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Abstract Inflammatory bowel disease (IBD) is an autoimmune disorder involving complex immune

regulation, where balancing localized and systemic immunosuppression is a key challenge. This study

aimed to enhance the therapeutic efficacy by engineering the probiotic Escherichia coli Nissle 1917

(EcN). We removed endogenous plasmids pMUT1 and pMUT2 from wild-type EcN and expressed the

mPD-L1 (19‒238 aa)-mFc fusion protein on the bacterial surface using a cytolysin A (ClyA) fragment.

This modification stabilized mPD-L1 (19‒238 aa) protein expression and promoted its recruitment to

outer membrane vesicles (OMVs). The engineered strain, EcNΔpMUT1/2-ClyA-mPD-L1-mFc (EcN-

ePD-L1-mFc), features conditional ePD-L1-mFc expression under the araBAD promoter, enhancing

gut-targeted release and reducing systemic side effects. This strain improved treatment targeting and
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efficiency by enabling direct ePD-L1-mFc interaction with immune cells at inflammation sites. OMVs

from this strain induced Treg proliferation, inhibited effector T cell proliferation in vitro, and significantly

improved intestinal inflammation and colonic epithelial barrier repair in vivo. Additionally, the bacterium

restored intestinal microbiota balance, increasing Lactobacillaceae and reducing Bacteroides. This study

highlights the engineered bacterium’s potential for targeted intestinal immune modulation and offers a

novel local IBD treatment approach with promising clinical prospects.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Inflammatory bowel disease (IBD) is a chronic gastrointestinal

disorder that includes Crohn’s disease and ulcerative colitis (UC)

and affects the gastrointestinal tract and colon, respectively. IBD

is the result of a complex interplay between genetic susceptibility,

immune regulation, and intestinal microbiota1,2. Immune imbal-

ances due to the overactivation of T helper cells (Th cells) and the

excessive production of pro-inflammatory mediators drive the

onset and progression of IBD3.

Current therapeutic options for IBD include 5-aminosalicylic

acid, glucocorticoids, immunosuppressants (methotrexate and

thiopurine), and small-molecule drugs and biologics4. Small-

molecule drugs include selective Janus kinase inhibitors5-7,

sphingosine-1-phosphate receptor modulators8, oral SMAD7

antisense oligonucleotides9,10, and phosphodiesterase-4

inhibitors11,12. These drugs are useful for treating IBD because

of their convenient administration, rapid metabolism, and non-

immunogenicity. For instance, JAK inhibitors have been shown

to inhibit pro-inflammatory cytokine signaling pathways, signifi-

cantly reducing inflammation in IBD patients. However, while

small-molecule drugs offer advantages such as a favorable phar-

macokinetic profile, they do not always provide sustained efficacy

in the long term due to issues like drug resistance and the potential

for developing side effects. Additionally, some biologics,

including interleukin IL-12, IL-23 and integrin inhibitors13-15,

have markedly improved therapeutic outcomes. However, despite

their efficacy, biologics are not without their challenges. They are

associated with a risk of infusion reactions, immunogenicity

(leading to the development of anti-drug antibodies), and, in some

cases, an increased risk of malignancies, especially in long-term

use. Furthermore, the high cost and the need for administration

in a healthcare setting limit the widespread use of these therapies.

In light of these issues, novel strategies such as engineered bac-

teria are being explored to offer a more targeted, personalized, and

potentially safer approach to IBD treatment.

IBD treatment is based primarily on pharmacological therapies

to reduce gut inflammation. Probiotics are a promising treatment

option because of their ability to modulate the intestinal micro-

biota, enhance intestinal barrier function, and improve immune

responses. Further, oral probiotics can mitigate drug side effects16.

Among the 45 preclinical studies of engineered probiotics

reviewed, 11 strains were genetically modified to produce thera-

peutic substances, including IL-10, antimicrobial peptides, anti-

oxidant enzymes, and short-chain fatty acids, all of which showed

potential efficacy in treating colitis. Based on these findings, one

engineered probiotic, IL-10-producing Lactococcus lactis, was

selected for a clinical trial involving 10 patients with Crohn’s

disease. The trial demonstrated that this engineered strain was safe

and led to a reduction in disease activity among the patients.

However, despite these promising results, Lactococcus lactis is not

yet approved for clinical use17. Escherichia coli Nissle 1917

(EcN) supports intestinal health by suppressing the growth of

pathogenic bacteria, modulating immune factors, and strength-

ening mucosal barrier integrity. Clinical trials have reported sig-

nificant improvements in the clinical activity index (CAI) of

ulcerative colitis (UC) patients, along with reductions in inflam-

matory markers such as C-reactive protein and fecal calpro-

tectin18. The efficacy of this strain in maintaining UC remission is

similar to that of mesalazine19. However, EcN has limited ability

to colonize the gastrointestinal tract20, underscoring the need to

enhance its efficacy through genetic engineering.

The programmed death 1 (PD-1) pathway, including the PD-1

ligands PD-L1 and PD-L2, is critical in regulating immune toler-

ance and autoimmune responses, particularly in chronic infections

and cancers, by inhibiting T cell activation21-23. PD-1+ and PD-

L1+ lymphocytes are strongly upregulated in the lamina propria

of IBD patients, especially in UC patients, suggesting that the PD-

1/PD-L1 pathway plays a role in the pathogenesis of UC24,25. In

animal models of chronic UC, the high expression of PD-L1 plays

a crucial role in the aberrant regulation of CD4+ and CD8+

effector T cells, leading to intestinal microbiota dysregulation26,27.

Blocking the PD-1/PD-L1 pathway can result in colonic inflam-

mation, while PD-L1 alleviates the symptoms of enteritis in mice

with dextran sulfate sodium (DSS)-induced UC28-30. Furthermore,

the PD-1 inhibitor nivolumab and the PD-L1 inhibitor atezolizu-

mab can induce immune-related UC31. Therefore, PD-L1 is a

promising treatment for IBD. However, given its strong immuno-

suppressive effects, the systemic administration of PD-L1 may

increase the risk of infections and cancer, necessitating the devel-

opment of more precise drug delivery systems.

Outer membrane vesicles (OMVs) are non-replicating particles

naturally secreted by Gram-negative bacteria and can serve as

carriers of therapeutic components because of the particulate na-

ture and good biocompatibility of these vesicles. OMVs contain

pathogen-associated molecular patterns and thus can function as

immune stimulators and nano-pathogenoids32,33. For instance, an

OMV-based meningococcal vaccine reduced the incidence and

mortality of meningitis in New Zealand34. Moreover, homologous

or heterologous antigens from different pathogens or sources can

be incorporated into OMVs by genetic engineering35. For

instance, E. coli-derived OMVs expressing antigens from the

influenza virus and Plasmodium falciparum can stimulate the

production of specific antibodies against these pathogens36,37.

These results prove that homologous or heterologous antigens can

be attached to OMVs, effectively serving as molecular carriers.

Herein, we excised the endogenous plasmids pMUT1 and

pMUT2 from wild-type EcN and expressed the PD-L1 (19‒238
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aa)-mFc fusion protein on the bacterial surface using a cytolysin A

(ClyA) fragment. This modification stabilized the protein

expression of mPD-L1 (19‒238 aa) and increased its deployment

in OMVs. This approach allowed producing a novel bacterial

strain, EcNΔpMUT1/2-ClyA-mPD-L1-mFc (EcN-ePD-L1-mFc).

