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A B S T R A C T

Background: Alteration of commensal bacterial composition is associated with many inflammatory diseases.
However, few studies have pinpointed the specific bacterial genes that may suppress host immune responses
against microbes and maintain homeostasis in the host intestine.
Methods: High-throughput screening was performed in Caenorhabditis eleganswith a single gene knockout ut
screening was performed in Caenorhabditis elegans with a single gene knockout Escherichia coli (E. coli)
library and identified the immune suppression gene blc. The coding sequences of blc among different kinds
of E. coli strains were aligned to identify the single nucleotide polymorphisms (SNPs). Physiological and bio-
chemical experiments were performed in C. elegans and mice to explore the function of the blc variant.
Findings: By screening 3983 E. coli mutants, we discovered that 9 bacterial genes, when deleted, activate
innate immunity in the host C. elegans. Among these 9 genes, the gene encoding blc showed a distinctive SNP
in many clinically pathogenic bacteria. We found that bacteria with this SNP, which converts Blc G84 to
Blc E84, are highly enriched in the faeces of patients with inflammatory bowel disease (IBD). Exposure to
BlcE84-encoding bacteria resulted in epithelial barrier disruption and immune activation in both worms and
mice. Detailed analysis indicated that infection with BlcE84-encoding bacteria causes a significant decrease in
LPE levels in the intestine and subsequently disrupts gut epithelial integrity in mice. Consistently, the levels
of LPE in patients with IBD are significantly lower than those in healthy people. Finally, supplementation
with LPE, which activates LPA1/PLCb/PKC signaling, reversed the defects induced by BlcE84-encoding bacteria.
Interpretation: Our results identified a novel bacterial gene, blc, in E. coli that regulates host gut integrity and
immunity.
Fund: The Ministry of Science and Technology of China; the National Natural Science Foundation of China;
and the Natural Science Foundation of Jiangsu Province.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
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1. Introduction

The intestine serves as a major gateway for diverse microorgan-
isms and dietary antigens. To meet the challenges of exposure to
these potential pathogens, the gastrointestinal tract ensembles com-
plicated mechanisms to keep the immune responses in check [1].
Intestinal inflammation is the most common response to pathogenic
infection originating from the outside environment. Dysregulated
immunity, such as in inflammatory bowel diseases (IBDs), is tightly
associated with tumorigenesis, including colitis-associated colorectal
cancer (CRC) [2]. The intestinal microbiota is crucial for regulating
susceptibility to pathogens [3], maintaining alkalinity/acidity and
oxygen concentration [4,5], and modulating the host immune system
[6,7]. Pathogenic bacteria such as Citrobacter rodentium [5], Helico-
bacter hepaticus [8] and adherent-invasive Escherichia coli (AIEC)
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Research in context

Evidence before this study

In the study of intestinal inflammation-related diseases repre-
sented by inflammatory bowel disease, dysbiosis of the gut
microbiota, especially Enterobacteriaceae (including Escherichia
coli), has been found. Furthermore, administration of tungstate
to specifically downregulate the abundance of Escherichia coli,
helps to alleviate the phenotype of intestinal inflammation,
which suggests an important relationship between Escherichia
coli and intestinal inflammation. Despite the numerous strains of
Escherichia coli, few studies have reported whether there are
specific bacterial genes that function in maintaining the homeo-
stasis of the host intestine. Recently, via multiomics analysis,
Jason lloyd-Price et al. found that lysophosphatidylethanolamine
was significantly decreased in the faecal samples from patients
who suffered from inflammatory bowel disease. However, the
relationship between the downregulation of lysophosphatidyle-
thanolamine and specific Escherichia coli genes in inflammatory
bowel disease and the physiological function of lysophosphati-
dylethanolamine in intestinal homeostasis remains unknown.

Added value of this study

(1) We identified a conserved blc g251a variant that was
enriched with different kinds of pathogenic Escherichia coli
strains but was rarely found in non-pathogenic Escherichia
coli strains.

(2) We found that, during inflammatory bowel disease, the
expansion of Escherichia coli is mainly blca251 bacteria,
while the relative abundance of blcg251 bacteria showed a
significant decrease.

(3) The blca251 gene increases bacterial pathogenicity and pro-
motes the occurrence and development of intestinal
inflammation.

(4) Our results suggest that the downregulation of lysophos-
phatidylethanolamine is associated with an increase in
blca251 bacteria in patients suffering from inflammatory
bowel disease.

(5) We demonstrate a protective function of lysophosphatidy-
lethanolamine in sustaining the integrity of the intestinal
epithelial barrier.

Implications of all the available evidence

Our study indicates that the blca251 variant could be used as an
indicator for the diagnosis of inflammatory bowel disease, and
could be helpful for the classification of inflammatory bowel
disease subtypes to facilitate targeted treatment. Moreover,
lysophosphatidylethanolamine is widely found in foods includ-
ing rice and wheat, so supplementation with of lysophosphati-
dylethanolamine is safe and may also be helpful for remission
of inflammatory bowel disease.
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NC101 [9], promote intestinal inflammation and induce tumorigene-
sis. The host, conversely, imposes selective forces on bacterial growth
throughout the inflammatory microenvironment. These forces,
including iron limitation and the generation of reactive oxygen spe-
cies and nitrogen species, influence the composition of gut-associated
microbial communities [10].

E. coli is a dominant group of mammalian microbiota. There are
more than 190 serotypes according to bacterial antigens, including
flagellar antigens, somatic antigens and capsular polysaccharide
antigens. At least four clinical syndromes are caused by E. coli sero-
types, including diarrhea [11], septicaemia [12], urinary tract infec-
tion (UTI) [13] and some types of meningitis [14]. Among these
diseases, diarrhea is a common symptom that affects the quality of
life of billions of patients and causes millions of deaths every year
[15]. Commonly, diarrhea is often caused by infection with microor-
ganisms such as diarrheagenic E. coli [11].

Under healthy circumstances, there are approximately 1010�1011

E. coli cells per gram in the human colonic content, with more than
500 serotypes in the uninflamed human intestine [16]. Interestingly,
the host gut exhibits strong immune tolerance, showing minimal
induction of inflammatory responses to common orally ingested anti-
gens and a high density of commensal bacteria [17]. Some important
observations have been made to explain why a high density of E. coli
does not trigger a severe immune response. First, non-pathogenic E.
coli lack pathogenicity islands (PAIs), which are horizontally trans-
ferred DNA sequences inserted into the core genome of the pathogen
[18]. Second, the host intestinal epithelium shows polarized expres-
sion of many pattern recognition receptors (PRRs), such as Toll-like
receptor 4 (TLR4) and nucleotide-binding oligomerization domain-
containing protein 2 (NOD2), in only the basal layer and not in the
epic layer [19]. Moreover, non-pathogenic E. coli may have the ability
to protect the host intestine from inflammation [20,21].

We tried to screen the specific genes encoded by non-pathogenic
E. coli that promote gut homeostasis and suppress inflammation by C.
elegans. We hypothesized that specific bacterial genes may share a
conservative function in regulating host-bacterial interactions. While
we performed our studies, three independent groups reported
genetic screens using the same strategy as the E. coli knockout library
on C. elegans to explore the influences of bacterial composition on
host longevity or responsibility to cancer chemotherapeutics
[22�24].

With this screening protocol, we identified 9 candidate genes,
including the bacterial lipocalin gene blc, that are required to sup-
press the immune response of non-pathogenic E. coli in worms. Fur-
thermore, we found that the blc g251a (G84E) variant was highly
enriched in faecal samples from patients with inflammatory bowel
diseases (IBDs). Mice fed blcg251a E. coli displayed disrupted gut integ-
rity and active inflammation. A detailed study indicated that the blc
gene regulates host gut homeostasis through the LPE/ LPA1/PLCb/PKC
axis.

2. Materials and methods

2.1. Screening strategy

Mutant strain ZD39 [agIs219 (T24B8.5p::GFP::unc-54-3’
UTR + ttx-3p::unc-54-3’ UTR) III; pmk-1 (km25) IV.] was obtained
from the Caenorhabditis Genetics Center (CGC), and the reporter
worm strain DCL15 [agIs219 III.] was generated in the laboratory. The
agIs219 transgenic cassette contains a T24B8.5 promoter, which is an
antimicrobial peptide (AMP) that is directly regulated by the PMK-1/
p38 mitogen-activated protein kinase (MAPK)-driven GFP expression
reporter system. This transgenic C. elegans could be used to reflect
the host immune activation state. Unless otherwise noted, the worms
were maintained and experimentally tested at 20 °C on standard
nematode growth medium (NGM) agar plates seeded with E. coli.
Bacteria strains in the Keio library, which were inoculated into a 96-
well plate that contained LB broth with kanamycin (59 ng/ml, Sangon
Biotech Cat# A506636) by a 96-pin replicator and cultured for 22 h at
room temperature. The E. coli medium was concentrated to approxi-
mately fifty microliters by Eppendorf centrifugation (5810R) at
4000 rpm for 5 min. The bacterial cells were then resuspended and
seeded into PNGM (peptone-absent NGM) and stored at 4 °C in 24-
well plates. The seeded 24-well plates were air dried in a hood before
adding synchronized L1 stage reporter worms. Abnormal
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fluorescence was scored at approximately 60 h (Nikon, Eclipse Ni-U
upright microscope). Positive hits with observable upregulated intes-
tinal GFP expression were picked up and then confirmed with three
random experiments. The flowchart of the primary screening is illus-
trated in Fig. S1.

2.2. blc re-expression assay

Based on the prokaryotic plasmid pGEX-4T-3, we constructed a
blc expression plasmid (pGEX-4T-3-blc). Both pGEX-4T-3-blc and
pGEX-4T-3 were generated and amplified by E. coli DH5a before
being electroplated into E. coli BW25113 andDblc by an electropora-
tor (BIO-RAD, Gene Pulser XcellTM). Blc expression in reconstructed E.
coli BW25113;blc and Dblc;blc were identified by the tailor-made
antibody (Genscript, China).

