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ATTACHING AND EFFACING PATHOGENS: THE EFFECTOR ABC OF IMMUNE 

SUBVERSION 

Short running title: Immune subversion by AE pathogens

ABSTRACT (118 words)

The innate immune response resembles an essential barrier to bacterial infection. 

Many bacterial pathogens have, therefore, evolved mechanisms to evade from or 

subvert the host immune response in order to colonise, survive and multiply. The 

attaching and effacing (AE) pathogens enteropathogenic E. coli (EPEC), 

enterohaemorrhagic E. coli (EHEC) and Citrobacter rodentium are Gram-negative 

extracellular gastrointestinal pathogens. They use a Type-3 secretion system to 

inject effector proteins into the host cell to manipulate a variety of cellular processes. 

Over the last decade, considerable progress was made in identifying and 

characterising the effector proteins of AE pathogens that are involved in the inhibition 

of innate immune signalling pathways, in determining their host cell targets and 

elucidating the mechanisms they employ. 

KEYWORDS: AE pathogens, innate immune response, inflammatory response, 

inflammasome, apoptosis, necroptosis

MAIN BODY OF TEXT

AE pathogens

Enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC and EHEC) are 

non-invasive human gastrointestinal pathogens that belong to the family of attaching 

and effacing (AE) pathogens. This family also includes the mouse-specific pathogen 

Citrobacter rodentium. The main hallmark of infection by this family of pathogens is 

the formation of ultrastructural features on the cell surface termed attaching and 

effacing (AE) lesions. Bacterial attachment is marked by the formation of actin-rich 

pedestals underneath the adherent bacteria followed by the loss of intestinal 

microvilli (effacement) in the vicinity of the attachment site. The bacterial Type-3 

secretion system (T3SS), a needle-like structure through which bacterial effector 

proteins are translocated directly from the bacteria into the host cell cytoplasm, is 



essential for the formation of AE lesions. These effectors include the translocated 

intimin receptor (Tir), which, upon translocation, integrates into the plasma 

membrane to interact with the bacterial outer membrane protein intimin. This 

interaction ensures intimate attachment of the bacteria to the cell and leads to the 

initiation of cell signalling pathways that recruit actin to form pedestals [1]. The 

effector proteins EspF and Map have been ascribed a role in the effacement of 

microvilli [1].

The proteins necessary to build the T3SS, as well as the effector proteins required 

for AE lesion formation, are encoded on the locus of enterocyte effacement (LEE) 

pathogenicity island, which is conserved in all AE pathogens. Genome sequencing of 

the EPEC lab strain E2348/69 [2] identified six additional pathogenicity islands that 

seem to have been acquired by horizontal gene transfer. These islands are 

surrounded by mobile elements (i.e. prophages or integrases). The genes encoded 

within these islands possess a lower GC content than is typical for E. coli genes [1]. 

Furthermore, the proteins encoded by these genes have common eukaryotic protein 

domains, suggesting that these proteins may play a role inside the host cells [1]. The 

sequencing of additional EPEC, EHEC and Citrobacter rodentium genomes revealed 

minor differences in the amount and copy number of individual effector proteins [3].

The innate immune response to bacterial infection 

Innate immune responses provide potent defence mechanisms against invading 

pathogens. Membrane-spanning receptors, so-called pattern recognition receptors 

(PRR) recognise molecular structures produced by or associated with bacterial 

pathogens such as lipopolysaccharides (LPS) and flagellin. These bacterial factors 

commonly referred to as pathogen-associated molecular patterns (PAMPs). The 

binding of PAMPs to the PRRs induces receptor dimerisation followed by binding of 

adaptor proteins to the cytoplasmic tail of the receptor. This, in turn, leads to the 

activation of a variety of cytoplasmic protein kinases, which transmit their signals via 

protein modifications such as phosphorylation or ubiquitination. These signalling 

cascades ultimately result in the activation and nuclear translocation of transcription 

factors, activating the expression of cytokine and chemokine genes. Release of 

cytokines and chemokines from the cell attracts immune cells to the site of infection 

and promotes bacterial clearance. 



Immune subversion by AE pathogens– early reports

Initial studies showed that infection of epithelial cells with EPEC or EHEC led to an 

inhibition of inflammatory cytokine production and NF-B activation in the initial 

stages of infection [4-6]. Infection with wildtype EPEC inhibited IL-8 secretion in 

response to TNF, IL-1 and EHEC flagellin in a T3-dependent manner [6]. Wildtype 

EPEC infection further led to the inhibition of phosphorylation and, hence, activation 

of the mitogen-activated protein kinases (MAPKs) ERK and p38 [4]. The 

phosphorylation of p65 was also inhibited, interfering with its translocation into the 

nucleus and subsequent inhibition of pro-inflammatory cytokine and chemokine 

transcription [4]. This effect on phosphorylation also occurred in a T3-dependent 

manner, as it was observed in wildtype-infected cells but not in cells infected with a 

translocation-deficient mutant. The same study precluded the involvement of the 

proteins encoded on the LEE by assessing a deletion mutant unable to translocate 

ten effector proteins (EspG, Orf3, EspH, EspF, Map, Tir, EspZ, NleA, NleF and 

NleH) [4]. Inhibition of NF-B translocation into the nucleus was also observed in 

EHEC infected cells. Here, too, the process was determined to be T3-dependent. 

