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Enteropathogenic Escherichia coli (EPEC) and Citrobacter rodentium (CR) are
extracellular enteric attaching and effacing (A/E) pathogens of humans and
mice, respectively. Their virulence relies on intimate bacterial attachment and
a network of type Il secretion system effectors. Here, through systematic
reduction and redesign of the effector network in CR, we develop an atte-
nuated strain, CRV (CR Vaccine), encoding a subset of ten effectors. CRV
colonises C57BL/6 mice ~100-fold lower than wild type CR (CRwt) without
causing overt pathogenesis. Moreover, C3H/HeN mice, which succumb to
CRwr infection, survive CRV challenge. Vaccination with CRV confers protec-
tion against subsequent CRy infection in both mouse strains. Serological
analysis reveals a repertoire of dominant CR antigens, including the O-antigen,
the virulence factors intimin, EspA and Tir and the outer membrane proteins
Lpp, OmpA, MetQ and CARC (an AIDA-like autotransporter). We show that
CRwr and CRV immunisation elicits comparable B cell and antibody responses,
which is contingent on intimate bacterial attachment. A corresponding EPEC
strain (E. coli Vaccine, ECV) effectively colonises epithelial cells in a gut-on-chip
model. These findings establish effector network minimisation as a gen-
eralisable strategy for rational bacterial attenuation and live-attenuated vac-

cine design.

Live attenuated vaccines (LAVs) are a proven strategy for preventing
infection. Their replication competency enables efficient antigen pre-
sentation and durable protective immunity, often eliminating the need
for multiple boosters or adjuvants. Moreover, mucosal delivery of
LAVs promotes immune activation at the relevant infection niche'.
While many viral LAVs are widely used, development of bacterial LAVs
has lagged, in part due to the challenge of achieving safety without
compromising immunogenicity’. However, advances in the under-
standing of bacterial pathogenesis and progress in molecular genetics
now enable rational attenuation strategies beyond classical approa-
ches such as serial passage (e.g., BCG®).

Enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC
and EHEC) are extracellular enteric pathogens that significantly con-
tribute to the global burden of diarrhoeal disease. EPEC is a leading
cause of infant mortality due to diarrhoea in the developing world®*.
EHEC is a zoonotic pathogen that infects both humans and ruminants,
with outbreaks reported worldwide’. Infection with Shiga toxin (Stx)-
producing EHEC serotypes, such as O157:H7, can result in haemor-
rhagic colitis and life-threatening sequelae, including haemolytic ure-
mic syndrome (HUS)®’. Importantly, antibiotic use is contraindicated
in EHEC infection as it can induce increased Stx release®. Vaccination
remains a promising strategy for limiting disease burden and zoonotic
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transmission of EPEC and EHEC’, however only one licensed example
exists. This vaccine utilises a siderophore receptor/protein (SRP)
technology to limit EHEC shedding in cattle and is only licensed for use
within the United States™.

EPEC, EHEC and the related murine pathogen Citrobacter roden-
tium (CR) employ a conserved infection strategy characterised by the
formation of attaching and effacing (A/E) lesions. These lesions enable
intimate bacterial adherence to host intestinal epithelial cells (IEC),
effacement of the microvilli brush border and formation of actin-rich
pedestal-like structures''. A/E pathogenesis is orchestrated by a
polycistronic pathogenicity island known as the locus of enterocyte
effacement (LEE)". The LEE encodes the structural components of a
type Il secretion system (T3SS), regulatory proteins (e.g., Ler),
chaperones (e.g. CesT), the outer membrane adhesin intimin and the
translocated effectors EspF, EspG, EspH, EspZ, Map and Tir. A/E lesion
formation is initiated by the injection of effectors through the T3SS
into host cells, starting with translocated intimin receptor (Tir), which
integrates into the plasma membrane of IECs in a hairpin loop topol-
ogy and binds intimin'***, Other effectors, encoded both on the LEE
and within prophage and insertion genomic segments, hijack key sig-
nalling processes within host cells. These include actin cytoskeletal
rearrangements (e.g., EspH, a RhoGEF inhibitor)'®”, tight junction
disassembly (e.g., EspF)'*" and inflammatory signalling inhibition (e.g.,
NleC, a zinc-metalloprotease that cleaves NF-kB p65)*°. While facil-
itating colonisation, effector activity drives intestinal pathology.
Effector repertoires vary across clinical isolates, for example, EPEC and
EHEC strains encode between 21 and 50 effectors, while CR encodes
317\, As mice are inherently resistant to EPEC and EHEC infection?, CR is
the gold-standard model for studying A/E pathogenesis and effector
function in vivo®?*,

CR infection severity is determined by the host genetic back-
ground: while C57BL/6 and BALB/c mice develop self-limiting disease,
C3H/HeN and FVB mice are susceptible and succumb to infection®?,
In resistant C57BL/6 mice, CR initially colonises the caecal patch before
disseminating along the distal colon”. Bacterial shedding peaks
around 8 days post-infection (dpi), reaching - 10° colony-forming units
per gram of faeces (CFU/GoF) and triggers colitis marked by intestinal
inflammation and colonic crypt hyperplasia (CCH)*. Clearance of
mucosal-associated CR begins around 12 dpi and is mediated by
mucosal IgG and opsonophagocytosis; indeed, pMT mice lacking
mature B cells cannot clear the infection”°. Infection resolves by ~ 21
dpi, with the luminal population outcompeted by the gut microbiota,
and results in protective immunity®. Prior studies have shown that a
subset of virulence factors comprise the immunodominant antigens
recognised during infection, specifically intimin and the T3SS trans-
locator EspA™.

Uncovering individual effector roles is complicated, as many
single-gene deletions fail to produce discernible phenotypic changes.
Further difficulty arises from synergistic and antagonistic functions,
for example, EspM and Map both mimic RhoA GEFs, while NleC and
NleF inhibit and activate NF-kB signalling, respectively’’. These
dynamics obscure direct associations between individual effectors and
infection outcomes, suggesting that effectors act within a robust and
modular network. Consistent with this, we have recently demonstrated
that effector networks can sustain extensive losses while maintaining
colonisation, provided that a core set of essential and context-
dependent effectors remains intact™. Only three effectors, Tir, NleA/
Espl (affecting protein trafficking, tight junction assembly and cell
death) and EspZ (the T3SS gatekeeper), are individually essential -
deletion of any one significantly impairs in vivo colonisation”. The
remaining effectors are conditionally essential, becoming critical only
in specific combinations within the broader effector network. Several
minimal effector networks have been characterised, each supporting
colonisation but eliciting distinct host immune responses; for exam-
ple, the strains CRjy and CRyy, trigger hyper and hypo gut

inflammatory states compared to inflammation induced by wild type
CR (CRwy), respectively?-,

Based on our previous work on T3SS effectors, we hypothesised
that applying a rational attenuation strategy that targets non-essential
effectors would enable the development of an LAV that balances
attenuation and immunogenicity. Using CR as a model, we engineered
a minimal effector network composed of only 10 effectors named CRV
(CR Vaccine) that preserves colonisation but causes no detectable
pathology in C57BL/6 mice. Immunisation with CRV resulted in pro-
tection against rechallenge with CRy. This minimal effector network
is maintained in clinical EPEC and EHEC strains, supporting its use as a
rational attenuation strategy for the development of LAVs to protect
against A/E pathogens.

Results

Constructing the CRV minimal network

Reducing the effector repertoire is expected to compromise colo-
nisation capacity, potentially imposing a trade-off between attenua-
tion and protection. We therefore defined the level of colonisation
required to confer protection. Utilising CR mutants lacking or over-
expressing effector genes (e.g., AespO, over expression of
espO, Amap/AespF) or encoding minimal effector networks (e.g., CRio
and CRy*) with distinct colonisation capacities, we identified a
colonisation threshold that reliably predicted protection upon
rechallenge. Strains reaching >10” CFU/GoF at infection peak (8 dpi)
conferred 100% protection against subsequent CRwt challenge,
defined as <10° CFU/GoF at 8 days post-challenge (dpc) (Fig. 1A, B). In
contrast, infections that colonised below the 10’ CFU/GoF threshold
resulted in inconsistent protection (35%).

Guided by this threshold, we applied a systematic deletion strat-
egy to target individual CR effector genes and construct a novel
minimal effector network, utilising our mutagenesis vector library?.
The essential effectors Tir, NleA/Espl and EspZ were excluded from the
deletion pipeline. Genes were sequentially deleted and colonisation
fitness assessed in C57BL/6 mice until bacterial faecal shedding at 8 dpi
fell below 107 CFU/GoF. Effector genes were retained only when their
deletion reduced bacterial shedding below the established threshold.
The deletion sequence was initiated with effector genes that modulate
actin dynamics through Rho GTPase signalling - espM2 and espM3,
which activate RhoA, espT, which targets Racl and Cdc42, and map,
which activates Cdc42***. From this point, deletions were non-
hierarchical and guided by empirical evaluation of colonisation fit-
ness (Fig. 1C).

The robustness of the network reached its limit following 21
effector deletions, with seven effectors - EspG, EspH, NleG8, NleE,
EspF, NleC and NleB - proving to be conditionally essential to the
network. The resulting strain, designated CRV (CR vaccine) and com-
prising only 10 effectors, colonised mice above the set threshold but at
significantly lower levels than CRyt (Fig. 1C). While many effector
functions are undefined, all the retained effectors have assigned
functions that converge on core host pathways to regulate cell death
(NleA/Espl***, NleB***, EspZ***°), inflammation (NleC?°, NleB, NIeE*’),
cytoskeletal remodelling (Tir*"*?, EspF'>*3, NleG8****, EspH'®) and pro-
tein trafficking (NleA/Espl, EspG*¢, EspH) (Fig. 1D and Table 1). To
ensure the reduced effector network did not impact A/E lesion for-
mation, we assessed the ability of CRV to trigger actin polymerisation
in vitro using the colonic mouse cell line CMT-93. CRV exhibited
equivalent cell attachment and formation of actin-rich pedestal-like
structures compared to CRyrt. (Supplementary Fig. 1).