2.3. Bacterial strains, culture conditions and E. coli growth curve

The E. coli Keio collection (Thermo Fisher Scientific, Cat#
OEC4988) [25], the Keio knockout parental strain K-12 BW25113
(Thermo Fisher Scientific, Cat# OEC5042), OP50, DH5a and P. aerugi-
nosa strain PA14 (a kind gift of Professor M.Q. Dong, NIBS, Beijing,
China) have been described. Different kinds of E. coli strains were cul-
tured overnight at 37°C in Luria broth (LB) medium and the P. aerugi-
nosa strain was grown at 37 °C in King’s broth medium [26].

The bacterial colonies were plated from glycerol stocks by plate
streak, cultured on LB agar and incubated overnight at 37 °C. Single
colonies were grown in 5 ml of LB broth overnight at 37 °C with shak-
ing at 220 rpm. The inocula were diluted in fresh LB broth (1:500),
and grown until the absorbance (OD600) reached 0.2. Then, the inoc-
ula were diluted 1:10,000 in 5 ml of fresh LB broth at 37 °C with shak-
ing at 220 rpm (aerobic). Inocula were also diluted 1:10,000 in 15 ml
of fresh LB broth in sterile 15 ml centrifuge tubes with Parafilm at
37 °C with shaking at 220 rpm (anaerobic). Bacteria were collected to
measure the OD600 every half hour.

2.4. blc g251a point mutation

The coding sequences of blc in different E. coli strains were down-
loaded from EcoCyc E. coli database, and alignment analysis was per-
formed by DNASTAR Lasergene. A SNP site at the 251st site that
resulted in the G84E replacement was identified.

2.5. E. coli blcE84 construction

A reconstructed pSC101-λ RED plasmid that can induce RED
recombinase expression by L-arabinose after precise incubation at
30 °C was a kind gift from Nanjing Biomedical Research Institute of
Nanjing University. For blc gene g251a mutagenesis, the pSC101-λ
RED plasmid was electroplated into E. coli BW25113 (BW25113;pSC)
which was cultured at 37 °C to maintain plasmid expression. Linear
kanamycin resistance cassette flanked with 50 bp homologous arms
in which the 5’ homology arm contains the blc g251a point mutation
was transformed. The K+ gene is used to select the positive E. coli
strain that shows homologous recombination.

2.6. Mice and diets

Male C57BL/6N mice (D000274) from the Model Animal Research
Center (MARC) of Nanjing University (Nanjing 210061, China) were
chow-fed under specific pathogen-free (SPF) conditions in routine
animal rooms or cofferdam tanks. Male ICR Germfree mice
(N000293) from the Model Animal Research Center (MARC) of Nanj-
ing University were fed under germfree conditions in cofferdam
tanks. All animal experiments were performed with the approval of
the Animal Research Committee of MARC (#MARC-GX84).
2.7. AVNMmouse construction and E. coli infection study

Five-week-old mice were transferred from the routine conditions
to the cofferdam tank for one week before experiments to adapt to
the housing conditions. After a 1-week adaptation to housing condi-
tions, 6-week-old mice were gavaged daily with an aqueous antibi-
otic cocktail solution containing ampicillin (5 mg per mouse, Sangon
Biotech Cat# A100339), vancomycin (5 mg per mouse, Sigma-Aldrich
Cat# V2002), neomycin (5 mg per mouse Sangon Biotech Cat#
A610366) and metronidazole (4 mg per mouse Sangon Biotech Cat#
A600633) for 7 days. Then, the antibiotic cocktails were continuously
administered for 7 days by dissolving them in drinking water (ampi-
cillin 1 g/L, vancomycin 0.5 g/L, neomycin 1 g/L and metronidazole
1 g/L) [27].

AVNM mice aged 8 weeks were divided into 2 groups. Twenty-
four hours after AVNM treatment, the E. coli BW25113 or blcE84 E. coli
strain was intragastrically inoculated at a concentration of 1 £ 108

colony forming units (CFU) per mouse in 200ml of LB broth. On a spe-
cific day post-infection, mice were anaesthetized (with xylazine and
ketamine) before blood collection and tissue dissection.

2.8. LPE/LPA supplement assay

AVNM mice infected with E. coli BW25113 or blcE84 were orally
administered LPE (20 mM, 200 mL, dissolved in peanut oil, Avanti
Polar Lipids Cat# 846725P) or Oleoyl-L-a-lysophosphatidic acid
(LPA) (20 mM, 200 mL, dissolved in buffer solution: 118.4 mM NaCl,
4.7 mM KCl, 2.52 mM CaCl2, 1.18 mM MgSO4 and 25 mM Na gluco-
nate, 1.18 mM KH2PO, 4, 25 mM Nagluconate pH 7.4, Sigma-Aldrich
Cat# L7260) on day 0 post-infection. Control groups received the
same volume of peanut oil or buffer solution [28].

2.9. Ki16425 treatment assay

AVNMmice infected with E. coli BW25113 or blcE84 were intraper-
itoneally injected with 20 mg/kg Ki16425 (MCE Cat# HY-13285) on
day 0 post-infection. Control groups received the same volume of
DMSO [29].

2.10. FITC-dextran assay

The FITC-dextran assay was performed as described [30]. For
examination of colonic barrier function following E. coli infection,
0.1 ml of 80 mg/ml FITC-dextran (Sigma-Aldrich Cat# 46944-
500MG-F) in PBS was introduced to mice by enema. Two hours after
administration, serum was collected from the mouse orbital venous
plexus and measured with a fluorescence microplate reader (MD,
Flexstation 3).

2.11. Polychromatic FACS analysis

The distal colon tissue and spleen were isolated and digested with
collagenase II (2 mg/ml, Worthington Biochemical Corp.) for 30 min
in a 37 °C water bath. Resuspended cells were incubated with anti-
bodies (0.2mg/ml each) at 4 °C for 1 h, after the removal of tissue resi-
due and erythrocytes by a 70 mm sterile cell strainer (Fisher Scientific
Cat# 22363548). The following Biolegend antibodies were used:
CD11b-PE-CF594 (Cat# 301340), CD11c-PE-Cy7 (Cat# 301608), F4/
80-BV605 (Cat# 123133), Ly6C-FITC (Cat# 128006), Ly6G-BV421
(Cat# 127628) and MHCII-APC-Cy7 (Cat# 107628) for panel 1; and
antibodies were used CD3-PE (Biolegend Cat# 100206), CD4-APC
(Biolegend Cat# 100412), CD8a-PE-CF594 (Biosciences Cat# 562283),
CD19-BV510 (Biolegend Cat# 115546) and CD335-AF-647 (Biolegend
Cat# 137628) for panel 2. Stained cells were analyzed by flow cytom-
etry (BD, LSRFortessaTM) and the data were analyzed using FlowJo
software.
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2.12. Blood biochemical analysis

Blood samples from mice were collected from the orbital venous
plexus and clotted by standing on ice for 1.5 h. Serum was isolated by
Eppendorf centrifugation (5810R) at 3000 rpm at 4 °C for 20 min and
stored at -80 °C for long-term storage. Total protein (TP) and albumin
(ALB) in serum were detected with a 7600 Clinical Analyzer (Hitachi
High-Technologies, Japan).

2.13. Histopathology

Formalin-fixed tissue was embedded in paraffin and stained with
F4/80 rat monoclonal antibody (Novus, NB600-404), CD11b rabbit
polyclonal antibody (Novus Cat# NB110-89474), Ly-6G/Ly-6C rat
monoclonal antibody (Novus Cat# NBP2-00441), E-cadherin rabbit
monoclonal antibody (Cell Signaling Technology Cat# 3195), ZO-1
rabbit polyclonal antibody (Abcam Cat# ab59720), Occludin rabbit
polyclonal antibody (Novus Cat# NBP1-87402) and Claudin-1 rabbit
polyclonal antibody (Abcam Cat# ab15098).

2.14. blcE84/blcG84 ratio assay

Fresh faecal samples from IBD and ophthalmology patients with-
out oral antibiotic treatment were obtained with informed consent
from patients according to the Declaration of Helsinki. In addition,
the acquisition of faecal samples was approved by the Institutional
Review Board of Jinling Hospital. The present study was approved by
the Ethics Committee of the Medical School of Nanjing University.
Written informed consent was obtained from all the patients enrolled
in this study. Human faecal samples were collected from 12 ulcera-
tive colitis (UC) patients (mean age §SD: 35.67 § 12.74 years; 3
females, 9 males; course of disease: from 1 month to 10 years; family
history: 0; mildly active: 4, moderately active: 3, severely active: 2,
clinical remission: 3; tobacco use history: 2; alcohol use history: 3)
and 17 Crohn's disease (CD) patients (mean age §SD: 23.59 § 11.09
years; 2 females, 15 males; course of disease: from 1 month to 9
years; family history: 1; mildly active:2, moderately active: 2,
severely active: 1, clinical remission: 12; tobacco use history: 1; alco-
hol use history: 0) were from the Department of General Surgery of
Jinling Hospital, and samples from healthy subjects (mean age §SD:
38.24 § 10.08 years; 15 female, 10 males) were from the Department
of Dermatology of Jinling Hospital. The faecal samples were collected
with stool tubes and stored at -80°C immediately after labelling and
flash freezing. The total bacterial DNA in the stool samples was iso-
lated with a QIAamp DNA Stool Mini Kit (Qiagen Cat# 51504). Then,
the blcE84/blcG84 ratio was examined by a pair of primers (forward:
CGCCGGTAAAGTACGCTTTC, reverse: CGGCCTGAATGTCATTAA-
TAAAGG) and two TaqMan MGB probes (blcG84 FAM-CTGCCA-
CATTCCT; blcE84 VIC-TGCCACATTTCTCTGT) (Thermo Fisher Scientific,
431603401).