Furthermore, the L-arabinose-inducible araBAD promoter enabled

the conditional expression of ePD-L1-mFc, increasing its release

into the intestine, reducing systemic side effects and improving

treatment safety and efficacy. This engineered strain significantly

enhanced treatment targeting and efficacy through the direct

interaction of ePD-L1-mFc on OMVs with immune cells at sites

of intestinal inflammation. The ePD-L1-mFc-expressing EcN

strain attenuated enteritis by improving intestinal barrier function

in vitro and in vivo. Further, this strain recovered the intestinal

levels of short-chain fatty acids (SCFAs) by increasing the relative

abundance of Lactobacillaceae and decreasing the abundance of

Bacteroides (Fig. 1). These results underscore the clinical appli-

cability of this engineered bacterial strain in modulating intestinal

immunity and introduce a novel therapeutic approach for the local

treatment of IBD.

2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium with high glucose (DMEM)

(Punosai Biotechnology Co., Ltd., FM50210, Wuhan, China), fetal

bovine serum (Novizan Biotechnology Co., Ltd., F101-03, Nanj-

ing, China), 100 × penicillin—streptomycin solution (Xinsaimei

Biotechnology Co., Ltd., C100C5, Suzhou, China), L-arabinose

(Aladdin Biotechnologies, A106195-100g, Shanghai, China),

TieChui E. coli Lysis Buffer (Boyi Biological Technology Co.,

Ltd., BR0005-02/BR0005-03, Changzhou, China), 4′,6-

diamidino-2-phenylindole (DAPI) (Sikejie Biotechnology Co.,

Ltd., EE0015, Shandong, China), cell culture plates (Sening

Biotechnology Co., Ltd., 1022000, Hangzhou, China), 96-well

plates (Sening Biotechnology Co., Ltd., 1014000), ampicillin

(Target Molecule Corp., T0814L-200 mg, Boston, MA, USA),

Cyanine5.5 (Cy5.5) (MedChem Express, HY-D0924, Shanghai,

China), and rabbit polyclonal anti-FLAG tag antibody (Pro-

teintech, 20543-1-AP, Wuhan, China).

Environmentally friendly dewaxing transparent liquid

(G1128), 20 × citric acid antigen retrieval solution (pH 6.0)

(G1202), 20 × Tris-EDTA antigen retrieval solution (pH 9.0)

(G1203), 20 × Tris-EDTA antigen retrieval solution (pH 8.0)

(G1206), DAB chromogenic solution (G1212), and hematoxylin

(G1004) were purchased from Wuhan Saiwei Biotechnology Co.,

Ltd.

The primary antibodies used in flow cytometry, Western blot-

ting, and immunohistochemistry are listed in Supporting Infor-

mation Table S1.

2.2. Animal rearing

Female C57BL/6 mice (6‒8 weeks) (Weitong Lihua Experimental

Animal Technology Co., Ltd., Beijing, China) were housed in an

animal facility in individually ventilated cages with 5 mice per

cage at 20‒22 ◦C and relative humidity of 30%‒70% under a 12 h

light/12 h dark cycle. Food and water were supplied ad libitum.

All animal experiments received approval from the Animal Ethics

Committee at Soochow University (Suzhou, China, No.

202307A0124) and were conducted following the prescribed

guidelines for animal use in scientific research.

2.3. Construction of EcNΔpMUT1/2

To create the engineered strain EcNΔpMUT1/2, we deleted the

endogenous plasmids pMUT1 and pMUT2 from the wild-type

Escherichia coli Nissle 1917 (EcN) strain via the CRISPR-Cas9

System38. Initially, we constructed guide plasmids pTargetF1

and pTargetF2 to target pMUT1 and pMUT2, respectively. The

targeting sgRNA was integrated via reverse PCR using over-

lapping primers, each containing a specific 20-base pair gRNA

target sequence. The guide plasmids were assembled using the

Figure 1 Bioengineered bacterial strain EcN-ePD-L1-mFc used in the local treatment of inflammatory bowel disease in mice. The endogenous

plasmids pMUT1 and pMUT2 were removed from wild-type Escherichia coli Nissle 1917 (EcN) by genetic engineering to produce EcNΔpMUT1/2

and improve recombinant protein expression. The ClyA-PD-L1-mFc fragment was transfected into EcN to create EcNΔpMUT1/2-ClyA-PD-L1-mFc

(EcN-ePD-L1-mFc). The secretion of outer membrane vesicles (OMVs) by arabinose-induced EcN-ePD-L1-mFc in the intestinal tract alleviates

inflammatory bowel disease by inhibiting immune cell activity and cytokine secretion and restoring the intestinal flora.
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Ready-to-Use Seamless Cloning Kit (Sangon Biotechnology, No.

B632219, Shanghai, China) following inverse PCR and subse-

quently transformed into DH5α competent cells (Sangon

Biotechnology, No. B528413). Sequencing confirmed the inte-

gration of the N20 guide region in the plasmids, and pTargetF1

and pTargetF2 were extracted for further use. Next, we utilized

CRISPR/Cas9 for genome editing. The pCas plasmid was elec-

troporated into EcN, and positive colonies were selected through

PCR identification and culture on LB kan+ plates (50 μg/mL).

Subsequently, 100 ng of pTargetF1 was electroporated into these

bacteria, and clones were selected on LB Kan+ Spectinomycin

plates, resulting in the strain EcN (pCas, ΔpMUT1, pTargetF1) as

confirmed by PCR screening. The screened strains were induced

with IPTG to eliminate the pTargetF1 plasmid, and clones were

selected on LB Kan+ plates. After PCR identification and

screening, we obtained the strain EcN (pCas, ΔpMUT1). Using

the same methodology, we electroporated 100 ng of pTargetF2

into the bacteria and subsequently eliminated pTargetF2 to obtain

EcN (pCas, ΔpMUT1, ΔpMUT2). Finally, the EcN (pCas,

ΔpMUT1, ΔpMUT2) strain was cultured overnight at 37 ◦C on

LB plates without antibiotics until the optical density (OD) at

600 nm reached 0.6—0.9, followed by inoculation onto fresh LB

plates without antibiotics. Colonies were selected and subcultured

on LB Kan+ plates. The clones sensitive to kanamycin were

identified as having eliminated pCas, resulting in the final strain

EcNΔpMUT1/2. The excision of pMUT1 and pMUT2 was confirmed

by agarose gel electrophoresis. PCR amplification products were

mixed with 6 × loading buffer and loaded onto a 1.5% agarose

gel. Electrophoresis was conducted at 100 V in 1 × TAE buffer for

45 min. DNA was visualized by ethidium bromide staining. The

presence and size of target DNA fragments were analyzed using

an ultraviolet transilluminator. The primer sequences are shown in

Supporting Information Table S2.

2.4. pBAD-ClyA-PD-L1 (19‒238 aa)-mFc plasmid construction

and bacterial culture

The ClyA-PD-L1 (19‒238 aa)-mFc gene was cloned between the

NcoI and HindIII restriction sites of the pBAD vector containing

the L-arabinose-inducible araBAD promoter and ara-C regulator.

The plasmid sequence is shown in Supporting Information

Table S3. We fused the extracellular fragment of mouse PD-L1

(amino acids 19‒238) to the C-terminus of the bacterial outer

membrane protein ClyA, with a Flag tag inserted between them.