Additionally, infection with EHEC strains was shown to interfere with the binding of 

NF-B subunits to the DNA [7]. 

Since these initial reports on the subversion of innate immune signalling by 

AE pathogens, the past decade has seen an immense increase in research activity 

in this field and an explosion of insight into the bacterial and cellular factors involved 

in these processes. AE pathogens were shown to encode a multitude of effector 

proteins that specifically target components of innate immune signalling at different 

levels in the pathways. The concerted action of these effectors prevents host cells 

from mounting an effective immune response [8-14]. Their functions will be reviewed 

here. 

INTERFERENCE WITH THE PRO-INFLAMMATORY RESPONSE

NF-B and MAPK signalling

The host inflammatory response is essential to clear invading pathogens from the 

body. Host cells sense the presence of pathogen-associated molecular patterns 



(PAMPs) such as lipopolysaccharide (LPS) or flagellin on the surface of bacteria via 

membrane-spanning receptor proteins. The receptors commonly associated with the 

inflammatory response to AE pathogens are the Toll-like receptors (TLRs) TLR4 and 

TLR5, the tumour-necrosis factor receptor (TNFR) and the IL-1 receptor (IL-1R) 

[15, 16]. TLRs recruit adaptor proteins such as MyD88, IRAK and TRAF6 to their 

cytoplasmic tails, which induces signalling cascades that involve the kinases RIPK1 

and TAK1 and well as TAB2/3, ultimately leading to the phosphorylation and 

activation of the Inhibitor of B Kinase (IKK) complex. Signalling can also diverge at 

the level of TRAF6 and TAK and continue via the MAPK pathway by activating 

MKK3/6 and p38/JNK [17]. This subsequently results in the activation and nuclear 

translocation of the transcription factor activator protein-1 (AP-1). The TNF receptor, 

on the other hand, binds the adaptor proteins TRADD and TRAF2 to induce 

signalling via RIPK1 and the TAK-TAB2/3 complex, which in turn activates the IKK 

complex. Signalling from both TLR and TNFR pathways converge at the level of the 

IKK complex, which induces the phosphorylation, ubiquitination and subsequent 

proteasomal degradation of IB. IB thus releases the NF-B transcription factor, 

which migrates into the nucleus. Here, both AP-1 and NF-B activate the 

transcription of pro-inflammatory cytokine genes [15, 16], which are subsequently 

released from the cell to attract immune cells to the site of infection. 

Although initial results suggested that the effector proteins encoded on the 

LEE pathogenicity island do not play a role in the inhibition of the inflammatory 

response, newer studies have discovered at least one LEE effector with a minor role. 

As the functions of effectors in immune signalling are redundant, they can be easily 

overlooked.

The translocated intimin receptor (Tir) is encoded on the LEE and has long been 

considered the most crucial effector protein of AE pathogens, due to its significant 

role in bacterial attachment and pedestal formation. Transfection of Tir into 

mammalian cells inhibits NF-B activation in response to TNF stimulation via the 

TNFR and TLR4-receptor pathways by interacting with TNF receptor-associated 

factor (TRAF) proteins such as TRAF2, resulting in their proteasome-independent 

degradation. This interferes with the activation of downstream signalling cascades 

and ultimately inhibits the NF-B-mediated production of pro-inflammatory cytokines 



[18]. Tir was also shown to interact with the protein tyrosine phosphatases SHP-1 

and SHP-2 via its two so-called immunoreceptor tyrosine-based inhibition motifs 

(ITIMs), Y490 and Y519, which leads to the de-ubiquitination of TRAF6 and to the 

inhibition of signalling via the IL-1 receptor [19, 20]. Interaction with SHP-1 further 

facilitates the recruitment of SHP-1 to TAK1, inhibiting TAK1 phosphorylation. This, 

in turn, results in a reduction of TAK1 polyubiquitination and, hence, in the inhibition 

of downstream signalling [21]. An EHEC tir mutant induced the release of a higher 

amount of pro-inflammatory cytokines in the intestine during infection of mice than 

wildtype EHEC, suggesting that Tir may play an important role in the inhibition of the 

pro-inflammatory response to infection in vivo [21]. However, while colonisation of 

wildtype EHEC and the tir mutant were shown to be similar in this model, infection 

of mice with Shiga toxin-producing C. rodentium (C. rodentium ϕstx2dact) and a 

respective tir mutant resulted in a significant decrease of colonisation [22]. 