2.15. Cell line and culture conditions

The human epithelial cell line Caco-2, which was kindly provided
by the Stem Cell Bank, Chinese Academy of Sciences, was plated in
growth medium [minimum essential medium (MEM) (HyClone Cat#
SH30265.01) supplemented with 20% FBS (v/v) (PAN-Seratech Cat#
ST30-3302), 100 mg/mL streptomycin and 100 units/mL penicillin
(ThermoFisher Cat# 15140)]. The cells were cultured in a humidified
incubator at 37 °C with 5% CO2. Caco-2 cells were pre-treated with
H2O2 (50 mM) for 8 h to induce oxidative stress. LPA (1 mM) or LPE
(20 mM) was incubated in the presence or absence of protein inhibi-
tors, including AM095 (MCE Cat# HY-16039), Ki16425 (MCE Cat#
HY-13285), HA130 (MCE Cat# HY-19329), GLPG1690 (MCE Cat# HY-
101772) and GF-109203X (Sigma-Aldrich Cat# G2911), at different
concentrations for 24 h.
2.16. siRNA knockdown

Caco-2 cells at a concentration of 5 £ 106 were transfected with
siRNA specific for Plcb1, Plcb2, and a non-targeting siRNA (siCTRL)
(purchased from GenePharma, China) with the Neon Transfection
System (ThermoFisher) (1400 V, 20 ms, 1 pulse number).
2.17. C. elegans intestinal permeability assay

Worms were prepared as described for genomic screening. Syn-
chronized germ-free worms were added to E. coli BW25113- or E. coli
blcE84-seeded NGM and cultured at 20°C for 57h. Then, ~10 synchro-
nized animals were moved to an aqueous solution of Erioglaucine
disodium salt (FD&C Blue #1, Sigma-Aldrich Cat# 861146) at
75 mg/ml and suspended for 2 h at room temperature. Worms were
then placed onto blank NGM plates and examined for blue dye with a
microscope (Nikon, Eclipse Ni-U Upright Microscope) under
40 £ magnification. Three independent experiments were carried
out, each with 8�10 animals per strain. Data were analyzed using
GraphPad Prism.
2.18. C. elegans total protein extraction

Total protein extraction from C. elegans followed the next proto-
col. Approximately 500 worms were collected (2000 worms for phos-
phorylated p38 examination) at 60 h, and the bacteria were cleaned
with S buffer (NaCl 100 mM, K2HPO4 5.7 mM, and KH2PO4 44 mM).
The worms were washed with PBS twice then with deionized water
(Millipore Cat# QGARD00R1) twice. The worms were resuspended in
cold homogenization buffer (15 mM HEPES, 10 mM KCl, 1.5 mM
MgCl2, 0.1 mM EDTA, 0.5 mM EGTA, 44 mM sucrose, and 1 mM DTT)
containing proteinase inhibitor cocktail (Sigma-Aldrich Cat# P8340),
PMSF (100 mM), NaF (100 mM), and NaVO4 (100 mM). The mixture
was vortexed at 4°C for 1 h after sonication (6 pulses total for 3s at
210 W each time with 45 s between each cycle, SONICS, VCX500/
VCX750).
2.19. Western blot and antibodies

Whole cell lysates were prepared on ice plates using RIPA lysis
buffer with protease and phosphatase inhibitors (150 mmol/L NaCl,
50 mmol/L Tris-HCl (pH 7.4), 0.1 mmol/L EDTA, 1% Nonidet P-40,
0.4 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L dithiothreitol,
0.1 mmol/L Na3VO4, 0.1 mmol/L NaF and protein inhibitor cocktail).
Cell debris was removed by centrifugation, and the supernatant was
heated to 95 °C for 5 min in loading buffer containing 5% b-mercap-
toethanol. Then, the protein samples were subjected to SDS�PAGE,
and the fractionated proteins were transferred to PVDF membranes
(Amersham Bioscience). Protein blots were blocked with 5% fat-free
milk at R.T. for 1 h and then incubated with a specific primary anti-
body O/N at 4 °C. After being washed with TBST, the protein blots
were incubated with a specific secondary antibody for 1 h at R.T. Pro-
teins were visualized using a chemiluminescent substrate. ImageJ
software (NIH) was used for greyscale analysis.

Activated p38 rabbit polyclonal antibody (Promega Cat# V1211)
could detect the TGY phosphorylated sites and the b-actin polyclonal
rabbit antibody (Cell Signaling Technology Cat# 4967), which was
used as a loading control in the C. elegans protein sample. E-cadherin
rabbit monoclonal antibody (Cell Signaling Technology Cat# 3195),
Occludin rabbit polyclonal antibody (Novus Cat# NBP1-87402), Clau-
din-1 rabbit polyclonal antibody (Abcam Cat# ab15098), and GAPDH
mouse monoclonal antibody (Sigma Cat# G8795) were used as load-
ing controls in the mouse protein samples.
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2.20. Quantitative PCR analysis

For gene transcription level analysis, RNA was extracted with TRI-
zol (Takara Cat# 9109), and the cDNA template was reverse tran-
scribed using the PrimeScriptTM RT reagent kit (Perfect Real Time)
(Takara Cat# RR047A). Quantitative real-time PCR (qPCR) was per-
formed with a SYBR� Premix Ex TaqTM kit (Takara Cat# RR420A) in
an ABI PCR machine (ABI, StepOne PlusTM System). Beta-actin was
used as the internal control to normalize the target gene expression
level. All data shown represent three biologically independent sam-
ples. Data were analyzed using GraphPad Prism. Statistical analysis
was performed using Student’s t test.

2.21. Homology modeling and molecular dynamics simulations

Since there is no available crystal structure of the protein Blc (bac-
terial lipocalin), homology modeling was performed to predict the 3D
(three-dimensional) structure. A crystal structure (PDB ID: 3MBT) with
a sequence identity of 98.74% was selected as the template. SWISS-
MODEL [31] was applied for homology modeling. Molecular dynamics
simulations were further used to minimize this model with a duration
of 20 ns. Based on the final model, Gly84 was mutated to Glu84 manu-
ally with the protein edit tool in Accelrys Discovery Studio 3.0. This
mutated model was also minimized with a molecular dynamics simu-
lation of 20 ns. All molecular dynamics simulations were performed
using AMBER 10.0 software package with the ff99SB force field [32].
The RESP fitting technique in AMBERwas used to determine the partial
charges. The general the AMBER force field (GAFF) and the LEaP mod-
ule were used to address the protein. Each protein was immersed in a
cubic box with the TIP3P water model and a 10 A

�
minimum solute-

wall distance [33]. Each system was neutralized with different num-
bers of Cl ions. Energy was minimized in the solvated system employ-
ing 2500 steps of the steepest descent algorithm and 2500 steps of the
conjugate gradient algorithm with a nonbonded cutoff of 10 A

�
. The

protocol consisted of gradual heating, density equilibration, equilibra-
tion and production procedures in an isothermal isobaric ensemble
(NPT, P = 1 atm and T = 298 K) MD. The system was gradually heated
from 0 to 298 K over 50 ps, followed by density equilibration at 298 K
for 500 ps, and then constant equilibration at 298 K for 500 ps. Then
each system underwent a process of equilibration until the system
achieved a continuous stable status, i.e., the production stage. The time
step was set to 2 fs while the snapshots were taken every 10 ps to
record the conformational trajectory during production MD. The non-
bonded interactions were treated with a 10 A

�
cutoff [34]. The SHAKE

algorithm was applied to constrain all bonds involving hydrogen
atoms to their equilibrium length. Snapshots of the equilibrium state
were collected every 50 ps for analysis [35].

2.22. Protein expression and purification

The blcg251 and blca251 genes were subcloned into the pCold cold-
induced expression plasmid III. The expression strategies for this
experiment have been described. The coding sequence of the blc
gene started from the 19th residue (cysteine), which fused with a
GST tag and thrombin linker on the N-terminus. The absence of the
type-2 secretory signal peptide of blc led to a soluble protein. This
reconstructed blc gene sequence was expressed in the BL21 (DE3) E.
coli strain. The GST tag was removed from the purified BlcG84 and
BlcE84 by thrombin (Sangon Biotech Cat# C600413), and the purified
proteins were desalinated with a 3KD ultrafiltration device (Millipore
Cat# UFC500308).

2.23. Lipid pull-down analysis

Extraction of the total lipids followed the method of Bligh and
Dyer with Cl2CH2: MeOH (2:1). To avoid the bias of lipid classes and
concentration caused by the Blc protein variant, total lipids of E. coli
Dblc were extracted and incubated with purified BlcG84 or isometri-
cal BlcE84 at 4 °C for 12 h as described [36]. Protein A agarose beads
pre-treated with a specific tailor-made Blc antibody were used to
pull down the Blc-lipid complex. The lipids were purified by remov-
ing the agarose beads-protein A-Blc antibody-Blc complex via centri-
fugation at 2000 rpm at 4 °C for 5 min after DTT and ClCH2 treatment.
The dissolved lipids were dried with nitrogen gas in Cl2CH2: MeOH
(2:1). LC-MS/MS analysis was performed to detect the lipid classes.

2.24. Non-reducing gel analysis

The non-reducing gel assay was performed as described [37]. The
purified protein was mixed with loading buffer without b-mercap-
toethanol and separated by SDS-PAGE. Dithiobis (succinimidyl propi-
onate) (DSP) functioned as the protein crosslinker.

2.25. Blc dimer liquid chromatography-mass spectrometry (LC-MS)
analysis

High performance liquid chromatography analysis was carried out
with an LC-30AD system (Shimadzu, Japan). The purified protein
samples in PBS were held at room temperature, and the injection vol-
ume was 10 ml. The chromatography column was an Agilent Poros-
hell 300SB-C8 (1.0 £ 75 mm, 5 mm). The flow rate was 0.3 ml/min in
gradient mode with 0.1% formic acid (A) and acetonitrile (B). The
equilibrium time after the run was 25 min. Gradient conditions were
as follows: 0�5.0 min, 5% B; 5.0�20.0 min, 5%�80% B; 20.0�25.0,
80% B. The column temperature was maintained at 60 °C. Mass spec-
tral analysis was performed on a Triple TOF 4600 mass spectrometer
(Sciex, America) equipped with an electrospray ionization (ESI)
source and operated in positive ion mode. A calibration solution was
used to calibrate the instrument. The curtain gas (CUR), nebulizer gas
(GS1) and turbo gas (GS2) were set at 35 psi, 55 psi and 55 psi,
respectively. The electrospray voltage was 5.5 kV, and the turbo ion
spray source temperature was 550 °C. Nitrogen was employed as the
collision gas. The mass spectrometer operated in the TOF-MS full
scan mode with a 500�4000 m/z range. Data acquisition was per-
formed using Analyst 1.6.2 software (Applied Biosystems). The Bayes-
ian protein reconstruction tool was used to calculate protein
molecules.

