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ABSTRACT

Enteropathogenic Escherichia coli (EPEC) is a major cause of infantile diarrhea in developing
countries. However, sporadic outbreaks caused by this microorganism in developed countries
are frequently reported recently. As an important zoonotic pathogen, EPEC is being monitored
annually in several countries. Hallmark of EPEC infection is formation of attaching and effacing
(A/E) lesions on the small intestine. To establish A/E lesions during a gastrointestinal tract
(GIT) infeciton, EPEC must thrive in diverse GIT environments. A variety of stress responses
by EPEC have been reported. These responses play significant roles in helping E. coli pass
through GIT environments and establishing E. coli infection. Stringent response is one of those
responses. It is mediated by guanosine tetraphosphate. Interestingly, previous studies have
demonstrated that stringent response is a universal virulence regulatory mechanism present
in many bacterial pathogens including EPEC. However, biological signficance of a bacterial
stringent response in both EPEC and its interaction with the host during a GIT infection is
unclear. It needs to be elucidated to broaden our insight to EPEC pathogenesis. In this review,
diverse responses, including stringent response, of EPEC during a GIT infection are discussed
to provide a new insight into EPEC pathophysiology in the GIT.

Keywords: Enteropathogenic Escherichia coli; pathophysiology; gastrointestinal tract;
Guanosine Tetraphosphate

INTRODUCTION

Enteropathogenic Escherichia coli (EPEC) has been a major cause of infant diarrhea in
developing countries during the 20th century [1]. Remarkable advances in EPEC research

in the 1980s and early 1990s have been achieved to understand how EPEC causes diarrhea,
focusing on its mechanisms [2]. Although the number of EPEC outbeak cases was decreased
by develping appropriate therapeutic interventions and improving sanitary conditions in
the early 2000s [3], recent surveilance data on food-borne outbreaks imply a possible re-
emergence of EPEC infections in humans [4,5]. Since EPEC is an enteric bacterial pathogen,
it is improtant to understand its pathophysiology during a gastrointestinal track (GIT)
infection as such understanding can provide a novel insight to intervention measures for
controlling re-emerging diseases caused by EPEC. In this review, we especially focus on
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how EPEC interacts with diverse environmnets in the GIT during a host infection, including
molecular pathogenesis [2,6].

RE-EMERGENCE OF EPEC

Bacterial pathogens have been serious concerns to global health under the concept of

One Health [7]. Among them, Escherichia coliis an etiological agent that causes significant
mortality of children and young animals in the world [1,8]. Zoonotic E. coliis often
transmitted between humans and livestock animals. It is an important threat to public
health and livestock industry. Transmission of E. coli occurs primarily via consumption of
contaminated water and foods such as undercooked meat products and raw milk [9]. In
recent years, many E. coli outbreaks are caused by consumption of agricultural produce such
as romaine lettuce, which is likely to be contaminated by animal feces during cultivation or
handling [10]. Direct contact with livestock, companion animals, and wild animals has also
been suggested as a transmission route of E. coli infection [11].

E. coliis a Gram-negative, facultative, and rod-shaped bacterium that can colonize GITs of
warm-blood animals [12]. Most E. coli strains are harmless. They are predominantly parts of
normal GIT flora. However, some pathogenic E. coli have acquired specific virulence factors,
which allow them to cause intestinal or extraintestinal diseases [13]. Based on their clinical
manifestations, pathogenic E. coli can be devided into three pathovars: (i) diarrheagenic E.
coli, (ii) uropathogenic E. coli, and (iii) sepsis and meningitis-associated E. coli. Diarrheagenic
E. coli can be further classified into six pathotypes based on their different abilities to induce
diarrheal diseases: (i) enteropathogenic E. coli (EPEC), (ii) enterohaemorrhagic E. coli (EHEC),
(iii) enterotoxigenic E. coli (ETEC), (iv) enteroaggregative E. coli (EAEC), (v) enteroinvasive

E. coli (EIEC), and (vi) diffusely adherent E. coli (DAEC) [14]. Among them, EPEC was the
first recognized pathotype of diarrheagenic E. coli that could cause human diseases. This
microorganism was first reported by John Bray in 1945 as a causative agent of infantile
diarrhea in England [15].

Initially, EPEC caused frequent outbreaks of infantile diarrhea in United States and United
Kingdom in 1940s and 1950s [16]. Although its occurence disappeared in developed countries
after 1950s, EPEC became a major cause of infantile diarrhea in developing countries

during the 20th century. EPEC infection was responsible for 5%-10% of infantile diarrhea

in developing countries such as Brazil, Chile, Peru, and Iran [17]. However, recent studies
suggest that EPEC seems to re-emerge in developed countries such as Northern Europe,
Oceania, and East Asia. In Norway, for example, EPEC is one of the most common pathogens
founded in stools of hospitalised patients with diarrhea. A total of 122 EPEC were isolated
from diarrheal stools in a Norway university hospital during 20132015 [18]. In Finland, EPEC
caused an outbreak of diarrhea in 237 human patients due to consumption of contaminated
salads in 2016 [4]. In Australia, a total of 61 EPEC clinical isolates between 2008 and 2011
were analyzed [19]. In New Zealand, 21 EPEC were isolated from diarrheal stool samples

from a public hospital during four months of 2014 [20]. High prevalence of EPEC from
diarrheal patients has been also reported in East Asia. In South Korea, EPEC has caused a
total of 26 diarrheal outbreaks during 2009-2010, affecting 1,791 human patients [21]. A high
incidence of EPEC in diarrheal patients has been reported in Japan [22]. Collectively, these
epidemiological reports strongly suggest that a great public health concern is necessary to
control and prevent a zoonotic diarrheal EPEC infection locally, nationally, and globally.
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EPEC can also induce diarrheal diseases in animals, causing huge economic losses of the
livestock industry [23]. The prevalence of EPEC in calves and piglets with diarrheal diseases
has been previously reported. In Belgium, a total of 104 EPEC strains were isolated from
calves with diarrhea at 42 domestic farms during 2008-2015 [24]. Interstingly, 42 of these
104 EPEC isolates were serotyped as O80:H2 closely related to EHEC O80:H2 isolated

from human patients during 2013-2016 [25]. In Spain, 156 EPEC strain were isolated from
suckling or weaning piglets with diarrhea between 2006 and 2016 [26]. Among them, four
colistin-resistant EPEC isolates harboring mcr-I gene were clustered into sequence type (ST)
10 clonal complex together with ETEC and EHEC porcine isolates carrying the mcr-I gene.
These results suggest that EPEC isolates from animals have zoonotic potential. They are likely
to spread antibiotic resistance genes in their clonal lineage. Moreover, EPEC is one of the
most important enteropathogens in companion animals that can cause acute gastroenteritis,
vomiting, diarrhea, and dehydration in infected dogs and cats [27,28]. Majority of EPEC
isolates from diarrheal dogs and humans in Brazil were clustered together into ST 10 clonal
lineage, implying their zoonotic risks [29].

MAJOR VIRULENCE FACTORS OF EPEC

EPEC produces a characteristic histopathological lesion in the GIT known as an attaching
and effacing (A/E) lesion [30]. An A/E lesion occurs by serial events including (i) initial
attachment of EPEC to small intestinal epithelial cells, (ii) formation of microcolony, (iii)
effacement of brush border microvilli, (iv) intimate attachment to cell membrane, and (v)
actin polymerization beneath the attached EPEC [6, 31]. EPEC has two major virulence
factors responsible for the formation of an A/E lesion: type IV bundle forming pilus (BFP) and
the locus of enterocyte effacement (LEE) (Fig. 1).

Type IV BFP

Type IV BFP is defined as a dynamic fibrillar organelle that can extend out and retract

into bacterial surface [32]. BFP initiates a long-range, non-intimate attachment of EPEC

to intestinal epithelial cells [33]. Subsequently, BFP recruits individual EPEC cells into
aggregates, resulting in the formation of microcolony on host membrane. Such adherence
pattern of EPEC is referred to as a localized adherence (LA) phenotype [34]. Fourteen

genes for biogenesis of BFP are encoded in a ~80 kb plasmid (pEAF), which produces EPEC
adherence factor (EAF) [35]. Therefore, a pEAF-cured strain could not form a typical LA
phenotype [36]. Plasmid encoded regulator A (PerA) is known to activate the expression of
BfpA, which is the major pilus subunit, so called pre-bundlin [37]. Processing of pre-bundlin
to its mature form is mediated by prepilin peptidase, BfpP [38]. In addition, two nucleotide-
binding proteins, BfpD and BfpF, mediate pilus extension and retraction, respectively. BfpD
promotes the aggregation of EPEC, whereas BfpF separates EPEC cells from aggregates for
the next step of the infectious process [39,40]. Dissociation of aggregates by BfpF permits
the intimate attachment of individual EPEC cells on host membrane, allowing effective
translocation of bacterial effector proteins via type III secretion system (T3SS) [41].

LEE

After dissociation of bacterial aggregates, EPEC expresses LEE for intimate attachment.
LEE is a well-known pathogenicity island in genomes of bacteria including EPEC, EHEC,
Escherichia albertii, and Citrobacter rodentium [42]. In EPEC, a 35,624-bp LEE pathogenicity
island (LPI) contains 41 genes in five major polycistronic operons (LEE1 to LEES) [43,44].
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Fig. 1. AE lesion formation by Type IV BFP and LEE of EPEC on the small intestine. (i) Type IV BFP and its activator Per mediate the initial adherence and
microcolony formation of EPEC on epithelial cell layers. (ii) After dispersal of microcolonies, EPEC activates LEE operons to translocate T3SS effector proteins
into epithelial cells via EspABD complex, causing effacement of microvilli. (iii) Adhesin intimin binds to Tir located at epithelial cell surface, allowing EPEC to
attach intimately on cells. Phosphorylated Tir recruits host cellular proteins to induce actin polymerization beneath attached EPEC.

EAF, EPEC adherence factor; BFP, bundle forming pilus; LEE, locus of enterocyte effacement; Tir, translocated receptor; A/E, attaching and effacing; EPEC,
Enteropathogenic Escherichia coli.