The first non-LEE effector proteins to be associated with inhibition of the pro-

inflammatory response during infection were NleB and NleE. There are two 

functional copies of nleB in the genome of EPEC and EHEC, while only one, a 

homologue of NleB1 is found in Citrobacter rodentium. NleB2 is three amino acids 

shorter and shares 61% identity with NleB1, which is encoded on a different 

pathogenicity island. Interestingly, the pathogenicity island encoding NleB1 and NleE 

is the most conserved pathogenicity island apart from the LEE and nleB1 and nleE 

alleles are found in most isolates of EPEC, EHEC, and C. rodentium. Partly due to 

this, NleB1 is the more intensively studied of the two NleB homologues.

The first studies suggested that NleB1 inhibits the pro-inflammatory response at the 

level of IKK or higher [8, 9, 18]. Interestingly, NleB1 only inhibits the TNFR but not 

signalling via the IL-1R pathway [9]. Gao et al. identified NleB1 as an N-

glycosyltransferase which glycosylates GAPDH resulting in the inhibition of TRAF2 

activation and downstream NF-B signalling [23]. A DxD motif formed by amino acid 

residues D221 and D223 of NleB1 was identified as the protein’s active site, and a 

mutant of NleB1 in which the aspartates are mutated is unable to glycosylate its 

targets [23-25].

EPEC and EHEC NleB1 as well as C. rodentium NleB block TNF-mediated 

NF-B pathway activation. C. rodentium NleB and EHEC NleB1 bind to GAPDH and 



glycosylate it at two arginine residues (R197 and R200) essential for GAPDH-mediated 

TRAF2 ubiquitination. Interestingly, while EPEC NleB1 also binds to GAPDH, only 

EHEC NleB1 glycosylates it, although the two proteins share 98% identity. 

NleE, as NleB1, is highly conserved in AE pathogens [26]. It plays an 

essential role in the modulation of the pro-inflammatory response during infection, as 

it specifically blocks the translocation of activated NF-B to the host cell nucleus by 

preventing the degradation of the inhibitor of kappaB (IB). Blocking transcription 

factor translocation into the nucleus, in turn, leads to inhibition of the production and 

subsequent secretion of pro-inflammatory cytokines such as IL-8 [9]. NleE inhibits 

signalling via both, the TNFR and the IL-1R, in epithelial and dendritic cells [8-10], 

suggesting that the effector targets components shared by these pathways. 

NleE was shown to prevent IKK phosphorylation, and thus it was suggested that 

NleE blocks either TAK1 or IKK activation [8]. Another indication as to the target of 

NleE came from the observations that NleE inhibits NF-B reporter activity driven by 

plasmid-expression of components belonging to the TNFR and IL-1R/TLR4 

signalling pathways [18]. Here, NleE failed to inhibit luciferase activity driven by 

expression of TAK1 and IKK kinases, suggesting that it inhibits TAK1 function by 

either targeting TAK1 or factors needed for its activation [18].

In 2012, Zhang et al. identified NleE as a novel S-adenosyl-l-methionine-

dependent methyltransferase that inhibits NF-B activation by methylating the zinc-

coordinating cysteine residue in the zinc finger domains of TAB2 and TAB3 [27]. This 

modification interferes with TAB2/3-TAK1 interaction and subsequent activation of 

TAK1, confirming the hypotheses of previous studies. Cysteine-methylated TAB2 

and TAB3 lose the zinc ion necessary for their function, which diminishes their 

ubiquitin-chain binding activity [28]. 

A 6-amino acid motif, I209DSYMK214, at the C-terminus of NleE is critical for its 

immunosuppressive function [9]. Interestingly, both full-length NleE and NleE6A (a 

derivative in which each amino acid in the I209DSYMK214 motif was substituted with 

alanine) interact with TAB3 [29]. This suggests, as described for NleB above, the 

existence of a substrate recognition domain distinct from the domain required for 

activity [29]. Amino acids G49ITR52 of NleE were shown to be essential for its 



methylase activity as a respective mutant is unable to methylate TAB3 and 

consequently cannot inhibit IL-8 production [29].

While a nleE mutant still shows residual inhibition of IB degradation, this 

can be eliminated upon further deletion of nleB [8] suggesting NleB may be 

necessary to enhance NleE activity [8]. The collaborative effect of NleB and NleE is 

further supported by the fact that nleE and nleB are encoded in one operon and that 

both are commonly found together in natural isolates of EPEC [17]. 

The effector proteins NleC and NleD are zinc-metalloproteases that are 

present in EPEC, EHEC and Citrobacter rodentium. They are encoded on the same 

pathogenicity island and share the conserved HExxH metalloprotease motif. They 

do, however, have different targets and are highly selective. 