2.26. Lipid LC-MS/MS analysis

Fresh faecal samples from IBD and ophthalmology patients with-
out oral antibiotic treatment were obtained with informed consent
from patients according to the Declaration of Helsinki. In addition,
the acquisition of faecal samples was approved by the Institutional
Review Board of Jinling Hospital. The present study was approved by
the Ethics Committee of the Medical School of Nanjing University.
Written informed consent was obtained from all the patients enrolled
in this study. Human faecal samples were collected from 12 UC
patients (mean age §SD: 35.08 § 13.69 years; 5 female, 7 males;
course of disease: from 2 months to 6 years; family history: 0; mildly
active: 4, moderately active: 3, severely active: 1, clinical remission:
4; tobacco use history: 0; alcohol use history: 0) and 12 CD patients
(mean age §SD: 29.58 § 12.53 years; 3 females, 9 males; course of
disease: from 1 month to 9 years; family history: 0; mildly active: 1,
moderately active: 2, severely active: 1, clinical remission: 8; tobacco
use history: 1; alcohol use history: 1) from the Department of General
Surgery of Jinling Hospital and from healthy subjects (mean age §SD:
35.46§11.04 years; 12 females, 12 males) from the Department of
Dermatology of Jinling Hospital. The faecal samples were collected
with stool tubes and stored at -80°C immediately after labeling and
flash freezing. The total lipids were extracted from stool samples and
then subjected to LC-MS/MS analysis.

pdb:3MBT
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A UPLC system (Shimadzu LC-30AD) was used. Reversed-phase
separation was performed on an Accucore C18 column (2.1 £ 150 mm
2.6 mm; Thermo). The mobile phase consisted of (A) ACN/MeOH/
10 mMNH4FA (50/50/50, v/v/v) and (B) ACN/IPA (50/50, v/v). Gradient
elution without splitting was carried out for 20 min at a flow rate of
0.4 ml/min. Gradient conditions were as follows: 0�5.0 min, 10%�30%
B; 5.0�10.0 min, 30%�80% B; 10.0�15.0 min, 80%�98% B; 15.0�20.0,
98% B. A 5 ml aliquot of each sample was injected into the column. The
column temperature was maintained at 55 °C. All samples were incu-
bated at 4°C during analysis. Mass spectrometry was performed on a
Sciex 4600 Triple TOF mass spectrometer equipped with an electro-
spray ionization (ESI) source. Lipids were detected in positive ion
mode. The curtain gas (CUR), nebulizer gas (GS1) and turbo gas (GS2)
were set at 35 psi, 55 psi and 55 psi, respectively. The electrospray
voltage was 5.5 kV, and the turbo ion spray source temperature was
550 °C. Nitrogen was employed as the collision gas. (For negative ion
mode: curtain gas (CUR), nebulizer gas (GS1) and turbo gas (GS2) were
set to 35 psi, 55 psi and 55 psi, respectively, the electrospray voltage
was -4.5 kV, and the turbo ion spray source temperature was 550°C.)
The mass spectrometer was operated in information-dependent acqui-
sition (IDA) scan mode. The TOF-MS and MS/MS ranges were set at
200�1300 m/z and 100�1300 m/z, respectively. Data acquisition was
performed using Analyst 1.6.2 software (Applied Biosystems). Lipid-
View software (Applied Biosystems) was used to identify all lipids.

2.27. Statistics

Data were statistically analysed using two-tailed Student’s t test or
Mann�Whitney U test. For multiple comparisons, the p-values were
adjusted by the p.adjust method (Benjamini & Hochberg) in R to
exclude false positives/negatives. FACS data and qRT-PCR data are
expressed as the mean § SEM, and all other data are presented as the
mean§ SD. Values of p< 0.05 were considered statistically significant.

2.27.1. Role of the funding source
The Funding sources had no role in the study design, data collec-

tion, data analysis, data interpretation, writing, or in the decision to
submit to publication. The corresponding authors (Zhaoyu Lin, Xiang
Gao and Jianan Ren) confirm that they had full access to all the data
in the study and had final responsibility for the decision to submit for
publication.

3. Results

3.1. E. coli blc suppresses the C. elegans immune response

To identify microbial factors that may influence host innate
immunity, we conducted a genetic screen by feeding a C. elegans
reporter strain, DCL15, with individual mutants of the E. coli single-
gene knockout library (Fig. S1) [25]. This worm strain carries the
agIs219 transgene driving green fluorescent protein (GFP) expression
under the promoter of a PMK-1/p38 mitogen-activated protein
kinase (MAPK)-regulated antimicrobial peptide gene, T24B8.5 [38].
The parental strain of this bacterial knockout library, E. coli K-12
BW25113, was used as the experimental control. Among 3983 bacte-
rial knockout mutants, we found that null mutants of nine genes sig-
nificantly induced an innate immune response in C. elegans.

We next focused on the bacterial lipocalin gene (blc), which enco-
des a membrane protein. TheDblc E. coli strain induced worm innate
immune activation as indicated by GFP expression in the intestine
(Fig. 1a), along with upregulated AMP mRNA (T24B8.5, K04F1.9,
F08G5.6, F01D5.5, Y54G2A.5 and K08D8.5) and increased PMK-1 phos-
phorylation (Figs. 1b�d and S2a�d) [38]. Consistently, these pheno-
types were rescued by transfection of a plasmid carrying the blc
expression cassette (Fig. 1a�d). As a control, the PMK-1/p38-null
worm strain ZD39 showed no intestinal GFP expression after feeding
with E. coli Dblc (Fig. S2e). These results confirmed that the blc gene
is crucial for the immune tolerance of K-12 E. coli BW25113 in
worms.

3.2. The pathogenic E. coli variant blc g251a (Blc G84E) is highly
enriched in the faeces from patients with IBD

By comparing the blc coding sequences between non-pathogenic
and pathogenic E. coli strains in databases [39,40], we found a con-
served blc g251a variant in 21 of 25 pathogenic E. coli strains but
rarely in the non-pathogenic E. coli strains, including K-12 E. coli
BW25113 (Fig. 1e and f). The blc g251a variant resulted in a glycine-
to-glutamic acid change at the 84th site in the amino acid sequence,
from BlcG84 to BlcE84. Among these 25 pathogenic E. coli strains, 17
could induce host intestinal inflammation, and the strains NRG 857C
and LF82 have been reported as the Crohn's disease-associated AIEC
[41,42]. We also provided the overall prevalence of Blc variant among
sequenced E. coli strains (Table S1). Among 555 sequenced E. coli
strains, 251 strains contain the protein BlcE84, while 304 strains con-
tain the protein BlcG84. Moreover, intestinal inflammation in IBD is
frequently associated with dysbiosis with Enterobacteriaceae, so we
analyzed the relative abundance of BlcE84-containing bacteria in the
faecal samples from patients with IBD and healthy controls. All faecal
samples were collected from the patients without oral antibiotic
treatment from the Department of General Surgery (IBD group,
including 4 mildly active, 3 moderately active, 2 severely active, 3
clinical remission ulcerative colitis (UC), and 2 mildly active, 2 mod-
erately active, 1 severely active, 12 clinical remission Crohn’s disease
(CD)), and the Department of Ophthalmology (control group, 25
healthy subjects) of Jinling Hospital, Nanjing, China. We found that
the blcE84/blcG84 ratio was significantly higher in faecal samples from
patients with IBD than in those from the control group (Fig. 1g). In
detail, the blcE84/blcG84 ratio both in CD and UC patients showed sig-
nificant differences compared with that of the control group (Fig.
S3a). There were no remarkable differences in gender or age between
the IBD group and the control group. These results suggest that path-
ogenic E. coli with the g251a variant is enriched in inflamed host
intestines.

3.3. Infection with E. coli blcE84 activates the host immune response in
worms and mice

To confirm the pathogenic effects of the E. coli blc g251a variant,
we constructed a blc g251a knock-in E. coli strain blcE84 on the pater-
nal K-12 E. coli BW25113 background using a modified RED-ET sys-
tem. Then, we examined the abilities of both E. coli BW25113 and E.
coli blcE84 to cause an immune response in worms. Indeed, the C. ele-
gans fed with E. coli blcE84 displayed upregulated intestinal GFP
expression (Fig. 2a), indicating the activation of immunity. AMP tran-
scription (Fig. 2b) and PMK-1 phosphorylation levels (Fig. 2c) also
increased in worms fed E. coli blcE84.