The Fc fragment of mouse IgA was then attached to the

C-terminus of PD-L1. Then, the expression plasmid pBAD-ClyA-

PD-L1 (19‒238 aa)-mFc was transfected into EcNΔpMUT1/2 to

produce the recombinant strain EcNΔpMUT1/2-ClyA-PD-L1 (19‒
238 aa)-mFc (EcN-ePD-L1-mFc). This strain was grown in LB

medium supplemented with ampicillin (50 μg/mL) at 37 ◦C and

220 rpm for 12 h until the optical density (OD) at 600 nm reached

0.6‒0.9.

2.5. Analysis of protein expression

The pBAD-mBaoJin plasmid was electroporated with wild-type

EcN and EcNΔpMUT1/2 with a voltage of 2.5 kV, a resistance of

200 Ω, a time constant of 5 ms, and three electroporations. The

strains expressing GFP green fluorescent protein were obtained

and named EcN-WT-GFP and EcNΔpMUT1/2-GFP, respectively.

Cultures were grown in LB medium at 37 ◦C with shaking at

220 rpm for 24 h. Kanamycin (50 μg/mL) was added.

Fluorescence imaging was performed using an in vivo imaging

system. Wild-type EcN and EcNΔpMUT1/2 were lysed using

TieChui E. coli Lysis Buffer (Changzhou Boyi Biotechnology Co.,

Ltd., BR0005-02, Changzhou, China), and total protein was

extracted according to the manufacturer’s instructions. Protein

concentration was determined using the BCA protein assay kit

(Novizan Biotechnology Co., Ltd., E112-02, Nanjing, China).

Protein lysates (30 μg) were separated by SDS-PAGE and trans-

ferred to a polyvinylidene fluoride membrane. The membrane was

blocked with 5% skim milk (Sangon Biotech; A600669-0250) and

incubated with an anti-Myc monoclonal antibody. Proteins were

detected using enhanced chemiluminescent reagents (Bio-Rad,

1705061, Hercules, CA, USA). Fluorescence intensity was

quantified using ImageJ software (version 1.8.0; National In-

stitutes of Health, Bethesda, MD, USA).

2.6. Preparation and characterization of OMVs

When the optical density (OD600) of EcN, EcN-ePDL1, and EcN-

ePDL1-mFc cultures reached 0.6—0.8, 0.2% arabinose was added

to the culture to induce protein expression, and then incubated at

37 ◦C for 6 h. The culture was centrifuged at 4 ◦C and 1700×g

(Eppendorf, Centrifuge 5702 R/RH—FastTemp, Hamburg, Ger-

many) for 20 min, and the supernatant was filtered through a

0.22 μm filter (Wuxi Naes Biotechnology Co., Ltd., No. 343011,

Wuxi, China) under vacuum. The filtrate was concentrated to

50 mL using a 50 kDa ultrafiltration membrane (Millipore,

UFC905008, Billerica, MA, USA) and a 0.22 μm disposable sy-

ringe filter. OMVs were resuspended in 1 mL of PBS, centrifuged

at 150,000×g (Beckman Coulter, L 90K Ultracentrifuge, Model

80XP XE, Brea, CA, USA) for 3 h at 4 ◦C, and stored at − 20 ◦C.

OMVs were extracted from EcNΔpMUT1/2 using the same proto-

col, and bacteria were grown under identical conditions for 18 h.

The concentration of exosomal proteins was quantified using a

BCA protein assay kit (Novizan Biotechnology Co., Ltd., E112-

02, Nanjing, China). The shape of OMVs was analyzed by

transmission electron microscopy (TEM) (Tecnai G2 Spirit

BioTwin, FEI, Eindhoven, The Netherlands). The size distribution

and zeta potential of OMVs were evaluated by dynamic light

scattering (DLS) using a Zetasizer Nano ZS90 (Malvern In-

struments Ltd., Zetasizer Nano ZS90, Malvern, Worcestershire,

UK).

2.7. Western blotting

Heterologous protein expression in engineered bacteria and

OMVs was analyzed by western blotting. Total protein was

extracted from bacteria using a bacterial protein extraction kit

(Puyihua Technology Co., Ltd., C600596, Beijing, China)

following the manufacturer’s instructions. Proteins from OMVs

were mixed with the exosome solution at a 4:1 ratio using a

5 × loading buffer and heated at 100 ◦C for 15 min. Protein ly-

sates (30 μg per sample) were subjected to SDS-PAGE and

transferred onto a polyvinylidene fluoride membrane. The mem-

brane was blocked with 5% skim milk (Sangon Biotech,

A600669-0250, Shanghai, China) and incubated with rabbit

polyclonal anti-WO tag antibody (Sanying Biotechnology Co.,

Ltd., 20543-1-AP, Wuhan, China) and secondary antibodies.

Immunoreactive bands were visualized using an enhanced chem-

iluminescence system (Bio-Rad, 1705061, Hercules, CA, USA).

Fluorescence intensity was quantified using ImageJ software

version 1.8.0.
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2.8. Intestinal residency

C57BL/6 mice (12 in each group) were randomly divided into 2

groups to evaluate the intestinal retention ability of transgenic

bacteria. Each mouse was gavaged with 200 μL of a solution

containing Cy5.5-labeled EcNΔpMUT1/2 or EcN-ePD-L1-mFc

(1.0 × 1013 CFU/mL). Mice were euthanized at four-time points

(3, 6, 12, and 24 h; three mice per time point), and gastrointestinal

images were acquired using an in vivo imaging system to assess

the retention of engineered bacteria.

2.9. Epithelial penetration assay

Healthy C57BL/6 mice were selected for 6—8 weeks, and

epithelial osmosis was performed after a 6 h fasting period.

Anesthetize the mouse with 0.5%—1.0% isoflurane and perform

intestinal ligation. EcNΔpMUT1/2
OMV (50 μg) and EcN-ePDL1-

mFcOMVs (50 μg) were injected into the ligated segments. Two

hours later, these segments were excised for immunofluorescence

analysis. Cell nuclei were stained with DAPI (blue), and OMVs

were labeled with an anti-PD-L1 antibody (green).

2.10. Presentation of OMVs to murine dendritic cells (DCs)

in vitro

Coverslips were washed with absolute ethanol and rinsed three

times with sterile PBS. The coverslips were placed in 12-well

plates, and 2 mL of DMEM complete medium containing 10%

fetal bovine serum and 1% streptomycin was added. Approxi-

mately 4.0 × 105 cells were seeded per well in these plates and

incubated at 37 ◦C with 5% CO2 for 24 h until 80% confluence.

Then, 100 μL of a solution containing Cy5.5-labeled EcNΔpMU-

T1/2
OMV (50 μg) and EcN-ePDL1-mFcOMVs (0.5 μg/μL) was

added, and cells were incubated under the same conditions for 5,

15, 30, 60, and 120 min. After each incubation, the medium was

discarded, and cells were washed with PBS three times (5 min

each). Cells were fixed with 4% paraformaldehyde for 30 min and

washed with PBS three times. The coverslips were blocked with

5% bovine serum albumin for 1 h, washed three times with PBST,

and mounted with Vectashield mounting medium containing

DAPI (Vector Laboratories, Birmingham, CA, USA). Cells were

imaged on a scanning laser confocal microscope (Nikon Corpo-

ration, Confocal Microscope, Model A1, Tokyo, Japan).

