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Abstract 

Background Formyl peptide receptor 2 (Fpr2) plays a crucial role in colon homeostasis and microbiota balance. 
Commensal E. coli is known to promote the regeneration of damaged colon epithelial cells. The aim of the study 
was to investigate the connection between E. coli and Fpr2 in the recovery of colon epithelial cells.

Results The deficiency of Fpr2 was associated with impaired integrity of the colon mucosa and an imbalance 
of microbiota, characterized by the enrichment of Proteobacteria in the colon. Two serotypes of E. coli, O22:H8 
and O91:H21, were identified in the mouse colon through complete genome sequencing. E. coli O22:H8 was found 
to be prevalent in the gut of mice and exhibited lower virulence compared to O91:H21. Germ‑free (GF) mice that were 
pre‑orally inoculated with E. coli O22:H8 showed reduced susceptibility to chemically induced colitis, increased prolif‑
eration of epithelial cells, and improved mouse survival. Following infection with E. coli O22:H8, the expression of Fpr2 
in colon epithelial cells was upregulated, and the products derived from E. coli O22:H8 induced migration and pro‑
liferation of colon epithelial cells through Fpr2. Fpr2 deficiency increased susceptibility to chemically induced colitis, 
delayed the repair of damaged colon epithelial cells, and heightened inflammatory responses. Additionally, the popu‑
lation of E. coli was observed to increase in the colons of Fpr2−/− mice with colitis.

Conclusion Commensal E. coli O22:H8 stimulated the upregulation of Fpr2 expression in colon epithelial cells, 
and the products from E. coli induced migration and proliferation of colon epithelial cells through Fpr2. Fpr2 defi‑
ciency led to an increased E. coli population in the colon and delayed recovery of damaged colon epithelial cells 
in mice with colitis. Therefore, Fpr2 is essential for the effects of commensal E. coli on colon epithelial cell recovery.
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Background
The colonization of the gut by microbes in mammals 
occurs during and after birth. This process is dynamic 
and influenced by various factors such as lifestyle, diet, 
host genotype, antibiotic use, and diseases [1]. These 
interactions eventually lead to the establishment of 
diverse bacterial populations that form a symbiotic 
relationship with the host [2]. The term “dysbiosis” was 
coined over a century ago to describe the disruption of 
this symbiosis [3]. Dysbiosis involves the imbalance 
of beneficial microbial input or signals and the expan-
sion of pathogenic microbes, known as pathobionts. It 
is believed that dysbiosis can trigger pro-inflammatory 
responses and immune dysregulation, which are associ-
ated with various disease states [4], including inflamma-
tory bowel disease (IBD) [5].

Inflammatory bowel disease (IBD) is characterized by 
chronic and recurrent inflammation of the intestines and 
includes two main subtypes: ulcerative colitis (UC) and 
Crohn’s disease (CD). UC primarily involves inflamma-
tion of the colonic mucosa throughout the colon, while 
CD is characterized by transmural ulceration that can 
occur in any part of the gastrointestinal tract, with the 
terminal ileum and colon being most commonly affected 
[6].

The pathogenesis of IBD is complex and not fully 
understood. Current evidence suggests that dysregula-
tion of immune responses to intestinal flora, as well as 
interactions between genetic and environmental factors, 
play a significant role in driving the disease [6, 7]. How-
ever, the exact underlying pathogenic mechanisms that 
lead to IBD development and progression are still not 
completely elucidated [6, 7]. Further research is neces-
sary to gain a comprehensive understanding of the fac-
tors involved in the pathogenesis of IBD.

Formyl peptide receptors (FPRs in humans and Fprs 
in mice) are members of the G-protein-coupled che-
moattractant receptors (GPCRs) family [8]. They play 
a role in recognizing natural and synthetic ligands and 
mediating the accumulation of myeloid cells at sites of 
infection and inflammation [9, 10]. In humans, there are 
three functional FPRs: FPR1, FPR2, and FPR3 [11, 12], 
while in mice, there are at least two counterparts: Fpr1 
and Fpr2 [13]. FPR2 exhibits a diverse expression pattern 
and functionality, as it can recognize a wide range of for-
mylated or non-formylated chemotactic agonists derived 
from pathogens, host cells, synthetic peptides, and small 
molecules [14–16]. FPR2 has been implicated in various 
human diseases, including infections, inflammation, and 
cancer [17, 18].

The use of Fpr2−/− mice has provided valuable mod-
els for studying human diseases, such as allergic air-
way inflammation [19], lung carcinoma [20], and colon 

inflammation and cancer [21]. By examining the changes 
in the colon microbiota of Fpr2−/− mice, we can gain a 
deeper understanding of the mechanisms underlying 
human diseases and develop improved therapeutic strat-
egies. This approach allows for a more comprehensive 
exploration of the relationship between Fpr2 and the gut 
microbiota, shedding light on the pathogenesis of various 
conditions and facilitating the development of targeted 
treatments.

Mouse Fpr2 exhibits a significant role in maintaining 
colon homeostasis by being expressed on colon crypt epi-
thelial cells and promoting cell proliferation [8, 21]. This 
response is triggered by the chemotactic agonist fMLF, 
which is released by enteric bacteria like Lactobacillus 
rhamnosus GG (LGG) and E. coli [21, 22]. In healthy indi-
viduals, E. coli represents a small fraction, less than 1%, 
of the gut microbiota [23]. However, in individuals with 
inflammatory bowel disease (IBD) and in animal models 
of gut inflammation, E. coli becomes more dominant in 
the gut microbiota [24–26]. E. coli strains isolated from 
individuals with IBD often exhibit adherence and inva-
sive properties, displaying virulence characteristics [27].

In the current study, we identified two serotypes of E. 
coli and established the connection between the com-
mensal E. coli serotype O22:H8 and Fpr2. This finding 
suggests a specific relationship between commensal E. 
coli strain and the Fpr2 receptor, potentially implicating 
their involvement in the modulation of colon homeosta-
sis and the pathogenesis of intestinal diseases.

Methods
Mice
Specific-pathogen-free (SPF) mice: Fpr2−/− mice were 
generated as described previously [19]. Cre-loxp strat-
egy [28] was used to deplete mouse Fpr2 gene. Fpr2−/− 
mice were backcrossed for at least eight generations to 
wild type (WT) C57BL/6 mice before using experiments. 
WT (Fpr2+/+) and Fpr2−/− litter mates were generated by 
mating pairs of male and female heterozygous (Fpr2+/−) 
mice. All mice were maintained under SPF environment 
in the facility of Frederick National Laboratory for Can-
cer Research (Frederick, MD). Mice were allowed for free 
access to standard laboratory chow/tap water. All animals 
were housed in an air-conditioned room with controlled 
temperature (22 ± 1  °C), humidity (65–70%), and day/
night cycle (12 h light, 12 h dark). The mice used in the 
experiments were male and 2–3  months old (except in 
the experiments to detect crypt length of colons at differ-
ent mouse ages).

Germ-free (GF) mice: The embryos were obtained 
from pregnant female C57BL/6 wild type (WT) mice 
under sterile conditions then transplanted into a germ-
free mother mouse to obtain GF WT mice. GF mice were 
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maintained in a sterile environment completely devoid 
of microorganisms in Gnotobiotic Facility, Frederick 
National Laboratory for Cancer Research, Frederick, MD. 
The GF mice used in the experiments were 2–3 months 
old, males and all experiments were performed under 
sterile conditions.

Cell culture
CT26 mouse colon carcinoma cell line was maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-
Invitrogen) containing 10% FBS (HyClone Laboratories, 
Logan, UT, USA) and 1% penicillin/streptomycin. CT26 
cells were cultured in a humidified 37˚C incubator with 
5% CO2.

Design of animal experiments

1. For measuring the effect of Fpr2 deficiency on colon 
crypt length, male WT and Fpr2−/− mice (4–9 mice 
per group) were euthanized at ages of 1, 15, 30, and 
90  days. The colons were harvested and used to 
examine the crypt length. The colon sections of WT 
and Fpr2−/− mice at age of 60 days were further used 
to examine the levels of Muc2, cathelin-related anti-
microbial peptide (CRAMP), β-Defensin,  PAS+ gob-
let cells and Ki67.

2. Evaluation of the composition of gut microbiome 
in naïve mice. Male WT and Fpr2−/− mice were co-
housed (2–3 WT mice plus 2–3 Fpr2−/− mice/cage) 
for 4  weeks after weaning, followed by separation 
(4–5 WT mice/cage or 4–5 Fpr2−/− mice/cage) for 
an additional 6 weeks. Subsequently, each mouse was 
individually housed in a separate cage to collect fresh 
fecal pellets. The fecal pellets were collected in tubes, 
with one tube assigned to each mouse. These fecal 
samples were collected for the purpose of analyzing 
the microbiota through 16S rRNA gene sequencing.

For analysis of fecal microbiota by 16S rRNA gene 
sequencing, fecal DNA was prepared using the DNA 
Stool Mini Kit (QIAGEN) for sequencing. Briefly, the V4 
fragment of 16S rDNA was amplified by PCR using prim-
ers 515F: 5′-GTG CCA GCMGCC GCG GTAA-3′ and 
806R: 5′-GGA CTA CHVGGG TWT CTAAT-3′ flanked 
by p5 and p7 Illumina Sequencing adaptors (p5 and 
p7), barcodes (i5 and i7), pad (to optimize melting tem-
perature), and a link sequence. PCR products were puri-
fied and normalized using a SequalPrep Normalization 
Plate Kit (Invitrogen). Sequencing was performed using 
Mothur v.1.30.0. as described in the MiSeq 16S standard 
operating procedure protocol. All sequencing was per-
formed using the National Institutes of Health Biowulf 
Cluster. The bioinformatics analysis of 16S rRNA gene 

sequencing data of microbiota was conducted using soft-
ware USEARCH version 9.2.64 and QIIME version 1.9.1. 
Paired-end reads were merged, and stringent quality fil-
tering was performed to remove low-quality reads. The 
remaining reads were de-replicated and clustered into 
operational taxonomic units (OTUs) with 97% sequence 
identity using the UPARSE algorithm. OTU assignment 
and creation of an OTU table were done using the use-
arch_global command. Taxonomy was assigned using 
BLASTn searches against the SILVA ribosomal RNA 
gene database. OTUs with fewer than 10 sequences and 
no BLASTn hit were removed as quality control. The 
OTU tables were further processed by rarefying to the 
sample with the lowest number of sequences, with a 
threshold of > 10,000 sequences. Statistical analysis was 
performed using ANOVA and P values were corrected 
for multiple comparisons using the q-value test (0.1) [29]. 
The results of fecal bacterial population were represented 
as a Heat-map.