Next, we tested the pathogenic effects of E. coli blcE84 in mice. To
reduce the potential interference of the complexity of the gut micro-
biota, mice were pre-treated with antibiotic cocktails containing
ampicillin, vancomycin, neomycin and metronidazole (AVNM) [27].
These mice were then infected with E. coli BW25113 or E. coli blcE84

at 1 £ 108 colony-forming units (cfu) by oral-intragastric inoculation.
E. coli blcE84 induced diarrhea in mice 7 days post-infection (Table
S2). Transcription of inflammatory cytokines including Tnfa, Il1b, Il4,
Il8 and Il17 (Fig. 2d), and the genes of antimicrobial defense proteins
including Reg3 and Cryptdin (Fig. S4a and b), were upregulated in the
colon tissues of E. coli blcE84-infected mice compared to those in the
E. coli BW25113-infected group. Consistently, immunostaining in the
distal colon showed a significant increase in the infiltration of F4/80+,
CD11b+ and Ly-6G/6C+ cells in the E. coli blcE84-infected group (Figs.
2e and S4c�e). The gating strategy is shown in Table S3. The number



Fig. 1. The non-pathogenic E. coli variant blcg251 (BlcG84) suppresses the C. elegans immune response, and variant blca251 (BlcE84) is enriched in pathogenic E. coli strains and faeces
from patients with IBD. (a) Fluorescence and bright-field images of GFP expression driven by the promoter of AMP encoding the T24B8.5 gene in young adult worms fed BW25113,
Dblc,Dblc;blc (blc-re-expressing E. coliDblc strain),Dblc;blank (blank vector-re-expressing E. coliDblc strain), BW25113;blc (blc-re-expressing E. coli BW25113 strain), BW25113;
blank (blank vector-re-expressing E. coli BW25113 strain), or pathogenic PA14 bacteria. The scale bar represents 200 mm. (b and c) qRT-PCR analysis of AMP-encoding mRNAs of
metridin-like ShK toxins T24B8.5 (b) and F01D5.5 (c) in worms treated with different bacterial strains. Error bars represent the mean § SEM. (three biological replicates).
*** p < 0.001 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg). (d) Western blot analysis of phosphorylated PMK-1/p38 in worms treated with BW25113,Dblc
or Dblc;blc bacterial strains. b-actin served as the internal control for equal loading. (e and f) Alignment of bacterial lipocalin genes from 25 pathogenic E. coli strains (e) and nine
non-pathogenic commensal E. coli strains (f). The 251 adenine variants are highlighted in red, and synonymous mutations are highlighted in blue. (g) Human IBD patient faecal sam-
ples show significant enrichment of bacteria carrying the BlcE84 variant over BlcG84 (controls, n = 25; patients, n = 29). The difference in the CT between the two groups showed sig-
nificant differences in the xy plane. The box plots in the xz plane display the CT value as an index of amplification efficiency for exponential operation. The calculation data of the CT
value indicates the ratio of the relative abundance between E. coli blcG84 and E. coli blcE84 (Mann�Whitney U test). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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of CD4+ and CD8+ T cells was also significantly increased in the
colonic tissue of the E. coli blcE84-infected mice by FACS analysis
(Fig. 2f and g and Table S4). All of these observations indicated acti-
vated local inflammation in the gut after E. coli blcE84 infection.

In addition to local inflammation, systemic inflammation was also
activated by E. coli blcE84 infection. Most types of immunocytes from
spleen tissue and whole blood were increased (Figs. 2h�o and S5),
including neutrophils (Figs. 2h and i and S5i and j), macrophages
(Fig. 2j and k), monocytes (Fig. S5c, d, k and l), eosinophils (Fig. S5a, b,
m, and n), CD4+ T cells (Figs. 2n and o and S5s and t), and NK cells
(Fig. S5v and w). However, CD8+ T cells (Fig. S5e, f, s and u) showed
no significant differences. In summary, E. coli blcE84 infection can
induce an immune response in mice at the colonic and systemic lev-
els 7 days post-infection.

3.4. Infection with E. coli blcE84 disrupts the host intestinal epithelial
barrier

IBDs are pathologically characterized by both chronic gastrointes-
tinal inflammation and sustained epithelial injury [43]. Therefore, we



Fig. 2. E. coli blcE84 activates the immune response in C. elegans and mice. (a) Fluorescent and bright-field images of the T24B8.5 promoter driving GFP reporter expression in worms
treated with E. coli BW25113 or E. coli blcE84. The scale bar represents 200 mm. (b) qRT-PCR analysis of AMP-encoding mRNAs in worms treated with E. coli BW25113 or E. coli blcE84.
Error bars represent the mean § SEM. **p < 0.01, ****p < 0.0001 (two-tailed Student’s t test). (c) Western blot analysis of phosphorylated PMK-1/p38 levels in worms treated with E.
coli BW25113 or E. coli blcE84. Animals treated with PA14 and the pmk-1 null mutant treated with BW25113 served as the positive control (P ctrl) and negative control (N ctrl), respec-
tively. b-actin served as the internal control. (d�o) Male C57BL6/N mice at 8 weeks old, which had been pre-treated with an antibiotic cocktail (AVNMmice), were gavaged with E. coli
culture (108 cfu) once. Mice were sacrificed on day 7 post-infection (n = 5). (d) qRT-PCR analysis of Tnf, Il1b, Il2, Il4, Il6, Il8, Il10, Il17, Il18 and Il22 in themouse distal colon (three biologi-
cal replicates). Error bars represent the mean § SEM. *p < 0.05, **p < 0.01 (two-tailed Student’s t test). (e) Quantification of cell numbers (high power field) in Fig. S6. Error bars repre-
sent the mean § SD. *p < 0.05, ****p < 0.0001 (two-tailed Student’s t test). (f and g) Dot plots (f) and quantification (g) of CD4+ and CD8+ T cells in the whole distal colon from infected
mice. Error bars represent the mean § SEM. *p < 0.05, ***p < 0.001 (two-tailed Student’s t test). (h�o) Dot plots and quantification of neutrophils (h and i), macrophages (j and k),
T cells (l and m) and CD4+ T cells (n and o) in the spleens of infectedmice. Error bars represent the mean§ SEM. *p< 0.05 (two-tailed Student’s t test).
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next examined the colon epithelial barrier integrity in animals
exposed to E. coli blcE84.

C. Elegans feeding on different E. coli strains were stained by FD&C
Blue No. 1 dye, which can only penetrate the damaged gut epithelium
[44]. The dye was restricted to the inside of the intestines of worms
fed E. coli BW25113 (Fig. 3a, top). In contrast, the dye diffused
throughout the whole body of worms fed E. coli blcE84, indicating
intestinal barrier disruption and leakage (Fig. 3a, bottom). In mice,
we measured the integrity of the intestinal barrier indirectly by
examining the serum levels of total protein (TP) and albumin (ALB)
[45]. Mice infected with E. coli blcE84 displayed much lower levels of
TP and ALB than mice infected with BW25113, indicating disruption
of the intestinal barrier (Fig. 3b and c).

Adherens junction (AJ) proteins and tight junction (TJ) proteins
are crucial to maintaining normal intestinal barrier function. Abnor-
mal expression and localization of these proteins can result in altered
intestinal permeability [46]. Western blots showed that the AJ pro-
tein E-cadherin and the TJ proteins Occludin and Claudin-1 were sig-
nificantly downregulated in the colon tissues of E. coli blcE84-infected
mice at day 7 post-infection (Fig. 3d and e). This result was confirmed
by immunostaining that E. coli blcE84 infection induced lower expres-
sion of enterocyte junction proteins (Figs. 3f and g and S6). These



Fig. 3. E. coli blcE84 disrupts the host intestinal epithelial barrier. (a) FD&C Blue No. 1 dye (erioglaucine disodium) staining of BW25113-treated and E. coli blcE84-treated worms. The
scale bar represents 200 mm. (b�g) Male C57BL6/N AVNM mice were sacrificed on day 7 post-infection at the age of 9 weeks (n = 6). (b and c) Blood biochemical analysis of mouse
serum total protein (TP) (b) and albumin (ALB) (c). Error bars represent the mean § SD. **p < 0.01 (two-tailed Student’s t test). (d and e) Western blots (d) and quantification (e) of
the adherens junction (AJ) protein E-cadherin and the tight junction (TJ) proteins Occludin and Claudin-1 in the distal colons of infected mice. GAPDH served as the internal control.
Error bars represent the mean § SD. **p < 0.01 (two-tailed Student’s t test). (f and g) Localization of the AJ protein E-cadherin (f) and TJ protein ZO-1 (g) in paraffin sections of the
distal colon from BW25113-infected and blcE84-infected groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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data demonstrate that E. coli blcE84 induces intestinal epithelial bar-
rier disruption in both C. elegans and mice.

3.5. Epithelial barrier disruption precedes intestinal inflammation upon
E. coli blcE84 infection

The E. coli blcE84-infected mice showed two characteristics resem-
bling the clinical symptoms of patients with IBD: upregulated inflam-
mation and disrupted intestinal barrier integrity. Clarifying the time
courses of these two phenotypes is important for dissecting the patho-
logical consequences following E. coli blcE84 infection. We examined
mice infected with E. coli blcE84 or BW25113 on day 1, 2, 3 and 5 post-
infection. On day 1 post-infection, the level of Claudin-1 significantly
decreased in the E. coli blcE84-infected mice, whereas E-cadherin and
Occludin remained comparable between the E. coli blcE84-infected and
BW25113-infected mice (Fig. 4a and b). Meanwhile, the numbers of
mature colonic goblet cells which are important for mucus, were sig-
nificantly downregulated in the E. coli blcE84-infected mice (Fig. S7). To
test the leakage of the intestine, FITC-dextran in PBS was introduced to
infected mice by enema 2 h before blood collection. We found that the
serum FITC level in E. coli blcE84-infected mice was significantly higher
than that of the BW25113 group on day 1 post-infection (Fig. 4c). Con-
sistently, we found that, compared to the BW25113-infected group,
the E. coli blcE84-infected germ-free mice displayed increased bacterial
burden in the whole blood, spleen and intestine-draining mesenteric
lymph nodes (LNs). However, there were no differences in the bacte-
rial burden in the liver between the two groups (Fig. 4d). After day 2
post-infection, the AJ protein E-cadherin and the TJ proteins Occludin



Fig. 4. E. coli blcE84 infection induces host intestinal epithelial barrier damage prior to the host immune response. (a and b) Western blots (a) and quantification (b) of E-cadherin,
Occludin and Claudin-1 in the distal colons of BW25113 and blcE84 gavaged mice on day 1 post-infection. GAPDH served as the internal control. Error bars represent the mean § SD
(n = 4). *p < 0.05 (two-tailed Student’s t test). (c) Assessment of intestinal permeability with enema FITC-dextran on day 1 post-infection. Error bars represent the mean § SD.
**p < 0.01 (two-tailed Student’s t test). (d) Germ-free male mice at 10 weeks old were orally gavaged with a single inoculum of E. coli BW25113 or E. coli blcE84. The number of CFUs
on day 1 post-infection was determined in whole blood, spleen, liver and intestine-draining mesenteric lymph nodes (LNs) (n = 5). Error bars represent the mean § SD. **p < 0.01,
****p < 0.0001 (two-tailed Student’s t test). (e and f) Time course of CD4+ (e) and CD8+ (f) T cells in whole distal colon tissues from days 1 to 5 post-infection (n = 4). Error bars repre-
sent the mean § SD. *p < 0.05, **p < 0.01 (two-tailed Student’s t test). (g�n) Dot plots and quantification of neutrophils (g and h), macrophages (i and j), T cells (k and l) and CD4+ T
cells (m and n) in the spleens of infected mice on day 3 post-infection. Error bars represent the mean § SEM (n = 4). *p< 0.05, **p< 0.01 (two-tailed Student’s t test). (o�v) Dot plots
and quantification of neutrophils (o and p), macrophages (q and r), T cells (s and t) and CD4+ T cells (u and v) in the spleens of infected mice on day 5 post-infection. Error bars repre-
sent the mean § SEM (n = 4). *p < 0.05, **p < 0.01, ****p < 0.0001 (two-tailed Student’s t test).
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and Claudin-1 in the colons of the E. coli blcE84-infected mice all
showed marked decreases compared to those in the BW25113 group
(Fig. S8). These data indicate that infection with E. coli blcE84 induced
colon epithelial barrier disruption in mice as early as 1 day after bacte-
rial infection.