2.11. Inhibition of immune cell function by OMVs in vitro

In each well of a 96-well plate, 100 μL of a mixture containing anti-

CD3 (BD Biosciences, 553238, Franklin Lakes, New Jersey, USA)

(2 μg/mL), anti-CD28 (BD Biosciences, 553295) (0.4 μg/mL) was

added. The plates were sealed and stored at 4 ◦C overnight. Spleen

cells from C57BL/6 mice were mechanically dissociated, filtered,

and resuspended at a concentration of 5.0 × 105 cells/mL. PBS,

EcNΔpMUT1/2
OMVs and EcN-ePD-L1-mFcOMVs (50 μL each) were

added to the wells and analyzed by flow cytometry (five wells per

group). The streaming data was analyzed by NovoExpress software

(NovoCyte, NovoExpress Software, Palo Alto, CA, USA), and the

histograms were analyzed by GraphPad Prism 8 with a t-test.

2.12. Evaluation of the effect of engineered bacteria on IBD

Twenty-five healthy C57BL/6 female mice (20 g) were housed in

a specific pathogen-free environment. The animals were randomly

assigned to receive 2% DSS (w/v) (groups 2 to 5) or PBS (control

group), with five animals per group. The experimental groups

were gavaged with DSS (group 2), EcNΔpMUT1/2 (group 3), EcN-

ePD-L1-mFc (group 4), or EcN-ePD-L1-mFc + 2% arabinose

(group 5) (1.0 × 109 CFUs) on Days 0, 3, 6 and 9. Group 5

received 0.2% arabinose for 12 h daily post-gavage to induce

protein expression. On Day 12, the mice were euthanized, the

weight was recorded, and blood was collected via enucleation.

Blood samples from all mice were centrifuged at 1000×g

(Eppendorf, Centrifuge 5702 R/RH—FastTemp) at room temper-

ature for 1 h, and the supernatant was stored at − 80 ◦C for

cytokine analysis. Mesenteric lymph nodes were harvested and

immersed in 1640 medium to assess immune cell maturity. The

gastrointestinal tract (cecum to anus) was extracted and individ-

ually stored in centrifuge tubes. Then, colonic segments were

excised, suspended in 1640 medium for hematoxylin‒eosin

(H&E) staining, paraffin sectioning, and flow cytometry analysis.

The spleen and liver were weighed and stored. Heart, lung, and

kidney tissues were collected for H&E staining. Cecal contents

were collected and used for 16S rRNA gene sequencing and

quantification of the levels of SCFAs.

2.13. H&E staining

Tissue samples from the animals were collected, fixed in a 4%

paraformaldehyde solution, and then processed for paraffin

embedding. The paraffin-embedded tissues were sectioned into

7 μm thin slices and placed in an environmentally friendly

deparaffinization solution (Wuhan Saiwei Biotechnology Co.,

Ltd., G1128). The sections were hydrated through a graded

ethanol series (100%, 95%, and 70%) and distilled water. The

hydrated sections were stained with hematoxylin (Wuhan Saiwei

Biotechnology Co., Ltd., G1004) for 3 min, rinsed with tap water

for 1 min, differentiated with hematoxylin differentiation solution

(Wuhan Saiwei Biotechnology Co., Ltd., G11039) for a few sec-

onds, and rinsed with tap water. Hematoxylin blue solution was

used to blue the sections, followed by a rinse with running water.

The sections were stained with eosin (Wuhan Saiwei Biotech-

nology Co., Ltd., G1002) and washed with tap water. The slices

were dehydrated through a graded ethanol series (75%, 85%,

100%, 5 min each), cleared in n-butanol (Sinopharm Chemical

Reagent Co., Ltd., 100052190, Shanghai, China) and xylene

(Sinopharm Chemical Reagent Co., Ltd., 10023418, Shanghai,

China) for 5 min each, and mounted in the mounting medium. The

tissues were imaged under a light microscope.

2.14. Immunohistochemical analysis

Mouse colons were fixed with 4% paraformaldehyde, embedded

in paraffin, and sectioned into 7 μm slices. The sections were

dewaxed using an environmentally friendly dewaxing solution

(Wuhan Saiwei Biotechnology Co., Ltd., G1128) and subjected to

antigen retrieval using 20 × citric acid antigen retrieval solution

(pH 6.0) (Wuhan Saiwei Biotechnology Co., Ltd., G1202),

20 × Tris-EDTA antigen retrieval solution (pH 9.0) (Wuhan

Saiwei Biotechnology Co., Ltd., G1203), and 20 × Tris-EDTA

antigen retrieval solution (pH 8.0) (Wuhan Saiwei Biotechnology

Co., Ltd., G1206). Endogenous peroxidase activity was blocked

with 3% H2O2. The sections were blocked with 3% BSA and 5%

goat serum, incubated overnight with the primary antibody, fol-

lowed by incubation with a specific secondary antibody and

enzyme-labeled streptavidin. DAB chromogenic solution (Wuhan
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Saiwei Biotechnology Co., Ltd., G1212) was added dropwise to

the sections. The sections were counterstained with hematoxylin

(Wuhan Saiwei Biotechnology Co., Ltd., G1004), dehydrated

using a graded ethanol series, and mounted. The tissues were

imaged under a light microscope.

2.15. Biochemical analyses

Blood samples were harvested from the eyeballs of 25 mice

(G1 � PBS; G2 � 2% DSS; G3 � 2% DSS + EcNΔpMUT1/2;

G4 � 2% DSS + EcN-ePDL1-mFc; G5 � 2% DSS + EcN-

ePDL1-mFc + Ara (2 g/L)), allowed to stand at room temperature

for 1 h, and centrifuged at 2700×g (Eppendorf, Centrifuge

5702 R/RH-FastTemp). The supernatant was collected and frozen

at − 80 ◦C until analysis. The concentrations of alanine amino-

transferase (ALT), aspartate aminotransferase (ASP), alkaline

phosphatase (ALP), and urea were measured in the supernatant

using a biochemical analyzer within 30 days of sample collection.

Blood samples were collected from the eyeballs of 10 mice

(PBS, EcN-ePDL1-mFc + Ara (2 g/L)), left to stand for 1 h at

room temperature, and centrifuged at 2700×g. Collect the su-

pernatant and freeze at − 80 ◦C until analysis. Within 30 days of

sample collection, alanine aminotransferase (ALT), aspartate

aminotransferase (ASP), alkaline phosphatase (ALP), total

leukocyte count (WBC), hematocrit (HCT), total erythrocyte

volume (RBC), mean corpuscular volume (MCV), mean corpus-

cular hemoglobin content (MCH), mean corpuscular hemoglobin

concentration (MCHC), hemoglobin (HGB), Concentration of

total platelet count (PLT).

Hierarchical tree and linear discriminant analysis effect size

analyses were performed using a cloud platform (Meggie

Biomedical Technology Co., Ltd., Shanghai, China).

2.16. Statistical analysis

Immunoblot assays were performed independently three times,

and representative blots were displayed. Histological samples

were evaluated by two pathologists who were unaware of the

treatment details. One image was taken for each histology slide,

and a representative image was chosen. Unless specified other-

wise, all error bars represent the standard deviation (SD) values.