CRV causes minimal intestinal damage

To evaluate the impact of CRV infection in C57BL/6 mice in vivo,
bacterial localisation was first assessed by immunofluorescent staining
of distal colonic sections at 8 dpi. CRwr staining was dense and uni-
form along the mucosal surface (Fig. 2A). In contrast, while the CRV
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Fig. 1| Generation of the CRV minimal effector network. A Experimental design
of rechallenge experiments to determine the colonisation threshold necessary to
induce protective immunity. B CRyt CFU enumeration at 8 dpc versus bacterial
burden during primary infection with CRwr or CR effector mutants at 8 dpi. Each
point represents the value of an individual mouse. The dotted line represents the
limit of detection. C Non-essential T3SS effector deletion sequence and corre-
sponding faecal CFU enumeration at 8 dpi. Those effectors which resulted in faecal
shedding below the set threshold of 10’ CFUs/GoF were maintained within the
network. The maintained effectors are represented by dark grey boxes. CRV was

Cell death inhibition
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generated after the deletion of 21 effectors. The red dotted line represents the
colonisation threshold. Line represents geometric mean + geometric SD. Each data
point represents one mouse (n =24 (WT CR) and 7 (CRV) independent experi-
ments). D Effectors forming the CRV network functionally converge on host pro-
cesses to lower inflammation, inhibit cell death, remodel the cytoskeleton and
disrupt tight junctions and protein trafficking. dpi = days post-infection, dpc = days
post-challenge. LoC = limit of detection. Statistical difference was determined by a
two-way Student’s ¢ test; **p < 0.001. Source data are provided as a Source Data-
file.Source Data
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Table 1| The CRV effectors and their function

Effector  Activity Partner proteins
Tir Intimin receptor Intimin, Nck
EspZ T3SS gatekeeper CD98
NleA Inhibition of intracellular protein trafficking ~ Sec24
EspF Disruption of tight junctions SN9, N-WASP
NleG8 E3 ubiquitin ligase-like
NleB N-acetylglucosamine transferase of FADD-
containing proteins
NleC Zinc-metalloprotease hydrolysing NF-
kB RelA
NleE Cysteine methyltransferase of TAB2/3
EspG Affecting the recycling of host cell surface  ARF6, Rab35, PAK1/
proteins 2/3, GM130
EspH Inhibits RhoGEF Rab GTPases

signal was sporadic and faint, it confirmed that CRV retains distal
colonic tropism (Fig. 2A). Faecal lipocalin-2 (LCN-2), an antimicrobial
protein involved in nutritional immunity and a marker of mucosal
inflammation*’, was elevated during CRyy infection but decreased
along the effector deletion sequence and remained at baseline in CRV-
infected mice (Fig. 2B and Supplementary Fig. 2A). Histological ana-
lysis revealed a stepwise reduction in CCH along the deletion series,
with crypt lengths reduced after the deletion of the first six effectors
(EspM2, EspM3, EspT, Map, NleO and EspS) (Supplementary Fig. 2C). In
CRV-infected mice, crypt length was indistinguishable from PBS-
treated controls and significantly shorter than in CRyr-infected
mice (Fig. 2C).

We next quantified infiltrating colonic immune cells in CRV-
infected mice. This revealed comparable levels of cell recruitment to
PBS-treated controls, with no increase in total CD45" leukocytes within
the lamina propria (Fig. 2D and Supplementary Fig. 2B). Neutrophil
counts, key mediators of inflammation and tissue damage during CRwt
infection*®*°, were also not significantly different to PBS treatment
groups (Fig. 2E). Other myeloid subsets, including macrophages,
monocytes, inflammatory monocytes and conventional dendritic cells,
remained at baseline (Fig. 2F). T and B cell populations exhibited a
similarly unchanged profile (Supplementary Fig. 2D). These cellular
dynamics mirrored mucosal cytokine profiles. Pro-inflammatory
cytokines generally upregulated during CRyr infection, including
interleukin (IL)-18, IFN-y, IL-1B and IL-17A, remained at baseline in CRV-
infected mice, equivalent to PBS controls (Fig. 2G, H). In contrast,
cytokines that are suppressed during CRyr infection, such as IL-6, IL-10
and the chemokine CCL3, were maintained upregulated in CRV infec-
tion (Fig. 2H and Supplementary Fig. 2E). The only exception was seen
in IL-22 levels, which were intermediate between the PBS and CRyt
groups (Fig. 2I). This may reflect a mild level of epithelial stress suffi-
cient to induce IL-22 release, which safeguards barrier integrity during
CRYV infection.

Attenuation was further evaluated by challenging C3H/HeN mice
with CRYV, alongside CRwr as a control. This mouse strain is susceptible
to CRwr infection, which causes severe diarrhoea and dehydration™. At
infection peak (6 dpi)”, CRV colonisation reached ~10® CFU/GoF, sig-
nificantly lower than shedding levels observed in CRy-infected mice
(Supplementary Fig. 3A). Importantly, CRV infection caused no mor-
tality, and mice gained weight throughout the infection course (Sup-
plementary Fig. 3B, C). In contrast, all CRy-infected mice developed
rapid weight loss, reaching humane endpoint by 12 dpi. Together,
these data suggest that the CRV minimal effector network enables
epithelial colonisation without eliciting overt tissue damage or
immunopathology in resistant mice and is tolerated in susceptible
C3H/HeN mice.

CRV confers protection against subsequent CRy challenge
CRyr infection results in protective immunity through humoral
responses®*°, To confirm CRV infection induces a similar response,
mice were rechallenged with CRyr at either 30 (C57BL/6) or 40 (C3H/
HeN) dpi, - 10 days after respective primary infection clearance. These
timepoints accounted for the differing durations of primary infection
between the mouse strains (Fig. 3A). Mice were also rechallenged at 90
dpi to evaluate the duration of the protective response (Fig. 3B).

CRYV infection conferred protection against CRyr rechallenge at
both early and late timepoints in C57BL/6 and C3H/HeN mice (Fig. 3C).
C57BL/6 mice exhibited minimal to no faecal bacterial shedding at 3-,
6- and 8-dpc, comparable to CRyt - CRwr rechallenge controls. In C3H/
HeN mice, a reduced but detectable bacterial load (-10° CFU/GoF)
persisted. To confirm this did not reflect disease, weight trajectories
were tracked and remained stable, with no mouse mortality recorded
by 10 dpc (Fig. 3D, E). Faecal water content, a measure of diarrhoea,
and CCH also remained comparable to PBS controls (Fig. 3F, G). These
data demonstrate that CRV elicits a robust protective immune
response that prevents disease following CRyr rechallenge.

Intimate attachment is required for protective immunity

To further validate the rationale of targeting non-essential effectors
over essential metabolic or virulence genes that abrogate colonisation
and replication, we assessed the protective potential of severely atte-
nuated strains. To this end, two mutants were evaluated: AescN, lacking
the ATPase that powers the T3SS and enables effector secretion, and
Aeae, deficient in intimin; both mutants are unable to intimately attach
to the epithelium (Fig. 4A). C57BL/6 mice were infected with these
mutants alongside PBS and CRyt groups and rechallenged with CRyt
at 30 dpi (Fig. 4B). During primary infection, both AescN and Aeae
exhibited minimal colonisation, with either undetectable or sig-
nificantly reduced faecal bacterial shedding throughout infection,
compared to CRyr (Fig. 4C, D). CR-specific IgG titres induced by both
mutants were not significantly different from PBS controls and failed
to confer protection, as mice shed high bacterial loads upon CRwr
rechallenge at 8 dpc (Fig. 4E, F). These findings, which are consistent
with the set colonisation threshold (Fig. 1B), support an attenuation
strategy that balances efficient colonisation and effector delivery while
limiting host pathology. Moreover, they underscore the requirement
for active effector delivery and intimate bacterial attachment to induce
a protective immune response.

Mapping the dominant CR antigens
Given that clearance of CR infection is mediated by IgG, we defined the
dominant antibody targets and assessed their conservation following
CRV vaccination. Previous reports identified the Ler-regulated proteins
intimin and EspA (the filament that extends the T3SS needle) as
dominant antigens targeted during CRyr infection®. Western blot
(WB) analysis using convalescent serum collected from CRyr-infected
mice at 30 dpi against bacterial lysates confirmed strong antibody
reactivity against both proteins but also revealed a broader antigenic
profile (Fig. 5A). Based on a smeared banding pattern -~ 30-45 kDa, we
hypothesised that antibodies also targeted the O-antigen component
of lipopolysaccharide (LPS). Probing WB membranes containing pur-
ified CR LPS with convalescent serum confirmed reactivity against the
0152 serotype express by CRwt grown in either LB or DMEM (Sup-
plementary Fig. 4A). In addition, a prominent ~ 18 kDa band was con-
sistently observed in convalescent serum blots; based on previous
reports of commensal-induced antibody responses®, this was sus-
pected to be murein lipoprotein (Lpp), which is highly abundant and
anchors the underlying peptidoglycan to the inner leaflet of the outer
membrane®. Validation of its identity was confirmed by gene deletion
and subsequent immunoblotting (Supplementary Fig. 4B).

Intimin, EspA and the O-antigen exist in multiple antigenically
dissimilar isoforms across circulating EPEC and EHEC clinical isolates,
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Fig. 2 | CRV causes minimal damage to the colonic mucosa at 8 dpi in C57BL/
6 mice. A Representative images of infected distal colons from PBS-treated, CRy-
and CRV-infected mice, stained with polyclonal anti-CR antibodies (white) and cell
nuclei (DAPI, blue). Arrows point to faint CRV staining. Scale bar =200 um. B Faecal
LCN-2 levels determined from stool homogenate. Each dot represents an individual
mouse value. Line represents mean, n=5 (PBS), 15 (WT), and 4 (CRV) biological
replicates, 2-5 mice per group. The line indicates the mean. C Colonic crypt length
and representative H&E-stained images of the distal colonic section. Each dot
represents the mean crypt length per mouse. Line indicates mean + SD. Scale bar =