3. For DSS-induced colitis, male WT and Fpr2−/− mice 
(10–12 mice per group) were administered 3% dex-
tran sulfate sodium (DSS) (M.W. = 36,000–50,000, 
MP Biomedicals, LLC) in their drinking water for a 
duration of 5 days. Following this, they were provided 
with normal water for a period of 7 days to observe 
mouse survival. Furthermore, additional groups of 
WT and Fpr2−/− mice was administered 5% DSS for 
5 days, after which they were euthanized. The colons 
from these mice were harvested and sectioned for 
the assessment of colon mucosal damage.

4. To evaluate the recovery of colon epithelial cells, a 
group of male WT mice and a group of Fpr2−/− mice 
(6 mice per group) were subjected to a treatment 
with 5% DSS for a duration of 3 days, followed by a 
period of normal water consumption for 4 days. After 
this treatment period, the mice were euthanized, and 
their colons were harvested and sectioned for further 
analysis.

The levels of Ki67, which is a marker of cell prolifera-
tion, were examined to assess the regenerative capacity 
of the colon epithelial cells. Additionally, the presence of 
PAS + goblet cells, which produce mucus, Muc2 (a key 
mucin protein), and IL-1β (an inflammatory cytokine), 
were also evaluated. These measurements were per-
formed to gain insights into the recovery and functional-
ity of colon epithelial cells in both WT and Fpr2−/− mice 
following the DSS treatment and subsequent recovery 
period.

5. For quantification of colony forming units (CFU) of 
E. coli in feces, the mice given with 5% DSS for 5 days 
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were euthanized and the colon with cecum (avoid 
fecal leakage) were harvested. Feces (50–70  mg per 
mouse) were used for culture of E. coli on Violet Red 
Bile Lactose agar (VRBL, EMD Millipore Corpora-
tion) to compare the number of E.coli between WT 
and Fpr2−/− mice. Single colonies on VRBL were har-
vested and amplificated in LB Broth, then extracted 
for E. coli DNA with the DNeasy UltraClean Micro-
bial Kit (GIAGEN, MD). E. coli were identified with 
PCR and 16S rRNA gene sequencing.

Conventional PCR for genes of 16S rRNA and LpfA of E. coli
For the amplification of E. coli 16S rRNA and LpfA gene, 
a conventional PCR method was employed. Purified E. 
coli DNA was quantified using an NP-1000 Spectropho-
tometer (Thermo, MD) and adjusted to the same con-
centration for each sample, which was 1  µg/µl. For the 
amplification of E. coli 16S rRNA, the following primer 
sequences were used: primers 5′-TGG CTC AGG ACG 
AAC GCT GGC GGC-3′ (sense) and 5′-CCT ACT GCT 
GCC TCC CGT AGG AGT-3′ (antisense) were designed 
to yield a 348-bp product. The PCR amplification condi-
tion consisted of an initial denaturation step at 95 °C for 
5 min, followed by 30 cycles of denaturation at 95 °C for 
45 s, annealing at 58 °C for 1 min, extension at 72 °C for 
45 s, and a final extension step at 72 °C for 10 min. The 
PCR products were separated and visualized on 1.5% 
agarose gels through electrophoresis, followed by stain-
ing with ethidium bromide. Similarly, for the amplifica-
tion of E. coli LpfA gene, the following primer sequences 
were used: Sense primer: 5′-AGT TGG TGA TAA ATC 
ACC AT-3′, Antisense primer: 5′-GTG CTG GAT TCA 
CCA CTA TTC ATC G-3′. These primers were designed 
to yield a 222-bp product specific to the LpfA gene. The 
PCR amplification condition and product visualization 
were the same as mentioned above.

Histologic and immunohistochemical staining
To prepare the colon tissues for analysis, they were 
embedded in Optimal cutting temperature compound 
(OCT) and frozen. The frozen tissues were then sec-
tioned into slices that were 10-μm thick. These sections 
were subsequently fixed in 8% neutral buffered formalin 
for 30 min to preserve their structure. After fixation, the 
sections were washed three times with distilled water 
(ddH2O) to remove any residual formalin. Hematoxylin 
and eosin (H&E) staining was performed on the sections 
to visualize the tissue morphology. The H&E-stained sec-
tions of the colon tissue were observed using an Olym-
pus microscope equipped with a DP80 camera. Images of 
the crypts were captured for further analysis. The length 
of the crypts was measured using ImageJ (a Java-based 

image processing program developed at the National 
Institutes of Health).

For the assessment of colon mucosal damage, histo-
pathological scoring was performed. The scoring system 
typically involves assigning grades ranging from 0 to 5 
based on several criteria, including the extent of colon 
tissue affected, the extent of crypt damage, and the quan-
tity and dimension of inflammatory cell infiltration [30]. 
The scoring system provides a standardized way to evalu-
ate the severity of colon mucosal damage. In this study, 
4–8 mice were used for each mouse group, and the histo-
pathological scoring was performed on multiple sections 
from each mouse to obtain representative data.

For detection of bacteria attaching to colon mucosa, 
Bacterial Gram Staining Kit (Abcam, MA) was used fol-
lowing the manufacturer’s protocol. Sections were dehy-
drated in absolute alcohol, cleared in xylene, and then 
mounted in a synthetic resin.

To detect goblet cells in the colon crypts, the slides 
were stained with the Alcian Blue Periodic Acid-Schiff 
(PAS) Stain Kit. 23–25 crypts from 4 mice per mouse 
group were analyzed for the quantification of PAS + cells.

Immunofluorescence staining
To perform immunofluorescence staining on the colon 
tissue sections, the frozen sections embedded in OCT 
were fixed in 8% neutral buffered formalin for 30  min. 
After fixation, the sections were washed three times with 
distilled water (ddH2O) to remove residual formalin. 
For the staining process, primary antibodies specific to 
the target proteins of interest, such as anti-mouse Muc2 
(ab76774, Abcam), CRAMP (sc-66843, Santa Cruz), 
or β-Defensin 2 (ab203077, Abcam), Ki67 (ab16667, 
Abcam), IL-1β (AF-401-NA, R&D) antibodies and anti 
E. coli antibody (ab25823, Abcam), were applied to the 
sections. Following the primary antibody incubation, 
secondary antibodies conjugated with biotin (ab6720, 
ab208000, ab207997, ab207996, Abcam and BAF109, 
R&D), were applied to the sections followed with strepta-
vidin-FITC (405202, BioLegend) or PE (405204, BioLeg-
end), allowing for the visualization of the target proteins. 
The 6-diamidino-2-phenylindole (DAPI) was used to 
stain the cell nuclei. The fluorescence intensity of all 
immunofluorescence staining was measured by ImageJ.

Fluorescence in situ hybridization (FISH)
Detection of bacteria on colon mucosa was performed 
with freshly frozen, OCT-embedded, and sectioned 
slides (10-μm thick). The slides were fixed in 4% neutral 
buffered formalin for 5 min, washed twice with 1 × PBS 
(DEPC treated) and pre-hybridized with 200 μl 3% BSA 
at 37  °C for 2  h. The sections were placed in the Slide 
Griddle (Model SG96P, MJ Research, Inc., MA) and in 



Page 5 of 18Chen et al. Gut Pathogens  (2023) 15:28 

96 V PTC Thermal Cyclers (MJ Research, Inc., MA) and 
heated to denature at 84  °C for 5 min, 37  °C for 3 min 
before adding FISH probe (0.1–0.4 μm in Hybridization 
buffer) and incubated overnight at 40 °C. The slides were 
washed with washing solution (2 × SSC/0.1% Tween 20) 
for 15  min at RT followed by treatment with 75% and 
100% ethanol, then air dried. DAPI-Antifade solution 
was added in the dark for 10  min to stain nuclei. The 
sections were then mounted in Resolve (Thermo Sci-
entific, MI, USA) and stored at 4 °C. The probes conju-
gated to CY3 were used to detect bacteria adhering to 
colon epithelial cells. The universal bacterial EUB338 
FISH Probe (5′-CTG CCT CCC GTA GGAGT-3′) (Crea-
tive Bioarray, NY) conjugated with CY3 was used to 
detect total bacteria. A ‘non-sense’ probe (5′-CGA CGG 
AGG GCA TCC TCA -3′) conjugated with CY3 was used 
as a negative control for EUB338. EC1531 FISH Probe 
(5′CAC CGT AGT GCC TCG TCA TCA-3′) conjugated 
with CY3 (Integrated DNA Technologies) was used to 
detect E. coli.

Enzyme‑linked immunosorbent assay (ELISA)
To measure fecal Muc2, β-definsin-2 (DEFb2), cathe-
lin-related antimicrobial peptide (CRAMP), and 
Lipopolysaccharides  (LPS), freshly harvested feces 
were homogenized in PBS containing 1%  NaN3, 20 mM 
dithiothreitol, and a protease inhibitor mixture (P8340; 
Sigma, 1:200 dilution) [31]. Fecal suspensions were cen-
trifuged at 15,000 RPM for 10 min at 4 °C. The superna-
tants were collected and inactivated at 60 °C for 30 min, 
and their protein concentrations were determined using 
a DC Protein Assay Kit (Bio-Rad). The concentrations 
of Muc2, DEFb2, CRAMP and LPS in the feces were 
determined with ELISA specific to Muc2 (Cloud-Clone 
Corp., TX, USA), DEFb2 (Cloud-Clone Corp., TX, USA), 
CRAMP (MybioSource, CA, USA), and LPS (Mybio-
Source, CA, USA) respectively. The Muc2 concentration 
was expressed in ng per 1 mg (mg) protein of stool. The 
concentrations of DEFb2 and CRAMP in the feces were 
expressed in pg per 1 mg (mg) protein of stool. The con-
centrations of LPS in the feces were expressed ng/g stool.

To measure IL-1β in the mucosa, colons were washed 
with PBS containing antibiotics (penicillin/streptomy-
cin) and the distal 3  cm were isolated and further cut 
into1–2 mm sections. Colon sections were covered with 
RPMI media (1  ml), containing 1% FBS and penicillin/
streptomycin overnight  in a humidified 37˚C incuba-
tor with 5% CO2. Cell-free supernatants were harvested 
and their protein concentrations were determined using 
a DC Protein Assay Kit (Bio-Rad) [32]. The samples 
were stored at − 80 °C for ELISA assay. IL-1β concentra-
tions were measured by ELISA (Thermo Fisher). LPS in 

serum was measured with mouse LPS ELISA Kit (Mybio-
Source, CA) and the concentration of LPS in serum were 
expressed in ng/ml.