LEE1, LEE2, and LEE3 encode genes for synthesis and assembly of T3SS, a machinery that
transfers bacterial effector proteins into host cells [45]. LEE-encoded T3SS structure is
composed of three major components: (i) a needle complex in the outer membrane (EscC,
EscD, EscF, Escl, and EscJ), (ii) an export apparatus in the inner membrane (EscRST, EscU,
and EscV), and (iii) a cytoplasmic sorting platform (EscA, EscK, EscL, EscN, and EscQ) [46].
LEE4 encodes genes for extracellular proteins secreted by T3SS (EspA, EspB, and EspD)

and forms a translocation apparatus [47]. Six LEE-encoded effectors (Tir, Map, EspF, EspG,
EspZ, and EspH) are translocated into host cells via the EspABD translocon apparatus. These
effectors can induce tight junction disruption, mitochondrial dysfunction, and membrane
filopodia formation in host cells [48]. Furthermore, EspB itself is an effector of T3SS. It
contributes to microvilli effacement [49]. LEES encodes genes for adhesin (Intimin) and its
translocated receptor (Tir), which mediate intimate attachment of EPEC. Intimin is a 94 kDa
outer membrane protein of EPEC and Tir is an effector protein translocated into the host
cell membrane via T3SS [S0]. Binding of intimin to Tir enables EPEC to attach intimately

on cell membrane [51]. After intimate attachment, tyrosine residues in the cytoplasmic
domain of Tir are phosphorylated by host cell kinases derived from Ab1/Arg, Src, and Tec
families [52]. Phosphorylated Tir can bind two adaptor proteins, Nckl and Nck2, to recruit
actin nucleation-promoting factor, N-WASP [53]. N-WASP activates the Arp2/3 complex that
assembles actin beneath EPEC [54]. These signaling events generate characteristic actin-rich
pedestals on host cell membrane accompanied by inflammatory response and diarrhea [55].
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STRESS RESPONSES OF EPEC IN HOST ENVIRONMENTS

Acid resistance

EPEC encounters diverse environments during a GIT infection. Although EPEC posesses
key virulence factors such as Type IV BFP and LEE, their enviroment-dependent and timely
expression is very important for establishing bacterial infection in the GITs. It is well known
that various environmental cues such as pH, immune response, nutrients limitation, and

so on can induce bacterial stress responses, leading to the expression of virulence factors at
the appropriate time and place [506]. For instance, the extremely low pH (1.5 to 3.0) in the
stomach can trigger the acid resistance system in bacteria to survive for approximately 2 h
[57]. Pathogenic E. coli including EPEC possess four acid resistance systems (AR1 to AR4)
when exposed to enviroments with acidic pH. The AR1 is an oxidative acid resistance system
repressed by glucose [58]. This system requires an alternative sigma factor, RpoS, which
controls gene expression by interacting with RNA polymerase [59]. A previous study has
demonstrated that the lack of RpoS strongly impairs the acid resistant phenotype of EPEC [60].

Molcular mechanism of AR1 has not been determined, although it is known that AR2 to

AR4 require extracellular amino acids such as glutamate, arginine, and lysine. AR2 is known
to be the most effective acid resistance system for protecting E. coli at an extremely low

pH condition [61]. It contains three components: glutamate decarboxylases alpha, beta
(GadA, GadB), and a glutamate/gamma-aminobutyric acid antiporter (GadC) [62]. Under
acidic conditions, GadC can exchange extracellular glutamate and intracellular gagmma-
aminobutyric acid (GABA). Subsequently, GadAB can convert externally-derived glutamate

to GABA, expelling intracellular protons to the extracellular space via GadC [63], resulting in
maintaining the internal pH of E. coli. Similar to AR2, AR3 contains an arginine decarboxylase
alpha (AdiA) and a arginine/agmatine antiporter (AdiC), while AR4 has a lysine decarboxylase
alpha (CadA) and a cadaverine/lysine antiporter (CadB) [64,65]. All these four acid resistance
systems help EPEC pass through a gastric stomach and reach the small intestine.

Inhibition of phagocytosis

In the small intestine, EPEC can adhere to not only absorptive cells, but also microfold cells
(M cells) of peyer’s patches [66,67]. Since peyer’s patches are surrounded by host immune
cells (B cells, T cells, dendritic cells, and macrophages), EPEC is known to induce acute
immune responses as early as 12 h post infection [68]. M cells can facilitate the uptake of
EPEC by endocytosis and deliver them to resident macrophages in subepithelial space [69].
Macrophages are crucial phagocytes and sentinel cells in body’s first line of defense [70].
Phagocytosis proceed through serial steps including (i) bacterial binding to receptors on
macrophages, (ii) activation of intracellular signal pathways, (iii) pseudopod extension

by actin rearrangement and membrane expension, and (v) bacterial internalization into
phagosome [71]. Interestingly, EPEC can inhibit phagocytosis to evade E. coli death in
macrophages. Previous studies have demonstrated that EPEC can secrete T3SS effector
proteins to impair phagocytosis. For example, EspB can interfere with pseudopod
extension and phagosome closure of macrophages [49]. EspF can inhibit phosphoinositide
3-kinase (PI3K) dependent F-actin rearrangement [72]. Esp]J can prevent opsonization with
immunoglobulin G (IgG) and a complement component iC3b [73]. EspH can repress the
activation of Rho guanine nucleotide exchange factors (RhoGEF), which regulates actin
rearrangement [74]. These T3SS effectors allow EPEC to bypass host immune responses and
enable successful colonization in the small intestine.

https://doi.org/10.4142/jvs.21160 5/18
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Modulation of inflammatory signaling pathways

In addition to phagocytosis, macrophages can recognize pathogen associated molecular
patterns (PAMPs) to activate inflammatory responses for recruiting immune cells to
pathogens [75]. EPEC possesses many PAMPs such as lipopolysaccharides (LPS), flagellin,
and outer membrane vesicles (OMVs) that can promote inflammatory signaling pathways
in host cells [76]. For example, flagellin of EPEC can activate MAPK signaling pathways
and induce IL-8 secretion [77]. On the other hand, EPEC can also secrete T3SS effector
proteins to subvert PAMPs-induced inflammatory responses in host cells (Fig. 2) [78,79].
Previous studies have demonstrated that Tir and non-LEE encoded effectors such as NleB
and NleE can inhibit NF-kB signaling pathways [80-82]. Other effectors (NleC, NleH) can
directly target the NF-kB complex to prevent its nuclear translocation [83,84]. Since NF-«kB
is a prerequisite for the activation of NLRP3 inflammasome, all effector proteins targeting
NF-«B can suppress NLRP3 activity [85]. EPEC can also secrete NleA and NleF, which
directly target the NLRP3 complex to block caspases activation [86,87]. In contrast, some
T3SS effector protiens such as EspB are known to trigger inflammatory signaling pathways
for recruiting neutrophils to EPEC [88]. A recent study has shown that EPEC can activate
NLRP3 inflammasome signaling pathways by T3SS effector proteins, distinct from those
by LPS transfection or non-pathogenic E. coli infection [89]. Taken together, these findings
suggest that there EPEC might have certain sophisticated mechanisms to modulate host
inflammatory responses by T3SS effector proteins.
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Fig. 2. Inhibitory effects of T3SS effector proteins of EPEC on inflammatory signaling pathways in host cells. T3SS effector proteins inhibit the activation of NF-kB
and NLRP3 signaling pathways in host cells. Tir and NleB inhibit TRAF signaling. Tir recruits SHP1/2 to inhibit TRAF6 and NleB glycosylates GAPDH to suppress
TRAF2. NleE inactivates TAB2/3, a downstream signal molecue of TRAF. NleC and NleH target the NF-kB complex. Protease NleC cleaves p65 subunit of NF-kB
complex and NleH prevents nuclear translocation of RPS3 subunit of NF-kB complex. NleA and NleF target NLRP3 inflammasome complex. NleA blocks the
assembly of NLRP3/ASC/Caspase-1 complex and NleF inhibits Caspase-8 activation.

EPEC, Enteropathogenic Escherichia coli; TNF-a, tumor necrosis factor alpha; LPS, lipopolysaccharides; IL, interleukin; LEE, locus of enterocyte effacement; Tir,
translocated receptor; NF, nuclear factor.
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Nutrient acquisition from host

To limit bacterial pathogenicity during a host infection, host cells should sequester nutrients
such as carbon and iron from EPEC [90,91]. Thus, EPEC must compete with host cells

for nutrients, which are essential for bacterial growth and virulence. A previous study has
demonstrated that EPEC can produce LEE-encoded T3SS injectisome components, so called
“CORE,” in order to extract nutrients from host cells [92]. CORE can mediate the formation
of another protuding membranous nanotube, allowing EPEC to directly extract nutrients
from host cell cytoplasm. It has been shown that all EPEC clinical isolates can execute a
CORE-dependent nutrient acquisition, whereas a non-pathogenic E. coli K12 strain fails to do
so. In addition, it has been reported that EPEC can inhibit the uptake of vitamin B1 (thiamin)
in host intestinal epithelial cells by T3SS effector proteins EspF and EspH [93].

STRINGENT RESPONSE OF EPEC

Stringent response and guanosine tetraphosphate

In addition to struggling for nutrients, EPEC also needs to re-allocate its cellular resources
and save energy by repressing biosynthesis of DNA, stable RNA (ribosomal RNA and transfer
RNA), and ribosomal proteins [94]. This so-called “hunger response” occuring in bacteria
has been referred to as a stringent response. It is known that a stringent response is mediated
by a guanosine tetraphosphate (ppGpp), a nucleotide-based signaling molecule [95]. When
E. coli faces depletion of nutrients, both RelA (a monofunctional ppGpp synthetase) and SpoT
(a bifunctional ppGpp synthetase and hydrolase) rapidly increase intracellular concentration
of ppGpp [96]. ppGpp controls the expression of numerous stringent response genes in

cells by binding to RNA polymerase (RNAP). Three mechanisms have been proposed to
explain how ppGpp binding alters the transcriptional activity of RNAP: (i) ppGpp can bind

to the secondary channel of f’-subunit and cause an allosteric signal transduction to the
RNAP active site that contains catalytic Mg*, hence regulating the catalytic activity of RNAP
[97]; (ii) ppGpp can bind to mobile modules (shelf and core domains) and form a shelf-core
ratcheting, resulting in conformational changes of RNAP, through which ppGpp can regulate
the stability of RNAP-promoter complexes [98]; and (iii) ppGpp can reduce the affinity

of housekeeping o-factor (67°) to core RNAP, thus promoting the binding of alternative
o-factors (6*) to core RNAP. This o-factor competition can direct RNAP to transcribe a set

of stringent response genes [99]. Thus, E. coli can alter various physiological and cellular
processes such as growth and morphology during a stringent response [100,101].