When we investigated the time course of inflammation activation,
we found that only TNF-a was slightly upregulated in the colons of E.
coli blcE84-infected mice compared to the BW25113-infected group
on day 1 and day 2 post-infection (Fig. S9a�f). This TNF-a increase
may be due to the faster growth of E. coli blcE84 in vivo. When mice
were infected with a single inoculum of a 1:10 (107 cfu:108 cfu), 1:1
(107 cfu:107 cfu), or 10:1 (108 cfu:107 cfu) mixture of E. coli BW25113
and E. coli blcE84, we noticed higher E. coli blcE84 abundance in the gut
than E. coli BW25113 after 24 h (Fig. S10a). However, the abundance
of E. coli blcE84 in the gut decreased 3 days post-infection, which may
be a consequence of immune activation (Fig. S10b). Indeed, two days
after infection, inflammatory cytokines, including TNF-a, IL-1b, IL-4,
IL-6, IL-8, and IL-17, and antimicrobial peptides, including the Reg3g
and Cryptdin families, were all significantly upregulated in the colons
of E. coli blcE84-infected mice compared to the BW25113 group (Fig.
S9g�l). Consistently, we found that the proportions of CD4+ T cells
and CD8+ T cells in colon tissue of the E. coli blcE84-infected mice
exhibited no difference from those of the BW25113 group until day 3
post-infection (Fig. 4e and f).
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At the systemic level, the numbers of immunocytes, including
neutrophils, monocytes, eosinophils, macrophages, CD4+ T cells, CD8+

T cells and NK cells, from the spleen and whole blood showed no dif-
ferences between the two groups on day 1 and day 2 post-infection
(Figs. S11 and S12 and Table S4). However, innate immunity-related
immunocytes (Figs. 4g�j, S13a�d and S13i�p), including neutrophils
(Fig. 4g and h), macrophages (Fig. 4i and j), and eosinophils (Fig. S13a
and b) in the spleen, as well as neutrophils (Fig. S13i and j) and mac-
rophages (Fig. S13o and p) in the blood, were significantly increased
in the E. coli blcE84-infected mice compared to those in the BW25113
group on day 3 post-infection. The CD4+ T cell number was signifi-
cantly increased in the whole blood from the E. coli blcE84-infected
mice (Fig. S13s and t), while other adaptive immunity-related immu-
nocytes in the spleen and whole blood remained unchanged on day 3
post-infection (Figs. 4k�n and S13e�h and q�w). On day 5 post-
infection, adaptive immunity-related immunocytes at the local level
(Fig. 4e and f) and the systemic level (Figs. 4s�v and S14e�h and
q�w) were significantly increased, while some types of innate immu-
nity-related immunocytes expanded (Figs. 4o and p and S14k and l)
and others did not (Figs. 4q and r and S14a�d, i and j). All of the sta-
tistical results of absolute cell counts by flow cytometry are shown in
Table S4. These data confirmed the result that the infection of E. coli
blcE84 leads to immunocyte expansion at the systemic level at
approximately day 3 post-infection. Moreover, we examined the abil-
ity of E. coli blcE84 and BW25113 to activate activating innate immu-
nity in vitro, and the data indicated no difference between the two
strains (Fig. S15). These results suggest that E. coli blcE84 infection
stimulated the innate immune response on day 3 post-infection, fol-
lowed by activated adaptive immunity. All the data above indicate
that colonic enterocyte junction disruption occurred prior to the acti-
vation of local and systemic inflammation in E. coli blcE84 infected
mice.

3.6. BlcE84 shows decreased binding affinity with LPE and causes
decreased LPE concentration in E. coli

Next we asked how BlcE84 triggered the immunological response.
The biological function of the BlcG84 protein, as reported, is to bind
lysophospholipids (LPPs), especially lysophosphatidylethanolamine
(LPE), as a dimer [36]. Lysophosphatidic acid (LPA), which is easily
converted in vivo from LPE, plays an important role in alleviating bac-
teria-induced host diarrhea [28]. Thus, we hypothesized that BlcE84

and BlcE84 might display different dimerization or binding abilities to
LPE.

The dimerization of Blc was analyzed by modified SDS-PAGE and
liquid chromatography-mass spectrometry (LC-MS). The modified
SDS-PAGE results showed that a band migrating near 37 kDa corre-
sponded to the expected BlcG84 and BlcE84 dimers (Fig. 5b). The
results were confirmed by LC-MS: BlcG84 and BlcE84 existed both as
monomers (18,317 Da for BlcG84 and 18,389 Da for BlcE84) and as
dimers (36,633 Da for BlcG84 and 36,777 Da for BlcE84) under non-
denaturing conditions (Figs. 5a and S16). The difference between the
molecular weight of glycine and glutamic acid is approximately 72
Da, and 72 Da was the difference between the BlcG84 monomer and
the BlcE84 monomer, while the difference was 144 Da between the
dimers. These results indicate that there is no difference between
BlcG84 and BlcE84 dimerization under non-reducing conditions.

To examine the lipid binding of BlcG84 and BlcE84, we mixed pro-
karyotic-expressed and purified proteins with total lipids extracted
from E. coli Dblc, and then the specific lipids bound by BlcG84 or
BlcE84 were pulled down and identified by LC-MS. We found that
BlcG84 immunoprecipitated a greater variety of lipids than BlcE84

(Fig. 5c). BlcG84 showed higher lipid binding ability than BlcE84, espe-
cially for LPE 16:0 and LPE 18:1 (Fig. 5d�f). These results indicate
that BlcE84, with its changed spatial structure, displays lower binding
affinity to LPE.
This binding affinity change may be related to alternation of the
protein structure. For BlcG84, the glycine at the 84th position is
located in a loop domain that links two beta-sheets [47]. Using
SWISS-MODEL to model the Blc tertiary and quaternary structures
[31], we found that the switch from an uncharged glycine to a nega-
tively charged glutamic acid at BlcE84 can attract the positively
charged arginine at position52 closer to the 84th position (Fig. 5g).
This structural change may prevent the access of LPE binding because
the arginine at position 52 is located at the entrance of the hydropho-
bic pocket of Blc, which is suited to bind lipid molecules. Therefore,
the Blc G84E mutation may change the tertiary structure of Blc and
influence its lipid binding ability.

Several studies have proposed that Blc helps bacteria as a reten-
tion machine for lipids [36,47]. To explore the lipid-bound profile
with E. coli blcE84 or E. coli blcG84. The total lipids were extracted from
the bacterial cells and bacterial culture supernatant, and then identi-
fied by LC-MS. The results showed that both LPE and LPA were unde-
tectable in the culture supernatant (Fig. S17), and E. coli BW25113
possessed more LPE 16:0 and LPE 18:1 in the cell than E. coli blcE84

(Fig. 5h�j). These results suggest that these molecules may not be
secreted but may be released by lytic E. coli cells.

3.7. LPE 18:1 rescues barrier disruption in the colonic epithelium of E.
coli blcE84-infected mice

Our data showed decreased LPE storage in E. coli blcE84. To test
whether E. coli BW25113 supplied more LPE to the host than E. coli
blcE84, faecal samples of mice on day 1 post-infection were collected
and analyzed by LC-MS. Indeed, we found that faecal samples from E.
coli blcE84-infected mice contained significantly less LPE 18:1
(Fig. 6c). The LPE 16:0 (Fig. 6a) and LPE 16:1 (Fig. 6b) levels showed
slight decreases but no significant differences between the two
groups. More importantly, these changes in intestinal lipid levels
were also observed in faecal samples from patients with IBD. We
found that LPE 16:0 (Fig. 6d) and LPE 18:1 (Fig. 6f) levels in faecal
samples from patients with IBD were significantly decreased com-
pared with those from healthy controls, whereas the LPE 16:1
(Fig. 6e) levels were comparable. However, the decrease in LPE
tended to be a symptom of UC patients rather than CD patients (Fig.
S3b�d). These results demonstrate that gut inflammation is associ-
ated with specific changes in gut LPE levels.

Finally, we examined whether LPE supplements could rescue E.
coli blcE84-induced phenotypes in mice. LPE 18:1, which dissolved in
peanut oil, was fed orally to AVNM mice on day 0. As expected, LPE-
treated E. coli blcE84-infected mice displayed lower FITC in serum,
compared to vehicle-treated E. coli blcE84-infected mice in the FITC-
dextran assay on day 2 post-infection (Fig. 6g). This result indicates
that LPE at 20 mM (200 mL per mouse) rescued the intestinal perme-
ability defects induced by E. coli blcE84 infection. Moreover, compared
to the vehicle-fed E. coli blcE84 infection group, colon tissue from mice
in the LPE-treated E. coli blcE84 infection group exhibited normal
expression patterns and distributions of ZO-1, Occludin, and Claudin-
1 (Figs. 6h�j and S18), suggesting the partial recovery of host intesti-
nal permeability through reversing the downregulated and abnor-
mally distributed junction proteins. In summary, E. coli blcE84-
induced host colon epithelial barrier disruption was rescued by LPE
supplementation, suggesting that the different phenotypes caused by
E. coli BW25113 and blcE84 infection in mice might be due to changed
LPE supplements.