Identification of E. coli
Single colonies of E. coli on Violet Red Bile Lactose agar 
were harvested and smeared onto slides and stained with 
Gram stain Kit (abcam, MA) and examined with Fluo-
rescence in situ hybridization (FISH) with EC1531 probe 
and PCR to identify E. coli. The colonies of E. coli identi-
fied were selected for 16S rRNA sequencing. Single colo-
nies with different 16S rRNA sequences were then used 
for whole genome sequencing. E. coli serotypes O22H8 
and O91H21 were defined based on databases and kept 
in − 80 °C for further use.

Adhesion of colon epithelial cells by E. coli
Mouse epithelial CT26 cells (1 ×  106 cells/ml) were cul-
tured with E. coli (1 ×  107 CFU/ml) at a multiplicity of 10 
bacteria per cell in 14  ml polypropylene round-bottom 
tubes (FALCON, 352059) at 37  °C with shaking at 60 
RPM for 2 h. The cells were smeared onto slides, stained 
with a three-step staining kit (Thermo Scientific Richard-
Allan Scientific), and observed under an Olympus micro-
scope with a DP80 camera.

E. coli‑induced death of colon epithelial cells
One million CT26 cells were seeded in 35  mm dishes 
with 14  mm coverslips in the bottom and co-cultured 
with E. coli O22:H8 and O91:H21 at a multiplicity of 10 
bacteria per cell for 6 h at 37  °C. The cells were washed 
two times with PBS, fixed with 4% neutral buffered for-
malin for 5 min and then stained with Live/Dead Viabil-
ity/Cytotoxicity Kit for mammalian cells. The slides were 
observed under an Olympus microscope with a DP80 
camera.

Chemotaxis assays
Cells were performed with 48-well chemotaxis cham-
bers and polycarbonate filters (8-µm pore size) (Neu-
roProbe, Cabin John, MD). The results are expressed as 
the mean ± S.D. of the chemotaxis index, which repre-
sents the fold increase in the number of migrated cells, 
counted in three high power fields (×400), in response 
to chemoattractants over spontaneous cell migration (to 
control medium).

Testing E. coli in germ‑free (GF) mice
GF mice were orally inoculated with E. coli O22:H8 or 
O91:H21 (2 ×  108 CFU live E. coli per mouse). Five days 
after inoculation, all mice were sacrificed, or the mice 
were given 3% DSS for 4 days and colons were harvested.
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Ethical statement
Animal protocols were in accordance with the recom-
mendations of the US NIH Guide for the Care and Use 
of Laboratory Animals (National Academies Press, 2011) 
and were approved by the Frederick National Laboratory 
for Cancer Research Animal Care and Use Committee 
(ASP No. 21-464).

Statistical analysis
All experiments were performed at least three times with 
reproducible results. Statistical analyses, unless specified, 
were performed by GraphPad Prism 9 (GraphPad Soft-
ware, San Diego, CA). A P value of < 0.05 was considered 
statistically significant.

Results
Impaired colon mucosal barrier in Fpr2−/− mice
We previously demonstrated the shortening of colonic 
crypt length in adult Fpr2−/− mice and suggested that the 
interaction of Fpr2 with commensal bacteria is critical 
for colonic tissue homeostasis [21]. Here, we examined 
the colonic crypt length of WT and Fpr2−/− mice at dif-
ferent ages. Interestingly, there was no difference in the 
colonic crypt length between WT and Fpr2−/− mice up to 
30 days after birth (Fig. 1A), suggesting that the shorten-
ing of colon crypts in Fpr2−/− mice is “extrinsic” rather 
than “intrinsic”. This abnormal development of colon 
crypts in Fpr2−/− mice was associated with reduced pro-
duction of Muc2 (Fig.  1B, C), and cathelin-related anti-
microbial peptide (CRAMP) (Additional file 1: Fig. S1A, 
B), β-defensin-2 (Additional file 1: Fig. S1C, D) in colon 
mucosa and feces. The importance of Fpr2 in the bar-
rier integrity and anti-microbial defense in mouse colon 
was further supported by the findings that the numbers 
of goblet cells (Fig.  1D) and  Ki67+ proliferating epithe-
lial cells (Fig. 1E) were also reduced in the colon crypts 
of Fpr2−/− mice. The production of pro-inflammatory 
cytokines IL-1β was increased in the colon mucosa of 
Fpr2−/− mice as compared to WT mice (Fig. 1F–G).

In summary, our findings highlight the critical role of 
Fpr2 in maintaining the integrity of the colon mucosal 
barrier. The absence of Fpr2 in Fpr2−/− mice leads to 
abnormal development of colon crypts, reduced produc-
tion of protective molecules, impaired barrier function, 
and increased inflammation.

Dysbiosis in the colon of naïve Fpr2−/− mice
Fpr2 can be activated by several ligands derived from 
bacteria and host cells [9, 10]. To identify the effect of 
Fpr2 expressed on the colon epithelia on gut microbiota, 
we examined the composition of gut bacteria and found 
significant differences (q < 0.1) in at least 18 bacterial 
strains at phylum levels in the feces between Fpr2−/− and 
WT littermates as shown by a heat map (Fig. 1H). Fpr2−/− 
mice exhibited reduced population of Deferribacteres 
and Firmicutes, while Proteobacteria were increased in 
the feces as compared to WT littermates (Fig. 1I). Prin-
cipal coordinate analysis (PCA) indicated that the abun-
dance of bacteria in the gut of Fpr2−/− mice differed from 
WT mice (Fig. 1J). These results highlight the importance 
of Fpr2 in maintaining the integrity of the colon mucosal 
barrier and the balance of gut microbiota.

Identification of E. coli serotypes O22:H8 and O91:H21 
in mouse feces
We next isolated E. coli from the feces of naïve, DSS alone 
and AOM-DSS treated mice by VRBL agar (Fig.  2A), a 
selective agar media for Enterobacteriace. After confirm-
ing E. coli by PCR (Fig.  2B), we further examined 16S 
rRNA sequences of these E. coli colonies (Additional 
file  1: Fig.  S2A, B). Most of the colonies shared similar 
16S rRNA sequences (9/10), while a small number of col-
onies (1/10) exhibited differences in nucleotides #52, 113, 
116, 136, 263, 293 and 424 (Fig. 2C and Additional file 1: 
Fig. S3), which were isolated from DSS-treated Fpr2−/− 
mice. Both types of E. coli displayed similar Gram-nega-
tive (Additional file 1: Fig. S4A), rod-shaped morphology 
and positive staining with the E. coli probe EC1531 [33] 

(See figure on next page.)
Fig. 1 Impaired colon mucosal barrier in Fpr2−/− mice. A Shortened colon crypts in Fpr2−/− mice at different ages. H&E staining. Scale bar = 100 μm. 
Right: Quantitation of crypt length of colons at different mouse ages. n = 4–8 mice/group. ****P < 0.0001. B Reduced Muc2 production in colon 
crypts of Fpr2−/− mice. Green: Muc2, Blue: Nuclei. Scale bar = 50 μm. Right: Quantitation of  Muc2+ fluorescence intensity/crypt, n = 18–20 crypts 
from 6 mice/group, ****P < 0.0001. C Reduced level of Muc2 in the feces of Fpr2−/− mice. The Muc2 concentration in the feces was expressed 
as ng/1 mg protein in feces. n = 8 mice/group, **P < 0.01. D Reduced number of goblet cells in the colon of Fpr2−/− mice. An alcian blue stain. Scale 
bar = 50 μm. Right panel Quantitation of  PAS+ goblet cells per crypt, n = 23–25 crypts from 4 mice/group. ****P < 0.0001. E Reduced number of  Ki67+ 
cells in the colon of Fpr2−/− mice. Red:  Ki67+ cells, Blue: Nuclei. Scale bar = 50 μm. Right: Quantitation of  Ki67+ cells per crypt, n = 20–25 crypts 
from 4 mice/group. ****P < 0.0001. F Increased production of IL‑1β in the colon mucosa of Fpr2−/− mice. Red: IL‑1β, Blue: Neuclei. Scale bar = 50 μm. 
Right: Quantitative IL‑1β + fluorescence intensity, n = 19–24 crypts from 4 mice/group. ****P < 0.0001. G Increased production of IL‑1β in the colon 
mucosa of Fpr2−/− mice measured by ELISA. n = 10–11 mice/group, ****P < 0.0001. H‑J WT (Fpr2+/+) and Fpr2−/− mice were co‑housed for 4 weeks 
after weaning, followed by separation for an additional 6 weeks. Fecal pellets were collected to analyze microbiota by 16S rRNA sequencing. H 
Heat map showing 18 bacterial strains at the phylum levels in the feces. I Quantitation of microbiota in the feces of WT and Fpr2−/− mice, showing 
significantly reduced Firmicutes and Deferribacteres but increased Proteobacteria in Fpr2−/− mouse microbiota. *P < 0.05, ***P < 0.001. J The principal 
coordinate analysis (PCA) indicating that the abundance of bacteria in the gut of Fpr2−/− mice is different from WT mice.
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(Additional file 1: Fig. S4B). PCR for E. coli did not show 
any differences in the pattern of products (Additional 
file  1: Fig. S4C). Whole genome sequencing revealed 
O22:H8 as the serotype for most of the colonies (Type I), 
while O91:H21 (Type II) was identified as the strain with 
nucleotide alterations (Fig. 2D–I).