NleD, the lesser studied but no less interesting of the two zinc-

metalloproteases, is encoded just upstream of NleC in all AE pathogens. It confers 

EPEC with the ability to specifically cleave the MAP-kinases p38 and JNK but not 

ERK [12]. Baruch et al. showed that NleD cleaves JNK1 and JNK2 within their 

respective activation loops, which reduces the level of phosphorylated c-Jun [12], a 

subunit of the transcription factor AP-1. This, in turn, inhibits AP-1-mediated 

transcription of pro-inflammatory and pro-apoptotic genes [30]. The cleavage site in 

p38 was narrowed down to a region between amino acid residues W187 and M213 [30], 

which is close to the cleavage site published for JNK2, which corresponds to amino 

acid P182 in p38. It was further shown that NleD does not require any cellular co-

factors for its activity [12]. 

Interestingly, a single amino acid, R203 is essential for mediating the cleavage 

of p38 but not JNK, suggesting a more stringent target specificity than previously 

thought [30]. Mutation of the residue to glutamate abolished cleavage and 

consequently AP-1-mediated reporter-gene activation. 

NleC, in contrast, exhibits its zinc-metalloprotease activity with high specificity 

for the transcription factor NF-B subunit p65 [11-14]. However, while p65 certainly 

is the most intensely studied of its targets, NleC has been shown to cleave all five 

NF-B subunits (p65, p50, p100, RelB, and c-Rel) [13, 31]. The cleavage of p65 was 

confirmed to depend on the catalytic activity of NleC as mutants with a disrupted 



catalytic site are unable to degrade p65 [11-14]. Cleavage occurs within the DNA-

binding domain of the conserved Rel homology domain (RHD) between C38 and E39 

of p65 [12], residues that are conserved in all NF-B family members [32]. As for 

NleD, in vitro cleavage assays ruled out the need for cellular co-factors in the 

process [12, 32].

Cleavage of p65 results in its degradation, abolishing all NF-B-mediated signalling 

and inhibiting NF-B-dependent pro-inflammatory cytokine production.

C. rodentium NleC also cleaves p65 between C38 and E39 during infection in 

vivo, which results in selective interference with NF-B transcription and 

inflammation during infection of mice. Here, a C. rodentium mutant lacking NleC 

(ΔnleC) increased the transcription of several pro-inflammatory cytokine genes 

including Cxcl1, Cxcl2, Il1b, Ifng and Il22, and triggered an increased immune cell 

infiltration into the colon, when compared to wildtype C. rodentium infection [33]. 

A mutant of NleC, which lacks amino acids 1-65 (NleC66-330), is unable to 

cleave p65 and inhibit NF-B-mediated reporter-gene activation when transfected 

into host cells, while no effect was observed for a mutant missing residues 1-32, 

suggesting that residues 33-65 are required for NleC function [13]. Amino acids 266-

330 of NleC appear to be completely dispensable for the cleavage of p65 as their 

deletion has no effect, while removal of 30 additional amino acids (1-237) abolishes 

cleavage activity [13]. Analysing the crystal structure of NleC, residue Y227 was 

suggested to be involved in zinc-coordination within the protease active site [34, 35]. 

However, while certainly playing a role, the mutation of this residue does not entirely 

abolish the proteolytic activity of NleC [34]. 

Interestingly, mutation of E39 in p65 to alanine disrupts the ability of NleC to 

cleave p65 owing to the disappearance of a salt-bridge between R232 of NleC and E39 

of p65. Two additional motifs in p65, E22IIE25 and P177VLS180, are also crucial for 

recognition and binding of p65 by NleC. These motifs are located on adjacent, 

parallel strands of the p65 RHD [32].

The N-terminal cleavage product of p65 (p651-38) was shown to interfere with 

the interaction between native p65 and ribosomal protein S3 (RPS3), which confers 

promoter selectivity and transcriptional specificity for a subset of pro-inflammatory 

genes (e.g. IL-8) to the NF-B transcription factor complex [36].



Further, NleC interacts with and degrades p300. P300 is an acetyltransferase 

that acts as a co-activator in the transcription of many host genes, including that of 

p65. The N-terminal TAZ1 domain of p300 is required for interaction with and 

degradation by NleC [37]. Overexpression of p300 decreases the ability of wildtype 

EPEC to dampen IL-8 secretion, while depletion of p300 decreases IL-8 secretion in 

cells infected with an EPEC nleC mutant [37]. 

NleC also reduces activation of the MAPK p38. While infection with ΔnleC and 

wildtype C. rodentium results in similar colonisation, the ΔnleC strain led to an 

increased colitis severity [33].

Lastly, NleC displays characteristics of bacterial AB toxins when added to the 

cells as purified protein. Recombinantly-expressed NleC can induce its uptake into 

the cell via endocytosis and follows the endosomal-lysosomal pathway. If taken up 

into the cell in this way, however, the activation of host cell signalling by cytokines 

such as IL-1 is required for NleC to cleave p65 [38]. 