Environmental cues for stringent response in EPEC

In 1969, ppGpp was first discovered by Michael Cashel and collegues who identified two
unusual spots from amino acid-starved E. coli cells using thin layer chromatography [95].
These ‘magic spots’ were generated by addition of a pyrophosphate (PPi) to the 3’ carbon

of guanosine diphosphate (GDP) and guanosine triphosphate (GTP), collectively referred

to as ppGpp [102]. Various environmental cues are known to induce ppGpp synthesis in
EPEC (Fig. 3). Deficiency of amino acid can result in the accumulation of uncharged transfer
RNA (tRNA), which binds to ribosomal A site. A ribosome-associated enzyme, RelA, can
sense the presence of uncharged tRNA in A site and synthesize ppGpp to initiate a stringent
response [103]. Another enzyme, SpoT, can mediate the stringent response when various
nutrients including phosphate, carbon, iron, and unacylated fatty acids are limited [104]. For
instance, depletion of fatty acids can lead to accumulation of unacylated acyl carrier proteins
(ACP) that bind to threonly-tRNA synthetase, GTPase, and SpoT (TGS) domain of SpoT

https://doi.org/10.4142/jvs.21160 7/18
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Fig. 3. Various environmental cues that induce stringent response in EPEC. Bacterial stringent response is induced by various environmental cues such as
amino acid starvation, acidic pH, localized famine in cell aggregates, stationary growth phase, and host immune responses. In response to signals, RelA and
SpoT enzymes synthesize ppGpp by adding PPi to the 3’carbon of GTP/GDP. To balance intracellular ppGpp levels, SpoT hydrolyzes ppGpp to GTP/GDP and PPi.
As a stringent response mediator, ppGpp alters the affinity of RNAP toward promoters. Transcription levels of biomolecule synthetic genes for replication are
decreased, whereas those of genes for stringent response are increased.

GTP, guanosine triphosphate; GDP, guanosine diphosphate; ppGpp, guanosine tetraphosphate; PPi, pyrophosphate; RNAP, RNA polymerase.
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[105]. Such binding influences the bifunctional activity of SpoT, with its synthetic acitity
being increased while its hydrolytic activity being decreased. Other environmental cues such
as high osmolarity, oxidative burst, and extreme pH can also trigger a stringent response
[106-108]. To survive in the stomach, enteropathogens can utilize ppGpp in response to
acidic stress. For example, ppGpp can bind to lysine decarboxylase and regulate its activity
in E. coli, confering an acid resistant phenotype [108]. In Helicobacter pylori, ppGpp is rapidly
synthesized in response to pH downshift [109]. Besides, host immune responses to bacteria
can trigger a stringent response. For example, harsh environments in macrophage such

as iron sequestration, oxidative burst, and acidic pH in phagosome can trigger bacterial
stringent response [110-112]. To survive in macrophages, intracellular bacterial pathogens
can synthesize ppGpp to induce their specialized virulence determinants [94]. Furthermore,
heat shock, high density population in stationary phase, and biofilm formation can induce
a stringent response [113-115]. Taken together, various environmental cues can trigger
bacterial stringent response, implying that this adaptive response is closely related to EPEC
pathogenesis during a host infection.

https://doi.org/10.4142/jvs.21160 8/18
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Stringent response and virulence factors of EPEC

Bacterial stringent response is important for the regulation of its virulence, invasion, and
persistence [116]. In case of EPEC, a previous study has constructed a single Are/A mutant

of LRT9 strain (EPEC O111:abH2) to examine its expression level of adhesins and adherent
efficiency compared to those of a wildtype strain [117]. Expression levels of two adhesins
(BFP and Intimin) and their regulator Per were decreased in this single Are/dA mutant, which
adherent rate was 75% lower than that of the wildtype strain [117]. This result suggested that
ppGpp levels reduced by RelA inactivation diminished the adherence of EPEC. Interestingly,
ppGpp is known to increase the expression of LEE-encoded genes in EHEC [118]. Compared
to EPEC, EHEC has a 43,359-bp LPI containing additional 13 ORFs of a cryptic prophage

at the 5’ end. However, nucleotide sequences of major regions (LEE1 to LEES) of EHEC

share 93.9% similariteis with those of EPEC [119]. ppGpp can activate both LEE-encoded
regulator (Ler) and Pch to increase the expression of LEE genes [118,120]. Pch is a non-

LEE encoded transcription regulator of the LEE operon in EHEC [118,121]. Since EPEC has
Per, a Pch homologous protein encoded in pEAF, further studies about EPEC are needed

to unveil the relationship between ppGpp and LEE expression. In addition, it has been
reported that ppGpp can regulate the biosynthesis of lipid A, a highly conserved structure
of Gram-negative bacteria [122,123]. Lipid A is an innermost component of LPS (also called
endotoxin) causing host cell damages [124]. In E. coli, ppGpp controls the degradation of
enzyme LpxC that catalyzes the deacetylation at C-2 position (UDP-3-O-acyl-GlcNAc) of
lipid A [123]. According to cellular needs for lipid A biosynthesis, LpxC is degraded in slow-
growing cells, but stabilized during fast growth. However, it should be noted that the lack of
ppGpp deregulates the LpxC degradation. Further studies are needed to elucidate the role of
ppGpp-mediated LpxC degradation in EPEC pathogenesis.

Stringent response and host immunity

Based on the fact that EPEC can modulate host immune responses, its full virulence depends
on host immunity. However, it is unclear if a stringent response can modulate host immune
responses to EPEC. A few studies have addressed the role of stringent response in modulating
host immune responses to other bacteria. For example, intracellular bacterial pathogens
require ppGpp to replicate in phagocytes. In Salmonella Typhimurium, ppGpp can activate

SlyA to transcribe antimicrobial peptides resistance genes [125]. In Francisella tularensis, ppGpp
can activate PigR, which interacts with MglA-SspA complex to express genes for phagosome
escape [120]. In Legionella pneumophila, ppGpp can activate two non-coding regulatory RNAs
(RsmY and RsmZ) to sequester carbon storage regulator (CsrA) from target mRNA [127]. CsrA
is a transcriptional repressor that can bind to mRNAs of genes for bacterial transmission in
phagocytes. Therefore, inhibiting CsrA by ppGpp can promote the transmission of L. pneumophila
for evading phagosome. Another study has examined host inflammatory responses to ppGpp-
defective bacterial pathogens. Guinea pigs infected with ppGpp-defective Mycobacterium
tuberculosis show lower transcription levels of interferon gamma (IFN-y) and tumor necrosis
factor alpha (TNF-a) in lungs than those infected with its wildtype strain [128]. In Salmonella
spp, a ppGpp-defective mutant strain has been used to develop a live attenuated vaccine.
Interestingly, immunization with a ppGpp-defective S. Typhimurium can elicit significant IgG
and IgA antibodies in BALB/c mice and confer protective immunity against the wildtype strain
[129]. Likewise, immunization with a ppGpp-defective S. Gallinarum can elicit both IgG and
IgA in chicken, allowing protective immune responses to the wildtype strain [130]. These results
demonstrate significant increases in the proliferation of T cells as well as the expression of both
IFN-y and TGF-f4 in chicken. Taken together, these results imply that EPEC can also induce
stringent response to modulate host immune responses like other bacterial pathogens.
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Anti-infective strategy targeting stringent response

Stringent response-mediated regulation of virulence factors and host immunity can affect the
degree of bacterial virulence in vivo. Previous studies have analyzed the virulence of ppGpp-
defective mutants of bacterial pathogens using animal infection models. In general, their
virulence are attenuated, implying that stringent response contributes to bacterial full virulence
[128,131133]. Therefore, inhibiting stringent response has been suggested to be a novel
antibacterial strategy to weaken bacterial pathogens. Anti-infective molecules targeting stringent
response could substitute for conventional antbiotics in order to fight antimicrobial resistant
bacteria. For example, Relacin is a synthetic ppGpp analogue that can inhibit RelA and SpoT
homologue family of Bacillus species [134]. This molecule can block ppGpp synthesis and disrupt
essential phenotypes such as biofilm formation and sporulation of B. subtilis. Relacin and its
derivatives can also inhibit RelA enyzmes of Gram-negative bacteria, showing a broad-spectrum
activity [135]. Other synthetic ppGpp analogues can prevent ppGpp accumulation by specific
binding to Rel enzyme in Mycobacterium smegmatis [136]. Those molecules can inhibit Rel-mediated
ppGpp synthesis in a dose-dependent manner and prevent biofilm formation and long-term
persistence of M. smegmatis. In addition to nucleotide inhibitors, a synthetic peptide 1018 can
degrade intracellular ppGpp and interfere with biofilm formation of Pseudomonas aeruginosa,
Acinetobacter baumannii, Klebsiella pneumoniae, Syaphylococcus aureus, Salmonella Typhimurium, and
Burkholderia cenocepacia [137]. In a murine cutaneous abscess model, treatment of P. aeruginosa with
synthetic peptides (1018 and DJK-5) can suppress spoT promoter activity during abscess formation
and result in virulence attenuation, leading to decreased abscess size and reduced bacterial
colony forming unit recovered from the absecess [138]. These phenotypes are similar to those of
a ppGpp-defective P. aeruginosa mutant infection. Collectively, all proposed molecules targeting
stringent response could be applied as novel anti-infective agents against EPEC.

CONCLUSION

EPEC is a major zoonotic pathogen causing diarrhea in both developing and developed
countries. This microorganism can produce Type IV BFP and LEE necessary for the formation
of a characteristic intestinal histopathology called AE lesion. Although molecular machanisms
of individual virulence factors of EPEC are clearly defined, the pathogenesis of EPEC remains
unclear because it can trigger diverse stress responses to environmental cues during a host
infection. Numerous viruelnce genes of EPEC are under the control of stress responses to
environmental cues including acidic pH, phagocytosis, inflammatory response, and nutrient
limitation. Sophisticated regulation of virulence factors by stress responses allows EPEC to
establish a successful infection. One of these stress responses under nutrient limitation is
stringent response, which is mediated by ppGpp. Stringent response can also be induced by
other stressful conditions in host gut environments. Its biological significance on pathogenesis
has been confirmed in other bacteria. However, very few studies have documented the role

of stringent response in both EPEC and its host immune response. Elucidation of the role of
stringent response in EPEC will provide a deeper understanding on EPEC pathogenesis.