Virulence Factor Database (Vfdb) [34] revealed 
three putative virulence factor genes present in E. 
coli O91:H21, but not O22:H8 (Fig.  2E), coding for 
vfdb|gspD|YP_404600, 404601 and 404602 that belong 
to a “General Secretion Pathway Protein” produced by 
a generic Type II secretion system (https:// www. ebi. ac. 
uk/ Quick GO/ term/ GO: 00156 28). In addition, the gene 

Fig. 1 (See legend on previous page.)

https://www.ebi.ac.uk/QuickGO/term/GO:0015628
https://www.ebi.ac.uk/QuickGO/term/GO:0015628
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Fig. 2 Identification of E. coli serotypes O22:H8 and O91:H21 in mouse feces. A E. coli in mouse feces was isolated by Violet Red Bile Lactose agar 
(VRVL). B PCR analysis confirmed that the bacteria isolated from the mouse feces were E. coli. C 16S rRNA sequencing for E. coli. E. coli‑Type II showed 
differences in nucleotide positions 52, 113, 116, 136, 263, 293, and 424 of the 16S rRNA sequence from E. coli‑Type I. D–I Whole genome sequencing 
of E. coli showing relative abundance heatmaps of genes in the serotypes O22:H8 and O91:H21. D products. E virulence factors. F ECNumber: 
Enzyme Commission number, the Enzyme nomenclature database. G Serofinder H: A FASTA database of specific O‑antigen processing system 
genes for O typing and flagellin genes for H typing publicly available Web tools hosted by the Center for Genomic Epidemiology (CGE). H Abricate: 
a database for mass screening of contigs for antimicrobial resistance or virulence genes bundled with multiple databases: NCBI, CARD, ARG‑ANNOT, 
Resfinder, MEGARES, EcOH, PlasmidFinder, E. coli_VF and VFDB. I. Napdos: a bioinformatic tool for the rapid detection and analysis of secondary 
metabolite genes. This tool is designed to detect and extract C‑ and KS‑ domains from DNA or amino acid sequence data, including PCR amplicon 
products, individual genes, whole genomes, and metagenomic data sets. J. PCR analysis showing higher levels of Long Polar Fimbriae Type I (LpfA) 
contained in E. coli O91:H21



Page 9 of 18Chen et al. Gut Pathogens  (2023) 15:28 

for Long Polar Fimbriae Type I (lpfA) (Fig.  2J), a rec-
ognized marker for virulent isolates of pathogenic  E. 
coli [35, 36], is more readily amplified by PCR in E. coli 
O91:H21 than in the O22:H8 strain.

More virulence of E. coli O91:H21 than O22:H8
In vitro, E. coli O91:H21 demonstrated a significantly 
higher level of adhesion to CT26 mouse colon epithe-
lial cells (Fig.  3A) and caused more extensive cell death 
(Fig. 3B) as compared to E. coli O22:H8. In vivo, a higher 
number of E. coli O91:H21 were detected in the colon 
lumen and feces of germ-free (GF) mice after oral inocu-
lation with either E. coli O22:H8 or O91:H21 for 5 days 
(Fig. 3C, D). The levels of LPS were significantly elevated 
in the feces and serum of GF mice inoculated with E. coli 
O91:H21 compared to O22:H8 (Fig. 3E). E. coli O91:H21 
colonies observed on the surface of the colon mucosa 
exhibited increased growth (Fig.  3F) and caused more 
severe damage to the colon epithelial cells (Fig. 3G), lead-
ing to a greater number of ulcers in the colon mucosa 
compared to O22:H8 (Fig. 3H). These findings suggested 
that E. coli O22:H8 is a commensal strain, whereas E. coli 
O91:H21 may possess pathogenic characteristics.

Fpr2 is required for E. coli to promote the colon epithelial 
cell regeneration
To elucidate the role of commensal E. coli and its rela-
tionship with Fpr2, GF mice were pre-orally inoculated 
with low levels of E. coli. After 5  days, these mice were 
given with 3% DSS in their drinking water for 5 days, fol-
lowed by normal water for 7 days. The GF mice that were 
pre-orally inoculated with E. coli exhibited increased 
survival rates after DSS treatment (Fig. 4A) and showed 
reduced body weight loss (Fig.  4B) compared to mice 
subjected to DSS treatment only. Histologically, the GF 
mice pre-orally inoculated with E. coli displayed a signifi-
cantly reduction in colon mucosal damage (Fig. 4C) and 
an increased fluorescence intensity of Ki67 + cells in the 
colon crypts (Fig. 4D).

Further study revealed that E. coli infection upregu-
lated the expression of Fpr2 in colon epithelial cells 
(Fig.  4E). Conversely, E. coli O22:H8 produced Fpr2 
ligands that stimulate migration and growth of colon epi-
thelial cells. In vitro experiments showed that the super-
natant from E. coli O22:H8 induced migration of CT26 
mouse colon epithelial cells in an Fpr2-dependent man-
ner, as the activity of the E. coli supernatant was inhib-
ited by Fpr2 antagonists WRW4 and BOC2 (Fig. 4F–G). 
Additionally, E. coli supernatant promoted faster closure 
of CT26 epithelial cell monolayer wounds, and this effect 
was attenuated by BOC2 (Fig. 4H). These results clearly 
demonstrate that commensal E. coli not only upregulates 
Fpr2 expression but also produces Fpr2 ligands that can 
enhance the migration and proliferation of colon epithe-
lial cells through Fpr2.

Fpr2 deficiency delayed the recovery of damaged colon 
mucosa of mice with colitis
We induced acute colitis in WT and Fpr2−/− mice by 
administering 5% dextran sulfate sodium (DSS) in drink-
ing water, by day 12 post DSS intake, 83.3% Fpr2−/− mice 
(10/12) died, while only 28.6% WT mice (4/14) died 
(Fig.  5A). Histologically, the colon epithelia of Fpr2−/− 
mice were significantly damaged by day 5 and infiltrated 
by numerous leukocytes, whereas the colon epithelia of 
WT mice remained mostly intact (Fig.  5B). These find-
ings indicate that Fpr2−/− mice are highly sensitive to 
chemically induced colitis.

To investigate the role of Fpr2 in the recovery of dam-
aged colon mucosa, the mice were administered 5% DSS 
for 3 days followed by normal drinking water for 4 days. 
The fluorescence intensity of Ki67 in colon crypt was 
significantly reduced in Fpr2−/− mice compared to WT 
mice (Fig. 5C). Furthermore, the numbers of PAS + gob-
let cells (Fig.  5D) and the production of Muc2 (Fig.  5E) 
were significantly lower in the colon mucosa of Fpr2−/− 
mice compared to WT mice. Additionally, the level of 

(See figure on next page.)
Fig. 3 E. coli O91:H21 exhibits greater virulence compared to O22:H8. A Increased adhesion of E. coli O91:H21 to colon epithelial cells. CT26 cells: 
bacteria = 1: 10. Scale bar = 20 μm. N: Nuclei, White arrows: Bacteria surrounding or attaching CT26 cells. Lower: Quantitative bacterial counts 
adhering to one CT26 cell. n = 27–29 cells/group. ***P < 0.001. B More cell death induced by E. coli O91:H21 infection. CT26 cells: bacteria = 1:10, 
Green: live cells; Red: dead cells. Scale bar = 200 µm. Right: Quantitation of dead CT26 cell counts/field. n = 11 fields/group, *P < 0.05. C Increased E. 
coli O91:H21 in the colon lumen of GF mice. Red: E. coli, Blue: Nuclei. Scale bar = 50 μm. Right: Quantitation of E. coli+ fluorescence intensity in colon 
lumen (50 µm in diameter) of GF mice infected with E. coli O91:H21 or E. coli O22:H8. n = 37 areas (50 µm in diameter) from 4 mice per group, 
****P < 0.0001. D Increased CFU of E. coli O91:H21 in the feces of GF mice. Right: Quantitative CFU (Log10) per g stool from GF mice infected with E. 
coli O91:H21 as compared to mice infected with E. coli O22:H8, n = 4 mice/group, **P < 0.01. E Increased levels of LPS in the feces and serum of GF 
mice infected with E. coli O91:H21. n = 3 mice/group, *P < 0.05, ***P < 0.001. F E. coli O91:H21 formed larger colonies on the colon mucosa of GF 
mice. Red: E. coli colonies; Blue: Nuclei. Scale bar = 100 μm. Right: Quantitative E. coli colonies in the colon of GF mice infected with E. coli O91:H21 
or E. coli O22:H8. n = 29 colonies from 3 mice per group, ***P < 0.001. G Increased colon epithelial cell death in E. coli O91:H21 inoculated GF mice. 
Red: PI + cells in colon mucosa, Blue: Nuclei. Scale bar = 50 μm. Right: Quantitative PI + cells/field. n = 11–13 fields from 3 mice per group. **P < 0.01. H 
Increased ulcer formation in the colon mucosa of GF mice infected with E. coli O91:H21. Scale bar = 100 µm. Black arrows: Ulcer. Right: Quantitative 
number of ulcer in the colon mucosa. n = 17–23 fields from 5 mice/group. ***P < 0.001
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IL-1β was increased in the colon mucosa of Fpr2−/− mice 
as compared to WT mice (Fig.  5F). These results indi-
cate that Fpr2 deficiency impairs the repair process and 
increases inflammatory responses in the colon mucosa of 
mice with colitis.

Fpr2 deficiency increased E. coli population in the colon 
of mice with colitis.
The mice were administered 5% DSS for 5  days, and 
subsequently, the feces were cultured on Violet Red Bile 
Lactose agar (VRBL). The colony-forming units (CFU) of 
bacterial colonies grown on VRBL were quantified. The 
results revealed a significantly increase in bacterial CFU 

Fig. 3 (See legend on previous page.)
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counts in the feces of Fpr2−/− mice as compared to WT 
mice (Fig.  6A). Single colonies on the plates of VRBL 
were harvested and amplificated in LB Broth. The amplif-
icated bacteria were then used to extract template DNA 
and subjected to PCR using primer specific for E. coli, 
allowing for the identification of E. coli colonies (Fig. 6B). 
The identified E. coli colonies were further cultured on 
VRBL plates, and single colonies were selected for 16S 
rRNA gene sequencing to confirm their classification as 
E. coli (Additional file 1: Fig. S2A, B).

Further studies revealed that the number of bacte-
ria invading the colon epithelial cells was significantly 
increased in Fpr2−/− mice with colitis (Fig. 6C). In fluo-
rescence situ hybridization (FISH) using a fluorescence-
labeled EUB338 probe, which targets most bacterial 
strains, demonstrated a significant increase in the num-
ber of bacteria adhering to the colon mucosa in Fpr2−/− 
mice (Fig.  6D). Furthermore, FISH using an EC1531 
probe, specifically targeting E. coli, showed an elevated 
number of E. coli adhering to the colon mucosa of 
Fpr2−/− mice with colitis (Fig. 6E). The levels of lipopoly-
saccharide (LPS) were significantly increased in the feces 
(Fig.  6F) and serum (Fig.  6G) of Fpr2−/− mice as com-
pared to WT mice. Taken together, these results clearly 
indicate that Fpr2 deficiency leads to an increased pres-
ence of E. coli in the colon, suggesting that commensal 
E. coli may exhibit pathogenic characteristics under Fpr2 
deficiency.

