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Host Innate Immune Factors Influencing 
Enterohemorrhagic Escherichia coli 
Pathogenicity
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Abstract Enterohemorrhagic Escherichia coli (EHEC) is a significant foodborne 
attaching and effacing (A/E) pathogen that causes diarrhea, hemorrhagic colitis and 
the hemolytic-uremic syndrome (HUS) in humans. EHEC is closely related to 
enteropathogenic E. coli (EPEC) and both induce characteristic A/E lesions on the 
gut mucosal surface. During EHEC and EPEC infection, host innate immune 
responses, such as inflammation and cell death are rapidly activated, upon the detec-
tion of bacterial components and virulence factor activity. To promote A/E lesion 
formation and dissemination of the pathogen in the body, EHEC and EPEC deliver 
a repertoire of effector proteins, including Tir, NleA/EspI and NleB to -H, to the 
host cell cytosol via a type III secretion system (T3SS). These interfere with a range 
of host cell processes, including host defense mechanisms. Several T3SS effector 
proteins specifically modify or cleave host proteins involved in inflammation and 
cell death, thereby inactivating these pathways. The identification of the host targets 
and the characterization of the biochemical function of T3SS effectors have greatly 
contributed to understanding the pathogenesis of EHEC and EPEC infections.
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BI-1 Bax inhibitor-1
CLR C-type lection receptor
CRL Cullin Ring E3 ligases
DC Dendritic cell
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DD Death domains
DISC Death-inducing signaling complex
EHEC Enterohemorrhagic Escherichia coli
FA Focal adhesion
GlcNAc N-acetylglucosamine
HUS Hemolytic uremic syndrome
IE Integrative element
ILK Integrin-linked kinase
ITIM Immunoreceptor tyrosine-based inhibitory motifs
LEE Locus of enterocyte effacement
LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase
MTS Mitochondrial targeting sequence
NF-κB Nuclear-factor κB
NLR NOD-like receptor
NZF Npl4 Zinc figure
OI O-island
PAMPs Pathogen-associated molecular patterns
PKC Protein kinase C
PRRs Pattern recognition receptors
RLR RIG-I-like receptor
SAM S-adenosyl-L-methionine
Stx Shiga toxins
T3SS Type III secretion system
TAB2 and TAB3 TAK1-binding proteins 2 and 3
TAD Transcription activation domain
TIM17b Translocase of inner mitochondrial membrane 17b
Tir Translocated intimin receptor
TLR Toll-like receptor
TNFR1 Tumor necrosis factor receptor 1
TRAIL TNF-associated apoptosis-inducing ligand

 Introduction

Enterohemorrhagic Escherichia coli (EHEC) is a major threat to human health in 
both low-income and high-income countries. EHEC was first recognized as a human 
pathogen in 1983 during two outbreaks of hemorrhagic colitis in the USA which 
were caused by contaminated undercooked hamburger meat (Riley et  al. 1983). 
Early studies revealed, approximately 75% of O157:H7 EHEC outbreaks in the US 
were attributed to the consumption of contaminated beef products (Callaway et al. 
2009), although agricultural plants, pork products, freshly consumed fruits and veg-
etables and water, have also been reported as a source of EHEC infection due to 
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contamination with animal feces (From the Centers for Disease Control and 
Prevention 1995; Feng and Reddy 2013). Apart from food contamination, other 
identified routes of EHEC transmission include person-to-person contact, animal- 
to- person contact and airborne transmission (Durso et al. 2005; Spika et al. 1986; 
Varma et al. 2003).

Among EHEC strains, serotype O157:H7 is the most prominent clinical serotype 
and is responsible for a large number of cases linked to food and waterborne out-
breaks worldwide. EHEC O157:H7 has a very low infectious dose, with as few as 
10–100 microorganisms able to cause disease in humans (Boyce et al. 1995). Upon 
ingestion of O157:H7, diarrhea begins after 1–8 days (average onset 3–4 days) and 
rapidly progresses into bloody diarrhea in more than 70% of EHEC-infected people 
(Mead and Griffin 1998). After ca. 7  days of diarrhea, approximately 5–10% of 
patients develop hemolytic uremic syndrome (HUS), with children and the elderly 
particularly at risk of this life-threatening complication (Manning et  al. 2008; 
Karmali et al. 2010).