Since ppGpp is a master regulator of stringent response, it has become a novel target for
attenuating the virulence of bacteria. High-throughput screening assay for the identification
of new compounds that can inhibit ppGpp synthesis is strongly recommended for molecular
targeted therapy. In addition, further studies aiming to understand immunomodulatory
effects of a ppGpp-defective EPEC could offer great opportunitis to develop a new vaccine
against EPEC infection.

https://doi.org/10.4142/jvs.21160 10/18



Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ochoa TJ, Contreras CA. Enteropathogenic Escherichia coli infection in children. Curr Opin Infect Dis.
2011;24(5):478-483.

PUBMED | CROSSREF

Chen HD, Frankel G. Enteropathogenic Escherichia coli: unravelling pathogenesis. FEMS Microbiol Rev.
2005;29(1):83-98.

PUBMED | CROSSREF

Trabulsi LR, Keller R, Tardelli Gomes TA. Typical and atypical enteropathogenic Escherichia coli. Emerg
Infect Dis. 2002;8(5):508-513.

PUBMED | CROSSREF

Kinnula S, Hemminki K, Kotilainen H, Ruotsalainen E, Tarkka E, Salmenlinna S, et al. Outbreak of
multiple strains of non-0157 Shiga toxin-producing and enteropathogenic Escherichia coli associated with
rocket salad, Finland, autumn 2016. Euro Surveill. 2018;23(35):23.

PUBMED | CROSSREF

Lim MA, KimJY, Acharya D, Bajgain BB, Park JH, Yoo SJ, et al. A diarrhoeagenic Enteropathogenic Escherichia
coli (EPEC) infection outbreak that occurred among elementary school children in Gyeongsangbuk-Do
province of South Korea was associated with consumption of water-contaminated food items. IntJ
Environ Res Public Health. 2020;17(9):3149.

PUBMED | CROSSREF

Clarke SC, Haigh RD, Freestone PP, Williams PH. Virulence of enteropathogenic Escherichia coli, a global
pathogen. Clin Microbiol Rev. 2003;16(3):365-378.

PUBMED | CROSSREF

Cantas L, Suer K. Review: the important bacterial zoonoses in “one health” concept. Front Public Health.
2014;2:144.

PUBMED | CROSSREF

Rhouma M, Fairbrother JM, Beaudry F, Letellier A. Post weaning diarrhea in pigs: risk factors and non-
colistin-based control strategies. Acta Vet Scand. 2017;59(1):31.

PUBMED | CROSSREF

Gansheroff LJ, O’Brien AD. Escherichia coli O157:H7 in beef cattle presented for slaughter in the U.S.: higher
prevalence rates than previously estimated. Proc Natl Acad Sci U S A. 2000;97(7):2959-2961.

PUBMED | CROSSREF

Jeamsripong S, Chase JA, Jay-Russell MT, Buchanan RL, Atwill ER. Experimental in-field transfer

and survival of Escherichia coli from animal feces to romaine lettuce in Salinas Valley, California.
Microorganisms. 2019;7(10):408.

PUBMED | CROSSREF

Fairbrother JM, Nadeau E. Escherichia coli: on-farm contamination of animals. Rev Sci Tech.
2006;25(2):555-569.

PUBMED | CROSSREF

Tenaillon O, Skurnik D, Picard B, Denamur E. The population genetics of commensal Escherichia coli. Nat
Rev Microbiol. 2010;8(3):207-217.

PUBMED | CROSSREF

Kaper JB, Nataro JP, Mobley HL. Pathogenic Escherichia coli. Nat Rev Microbiol. 2004;2(2):123-140.
PUBMED | CROSSREF

Yoon JW, Hovde CJ. All blood, no stool: enterohemorrhagic Escherichia coli O157:H7 infection. J Vet Sci.
2008;9(3):219-231.

PUBMED | CROSSREF

Bray J. Isolation of antigenically homogeneous strains of Bact. coli neapolitanum from summer diarrhoea of
infants. J Pathol Bacteriol. 1945;57(2):239-247.

CROSSREF

Robins-Browne RM. Traditional enteropathogenic Escherichia coli of infantile diarrhea. Rev Infect Dis.
1987;9(1):28-53.

PUBMED | CROSSREF

Ochoa TJ, Barletta F, Contreras C, Mercado E. New insights into the epidemiology of enteropathogenic
Escherichia coli infection. Trans R Soc Trop Med Hyg. 2008;102(9):852-856.

PUBMED | CROSSREF

Berdal JE, Follin-Arbelet B, Bjprnholt JV. Experiences from multiplex PCR diagnostics of faeces in
hospitalised patients: clinical significance of Enteropathogenic Escherichia coli (EPEC) and culture negative
campylobacter. BMC Infect Dis. 2019;19(1):630.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 11/18


http://www.ncbi.nlm.nih.gov/pubmed/21857511
https://doi.org/10.1097/QCO.0b013e32834a8b8b
http://www.ncbi.nlm.nih.gov/pubmed/15652977
https://doi.org/10.1016/j.femsre.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/11996687
https://doi.org/10.3201/eid0805.010385
http://www.ncbi.nlm.nih.gov/pubmed/30180926
https://doi.org/10.2807/1560-7917.ES.2018.23.35.1700666
http://www.ncbi.nlm.nih.gov/pubmed/32366011
https://doi.org/10.3390/ijerph17093149
http://www.ncbi.nlm.nih.gov/pubmed/12857773
https://doi.org/10.1128/CMR.16.3.365-378.2003
http://www.ncbi.nlm.nih.gov/pubmed/25353010
https://doi.org/10.3389/fpubh.2014.00144
http://www.ncbi.nlm.nih.gov/pubmed/28526080
https://doi.org/10.1186/s13028-017-0299-7
http://www.ncbi.nlm.nih.gov/pubmed/10737775
https://doi.org/10.1073/pnas.97.7.2959
http://www.ncbi.nlm.nih.gov/pubmed/31569566
https://doi.org/10.3390/microorganisms7100408
http://www.ncbi.nlm.nih.gov/pubmed/17094697
https://doi.org/10.20506/rst.25.2.1682
http://www.ncbi.nlm.nih.gov/pubmed/20157339
https://doi.org/10.1038/nrmicro2298
http://www.ncbi.nlm.nih.gov/pubmed/15040260
https://doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/18716441
https://doi.org/10.4142/jvs.2008.9.3.219
https://doi.org/10.1002/path.1700570210
http://www.ncbi.nlm.nih.gov/pubmed/3547577
https://doi.org/10.1093/clinids/9.1.28
http://www.ncbi.nlm.nih.gov/pubmed/18455741
https://doi.org/10.1016/j.trstmh.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/31315581
https://doi.org/10.1186/s12879-019-4271-1

Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Staples M, Doyle CJ, Graham RM, Jennison AV. Molecular epidemiological typing of enteropathogenic
Escherichia coli strains from Australian patients. Diagn Microbiol Infect Dis. 2013;75(3):320-324.

PUBMED | CROSSREF

Thomas RR, Brooks HJ, O’Brien R. Prevalence of Shiga toxin-producing and enteropathogenic Escherichia
coli marker genes in diarrhoeic stools in a New Zealand catchment area. J Clin Pathol. 2017;70(1):81-84.
PUBMED | CROSSREF

Lee DW, Gwack J, Youn SK. Enteropathogenic Escherichia coli outbreak and its incubation period: is it short
or long? Osong Public Health Res Perspect. 2012;3(1):43-47.

PUBMED | CROSSREF

Wang L, Zhang S, Zheng D, Fujihara S, Wakabayashi A, Okahata K, et al. Prevalence of diarrheagenic
Escherichia coli in foods and fecal specimens obtained from cattle, pigs, chickens, asymptomatic carriers,
and patients in Osaka and Hyogo, Japan. Jpn J Infect Dis. 2017;70(4):464-469.

PUBMED | CROSSREF

Bardiau M, Szalo M, Mainil ]G. Initial adherence of EPEC, EHEC and VTEC to host cells. Vet Res.
2010;41(5):57.

PUBMED | CROSSREF

Thiry D, Saulmont M, Takaki S, De Rauw K, Duprez JN, Iguchi A, et al. Enteropathogenic Escherichia colt
080:H2 in young calves with diarrhea, Belgium. Emerg Infect Dis. 2017;23(12):2093-2095.

PUBMED | CROSSREF

De Rauw K, Thiry D, Caljon B, Saulmont M, Mainil J, Pierard D. Characteristics of Shiga toxin producing-
and enteropathogenic Escherichia coli of the emerging serotype O80:H2 isolated from humans and
diarrhoeic calves in Belgium. Clin Microbiol Infect. 2019;25(1):111.e5-111.e8.

PUBMED | CROSSREF

Garcia-Menifio I, Garcia V, Mora A, Diaz-Jiménez D, Flament-Simon SC, Alonso MP, et al. Swine enteric
colibacillosis in Spain: pathogenic potential of mcr-1 ST10 and ST131 E. coliisolates. Front Microbiol.
2018;9:2659.

PUBMED | CROSSREF

Kjaergaard AB, Carr AP, Gaunt MC. Enteropathogenic Escherichia coli (EPEC) infection in association with
acute gastroenteritis in 7 dogs from Saskatchewan. Can Vet ] 2016;57(9):964-968.

PUBMED

Watson VE, Jacob ME, Flowers JR, Strong SJ, DebRoy C, Gookin JL. Association of atypical
enteropathogenic Escherichia coli with diarrhea and related mortality in kittens. J Clin Microbiol.
2017;55(9):2719-2735.

PUBMED | CROSSREF

Arais LR, Barbosa AV, Andrade JR, Gomes TA, Asensi MD, Aires CA, et al. Zoonotic potential of atypical
enteropathogenic Escherichia coli (aEPEC) isolated from puppies with diarrhoea in Brazil. Vet Microbiol.
2018;227:45-51.

PUBMED | CROSSREF

Moon HW, Whipp SC, Argenzio RA, Levine MM, Giannella RA. Attaching and effacing activities of rabbit
and human enteropathogenic Escherichia coli in pig and rabbit intestines. Infect Immun. 1983;41(3):1340-1351.
PUBMED | CROSSREF

Nataro JP, Kaper JB. Diarrheagenic Escherichia coli. Clin Microbiol Rev. 1998;11(1):142-201.

PUBMED | CROSSREF

Ramboarina S, Fernandes PJ, Daniell S, Islam S, Simpson P, Frankel G, et al. Structure of the bundle-
forming pilus from enteropathogenic Escherichia coli. ] Biol Chem. 2005;280(48):40252-40260.