Discussion
The microenvironment within the colon mucosa plays a 
crucial role in maintaining the balance of the gut micro-
biota. In this study, various defects associated with Fpr2 
deficiency were observed, including shortened colon 
crypts, reduced production of Muc2 and antimicrobial 
peptides by epithelial cells, increased production of the 
pro-inflammatory cytokine IL-1β in the colon mucosa of 
naïve mice, and gut dysbiosis. There is mounting evidence 
to suggest that dysbiosis, characterized by an imbalance 
in the gut microbiota, is closely associated with inflam-
matory bowel disease (IBD) [5, 37]. Dysbiosis patterns 
commonly observed in IBD patients are characterized 

by a reduction in the diversity of commensal bacteria, 
particularly Firmicutes, and a relative increase in spe-
cies belonging to Enterobacteriaceae [5, 38–40]. Mul-
tiple factors can disrupt the beneficial members of the 
gut microbiome, including antibiotic use, psychological 
and physical stress, radiation, altered gut peristalsis, and 
dietary changes [41]. Genetic deficiencies, such as muta-
tions in the nucleotide-binding oligomerization domain-
containing protein 2 (NOD2), have also been observed to 
result in gut dysbiosis in patients [42–48]. Muc2, serving 
as a primary barrier between the gut microbiome and the 
intestinal epithelium, plays a crucial role in maintaining 
gut homeostasis [49] and Muc2−/− mice develop severe 
colitis due to the absence of protective mucous layers 
[50]. Similarly, deficiencies in cathelin-related antimicro-
bial peptide (CRAMP), reduced expression of β-defensin 
2, and alterations in the gut homeostatic protein Fam3D 
have also been shown to disrupt the balance of the gut 
microbiota [29, 51–55]. In this study, we demonstrate 
that Fpr2 is essential for inducing epithelial cell growth 
and maturation, leading to the release of Muc2 and anti-
microbial peptides, thereby maintaining the homeostasis 
of the colon mucosal microenvironment.

Enterobacterial blooms are frequently observed in 
cases of gut dysbiosis [3]. E. coli, a member of Enterobac-
teriaceae family, Proteobacteria phylum, typically rep-
resents a minor fraction of the microbiome in a healthy 
human colon [3, 56]. However, an elevated presence of E. 
coli, particularly mucosa-associated genotoxin-positive E. 
coli, has been consistently found in a significantly higher 
proportion of patients with Crohn’s disease (CD) or 
ulcerative colitis (UC), two forms of inflammatory bowel 
disease (IBD) [38, 57–64]. In mouse models, deficiencies 
in CRAMP and reduced expression of β-defensin 2 have 
been shown to disrupt the balance of the gut microbiota, 
resulting in the overgrowth of E. coli in the colon [29, 
51–54]. Histological analysis of human tumor samples 
has revealed extensive infiltration of inflammatory cells 
in pks-positive E. coli-infected HCT116 tumors [65], and 
the growth of tumors has been shown to be enhanced by 
colibactin-producing E. coli in xenograft and AOM/DSS-
induced tumor models [66]. Therefore, an increase in E. 

Fig. 4 Fpr2 is required for E. coli to promote the colon epithelial cell regeneration. A, B The germ‑free (GF) mice pre‑orally inoculated with E. coli 
increased mouse survival (A) and reduced the loss of body weight (B) after challenged with DSS. C. Reduced crypt damage in the colon of GF 
mice pre‑orally inoculated with E. coli. Scale bar = 50 µm. Right: Quantitative scores for crypt damage. n = 99–122 crypts from 4 mice per group, 
****P < 0.0001. D Increased number of Ki67 + cells in the colon mucosa of GF mice pre‑orally inoculated with E. coli. Red: Ki67 + cells, Blue: Nuclei. 
Scale bar = 50 µm. Right: Quantitative Ki67 + fluorescence intensity/crypt. n = 30 crypts from 4 mice per group, ****P < 0.0001. E Upregulation 
of Fpr2 expression by colon epithelial cells with E. coli infection in GF wild type (WT) mice. Upper: Scale bar = 30 µm, lower: Scale bar = 40 µm. Right: 
Quantitative Fpr2 + fluorescence intensity/crypt. n = 32 crypts from 4 mice/group, ****P < 0.0001. F E. coli supernatant induced CT26 cell migration. 
n = 3 mice/group, ***P < 0.001. G E. coli supernatant induced CT26 cell migration can be inhibited by the Fpr2 antagonist WRW4 (5 µg/ml) and Fpr1/
Fpr2 antagonist BOC2 (5 µg/ml). n = 3 per group, ***P < 0.001. The results of F and G are expressed as the mean ± S.D. of the chemotaxis index (CI). 
H E. coli supernatant‑enhanced closure of CT26 cell monolayer wound was attenuated by Fpr1/Fpr2 antagonist BOC2 (5 µg/ml). Scale bar = 40 µm. 
Right: Quantitative CT26 cells migration distance (µm) induced by E. coli supernatant. BOC2 (5 µg/ml). n = 8 fields/group, ***P < 0.001

(See figure on next page.)
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coli counts serves as a significant indication of colon dys-
biosis with potentially harmful consequences [4, 67].

Recently, there has been significant attention given to 
the role of normal intestinal flora, including E. coli, in 
the recovery from colitis [68–71]. E. coli has been shown 

to promote the healing of colitis-related mucosal dam-
age in the colon through the activation of the TLR4/
NF-κB signaling pathway [68]. Additionally, E. coli has 
been found to protect mice from Citrobacter rodentium 
infection and DSS-induced colitis [69]. In our previous 

Fig. 4 (See legend on previous page.)
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study, we demonstrated the expression of Fpr2 on mouse 
colonic epithelial cells, which can be activated by fMLF, 
a chemotactic peptide ligand derived from E. coli. We 
observed that the intake of DSS increased the expression 
of Fpr2 in both immature and mature epithelial cells of 
colonic crypts, suggesting the importance of Fpr2 in ena-
bling epithelial cells to respond to locally and systemi-
cally available ligands in pathological conditions. E. coli 
O22:H8 produces ligands for both Fpr1 and Fpr2, which 
induce inflammatory cell migration [9] and promote the 
restoration of chemically induced mucosal damage [68]. 
In the current study, we identified two E. coli serotypes, 

O22:H8 and O91:H21, through whole genome sequenc-
ing. E. coli O22:H8 was present in the feces of both WT 
and Fpr2−/− mice and, as a commensal bacterium, did not 
cause significant damage to colon epithelial cells com-
pared to E. coli O91:H21, both in vitro and in vivo.

Infection with E. coli O22:H8 stimulated the upregu-
lation of Fpr2 expression, and its products induced 
the migration and proliferation of colon epithelial 
cells through Fpr2. However, Fpr2 deficiency led to 
an increased population of E. coli in the mouse colon 
and delayed the recovery of damaged colon epithelial 
cells, indicating the involvement of Fpr2 expression in 

Fig. 5 Fpr2 deficiency delayed the recovery of the damaged colon mucosa in mice with colitis. A Reduced survival of Fpr2−/− mice 
after administration of 3% DSS in drinking water for 5 days followed by an additional 7 days of normal water intake. n = 12 mice/group. B Increased 
damage for colon mucosa in Fpr2−/− mice treated with DSS for 5 days. Scale bar = 50 µm. Right: Quantitation of crypt damage in Fpr2−/− mice 
after DSS treatment. n = 6 mice per group. **P < 0.01. C Reduced number of  Ki67+ cells in the colon mucosa of Fpr2−/− mice after administration 
of 3% DSS in drinking water for 3 days followed by an additional 4 days of normal water intake. Scale bar = 30 µm. Right: Quantitation of  Ki67+ cells 
per crypt, n = 30 crypts from 4 mice/group. ****P < 0.0001. D Reduced number of goblet cells in the colon of Fpr2‑/‑ mice. An alcian blue stain. Scale 
bar = 50 μm. Right panel: Quantitation of PAS+ goblet cell number in the colon, n = 29‑35 fields from 4 mice/group. ****P < 0.0001. F Increased 
production of IL‑1β in the colon mucosa of Fpr2−/− mice after administration of 3% DSS in drinking water for 3 days followed by an additional 4 days 
of normal water intake. Red: IL‑1β, Blue: DAPI. Scale bar = 30 μm. Right: Quantitative IL‑1β + fluorescence intensity, n = 30 crypts from 4 mice/group. 
****P < 0.0001
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the effects of commensal E. coli. Nonetheless, the over-
growth of E. coli O22:H8 observed in Fpr2−/− mice has 
pathological significance, such as a significant reduction 

in inflammatory cell accumulation at E. coli-infected sites 
and increased mortality in Fpr2−/− mice [9]. Thus, the 

Fig. 6 Fpr2 deficiency increased E. coli population in the colon of mice with colitis. A Increased E. coli counts in the feces of Fpr2−/− mice 
after administration of 3% DSS in drinking water for 5 days. Right: Quantitation of E. coli in mouse feces. The results are expressed as E. coli CFU 
(Log10)/g feces. n = 10–12 mice/group. *P < 0.05. B PCR analysis confirmed that the bacteria isolated from the mouse feces were E. coli. C. 
Increased numbers of bacteria invaded the colon epithelial cells of Fpr2−/− mice. Scale bar = 5 μm. Red arrows: Bacteria in colon epithelial cells. 
Right: Quantitation of bacteria in each epithelial cells. The results were expressed as area occupied by bacteria per cell (µm2). n = 30 cells/group, 
****P < 0.0001. D FISH analysis showed that increased number of EUB338 + bacteria attached to the colon mucosa of Fpr2−/− mice. Red: EUB338 
 probe+ bacteria, Blue: Nuclei. Scale bar = 30 μm. Right: Quantitation of the EUB338  probe+ bacteria/field. n = 18–23 fields from 5 mice per group, 
*P < 0.05. E FISH analysis showed that increased number of number of EC1531  probe+ E. coli attached to the colon mucosa of Fpr2−/− mice. Red: 
 EC1531+ E. coli, Blue: Nuclei. Scale bar = 30 μm. Right: Quantitation of the percentage (%) of  EC1531+ E. coli in  EUB338+ bacteria, n = 16 fields from 5 
mice per group, *P < 0.05. F Increased level of LPS in the feces of Fpr2−/− mice. The results were expressed as ng/g feces. n = 4 mice/group, **P < 0.01. 
G Increased level of LPS in the serum of Fpr2−/− mice. The results were expressed as ng/ml serum. n = 4 mice/group, ****P < 0.0001
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Fpr2 deficiency-induced overgrowth of E. coli O22:H8 
appears to be harmful to the host.