A feature of the interaction of EHEC with the intestinal epithelium is the ability 
of the bacteria to form attaching and effacing (A/E) lesions and to produce Shiga 
toxins (Stx). A/E lesions are histopathological changes on the intestinal mucosa 
characterized by extracellular attachment of the bacteria to the cell surface, the for-
mation of pedestal-like structures underneath the adherent bacteria and the local 
effacement of microvilli (Frankel et al. 1998). A/E lesion formation by EHEC is 
dependent on a pathogenicity island known as the locus of enterocyte effacement 
(LEE), which is conserved across all A/E pathogens, including closely related 
enteropathogenic E. coli (EPEC). The LEE encodes more than 40 genes, including 
regulators, the adhesin, intimin, translocators, chaperones, a type III secretion sys-
tem (T3SS) and translocated effector proteins that play an essential role in EHEC 
pathogenesis (McDaniel et  al. 1995; Elliott et  al. 2000). For example, the LEE- 
encoded T3SS effector, termed the translocated intimin receptor (Tir), binds the 
bacterial outer membrane adhesin, intimin, and promotes actin polymerization at 
the site of bacterial attachment by recruiting host proteins associated with cytoskel-
etal actin dynamics (Wong et al. 2011). Although EPEC and EHEC share a similar 
mechanism of host cell attachment, Stx additionally influences the interaction of 
EHEC with the intestinal mucosa. Bacteriophage-encoded Stx comprise two sub-
groups, Stx1 and Stx2, and individual EHEC isolates may carry one or both Stx1 
and Stx2 (Kaper et al. 2004; Muthing et al. 2009). Stx is toxic for human cells and 
mediates the inhibition of protein synthesis resulting in large-scale cell death 
through apoptosis and the severe pathologies of hemorrhagic colitis and HUS (Endo 
et al. 1988; Karmali et al. 1983).

Aside from A/E lesion formation, EHEC and EPEC employ T3SS effectors, 
including LEE-encoded and non-LEE-encoded effectors, to promote bacterial colo-
nization and survival within the host. In recent years, T3SS effectors from EHEC 
and other A/E pathogens have emerged as novel enzymes that specifically modify or 
directly degrade target host proteins, thereby interfering with fundamental  biological 
processes such as cytoskeleton organization, inflammatory responses and apoptosis 
signaling pathways (Wong et  al. 2011). The inhibition of pro-inflammatory 
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responses and apoptosis that are involved in eliminating the pathogen or restricting 
the severity of disease, is an essential virulence mechanism that allows EHEC to 
persist in the host. Here, we will focus on manipulation of the innate immune 
response by EHEC that is mediated through the interaction of bacterial effectors 
with host proteins. The closely related human A/E pathogen, EPEC, and the mouse 
pathogen, Citrobacter rodentium, will also be considered.

 The Host Response to EHEC Infection

Upon pathogen infection, the mammalian innate immune system recognizes micro-
bial molecules, including lipopolysaccharide (LPS), peptidoglycan, flagellin and 
nucleic acid, otherwise known as pathogen-associated molecular patterns (PAMPs) 
(Akira et al. 2006). The detection of PAMPs via a suite of pattern recognition recep-
tors (PRRs) leads to activation of the innate immune response that provides imme-
diate defense against infection. Based on their localization, PRRs are classified into 
cell surface receptors, such as Toll-like receptors (TLR) and C-type lectin receptors 
(CLR), and cytoplasmic receptors, including NOD-like receptors (NLR) and RIG- 
I- like receptors (RLR) (Takeuchi and Akira 2010). The initiation of innate immune 
signaling by PRRs leads to the activation of pro-inflammatory gene expression, 
which results in the production of cytokines, chemokines and antimicrobial pep-
tides that ultimately facilitate elimination of the pathogens either by direct killing or 
phagocytosis.

Following ingestion, EHEC initiates infection of the surface epithelium of the 
intestinal mucosa. The intestinal epithelium primarily functions to separate host tis-
sues from the external environment but also plays an essential role in activating the 
immune response to pathogenic microorganisms (Wong Fok Lung et  al. 2014). 
Infected epithelial cells generally express increased secretion of cytokines, chemo-
kines and antimicrobial peptides, which results from the activation of NF-κB and 
MAPK signaling pathways. During EHEC and EPEC infection, high levels of 
Interleukin 8 (IL-8) expression and secretion in epithelial cells accompanied by the 
infiltration of neutrophils at infected sites have been demonstrated in a number of in 
vivo studies (Tzipori et al. 1985, 1989). This phenotype has been mainly attributed 
to the recognition of bacterial virulence factors through PRRs. Stx has also been 
implicated in triggering a marked increase of IL-8 production in polarized T84 
human intestinal epithelial cells and Caco2 cells (Thorpe et  al. 1999, 2001). 
However, depletion of H7 flagellin rather than Stx from the EHEC culture superna-
tant fluid abolished IL-8 induction in epithelial cells, suggesting flagellin is the prin-
cipal factor that contributes to the EHEC-induced inflammatory response (Zhou 
et  al. 2003; Berin et  al. 2002). Consistently, EHEC H7 flagellin significantly 
enhanced transcription of IL-8 and Chemokine Ligand 20 (CCL20) in colonic 
 epithelial cells and induced neutrophil infiltration in an in vivo study using human 
intestinal xenografts (Miyamoto et al. 2006). In addition to flagellin, EHEC LPS is 
associated with the stimulation of immune responses. In vivo studies using the 
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mouse A/E pathogen C. rodentium show that Tlr4−/− mice, which are insensitive to 
bacterial LPS, produce lower levels of cytokine and have less neutrophil and mac-
rophage infiltration at the infection site (Khan et al. 2006).