PUBMED | CROSSREF

GirénJA, Ho AS, Schoolnik GK. An inducible bundle-forming pilus of enteropathogenic Escherichia coli.
Science. 1991;254(5032):710-713.

PUBMED | CROSSREF

Scaletsky IC, Silva ML, Trabulsi LR. Distinctive patterns of adherence of enteropathogenic Escherichia coli to
HeLa cells. Infect Immun. 1984;45(2):534-536.

PUBMED | CROSSREF

Stone KD, Zhang HZ, Carlson LK, Donnenberg MS. A cluster of fourteen genes from enteropathogenic
Escherichia coliis sufficient for the biogenesis of a type IV pilus. Mol Microbiol. 1996;20(2):325-337.
PUBMED | CROSSREF

Baldini MM, Kaper JB, Levine MM, Candy DC, Moon HW. Plasmid-mediated adhesion in
enteropathogenic Escherichia coli. ] Pediatr Gastroenterol Nutr. 1983;2(3):534-538.

PUBMED | CROSSREF

Bieber D, Ramer SW, Wu CY, Murray W], Tobe T, Fernandez R, et al. Type IV pili, transient bacterial
aggregates, and virulence of enteropathogenic Escherichia coli. Science. 1998;280(5372):2114-2118.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 12/18


http://www.ncbi.nlm.nih.gov/pubmed/23357294
https://doi.org/10.1016/j.diagmicrobio.2012.11.010
http://www.ncbi.nlm.nih.gov/pubmed/27698249
https://doi.org/10.1136/jclinpath-2016-203882
http://www.ncbi.nlm.nih.gov/pubmed/24159486
https://doi.org/10.1016/j.phrp.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28367884
https://doi.org/10.7883/yoken.JJID.2016.486
http://www.ncbi.nlm.nih.gov/pubmed/20423697
https://doi.org/10.1051/vetres/2010029
http://www.ncbi.nlm.nih.gov/pubmed/29148394
https://doi.org/10.3201/eid2312.170450
http://www.ncbi.nlm.nih.gov/pubmed/30076975
https://doi.org/10.1016/j.cmi.2018.07.023
http://www.ncbi.nlm.nih.gov/pubmed/30455680
https://doi.org/10.3389/fmicb.2018.02659
http://www.ncbi.nlm.nih.gov/pubmed/27587889
http://www.ncbi.nlm.nih.gov/pubmed/28659315
https://doi.org/10.1128/JCM.00403-17
http://www.ncbi.nlm.nih.gov/pubmed/30473351
https://doi.org/10.1016/j.vetmic.2018.10.023
http://www.ncbi.nlm.nih.gov/pubmed/6350186
https://doi.org/10.1128/iai.41.3.1340-1351.1983
http://www.ncbi.nlm.nih.gov/pubmed/9457432
https://doi.org/10.1128/CMR.11.1.142
http://www.ncbi.nlm.nih.gov/pubmed/16172128
https://doi.org/10.1074/jbc.M508099200
http://www.ncbi.nlm.nih.gov/pubmed/1683004
https://doi.org/10.1126/science.1683004
http://www.ncbi.nlm.nih.gov/pubmed/6146569
https://doi.org/10.1128/iai.45.2.534-536.1984
http://www.ncbi.nlm.nih.gov/pubmed/8733231
https://doi.org/10.1111/j.1365-2958.1996.tb02620.x
http://www.ncbi.nlm.nih.gov/pubmed/6352891
https://doi.org/10.1097/00005176-198302030-00023
http://www.ncbi.nlm.nih.gov/pubmed/9641917
https://doi.org/10.1126/science.280.5372.2114

Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

38.

Zhang HZ, Lory S, Donnenberg MS. A plasmid-encoded prepilin peptidase gene from enteropathogenic
Escherichia coli. ] Bacteriol. 1994;176(22):6885-6891.
PUBMED | CROSSREF

39. Anantha RP, Stone KD, Donnenberg MS. Effects of bfp mutations on biogenesis of functional
enteropathogenic Escherichia coli type IV pili. J Bacteriol. 2000;182(9):2498-2506.
PUBMED | CROSSREF

40. Anantha RP, Stone KD, Donnenberg MS. Role of BfpF, a member of the PilT family of putative nucleotide-
binding proteins, in type IV pilus biogenesis and in interactions between enteropathogenic Escherichia coli
and host cells. Infect Immun. 1998;66(1):122-131.
PUBMED | CROSSREF

41. Zahavi EE, Lieberman JA, Donnenberg MS, Nitzan M, Baruch K, Rosenshine I, et al. Bundle-forming pilus
retraction enhances enteropathogenic Escherichia coli infectivity. Mol Biol Cell. 2011;22(14):2436-2447.
PUBMED | CROSSREF

42. Croxen MA, Finlay BB. Molecular mechanisms of Escherichia coli pathogenicity. Nat Rev Microbiol.
2010;8(1):26-38.
PUBMED | CROSSREF

43. Perna NT, Mayhew GF, Posfai G, Elliott S, Donnenberg MS, Kaper JB, et al. Molecular evolution of a
pathogenicity island from enterohemorrhagic Escherichia coli O157:H7. Infect Immun. 1998;66(8):3810-3817.
PUBMED | CROSSREF

44. Deng W, Puente JL, Gruenheid S, Li Y, Vallance BA, Vazquez A, et al. Dissecting virulence: systematic and
functional analyses of a pathogenicity island. Proc Natl Acad Sci U S A. 2004;101(10):3597-3602.
PUBMED | CROSSREF

45. Costa TR, Felisberto-Rodrigues C, Meir A, Prevost MS, Redzej A, Trokter M, et al. Secretion systems in
Gram-negative bacteria: structural and mechanistic insights. Nat Rev Microbiol. 2015;13(6):343-359.
PUBMED | CROSSREF

46. Gaytan MO, Martinez-Santos VI, Soto E, Gonzalez-Pedrajo B. Type three secretion system in attaching
and effacing pathogens. Front Cell Infect Microbiol. 2016;6:129.
PUBMED | CROSSREF

47.  Sekiya K, Ohishi M, Ogino T, Tamano K, Sasakawa C, Abe A. Supermolecular structure of the
enteropathogenic Escherichia coli type 11l secretion system and its direct interaction with the EspA-sheath-
like structure. Proc Natl Acad Sci U S A. 2001;98(20):11638-11643.
PUBMED | CROSSREF

48. Croxen MA, Law R]J, Scholz R, Keeney KM, Wlodarska M, Finlay BB. Recent advances in understanding
enteric pathogenic Escherichia coli. Clin Microbiol Rev. 2013;26(4):822-880.
PUBMED | CROSSREF

49. lizumiY, Sagara H, Kabe Y, Azuma M, Kume K, Ogawa M, et al. The enteropathogenic E. coli effector EspB
facilitates microvillus effacing and antiphagocytosis by inhibiting myosin function. Cell Host Microbe.
2007;2(6):383-392.
PUBMED | CROSSREF

50. Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, Finlay BB. Enteropathogenic E. coli (EPEC)
transfers its receptor for intimate adherence into mammalian cells. Cell. 1997;91(4):511-520.
PUBMED | CROSSREF

51. Bhatt S, Romeo T, Kalman D. Honing the message: post-transcriptional and post-translational control in
attaching and effacing pathogens. Trends Microbiol. 2011;19(5):217-224.
PUBMED | CROSSREF

52. Kenny B. Phosphorylation of tyrosine 474 of the enteropathogenic Escherichia coli (EPEC) Tir receptor
molecule is essential for actin nucleating activity and is preceded by additional host modifications. Mol
Microbiol. 1999;31(4):1229-1241.
PUBMED | CROSSREF

53. Gruenheid S, DeVinney R, Bladt F, Goosney D, Gelkop S, Gish GD, et al. Enteropathogenic E. coli Tir
binds Nck to initiate actin pedestal formation in host cells. Nat Cell Biol. 2001;3(9):856-859.
PUBMED | CROSSREF

54. Kalman D, Weiner OD, Goosney DL, Sedat JW, Finlay BB, Abo A, et al. Enteropathogenic E. coliacts
through WASP and Arp2/3 complex to form actin pedestals. Nat Cell Biol. 1999;1(6):389-391.
PUBMED | CROSSREF

S5. Martins FH, Kumar A, Abe CM, Carvalho E, Nishiyama-Jr M, Xing C, et al. EspFu-mediated actin
assembly enhances enteropathogenic Escherichia coli adherence and activates host cell inflammatory
signaling pathways. MBio. 2020;11(2):11.
PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 13/18


http://www.ncbi.nlm.nih.gov/pubmed/7961448
https://doi.org/10.1128/jb.176.22.6885-6891.1994
http://www.ncbi.nlm.nih.gov/pubmed/10762251
https://doi.org/10.1128/JB.182.9.2498-2506.2000
http://www.ncbi.nlm.nih.gov/pubmed/9423848
https://doi.org/10.1128/IAI.66.1.122-131.1998
http://www.ncbi.nlm.nih.gov/pubmed/21613538
https://doi.org/10.1091/mbc.e11-01-0001
http://www.ncbi.nlm.nih.gov/pubmed/19966814
https://doi.org/10.1038/nrmicro2265
http://www.ncbi.nlm.nih.gov/pubmed/9673266
https://doi.org/10.1128/IAI.66.8.3810-3817.1998
http://www.ncbi.nlm.nih.gov/pubmed/14988506
https://doi.org/10.1073/pnas.0400326101
http://www.ncbi.nlm.nih.gov/pubmed/25978706
https://doi.org/10.1038/nrmicro3456
http://www.ncbi.nlm.nih.gov/pubmed/27818950
https://doi.org/10.3389/fcimb.2016.00129
http://www.ncbi.nlm.nih.gov/pubmed/11562461
https://doi.org/10.1073/pnas.191378598
http://www.ncbi.nlm.nih.gov/pubmed/24092857
https://doi.org/10.1128/CMR.00022-13
http://www.ncbi.nlm.nih.gov/pubmed/18078690
https://doi.org/10.1016/j.chom.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/9390560
https://doi.org/10.1016/S0092-8674(00)80437-7
http://www.ncbi.nlm.nih.gov/pubmed/21333542
https://doi.org/10.1016/j.tim.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/10096089
https://doi.org/10.1046/j.1365-2958.1999.01265.x
http://www.ncbi.nlm.nih.gov/pubmed/11533668
https://doi.org/10.1038/ncb0901-856
http://www.ncbi.nlm.nih.gov/pubmed/10559969
https://doi.org/10.1038/14087
http://www.ncbi.nlm.nih.gov/pubmed/32291304
https://doi.org/10.1128/mBio.00617-20

Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mekalanos JJ. Environmental signals controlling expression of virulence determinants in bacteria. J
Bacteriol. 1992;174(1):17.