In contrast to E. coli O22:H8, E. coli O91:H21 rep-
resents a relatively small proportion of E. coli colonies 
isolated from the mouse feces in our study. It has been 
reported that E. coli O91:H21 can be found in food, 
animals, or the environment and may cause severe dis-
eases, including hemolytic-uremic syndrome [36]. E. coli 
O91:H21 consists of many strains, some of which carry 
stx genes [36]. Both O91:H21 and O22:H8 belong to the 
group of Shiga toxin-producing E. coli (STEC) strains 
and express long polar fimbriae (lpfA) [36], which is a 
potential adherence factor originally described in Sal-
monella [72, 73]. Four genetic variants of lpfA, namely 
lpfA (O157/OI-141), lpfA (O157/OI-154), lpfA (O26), 
and lpfA (O113), have been identified in Shiga toxin-
producing E. coli (STEC) [74]. LpfA is associated with the 
adherence and invasion capacity of bacteria to epithelial 
cells [75], and its expression in E. coli strains is impor-
tant for pathogenicity [35, 76]. In our study, the gene for 
Long Polar Fimbriae Type I (lpfA), a recognized marker 
for virulent isolates of pathogenic E. coli, is more read-
ily amplified by PCR in E. coli O91:H21 compared to 
the O22:H8 strain, although whole genome sequencing 
results revealed that both E. coli O91:H21 and E. coli 
O22:H8 have the same number of base pairs (in PPM) for 
the lpfA gene. When comparing symptomatic strains of 
STEC O91:H21, such as ATCC 51435 and ATCC 51434, 
which are known to be highly virulent in an experimen-
tal infection mouse model, with asymptomatic strains of 
STEC O91:H21 isolated from a STEC outbreak in Korea, 
the asymptomatic STEC O91:H21 isolates exhibited a 
significantly reduced adherence phenotype and cyto-
pathic effects due to the transcriptional repression of the 
genes encoding type-1 fimbriae in the asymptomatic iso-
lates [77, 78]. This suggests the importance of fimbriae 
for E. coli in adhering to and invading colon epithelial 
cells. Furthermore, analyses using the Virulence Factor 
Database (Vfdb) [34] suggest the presence of three viru-
lence factors in O91:H21 but not in O22:H8, which are 
produced by a generic Type II secretory machinery asso-
ciated with enterotoxicity in E. coli [79]. Our studies in 
GF mice clearly demonstrate the more proliferative and 
invasive nature of E. coli O91:H21 in the colon. However, 
further investigation is required to determine the origin 
of E. coli O91:H21 in mice and whether the isolate we 
obtained belongs to a mutated variant of the originally 
harmless strain.

Conclusions
Fpr2 is highly expressed in innate immune cells and 
non-hematopoietic cells, including epithelial cells. 
Fpr2 is required to induce epithelial cell growth and 
maturation, releasing Muc2 and antimicrobial pep-
tides, thereby maintaining the homeostasis of the 
colon mucosal microenvironment and the balance of 
gut microbiota. Fpr2 deficiency results in gut dysbio-
sis and an increased population of E. coli in the colon, 
one of the common bacteria, which is an important 
indication of colon dysbiosis with detrimental con-
sequences [4, 67]. Fpr2 is required to interact with E. 
coli derived Fpr2 ligands, stimulating colon epithelial 
cell regeneration. E. coli infection induces the upregu-
lation of Fpr2 expression, which interacts with endog-
enous Fpr2 ligands such as CRAMP to stimulate colon 
epithelial cell proliferation [29]. Fpr2 deficiency, result-
ing in an increase of E. coli in the colon of Fpr2−/− mice 
with colitis, may be a compensatory response by the 
host. The importance of Fpr2 in the maintenance of 
host homeostasis and the control of inflammation and 
inflammation-related diseases is increasingly recog-
nized, providing an opportunity for developing a new 
arm of pharmacological targeting. Understanding how 
Fpr2 operates in a cell-specific manner should guide 
the development of new therapeutics for human IBD.
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Additional file 1: Figure S1. Impaired colon mucosal barrier in Fpr2-/- 
mice. A. Reduced CRAMP production in colon crypts of Fpr2-/- mice. Red: 
CRAMP, Blue: Nuclei. Scale bar = 50 μm. Right panel: Quantitation of 
 CRAMP+ fluorescence intensity, n = 18‑20 crypts from 6 mice/group, ***P 
< 0.001. B. Reduced CRAMP level in the feces of Fpr2-/- mice. The concen‑
tration of CRAMP was expressed as pg/1 mg protein in stool. n = 8 mice/
group, *P < 0.05. C. Reduced production of β‑Defensin 2 in the colon 
crypts of Fpr2-/- mice. Red: β‑Defensin 2, Blue: Nuclei. Scale bar = 50 μm. 
Right panel: Quantitation of β‑Defensin  2+ fluorescence intensity, n = 20 
crypts from 6 mice/group, ***P < 0.001. D.  Reduced β‑Defensin 2 level in 
the feces of Fpr2-/- mice. The concentration of β‑Defensin 2 was expressed 
as pg/1 mg protein in stool. n = 8 mice/group, *P < 0.05. Figure S2. 16S 
rRNA gene sequencing. A. The result of 16S rRNA gene sequencing for E. 
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coli isolated with Violet red bile lactose agarin this study. B. Comparison 
of 16S rRNA gene sequencing of E. coli isolated from VRBL in this study 
to that of other E. coli published in online. Figure S3. Comparison of 16S 
rRNA gene sequence of two different E. coli strains isolated from mouse 
feces. A small number of colonies of E. coli displayed differences in nucleo‑
tides #52, 113, 116, 136, 263, 293 and 424 as compared to most E. coli colo‑
nies. Figure S4. Similar phonotypes between two E. coli strains isolated 
from mouse feces. A. Similar results of Gram Staining for E. coli Type I and 
Type II. E. coli smear was stained with Gram Stain Kit. Red: Gram negative 
bacteria. Scale bar = 5 μm. B. Similar results of FISH with EC1531 probe for 
E. coli-Type I and Type II. E. coli smear was obtained by in situ hybridization 
with EC1531 probe conjugated to CY3. Red:  EC1531+ bacteria. Scale bar 
= 5 μm. C. Similar results of PCR for E. coli-Type I and Type II. Colonies of E. 
coli from Type I and II were cultured in VRBL, respectively. Single colonies 
were then selected to expand in LB for 24 h and DNA was isolated fol‑
lowed by PCR amplification with E. coli primers.

Acknowledgements
We thank Mr. Timothy Gower and Mrs. Misty Peck for their help in animal 
experiments, and Ms. Cheri A. Rhoderick for her secretarial assistance.

Author contributions
KC: methodology, investigation, and writing‑original draft; JM: complete 
genome sequencing; RDN: data analysis; WH: 16S rRNA sequencing; GR and 
SD: qPCR experiments; WG: preparation of experimental materials; TY and JH: 
intellectual inputting; CO: bacterial RNA sequence; SD, MM, and GJ: germ free 
moue experiments; GT: intellectual inputting. JMW: supervision of the project 
and revision of early manuscript. All authors reviewed the manuscript.

Funding
Open Access funding provided by the National Institutes of Health (NIH). 
This project was funded in whole or in part with federal funds from the 
National Cancer Institute, National Institutes of Health, under Contract No. 
HHSN261201500003I. The content of this publication does not necessarily 
reflect the views or policies of the Department of Health and Human Services, 
nor does mention of trade names, commercial products, or organizations 
imply endorsement by the U.S. Government. This project was supported in 
part by the Intramural Research Program of the LCI, CCR, NCI.

Availability of data and materials
All data generated or analyzed during this study are included in this manu‑
script. 16S rRNA gene amplicon sequence data for E. coli was deposited in 
Science Data Bank, https:// doi. org/ 10. 57760/ scien cedb. j00111. 00005. Whole 
genome sequencing data for E. coli O22:H8 and O91H21 were deposited in 
NCBI GenBank (ID: SUB11613054) and are available from the corresponding 
author upon request.

Declarations

Ethics approval and consent to participate
All animal protocols were approved by the Frederick National Laboratory for 
Cancer Research Animal Care and Use Committee. Permit number is 21‑464. 
All animals were used in accordance with the US NIH Guide for the Care and 
Use of Laboratory Animals (National Academies Press, 2011).

Competing interests
The authors declare that they have no competing interests.

Author details
1 Laboratory of Cancer Innovation, Center for Cancer Research, National Cancer 
Institute at Frederick, Frederick, MD 21702, USA. 2 Laboratory of Integrative 
Cancer Immunology, Center for Cancer Research, National Cancer Institute, 
Bethesda, MD 20892, USA. 3 Animal Health Diagnostic Laboratory, Frederick 
National Laboratory for Cancer Research, Frederick, MD 21702, USA. 4 Basic 
Research Program, Leidos Biomedical Research, Inc, Frederick, MD 21702, 
USA. 5 Department of Pathology and Experimental Medicine, Graduate School 
of Medicine, Dentistry and Pharmaceutical Sciences, Okayama Univer‑
sity, Okayama 700‑8558, Japan. 6 College of Life Sciences, Beijing Jiaotong 

University, Beijing 100044, People’s Republic of China. 7 Gnotobiotics Facility, 
Frederick National Laboratory for Cancer Research, Frederick, MD 21702, USA. 

Received: 17 March 2023   Accepted: 6 June 2023
Published: 15 June 2023

References
 1. Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, Pet‑

tersson S. Host‑gut microbiota metabolic interactions. Science. 
2012;336(6086):1262–7.

 2. El Aidy S, Hooiveld G, Tremaroli V, Backhed F, Kleerebezem M. The gut 
microbiota and mucosal homeostasis: colonized at birth or at adulthood, 
does it matter? Gut Microbes. 2013;4(2):118–24.

 3. Zeng MY, Inohara N, Nunez G. Mechanisms of inflammation‑driven 
bacterial dysbiosis in the gut. Mucosal Immunol. 2017;10(1):18–26.

 4. Martinez JE, Kahana DD, Ghuman S, Wilson HP, Wilson J, Kim SCJ, 
Lagishetty V, Jacobs JP, Sinha‑Hikim AP, Friedman TC. Unhealthy lifestyle 
and gut dysbiosis: a better understanding of the effects of poor diet 
and nicotine on the intestinal microbiome. Front Endocrinol (Lausanne). 
2021;12: 667066.

 5. Khan I, Ullah N, Zha L, Bai Y, Khan A, Zhao T, Che T, Zhang C. Altera‑
tion of gut microbiota in inflammatory bowel disease (IBD): cause or 
consequence? IBD Treatment targeting the gut microbiome. Pathogens. 
2019;8(3):126.

 6. Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects 
and established and evolving therapies. Lancet. 2007;369(9573):1641–57.

 7. McDowell C, Farooq U, Haseeb M. Inflammatory bowel disease. Treasure 
Island: StatPearls Publishing, 2023. Available from: https:// www. ncbi. nlm. 
nih. gov/ books/ NBK47 0312/

 8. Chen K, Bao Z, Gong W, Tang P, Yoshimura T, Wang JM. Regulation of 
inflammation by members of the formyl‑peptide receptor family. J Auto‑
immun. 2017;85:64–77.