3.8. LPE activates the LPA1/PLCb2/PKC axis to protect colon epithelial
barrier function

Our data demonstrate that LPE supplementation could rescue E.
coli blcE84 infection-induced host colon epithelial barrier disrup-
tion in vivo. Previous reports have speculated that LPE could



Fig. 5. BlcE84 spontaneously dimerized and downregulated the binding affinity with LPE. (a) LC-MS/MS spectra of the BlcE84 dimer. (b) Purified BlcG84 and BlcE84 protein, dissolved
under non-reducing conditions, run in a modified SDS-PAGE with Coomassie blue staining. (c) Principal component analysis (PCA) of the lipids identified by LC/MS, which are repre-
sented by a vertical line (left panel), that were immunoprecipitated with purified BlcG84 and BlcE84 from the total lipids of E. coli Dblc (n = 6). (d�f) Lipid pull-down analysis of LPE
16:0 (d), 16:1 (e) and 18:1 (f) that were immunoprecipitated with purified BlcG84 and BlcE84 and identified by LC/MS (LPE 16:0, n = 8; LPE 16:1, n = 8; LPE 18:1, n = 7). Error bars rep-
resent the mean § SD. **p < 0.01 (two-tailed Student’s t test). (g) Alignment of the predicted structures of BlcG84 and BlcE84. The conformational differences are highlighted in
magenta (BlcG84) and yellow (BlcE84). (h�j) Lipid conformation analysis of LPE 16:0 (h), 16:1 (i) and 18:1 (j) that were extracted from E. coli cells and identified by LC/MS (n = 8). Error
bars represent the mean § SD. **p < 0.01, ****p < 0.0001 (two-tailed Student’s t test). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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activate LPA1 signaling, which functions to sustain endothelial and
epithelial barrier integrity [48,49]. We then tested whether a simi-
lar pathway was involved the E. coli blcE84 infection-induced host
colon epithelial barrier. In the cell culture model, LPA treatment
upregulate TJ and AJ proteins and enhanced the barrier function of
Caco-2 monolayers [50]. Our data showed that LPE could reverse
H2O2-induced downregulation of TJ and AJ proteins in a dose-
dependent manner [51] (Fig. 7a and b). As expected, pre-treatment
with two LPA1 antagonists, AM095 and Ki16425, blocked the pro-
tective function of LPE (Fig. 7c and d). LPA is the product of LPE and
a stronger agonist of LPA1 than LPE (Fig. 7a and b). To exclude the
possibility that the protective function of LPE relied on its transfor-
mation into LPA, two autotaxin (ATX) inhibitors, HA130 and
GLPG1690, were used. The results showed that HA130 and
GLPG1690 could not inhibit LPE-induced upregulation of TJ and AJ
proteins (Fig. S19). These data indicate that the protective function
of LPE is directly via LPA1.

To test the in vivo function of the LPA1 receptor in the gut, the
LPA1 inhibitor Ki16425 was injected i.p. into mice before E. coli
BW25113 or blcE84 infection. The FITC-dextran assay showed that E.
coli BW25113 caused damage to the intestinal barrier of the mouse
after the LPA1 signaling of the host was blocked (Fig. 7e), suggesting
that LPE protects the epithelial barrier through LPA1.

Since LPA is the product of LPE, and its efficiency in activating
LPA1 is higher than that of LPE, we explored whether intestinal bar-
rier integrity benefits from the transformation from LPE to LPA. Our



Fig. 6. LPE 18:1 rescues E. coli blcE84 infection-induced host intestinal barrier disruption. AVNM-treated male B6N mice at 8 weeks old were gavaged with E. coli culture (108 cfu)
once followed by LPA oral administration. Mice were sacrificed on day 2 post-infection (n = 4). (a�c) LC/MS/MS spectra of LPE 16:0 (a), LPE 16:1 (b) and LPE 18:1 (c) frommouse fae-
cal samples. Error bars represent the mean § SD (n = 8). **p < 0.01 (two-tailed Student’s t test). (d�f) LC/MS/MS spectra of LPE 16:0 (d), LPE 16:1 (e) and LPE 18:1 (f) from faeces
from healthy people and patients with IBD (control = 24; patients = 24). Error bars represent the mean § SEM. *p < 0.05 (two-tailed Student’s t test). (g) Assessment of the intestinal
permeability of LPE-treated, vehicle-treated mice with enema FITC-dextran on day 2 post-infection. Error bars represent the mean § SD (n = 4). **p < 0.01, ***p < 0.001 (two-tailed
Student’s t test and p.adjust with Benjamini & Hochberg). (h and i) Western blots (h) and quantification (i) of the AJ protein E-cadherin and TJ proteins Occludin and Claudin-1 in
the colons of infected mice. GAPDH served as the internal control. Error bars represent the mean§ SD (n = 4). *p< 0.05, **p< 0.01 (two-tailed Student’s t test and p.adjust with Ben-
jamini & Hochberg). (j) Localization of the TJ protein Claudin-1 in paraffin sections of the distal colon from all four groups.
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ELISA results showed that the total LPA content in the faeces of the
BW25113-infected mice was significantly higher than that in the
blcE84-infected group (Fig. S20). These data suggested that LPE sup-
plementation by BW25113 could be the source of the LPA substrate.
Therefore, we treated mice directly with LPA and then tested the
response of the mice to the two bacterial infections. As expected,
when LPA was administered, E. coli blcE84-infected mice displayed
lower FITC in serum compared to vehicle group on day 2 post-infec-
tion (Fig. 7f). Meanwhile, LPA treatment restored the expression pat-
tern of TJ and AJ proteins (Figs. 7g and h, S21 and S22). In summary,
E. coli blcE84-induced host colon epithelial barrier disruption could be
rescued by LPA supplementation, suggesting that the different
phenotypes caused by E. coli BW25113 and blcE84 infection in mice
might be the consequence of different LPA1 activation.

PKC has been recognized to influence IEC signaling [52]. Several
studies have suggested that LPA1 activates protein kinase C (PKC) via
a PLCb-induced DAG increase. Our data showed that LPE and LPA
treatment could increase PKC activity, with a phorbol ester (PMA)-
treated group as the positive control (Fig. 7i). The pan-PKC inhibitor
GF 109203X blocked LPE-induced TJ and AJ protein increases (Fig. 7j
and k). To explore the function of PLCb in LPA1-induced PKC activa-
tion, siRNA was used to knockdown PLCb1 and PLCb2 (Fig. S23). We
found that knockdown of PLC-b2 but not PLC-b1 ablated LPE-
induced upregulation of TJ and AJ proteins (Fig. 7l and m). These



Fig. 7. LPE activates the LPA1/PLCb2/PKC axis to protect colon epithelial barrier function. (a and b) Western blots (a) and quantification (b) of E-cadherin, Occludin and Claudin-1 in
Caco-2 cells treated with LPA (0.1 mM, 1 mM, 3 mM) or LPE (1 mM, 5 mM, 20 mM). GAPDH served as the internal control. Error bars represent the mean § SD. (three biological repli-
cates). *p < 0.05, **p < 0.01 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg). (c and d) Western blots (c) and quantification (d) for E-cadherin, Occludin and
Claudin-1 of AM095 (1 mM, 10 mM) or Ki16425 (1 mM, 10 mM) treated Caco-2 cells pre-treated with LPA (1 mM) or LPE (20 mM). GAPDH served as the internal control. Error bars
represent the mean § SD. (three biological replicates). *p < 0.05, **p < 0.01 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg). (e) Assessment of the intestinal
permeability of Ki16425-i.p. injected (20 mg/kg) and DMSO-i.p. injected mice with enema FITC-dextran on day 2 post-infection (n = 4). Error bars represent the mean § SD.
*p < 0.05, **p < 0.01 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg). (f) Assessment of the intestinal permeability of LPA-treated and vehicle-treated mice
with enema FITC-dextran on day 2 post-infection (n = 4). Error bars represent the mean § SD. **p < 0.01, ***p < 0.001 (two-tailed Student’s t test and p.adjust with Benjamini &
Hochberg). (g and h) Western blots (g) and quantification (h) of the AJ protein E-cadherin and the TJ proteins Occludin and Claudin-1 in the colons of infected mice. GAPDH served
as the internal control. Error bars represent the mean§ SD. *p< 0.05, **p< 0.01 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg). (i) Western blots for the phos-
pho-(Ser) PKC substrate of LPA (1 mM) or LPE (20 mM)-treated Caco-2 cells. Caco-2 cells were treated with PMA (1 mM) for 0.5 h (lane 1) and 4 h (lane 2) as the positive controls.
GAPDH served as the internal control. (j and k) Western blots (j) and quantification (k) of E-cadherin, Occludin and Claudin-1 of shPLCb1- or shPLCb2-treated Caco-2 cells. Error
bars represent the mean § SD. (three biological replicates). *p < 0.05, **p < 0.01 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg). (l and m) Western blots (l)
and quantification (m) of E-cadherin, Occludin and Claudin-1 in Caco-2 cells treated with the pan-PKC inhibitor GF-109203X (10 mM). GAPDH served as the internal control. Error
bars represent the mean § SD. (three biological replicates). *p < 0.05, **p < 0.01 (two-tailed Student’s t test and p.adjust with Benjamini & Hochberg).
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results indicate that LPE-induced enhancement of epithelial barrier
integrity depends on the LPA1/PLCb2/PKC axis.

4. Discussion

We demonstrate here that the E. coli-encoded blc gene can affect
host intestinal barrier integrity and immunological homeostasis,
while pathogenic E. coli usually carry a SNP in blc that results in a sin-
gle amino acid change from BlcG84 to BlcE84. Mice infected with bacte-
ria expressing BlcE84 display a diarrheal phenotype along with
defective epithelial permeability. Moreover, E. coli blcE84 is signifi-
cantly enriched in patients with IBD, which may provide a new bio-
marker for diagnosis. Our study identifies a variant in chromosomal
bacterial genes that is irrelevant to virulence and can severely affect
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the host intestinal barrier, suggesting that a single genome or gene
expression level can play a significant role in the host-microbiome/
pathogen interaction.