PUBMED | CROSSREF

Pienaar JA, Singh A, Barnard TG. Acid-happy: survival and recovery of enteropathogenic Escherichia coli
(EPEC) in simulated gastric fluid. Microb Pathog. 2019;128:396-404.

PUBMED | CROSSREF

Lin J, Smith MP, Chapin KC, Baik HS, Bennett GN, Foster JW. Mechanisms of acid resistance in
enterohemorrhagic Escherichia coli. Appl Environ Microbiol. 1996;62(9):3094-3100.

PUBMED | CROSSREF

Castanie-Cornet MP, Penfound TA, Smith D, Elliott JF, Foster JW. Control of acid resistance in Escherichia
coli. ] Bacteriol. 1999;181(11):3525-3535.

PUBMED | CROSSREF

Mata GM, Ferreira GM, Spira B. RpoS role in virulence and fitness in enteropathogenic Escherichia coli.
PLoS One. 2017;12(6):e0180381.

PUBMED | CROSSREF

LimJY, Yoon J, Hovde CJ. A brief overview of Escherichia coli O157:H7 and its plasmid O157. ] Microbiol
Biotechnol. 2010;20(1):5-14.

PUBMED | CROSSREF

Hersh BM, Farooq FT, Barstad DN, Blankenhorn DL, Slonczewski JL. A glutamate-dependent acid
resistance gene in Escherichia coli. ] Bacteriol. 1996;178(13):3978-3981.

PUBMED | CROSSREF

Lu P, Ma D, Chen Y, Guo Y, Chen GQ, Deng H, et al. L-glutamine provides acid resistance for Escherichia
coli through enzymatic release of ammonia. Cell Res. 2013;23(5):635-644.

PUBMED | CROSSREF

Gong S, Richard H, Foster JW. YjdE (AdiC) is the arginine:agmatine antiporter essential for arginine-
dependent acid resistance in Escherichia coli. ] Bacteriol. 2003;185(15):4402-4409.
PUBMED | CROSSREF

Kuper C, Jung K. CadC-mediated activation of the cadBA promoter in Escherichia coli. ] Mol Microbiol
Biotechnol. 2005;10(1):26-39.

PUBMED | CROSSREF

Cantey JR, Inman LR. Diarrhea due to Escherichia coli strain RDEC-1 in the rabbit: the peyer’s patch as the
initial site of attachment and colonization. ] Infect Dis. 1981;143(3):440-446.

PUBMED | CROSSREF

Fitzhenry RJ, Reece S, Trabulsi LR, Heuschkel R, Murch S, Thomson M, et al. Tissue tropism of
enteropathogenic Escherichia coli strains belonging to the O55 serogroup. Infect Immun. 2002;70(8):4362-4368.
PUBMED | CROSSREF

Inman LR, Cantey JR. Peyer’s patch lymphoid follicle epithelial adherence of a rabbit enteropathogenic
Escherichia coli (strain RDEC-1). Role of plasmid-mediated pili in initial adherence. J Clin Invest.
1984;74(1):90-95.

PUBMED | CROSSREF

Martinez-Argudo I, Sands C, Jepson MA. Translocation of enteropathogenic Escherichia coli across an in
vitro M cell model is regulated by its type III secretion system. Cell Microbiol. 2007;9(6):1538-1546.
PUBMED | CROSSREF

Franken L, Schiwon M, Kurts C. Macrophages: sentinels and regulators of the immune system. Cell
Microbiol. 2016;18(4):475-487.

PUBMED | CROSSREF

Freeman SA, Grinstein S. Phagocytosis: receptors, signal integration, and the cytoskeleton. Immunol
Rev. 2014;262(1):193-215.

PUBMED | CROSSREF

Quitard S, Dean P, Maresca M, Kenny B. The enteropathogenic Escherichia coli EspF effector molecule
inhibits PI-3 kinase-mediated uptake independently of mitochondrial targeting. Cell Microbiol.
2006;8(6):972-981.

PUBMED | CROSSREF

Marches O, Covarelli V, Dahan S, Cougoule C, Bhatta P, Frankel G, et al. Esp] of enteropathogenic and
enterohaemorrhagic Escherichia coli inhibits opsono-phagocytosis. Cell Microbiol. 2008;10(5):1104-1115.
PUBMED | CROSSREF

Dong N, Liu L, Shao F. A bacterial effector targets host DH-PH domain RhoGEFs and antagonizes
macrophage phagocytosis. EMBO J. 2010;29(8):1363-1376.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 14/18


http://www.ncbi.nlm.nih.gov/pubmed/1729202
https://doi.org/10.1128/jb.174.1.1-7.1992
http://www.ncbi.nlm.nih.gov/pubmed/30660737
https://doi.org/10.1016/j.micpath.2019.01.022
http://www.ncbi.nlm.nih.gov/pubmed/8795195
https://doi.org/10.1128/aem.62.9.3094-3100.1996
http://www.ncbi.nlm.nih.gov/pubmed/10348866
https://doi.org/10.1128/JB.181.11.3525-3535.1999
http://www.ncbi.nlm.nih.gov/pubmed/28662183
https://doi.org/10.1371/journal.pone.0180381
http://www.ncbi.nlm.nih.gov/pubmed/20134227
https://doi.org/10.4014/jmb.0908.08007
http://www.ncbi.nlm.nih.gov/pubmed/8682809
https://doi.org/10.1128/jb.178.13.3978-3981.1996
http://www.ncbi.nlm.nih.gov/pubmed/23337585
https://doi.org/10.1038/cr.2013.13
http://www.ncbi.nlm.nih.gov/pubmed/12867448
https://doi.org/10.1128/JB.185.15.4402-4409.2003
http://www.ncbi.nlm.nih.gov/pubmed/16491024
https://doi.org/10.1159/000090346
http://www.ncbi.nlm.nih.gov/pubmed/7014731
https://doi.org/10.1093/infdis/143.3.440
http://www.ncbi.nlm.nih.gov/pubmed/12117946
https://doi.org/10.1128/IAI.70.8.4362-4368.2002
http://www.ncbi.nlm.nih.gov/pubmed/6145724
https://doi.org/10.1172/JCI111423
http://www.ncbi.nlm.nih.gov/pubmed/17298392
https://doi.org/10.1111/j.1462-5822.2007.00891.x
http://www.ncbi.nlm.nih.gov/pubmed/26880038
https://doi.org/10.1111/cmi.12580
http://www.ncbi.nlm.nih.gov/pubmed/25319336
https://doi.org/10.1111/imr.12212
http://www.ncbi.nlm.nih.gov/pubmed/16681838
https://doi.org/10.1111/j.1462-5822.2005.00680.x
http://www.ncbi.nlm.nih.gov/pubmed/18201246
https://doi.org/10.1111/j.1462-5822.2007.01112.x
http://www.ncbi.nlm.nih.gov/pubmed/20300064
https://doi.org/10.1038/emboj.2010.33

Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Mogensen TH. Pathogen recognition and inflammatory signaling in innate immune defenses. Clin
Microbiol Rev. 2009;22(2):240-273.

PUBMED | CROSSREF

Edwards LA, Bajaj-Elliott M, Klein NJ, Murch SH, Phillips AD. Bacterial-epithelial contact is a key
determinant of host innate immune responses to enteropathogenic and enteroaggregative Escherichia coli.
PLoS One. 2011;6(10):e27030.

PUBMED | CROSSREF

Zhou X, Girén JA, Torres AG, Crawford JA, Negrete E, Vogel SN, et al. Flagellin of enteropathogenic
Escherichia coli stimulates interleukin-8 production in T84 cells. Infect Immun. 2003;71(4):2120-2129.
PUBMED | CROSSREF

Santos AS, Finlay BB. Bringing down the host: enteropathogenic and enterohaemorrhagic Escherichia coli
effector-mediated subversion of host innate immune pathways. Cell Microbiol. 2015;17(3):318-332.
PUBMED | CROSSREF

Yen H, Karino M, Tobe T. Modulation of the inflammasome signaling pathway by enteropathogenic and
enterohemorrhagic Escherichia coli. Front Cell Infect Microbiol. 2016;6:89.

PUBMED | CROSSREF

Yan D, Quan H, Wang L, Liu F, Liu H, Chen J, et al. Enteropathogenic Escherichia coli Tir recruits cellular
SHP-2 through ITIM motifs to suppress host immune response. Cell Signal. 2013;25(9):1887-1894.
PUBMED | CROSSREF

Newton HJ, Pearson JS, Badea L, Kelly M, Lucas M, Holloway G, et al. The type III effectors NleE and NleB
from enteropathogenic E. coli and OspZ from Shigella block nuclear translocation of NF-kappaB p65.
PLoS Pathog. 2010;6(5):e1000898.

PUBMED | CROSSREF

Nadler C, Baruch K, Kobi S, Mills E, Haviv G, Farago M, et al. The type III secretion effector NleE inhibits
NF-kappaB activation. PLoS Pathog. 2010;6(1):e1000743.

PUBMED | CROSSREF

Gao X, Wan F, Mateo K, Callegari E, Wang D, Deng W, et al. Bacterial effector binding to ribosomal
protein s3 subverts NF-kappaB function. PLoS Pathog. 2009;5(12):e1000708.

PUBMED | CROSSREF

Yen H, Ooka T, Iguchi A, Hayashi T, Sugimoto N, Tobe T. NleC, a type III secretion protease,
compromises NF-kB activation by targeting p65/RelA. PLoS Pathog. 2010;6(12):e1001231.

PUBMED | CROSSREF

Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. Cutting edge: NF-
kappaB activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation by
regulating NLRP3 expression. ] Immunol. 2009;183(2):787-791.

PUBMED | CROSSREF

Yen H, Sugimoto N, Tobe T. Enteropathogenic Escherichia coli uses NleA to inhibit NLRP3 inflammasome
activation. PLoS Pathog. 2015;11(9):e1005121.

PUBMED | CROSSREF

Blasche S, Mortl M, Steuber H, Siszler G, Nisa S, Schwarz F, et al. The E. coli effector protein NleF is a
caspase inhibitor. PLoS One. 2013;8(3):€58937.

PUBMED | CROSSREF

Savkovic SD, Koutsouris A, Hecht G. Attachment of a noninvasive enteric pathogen, enteropathogenic
Escherichia coli, to cultured human intestinal epithelial monolayers induces transmigration of neutrophils.
Infect Immun. 1996;64(11):4480-4487.