The number of replicates and groups for all in vitro experiments is

indicated in the figure legends. Flow cytometry data were

analyzed using NovoExpress software version 1.5.6. Immunohis-

tochemical data were analyzed using CaseViewer software version

2.4.0.119028 (Biossci, CaseViewer Software Version 2.4.0.11902,

Wuhan, China). Statistical analyses were conducted using

GraphPad Prism version 8.3.0 (GraphPad Software, Version 8.3.0,

San Diego, CA, USA). The significance of differences between

means was determined by Student’s t-test.

3. Results and discussion

3.1. Design and characteristics of recombinant Escherichia coli

strain and attachment of ePD-L1-mFc to bacterial outer

membrane vesicles

Endogenous cryptic plasmids pMUT1 and pMUT2 and recombi-

nant plasmids impose a metabolic burden on EcN and compete for

essential transformation resources39. Moreover, pMUT1 and

pMUT2 exacerbate antibiotic resistance, which is a cause for

concern given the frequent use of antibiotics for IBD treatment.

Consequently, these plasmids may reduce the therapeutic efficacy

of EcN therapeutic against IBD40. pMUT1 and pMUT2 were

removed from wild-type EcN using CRISPR/Cas9 technology and

a replicon incompatibility strategy to produce EcNΔpMUT1/2

(Fig. 2A). Electrophoresis results indicated that the knockout

strains were stably constructed (Fig. 2B). The analysis of absor-

bance at 600 nm showed that plasmid excision did not signifi-

cantly affect bacterial growth (Fig. 2C). Then, a pBAD-mBaoJin

expression plasmid carrying the L-arabinose-inducible E. coli

araBAD promoter and the ara-C regulator was transfected into

EcNΔpMUT1/2
41. Fluorescence and immunoblot experiments

demonstrated that recombinant protein expression was signifi-

cantly higher in EcNΔpMUT1/2 than in wild-type EcN (Fig. 2D).

Therefore, we choose EcNΔpMUT1/2 as chassis bacteria, pBAD-

ClyA-ePD-L1 and pBAD-ClyA-ePD-L1-mFc were separately

inserted into EcNΔpMUT1/2 to produce the EcNΔpMUT1/2-ClyA-

ePD-L1 strain (EcN-ePD-L) and EcNΔpMUT1/2-ClyA-mPD-L1-

mFc strain (EcN-ePD-L1-mFc) (Fig. 2E). Firstly, we utilized a

gradient of arabinose concentrations to induce the expression of

the EcN-ePD-L1-mFc strain. Experimental results indicated that a

concentration of 2 g/L was optimal for inducing expression, and

this was subsequently chosen as the working concentration.

Following induction at this level, protein quantification revealed

that approximately 2 μg of recombinant protein was produced in

50 mL of bacterial culture (Supporting Information Fig. S1A and

S1B). The bacteria were induced with arabinose (2 g/L) for 12 h,

and ePD-L1 expression in bacterial lysates was measured by

Western blot analysis, the results showed that the presence of the

mFc fragment significantly enhanced ePD-L1 expression. The

results also showed that ePD-L1 was strongly expressed on

OMVs, confirming the successful construction of ePD-L1-mFc

and its high expression on OMVs (Fig. 2F). To explore whether

the constructed engineered bacteria EcNΔpMUT1/2 changed the

properties of OMVs, we used TEM and DLS to analyze the

characteristics of OMVs. The results of TEM and DLS showed

that OMVs were double-layered and uniformly spherical, with a

diameter of 100‒150 nm and zeta potential of − 20 mV. There

were no significant differences in these parameters between

EcNΔpMUT1/2
OMVs and EcN-ePD-L1-mFcOMVs (Fig. 2G‒I).

3.2. Biological activity of recombinant EcN strains in vitro

To assess the biodistribution and pharmacokinetics of EcNΔpMUT1/2

and EcN-ePD-L1-mFc, these molecules were orally administered

to mice and induced with arabinose. Bioluminescence analysis

revealed that EcN-ePD-L1-mFc migrated from the gastric mu-

cosa to the gastrointestinal tract 6 h after administration

compared to control, with the cecum being the primary site of

residence at this time. After 12 h, the colon residence rate of

EcN-ePD-L1-mFc was significantly increased, indicating that it

was able to tolerate acidic environments and retain in the intes-

tine. After 24 h, the bioluminescence signal weakened because of

bacterial clearance, which is crucial for the biosafety of oral bi-

ologics (Fig. 3A). The EcN-ePD-L1-mFc variant had a longer

residence time in the intestine, likely due to Fc fragment

expression, which allowed bacteria to interact with host Fc re-

ceptors. This interaction may reduce recognition and elimination

by the immune system, providing an “immune camouflage” that

enhances bacterial survival. Additionally, the Fc fragment may

strengthen adhesion to host cells and help regulate local immune

responses, promoting a balanced intestinal microbiome and
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supporting probiotic persistence. Enema experiments were con-

ducted to assess the ability of OMVs to penetrate the intestinal

epithelial barrier in vivo. After anesthetizing mice and ligating the

colon, labeled OMVs were injected into the lumen of the ligated

colon and incubated at a constant temperature of 37 ◦C for 2 h.

Then, the ligated colon was excised for immunofluorescence

analysis. Cell nuclei were stained with DAPI (blue), and EcN-

ePD-L1-mFcOMVs were incubated with anti-PD-L1 antibodies

(green) (Fig. 3B, Supporting Information Fig. S2A). In addition,

we gaved the mouse engineered bacterium EcN-ePDL1-mFc

(1 × 109 cfu) and orally administered 2 g/L arabinose to

induce protein expression. Intestinal circumcision is performed at

8, 10, and 12 h after gavage to track the course and depth of OMV

penetration into the intestinal epithelial barrier. Nuclei were

stained with DAPI (blue) and incubated with EcN-ePD-L1-

mFcOMVs and anti-PD-L1 antibody (red) (Fig. S2B). The results

showed that the OMVs secreted by EcN-ePD-L1-mFc effectively

penetrated the epithelial barrier. We also examined the ability of

EcN-ePD-L1-mFc to regulate the immune system. OMVs (50 μg)

from EcNΔpMUT1/2 and EcN-ePD-L1-mFc were incubated with

DCs in the presence of arabinose to assess the ability of OMVs to

bind to DCs in vitro. The results showed that EcN-ePD-L1-

mFcOMVs bound faster and more extensively to DCs than

EcNΔpMUT1/2
OMVs (Fig. S2C).