Although Stx and LPS are not essential to induce pro-inflammatory cytokine secre-
tion in intestinal epithelial cells, their roles in inducing inflammation systemically are 
recognized as important. In children with HUS, EHEC LPS binds and activates plate-
lets, resulting in the expression of CD40 Ligand (CD40L) which can in turn increase 
the amount of Toll-like Receptor (TLR4) on neutrophils and monocytes, and induce 
the production of inflammatory cytokines in vascular endothelial cells (Stahl et al. 
2006). In addition, translocation of Stx across the intestinal epithelium is promoted by 
neutrophil transmigration, although the mechanism is not fully characterized. Hence 
Stx can access the host circulatory system and induce pro-inflammatory reactions 
(Hurley et  al. 2001; Walters et  al. 1989). Stx also binds to monocytes through 
Globotriascylcermide 3 (Gb3) receptors in patients with HUS, while in vitro studies 
have revealed that stimulation of monocytes with Stx leads to a significant increase in 
the production of IL-6, IL-8, TNF and IL-1β (van Setten et al. 1996).

In addition to inflammation, immune detection of bacterial pathogens can trigger 
apoptotic signaling cascades that are associated with the clearance of infected cells. 
Stx appears to be the major virulence factor responsible for inducing apoptosis of 
epithelial cells during EHEC infection in vitro (Smith et al. 2003; Schuller et al. 2004; 
Barnett Foster et al. 2000; Kashiwamura et al. 2009), and evidence from in vivo stud-
ies in rabbits suggests that loss of microvilli is associated with Stx-induced apoptosis 
(Smith et  al. 2003; Schuller et  al. 2004; Kashiwamura et  al. 2009). Additionally, 
inflammatory cytokines, such as Tumor Necrosis Factor (TNF), can activate cell 
death signaling by binding death receptors and the activity of some T3SS effector 
proteins; namely EspF, Map and Cif, are associated with apoptosis induction.

 Inflammation and Cell Death Signaling

NF-κB signaling is a crucial part of the host immune response that induces pro- 
inflammatory gene expression upon stimulation (Mukaida et al. 1990). The NF-κB 
proteins comprise a family of transcription factors that includes p50 (NF-κB1), p52 
(NF-κB2), p65 (RelA), c-Rel and RelB which regulate gene expression by binding 
to promoters/enhancers of target genes (Ghosh et al. 1998). All NF-κB transcription 
factors possess an N-terminal Rel homology domain that mediates homo- and 
hetero- dimerization with other NF-κB proteins, nuclear translocation and DNA- 
binding. The C-terminal transcription activation domains (TADs) of p65, c-Rel and 
RelB control the activation of target gene transcription (Vallabhapurapu and Karin 
2009), whereas p50 and p52 lack TADs and can either down-regulate gene expres-
sion by directly binding with NF-κB-responsive promoters or activate transcription 
through recruitment of p65, c-Rel, RelB or other TAD-containing proteins 
(Vallabhapurapu and Karin 2009).
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Although NF-κB may be activated by various pathways, most converge at IKK 
(IκB Kinase) complex activation, which is comprised of two kinase subunits, IKKα 
(IKK1) and IKKβ (IKK2), and a regulatory subunit NEMO (Liu and Chen 2011). 
Upon stimulation by pathogen-derived molecules, PRRs recruit various adaptor 
proteins to form signaling complexes that can activate IKK kinase and direct IKK 
phosphorylation. Activation of the IKK complex mediates phosphorylation and 
ubiquitination of IκB proteins that serve as NF-κB inhibitors by retaining NF-κB 
dimers in the cytoplasm of inactive cells. Ubiquitinated IκB proteins are targeted for 
degradation by the host 26S proteasome, following which NF-κB subunits are 
released and translocated into the host cell nucleus where they enhance transcrip-
tion of inflammatory genes (Hayden and Ghosh 2008).

MAPK signaling functions to coordinate cell responses to numerous physical 
and chemical stimuli and also contributes to IL-8 production in epithelial cells dur-
ing EHEC and EPEC infection. MAPK represents a group of conserved proteins 
that are subdivided into three classes of serine/threonine kinases, ERK, p38 and 
JNK. The activation of JNK, which involves phosphorylation at threonine residue 
(Thr183) and serine residue (Ser185), is induced through MAP3Ks in response to 
TLR, IL-1R (IL-1 receptor) or TNFR (TNF receptor) stimulation (Johnson and 
Lapadat 2002). Previous studies have shown that A/E pathogen infection triggers 
JNK activation which in turn activates the transcription factor c-Jun, a member of 
the activation protein-1 (AP-1) family that has similar functions to NF-κB in regu-
lating gene transcription during inflammation (Mukaida et al. 1994).