PUBMED | CROSSREF

Goddard PJ, Sanchez-Garrido J, Slater SL, Kalyan M, Ruano-Gallego D, Marches O, et al.
Enteropathogenic Escherichia coli stimulates effector-driven rapid caspase-4 activation in human
macrophages. Cell Rep. 2019;27(4):1008-1017.¢6.

PUBMED | CROSSREF

Berndt V, Beckstette M, Volk M, Dersch P, Bronstrup M. Metabolome and transcriptome-wide effects of
the carbon storage regulator A in enteropathogenic Escherichia coli. Sci Rep. 2019;9(1):138.

PUBMED | CROSSREF

Law D, Wilkie KM, Freeman R, Gould FK. The iron uptake mechanisms of enteropathogenic Escherichia
coli: the use of haem and haemoglobin during growth in an iron-limited environment. ] Med Microbiol.
1992;37(1):15-21.

PUBMED | CROSSREF

Pal RR, Baidya AK, Mamou G, Bhattacharya S, Socol Y, Kobi S, et al. Pathogenic E. coli extracts nutrients
from infected host cells utilizing injectisome components. Cell. 2019;177(3):683-696.¢18.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 15/18


http://www.ncbi.nlm.nih.gov/pubmed/19366914
https://doi.org/10.1128/CMR.00046-08
http://www.ncbi.nlm.nih.gov/pubmed/22046438
https://doi.org/10.1371/journal.pone.0027030
http://www.ncbi.nlm.nih.gov/pubmed/12654834
https://doi.org/10.1128/IAI.71.4.2120-2129.2003
http://www.ncbi.nlm.nih.gov/pubmed/25588886
https://doi.org/10.1111/cmi.12412
http://www.ncbi.nlm.nih.gov/pubmed/27617233
https://doi.org/10.3389/fcimb.2016.00089
http://www.ncbi.nlm.nih.gov/pubmed/23707390
https://doi.org/10.1016/j.cellsig.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/20485572
https://doi.org/10.1371/journal.ppat.1000898
http://www.ncbi.nlm.nih.gov/pubmed/20126447
https://doi.org/10.1371/journal.ppat.1000743
http://www.ncbi.nlm.nih.gov/pubmed/20041225
https://doi.org/10.1371/journal.ppat.1000708
http://www.ncbi.nlm.nih.gov/pubmed/21187904
https://doi.org/10.1371/journal.ppat.1001231
http://www.ncbi.nlm.nih.gov/pubmed/19570822
https://doi.org/10.4049/jimmunol.0901363
http://www.ncbi.nlm.nih.gov/pubmed/26332984
https://doi.org/10.1371/journal.ppat.1005121
http://www.ncbi.nlm.nih.gov/pubmed/23516580
https://doi.org/10.1371/journal.pone.0058937
http://www.ncbi.nlm.nih.gov/pubmed/8890195
https://doi.org/10.1128/iai.64.11.4480-4487.1996
http://www.ncbi.nlm.nih.gov/pubmed/31018119
https://doi.org/10.1016/j.celrep.2019.03.100
http://www.ncbi.nlm.nih.gov/pubmed/30644424
https://doi.org/10.1038/s41598-018-36932-w
http://www.ncbi.nlm.nih.gov/pubmed/1385631
https://doi.org/10.1099/00222615-37-1-15
http://www.ncbi.nlm.nih.gov/pubmed/30929902
https://doi.org/10.1016/j.cell.2019.02.022

Journal of (
EPEC responses to diverse gut environments Veterinary Science )

https://vetsci.org

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Ashokkumar B, KumarJS, Hecht GA, Said HM. Enteropathogenic Escherichia coli inhibits intestinal
vitamin B1 (thiamin) uptake: studies with human-derived intestinal epithelial Caco-2 cells. Am J Physiol
Gastrointest Liver Physiol. 2009;297(4):G825-G833.

PUBMED | CROSSREF

Dalebroux ZD, Swanson MS. ppGpp: magic beyond RNA polymerase. Nat Rev Microbiol. 2012;10(3):203-212.
PUBMED | CROSSREF

Cashel M. The control of ribonucleic acid synthesis in Escherichia coli. IV. Relevance of unusual
phosphorylated compounds from amino acid-starved stringent strains. ] Biol Chem. 1969;244(12):3133-3141.
PUBMED | CROSSREF

Xiao H, Kalman M, Ikehara K, Zemel S, Glaser G, Cashel M. Residual guanosine 3',5"-bispyrophosphate
synthetic activity of relA null mutants can be eliminated by spoT null mutations. ] Biol Chem.
1991;266(9):5980-5990.

PUBMED | CROSSREF

Mechold U, Potrykus K, Murphy H, Murakami KS, Cashel M. Differential regulation by ppGpp versus
pppGpp in Escherichia coli. Nucleic Acids Res. 2013;41(12):6175-6189.

PUBMED | CROSSREF

Zuo Y, Wang Y, Steitz TA. The mechanism of E. coli RNA polymerase regulation by ppGpp is suggested by
the structure of their complex. Mol Cell. 2013;50(3):430-436.

PUBMED | CROSSREF

Jishage M, Kvint K, Shingler V, Nystrom T. Regulation of sigma factor competition by the alarmone
ppGpp. Genes Dev. 2002;16(10):1260-1270.

PUBMED | CROSSREF

Jin DJ, Cagliero C, Zhou YN. Growth rate regulation in Escherichia coli. FEMS Microbiol Rev. 2012;36(2):269-287.
PUBMED | CROSSREF

Magnusson LU, Gummesson B, Joksimovi¢ P, Farewell A, Nystrom T. Identical, independent, and
opposing roles of ppGpp and DksA in Escherichia coli. ] Bacteriol. 2007;189(14):5193-5202.

PUBMED | CROSSREF

Hauryliuk V, Atkinson GC, Murakami KS, Tenson T, Gerdes K. Recent functional insights into the role of
(p)ppGpp in bacterial physiology. Nat Rev Microbiol. 2015;13(5):298-309.

PUBMED | CROSSREF

Wendrich TM, Blaha G, Wilson DN, Marahiel MA, Nierhaus KH. Dissection of the mechanism for the
stringent factor RelA. Mol Cell. 2002;10(4):779-788.

PUBMED | CROSSREF

Potrykus K, Cashel M. (p)ppGpp: still magical? Annu Rev Microbiol. 2008;62(1):35-51.

PUBMED | CROSSREF

Battesti A, Bouveret E. Acyl carrier protein/SpoT interaction, the switch linking SpoT-dependent stress
response to fatty acid metabolism. Mol Microbiol. 2006;62(4):1048-1063.

PUBMED | CROSSREF

Okada Y, Makino S, Tobe T, Okada N, Yamazaki S. Cloning of rel from Listeria monocytogenes as an
osmotolerance involvement gene. Appl Environ Microbiol. 2002;68(4):1541-1547.

PUBMED | CROSSREF

Khakimova M, Ahlgren HG, Harrison JJ, English AM, Nguyen D. The stringent response controls
catalases in Pseudomonas aeruginosa and is required for hydrogen peroxide and antibiotic tolerance. J
Bacteriol. 2013;195(9):2011-2020.

PUBMED | CROSSREF

Kanjee U, Gutsche I, Alexopoulos E, Zhao B, El Bakkouri M, Thibault G, et al. Linkage between the
bacterial acid stress and stringent responses: the structure of the inducible lysine decarboxylase. EMBO J.
2011;30(5):931-944.

PUBMED | CROSSREF

Wells DH, Gaynor EC. Helicobacter pylori initiates the stringent response upon nutrient and pH
downshift. ] Bacteriol. 2006;188(10):3726-3729.

PUBMED | CROSSREF

Cairo G, Recalcati S, Mantovani A, Locati M. Iron trafficking and metabolism in macrophages:
contribution to the polarized phenotype. Trends Immunol. 2011;32(6):241-247.

PUBMED | CROSSREF

Forman HJ, Torres M. Reactive oxygen species and cell signaling: respiratory burst in macrophage
signaling. Am J Respir Crit Care Med. 2002;166(12 Pt 2):S4-S8.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 16/18


http://www.ncbi.nlm.nih.gov/pubmed/19628653
https://doi.org/10.1152/ajpgi.00250.2009
http://www.ncbi.nlm.nih.gov/pubmed/22337166
https://doi.org/10.1038/nrmicro2720
http://www.ncbi.nlm.nih.gov/pubmed/4893338
https://doi.org/10.1016/S0021-9258(18)93106-6
http://www.ncbi.nlm.nih.gov/pubmed/2005134
https://doi.org/10.1016/S0021-9258(19)67694-5
http://www.ncbi.nlm.nih.gov/pubmed/23620295
https://doi.org/10.1093/nar/gkt302
http://www.ncbi.nlm.nih.gov/pubmed/23623685
https://doi.org/10.1016/j.molcel.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/12023304
https://doi.org/10.1101/gad.227902
http://www.ncbi.nlm.nih.gov/pubmed/21569058
https://doi.org/10.1111/j.1574-6976.2011.00279.x
http://www.ncbi.nlm.nih.gov/pubmed/17496080
https://doi.org/10.1128/JB.00330-07
http://www.ncbi.nlm.nih.gov/pubmed/25853779
https://doi.org/10.1038/nrmicro3448
http://www.ncbi.nlm.nih.gov/pubmed/12419222
https://doi.org/10.1016/S1097-2765(02)00656-1
http://www.ncbi.nlm.nih.gov/pubmed/18454629
https://doi.org/10.1146/annurev.micro.62.081307.162903
http://www.ncbi.nlm.nih.gov/pubmed/17078815
https://doi.org/10.1111/j.1365-2958.2006.05442.x
http://www.ncbi.nlm.nih.gov/pubmed/11916666
https://doi.org/10.1128/AEM.68.4.1541-1547.2002
http://www.ncbi.nlm.nih.gov/pubmed/23457248
https://doi.org/10.1128/JB.02061-12
http://www.ncbi.nlm.nih.gov/pubmed/21278708
https://doi.org/10.1038/emboj.2011.5
http://www.ncbi.nlm.nih.gov/pubmed/16672627
https://doi.org/10.1128/JB.188.10.3726-3729.2006
http://www.ncbi.nlm.nih.gov/pubmed/21514223
https://doi.org/10.1016/j.it.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/12471082
https://doi.org/10.1164/rccm.2206007

Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Savina A, Jancic C, Hugues S, Guermonprez P, Vargas P, Moura IC, et al. NOX2 controls phagosomal pH
to regulate antigen processing during crosspresentation by dendritic cells. Cell. 2006;126(1):205-218.
PUBMED | CROSSREF

Vogt SL, Green C, Stevens KM, Day B, Erickson DL, Woods DE, et al. The stringent response is essential
for Pseudomonas aeruginosa virulence in the rat lung agar bead and Drosophila melanogaster feeding models
of infection. Infect Immun. 2011;79(10):4094-4104.