Similar to nleB, there are two copies of nleH in the genome of EPEC and 

EHEC strains but only one copy in C. rodentium [3]. Although the two homologues of 

NleH in EHEC are 87% identical [39] and both proteins are serine/threonine kinases 

with atypical kinase domains that require autophosphorylation to become active [40-

42], their functions are dissimilar [43]. 

C. rodentium NleH increases NF-B activation in NF-B-luciferase reporter 

mice. Here, the levels of luciferase were higher in wildtype C. rodentium-infected 

mice than in mice infected with the nleH mutant. Wildtype-infected mice also 

expressed more TNF compared to mice infected with nleH [44]. Interestingly, 

following ectopic expression of either NleH from EHEC, only minor effects were 

observed in an NF-B reporter assay [39], a result that is consistent with reports that 

NleH modulates NF-B via the ribosomal protein S3 (RPS3). 

EHEC and EPEC NleH effectors are functionally alike in their ability to inhibit 

the nuclear translocation of RPS3. Both NleH homologues bind the N-terminus of 

RPS3 with their respective N-termini, an interaction which is independent of the 

kinase function. While NleH1 reduces the nuclear abundance of RPS3 without 

altering p50 or p65 subunits or affecting the phosphorylation or subsequent 

degradation of IBa, NleH2 does not. NleH1 further represses the transcription of an 



RPS3-dependent NF-B reporter but did not inhibit the transcription of RPS3-

independent reporters. In contrast, NleH2 activates RPS3-dependent reporters, as 

well as an AP-1-dependent reporter [43]. Furthermore, NleH1 suppresses ERK and 

p38 activation in vitro and in vivo while NleH2 suppresses only caspase-3 and p38 

but not ERK [45].

  

The effector protein NleL of EHEC is a functional E3 ubiquitin ligase, and the 

cysteine residue C753 is essential for its activity [46]. NleL was shown to down-

regulate pedestal formation, and its C. rodentium homologue is required for efficient 

colonisation of the murine colon in vivo [46]. 

NleL uses its ubiquitin ligase activity to ubiquitinate the MAPK JNK, interfering 

with MKK7/JNK interaction and downstream signalling, which, in turn, suppresses 

AP-1 activation [47]. Interestingly, this inhibition of AP-1 was shown to affect AE 

lesion formation [47]. It may, however, also lead to the repression of AP-1-dependent 

transcription of pro-inflammatory and pro-apoptotic genes, although that aspect has 

not yet been investigated.

Inflammasome signalling

The inflammasome is a multimeric protein complex consisting of a sensor, an 

adaptor and Caspase-1. Upon sensing certain stimuli, the sensor recruits the 

adaptor protein ASC, which forms a bridge to inactive pro-Caspase-1. Incorporation 

of pro-Caspase-1 into the complex promotes complex oligomerisation and 

subsequently results in auto-proteolytic cleavage of pro-Caspase-1 to Caspase-1. 

Active Caspase-1, in turn, cleaves diverse substrates including the cytokines pro-IL-

1 and pro-IL-18 to their active forms. The NLRP3-inflammasome pathway requires 

a priming step which includes the sensing of PAMPs via TLRs to activate the NF-B-

dependent transcription of Nlrp3 and pro-Il1b. This step is followed by activation of 

NLRP3/ASC/Caspase-1 complex assembly by, e.g. bacterial RNAs, pore-forming 

toxins, and T3SS-delivered bacterial proteins. NLRC4 stimulants, on the other hand, 

include components of T3SS itself. The NLRC4 protein contains a CARD domain, 

which allows it to recruit Caspase-1 without the necessity for ASC. The incorporation 

of ASC may, however, maximise the activity. NLR apoptosis inhibitory protein 

(NAIP), a co-factor of NLRC4 helps the complex to distinguish ligands. While there is 



only one NAIP protein in humans, four paralogues have been identified in mice, of 

which Naip1 shares the highest homology with human NAIP and recognises T3SS 

needle proteins. Naip2 senses T3SS rod proteins, and both Naip5 and Naip6 interact 

with bacterial flagellin. However, while the latter two have been shown to recognise 

flagellin from Salmonella spp, they do not associate with flagellins from EPEC or 

EHEC, which failed to activate the NLRC4 inflammasome. When infecting mice 

lacking NLRP3 and/or NLRC4 with C. rodentium, higher colonisation levels were 

observed, and the infection caused more severe colitis. Interestingly, while NLRP3 

and NLRC4 played significant roles in the protection against C. rodentium early in 

infection, the inflammasome appears to be dispensable at late infection stages. 

While several effector proteins of AE pathogens interfere with the priming step 

of NLRP3 inflammasome signalling (i.e. with the NF-B signalling pathway), NleA 

was shown to prevent IL-1 secretion independent of NF-B signalling via the 

inhibition of Caspase-1 activation [48] and limits the number of inflammasome foci 

that form in response to LPS stimulation. NleA binds directly to NLRP3’s pyrin and 

leucine-rich repeat domains and associates with both ubiquitinated and non-

ubiquitinated NLRP3, interrupting the de-ubiquitination of NLRP3, which is required 

for inflammasome activation [48].  