Figure 2 Design and characteristics of recombinant Escherichia coli strains and attachment of ePD-L1-mFc to bacterial outer membrane

vesicles. (A) Development of the knockout strain EcNΔpMUT1/2. The endogenous plasmids pMUT1 and pMUT2 in wild-type EcN were knocked

out by CRISPR/Case9 technology combined with the replicon in affinity strategy, and the strain EcNΔpMUT1/2 was constructed. (B) Agarose gel

electrophoresis of EcNΔpMUT1/2 verified successful knockout of endogenous plasmids pMUT1 and pMUT2. The molecular size of the DNA

fragment amplified from the pMUT1 is 856 bp, and the molecular size of the DNA fragment amplified from the pMUT2 is 475 bp. (C) Growth

profile of wild-type EcN and EcNΔpMUT1/2 (n � 5 per group). (D) Wild-type Nissle 1917 strain and recombinant strain transfected with pBAD-

mBaojin plasmid in response to arabinose-induced protein expression. Fluorescence intensity (left), protein expression detected by immunoblot

(right). (E) Engineering of the strain EcN-ePD-L1-mFc. The recombinant plasmid ClyA-FLAG-mPDL1(19-238aa)-mFc was transferred into

EcNΔpMUT1/2 after knockout of the endogenous plasmid, and the recombinant strain was denoted as EcN-ePD-L1-mFc. (F) Western blow analysis

of recombinant protein expression in EcN-ePD-L1, EcN-ePD-L1-mFc, and outer membrane vesicles (OMVs). (G, H) Transmission electron

microscopy analysis of the shape and size distribution of OMVs secreted by recombinant strains. Scale bar � 0.5 μm. (I) Zeta potential of OMVs

secreted by recombinant strains, data are mean ± SD of three independent experiments.
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Given that IBD is characterized by immune cell infiltration in

the colon, we assessed the effects of EcN-ePD-L1-mFc on im-

mune cells. The spleens of C57BL/6 mice were removed and

homogenized, and cell suspensions were incubated with OMVs

from EcNΔpMUT1/2 and EcN-ePD-L1-mFc. Flow cytometry results

showed that the proportion of CD11c+ PD-L1+ cells was signif-

icantly higher in EcN-ePD-L1-mFcOMVs than in EcNΔpMU-

T1/2
OMVs, demonstrating strong binding and enrichment of ePD-

L1-mFc to DCs (Fig. 3C). The percentage of CD4+ Treg cells was

significantly higher, whereas the percentage of CD4+ Ki67+ and

CD8+ Ki67+ T cells was markedly lower in EcN-ePD-L1-

mFcOMVs, indicating a significant decrease in T cell prolifera-

tion in this group (Fig. 3D‒F). Similarly, the percentage of CD8+

T-bet+ T cells and CD4+ RORγt + T cells was significantly lower

in EcN-ePD-L1-mFcOMVs. T-bet regulates effector CD8+ T cell

function, and RORγt may be implicated in Th17 differentia-

tion42,43 (Fig. 3G and H; Fig. S2D). These results suggest that

when the ePD-L1 protein on OMVs binds to the PD-1 receptor on

effector T cells, it activates an inhibitory signaling pathway within

the T cells, leading to the downregulation of T cell receptor (TCR)

signaling and subsequent inhibition of effector T cell prolifera-

tion44. In addition to transmitting inhibitory signals to T cells, this

interaction can also induce the differentiation of effector T cells

into induced T regulatory cells (iTregs), promoting their prolif-

eration and maintaining their function45. Therefore, in the OMVs

group of engineered bacteria used in this study, we propose that

this effect is mediated by the PD-L1-Fc protein, which not only

directly inhibits effector T cell proliferation but also further pro-

motes immune regulation and balance in IBD lesions through the

immunosuppressive effects of Tregs.

3.3. ePD-L1-mFc-expressing EcN improves dextran sulfate

sodium-induced ulcerative colitis in mice

To assess the therapeutic efficacy of EcN-ePD-L1-mFc in a mouse

model of DSS-induced IBD, mice were assigned to different

treatments: PBS (group 1), 2% DSS (groups 2),

DSS + EcNΔpMUT1/2 (group 3), DSS + EcN-ePD-L1-mFc (group

Figure 3 Biological activity of recombinant EcN strains in vitro. (A) Fluorescence images of EcNΔpMUT1/2 and EcN-ePD-L1-mFc spatio-

temporally resident in the gastrointestinal tract of mice. (B) Immunofluorescence analysis of the penetration of outer membrane vesicles

(EcNΔpMUT1/2
OMV(50 μg) and EcN-ePDL1-mFc OMVs) secreted by recombinant strains in the epithelia of ligated intestines of fasted mice. (C‒H)

Flow cytometry analysis of the effect of EcNΔpMUT1/2
OMV(50 μg) and EcN-ePDL1-mFc OMVs on the number of mouse spleen immune cells

(n � 5). Data (C‒H) are presented as the mean ± SD of five independent experiments. P values were calculated by t-test. *P < 0.05,

***P < 0.001, ****P < 0.0001; ns, no significance.
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4), and DSS + EcN-ePD-L1-mFc + arabinose (group 5). Group 5

was treated with arabinose (2 g/L) for 12 h after administering

DSS + EcN-ePD-L1-mFc to induce the protein expression of

ePD-L1-mFc (Fig. 4A; Supporting Information Fig. S3A). The

results showed that DSS tended to decrease body weight in groups

G2, G3, and G4, whereas arabinose-induced EcN-ePD-L1-mFc

expression in G5 mitigated this effect. Additionally, no

statistically significant difference in colon length was observed

between groups 2 and 4, whereas a significant difference was

noted between groups 2 and 5, as well as between groups 4 and 5,

suggesting that EcN-ePD-L1-mFc, when induced by arabinose,

effectively alleviates inflammatory bowel disease (Fig. 4B).

Considering that colon length indicates disease severity and

treatment effectiveness in animal models, we measured changes in

Figure 4 ePD-L1-mFc-expressing EcN improves dextran sulfate sodium-induced ulcerative colitis in mice. (A) Schematic diagram of the

treatment of experimental and control animals. PBS, 2% DSS, 2% DSS + EcNΔpMUT1/2, 2% DSS + EcN-ePDL1-mFc, 2% DSS + EcN-ePDL1-

mFc, 2% DSS + EcN-ePDL1-mFc + Ara (2 g/L) was administered at a concentration of 1.0 × 109 CFU on Days 0, 3, 6 and 9 (n � 5). (B) Body

weight of each group. (C, D) Colonic length in each group on Day 12. (E, F) Liver and spleen weight in different groups on Day 12. (G)

Histological analysis of mouse colonic tissue (hematoxylin—eosin). Scale bar � 100 μm. (H) Immunohistochemical expression of CD3, CD11c+,

F4/80, TNF-α, PD-1, and PD-L1 in mouse colonic tissue (five animals per group). All data are presented as the mean ± SD of independent

experiments. P values were calculated by t-test.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, no significance.
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colon length in mice and found that EcN-ePD-L1-mFc reduced

the effect of DSS (Fig. 4C and D; Fig. S3B), indicating that ePD-

L1-mFc-expressing EcN alleviates IBD symptoms. In contrast,

there were no significant between-group differences in liver and

spleen weight (Fig. 4E and F).

H&E and immunohistochemical staining revealed that the

levels of the T cell marker CD3+, DC marker CD11c+, macro-

phage marker F4/80, monocyte-macrophage-secreted pro-inflam-

matory cytokine TNF-α, and PD-1 were significantly lower in

ePD-L1-mFc-expressing EcN than in the other groups, while PD-

L1 expression was significantly higher in the arabinose-induced

group (Fig. 4G and H). These results indicate that the ePD-L1-

mFc-expressing strain reduces IBD by inhibiting the infiltration

of inflammatory cells, including T cells, DCs, and macrophages.