As the Table S1 showed, the ratios of two blc SNP variants are
comparable at the species level. However, the BlcE84 variant was con-
served in most clear-identified pathogenic E. coli, compared to the
commensal non-pathogenic strains (Fig. 1e and f). Based on our
study, the BlcE84 variant might represent an important new patho-
genic mechanism in E. coli in addition to LPS. It worths to characterize
the pathogenic ability of all the sequenced E. coli.

An injured intestinal epithelium with inflammation may create a
hyperoxic microenvironment in the gut, giving a slight growth
advantage to facultatively anaerobic bacteria over anaerobic bacteria
[5]. Patients with IBD have an increased relative abundance of Enter-
obacteriaceae, especially E. coli, in the terminal ileum and rectum,
and this increase is strongly correlated with the disease process [53].
AIEC strains such as NRG 857C and LF82, which were reported to con-
tribute to the progression of CD, also contain the g251a (G84E) SNP
site [41,42]. This phenomenon shows that non-pathogenic E. coli is
less competitive in the inflammatory microenvironment, which is in
line with a recent report [54]. We also found that the ratio of blcE84/
blcG84 was significantly upregulated in IBD patient samples and in co-
infected mice (Figs. 1g and S10), which indicates that pathogenic E.
coli blcE84 displays a growth advantage in the inflamed intestine.
However, blca251/BlcE84 variant cannot explain all pathogenic E. coli-
caused host pathogenesis: first, this variant is not possessed by all
pathogenic E. coli serotypes (Fig. 1e and Table S1); second, pathogenic
E. coli has other effector proteins and toxins, such as the type 3 secre-
tion system and Shiga toxin. To explore the association between
decreased blcE84/blcG84 ratio and disease activity index, the medical
history, phase of the disease, more samples are required for further
investigations.

The paternal E. coli strain BW25113 belongs to a clear lineage of K-
12 E. coli. This strain does not possess any key PAIs that enable bacte-
ria or bacterial metabolites to cross the host intestinal barrier [25].
Hence, the blc g251a knock-in E. coli blcE84 strain, which was based
on E. coli BW25113, lacked the ability to pass through the colon epi-
thelium unless the barrier was disrupted. In our E. coli-infected
AVNM pre-treated mouse model, the residual endogenous microbes
after antibiotic treatment may be a key reason to explain why E. coli
blcE84 caused a host immune response in mice after infection. Per-
haps after E. coli blcE84 infection, disruption of the intestinal barrier
occurs first, but the subsequent invasion of other bacteria (opportu-
nistic pathogens) leads to an increase in systemic inflammation. Our
data in Fig. S6 show that the E. coli blcE84-infected GF mice displayed
increased bacterial burden, which, however, could not prove the
enhanced invasion of E. coli blcE84 compared to BW25113. This phe-
nomenon might be the consequence of a disrupted epithelial barrier
at an early stage. This was consistent with the result that mice
infected with E. coli carrying blcE84 showed colonic barrier disrup-
tion prior to increased inflammation in our study. The cell junction-
related protein Claudin-2 responded quickly to C. rodentium infec-
tion, as early as 2 days after infection [55]. Our data showed that the
TJ and AJ proteins in colonic enterocytes were downregulated as early
as 1 day after infection. In previous studies, systemic inflammation
began to develop 3 days after infection with the murine-specific
pathogen Citrobacter rodentium and the pathobiont P. mirabilis [5,56].
In this study, the E. coli blcE84-infected mice also showed a detectable
antimicrobial response on day 3 post-infection (Figs. S9�S14). At the
systemic level, innate immunity-related immunocytes were upregu-
lated on day 3 post-infection. The adaptive immunity-related immu-
nocytes increased on day 5 post-infection (Figs. 4 and S14), except
that the CD4+ T cell number showed significant upregulation on day
3 post-infection (Fig. S13t). Moreover, we found that the downregu-
lated abundance of E. coli blcE84 on day 3 post-infection displayed a
negative correlation with host immune activation (Figs. S10b, 4e�n,
S9g�I and S13). However, the abnormal immune system of patients
with IBD may cause intestinal dysbiosis and impaired E. coli blcE84

clearance, which could promote the development of the disease.
These results suggest that, for many species of pathogenic bacteria,
including BlcE84-containing E. coli, disruption of the host intestinal
epithelial barrier might be necessary for intestinal inflammation.

A multiomics-based study showed a significant decrease in LPE in
faeces of CD and UC patients [53]. However, we mechanically
explained the correlation between two related phenotypes of IBD: 1.
E. coli increase; 2. LPE decrease. Our study revealed that the
decreased binding capacity between the E. coli BlcE84 protein and LPE
caused the downregulation of LPE in both the bacterial cell and the
host lumen.

The physiological function of Blc is not fully understood. The crys-
tal structure and biochemical study demonstrated that the BlcG84

protein forms a dimer and may store bacterial lipids with a binding
preference for lysophospholipids (LPPs) [36]. The replacement of an
uncharged glycine by a negatively charged glutamic acid in BlcE84

may attract the positively charged arginine at position 52 to the glu-
tamic acid at position 84 by computer simulation (Fig. 5g). This struc-
tural change may affect the binding affinity for LPE because the
arginine at position 52 is located at the entrance to the hydrophobic
pocket of Blc for LPE binding [36]. Indeed, we found that BlcE84 dis-
plays much lower affinity for LPE than BlcG84 (Fig. 5c�f). E. coli
BW25113, which encodes BlcG84, stores more LPE than E. coli blcE84

(Figs. 5h�j and S17). Based on our studies, we speculated that E. coli
may not secrete LPA and LPE, but these molecules might be released
into the host intestine from dead bacteria (Fig. S17). Consistent with
this, non-pathogenic bacteria encoding BlcG84 helped to maintain
intestinal LPE18:1 and LPE16:0 levels, whereas infection with the
pathogenic bacteria containing BlcE84 resulted in lower levels of these
two lysophospholipids in both mice and humans (Fig. 6a�f).

Previous studies have suggested that lysophospholipids are cru-
cial for regulating epithelial integrity and physiological homeostasis.
As the key product of LPPs, LPA relieves intestinal inflammation by
increasing salt absorption and decreasing anion secretion [57]. LPA
can maintain intestinal ion homeostasis by mediating the function of
Na+/H+ exchanger 3 (NHE3) [28], cystic fibrosis transmembrane con-
ductance regulator (CFTR) [58] and Cl�/OH� exchanger through the
LPA receptor [59]. Consistent with these functions, LPA receptor 1
knockout mice (lpa1�/�) showed increased intestinal barrier perme-
ability and downregulated TJ and AJ protein expression in the colon
[50]. Bone marrow-derived dendritic cells (BM-DCs) from LPA recep-
tor 2 knockout mice (lpa2�/�) showed dramatically downregulated
IL-10 secretion and upregulated TNF-a production under lipopoly-
saccharide (LPS) stimulation [60]. However, in this study, supplemen-
tation with LPE 18:1 reversed the detrimental effects of blcE84

bacteria-infected mice, and the LPA1 signaling axis was activated dur-
ing LPE treatment (Figs. 6g�j, S18, 7a�d and S21). These data verify
the prediction in previous reports that LPE can activate LPA1 [48]. In
this study, we found that in a mouse model, both LPA and LPE could
rescue the phenotype of E. coli blcE84 infection. Although we demon-
strate that LPE can activate LPA1 directly, the efficacy is lower than
that of LPA. In the physical environment, LPE released from commen-
sal microbiota could either activate the LPA1 pathway directly, or be
transformed to LPA by ATX at first and then activate the LPA1 path-
way. For future clinical trials, the combination of LPE, LPA and other
related lysophospholipids may be more efficient than single lipids.

Activated LPA signaling mediates the function of protein kinase C
[61]. We showed that LPE stimulated PKC activation and that a pan-
inhibitor of PKC could block the protective functions of LPE. Classical
PKC (cPKC) (a, b and g) and novel PKC (nPKC) isotypes (d, e, h and u)
have been reported to trigger the translocation of TJ and AJ proteins
to the cell membrane [62]. This is consistent with our results that
activated PKC signalling via PLCb2 could protect Caco-2 cells from
oxidative damage. Moreover, previous studies have demonstrated
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that the PKC agonist PMA is capable of inducing TJ fibrils in MDCK
cells [62]. In addition, the participation of PKCs in TJ disassembly has
been studied in different systems, and complicated PKC signaling to
epithelial cell junctions has been demonstrated [52]. A direct interac-
tion of ERK, which is downstream of activated PKC, with the C-termi-
nal region of Occludin has been reported, and this interaction helps
to maintain the stability and localization of TJ proteins [63]. The
H2O2-induced redistribution of TJ and AJ proteins and the increase in
barrier permeability were reversed by inhibiting the activity of PP2A
[64]. As a Ser/Thr phosphatase, PP2A is functionally antagonistic to
PKC which has serine/threonine kinase activity. Additionally, some
studies have shown that the MEK/ERK MAPK signalling pathway is
crucial in PKC activation-mediated Caco-2 resistance to oxidative
stress [63]. These studies indicate that the activation of PKC plays an
important role in sustaining colon epithelial cell junctions. However,
which of the three PKC isotypes participate in LPE-mediated barrier
protection requires further study.

Our study indicates that the blca251 variant could be used as an
indicator for the diagnosis of inflammatory bowel disease, and could
be helpful for the classification of inflammatory bowel disease sub-
types to facilitate targeted treatment. Moreover, lysophosphatidyle-
thanolamine is widely found in foods including rice and wheat, so
supplementation with lysophosphatidylethanolamine is safe and
may also be helpful for the remission of inflammatory bowel disease.

In conclusion, our study reveals the novel functions of bacterial Blc in
maintaining intestinal homeostasis. We also identified a pathogenic var-
iant in patients with IBD. Our studies suggest a therapeutic application
of LPE and LPA, suggesting that BlcG84 serves as a protective factor for
host gut epithelial barrier integrity by increasing LPE storage. An in-
depth study of this pathway may shed light on these novel pathogenic
processes and provide new targets for the treatment of related diseases.
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