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Genetically engineered commensal bacteria are promising living drugs, how-
ever, their therapeutic molecules are frequently confined to their colonization
sites. Herein, we report an oral protein delivery technology utilizing an engi-
neered bacterial type zero secretion system (TOSS) via outer membrane
vesicles (OMVs). We find that OMVs produced in situ by Escherichia coli Nissle
1917 (EcN) can penetrate the intact gut epithelial barrier to enter the circula-
tion and that epithelial transcytosis involves pinocytosis and dynamin-
dependent pathways. EcN is engineered to endogenously load various
enzymes into OMVs, and the secreted enzyme-loaded OMVs are able to stably
catalyze diverse detoxification reactions against digestive fluid and even enter
the circulation. Using hyperuricemic mice and uricase delivery as a demon-
stration, we demonstrate that the therapeutic efficacy of our engineered EcN
with a modified TOSS outperforms that with a direct protein secretion appa-
ratus. The enzyme-loaded OMVs also effectively detoxify human serum sam-

ples, highlighting the potential for the clinical treatment of metabolic

disorders.

Oral protein delivery is superior in terms of noninvasiveness, patient
compliance and convenience among various methods of drug
administration'’. Nevertheless, few therapeutic proteins have been
approved for oral administration in clinical practice, because of their
easy degradation, fragile tertiary structure and poor epithelial per-
meability in the digestive tract’. The development of oral protein
delivery system is in urgent need, which should overcome multiple
physiological barriers of the gastrointestinal tract, including harsh acid
and proteases in the stomach, the viscous mucus layer, and the epi-
thelial cell barrier connected by tight junctions in the intestine®. To
overcome these absorption barriers, nanoparticle (NP)-based drug

delivery systems have been developed for oral protein delivery**, while
suffering from complicated fabrication procedures, inefficient cargo
loading and delivery. Therefore, the development of facile and effi-
cient oral protein delivery systems is highly important for the clinical
use of therapeutic proteins.

Genetically engineered commensal bacteria are emerging as live
biotherapeutic products, which have shown substantial efficacy in
treating numerous diseases, including inflammatory bowel disease
(IBD), tumors and neurological disorder, etc®'°. Commensal bacteria
are able to tolerate harsh gastric environment and colonize the colon,
and their synthetic gene circuits enable improved catalytic activities of
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the cells or programable release of therapeutic molecules in the gut'.
Several strategies have been developed to harness synthetic com-
mensal bacteria to secrete metabolites'>”, peptides'*" or proteins'®"’
in the colon. Through metabolic engineering, recombinant bacteria
with heterologous synthesis pathways were able to overproduce and
secrete chemicals after intestinal colonization’. Gram-negative com-
mensal bacteria outfitted with a modified type Il secretion system
(T3SS) obtained the capacity to secrete nanobodies in the gut®.
Moreover, efforts have been made to program bacteria to lyse and
release therapeutic proteins around their colonization site?®. Synthetic
commensal bacteria are promising living delivery platforms®*, how-
ever, the delivery distance of their therapeutic payloads is frequently
limited to their surroundings, and the phase 3 clinical failure of the
engineered probiotic, SYNB1934* %, in the treatment of phenylk-
etonuria might be attributed to its restricted efficacy in lowering toxic
blood metabolites merely by degrading the metabolites in the gut.
How to deliver stable proteins in the digestive tract and further
penetrate through the gut barrier into the circulation is the main
challenge to realizing oral protein delivery by orally administered
commensal bacteria.

Outer membrane vesicles (OMVs) are considered bacterial type
zero secretion system (TOSS), which mediate microbe-host or
microbe-microbe interactions in the gut**. OMVs are formed by the
budding of the outer membrane and subsequently detach from the cell
body, and the OMV content of gram-negative bacteria is isolated from
the cytoplasm by the inner membrane. As a nanoscale derivative of
bacterial cells, intestinal microbial-derived OMVs may have the ability
to enter the circulatory system?. Escherichia coli Nissle 1917 (EcN) is a
classic gram-negative probiotic chassis for synthetic biology, which
has been approved by the FDA as GRAS (generally recognized as
safe)’®. Here, we report an oral protein delivery technology enabled by
genetically engineered EcN outfitted with a modified TOSS (Fig. 1).
Notably, we find that OMVs from EcN can penetrate the intact gut
epithelial barrier and enter the circulation. Pinocytosis and dynamin-
dependent pathways are involved in this transcellular transport.
Genetically engineered EcN equipped with a modified TOSS and
endogenous protein loading system is able to secrete protein payloads
encapsulated in OMVs with high protein stability against proteolysis
and circulation entry capability. This TOSS-based protein secretion
system is compatible with various protein payloads, and can arrange
multiple distinct protein cargos into individual OMV, making protein-
loaded OMVs promising biocatalysts for diverse detoxifying reactions.

Oral
administration

/POl : Protein of interest
/ [ Signal peptide

» Ry ‘
A
1 POI Y
I

Using a murine model of hyperuricemia and uricase delivery as a
demonstration, we demonstrate that our engineered EcN outfitted
with modified TOSS is superior to recombinant EcN equipped with
direct protein secretion apparatus in terms of therapeutic efficacy.
Moreover, the secreted uricase-loaded or lactate oxidase-loaded OMVs
effectively detoxify circulating urate or lactate in sixteen human serum
samples, proving that our protein delivery system based on synthetic
EcNis promising for the clinical treatment of a wide range of metabolic
disorders.