Apoptosis in the epithelium has recently emerged as an important host immune 
defense mechanism that combats intestinal bacterial infection. Killing of infected 
cells helps to control and eliminate pathogens, clear damaged cells and induce an 
adaptive immune response. Intrinsic signals such as DNA damage as well as extrin-
sic signals such as the stimulation of death receptors can trigger caspase-dependent 
cell death. Cell death receptors, including TNFR1, TRAIL (TNF-associated 
apoptosis- inducing ligand) receptor and FAS (TNFRSF6), are stimulated upon 
infection with their respective ligands TNF, TRAIL and FasL. These receptors acti-
vate intracellular cell death signaling by recruiting a range of adaptor proteins 
through their conserved cytoplasmic death domains (DD) (Park et  al. 2007). 
Activation of death receptors can also lead to non-apoptotic signaling, namely acti-
vation of inflammatory signaling, indicating that there is substantial crosstalk 
between the components of these pathways.

 Pathogen Response to the Host: Inflammation

Inflammation pathways involving NF-κB and MAPK signaling and inflammatory 
cytokine production are strongly influenced by EHEC virulence factors in the early 
stages of infection. The activity of some T3SS effectors, such as EspT and NleF, 
leads to enhanced NF-κB activation (Raymond et  al. 2011; Pallett et  al. 2014), 
whereas other T3SS effectors suppress the inflammatory response through specific 
targeting of host signaling proteins.
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 Inhibition of NF-κB Signaling

EHEC and other A/E pathogens employ multiple T3SS effectors to inhibit IκB 
degradation and nuclear translocation of NF-κB.  One of these is NleE, a highly 
conserved T3SS effector encoded on the virulence-associated O-island (OI) 122 in 
EHEC O157:H7 EDL933. NleE from EPEC O127:H6 E2348/69 is encoded by 
integrative element 6 (IE6) (Nadler et al. 2010; Iguchi et al. 2009). NleE is highly 
conserved, with NleE proteins from EPEC, EHEC and C. rodentium displaying 
more than 85% amino acid identity (Zurawski et al. 2008). NleE has homologues in 
Shigella spp., known as OspZ, and amino acid similarity between NleE and OspZ is 
also high (ca. 86% similarity). Notably, Shigella flexneri serogroup 2a carries a 
truncated OspZ that lacks 36 amino acids at the C-terminus and is non-functional 
for NF-κB inhibition (Newton et al. 2010).

Early studies revealed that ectopically-expressed NleE from EHEC, EPEC and 
C. rodentium and full length OspZ from Shigella spp. can block IκB degradation 
and p65 nuclear translocation in response to either TNF (tumor necrosis factor) or 
IL-1β stimulation, ultimately resulting in a decrease in the expression and produc-
tion of inflammatory cytokines such as IL-8 (Newton et al. 2010). Consistently, the 
presence of NleE during EPEC infection significantly reduces the level of pro- 
inflammatory cytokine production from infected epithelial cells. In addition, the 
ability of NleE to control NF-κB activation can also be seen in human dendritic cells 
(DCs), where DCs infected with the nleE mutant of EPEC E2348/69 secreted mark-
edly higher levels of IL-8, TNF and IL-6 compared to wild type E2348/69 
(Vossenkamper et al. 2010).