PUBMED | CROSSREF

Mansour SC, Pletzer D, de la Fuente-Nuiiez C, Kim P, Cheung GY, Joo HS, et al. Bacterial abscess
formation is controlled by the stringent stress response and can be targeted therapeutically.
EBioMedicine. 2016;12:219-226.

PUBMED | CROSSREF

Strugeon E, Tilloy V, Ploy MC, Da Re S. The stringent response promotes antibiotic resistance
dissemination by regulating integron integrase expression in biofilms. MBio. 2016;7(4):7.

PUBMED | CROSSREF

Dalebroux ZD, Svensson SL, Gaynor EC, Swanson MS. ppGpp conjures bacterial virulence. Microbiol Mol
Biol Rev. 2010;74(2):171-199.

PUBMED | CROSSREF

Spira B, Ferreira GM, de Almeida LG. relA enhances the adherence of enteropathogenic Escherichia coli.
PLoS One. 2014;9(3):€91703.

PUBMED | CROSSREF

Nakanishi N, Abe H, Ogura Y, Hayashi T, Tashiro K, Kuhara S, et al. ppGpp with DksA controls gene
expression in the locus of enterocyte effacement (LEE) pathogenicity island of enterohaemorrhagic
Escherichia coli through activation of two virulence regulatory genes. Mol Microbiol. 2006;61(1):194-205.
PUBMED | CROSSREF

Furniss RC, Clements A. Regulation of the locus of enterocyte effacement in attaching and effacing
pathogens. ] Bacteriol 2017;200(2):200.
PUBMED

Bustamante VH, Santana FJ, Calva E, Puente JL. Transcriptional regulation of type III secretion genes
in enteropathogenic Escherichia coli: Ler antagonizes H-NS-dependent repression. Mol Microbiol.
2001;39(3):664-678.

PUBMED | CROSSREF

Iyoda S, Watanabe H. Positive effects of multiple pch genes on expression of the locus of enterocyte
effacement genes and adherence of enterohaemorrhagic Escherichia coli 0157 : H7 to HEp-2 cells.
Microbiology (Reading). 2004;150(Pt 7):2357-2571.

PUBMED | CROSSREF

Steimle A, Autenrieth IB, Frick JS. Structure and function: lipid A modifications in commensals and
pathogens. Int ] Med Microbiol. 2016;306(5):290-301.

PUBMED | CROSSREF

Schikermann M, Langklotz S, Narberhaus F. FtsH-mediated coordination of lipopolysaccharide
biosynthesis in Escherichia coli correlates with the growth rate and the alarmone (p)ppGpp. J Bacteriol.
2013;195(9):1912-1919.

PUBMED | CROSSREF

Raetz CR, Whitfield C. Lipopolysaccharide endotoxins. Annu Rev Biochem. 2002;71(1):635-700.
PUBMED | CROSSREF

Zhao G, Weatherspoon N, Kong W, Curtiss R 3rd, Shi Y. A dual-signal regulatory circuit activates
transcription of a set of divergent operons in Salmonella typhimurium. Proc Natl Acad Sci U S A.
2008;105(52):20924-20929.

PUBMED | CROSSREF

Charity JC, Blalock LT, Costante-Hamm MM, Kasper DL, Dove SL. Small molecule control of virulence
gene expression in Francisella tularensis. PLoS Pathog. 2009;5(10):e1000641.

PUBMED | CROSSREF

Dalebroux ZD, Yagi BF, Sahr T, Buchrieser C, Swanson MS. Distinct roles of ppGpp and DksA in Legionella
pneumophila differentiation. Mol Microbiol. 2010;76(1):200-219.

PUBMED | CROSSREF

Klinkenberg LG, Lee JH, Bishai WR, Karakousis PC. The stringent response is required for full virulence
of Mycobacterium tuberculosis in guinea pigs. J Infect Dis. 2010;202(9):1397-1404.

PUBMED | CROSSREF

Na HS, Kim HJ, Lee HC, Hong Y, Rhee JH, Choy HE. Immune response induced by Salmonella typhimurium
defective in ppGpp synthesis. Vaccine. 2006;24(12):2027-2034.

PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 17/18


http://www.ncbi.nlm.nih.gov/pubmed/16839887
https://doi.org/10.1016/j.cell.2006.05.035
http://www.ncbi.nlm.nih.gov/pubmed/21788391
https://doi.org/10.1128/IAI.00193-11
http://www.ncbi.nlm.nih.gov/pubmed/27658736
https://doi.org/10.1016/j.ebiom.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27531906
https://doi.org/10.1128/mBio.00868-16
http://www.ncbi.nlm.nih.gov/pubmed/20508246
https://doi.org/10.1128/MMBR.00046-09
http://www.ncbi.nlm.nih.gov/pubmed/24643076
https://doi.org/10.1371/journal.pone.0091703
http://www.ncbi.nlm.nih.gov/pubmed/16824105
https://doi.org/10.1111/j.1365-2958.2006.05217.x
http://www.ncbi.nlm.nih.gov/pubmed/28760850
http://www.ncbi.nlm.nih.gov/pubmed/11169107
https://doi.org/10.1046/j.1365-2958.2001.02209.x
http://www.ncbi.nlm.nih.gov/pubmed/15256577
https://doi.org/10.1099/mic.0.27100-0
http://www.ncbi.nlm.nih.gov/pubmed/27009633
https://doi.org/10.1016/j.ijmm.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23417489
https://doi.org/10.1128/JB.02134-12
http://www.ncbi.nlm.nih.gov/pubmed/12045108
https://doi.org/10.1146/annurev.biochem.71.110601.135414
http://www.ncbi.nlm.nih.gov/pubmed/19091955
https://doi.org/10.1073/pnas.0807071106
http://www.ncbi.nlm.nih.gov/pubmed/19876386
https://doi.org/10.1371/journal.ppat.1000641
http://www.ncbi.nlm.nih.gov/pubmed/20199605
https://doi.org/10.1111/j.1365-2958.2010.07094.x
http://www.ncbi.nlm.nih.gov/pubmed/20863231
https://doi.org/10.1086/656524
http://www.ncbi.nlm.nih.gov/pubmed/16356600
https://doi.org/10.1016/j.vaccine.2005.11.031

Journal of (

EPEC responses to diverse gut environments Veterinary Science V)

https://vetsci.org

130.

Park SI, Jeong JH, Choy HE, Rhee JH, Na HS, Lee TH, et al. Inmune response induced by ppGpp-
defective Salmonella enterica serovar Gallinarum in chickens. ] Microbiol. 2010;48(5):674-681.
PUBMED | CROSSREF

131. Gaca AO, Abranches J, Kajfasz JK, Lemos JA. Global transcriptional analysis of the stringent response in
Enterococcus faecalis. Microbiology (Reading). 2012;158(Pt 8):1994-2004.
PUBMED | CROSSREF

132. Miiller CM, Conejero L, Spink N, Wand ME, Bancroft GJ, Titball RW. Role of RelA and SpoT in Burkholderia
pseudomalleivirulence and immunity. Infect Immun. 2012;80(9):3247-3255.
PUBMED | CROSSREF

133. Pizarro-CerdaJ, Tedin K. The bacterial signal molecule, ppGpp, regulates Salmonellavirulence gene
expression. Mol Microbiol. 2004;52(6):1827-1844.
PUBMED | CROSSREF

134. Wexselblatt E, Oppenheimer-Shaanan Y, Kaspy I, London N, Schueler-Furman O, Yavin E, et al. Relacin, a
novel antibacterial agent targeting the Stringent Response. PLoS Pathog. 2012;8(9):e1002925.
PUBMED | CROSSREF

135. Wexselblatt E, Kaspy I, Glaser G, Katzhendler J, Yavin E. Design, synthesis and structure-activity
relationship of novel Relacin analogs as inhibitors of Rel proteins. Eur ] Med Chem. 2013;70:497-504.
PUBMED | CROSSREF

136. Syal K, Flentie K, Bhardwaj N, Maiti K, Jayaraman N, Stallings CL, et al. Synthetic (p)ppGpp analogue is
an inhibitor of stringent response in mycobacteria. Antimicrob Agents Chemother. 2017;61(6):61.
PUBMED | CROSSREF

137. de la Fuente-Nuiez C, Reffuveille F, Haney EF, Straus SK, Hancock RE. Broad-spectrum anti-biofilm
peptide that targets a cellular stress response. PLoS Pathog. 2014;10(5):e1004152.
PUBMED | CROSSREF

138. Pletzer D, Wolfmeier H, Bains M, Hancock RE. Synthetic peptides to target stringent response-controlled
virulence in a Pseudomonas aeruginosa murine cutaneous infection model. Front Microbiol. 2017;8:1867.
PUBMED | CROSSREF

https://doi.org/10.4142/jvs.21160 18/18


http://www.ncbi.nlm.nih.gov/pubmed/21046347
https://doi.org/10.1007/s12275-010-0179-6
http://www.ncbi.nlm.nih.gov/pubmed/22653948
https://doi.org/10.1099/mic.0.060236-0
http://www.ncbi.nlm.nih.gov/pubmed/22778096
https://doi.org/10.1128/IAI.00178-12
http://www.ncbi.nlm.nih.gov/pubmed/15186428
https://doi.org/10.1111/j.1365-2958.2004.04122.x
http://www.ncbi.nlm.nih.gov/pubmed/23028324
https://doi.org/10.1371/journal.ppat.1002925
http://www.ncbi.nlm.nih.gov/pubmed/24189495
https://doi.org/10.1016/j.ejmech.2013.10.036
http://www.ncbi.nlm.nih.gov/pubmed/28396544
https://doi.org/10.1128/AAC.00443-17
http://www.ncbi.nlm.nih.gov/pubmed/24852171
https://doi.org/10.1371/journal.ppat.1004152
http://www.ncbi.nlm.nih.gov/pubmed/29021784
https://doi.org/10.3389/fmicb.2017.01867