The binding of the catalytic domain of Caspase-4 by NleF, on the other hand, 

inhibits Caspase-4-mediated IL-18 processing during an EPEC infection [49]. 

Similarly, NleF-dependent inhibition of Caspase-11 (which is considered to be the 

murine homologue of human Caspase-4/-5) in colons of mice prevented the 

secretion of IL-18 and the influx of neutrophils during the early stages of C. 

rodentium infection [49].

SUBVERSION OF CELL DEATH PATHWAYS

Apoptosis

When inflammatory signalling is inhibited, TRADD dissociates from the TNF receptor 

and induces the recruitment of FADD and pro-Caspase-8 to form Complex IIa. This 

recruitment is followed by the activation of Caspase-8, which ultimately results in 



apoptotic cell death [50]. Alternatively, recognition of FAS ligand (FasL) by the FAS 

receptor results in the recruitment of FADD and pro-Caspase-8 to form a complex 

known as the death-inducing signalling complex (DISC). DISC formation also leads 

to apoptotic cell death through the activation of Caspase-8 [50]. 

While NleB was initially identified for its ability to inhibit the inflammatory 

response downstream of TNFR but not IL-1R, a different role emerged when new 

targets of its N-glycosylating function were identified [24, 25]. In 2013, the death 

domain-containing proteins TRADD, FADD and RIPK1 were shown to be 

glycosylated at a conserved arginine in their death domain (DD), a modification that 

inhibits the formation of the DISC complex and effectively shuts down apoptosis [24, 

25]. Here, too, the DxD motif of NleB is essential for its function. 

Closer investigation revealed that delivery of NleB during EPEC and C. 

rodentium infection caused a rapid, preferential and highly stable modification of R117 

in FADD [51, 52]. Interestingly, the arginine residue is conserved in only one-third of 

all DD-containing proteins in humans, including FADD, TRADD, TNFR1, RIPK1 and 

FAS [51]. Upon infection, NleB modifies the death domains of TNFR1 and RIPK1 as 

well as FADD completely. A considerable portion of the FAS death domain is also 

glycosylated, while the DDs of MyD88 and IRAK1, which do not contain the 

conserved arginine, remain unaffected by NleB1 [51]. NleB1 derivatives in which 

either E253, Y219, or PILN63–66 were exchanged to alanine bound to, but did not 

glycosylate FADD. A further mutant, NleB1 PDG236–238AAA, did neither bind to nor 

glycosylate FADD. 

In the murine infection model, deletion of nleB results in a significantly lower 

colonisation efficiency and increased colonisation clearance [53, 54]. The effect of 

NleB on apoptosis is a significant contributor to this phenotype as a nleB mutant 

complemented with NleB colonised as well as wildtype C. rodentium, while 

complementation with the NleB DxD mutant had no such effect [24, 25]. In addition, 

C. rodentium nleB strains complemented with either NleB E253A or NleB Y219A were 

also attenuated in mouse infections, indicating the importance of these residues in 

NleB virulence in vivo [55]. Furthermore, Fas-receptor knock-out (lpr-/-) mice infected 

with wildtype C. rodentium reflected the nleB mutants when tested, supporting the 

critical role for apoptosis during C. rodentium infection [24]. 



The cleavage of JNK by the zinc-metalloprotease NleD inhibits JNK-

dependent apoptosis in response to UV irradiation of infected cells. This phenotype 

is reduced in cells infected with an EPEC nleD mutant and confirmed by ectopically 

expressing NleD from a plasmid [12].

NleF was demonstrated to bind Caspases-4, -8 and -9, resulting in the 

inhibition of the catalytic activity of these Caspases and the subsequent induction of 

apoptosis in vitro. The interference is mediated by the insertion of the NleF C-

terminus into the Caspase active site as seen by co-crystallisation of the proteins 

[56]. Interestingly, although the C-terminus of NleF is involved in both processes, the 

interaction of the protein with Caspase-4, -8 and -9 is independent of its earlier 

described pro-inflammatory activity [57].

NleF prevents the proteolytic activity of Caspase-3, Caspase-8 and RIPK1 in 

response to FasR stimulation by FasL, ultimately blocking FasL-induced cell death. 

Interestingly, NleF did not contribute to the colonisation of mice in this study [58].  

In addition to interfering with pro-inflammatory signalling, NleH effectors were 

also shown to block apoptosis [59]. They inhibit the elevation of cytosolic Ca2+ 

concentrations, nuclear condensation, Caspase-3 activation and membrane blebbing 

and promote cell survival [59]. During a C. rodentium infection of mice, NleH inhibits 

pro-Caspase-3 cleavage at sites of bacterial attachment [59]. NleH binds within a 40 

amino acid region in the N-terminus of Bax inhibitor-1 (BI-1). Knock-down of BI-1, in 

turn, resulted in the loss of NleH’s anti-apoptotic activity [59].