- CRyr

B crv

200 um. n=4 (PBS), 10 (WT CR) and 2 (CRV) biological replicates, 3-5 mice per
group. D-F Colonic immune cell recruitment and sample dot plot (E) of neutrophil
populations between treatment groups, and local cytokine levels (G-I). Each dot
represents the values of an individual mouse. Lines represent mean + SD. n=2
(immune cells) or 3 (explant cytokine) biological replicates, 4-5 mice per group.
Statistical significance was determined by one-way ANOVA with Tukey’s multiple
comparison test, including all pairwise comparisons. Only significant comparisons are
shown, non-significant comparisons (p > 0.05) are omitted; *p < 0.05; **p < 0.01; **
p<0.001; **p < 0.0001. Source data are provided as a Source Data file.Source Data
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initially challenged with either PBS, CRyt or CRV and then subsequently rechal-
lenged with CRyr at either 30 (C57BL/6) or 40 (C3H/HeN) dpi and then at a late 90
dpi time point. C CFU/GoF at 3, 6 and 8 (C57BL/6) or 10 (C3H/HeN) dpc at both 30/
40 and 90 dpi. Each dot represents the values of an individual mouse. Line is
geometric mean = geometric SD. n =2 biological replicates for early time points
(30/40 dpi), 1 biological replicate for 90 dpi. 3-5 mice per group. D Survival
probability curve demonstrating that C3H/HeN mice survive WT challenge after
vaccination with CRV. E C3H/HeN weight loss, (F) faecal water content and (G) CCH

with representative images of H&E-stained colonic sections at humane endpoint
(PBS-WT) or 10 dpc (CRV-WT). n =1biological replicate for late time points (90 dpi)
and 2 for early time points (40 dpi). Lines indicate mean + SD. dpc = days post
challenge; dpi = days post infection, LoD = limit of detection. Statistical analysis was
determined by calculating Area Under the Curve (A) followed by one-way ANOVA
with Tukey’s multiple comparison test (F, G), log transformation (C) and two-way
ANOVA with Bonferroni correction (C, E), and log-rank (Mantel-Cos) test (D),
including all pairwise comparisons. Only significant comparisons are shown, non-
significant comparisons (p > 0.05) are omitted; *p < 0.05; **p <0.01; ** p < 0.001;
****p < 0.0001. Source data are provided as a Source Data file.Source Data

presenting a potential barrier to cross-protection®*, We therefore
aimed to evaluate the presence of conserved antigens. To this end, we
generated a CR strain expressing the EHEC isoforms of intimin and
EspA (y variants instead of the native [ isoforms), termed CRy. In
addition, to bypass O-antigen recognition, the O152 antigen gene
cluster was replaced with the 049 locus derived from a clinical EPEC

isolate™. Given the large size of the gene cluster, the switch was per-
formed in two steps, retaining the genes rmlA-D encoding rhamnose
biosynthetic enzymes common to both 0152 and 049 (Fig. 5B). Suc-
cessful O-antigen replacement was confirmed by silver staining and
serological analysis; CRo49 exhibited an LPS banding pattern identical
to EPEC 049 by silver stain, lacked reactivity to anti-0152 serum, and
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Fig. 4 | Severe attenuation does not induce protective immunity in C57BL/

6 mice. A T3SS assembly and effector delivery and A/E lesion formation are ablated
in AescN and Aeae mutants, respectively. B Vaccine strategy schematic. Mice were
challenged with respective treatments, the infection tracked, and then mice were
rechallenged with CRyr at 30 dpi to assess protective responses from the initial
challenge. C, D Full infection kinetics of primary infection and CFU/GoF at 8 dpi.
n=three biological replicates, 5 mice per group. Dot represents geometric

mean + geometric SD (C). Each dot represents an individual mouse value. Line
represents geometric mean + geometric SD (D). E Local and systemic IgG titres
targeting CR, determined by heat-killed whole-bacterial cell ELISA. Each dot

Initial challenge

represents an individual mouse value, line represents mean + SD. n =3 (serum) or 2
(colonic explant) biological replicates, 3-5 mice per group. F CFU counts at 8 days
post CRyr rechallenge. n =2, dpc = days post challenge, dpi = days post infection,
LoD = limit of detection. Statistical difference was determined by calculating Area
Under the Curve (C) or log transformation (D and F) and by one-way ANOVA (C-F)
with Tukey’s multiple comparison test, including all y pairwise comparisons. Only
significant comparisons are shown, non-significant comparisons (p > 0.05) are
omitted; **p < 0.01; ** p < 0.001; ***p < 0.0001. Source data are provided as

a Source Data file.Source Data

was specifically recognised by anti-O49 serum (Fig. 5C). Consistent
with this, anti-O152 and anti-049 sera selectively agglutinated CRwt
and CRo4, respectively (Supplementary Fig. 4C). Moreover, con-
valescent sera from CRyr-infected mice did not recognise the y var-
iants of EspA and intimin or the 049 antigen, indicating a lack of cross-
reactivity (Fig. 5D). Both CR, and CRy o49 colonised mice similarly to
CRwt and infection with both strains provided full protection upon
CRwr re-challenge (Fig. 5E). These findings indicate that immune
protection is not dependent on these antigens and instead involved
additional protective antigens.

To identify the additional uncharacterised surface antigens
recognised by IgG, we used a CR AwfaO mutant, which lacks a glyco-
syltransferase within the 0152 gene cluster and generates rough LPS,
to unmask antigens obscured by dominant O-antigen reactivity by WB.
To determine if any antigens are regulated by the master LEE regulator
Ler, we also assessed a Aler mutant and a Aler/AwfaO double mutant.
WB analysis of theses strains revealed three additional reactive bands
(~35, 40 and 80kDa), with the antigen -80kDa found to be Ler-

regulated (Supplementary Fig. 4D). Subcellular fractionation and
membrane enrichment identified an additional high-molecular weight
antigen (~ 250 kDa) and localised two of the other antigens to the outer
membrane (- 35 and 40 kDa) (Supplementary Fig. 4E). Mass spectro-
metry analysis determined the probable identity of these proteins as
MetQ (methionine transporter lipoprotein - ~ 35 kDa), OmpA (a highly
expressed porin - ~40kDa) and CARC (AIDA-like autotransporter -
~250kDa) (Supplementary Data 1), which were subsequently con-
firmed with deletion mutants. The Ler regulated band (- 80 kDa) was
identified as Tir, based on its molecular weight and exclusion from
membrane fractions.

These findings define a core antigenic set comprising the O-anti-
gen, virulence factors (intimin, EspA and Tir) and the outer membrane
proteins Lpp, OmpA, MetQ and CARC) (Fig. 5F). While band intensity
between individual mouse sera varied, all tested antisera were reactive
to this core antigenic set. Of the none-virulence proteins, only Lpp was
essential for mouse colonisation - all other single antigen deletions
resulted in no change to colonisation (Fig. 5G).
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Fig. 5 | CRyr and CRV infection induces antibodies against a conserved set of
antigens. A An example WB demonstrating reactivity of convalescent serum from
mice at 30 dpi to the Ler-regulated proteins intimin (- 90 kDa) and EspA (- 25 kDa).
B O-antigen gene clusters of the 0152 antigen, natively expressed by CRyr, and the
049 antigen. Switching of the gene clusters was performed in two cloning steps
(049 1 and 049 2) and preserved the genes rmiB rmID, rmlA and rmlC which are
shared by both loci. C Confirmation of O-antigen unit change from 0152 to 049 by
both Silver stain of extracted LPS and WB using anti-O152 and anti-O49 serum
against whole bacterial lysates. D Representative WB image demonstrating con-
valescent serum from CRy infected mice is not reactive to y variants of intimin and
EspA or the 049 antigen expressed by CR o49. E Enumeration of CFU/GoF at 8 dpi
and 6 dpc with CRwr. Each dot represents an individual mouse value. Line repre-
sents geometric mean + geometric SD. n=1, 2-6 mice per treatment group.

F Example WB of individual antigen deletion mutant lysates probed with con-
valescent serum pooled from WT-infected mice at 30 dpi. G CFUs from mice
infected with individual antigen deletion mutants demonstrating OmpA, MetQ and
CARC do not contribute to bacterial virulence. Each dot represents values from an
individual mouse. Line represents geometric mean + geometric SD. The red dotted
line represents the colonisation threshold. n=3 (WT) or 1 (Alpp, AmetQ, AompA,
ACARC) biological replicate, 4-5 mice per group. Statistical differences were
determined by one-way ANOVA with Tukey’s multiple comparison test, including
all pairwise comparisons. Only significant comparisons are shown, non-significant
comparisons (p > 0.05) are omitted; *** p < 0.001. All blots are representative of at
least four independent experiments utilising mouse serum pooled from distinct
experimental groups, as well as from serum collected from individual mice. Source
data are provided as a Source Data file.Source Data

Finally, CRV immunisation induced antigen recognition similar to
CRwr infection. Convalescent sera from CRV- and CRy-infected mice
showed reactivity against the same core antigenic set, and circulating
and local IgG titres were equivalent between both groups at 30 dpi
(Fig. 6A, B). Likewise, CD45" cell infiltrates in the colonic lamina propria
were significantly reduced in CRV-infected mice compared to CRyt
infection at 30 dpi, but CRV infection induced comparable numbers of
local B cell populations (Fig. 6C, D and Supplementary Fig. 4). This
included germinal centre (GC) B cells, follicular B cells, and plasma
blasts (Fig. 6E), indicating that CRV maintains robust humoral priming
despite limiting pathology.

EPEC expressing the CRV effector network colonises IECs in a
gut-on-chip model

Despite variation in effector repertoires across A/E pathogens, the CRV
effector network is conserved in clinical EPEC and EHEC strains,
including the prototypical EPEC strain E2348/69°*"". To evaluate whe-
ther this effector network is sufficient to support EPEC epithelial
colonisation, we generated an EPEC equivalent of CRV by sequentially
deleting the accessory effectors, resulting in a strain we named ECV
(EPEC vaccine) (Fig. 7A). To establish whether ECV would colonise cells
in vitro, we optimised a gut-on-chip (GoC) infection model using Caco-
2 cells grown with media either statically or flowing dynamically across
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Fig. 6 | CRV and CRy infection elicit comparable antigen specificities and
lamina propria B cell responses. A Example WB of antigenic profile from serum
collected from CRy- or CRV-infected mice at 30 dpi, pooled from individual
experiments. Serum from individual mice shows the same qualitative antigen
recognition pattern. Example blot from two independent experiments. B CR-
specific serum and colonic explant IgG titres from PBS, CRwr- and CRV-infected
mice at 30 dpi. Each dot represents an individual mouse value. Line represents
mean + SD. n = one (PBS) or three biological replicates for serum and two biological
replicates for colon explants, 4-5 mice per group. Number of CD45" cells (C), B cells

WT

(D) and B cell subsets (GC B cells, follicular B cells, and plasma blasts) (E) at 30 dpi.
Each dot represents a value from an individual mouse. Line represents mean + SD.
n=two biological replicates, 4 (PBS) or 5 mice per group. dpi = days post infection.
Statistical differences were determined by one-way ANOVA with Tukey’s multiple
comparison test, including all pairwise comparisons. Only significant comparisons
are shown, non-significant comparisons (p > 0.05) are omitted; *p < 0.05; **p < 0.0L;
*** p<0.00L ***p < 0.0001. Source data are provided as a Source Data file.-
Source Data

a microfluid chip (Fig. 7B). We found that EPEC was more adherent to
cells grown in a dynamic system, perhaps due to increased surface area
(Fig. 7C, D). We next infected the GoC model with either EPEC or ECV
and found that epithelial adherence and pedestal formation were
equivalent between the treatment groups (Fig. 7E), confirming that the
CRV/ECV network supports colonisation and Tir-induced actin poly-
merisation both in vivo and in vitro.