 9. Zhang M, Gao JL, Chen K, Yoshimura T, Liang W, Gong W, Li X, Huang 
J, McDermott DH, Murphy PM, et al. A critical role of formyl pep‑
tide receptors in host defense against Escherichia coli. J Immunol. 
2020;204(9):2464–73.

 10. Liu M, Chen K, Yoshimura T, Liu Y, Gong W, Wang A, Gao JL, Murphy PM, 
Wang JM. Formylpeptide receptors are critical for rapid neutrophil mobili‑
zation in host defense against Listeria monocytogenes. Sci Rep. 2012;2:786.

 11. Ye RD, Boulay F, Wang JM, Dahlgren C, Gerard C, Parmentier M, Serhan 
CN, Murphy PM. International union of basic and clinical pharmacol‑
ogy. LXXIII. Nomenclature for the formyl peptide receptor (FPR) family. 
Pharmacol Rev. 2009;61(2):119–61.

 12. Le Y, Murphy PM, Wang JM. Formyl‑peptide receptors revisited. Trends 
Immunol. 2002;23(11):541–8.

 13. Gao JL, Guillabert A, Hu J, Le Y, Urizar E, Seligman E, Fang KJ, Yuan 
X, Imbault V, Communi D, et al. F2L, a peptide derived from heme‑
binding protein, chemoattracts mouse neutrophils by specifically 
activating Fpr2, the low‑affinity N‑formylpeptide receptor. J Immunol. 
2007;178(3):1450–6.

 14. Liang W, Chen K, Gong W, Yoshimura T, Le Y, Wang Y, Wang JM. The 
contribution of chemoattractant GPCRs, formylpeptide receptors, to 
inflammation and cancer. Front Endocrinol (Lausanne). 2020;11:17.

 15. Chen T, Xiong M, Zong X, Ge Y, Zhang H, Wang M, Won Han G, Yi C, Ma L, 
Ye RD, et al. Structural basis of ligand binding modes at the human formyl 
peptide receptor 2. Nat Commun. 2020;11(1):1208.

 16. Krepel SA, Wang JM. Chemotactic ligands that activate G‑protein‑cou‑
pled formylpeptide receptors. Int J Mol Sci. 2019;20(14):3426.

 17. Xiang Y, Yao X, Chen K, Wang X, Zhou J, Gong W, Yoshimura T, Huang J, 
Wang R, Wu Y, et al. The G‑protein coupled chemoattractant receptor 
FPR2 promotes malignant phenotype of human colon cancer cells. Am J 
Cancer Res. 2016;6(11):2599–610.

 18. Lu J, Zhao J, Jia C, Zhou L, Cai Y, Ni J, Ma J, Zheng M, Lu A. FPR2 enhances 
colorectal cancer progression by promoting EMT process. Neoplasma. 
2019;66(5):785–91.

 19. Chen K, Le Y, Liu Y, Gong W, Ying G, Huang J, Yoshimura T, Tessa‑
rollo L, Wang JM. A critical role for the g protein‑coupled receptor 
mFPR2 in airway inflammation and immune responses. J Immunol. 
2010;184(7):3331–5.

https://doi.org/10.57760/sciencedb.j00111.00005
https://www.ncbi.nlm.nih.gov/books/NBK470312/
https://www.ncbi.nlm.nih.gov/books/NBK470312/


Page 17 of 18Chen et al. Gut Pathogens  (2023) 15:28 

 20. Liu Y, Chen K, Wang C, Gong W, Yoshimura T, Liu M, Wang JM. Cell surface 
receptor FPR2 promotes antitumor host defense by limiting M2 polariza‑
tion of macrophages. Cancer Res. 2013;73(2):550–60.

 21. Chen K, Liu M, Liu Y, Yoshimura T, Shen W, Le Y, Durum S, Gong W, 
Wang C, Gao JL, et al. Formylpeptide receptor‑2 contributes to colonic 
epithelial homeostasis, inflammation, and tumorigenesis. J Clin Invest. 
2013;123(4):1694–704.

 22. Wentworth CC, Jones RM, Kwon YM, Nusrat A, Neish AS. Commensal‑
epithelial signaling mediated via formyl peptide receptors. Am J Pathol. 
2010;177(6):2782–90.

 23. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill 
SR, Nelson KE, Relman DA. Diversity of the human intestinal microbial 
flora. Science. 2005;308(5728):1635–8.

 24. Carvalho FA, Koren O, Goodrich JK, Johansson ME, Nalbantoglu I, Aitken 
JD, Su Y, Chassaing B, Walters WA, Gonzalez A, et al. Transient inability to 
manage proteobacteria promotes chronic gut inflammation in TLR5‑
deficient mice. Cell Host Microbe. 2012;12(2):139–52.

 25. Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV, Reyes 
JA, Shah SA, LeLeiko N, Snapper SB, et al. Dysfunction of the intestinal 
microbiome in inflammatory bowel disease and treatment. Genome Biol. 
2012;13(9):R79.

 26. Mukhopadhya I, Hansen R, El‑Omar EM, Hold GL. IBD‑what role do pro‑
teobacteria play? Nat Rev Gastroenterol Hepatol. 2012;9(4):219–30.

 27. Yang Y, Jobin C. Microbial imbalance and intestinal pathologies: connec‑
tions and contributions. Dis Model Mech. 2014;7(10):1131–42.

 28. Holzenberger M, Lenzner C, Leneuve P, Zaoui R, Hamard G, Vaulont 
S, Bouc YL. Cre‑mediated germline mosaicism: a method allowing 
rapid generation of several alleles of a target gene. Nucleic Acids Res. 
2000;28(21):E92.

 29. Yoshimura T, McLean MH, Dzutsev AK, Yao X, Chen K, Huang J, Gong 
W, Zhou J, Xiang Y, et al. The antimicrobial peptide CRAMP is essential 
for colon homeostasis by maintaining microbiota balance. J Immunol. 
2018;200(6):2174–85.

 30. Chen K, Yoshimura T, Yao X, Gong W, Huang J, Dzutsev AK, McCull‑
och J, Oigin C, Bian XW, Trinchieri G, et al. Distinct contributions of 
cathelin‑related antimicrobial peptide (CRAMP) derived from epithe‑
lial cells and macrophages to colon mucosal homeostasis. J Pathol. 
2001;253(3):339–50.

 31. Tsuboi K, Nishitani M, Takakura A, Imai Y, Komatsu M, Kawashima H. 
Autophagy protects against colitis by the maintenance of normal gut 
microflora and secretion of mucus. J Biol Chem. 2015;290(33):20511–26.

 32. Diao N, Zhang Y, Chen K, Yuan R, Lee C, Geng S, Kowalski E, Guo W, Xiong 
H, Li M, et al. Deficiency in toll‑interacting protein (Tollip) skews inflamed 
yet incompetent innate leukocytes in vivo during DSS‑induced septic 
colitis. Sci Rep. 2016;6:34672.

 33. Dejea CM, Fathi P, Craig JM, Boleij A, Taddese R, Geis AL, Wu X, DeStefano 
Shields CE, Hechenbleikner EM, Huso DL, et al. Patients with familial 
adenomatous polyposis harbor colonic biofilms containing tumorigenic 
bacteria. Science. 2018;359(6375):592–7.

 34. Chen L, Yang J, Yu J, Yao Z, Sun L, Shen Y, Jin Q. VFDB: a reference database 
for bacterial virulence factors. Nucleic Acids Res. 2005;33(Database 
issue):D325‑328.

 35. Torres AG, Blanco M, Valenzuela P, Slater TM, Patel SD, Dahbi G, Lopez C, 
Barriga XF, Blanco JE, Gomes TA, et al. Genes related to long polar fim‑
briae of pathogenic Escherichia coli strains as reliable markers to identify 
virulent isolates. J Clin Microbiol. 2009;47(8):2442–51.

 36. Feng PCH, Delannoy S, Lacher DW, Bosilevac JM, Fach P, Beutin L. Shiga 
toxin‑producing serogroup O91 Escherichia coli strains isolated from food 
and environmental samples. Appl Environ Microbiol. 2017;83(18): e01231.

 37. Cheng Y, Ling Z, Li L. The intestinal microbiota and colorectal cancer. 
Front Immunol. 2020;11: 615056.

 38. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. 
Molecular‑phylogenetic characterization of microbial community imbal‑
ances in human inflammatory bowel diseases. Proc Natl Acad Sci USA. 
2007;104(34):13780–5.

 39. Sartor RB. Microbial influences in inflammatory bowel diseases. Gastroen‑
terology. 2008;134(2):577–94.

 40. Nishida A, Inoue R, Inatomi O, Bamba S, Naito Y, Andoh A. Gut microbiota 
in the pathogenesis of inflammatory bowel disease. Clin J Gastroenterol. 
2018;11(1):1–10.

 41. Hawrelak JA, Myers SP. The causes of intestinal dysbiosis: a review. Altern 
Med Rev. 2004;9(2):180–97.

 42. Hall AB, Tolonen AC, Xavier RJ. Human genetic variation and the gut 
microbiome in disease. Nat Rev Genet. 2017;18(11):690–9.

 43. Inohara N, Ogura Y, Fontalba A, Gutierrez O, Pons F, Crespo J, Fukase K, 
Inamura S, Kusumoto S, Hashimoto M, et al. Host recognition of bacterial 
muramyl dipeptide mediated through NOD2. Implications for Crohn’s 
disease. J Biol Chem. 2003;278(8):5509–12.

 44. Girardin SE, Boneca IG, Viala J, Chamaillard M, Labigne A, Thomas G, Phil‑
pott DJ, Sansonetti PJ. Nod2 is a general sensor of peptidoglycan through 
muramyl dipeptide (MDP) detection. J Biol Chem. 2003;278(11):8869–72.

 45. Eckmann L, Karin M. NOD2 and Crohn’s disease: loss or gain of function? 
Immunity. 2005;22(6):661–7.

 46. Petnicki‑Ocwieja T, Hrncir T, Liu YJ, Biswas A, Hudcovic T, Tlaskalova‑Hog‑
enova H, Kobayashi KS. Nod2 is required for the regulation of commensal 
microbiota in the intestine. Proc Natl Acad Sci USA. 2009;106(37):15813–8.

 47. Couturier‑Maillard A, Secher T, Rehman A, Normand S, De Arcangelis A, 
Haesler R, Huot L, Grandjean T, Bressenot A, Delanoye‑Crespin A, et al. 
NOD2‑mediated dysbiosis predisposes mice to transmissible colitis and 
colorectal cancer. J Clin Invest. 2013;123(2):700–11.