Recently, NleE was characterized as a S-adenosyl-L-methionine (SAM) depen-
dent methyltransferase that specifically modifies the zinc coordinating cysteine in 
the Npl4 Zinc figure (NZF) domain of human TAB2 and TAB3 (TAK1-binding 
proteins 2 and 3) (Zhang et al. 2012). TAB2 and TAB3 are adaptor proteins with 
redundant functions that play an essential role in signaling pathways via Toll-like, 
IL-1 and TNF receptors. Upon activation, the NZF domains of TAB2/3 recognize 
and bind to K63-linked polyubiquitin chains on upstream receptor-associated pro-
teins TRAF6 and TRAF2 (Takaesu et al. 2000; Sato et al. 2009). Normally, upstream 
signals, transduced via the interaction of TAB2/3 with ubiquitinated TRAF proteins, 
activate TAK1 and subsequently induce IKKβ phosphorylation and IκB degradation 
(Takaesu et al. 2000). Cysteine-methylated TAB2-NZF and TAB3-NZF lose their 
polyubiquitin chain binding activity, indicating that NZF-domain methylation abol-
ishes signal transduction by interrupting the interaction between TAB2/3 and 
TRAF2/6 (Zhang et al. 2012). The methyltransferase activity of NleE is dependent 
on a conserved C-terminal motif 209IDSYMK214, which is explained by the crystal 
structure of NleE where tyrosine (Tyr212), together with arginine (Arg107) and gluta-
mine (Glu191), form the binding pocket for SAM (Yao et  al. 2014). Despite the 
potent in vitro activity of NleE, in vivo studies with C. rodentium revealed no sig-
nificant differences in bacterial load between wild type C. rodentium and an nleE 
null mutant strain, probably due to redundant functions with other T3SS effectors 
that target NF-κB activation (Kelly et al. 2006).
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The non-LEE encoded effectors NleH1 and NleH2 have also been associated with 
the inhibition of NF-κB activation. NleH1 and NleH2 share 84% amino acid sequence 
identity and both are present in EHEC and EPEC. This is in contrast to C. rodentium, 
which carries only one copy of nleH (Gao et al. 2009; Feuerbacher and Hardwidge 
2014). Although NleH1 and NleH2 are closely related effectors that both contain a 
C-terminal kinase domain, they interfere with NF-κB activation through different 
mechanisms. Recent studies revealed that the host target of NleH1 is ribosomal pro-
tein 3 (RPS3), a known co-activator of NF-κB that can be phosphorylated by IKKβ 
on serine (Ser209). Upon phosphorylation, RPS3 translocates to the nucleus and acti-
vates gene transcription (Gao et al. 2009). Upon binding to NleH1, not NleH2, phos-
phorylation of RPS3 by IKKβ is inhibited, and, even though the N-terminal region of 
NleH1 is sufficient for the binding, the C-terminal kinase activity of NleH1 appears 
to be important for this inhibition (Pham et al. 2012). NleH1 and NleH2 share 30% 
and 27% amino acid identity, respectively, with the Shigella effector OspG (Kim 
et al. 2005). OspG is a Ser/Thr protein kinase that subverts NF-κB by preventing 
ubiquitin-conjugating enzyme-mediated ubiquitination and degradation of phospho-
IκBα (Kim et al. 2005). Similar to NleH1, the kinase activity of OspG is critical for 
modulating NF-κB activation (Gao et al. 2009; Kim et al. 2005). NleH2 suppresses 
NF-κB activation in cultured epithelial cells when IKKβ is overexpressed, and 
appears to not to have any influence on RPS3 nuclear translocation (Wan et al. 2011). 
While NleH1/NleH2-induced NF-κB inhibition has been attributed to the subversion 
of IκBα phosphorylation/degradation, another study revealed that neither NleH1 nor 
NleH2 was able to modulate the phosphorylation and degradation of IκBα individu-
ally (Pham et al. 2012). This study further demonstrated that NleH1 and NleH2 bound 
to each other, and that this interaction regulated their ability to inhibit NF-κB signal-
ing through an unknown mechanism (Pham et al. 2012).

In vivo studies using gnotobiotic piglets have revealed that deletion of nleH1 
results in reduced bacterial load, more severe inflammatory responses and higher lev-
els of phosphorylated RPS3 in the colon of infected piglets than those infected with 
wild type EHEC O157:H7. Infection with the nleH2 mutant strain, however, only 
showed diminished colonization (Wan et al. 2011). Similarly, C. rodentium infection 
of mice has revealed that nleH contributes to full intestinal colonization, and that this 
phenotype can also be mediated by EHEC nleH1 but not nleH2 (Feuerbacher and 
Hardwidge 2014). Another study revealed that a C. rodentium nleH mutant was atten-
uated for colonization in the early stages of infection and induced less activation of 
NF-κB activation than wild type C. rodentium (Hemrajani et al. 2008).

NF-κB signaling is further influenced by the zinc metalloprotease T3SS effector 
NleC that directly degrades NF-κB subunits, p65 and p50 (Baruch et al. 2011; Muhlen 
et al. 2011; Pearson et al. 2011; Sham et al. 2011). NleC is encoded by OI-36  in 
EHEC EDL933 and PP4 in EPEC E2348/69, and is highly conserved among all A/E 
pathogens. The amino acid sequences of NleC from EHEC and EPEC are 100% iden-
tical and share 95% similarity with NleC from C. rodentium (Iguchi et al. 2009; Perna 
et al. 2001). The conserved zinc metalloprotease motif 183HEIIH187 is essential for the 
proteolytic activity of NleC, as NleC, which carries a mutated metalloprotease motif, 
loses its ability to cleave the NF-κB subunits p65 and p50 (Marches et al. 2005).
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NleC-mediated cleavage of p65 can be observed in cultured epithelial cells by 
ectopic expression or during EPEC infection. Although different cleavage sites of p65 
were originally proposed, namely between proline (Pro10) and alanine (Ala11) or 
between cysteine (Cys38) and glutamic (Glu39), both sites are located within the 
N-terminal Rel homology domain that mediates the binding of p65 to promoters or 
enhancers of target genes (Pearson et al. 2011; Baruch et al. 2011; Yen et al. 2010). 
Subsequent studies confirmed the cleavage site as Cys38/Glu39 and a recent molecular 
analysis of NleC revealed that two motifs in the Rel homology domain of p65, 22EIIE25 
and 177PVLS180, were critical as the substrate recognition and binding sites for NleC 
(Giogha et al. 2015). In addition, other NF-κB subunits, such as p50, c-Rel, IκBα, and 
coactivator of transcription regulators p300, have been reported as substrates of NleC; 
however, some of these targets remain a topic of debate among certain research 
groups (Muhlen et al. 2011; Pearson et al. 2011; Shames et al. 2011a).