Together, we have shown that a minimal effector network of ten
effectors is sufficient to sustain epithelial colonisation and define a
tractable framework for live attenuation and vaccine design against A/
E pathogens.

Discussion

Live attenuation has largely been supplanted by modern vaccine
platforms, including subunit, mRNA and conjugate technologies.
However, for mucosal bacterial pathogens, live-attenuated and
inactivated whole-cell vaccines remain the few licensed options.
Subunit-based vaccines are poorly immunogenic at mucosal sur-
faces, prone to degradation and currently lack effective adjuvants
capable of inducing protection at the site of infection'. Classical
attenuation technologies have yielded successes, notably Salmonella
Typhi Ty2la (Vivotif), developed through chemical mutagenesis,

which gives protection following oral ingestion of 4 doses™*. More
targeted strategies, such as auxotrophic mutants, for example, the
Salmonella AaroC/ssaV strain lacking aromatic amino acid bio-
synthesis and the T3SS-2 ATPase, may elicit antibody responses but
fail to protect against infection®®. To date, Vibrio cholerae CVD 103-
HgR (Vaxchora), which lacks the ADP-ribosylating A subunit of the
cholera toxin, remains the only licensed example®*%. Increased
understanding of bacterial pathogenesis could enable rational
attenuation methods that retain key host-pathogen interactions
while preventing disease.

To explore this approach in the context of A/E pathogens, we
engineered an attenuated CR strain by contracting its T3SS effector
network. The CRV network, comprising the effectors Tir, NleA, EspZ,
EspG, EspH, NleC, NleB, NleE, EspF, and NleG8, is sufficient for colo-
nisation but limits overt tissue disruption. This set preserves critical
functions involved in immune modulation, epithelial engagement and
cytoskeletal remodelling. For example, the retained effectors NleC and
NleE both converge on NF-kB inhibition. These effectors dampen the
transcription of proinflammatory cytokines, reflected in both infil-
trating immune cell populations and local cytokine secretion in CRV-
infected mice. Previous studies have shown that the activity of the anti-
inflammatory effectors must be functionally counterbalanced by
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Fig. 7 | The EPEC vaccine (ECV) strain colonises Gut-on-Chip IECs . A Accessory
effector deletion sequence in EPEC to create ECV. B Gut-on-Chip (GoC) design, cells
were grown on collagen-coated microfluidic chips, which allow media to flow
dynamically through the chamber at physiological rates (60 pl/h). C Representative
images of GoC EPEC infection of Caco-2 cells grown either statically or dynamically.
Images show nuclei (DAPI), tight junctions (ZO-1, green), and adherent bacteria
(intimin, red). n = 3 biological replicates. D Quantification of bacterial binding. Each

dot represents mean + SD from three images from one biological experiment.

E EPEC and ECV infection of Caco-2 cells grown dynamically on the GoC model.
Images show nuclei (DAPI), tight junctions (ZO-1, green), and adherent bacteria
(intimin, red) and actin-rich pedestal formation (pink). Images are representative
from 3 independent experiments. Statistical differences were determined by a one-
tailed Student’s ¢ test. Tukey’s multiple comparison test; *p < 0.05. Source data are
provided as a Source Data file.Source Data

effectors that inhibit cell-death, including NleB, NleF or EspL; here,
NleB appears sufficient to stabilise this balance?. Importantly, ECV,
comprising the same effector set, efficiently colonised IECs in a gut-on-
chip model. Although this system captures only early interactions and
does not reflect the full complexity of the gut environment, it indicates
that deletion of accessory effectors does not impair epithelial attach-
ment by EPEC.

Many of the effectors excluded from the CRV network represent
accessory nodes previously shown to be dispensable in other minimal

effector networks, namely Map, NleD1/2, NleH. NleF, Espj, NleGl,
NleG7, EspV, EspK, NleN, NleK. While not essential to colonisation,
these effectors may confer selective advantages in vivo, fine-tune dis-
ease severity or optimise transmission®. Their removal from CRV
highlights not only a rational path to attenuation but also contributes
toward defining the minimal genetic circuitry required to sustain
infection.

Among the local cytokines measured, only IL-22 was elevated
above baseline in CRV-infected mice. This response is likely driven by
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the retention of EspF within the CRV network. EspF disrupts mito-
chondrial function and tight junction integrity®®, and IL-22 is required
to repair the epithelial damage; /[227" mice, which generally succumb
to infection with CRyr, survive infection with AespF*. Although EspF is
strongly associated with epithelial damage, its context within the
reduced CRV network, and absence of other TJ-targeting effectors
such as Map, appears to promote a beneficial cytokine response that
safeguards the integrity of the mucosal barrier.

The network design is coupled with an inherent safety advantage,
as deletion of multiple genes which are dispersed around the bacterial
chromosome significantly reduces the likelihood of reversion. How-
ever, the generalisability of this minimal network is constrained by the
host context in which it was defined. CRV was generated and validated
in C57BL/6 mice that were age-matched, with minimal variations in
host genetics or microbiota composition. While this provides experi-
mental consistency, it also represents a limitation, as the microbiota is
a key determinant of colonisation resistance and immune priming.
Differences in microbiota composition could alter host defences and
niche competition, thereby shifting the set of accessory effectors
required to sustain infection and induce protection. Adaptations of
effector composition may be required in hosts with distinct micro-
biomes, including other animal species, ruminants and humans.

Protection against CR infection required intimate interaction
between the bacterium and the underlying intestinal epithelium. Oral
immunisation with either AescN or Aeae mutants induced CR-specific
IgG responses not significantly different than mock infected mice,
which were insufficient to confer protection against a future CRyt
challenge. Consistently, protection has been shown to be reliant on
induction of local intestinal immunity, as intraperitoneal inoculation of
heat-killed CR or subunit vaccines do not protect against subsequent
challenge®*.

In contrast, immunisation of rabbits with rEPEC expressing trun-
cated intimin (lacking the carboxy-terminal Tir-binding domain) con-
ferred protection against a homologous challenge while failing to
protect against different serotypes and isolates®>*°, An EHEC Aler/stx2
strain complemented with plasmid-encoded detoxified Stx provided
partial protection (55-70%) in a mouse model, although this required
multiple vaccine doses delivered intraperitoneally prior to challenge®’.
Our findings suggest that CRV retains the ability to stimulate protec-
tive immunity through mucosal engagement via a natural infection
route, though further work is required to evaluate efficacy across
diverse serotypes.

Tir, intimin and EspA are well-defined antigens targeted during A/
E pathogen clearance. Antibodies from human sera, colostrum and
breast milk from mothers in regions where EPEC infection is endemic
demonstrate reactivity to all three proteins®®’° and can inhibit bac-
terial adherence to Hela cells in vitro”. Moreover, bovine colostrum
contains IgG antibodies against intimin and EspA that inhibit the hae-
molytic activity mediated by the T3SS" Our serological analysis builds
on these discoveries to reveal an expanded antigen repertoire that
includes several conserved outer membrane proteins in addition to
virulence factors and the O-antigen.

While the O-antigen elicited strong immunoreactivity, replace-
ment with the 049 serotype did not impair protection following
rechallenged with CRyr, indicating that additional antigens contribute
to protective immunity. Several of the identified targets are known to
be immunogenic during other bacterial infections and have estab-
lished vaccine potential. For example, the lipoprotein MetQ is a leading
subunit vaccine candidate for Neisseria gonorrhoeae’’*, and OmpA has
been extensively explored for protection against Acinetobacter
baumannii”. AIDA-like autotransporters such as CARC and its EPEC
homologue belong to a family of antigens that includes licensed vac-
cine components like Pertactin, a key constituent of the acellular
pertussis vaccine’®””. These autotransporters have also been used as
scaffolds for the surface display of heterologous antigens’. Our

findings, therefore, support the broader utility of this system not only
for live attenuation against A/E pathogens but also as a potential
vehicle for mucosal antigen display (e.g. ref. 79. While antigens whose
epitopes are conformational may have been missed, this work expands
the known antigenic repertoire associated with A/E pathogenesis and
opens new avenues for antigen discovery and vaccine design.

T3SS are conserved across enteric pathogens infecting humans
and animals, and while effectors can be homologous across species,
they are deployed in pathotype-specific combinations that drive dis-
tinct disease mechanisms and host adaptation®’. Beyond A/E patho-
genesis, the effector network concept has been validated in Salmonella
enterica serovar Typhimurium, where a reduced set of just six effectors
from a total of thirty were sufficient to maintain pathogenesis in mice,
with the transcriptional regulator SpvR required for full network
functioning in vivo®*2, While effector networks have largely been used
to dissect bacterial pathogenesis, their engineering could offer a fra-
mework for the design of LAVs in T3SS-utilising organisms, including
WHO-prioritised pathogens such as Salmonella, Shigella and Yersi-
nia spp.

Here, we demonstrate that effector network engineering in the
context of CRV/ECV offers a path toward LAVs for EPEC and EHEC,
pathogens for which safe and effective vaccines are needed to protect
both humans and cattle and help alleviate the burden of diarrhoeal
disease.

Methods

Ethical statement

All animal work took place at Imperial College London (Association for
Assessment and Accreditation of Laboratory Animal Care accredited
unit) under the auspices of the Animals (Scientific Procedures) Act
(UK) 1986 (PP7392693). Work was approved locally by the institutional
ethics committee (AWERB).

Bacterial cultures

Bacterial strains used in this study are listed in Supplementary Data 2.
Cultures were grown at 37 °C on Lysogeny broth agar (LBA) plates (1.5%
w/v) or in liquid LB or Dulbecco’s modified Eagle’s medium (DMEM).
When required, antibiotics were added as follows: nalidixic acid (Nal;
50 pg/ml), gentamicin (Gm; 10 pg/ml), and streptomycin (Sm; 50 pg/
ml). For T3SS induction, CR and EPEC were cultured in 5 ml LB (8 h (h),
37°C, 200 rpm), then sub-cultured into 5ml DMEM and incubated
overnight (o/n) statically at 37 °C and 5% CO,.