Necroptosis

Necroptosis or Caspase-independent cell death occurs when Caspase-8 is inhibited 

upon activation of cell death signalling. In this case, RIPK1 is de-ubiquitinated and 

subsequently phosphorylated. Phosphorylated RIPK1 then recruits RIPK3 through 

an interaction of their RHIM domains, leading to the phosphorylation of RIPK3 and 

its binding of the mixed-lineage kinase linker (MLKL) protein. MLKL is dual-

phosphorylated by RIPK3, oligomerises and translocates to the plasma membrane 

into which it is thought to insert, disrupting cell wall integrity [60].



Necroptotic cells show the morphological features of both, apoptosis and 

necroptosis, which include cell swelling and rupture of the cell membrane, resulting 

in the release of cytokines, ultimately culminating in inflammation of the affected 

tissue. 

The ability of NleB to glycosylate the death domains of FADD, TRADD and 

RIPK1 was shown to block pro-inflammatory signalling via NF-B as well as 

apoptosis. Furthermore, as RIPK1 is an essential component of the necroptosis 

signalling pathway, NleB is also able to interfere with this type of cell death.  

In addition, EspL, an effector protein encoded on the same pathogenicity 

island as NleB, was recently identified as a novel type of cysteine protease that 

cleaves the RHIM domain-containing proteins in their conserved RHIM domain, 

thereby also interfering with pro-inflammatory and cell death signalling [61]. Ectopic 

expression of EspL results in rapid cleavage of RIPK1, RIPK3, TRIF and ZBP/DAI 

and inhibition of TNF, LPS or poly(I:C)-induced (synthetic dsRNA sensed by TLR3) 

signalling and necroptosis. The amino acid residues C47H131D153 were identified as 

the catalytic site of the protein and mutation of either of these residues abolished 

protease function [61]. 

EspL was initially described to have an intermediate effect on the 

pathogenesis of C. rodentium in mice [53]. Recently, however, EspL’s proteolytic 

activity was further shown to contribute to the persistent infection of mice by C. 

rodentium as the respective deletion mutant was cleared more rapidly than wildtype 

bacteria [61]. 

Conclusion

AE pathogens encode a vast repertoire of anti-inflammatory, anti-apoptotic and anti-

necroptotic effector proteins. Many of them have been acquired by horizontal gene 

transfer and are highly conserved among all AE pathogens, suggesting that the 

inhibition of the innate immune response is of great importance for the bacterial 

infection process. 

Interestingly, infections with AE pathogens are generally considered to be 

inflammatory, and the pathology connected to these infections has, in large parts, 



been attributed to an active immune response. Both pro-and anti-inflammatory 

processes must, therefore, happen in the course of infection. While the inhibition of 

the immune response may be advantageous during the early stages of infection to 

allow the bacteria to attach and multiply, this necessity is lost at later time points. 

FUTURE PERSPECTIVE

We now have a great deal of insight into the functional mechanisms effector 

proteins employ to interfere with the innate immune system during infection. The 

question remains, how this system works, interacts and cross-reacts in the intestine 

during infection. Pro-and anti-inflammatory and -apoptotic effectors are translocated 

into the cell by the bacterial T3SS. While we have an idea about the timing of 

effector translocation [62, 63], the timing of effector action is still mostly unknown. 

Better models for studying infections in vivo are continually being developed. To 

date, our knowledge is based on studies characterising the functions of single 

effector proteins by infection or transfection of cell lines and by assessing their in 

vivo relevance by using knock-out strains for mouse infections. New models will help 

us further our understanding of the disease process by studying the timing and 

collaboration of different factors during infection in vivo or by using sophisticated 

models, such as organoids, which more closely represent the native target milieu. 

The influence of the intestinal microbiota in affecting bacterial infection, 

nutrient availability and access to metabolites have also been shown to affect the 

bacterial transcriptome and may, therefore, greatly influence the regulation of the 

T3SS and its effector proteins in vivo. There is a shift in the research on AE 

pathogens towards addressing these issues as they are so essential to 

understanding the infection process in more detail.

The knowledge of effector protein functions and targets can also be used to 

aid the study of poorly understood cellular processes. 

Additionally, the cellular processes affected by effector proteins may indicate 

as to possible targets for novel anti-virulence strategies. 

Furthermore, the effector proteins themselves, especially those with a well-

defined and limited target spectrum, can be used as or made into treatments. 

Particularly those effectors with anti-inflammatory functions can be developed into 

treatment options against certain inflammatory diseases. Several effector proteins 



from EPEC and other bacteria, such as Yersinia, have already been tested and 

provided some promising results [64] for the future. 