The role of NleC in pathogenesis has been examined in vivo using an EHEC 
O157:H7 infection model in lambs and calves. However, an EHEC strain lacking 
NleC did not show any significant differences in colonization when compared to 
wild type EHEC O157:H7 (Marches et al. 2005). Similarly, C57BL/6 mice infected 
with either wild type C. rodentium or an nleC mutant had equivalent numbers of the 
pathogen in the colon, however, nleC deletion resulted in increased tissue damage 
in mice, suggesting that NleC functions in vivo to reduce tissue pathology (Kelly 
et al. 2006; Sham et al. 2011; Marches et al. 2005).

The LEE-encoded effector, Tir, which is critical for A/E lesion formation, has 
also been implicated in inhibiting host innate signaling. The C-terminal region of 
Tir shares sequence similarity with host cellular immunoreceptor tyrosine-based 
inhibitory motifs (ITIM), which are on the cytoplasmic tail of many immunorecep-
tors. Phosphorylation of a conserved tyrosine in ITIM-containing proteins allows 
the receptor to bind to protein tyrosine phosphatases, such as SHP-1 and SHP-2. 
These phosphatases, in turn, down-regulate host immune responses by decreasing 
the phosphorylation of a variety of immune signaling-related proteins (Zhang et al. 
2000; Neel et al. 2003). The phosphorylation of Tir on amino acid residues Tyr483 
and Tyr511 leads to an interaction between Tir and SHP-1, resulting in suppression of 
cytokine production including TNF and IL-6 (Yan et al. 2012, 2013). Apart from 
ITIM similarity, Tir also binds to the NF-κB adaptor protein TRAF2 and conse-
quently inhibits TNF-induced NF-κB signaling (Ruchaud-Sparagano et al. 2011).

 Inhibition of MAPK Signaling

In addition to NleC, A/E pathogens encode another conserved zinc metalloprotease, 
termed NleD. NleD is a 30-kD T3SS effector encoded on OI-36 in EHEC EDL933 
and PP4 in EPEC E2348/69, respectively, and the amino acid sequence similarity 
between them is 99% (Pearson and Hartland 2014). NleD contains a conserved zinc 
metalloprotease motif, 141HELLH145, which is crucial for proteolytic activity (Baruch 
et  al. 2011). In contrast to NleC, NleD targets MAPK signaling through direct 
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cleavage of the conserved activation loop in the MAPKs, JNK and p38 (Baruch 
et al. 2011). Targeting of MAPK by NleD may be a mechanism that contributes to 
the profound decrease in IL-8 secretion during EPEC infection, since an nleBECD 
mutant induced higher levels of IL-8  in infected epithelial cells than an nleBEC 
mutant (Baruch et al. 2011). NleD may also contribute to promoting cell survival, as 
the cleavage of JNK can arrest JNK-induced apoptosis (Shaulian and Karin 2001).

 Pathogen Response to the Host: Apoptosis

 Effectors that Induce Apoptosis

Programmed cell death pathways can be induced directly upon the secretion of 
T3SS effectors by EHEC during infection. All of EspF, Map and Cif have been 
associated with induction of cell death. Due to carriage of a mitochondrial targeting 
sequence (MTS) located at the N-terminus, EspF localizes to host mitochondria and 
induces disruption of mitochondrial membrane potential, which in turn initiates 
apoptosis signaling by stimulating cytochrome c release and caspase-9 cleavage 
(Nougayrede et al. 2007; Dean et al. 2010). EspF also binds Abcf2 in mitochondria 
which may explain the induction of caspase-9 cleavage since lower Abcf2 levels in 
mitochondria correlate with caspase-9 cleavage (Nougayrede et al. 2007). The T3SS 
effector Map also harbors an MTS in the N-terminal region and Map is predicted to 
activate intrinsic cell death during A/E pathogen infection (Kenny and Jepson 2000). 
In vitro studies have revealed that Map leads to mitochondrial membrane disrup-
tion; however, the precise function of Map in vivo is still unclear (Ma et al. 2006). 
Finally, the T3SS effector Cif can arrest cell-cycle progression at G1/S and G2/M in 
host cells by inhibiting the ubiquitination and degradation of proteins that regulate 
cell cycle. This induces a delayed form of apoptosis (Marches et al. 2003; Taieb 
et al. 2006; Samba-Louaka et al. 2008, 2009). Cif inactivates Cullin Ring E3 ligases 
(CRL) by deamidation of NEDD8 (Crow et al. 2012; Toro et al. 2013; Cui et al. 
2010). Neddylation is usually required to activate CRLs by inducing a conforma-
tional change that allows the E3 ligase to ubiquitinate target proteins. In addition, 
Cif prevents perforin-2 ubiquitination and hence its activation and bactericidal 
activity (McCormack et al. 2015).