DNA constructs and mutant generation

Primers and plasmids are listed in Supplementary Data 2. Bacterial
gene deletions were performed using our effector mutagenesis vector
library®. Deletions and gene replacements were generated using I-Sce/
A-Red recombination. For each target locus, approximately 500 bp
homology regions (HR) located immediately upstream and down-
stream of the target gene were PCR-amplified using Q5 High-Fidelity
2X Master Mix (New England Biolabs (NEB)) or FantaFlash (Vazyme)
and cloned into the Sacl-Sphl sites of pSEVA612S by Gibson Assembly
(NEB). For deletions, the upstream and downstream HRs were joined
directly to generate an in-frame scarless deletion upon recombination.
For gene replacements, the desired coding sequence was PCR-
amplified from the relevant genome and inserted between the HRs
in pSEVA612S by Gibson Assembly, thereby placing the replacement
sequence at the native chromosomal locus defined by the
flanking HRs.

Constructs were transformed into E. coli CC118Apir and then
conjugated into CR containing pACBSR via tri-parental conjugation,
using E. coli 1047 pRK2013 as the helper strain. Conjugants were
selected on LBA+Gm+Sm and then cultured in LB+Sm+0.4%
L-arabinose at 37 °C, 200 rpm to induce recombination. Cells were
streaked on LBA+Sm and counter-selected with LBA+Gm. DNA
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constructs and gene deletions were confirmed by sequencing (Euro-
fins). Molecular cloning primers were designed using Benchling (www.
benchling.com).

Outer membrane preparation

Overnight cultures were subcultured in 10 ml of fresh media in 50 ml
Falcon tubes and incubated at 37 °C for up to 3 h until an ODggo of
between 0.6-1 was achieved. Cells were pelleted at 4000 RPM for
10 min at 4 °C and then washed in 1 mL PBS and again centrifuged for
5min at 5000 xg. Cells were resuspended in 10 mM HEPES (Gibco),
transferred to 2 ml Eppendorfs and centrifuged at 500 x g for 10 min at
4°C. Pellets were resuspended in 1 ml HEPES and then sonicated at
maximum amp (25%) for 15 cycles (10 s on, 20 s off) until solutions
were clear. Samples were then centrifuged at 3000 x g for 10 min at
4°C to pellet cellular debris. Supernatant was transferred to a new
Eppendorf and centrifuged at 14000 x g for 30 min at 4 °C. Samples
were then resuspended in 0.4 mL 10 mM HEPES with 2% sarcosine
(Thermo Scientific) and incubated with light rolling for 30 min at RT.
Samples were again centrifuged, as previously, and then resuspended
in 50 ul of Mili-Q H,0. Protein concentrations were normalised before
running on 12.5% SDS-PAGE gels (Bio-Rad).

In vitro CR infection

CMT-93 cells were cultured in supplemented DMEM (10% FBS, 2 mM
glutamine) at 37 °C and 5% CO,. For infection, cells were seeded at a
density of 10° cells/well on sterile glass coverslips. Overnight bacterial
culture (50 ml) (multiplicity of infection = 50) was added to wells along
with unsupplemented DMEM. Infections were synchronised by cen-
trifugation at and then incubated for 4 h at 37 °C with 5% CO2. Infec-
tions were stopped by washing in PBS followed by fixation in 4% PFA.
Following three PBS washes, samples were incubated in 0.1% Triton in
PBS. Wash steps were repeated, and then samples were blocked in 3%
BSA-PBS. Primary antibodies (anti-CR) were added in 1% BSA-PBS for
1h. After washing, samples were incubated in secondary antibodies
anti-rabbit IgG conjugated to Alexa647, with TRITC-conjugated phal-
loidin (1:100) and DAPI (1:1000) in 1% BSA-PBS for 45 min. Coverslips
were mounted and imaged using a Zeiss AxioVision Z1 micro-
scope (Zeiss).

Mouse infections

All animal experiments complied with UK Home Office regulations and
ARRIVE guidelines. The mouse work is covered by a Home Office
project licence number PP7392693. Pathogen-free female C57BL/6
(6-8 weeks, 18-20 g) and C3H/HeN (8-10 weeks, 15-20 g) mice, pur-
chased from Charles River Laboratories (UK). Only female mice were
used as the CR model shows no reported sex-dependent differences in
the assessed parameters. Sex was therefore not analysed as a variable.
Mice were housed in high-efficiency particulate air (HEPA)-filtered
cages with sterile bedding and environment enrichment, on a 12h
light/12 h dark cycle and ad libitum access to food and water. Animals
were identified by ear notching. For each experiment, mice were age-
matched and randomly assigned to experimental groups, with 4-5 mice
per group and 2-3 independent biological replicates, unless otherwise
stated within the figure legends. Mice were randomly assigned to cages
on receipt. Allocation of cages to experimental groups was performed
by the investigators and was not blinded.

For infection, CR cultures were grown o/n in 15ml LB (37 °C,
200 rpm). Cultures were then pelleted and resuspended in 1.5ml
sterile PBS. Mice were orally gavaged with 200 pL of the suspension,
containing 10° CFUs, which was confirmed retrospectively by serial
dilution and quantification of CFU growth on LBA + Nal. Colonisation
was monitored by plating stool samples, as previously described”, at
indicated time points. Mouse body weight was tracked throughout,
and mice were euthanised upon reaching humane endpoint (>20%
weight loss).

Blood collection and processing

For serum antibody analysis, blood samples were collected either by
tail vein laceration (- 20 pl per mouse) or via cardiac puncture. For the
latter, mice were anaesthetised by intra-peritoneal injection of keta-
mine (100 mg/kg) and medetomidine (1 mg/kg) prior to sample col-
lection. Blood was collected into BD Microtainer® tubes with
Microgard™ closure with SST™ gel clot activator. Samples were left to
clot and then centrifuged to isolate serum, which was stored at — 70 °C
until processing.

For haematological analysis, 100 pl of whole blood was collected
via cardiac puncture into potassium EDTA (K3 EDTA) tubes to prevent
coagulation. Samples were analysed using a VETSCAN® HM5 Haema-
tology Analyser (Zoetis) to quantify circulating immune cell
populations.

Histological analysis and immunostaining

Distal colon segments (0.5 cm) were fixed in 4% PFA for 2 h and then
maintained in 70% ethanol. Samples were paraffin-embedded, sec-
tioned at 5 pm and stained with hematoxylin and eosin (H&E) or pro-
cessed for immunofluorescence. H&E-stained slides were used to
determine hyperplasia by measuring =10 well-oriented crypts per
mouse to calculate mean length.

For immunostaining, slides were dewaxed in Histo-Clear solution
(VWR) twice for 10 min, and then serially in 100% ethanol (2x, 10 min),
95% ethanol (2x, 3 min), 80% ethanol (3 min) and PBS-0.1% Tween 20-
0.1% saponin (PBS-TS) (2x, 3 min). Slides were then heated for 30 min
in demasking solution (0.3% trisodium citrate-0.05% Tween 20 in dis-
tilled H,0) and then blocked in PBS-TS +10% normal donkey serum
(NDS) for 20 min in a humid chamber. Sections were incubated with
primary antibody (anti-intimin, 1:50) in PBS-TS with 10% NDS for
60 min. Slides were then rinsed in PBS-TS (2x, 10 min), followed by
incubation with secondary antibodies (1:100) and DAPI (1:1000)
(antibody details can be found in Supplementary Data 2). Wash steps
were repeated, and slides were then mounted with ProLong Gold
antifade mountant (Thermo Fisher Scientific). Images were acquired
using a Zeiss AxioVision Z1 microscope, using an AxioCam MRm
camera, and processed using Zen 2.3 Blue Version (Carl Zeiss Micro-
Imaging GmbH, Germany).

0152 and 049 antisera agglutination

Heat-killed agglutination was performed on the indicated strains after
o/n growth in LB. Images were acquired on a ChemiDoc XRS + and
visualised using Image Lab software (Bio-Rad Laboratories).

ELISAs

For analysis of faecal samples, faecal pellets were homogenised in PBS-
0.1% Tween 20 (PBS-T; 1 ml per 0.1g faeces), centrifuged at 21,000 x g
for 10 min, and supernatants stored at —70 °C. Faecal LCN-2 levels
were quantified using the DuoSet mouse LCN-2 ELISA (Bio-Techne) per
the manufacturer’s instructions.

For serum and explant ELISAs, CR was grown o/n in DMEM to
induce T3SS expression, normalised to an ODggg of 1 and heat killed in
PBS with cOmplete™ Protease Inhibitor Cocktail (Roche) for 60 min at
60 °C. Samples were diluted 1:50 in carbonate coating buffer (0.1M
NaHCOs, 0.034 M Na,COs in dH,0), and 100 pl per well was used to
coat high-binding 96-well Maxisorp plates o/n at 4 °C. For standard
curves, wells were coated with goat anti-mouse IgG antibody (2 pg/ml).
Plates were washed 3 times in PBS-T, then blocked in 3% bovine serum
albumin (BSA)-PBS-T for 2 h at RT. Mouse serum and explant samples
were added in duplicate (infected serum 1:2000, PBS controls and
explants 1:500), alongside serial dilutions of purified mouse serum IgG
as the standard and incubated o/n at 4 °C. After washing, plates were
incubated in horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG antibody (1:5000; Jackson Immunoresearch) for 60 min.
Plates were developed by adding 3,3',5,5-tetramethylbenzidine (TMB;
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Thermo Scientific) and the reaction stopped with 2 N orthophosphoric
acid. Absorbance was measured at 450 nm with 540 nm background
correction using a FLUOstar Omega microplate reader (BMG Biotech).
Anti-CR IgG levels were quantified by interpolation into to the IgG
standard curve.

Faecal water content

Faecal water content was determined from freshly collected faeces in
pre-weighed 1.5 ml Eppendorfs. These were weighed again, the tube
caps punctured, and then incubated at 55 °C for 48 h, after which no
further decrease in weight was observed. Weight was again recorded,
and faecal water content determined by the difference in weight
between wet and dry faecal matter.

Protein gels and western blot

Bacterial cultures were normalised to an ODggo of 1in 1 ml, centrifuged
at 4000 x g for 2 min. Bacterial pellets were resuspended in 60 pl of 2X
Laemmli buffer (Bio-Rad), boiled at 95 °C for 10 min, and centrifuged at
maximum speed for 2 min. Bacterial lysates were run on 12.5% SDS-
PAGE gels (Bio-Rad).