3.4. The mechanism by which EcN-ePD-L1-mFc reduces

inflammatory bowel disease

The immunomodulatory effect of EcN-ePD-L1-mFc was assessed

in mice with acute IBD by flow cytometric analysis of CD4+ and

CD8+ T cell populations in mesenteric lymph nodes. The results

showed that DSS tended to increase the number of CD4+ CD69+

T cells, while ePD-L1-mFc expression tended to reduce this ef-

fect, suggesting that ePD-L1-mFc expression inhibited the acti-

vation of CD4+ T cells. Similar results were obtained in CD4+

IL17+ T cells. In contrast, DSS tended to decrease the number of

natural regulatory T cells (CD4+ Foxp3+), and ePD-L1-mFc

expression mitigated this effect (Fig. 5A and B). The impact of

ePD-L1-mFc on other immune cell subpopulations was not sig-

nificant (Supporting Information Fig. S4A).

Flow cytometry analysis showed no significant differences in

the number of CD4+ and CD8+ T cell populations in the spleen,

suggesting that the primary anti-inflammatory activity, particularly

inhibition of IL-17 secretion, is mediated by the intestinal immune

system (Fig. S4B and S4C). Given that IBD is characterized by

intestinal mucosal barrier injury, the expression of intestinal

mucosal barrier markers claudin-1 and occludin was evaluated by

immunohistochemistry. Claudin-1 and occludin expression were

significantly higher in the ePD-L1-mFc-expressing group than in

the DSS group, suggesting that ePD-L1-mFc expression improves

intestinal barrier integrity and function (Fig. 5C and D). Addi-

tionally, TUNEL staining showed that DSS increased intestinal

apoptosis, and ePD-L1-mFc expression reversed this effect

(Fig. 5E and F). These results demonstrate that ePD-L1-mFc-

expressing EcN inhibits IBD by reducing IL-17 expression,

improving intestinal barrier function, and inhibiting apoptosis.

3.5. ePD-L1-mFc-expressing EcN alleviates dextran sulfate

sodium-induced dysbiosis in the mouse intestine

The pathogenesis of IBD involves alterations in gut microbiota,

including the reduced diversity and abundance of SCFA producers

and the increased abundance of pro-inflammatory microorgan-

isms, including adhesive and invasive E. coli strains and hydrogen

sulfide producers46,47. We studied the effect of ePD-L1-mFc-

expressing EcN on intestinal microbial composition by bacterial

16S rRNA sequencing of intestinal contents. High-quality se-

quences with ≥97% similarity were clustered into operational

taxonomic units (OTUs). The results indicated that the ePD-L1-

mFc-expressing strain significantly increased bacterial diversity

and abundance in the mouse intestine (Fig. 6A, Supporting In-

formation Fig. S5A). Overall differences in fecal bacterial

communities were analyzed by principal coordinate analysis. The

findings showed that bacterial communities in animals treated

with ePD-L1-mFc-expressing EcN were closer to those of the PBS

group, while the communities in the other three groups clustered

together, indicating that EcN-ePD-L1-mFc reshaped the intestinal

microbiota (Fig. 6B). Venn diagrams revealed that 317 OTUs were

shared across the five groups, and G1, G2, and G5 had 99, 39, and

46 unique OTUs. G1 and G2 shared 60 unique OTUs, G1 and G5

shared 127, and G2 and G5 shared 75, suggesting that the PBS

group was more similar to the group inoculated with ePD-L1-

mFc-expressing EcN and less similar to the DSS-treated groups

(Fig. S5B). The analysis at the genus level showed that DSS

increased the relative abundance of Bacteroides, whereas ePD-L1-

mFc-expressing EcN reversed this effect and increased the

abundance of norank_f__Muribaculaceae and Lachnospir-

aceae_NK4A136_group, indicating that treatment with ePD-L1-

mFc-expressing EcN restored the intestinal microbiota at the

genus level and increased the abundance of norank_f__Mur-

ibaculaceae and Lachnospiraceae_NK4A136_group, which

improve digestive and immune function by maintaining gut

microbiota balance (Fig. 6C). Univariate analysis of the 10 most

abundant genera showed that DSS increased the relative abun-

dance of Bacteroides, Helicobacter, and Parabacteroides, while

ePD-L1-mFc-expressing EcN restored the levels of Lachnospir-

aceae_NK4A136_group and norank_f__norank_o__Clos-

tridia_UCG-014, indicating that the engineered strain changed the

abundance of members of the Lachnospiraceae family (Fig. S5C).

Heatmap analysis showed that the DSS group increased the rela-

tive abundance of Bacteroides while ePD-L1-mFc-expressing EcN

increased the abundance of norank_f__Muribaculaceae and

Lachnospiraceae_NK4A136_group (Fig. 6D, Fig. S5D). Hierar-

chical tree and linear discriminant analysis effect size analysis of

differentially enriched taxa yielded similar results. Moreover,

bacterial abundance and richness were significantly higher in the

group inoculated with ePD-L1-mFc-expressing EcN than in DSS-

treated mice (Fig. 6E and F). The function of the gut microbiota

was predicted by combining PICRUSt2 with the MetaCyc data-

base. There were differences in amino acid metabolism, carbo-

hydrate biosynthesis and metabolism, and fatty acid metabolism

among the groups. EcN-PD-L1-mFc-expressing EcN promoted

the carbohydrate biosynthesis and metabolism and amino acid

metabolism of intestinal microorganisms (Fig. S5E). These

metabolic alterations may influence host immune responses by

modulating the production of microbial metabolites.

SCFAs are an important energy source for intestinal epithelial

cells and enhance intestinal barrier function48,49. Active IBD is

characterized by decreased levels of SCFAs in the stool. The

analysis of SCFA concentrations indicated that DSS remarkably

reduced the concentrations of acetic, propanoic, butanoic, iso-

butyric, valeric, and isovaleric acid, whereas ePD-L1-mFc-

expressing EcN attenuated this effect (Fig. 6G). These results

suggest that ePD-L1-mFc-expressing EcN improves IBD by

increasing the abundance of Lachnospiraceae, reducing the

abundance of Bacteroides, and increasing intestinal SCFA levels.

3.6. In vivo safety of EcN-ePD-L1-mFc

To verify whether orally administered EcN-ePD-L1-mFc affects

other organs, we performed H&E staining of sections of the heart,

liver, spleen, lungs, and kidneys. There were no between-group

differences in histology (Fig. 7A). Biochemical analyses revealed

that DSS decreased the serum concentrations of ALP, whereas
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ePD-L1-mFc-expressing EcN reversed this effect. In contrast, the

interventions did not significantly affect the serum concentrations

of alanine aminotransferase (ALT), aspartate aminotransferase

(AST), and urea (Fig. 7B). In addition, the engineered bacteria

were evaluated for safety for 30 Days. Mice (n � 5) were given

PBS or EcN-ePD-L1-mFc (1 × 109 cfu) plus Ara (2 g/L) orally

every 3 days. Monitoring of mouse body weights revealed no

statistically significant differences between the two groups. On

Day 30, blood was collected by ocular puncture for complete

blood count (CBC) and liver and kidney function analysis. The

results showed that all blood counts were within the normal range,

as were markers of liver and kidney function (e.g., ALT, AST)

(Supporting Information Fig. S6A and S6B). These results indi-

cate that enteritis is associated with increased ALP levels and that

the engineered EcN-ePD-L1-mFc does not affect other organs and

are thus a promising candidate for the local treatment of IBD.