Another conserved T3SS effector, NleB1, is encoded directly upstream of nleE in 
OI-122 of EHEC EDL933 or IE6 of EPEC E2348/69 and a close homologue, NleB2, 
is encoded in OI-36 (EHEC EDL933) or PP4 (EPEC E2348/69). When expressed 
ectopically in cultured epithelial cells, NleB1 can dampen NF-κB signaling in 
response to TNF but not IL-1β (Newton et  al. 2010). However, during infection, 
NleB1 has little impact on the inhibition of pro-inflammatory cytokine production 
(Pearson et al. 2013; Li et al. 2013). Instead, NleB1 has a key role in blocking extrin-
sic apoptosis signaling stimulated by death receptor activation through FAS or 
TNFR1. NleB1 possesses N-acetylglucosamine (GlcNAc) transferase activity that 
specifically modifies the death domains (DD) of death receptor adaptor proteins by 
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transferring GlcNAc to a conserved arginine in FADD (Arg117), TRADD and RIPK1 
(Pearson et al. 2013; Li et al. 2013). This activity blocks caspase- 8 activation and 
subsequent cell death by preventing formation of the death- inducing signaling com-
plex (DISC). These findings are consistent with previous discoveries revealing that 
Arg117 of FADD is an essential residue that mediates death domain interactions 
between FAS-FADD and FADD-TRADD (Imtiyaz et al. 2005; Wang et al. 2010). 
TRADD is an adaptor protein involved in the NF-κB pathway where it forms a com-
ponent of the TNFR1 complex I with RIPK1 and TRAF2. Thus the modification of 
Arg235 in TRADD may explain the role of NleB1 in suppressing NF-κB activation 
under certain experimental conditions (Newton et al. 2010).

The GlcNAc transferase activity of NleB1 depends on a catalytic motif, DxD, 
that is conserved in NleB1 and NleB2, and also the SseK T3SS effectors from 
Salmonella spp. (Gao et al. 2013). In vivo studies using C. rodentium, which carries 
only one copy of nleB revealed, that either deletion of nleB or mutation of the DxD 
motif results in attenuation of colonization and increased caspase-8 cleavage in the 
colon of infected mice (Kelly et al. 2006; Pearson et al. 2013). Currently, the host 
targets and functions of NleB2 and the SseK effectors are not clear, although some 
activity against DD containing proteins has been observed (Kelly et  al. 2006; 
Pearson et al. 2013).

NleF is also a conserved T3SS effector that is encoded on OI-71  in EHEC 
EDL933, and PP6  in EPEC E2348/69. The amino acid sequences of NleF from 
EPEC and EHEC are 100% identical (Iguchi et al. 2009; Deng et al. 2004). NleF 
inhibits intrinsic and extrinsic apoptosis in vitro by binding caspase-4, caspase-8 
and caspase-9 (Blasche et al. 2013). The inhibition appears to occur through the 
binding of NleF to the active site of these caspases. However, during infection, dele-
tion of nleF from EPEC E2348/69 does not lead to a significant increase in caspase-
 3/7 activity in cultured epithelial cells, although this experiment did not induce 
apoptosis in infected cells using an exogenous signal (Blasche et al. 2013). NleF 
also promotes NF-κB nuclear translocation and IL-8 production, although the 
mechanism by which NleF activates NF-κB is not clear (Pallett et al. 2014).

NleH1 and NleH2 also modulate intrinsic cell death signaling pathways. The 
function of NleH in inhibiting apoptosis was initially determined in vitro where a 
higher number of cultured epithelial cells died when infected with an ΔnleH1/nleH2 
double mutant compared to cells infected with wild type EPEC E2348/69 (Hemrajani 
et al. 2010). NleH was then implicated in the inhibition of caspase-3 cleavage which 
was observed in EPEC-infected epithelial cells and C. rodentium-infected mice, 
which may arise from an interaction between NleH and the apoptosis inhibitor pro-
tein, Bax inhibitor-1 (BI-1) (Hemrajani et al. 2010; Robinson et al. 2010).

Additionally, the LEE-encoded effectors, EspZ and EspO, have been implicated 
in maintaining epithelial integrity during A/E pathogen colonization. EspZ (SepZ) 
is a conserved T3SS effector carried by all A/E pathogens and the amino acid 
sequences of EspZ from EPEC and EHEC are 71.7% identical (Kanack et al. 2005). 
Initial research revealed that deletion of espZ from C. rodentium significantly 
reduced the colonization of C. rodentium in vivo (Deng et al. 2004) and in vitro 
studies further revealed that EspZ protects epithelial cells from cell death during 
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EPEC infection. The mechanism of EspZ activity in enhancing cell survival was 
originally attributed to its ability to bind CD98 and upregulate integrin signaling 
and focal adhesion kinase (FAK) signaling (Shames et  al. 2010). More recently, 
EspZ has been observed to localize to mitochondria and may reduce cell cytotoxic-
ity through binding the inner mitochondrial membrane 17b (TIM17b), thereby 
maintaining mitochondrial membrane potential (Shames et  al. 2011b). Rabbit 
enteropathogenic E. coli (REPEC)  ΔespZ mutants also exhibit attenuated virulence 
during infection and induce markedly higher levels of host cell death (Wilbur et al. 
2015). EspZ assists in regulating T3SS effector translocation from a plasma mem-
brane location which may contribute to its virulence function (Berger et al. 2012), 
but, to date, the biochemical basis of EspZ activity is unknown.