Following electrophoresis, gels were either stained with Coo-
massie Brilliant Blue or transferred to 0.2pm PVDF membranes
(Thermo Scientific). Membranes were blocked in 5% skim milk in PBS-T
for at least 2 h, then incubated o/n at 4 °C with convalescent mouse
serum pooled from individual experimental groups, diluted 1:2000 in
5% BSA-PBS-T. Each immunoblot was independently repeated at least
twice using serum from different biological replicates to ensure
reproducibility. After 3 x10 min washes in PBS-T, membranes were
then incubated for 60 min at RT in HRP-conjugated goat anti-mouse
IgG antibody (1:10,000, Jackson Laboratory). Following an additional
three washes, the signal was developed using enhanced chemilumi-
nescence substrate (GE Healthcare) and the mem. branes were imaged
using the ChemiDoc Image Lab (Bio-Rad).

LPS extraction and silver stain

O/n bacterial cultures were adjusted to an ODggo of 1in 1ml and pel-
leted. Cell pellets were resuspended in 1x Laemmli buffer (Bio-Rad)
and heated at 95 °C for 5 min. Proteinase K (20 mg/ml) (Qiagen) was
then added to the samples, after which they were incubated for 2 h at
60 °C. Subsequently, 10 ul of 2-mercaptoethanol was added, and
samples were boiled again for 10 min before centrifugation at max-
imum speed for 2 min. The supernatants were immediately loaded
onto 12.5% SDS-PAGE gels (Bio-Rad) for separation.

Gels were first fixed o/n in 100 ml fixing solution (40% iso-
propanol, 5% acetic acid). Gels were then washed twice in 100 ml Mili-Q
H,O0 for 5 min/wash and then soaked in periodic acid solution for 5 min
to oxidise LPS (0.7% periodic acid, 40% isopropanol, 5% acetic acid
made in Mili-Q H,0). After 2 x washes in Mili-Q H,0, steps were com-
pleted as per the SilverQuest™ Silver Staining Kit (Thermo Scientific)
protocol and imaged using an iPhone 13.

In-gel digestion and proteomics

Gel pieces were destained twice in 50 mM triethylammonium
bicarbonate (TEAB) containing 50% acetonitrile (ACN) for 30 min
each with gentle agitation, dehydrated in 100% ACN, and air-dried.
Disulfide bonds were reduced with 5mM tris(2-carboxyethyl)
phosphine (TCEP) in 50 mM TEAB for 45 min at room temperature,
followed by alkylation with 50 mM iodoacetamide (IAA) in 50 mM
TEAB for 45min in the dark. Gel pieces were washed twice with
50 mM TEAB, dehydrated againin ACN, and air-dried. Proteins were
digested o/n (18 h, 37 °C) with sequencing-grade trypsin in 50 mM
TEAB. Digestion was quenched with 1% trifluoroacetic acid (TFA),
and peptides were sequentially extracted twice with 60% ACN/1%
TFA, combining all supernatants. The pooled extracts were dried by
vacuum centrifugation, reconstituted in 0.1% TFA, and desalted

using C18 StageTips (Thermo Fisher Scientific) prior to LC-MS/MS
analysis.

LC-MS analysis was performed using a Dionex UltiMate 3000
UHPLC system (Thermo Scientific) coupled to an Orbitrap Ascend
mass spectrometer (Thermo Scientific). Peptides were loaded onto a
C18 trapping column (Acclaim PepMap 100, 100 pmx2cm, 5um,
100 A) at a flow rate of 10 ul/min and subsequently separated on an
analytical C18 column (Acclaim PepMap C18, 75um x50 cm, 2um,
100 A) maintained at 50 °C using a 120-min linear gradient from 0-35%
acetonitrile in 0.1% formic acid at 300 nl/min. The Orbitrap Ascend was
operated in positive ion mode using a data-dependent acquisition
(DDA) strategy with an expected chromatographic peak width of 30 s.
Full MS scans were acquired in the Orbitrap at 120,000 resolution (m/z
375-1500) with quadrupole isolation, an AGC target of 4 x10°, and
automatic injection time. The most intense precursor ions (charge
states 2-7, intensity >1x10*) were selected for collision-induced dis-
sociation (CID) at a normalised collision energy of 32%. MS* spectra
were acquired in the ion trap at turbo scan rate using a 0.7 m/z isola-
tion window, AGC target of 1x10* and automatic injection time.
Dynamic exclusion was enabled for 45 s within +10 ppm of the pre-
cursor m/z, and single isotopes were excluded after one occurrence to
improve proteome coverage.

Raw files were processed in Proteome Discoverer 3.0 (Thermo
Scientific) using the Sequest HT search engine with Percolator valida-
tion. Spectra were searched against the CR ICC168 UniProt FASTA
database, including a common contaminant database. Searches
assumed full tryptic specificity with up to 2 missed cleavages. Carba-
midomethylation of cysteine (+57.021Da) was set as a fixed mod-
ification, while oxidation of methionine (+15.995 Da) and deamidation
of asparagine or glutamine (+0.984 Da) were set as variable mod-
ifications. The precursor and fragment mass tolerances were 20 ppm
and 0.5Da, respectively. Peptide-spectrum matches were validated
using a target-decoy strategy with Percolator, maintaining 1% FDR
thresholds at the peptide and protein level.

Explant cytokines

Distal colon tissue was excised, weighed, and incubated in RPMI 1640
medium with glutamine (Sigma; 100 pg/ml Sm, 100 U/ml penicillin) for
2 h at 37 °C. Tissue samples were then washed and incubated in com-
plete RPMI (RPMI 1640 + glutamine, 10% FBS, 1mM sodium pyruvate,
100pg/ml penicillin, 100pg/ml Sm; 1 ml/0.1 g of tissue) for 24 h at 37 °C
and 5% CO,. Supernatants were centrifuged for 10 mins at 15,000 rpm
to remove debris, and stored at —70 °C until analysis. Cytokine con-
centrations were quantified using a custom LEGENDplex Mouse 13-plex
cytokine panel (BioLegend), consisting of CCL3, CXCL1, G-CSF, GM-
CSF, IFN-y, IL-1B, IL-6, IL-10, IL-17A, IL-18, IL-22, IL-23 and TNF, according
to the manufacturer’s instructions. Cytokine concentrations were
acquired on a FACSCalibur flow cytometer (BD Biosciences), and data
were analysed using LEGENDplex data analysis software (BioLegend).

Colonic cell preparation for flow cytometry

Sections of distal colon 3.5 cm in length were excised and immediately
transferred to cold Hanks’ Balanced Salt Solution (HBSS; Gibco) on ice.
The tissue was opened longitudinally, cleaned of excess fat and washed
twice in cold HBSS to remove luminal contents. To remove IECs, colons
were incubated in 15ml EDTA-DTT buffer (HBSS supplemented with
10 mM EDTA pH8.0, 1mM DTT, 2% FBS) for 30 min at 37 °C shaking at
250 rpm. Samples were vigorously vortexed, blotted dry and rinsed in
HBSS twice. Tissues were then digested in 5 ml digestion buffer (RPMI
1640 w/o L-glutamine supplemented with liberase (31.25mg/ml),
DNase I (50 pg/ml) and FBS (2%)) for 50 min in previous conditions. The
resulting cell suspension was vortexed, filtered through 70 pm cell
strainers and diluted with 20 ml cold HBSS. Cells were pelleted by
centrifugation at 450 x g for 15 min at 4 °C and resuspended in 200 pl
HBSS, transferred to a V-bottom 96 well plate and centrifuged for 4 min
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with previous conditions. Supernatants were discarded, and cells were
washed in PBS w/o Ca and Mg (Gibco) before proceeding to staining.

Colonic immune cell staining and flow cytometry

All staining steps were performed at 4 °C, protected from light. Cells
were first stained in 100 pl of LIVE/DEAD™ Fixable Blue Dead Cell Stain
(Thermo Fisher) diluted 1:500 in PBS for 10 min. Cells were washed
once in FACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA),
centrifuged at 450 x g for 4 min, and the supernatant discarded. Cells
were then incubated in 100l Fc block solution consisting of FACS
buffer supplemented with rat anti-mouse CD16/CD32 (clone ID 2.4G2,
1pg/ml; BDBiosciences) for 20 min. After washing, cells were stained
with 30pl of antibody preparation (Supplementary Data 2; gating
strategy for Fig. 2 from C57BL/6 mice at 8 dpi found in Supplementary
Fig. 2C; gating strategy for B cell populations in C57BL/6 mice at 30 dpi
found in Supplementary Fig. 4F) prepared in a 1:1 mix of FACS buffer
and Brilliant Stain Buffer (BD Biosciences) and incubated for 30 min.
For B cell analysis at 30 dpi, B cells were defined as a lineage-negative
population lacking (CD4 CD8a CD11b TER119 FceRI"CD11c"GR1"'NK
1.1'F4/80°CD5 CD170°CD127°), representing cells devoid of other
immune lineage markers included in the panel. Unstained cells and
FMOs were used as controls. Cell analysis was carried out on a Cytek®
Aurora Cytometer (Cytek Biosciences). Results were analysed using
FlowJo v10 software (FlowJo LLC, BD).

Gut-on-chip construction and infection

Master moulds for producing microfluidic chips were designed using
Fusion 360 CAD software (AutoDesk, USA). One-layer microfluidic
chips were produced first by mixing polydimethylsiloxane (PDMS;
Sigma Aldrich, UK) and curing solution (Sigma Aldrich, UK) at a w/w
ratio of 10:1. The PDMS/curing agent solution was degassed and
poured onto master moulds, and then the elastomer mix was cured for
12 hat 65 °C. The cured polymer was then cut from the moulds, plasma
treated for 1 min and bonded to glass coverslips. Caco-2 cells (HTB-37,
ATCC, UK) were seeded on collagen-coated (50 pg/ml) chips at a
density of 40 million cells/ml. After 24 h with no flow, chips were
connected to syringe pumps and perfused with growth media (DMEM,
20% FBS) at a flow rate of 60 pl/hr.

After 4 days of perfusion, chips were removed from the flow
systems and infected with either EPEC or ECV at an MOI of 10 for 4 h.
Chips were then fixed with 4% paraformaldehyde for 15min and
labelled for intimin, zonula occludens-1 (ZO-1) and actin cytoskeleton.
Images were taken with a confocal microscope with LSM capability and
analysed using Icy Imaging software v3.