Figure 5 The mechanism by which EcN-ePD-L1-mFc inhibits inflammatory bowel disease in mice. (A, B) Flow cytometry analysis of the

expression of CD69+, IL17+, and CD4+Foxp3+ T cells in mesenteric lymph nodes across groups (G1 � PBS; G2 � 2% DSS; G3 � 2%

DSS + EcNΔpMUT1/2; G4 � 2% DSS + EcN-ePDL1-mFc; G5 � 2% DSS + EcN-ePDL1-mFc + Ara (2 g/L)) (n � 5). (C, D) Immuno-

histochemical expression of claudin-1 and occludin in colon tissue. Scale bar � 100 μm (n � 5). (E, F) TUNEL staining of colon tissue. Scale

bar � 100 μm (n � 5). All Data are presented as the mean ± SD of independent experiments. P values were calculated by t-test. *P < 0.05,

**P < 0.01; ns, no significance.
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4. Discussion and conclusions

IBD is a complex autoimmune disease characterized by immune

dysregulation, excessive activation of Th cells, and production of

pro-inflammatory mediators in the gut. Immunosuppressive med-

ications may cause severe side effects, making probiotics partic-

ularly important. However, the therapeutic efficacy and intestinal

retention of probiotics are limited. We addressed this limitation by

Figure 6 ePD-L1-mFc-expressing EcN alleviates dextran sulfate sodium-induced dysbiosis in the mouse intestine. (A, B) Alpha diversity

(Shannon indexes) and beta diversity (principal coordinate analysis) in the mouse intestine in each treatment group (G1 � PBS; G2 � 2% DSS;

G3 � 2% DSS + EcNΔpMUT1/2; G4 � 2% DSS + EcN-ePDL1-mFc; G5 � 2% DSS + EcN-ePDL1-mFc + Ara (2 g/L), n � 5). (C) Bacterial

abundance at the genus level in the intestine. (D) Most representative bacterial taxa in the intestine of mice treated with 2% DSS (group 2) or EcN-

ePD-L1-mFc (group 5). (E) Linear discriminant analysis (LDA) effect size analysis of differentially enriched bacterial taxa in the intestine of

groups 2 and 5; LDA>4. (F) Hierarchical tree of differentially enriched bacterial taxa in the gut of groups 2 and 5; LDA>3. (G) Concentrations of

short-chain fatty acids in the mouse cecum. Data are means ± SD of independent experiments. P values were calculated by t-test. *P < 0.05,

**P < 0.01, ****P < 0.0001.
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engineering the probiotic EcN. First, we removed the endogenous

plasmids pMUT1 and pMUT2 to enhance recombinant protein

expression. Then, we attached the PD-L1-mFc fusion protein to

the bacterial surface using a ClyA fragment to enhance the stable

expression of PD-L1 (19‒238 aa) and its presentation on OMVs.

This approach allowed the stable construction of EcN-ePD-L1-

mFc. Immunological assays showed that EcN-ePD-L1-mFcOMVs

effectively inhibited immune cell function and proliferation.

Further, EcN-ePD-L1-mFcOMVs alleviated IBD in mice by

decreasing the percentage of T cells, DCs, and macrophages,

downregulating inflammatory cytokines, improving intestinal

barrier function, and inhibiting apoptosis. The analysis of intes-

tinal contents and metabolites showed that the engineered bacteria

had beneficial effects by increasing the abundance of Lactoba-

cillaceae, decreasing the abundance of Bacteroides, and increasing

the intestinal concentrations of SCFAs. This study highlights three

primary benefits of the engineered probiotic strategy: firstly, tar-

geted drug delivery for intestinal diseases, minimizing systemic

side effects; secondly, simultaneous regulation of the intestinal

immune response and microbial environment by probiotics; and

thirdly, the cost-effectiveness and high patient compliance of this

treatment approach. This strategy offers a promising avenue for

future intestinal disease therapies.

In recent years, many studies have focused on using engineered

bacteria to deliver protein therapeutics or improve gut microbiota

for treating IBD50,51. In clinical practice, the engineered bacterium

EcN-ePD-L1-mFc, constructed using the probiotic E. coli Nissle

1917, could potentially change the treatment paradigm for IBD, as

it provides a therapeutic option that directly interacts with immune

cells at the site of inflammation, offering a more targeted and

personalized approach. For example, by promoting Treg prolif-

eration and inhibiting effector T cell activation, this strategy could

help restore immune tolerance within the gut and potentially

reduce the need for long-term immunosuppressive therapies.

Additionally, the ability of EcN-ePD-L1-mFc to enhance intesti-

nal epithelial barrier repair and restore microbiota balance makes

it a promising therapeutic agent that addresses not only inflam-

mation but also the dysbiosis commonly seen in IBD patients.

However, clinical translation requires careful consideration of

several factors. First, while engineered bacteria show significant

efficacy in preclinical models, their safety and efficacy in human

subjects must be rigorously tested through clinical trials. The

immunomodulatory potential of ePD-L1-mFc needs to be further

validated to ensure it does not inadvertently impair normal im-

mune responses or cause immune-related adverse events.

Furthermore, the production, formulation, and long-term stability

of engineered EcN strains for clinical use must be optimized, with

attention to regulatory and ethical considerations surrounding the

use of genetically modified organisms (GMOs). The therapeutic

potential of EcN-ePD-L1-mFc in IBD represents a promising

example of precision medicine, where gut-targeted therapies could

offer a safer and more effective alternative to conventional

immunosuppressive treatments. Moving forward, we believe that

clinical trials will be essential to fully assess the safety, dosing

regimen, and therapeutic efficacy of this innovative approach for

IBD patients.

SCFAs, as key energy sources for intestinal epithelial cells,

play a crucial role in enhancing intestinal barrier function and

maintaining immune homeostasis in the gut52. Active IBD is

characterized by reduced levels of SCFAs in the stool. In our

experiments, DSS treatment significantly reduced the concentra-

tions of acetic acid, propionic acid, butyric acid, isobutyric acid,

valeric acid, and isovaleric acid, whereas the EcN-PD-L1-mFc-

expressing strain attenuated this effect. These results suggest that

EcN-PD-L1-mFc improves IBD by increasing SCFA levels.

SCFAs have an essential role in immune regulation. They not only

provide energy to intestinal epithelial cells but also influence local

immune responses through various mechanisms53. SCFAs mediate

anti-inflammatory effects by activating G-protein-coupled re-

ceptors (such as GPR41 and GPR43), which modulate T cell

functions, particularly promoting the differentiation of regulatory

T cells (Tregs) and thus suppressing excessive immune activation

and inflammation. Additionally, SCFAs enhance intestinal barrier

function by reducing intestinal permeability, preventing bacterial

and endotoxin translocation, and minimizing immune system

overactivation. Furthermore, our data showed that EcN-PD-L1-

mFc increased the abundance of Lachnospiraceae while

decreasing the abundance of Bacteroides. Lachnospiraceae are

known to be beneficial to gut health, producing abundant SCFAs,

whereas an increase in Bacteroides has been linked to the

Figure 7 Effect of EcN-ePD-L1-mFc on different organs. (A) Representative images of the heart, liver, spleen, lung, and kidney of mice in

each group. (B) Serum concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and

urea in different groups (n � 5). All Data are presented as the mean ± SD of independent experiments. P values were calculated by t-test.

***P < 0.001; ns, no significance.
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progression of IBD. Thus, EcN-PD-L1-mFc may modulate im-

mune responses through changes in gut microbiota composition

and SCFA production, providing a potential therapeutic strategy

for IBD.
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