Another LEE-encoded effector, EspO, which is homologous to OspE from Shigella 
flexneri, enhances host cell-cell adherence during infection. Previous studies have 
revealed that OspE promotes the stability of focal adhesions (FA) by interacting with 
integrin-linked kinase (ILK), and also by binding to the PDZ-containing protein PDLIM7 
to modulate the activity of protein kinase C (PKC), which is associated with cell spread-
ing and adherence (Kim et al. 2009; Yi et al. 2014). EspO carries the Trp68 equivalent 
that is involved in OspE-ILK interaction and has also been observed to localize with FA 
during EHEC infection in cultured epithelial cells, indicating that EspO may have a simi-
lar role to OspE in bacterial gut infection (Kim et al. 2009; Morita-Ishihara et al. 2013).

 Inflammasomes and Immunity to A/E Pathogens

Mice deficient in certain inflammasome components, including Nlrc4, Nlrp3, Asc 
and Caspase-1 (but not Caspase-11), are more susceptible to C. rodentium infection, 
suggesting that inflammasome sensing plays a role in defense against A/E patho-
gens (Lupfer et al. 2014; Nordlander et al. 2014). Inflammasomes of the intestinal 
epithelium play a general protective role during infection by removing damaged 
enterocytes and producing inflammasome dependent cytokines (Sellin et al. 2015). 
Findings from a recent study suggest that A/E pathogens counter this using the 
T3SS effector, NleA/EspI, which binds directly to Nlrp3 and blocks de- 
ubiquitination, thereby preventing inflammasome activation (Yen et al. 2015).

 Conclusions

The manipulation of host signaling pathways, especially those associated with host 
immunity, is a key strategy utilized by EHEC and other A/E pathogens for success-
ful infection. A growing number of host proteins have been identified as targets of 
T3SS effectors that are inactivated through specific post-translational modifications. 
These discoveries have not only expanded our understanding of pathogen-host inter-
actions, but, in some cases, have also helped to define the function of host proteins 
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in signaling pathways. Indeed, identification of the host proteins modified by T3SS 
effectors during infection has greatly informed us about the immune responses 
important for combating infection, as these are precisely the pathways targeted by 
the pathogen for inhibition. Overall, there is still much to learn about roles of T3SS 
effectors during infection; in particular, those where no enzymatic activity has been 
identified (Table 1). Given this, some reassessment of T3SS biology in EHEC and 
other A/E pathogens is needed. Future research must also be cautious about inferring 
the function of homologous bacterial effectors from different pathogens as these 
may display different activities and target distinct host signaling pathways.

Table 1 EHEC and EPEC T3SS effectors, reported to influence host inflammatory and cell death- 
signaling pathways

Effector Protein

Host target 
relevant to 
inflammation or 
cell death Enzymatic activity Function References

NleE TAB2/TAB3 
ZRANB3

Cysteine 
methyltransferase

Potently blocks 
NF-κB activation

Newton et al. 
(2010), Zhang 
et al. (2012), Yao 
et al. (2014)

NleB1 FADD, TRADD, 
RIPK1, TNFR1

Arginine 
glycosyltransferase

Inhibits death 
receptor signaling 
and formation of 
the DISC

Newton et al. 
(2010), Pearson 
et al. (2013), Li 
et al. (2013)

NleH1/NleH2 RPS3, Bax 
inhibitor 1

Kinase activity Inhibits NF-κB 
signaling and 
apoptosis

Gao et al. 
(2009), Pham 
et al. (2012), 
Hemrajani et al. 
(2010), 
Robinson et al. 
(2010)

NleC p65, p50 Zinc metalloprotease Inhibits NF-κB 
signaling

Pearson et al. 
(2011), Giogha 
et al. (2015)

NleD JNK, p38 Zinc metalloprotease Inhibits MAPK 
signaling

Baruch et al. 
(2011)

NleF Caspase-4, −8, 
−9

None identified Inhibits apoptosis 
by blocking 
caspase 
activation, 
increased NF-κB 
activation

Pallett et al. 
(2014), Blasche 
et al. (2013)

Tir SHP-1, SHP-2, 
TRAF2

None identified Essential for A/E 
lesion formation, 
inhibits NF-κB 
signaling

Yan et al. (2012, 
2013), Ruchaud- 
Sparagano et al. 
(2011)

(continued)
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