Statistics

Experiments were conducted at least twice with 4-5 mice per treatment
group, unless otherwise stated in the figure legends. Data from inde-
pendent experiments were combined for statistical analyses. ELISAs
calculations were performed on duplicate samples, and the mean value
of the technical replicates was used for each sample. Statistical sig-
nificance between two groups was determined by a two-tailed Student’s
t test for normally distributed data. Comparisons among three or more
groups were analysed by one-way ANOVA with indicated post-tests, or
by Kruskal-Wallis test followed by Dunn’s test when data were not
normally distributed. If required, values were log-transformed prior to
one-way ANOVA, as indicated in the figure legends Statistics were cal-
culated using GraphPad Prism 10.6.0 (GraphPad Software Inc.). Further
statical details of experiments are described in the figure legends.

Data availability

The mass spectrometry data generated in this study have been
deposited in the ProteomeXchange partner repository database under
accession PXD080490. The rest of the data that support the findings
of this study are available within the main text, the Supplementary

Information and the provided Source data. Source data are provided in
this paper.

References

1. Lavelle, E. C. & Ward, R. W. Mucosal vaccines — fortifying the
frontiers. Nat. Rev. Immunol. 22, 236-250 (2021).

2. Detmer, A. & Glenting, J. Live bacterial vaccines - A review
and identification of potential hazards. Micro. Cell Fact. 5, 1-12
(2006).

3. Ahmed, A. et al. A century of BCG: Impact on tuberculosis control
and beyond. Immunol. Rev. 301, 98-121 (2021).

4. Kotloff, K. L. et al. Burden and aetiology of diarrhoeal disease in
infants and young children in developing countries (the Global
Enteric Multicenter Study, GEMS): A prospective, case-control
study. Lancet 382, 209-222 (2013).

5. Kaper, J. B., Nataro, J. P. & Mobley, H. L. T. Pathogenic Escherichia
coli. Nat. Rev. Microbiol 2, 123-140 (2004).

6. Karmali, M. A. et al. The Association Between Idiopathic Hemolytic
Uremic Syndrome and Infection by Verotoxin-Producing Escher-
ichia coli. J. Infect. Dis. 151, 775-782 (1985).

7. Karmali, M. A., Gannon, V. & Sargeant, J. M. Verocytotoxin-
producing Escherichia coli (VTEC). Vet. Microbiol. 140, 360-370
(2010).

8. McGannon, C. M., Fuller, C. A. & Weiss, A. A. Different classes of
antibiotics differentially influence shiga toxin production. Anti-
microb. Agents Chemother. 54, 3790-3798 (2010).

9. Rojas-Lopez, M., Monterio, R., Pizza, M., Desvaux, M. & Rosini, R.
Intestinal pathogenic Escherichia coli: Insights for vaccine devel-
opment. Front. Microbiol. 9, 333650 (2018).

10. Fox, J. T. et al. Efficacy of Escherichia coli O157:H7 siderophore
receptor/porin proteins-based vaccine in feedlot cattle naturally
shedding E. coli O157. Foodborne Pathog. Dis. 6, 893-899 (2009).

1. Wong, A. R. C. et al. Enteropathogenic and enterohaemorrhagic
Escherichia coli: even more subversive elements. Mol. Microbiol.
80, 1420-1438 (2011).

12. Schauer, D. B. & Falkow, S. Attaching and effacing locus of a
Citrobacter freundii biotype that causes transmissible murine
colonic hyperplasia. Infect. Immun. 61, 2486-2492 (1993).

13. McDaniel, T. K., Jarvis, K. G., Donnenberg, M. S. & Kaper, J. B. A
genetic locus of enterocyte effacement conserved among diverse
enterobacterial pathogens. Proc. Natl. Acad. Sci. USA. 92, 1664~
1668 (1995).

14. Kenny, B. et al. Enteropathogenic E. coli (EPEC) transfers its receptor
for intimate adherence into mammalian cells. Cell 91, 511-520
(1997).

15. Hartland, E. L. et al. Binding of intimin from enteropathogenic
Escherichia coli to Tir and to host cells. Mol. Microbiol. 32, 151-158
(1999).

16. Tu, X., Nisan, I, Yona, C., Hanski, E. & Rosenshine, I. EspH, a new
cytoskeleton-modulating effector of enterohaemorrhagic and enter-
opathogenic Escherichia coli. Mol. Microbiol. 47, 595-606 (2003).

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

18. Dean, P. & Kenny, B. Intestinal barrier dysfunction by enteropatho-
genic Escherichia coli is mediated by two effector molecules and a
bacterial surface protein. Mol. Microbiol. 54, 665-675 (2004).

19. Xia, X. et al. EspF is crucial for Citrobacter rodentium-induced tight
junction disruption and lethality in immunocompromised animals.
PLoS Pathog. 15, €1007898 (2019).

20. Baruch, K. et al. Metalloprotease type Il effectors that specifically
cleave JNK and NF-kB. EMBO J. 30, 221-231 (2011).

21. Ruano-Gallego, D. et al. Type lll secretion system effectors form
robust and flexible intracellular virulence networks. Science 371,
https://doi.org/10.1126/science.abc9531 (2021).

Nature Communications | (2026)17:9629

14


https://doi.org/10.1126/science.abc9531
https://doi.org/10.1126/science.abc9531
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-76138-7

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Mundy, R., Girard, F., Fitzgerald, A. J. & Frankel, G. Comparison of
colonization dynamics and pathology of mice infected with enter-
opathogenic Escherichia coli, enterohaemorrhagic E. coli and
Citrobacter rodentium. FEMS Microbiol. Lett. 265, 126-132 (2006).
Mullineaux-Sanders, C. et al. Citrobacter
rodentium-host-microbiota interactions: immunity, bioenergetics
and metabolism. Nat. Rev. Microbiol. 17, 701-715 (2019).

Jordan, S., Frankel, G. & Mishra, V. Citrobacter rodentium. Trends
Microbiol. 33, 1132-1133 (2025).

Vallance, B. A., Deng, W., Jacobson, K. & Finlay, B. B. Host sus-
ceptibility to the attaching and effacing bacterial pathogen Citro-
bacter rodentium. Infect. Immun. 71, 3443-3453 (2003).

Zheng, Y. et al. Interleukin-22 mediates early host defence against
attaching and effacing bacterial pathogens. Nat. Med. 14,
282-289 (2008).

Wiles, S. et al. Organ specificity, colonization and clearance
dynamics in vivo following oral challenges with the murine patho-
gen Citrobacter rodentium. Cell Microbiol. 6, 963-972 (2004).
Crepin, V. et al. Citrobacter rodentium mouse model of bacterial
infection. Nat. Protoc. 11, 1851-1876 (2016).

Maaser, C. et al. Clearance of Citrobacter rodentium requires B cells
but not secretory immunoglobulin A (IgA) or IgM antibodies. Infect.
Immun. 72, 3315-3324 (2004).

Simmons, C. P. et al. Central role for B lymphocytes and CD4+ T cells
in immunity to infection by the attaching and effacing pathogen
Citrobacter rodentium. Infect. Immun. 71, 5077-5086 (2003).
Kamada, N. et al. Humoral immunity in the gut selectively targets
phenotypically virulent attaching-and-effacing bacteria for intra-
luminal elimination. Cell Host Microbe 17, 617-627 (2015).

Shenoy, A. R., Furniss, R. C. D., Goddard, P. J. & Clements, A.
Modulation of host cell processes by T3SS effectors. Curr. Top.
Microbiol. Immunol. 416, 73-115 (2018).

Biswas, P. et al. The accessory type Il secretion system effectors
collectively shape intestinal inflammatory infection outcomes. Gut
Microbes 17, https://doi.org/10.1080/19490976.2025.2526134 (2025).
Bulgin, R. et al. Bacterial guanine nucleotide exchange factors
SopkE-like and WxxxE effectors. Infect. Immun. 78, 1417-1425 (2010).
Bulgin, R. et al. The T3SS effector EspT defines a new category of
invasive enteropathogenic E. coli (EPEC) which form intracellular
actin pedestals. PLoS Pathog. 5, €1000683 (2009).

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

Kim, J. et al. The bacterial virulence factor NleA inhibits cellular
protein secretion by disrupting mammalian COPII function. Cell
Host Microbe 2, 160-171 (2007).

Pearson, J. S. et al. A type lll effector antagonizes death receptor
signalling during bacterial gut infection. Nature 501, 247-251
(2013).

Ding, J. et al. Structural and functional insights into host death
domains inactivation by the bacterial arginine GlcNAcyltransferase
effector. Mol. Cell 74, 922-935 (2019).

Shames, S. R. et al. The pathogenic E. coli type Ill effector EspZ
interacts with host CD98 and facilitates host cell prosurvival sig-
nalling. Cell Microbiol. 12, 1322-1339 (2010).

Berger, C. N. et al. EspZ of Enteropathogenic and enterohemor-
rhagic Escherichia coli regulates type Ill secretion system protein
translocation. mBio. 3, https://doi.org/10.1128/mbio.00317-12
(2012).

Nadler, C. et al. The type Ill secretion effector NleE inhibits NF-kB
activation. PLoS Pathog. 6, e1000743 (2010).

Schiiller, S. et al. Tir phosphorylation and Nck/N-WASP recruitment
by enteropathogenic and enterohaemorrhagic Escherichia coli
during ex vivo colonization of human intestinal mucosa is different
to cell culture models. Cell Microbiol. 9, 1352-1364 (2007).

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

Crepin, V. F. et al. Dissecting the role of the Tir:Nck and Tir:IRTKS/
IRSp53 signalling pathways in vivo. Mol. Microbiol. 75, 308-323
(2010).

Nagai, T., Abe, A. & Sasakawa, C. Targeting of enteropathogenic
Escherichia coli EspF to host mitochondria is essential for bacterial
pathogenesis. J. Biol. Chem. 280, 2998-3011 (2005).

Wu, B. et al. NleG Type 3 efectors from enterohaemorrhagic
Escherichia coli are U-Box E3 ubiquitin ligases. PLoS Pathog. 6,
1000960 (2010).

Popov, G. et al. Distinct molecular features of NleG type 3 secreted
effectors allow for different roles during Citrobacter rodentium
infection in mice. Infect. Immun. 91, https://doi.org/10.1128/iai.
00505-22 (2022).

Matsuzawa, T., Kuwae, A. & Abe, A. Enteropathogenic Escherichia
coli type Il effectors EspG and EspG2 alter epithelial paracellular
permeability. Infect. Immun. 73, 6283-6289 (2005).