 48. Knights D, Silverberg MS, Weersma RK, Gevers D, Dijkstra G, Huang H, 
Tyler AD, van Sommeren S, Imhann F, Stempak JM, et al. Complex host 
genetics influence the microbiome in inflammatory bowel disease. 
Genome Med. 2014;6(12):107.

 49. Boltin D, Perets TT, Vilkin A, Niv Y. Mucin function in inflammatory bowel 
disease: an update. J Clin Gastroenterol. 2013;47(2):106–11.

 50. Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. 
The inner of the two Muc2 mucin‑dependent mucus layers in colon is 
devoid of bacteria. Proc Natl Acad Sci USA. 2008;105(39):15064–9.

 51. Wu M, Wu Y, Li J, Bao Y, Guo Y, Yang W. The dynamic changes of gut micro‑
biota in Muc2 deficient mice. Int J Mol Sci. 2018;19(9):2809.

 52. Prorok‑Hamon M, Friswell MK, Alswied A, Roberts CL, Song F, Flanagan PK, 
Knight P, Codling C, Marchesi JR, Winstanley C, et al. Colonic mucosa‑
associated diffusely adherent afaC+ Escherichia coli expressing lpfA and 
pks are increased in inflammatory bowel disease and colon cancer. Gut. 
2014;63(5):761–70.

 53. Wehkamp J, Koslowski M, Wang G, Stange EF. Barrier dysfunction due 
to distinct defensin deficiencies in small intestinal and colonic Crohn’s 
disease. Mucosal Immunol. 2008;1(Suppl 1):S67‑74.

 54. Cobo ER, Kissoon‑Singh V, Moreau F, Chadee K. Colonic MUC2 mucin 
regulates the expression and antimicrobial activity of beta‑defensin 2. 
Mucosal Immunol. 2015;8(6):1360–72.

 55. Liang W, Peng X, Li Q, Wang P, Lv P, Song Q, She S, Huang S, Chen K, 
Gong W, et al. FAM3D is essential for colon homeostasis and host 
defense against inflammation associated carcinogenesis. Nat Commun. 
2020;11(1):5912.

 56. Bailey JK, Pinyon JL, Anantham S, Hall RM. Commensal Escherichia coli of 
healthy humans: a reservoir for antibiotic‑resistance determinants. J Med 
Microbiol. 2010;59(Pt 11):1331–9.

 57. Zhang SL, Wang SN, Miao CY. Influence of microbiota on intestinal 
immune system in ulcerative colitis and its intervention. Front Immunol. 
2017;8:1674.

 58. Rhodes JM. The role of Escherichia coli in inflammatory bowel disease. 
Gut. 2007;56(5):610–2.

 59. Martin HM, Campbell BJ, Hart CA, Mpofu C, Nayar M, Singh R, Eng‑
lyst H, Williams HF, Rhodes JM. Enhanced Escherichia coli adherence 
and invasion in Crohn’s disease and colon cancer. Gastroenterology. 
2004;127(1):80–93.

 60. Bambou JC, Giraud A, Menard S, Begue B, Rakotobe S, Heyman M, Taddei 
F, Cerf‑Bensussan N, Gaboriau‑Routhiau V. In vitro and ex vivo activation 
of the TLR5 signaling pathway in intestinal epithelial cells by a commen‑
sal Escherichia coli strain. J Biol Chem. 2004;279(41):42984–92.

 61. De la Fuente M, Franchi L, Araya D, Diaz‑Jimenez D, Olivares M, Alvarez‑
Lobos M, Golenbock D, Gonzalez MJ, Lopez‑Kostner F, Quera R, et al. 
Escherichia coli isolates from inflammatory bowel diseases patients 
survive in macrophages and activate NLRP3 inflammasome. Int J Med 
Microbiol. 2014;304(3–4):384–92.

 62. Gophna U, Sommerfeld K, Gophna S, Doolittle WF, Veldhuyzen van 
Zanten SJ. Differences between tissue‑associated intestinal microfloras 
of patients with Crohn’s disease and ulcerative colitis. J Clin Microbiol. 
2006;44(11):4136–41.



Page 18 of 18Chen et al. Gut Pathogens  (2023) 15:28

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 63. Baumgart M, Dogan B, Rishniw M, Weitzman G, Bosworth B, Yantiss R, 
Orsi RH, Wiedmann M, McDonough P, Kim SG, et al. Culture independent 
analysis of ileal mucosa reveals a selective increase in invasive Escherichia 
coli of novel phylogeny relative to depletion of Clostridiales in Crohn’s 
disease involving the ileum. ISME J. 2007;1(5):403–18.

 64. Darfeuille‑Michaud A, Boudeau J, Bulois P, Neut C, Glasser AL, Barnich N, 
Bringer MA, Swidsinski A, Beaugerie L, Colombel JF. High prevalence of 
adherent‑invasive Escherichia coli associated with ileal mucosa in Crohn’s 
disease. Gastroenterology. 2004;127(2):412–21.

 65. Veziant J, Gagniere J, Jouberton E, Bonnin V, Sauvanet P, Pezet D, Barnich 
N, Miot‑Noirault E, Bonnet M. Association of colorectal cancer with patho‑
genic Escherichia coli: focus on mechanisms using optical imaging. World 
J Clin Oncol. 2016;7(3):293–301.

 66. Cougnoux A, Dalmasso G, Martinez R, Buc E, Delmas J, Gibold L, Sauvanet 
P, Darcha C, Dechelotte P, Bonnet M, et al. Bacterial genotoxin colibactin 
promotes colon tumour growth by inducing a senescence‑associated 
secretory phenotype. Gut. 2014;63(12):1932–42.

 67. Zuo T, Ng SC. The gut microbiota in the pathogenesis and therapeutics of 
inflammatory bowel disease. Front Microbiol. 2018;9:2247.

 68. Lu J, Dong B, Chen A, He F, Peng B, Wu Z, Cao J, Li W. Escherichia coli 
promotes DSS‑induced murine colitis recovery through activation of the 
TLR4/NF‑kappaB signaling pathway. Mol Med Rep. 2019;19(3):2021–8.

 69. Wu WH, Kim M, Chang LC, Assie A, Saldana‑Morales FB, Zegarra‑Ruiz DF, 
Norwood K, Samuel BS, Diehl GE. Interleukin‑1beta secretion induced by 
mucosa‑associated gut commensal bacteria promotes intestinal barrier 
repair. Gut Microbes. 2022;14(1):2014772.

 70. Lopetuso LR, Petito V, Zambrano D, Orlando D, Dal Lago A, Ser‑
richhio L, Papa A, Gasbarrini A, Scaldaferri F. Gut microbiota: a key 
modulator of intestinal healing in inflammatory bowel disease. Dig Dis. 
2016;34(3):202–9.

 71. Thomas H. Microbiota promote gut healing. Nat Rev Gastroenterol Hepa‑
tol. 2016;13(4):189–189.

 72. Baumler AJ, Heffron F. Identification and sequence analysis of lpfAB‑
CDE, a putative fimbrial operon of Salmonella typhimurium. J Bacteriol. 
1995;177(8):2087–97.

 73. Baumler AJ, Tsolis RM, Heffron F. The lpf fimbrial operon mediates adhe‑
sion of Salmonella typhimurium to murine Peyer’s patches. Proc Natl Acad 
Sci U S A. 1996;93(1):279–83.

 74. Toma C, Higa N, Iyoda S, Rivas M, Iwanaga M. The long polar fimbriae 
genes identified in Shiga toxin‑producing Escherichia coli are present in 
other diarrheagenic E. coli and in the standard E. coli collection of refer‑
ence (ECOR) strains. Res Microbiol. 2006;157(2):153–61.

 75. Torres AG, Kanack KJ, Tutt CB, Popov V, Kaper JB. Characterization of the 
second long polar (LP) fimbriae of Escherichia coli O157:H7 and distribu‑
tion of LP fimbriae in other pathogenic E. coli strains. FEMS Microbiol Lett. 
2004;238(2):333–44.

 76. Doughty S, Sloan J, Bennett‑Wood V, Robertson M, Robins‑Browne RM, 
Hartland EL. Identification of a novel fimbrial gene cluster related to 
long polar fimbriae in locus of enterocyte effacement‑negative strains of 
enterohemorrhagic Escherichia coli. Infect Immun. 2002;70(12):6761–9.

 77. Lindgren SW, Melton AR, O’Brien AD. Virulence of enterohemorrhagic 
Escherichia coli O91:H21 clinical isolates in an orally infected mouse 
model. Infect Immun. 1993;61(9):3832–42.

 78. Kim JB, Oh KH, Park MS, Cho SH. Repression of type‑1 fimbriae in Shiga 
toxin‑producing Escherichia coli O91:H21 isolated from asymptomatic 
human carriers in Korea. J Microbiol Biotechnol. 2013;23(5):731–7.

 79. Baldi DL, Higginson EE, Hocking DM, Praszkier J, Cavaliere R, James CE, 
Bennett‑Wood V, Azzopardi KI, Turnbull L, Lithgow T, et al. The type 
II secretion system and its ubiquitous lipoprotein substrate, SslE, are 
required for biofilm formation and virulence of enteropathogenic Escheri-
chia coli. Infect Immun. 2012;80(6):2042–52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	The beneficial effects of commensal E. coli for colon epithelial cell recovery are related with Formyl peptide receptor 2 (Fpr2) in epithelial cells
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Mice
	Cell culture
	Design of animal experiments
	Conventional PCR for genes of 16S rRNA and LpfA of E. coli
	Histologic and immunohistochemical staining
	Immunofluorescence staining
	Fluorescence in situ hybridization (FISH)
	Enzyme-linked immunosorbent assay (ELISA)
	Identification of E. coli
	Adhesion of colon epithelial cells by E. coli
	E. coli-induced death of colon epithelial cells
	Chemotaxis assays
	Testing E. coli in germ-free (GF) mice
	Ethical statement
	Statistical analysis

	Results
	Impaired colon mucosal barrier in Fpr2−− mice
	Dysbiosis in the colon of naïve Fpr2−− mice
	Identification of E. coli serotypes O22:H8 and O91:H21 in mouse feces
	More virulence of E. coli O91:H21 than O22:H8
	Fpr2 is required for E. coli to promote the colon epithelial cell regeneration
	Fpr2 deficiency delayed the recovery of damaged colon mucosa of mice with colitis
	Fpr2 deficiency increased E. coli population in the colon of mice with colitis.

	Discussion
	Conclusions
	Anchor 33
	Acknowledgements
	References