EXECUTIVE SUMMARY

 The attaching and effacing pathogens EPEC, EHEC and C. rodentium are 

non-invasive gastrointestinal pathogens that use Type-3 secretion systems to 

inject effector proteins into host cells during infection.

 The innate immune response is essential for the control and clearance of 

bacterial pathogens.

 AE pathogens inhibit innate immune signalling pathways in a T3-dependent 

manner.

NF-B and MAPK signalling

 Tir interferes with TRAF2 and TRAF6 activation by binding to SHP-1 and 

SHP-2, inhibiting TNFR-, TLR4- and IL-1R signalling 

 NleB is a bacterial N-glycosyltransferase that modifies the death domains of 

FADD and RIPK1, resulting in the inhibition of TNFR signalling. 

 NleC and NleD are zinc-metalloproteases. NleC cleaves the subunits of the 

NF-B transcription factor complex, while NleD targets the MAP kinases JNK 

and p38, resulting in degradation of the respective proteins.

 NleE functions as a cysteine-methyltransferase. It selectively methylates a 

conserved cysteine in TAB2 and TAB3, interfering with the activation of TAK1 

and abolishing signalling via the TNF and IL-1 receptors.

 NleH binds and modifies RPS3, a specifier of NF-B, selectively inhibiting the 

transcription of RPS3-dependent cytokines.

Inflammasome signalling

 NleA binds to NLRP3, interfering with its de-ubiquitination and subsequent 

inflammasome activation

 NleF binds to Caspase-4, inhibiting the processing of pro-IL-18 to IL-18

Apoptosis



 The modification of the death domains of RIPK1, FADD, TRADD and others 

by NleB interferes with the recruitment of adapter proteins to the TNF and 

FAS receptors, abolishing Caspase-8 activation.

 NleD-mediated cleavage of JNK was shown to interfere with the pro-apoptotic 

signalling of JNK.

 NleF binds Caspases -4, -8 and -9 and was shown to prevent the activity of 

Caspase-3, Caspase-8 and RIPK1 in response to FAS signalling.

 NleH inhibits Caspase-3 activation and binds to Bax inhibitor-1. 

Necroptosis

 NleB inhibits necroptosis by interfering with DISC complex formation and by 

modifying RIPK1.

 EspL is a cysteine protease, which cleaves the RHIM-domain containing 

proteins such as RIPK1 and RIPK3 within the conserved part of their RHIM 

domains. 

FIGURE LEGENDS

Figure 1: Effector protein targets in the Inflammatory signalling pathway. 

Infection with AE pathogens results in the activation of signalling via Toll-like 

receptors (TLRs) 4 and 5, the Interleukin-1 receptor (IL-1R) or the TNF receptor 

(TNFR), and initiation of diverse downstream signalling cascades. This ultimately 

result in the activation and nuclear translocation of the transcription factors and 

subsequent expression of cytokines and chemokines. Effector proteins (indicated in 

red) target several components of these signalling pathways, which leads to the 

inhibition of the host inflammatory response. The effector proteins display a number 

of different functions, such as initiating protein modifications, cleaving their target 

proteins or interference of target function by direct binding. Addition of an N-

acetylglucosamine (GlcNac), methylation (CH3), ubiquitination (Ub), and protein 

cleavage (scissors) are indicated where appropriate.

Figure 2: Inhibition of Inflammasome signalling by AE pathogens. After the 

priming step, which involves the recognition of PAMPs through pattern recognition 



receptors (PRR), the NF-B signalling pathways is activated and results in the 

productions of pro-inflammatory cytokines pro-IL1 and pro-IL-18 as well as NLRP3. 

In the second step, Nod-like receptors NLRP3 and NLRC4 sense bacterial proteins 

or components and signalling ensues, which results in the formation of an 

inflammasome complex which includes pro-Caspase-1 which is cleaved to Caspase-

1. Caspase-1 can then cleave and activate IL-1 and IL-18. EPEC, EHEC and C. 

rodentium effector proteins (red) interfere with both, the priming step (described in 

Figure 1) and the formation of the NLRP3 inflammasome complex. 

Figure 3: Interference with Death Receptor signalling by AE effector proteins. 

After activation of the TNF receptor (TNFR), the Fas receptor (CD95), the Death 

Receptor (DR) 3 or DR4/5, signalling cascades are activated which result in either 

apoptosis or, upon inhibition of caspase-8, in necroptosis. AE pathogen-translocated 

effector proteins (red) interrupt these signalling pathways to prevent host cell death. 

Every effector protein employs a unique mechanism including proteins modifications, 

target cleavage and direct interaction. Addition of an N-acetylglucosamine (GlcNac) 

and protein cleavage (scissors) are indicated where appropriate.

TABLE LEGEND

Table 1: List of effector proteins involved in the inhibition of innate immune 

signalling pathways, their targets and functions. 
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