the advances in the understanding of the role of Shigella invasion proteins in the 
pathogenesis cascade, structural investigations have been limited. The following pathway has been 
utilized for generation of theoretical models (Figure 6). 

 

Figure 6. Computational workflow for generating 3D protein models. 

7. Further advancements in Shigella research 

The review has revealed in detail, how Shigella influences its uptake into host cells and 
prolongs its survival in the host by subverting both the host innate and adaptive immune 
responses. Shigella overcomes the gut microbiome and mucus layer to reach the intestinal 
epithelium. Until now, only little is known about the role of gut microbiota in preventing 
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Shigella infection and the exact interactions between them. The resident microbiome may 
interfere with Shigella survival by depriving them of nutrients, space or may facilitate their 
clearance by stimulating the release of host antimicrobial peptides. Studies have shown that 
treatment of the host with antimicrobials like streptomycin, brings down the population of gut 
microbes, indirectly favoring Shigella infection [15,105]. Similar study conducted by Medeiros et 
al. have shown increased susceptibility of mice to shigellosis, that are previously treated with 
antibiotic cocktails, suggesting a preventive role of gut microbiome in enteric infections [106]. 
Presence of Prevotella species among the gut commensals was also found to downregulate Shigella 
infection in one macaque genotype, thus necessitating further investigation. In the era of increased 
antimicrobial resistance, where it is quite complicated to come up with a suitable drug to fight 
shigellosis, investigations on interactions of Shigella with the gut microbiome may open up new 
treatment avenues. 
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