Hopkins, E. G. D., Roumeliotis, T. I., Mullineaux-Sanders, C.,
Choudhary, J. S. & Frankel, G. Intestinal epithelial cells and the
microbiome undergo swift reprogramming at the inception of
colonic Citrobacter rodentium infection. mBio 10, 1-19 (2019).
Sanchez-Garrido, J. et al. Impaired neutrophil migration underpins
host susceptibility to infectious colitis. Mucosal Immunol. 17,
939-957 (2024).

Barry, R. et al. Faecal neutrophil elastase-antiprotease balance
reflects colitis severity. Mucosal Immunol. 13, 322-333 (2020).
Carson, D. et al. Citrobacter rodentium induces rapid and unique
metabolic and inflammatory responses in mice suffering from
severe disease. Cell Microbiol. 22, €13126 (2020).

Sanidad, K. Z. et al. Maternal gut microbiome-induced IgG reg-
ulates neonatal gut microbiome and immunity. Sci. Immunol. 7,
https://doi.org/10.1126/sciimmunol.abh3816 (2022).

Braun, V. Covalent lipoprotein from the outer membrane of
Escherichia coli. Biochim. Biophys. Acta Rev. Biomembr. 415,
335-377 (1975).

Neves, B. C., Shaw, R. K., Frankel, G. & Knutton, S. Polymorphisms
within EspA filaments of enteropathogenic and enterohemorrhagic
Escherichia coli. Infect. Imnmun. 71, 2262-2265 (2003).

Adu-Bobie, J. et al. Detection of intimins o, {3, y, and &, four intimin
derivatives expressed by attaching and effacing microbial patho-
gens. J. Clin. Microbiol. 36, 662-668 (1998).

Arbeloa, A. et al. Distribution of espM and espT among enter-
opathogenic and enterohaemorrhagic Escherichia coli. J. Med.
Microbiol. 58, 988-995 (2009).

Cepeda-Molero, M. et al. Attaching and effacing (A/E) lesion for-
mation by enteropathogenic E. coli on human intestinal mucosa

is dependent on non-LEE effectors. PLoS Pathog. 13, 1006706
(2017).

Deng, W. et al. Quantitative proteomic analysis of type Il secretome
of enteropathogenic Escherichia coli reveals an expanded effector
repertoire for attaching/effacing bacterial pathogens. Mol. Cell.
Proteom. 1, 692-709 (2012).

Levine, M. M., Black, R. E., Ferreccio, C. & Germanier, R. Large-scale
field trial of Ty21A live oral typhoid vaccine in enteric-coated cap-
sule formulation. Lancet 329, 1049-1052 (1987).

Ferreccio, C. et al. Comparative efficacy of two, three, or four
doses of TY21a live oral typhoid vaccine in enteric-coated
capsules: a field trial in an endemic area. J. Infect. Dis. 159,
766-769 (1989).

Khan, S. A. et al. Salmonella typhi and S. typhimurium derivatives
harbouring deletions in aromatic biosynthesis and Salmonella
Pathogenicity Island-2 (SPI-2) genes as vaccines and vectors. Vac-
cine 21, 538-548 (2003).

Levine, M. M. et al. Safety, immunogenicity, and efficacy of
recombinant live oral cholera vaccines, CVD 103 and CVD 103-HgR.
Lancet 332, 467-470 (1988).

Nature Communications | (2026)17:9629

15


https://doi.org/10.1080/19490976.2025.2526134
https://doi.org/10.1080/19490976.2025.2526134
https://doi.org/10.1128/mbio.00317-12
https://doi.org/10.1128/mbio.00317-12
https://doi.org/10.1128/iai.00505-22
https://doi.org/10.1128/iai.00505-22
https://doi.org/10.1128/iai.00505-22
https://doi.org/10.1126/sciimmunol.abh3816
https://doi.org/10.1126/sciimmunol.abh3816
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-76138-7

64. Ketley, J. M., Michalski, J., Galen, J., Levine, M. M. & Kaper, J. B.
Construction of genetically marked Vibrio cholerae O1 vaccine
strains. FEMS Microbiol. Lett. 111, 15-21 (1993).

65. Guttman, J. A. et al. Attaching and effacing pathogen-induced tight
junction disruption in vivo. Cell Microbiol. 8, 634-645 (2006).

66. Caballero-Flores, G. et al. Maternal immunization confers protec-
tion to the offspring against an attaching and effacing pathogen
through delivery of IgG in breast milk. Cell Host Microbe 25,
313-323.e4 (2019).

67. Stakenborg, T. et al. Protection of rabbits against enteropathogenic
Escherichia coli (EPEC) using an intimin null mutant. BMC Vet. Res.
2, 1-10 (2006).

68. Ahmed, S., Byrd, W., Kumar, S. & Boedeker, E. C. A directed intimin
insertion mutant of a rabbit enteropathogenic Escherichia coli
(REPEC) is attenuated, immunogenic and elicits serogroup specific
protection. Vet. Immunol. Immunopathol. 152, 146-155 (2013).

69. Liu, J. et al. Towards an attenuated enterohemorrhagic Escherichia
coli O157:H7 vaccine characterized by a deleted ler gene and con-
taining apathogenic Shiga toxins. Vaccine 27, 5929-5935 (2009).

70. Sanches, M. 1. et al. Human colostrum and serum contain antibodies
reactive to the intimin-binding region of the enteropathogenic
Escherichia coli translocated intimin receptor. J. Pediatr. Gastro-
enterol. Nutr. 30, 73-77 (2000).

71. Parissi-Crivelli, A., Parissi-Crivelli, J. M. & Girdn, J. A. Recognition of
Enteropathogenic Escherichia coli Virulence Determinants by
Human Colostrum and Serum Antibodies. J. Clin. Microbiol. 38,
2696-2700 (2000).

72. Loureiro, I. et al. Human colostrum contains IgA antibodies reactive
to enteropathogenic Escherichia coli virulence-associated proteins:
intimin, BfpA, EspA, and EspB. J. Pediatr. Gastroenterol. Nutr. 27,
166-171 (1998).

73. Costa Carvalho, B. T., Bertipaglia, A., Sole, D., Naspitz, C. K. &
Scaletsky, I. C. A. Detection of immunoglobulin (IgG and IgA) anti-
outer-membrane proteins of enteropathogenic Escherichia coli
(EPEC) in saliva, colostrum, breast milk, serum, cord blood and
amniotic fluid. Study of inhibition of localized adherence of EPEC to
Hela cells. Acta Paediatr. 83, 870-873 (1994).

74. Vilte, D. A., Larzabal, M., Cataldi, AA. & Mercado, E. C. Bovine
colostrum contains immunoglobulin G antibodies against intimin,
EspA, and EspB and inhibits hemolytic activity mediated by the type
three secretion system of attaching and effacing Escherichia coli.
Clin. Vaccin. Immunol. 15, 1208-1213 (2008).

75. Taha et al. Refinement and optimisation of Neisseria gonorrhoeae
NHBA and MetQ vaccine candidates. Vaccine 42, 126416 (2024).

76. Semchenko, E. A., Day, C. J. & Seib, K. L. MetQ of Neisseria gonor-
rhoeae is a surface-expressed antigen that elicits bactericidal and
functional blocking antibodies. Infect. Immun. 85, 898-914 (2017).

77. Yang, N. et al. Subunit vaccines for Acinetobacter baumannii. Front.
Immunol. 13, 1088130 (2023).

78. Poolman, J. T. & Hallander, H. O. Acellular pertussis vaccines and
the role of pertactin and fimbriae. Expert Rev. Vaccines 6, 47-56
(2007).

79. Wong. J. L. C. et al. citrOgen: a synthesis-free polysaccharide and
protein antigen-presentation to antibody-induction platform. Nat.
Commun. 16, 8886 (2025).

80. Melvin, J. A., Scheller, E. V., Miller, J. F. & Cotter, P. A. Bordetella
pertussis pathogenesis: current and future challenges. Nat. Rev.
Microbiol. 12, 274-288 (2014).

81. Chen, D. et al. Systematic reconstruction of an effector-gene net-
work reveals determinants of Salmonella cellular and tissue trop-
ism. Cell Host Microbe 29, 1531-1544 (2021).

82. Joshua, P. M. et al. Salmonella multimutants enable efficient iden-
tification of SPI-2 effector protein function in gut inflammation and
systemic colonization. Nat. Commun. 16, 9795 (2025).

Acknowledgements

We thank Josh Wong for the critical reading of the paper and his sug-
gestions. We thank José Luis Puente, Instituto de Biotecnologia, Uni-
versidad Nacional Autonoma de México for gifting us the ler CR
mutant. We thank Dr. James Kaper for his longstanding support of our
EPEC research program. His advice, encouragement, and generosity
over the years have been essential to the continuity of our work, which
culminated in this publication.

Author contributions

S.J. - Designed the study, performed the experiments, analysed the data
and wrote the paper. P.B. - Characterised CRV, performed experiments
and analysed data. M.L.A. - Constructed and characterised CRV. J.S. -
Preformed the gut-on-chip experiments. Z.K. - Ran the proteomics
experiments and analysed the data. R.B. - Designed the flow cytometry
panel and performed experiments. V.M. - Performed experiments and
analysed data. J.5.G. - Performed experiments and analysed data. N.K.,
0O.C., J.C., and A.C. - were involved in supervision. G.F. - had full
responsibility of the project, involved in project design, supervision,
funding and writing the paper.

Funding

S.J. was supported by the Imperial College President’s PhD scholarship.
G.F. is supported by a Wellcome Investigator Award (grant number
224282/7/21/7).

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-76138-7.

Correspondence and requests for materials should be addressed to
Gad Frankel.

Peer review information Nature Communications thanks Tim Rollenske,
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:9629

16


https://doi.org/10.1038/s41467-026-76138-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Design of a live-attenuated bacterial vaccine using effector network engineering
	Introduction
	Results
	Constructing the CRV minimal network
	CRV causes minimal intestinal damage
	CRV confers protection against subsequent CRWT challenge
	Intimate attachment is required for protective immunity
	Mapping the dominant CR antigens
	EPEC expressing the CRV effector network colonises IECs in a gut-on-chip model

	Discussion
	Methods
	Ethical statement
	Bacterial cultures
	DNA constructs and mutant generation
	Outer membrane preparation
	In vitro CR infection
	Mouse infections
	Blood collection and processing
	Histological analysis and immunostaining
	O152 and O49 antisera agglutination
	ELISAs
	Faecal water content
	Protein gels and western blot
	LPS extraction and silver stain
	In-gel digestion and proteomics
	Explant cytokines
	Colonic cell preparation for flow cytometry
	Colonic immune cell staining and flow cytometry
	Gut-on-chip construction and infection
	Statistics

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