Results
Development of a modified TOSS for protein secretion
To establish protein secretion via the TOSS in EcN, genetically engi-
neered EcN was explored for programmed assembly of specific pro-
teins into OMV as well as enhanced OMV synthesis. First, nlpl, which
encodes an outer membrane lipoprotein involved in modulating
peptidoglycan dynamics, was deleted in EcN to increase OMV
production®”. The OMV yield of EcNAnlp/ in M9 medium was
2.83+0.24 times greater than that of wild-type EcN, with conserved
OMV morphology, zeta potential and size distribution (Supplementary
Fig. 1). In the case of the gram-negative bacteria EcN, its native secre-
tion systems serve to deliver the cytoplasmic protein with a signal
peptide into the periplasmic space, including the general secretion
(Sec), twin-arginine translocation (Tat) and signal-recognition particle
(Srp)-dependent pathways, and the signal peptide is cleaved from the
secretory protein by a signal peptidase located on the inner
membrane®. Next, we investigated whether, as in other E. coli
strains®**, heterologously overexpressed proteins labeled with signal
peptides could be channeled into the periplasm and further encap-
sulated into OMVs of EcN. The fluorescent protein superfolder GFP
labeled with a Sec signal peptide® at its N-terminus was overexpressed
in EcNAnlpl, resulting in the recombinant strain ECNAnlp/-OG. The
OMV of EcNAnlpl-OG was isolated by ultracentrifugation, and the
presence of GFP in the OMV sample was confirmed by both western
blot analysis using an anti-GFP antibody and fluorescence images,
demonstrating that heterologously overexpressed protein labeled
with a periplasm-targeted signal peptide in engineered EcN could be
successfully packaged into the spherical buds of the outer membrane
(Fig. 2a and Supplementary Fig. 2).

The OMV encapsulation ratio of the protein payload was studied
by Nano-flow cytometry, which was calculated as the ratio of GFP-
loaded OMVs to total OMVs derived from EcNAnlpl-OG, using GFP as
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Fig. 1| Schematic of the oral delivery of therapeutic protein by synthetic
commensal bacteria outfitted with modified TOSS to detoxify circulating
metabolites. ECN was engineered to increase OMV biosynthesis by genomic
deletion of an outer membrane lipoprotein encoding gene nipl, hetero-
logously overexpress protein of interest (POI) on a stable plasmid in the
absence of antibiotic selection (through deleting an essential gene thyA in the
genome and compensate it on the plasmid), and endogenously load POI into
OMVs guided by a periplasm-targeted secretion signal peptide. After oral

administration of our synthetic EcN outfitted with modified TOSS, the protein-
loaded OMVs produced in situ by engineered EcN could resist proteolysis,
penetrate the intact gut epithelial barrier and enter the circulation. Pinocy-
tosis and dynamin-dependent pathways are involved in this transcellular
transport. Synthetic EcN outfitted with modified TOSS can deliver therapeutic
proteins to the circulation and detoxify circulating metabolites, presenting an
oral protein delivery strategy. Created in BioRender. Gong, X. (2025) https://
BioRender.com/053n846.
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the protein payload and EVMembrane Red to stain the membrane of
OMVs (Fig. 2b). In comparison to OMVs derived from EcNAnlpl, GFP-
loaded OMVs from EcNAnlpl-OG presented strongly increased GFP
fluorescence signals (Fig. 2c). The OMV encapsulation ratio of GFP
cargos was as high as 97.9%, which was calculated as the ratio of GFP-
loaded OMVs to EVMembrane Red-stained OMVs. The fluorescence
images of GFP-loaded OMVs from EcNAnlp/l-OG stained with

EVMembrane Red demonstrated that most OMVs from EcNAn/pl-OG
stained with EVMembrane Red simultaneously presented GFP signals
(Supplementary Fig. 3), verifying the homogeneity of the engineered
OMVs in this endogenous loading system. The conventional exogen-
ous protein loading approaches include electroporation, coincuba-
tion, extrusion, freeze-thawing, sonication and surfactant treatment,
etc, whose encapsulation efficiencies are approximately 20%-50%.
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Fig. 2 | The synthetic EcN outfitted with modified TOSS can secrete protein-
loaded OMVs with high encapsulation ratio and package multiple distinct
cargos in individual OMVs. a Western blot analysis of GFP abundance in OMV
samples from EcNAnlpl-OG (abbreviated as “OG”) and EcNAnip/-GR (abbreviated as
“OGR”) and EcNAnlpl (abbreviated as “NC”) using an anti-GFP antibody. b The
synthetic EcN outfitted with modified TOSS and endogenous loading system was
able to secrete protein-loaded OMVs with an encapsulation ratio of 97.9%. ¢ The
OMYV encapsulation ratio of GFP was tested by Nano-flow cytometry, which was
calculated as the ratio of GFP-loaded OMVs to total OMVs derived from EcNAnlpl-
OG, using EVMembrane Red to stain the membrane of OMVs. d Western blot

analysis of RFP abundance in OMV samples from EcNAnipl-OR (abbreviated as
“OR”), EcNAnIpl-GR (abbreviated as “OGR”) and EcNAnlp/ (abbreviated as “NC”)
using an anti-RFP antibody. e The synthetic OMVs of engineered EcN could
encapsulate multiple protein payloads simultaneously in individual OMV vehicles,
making the synthetic OMV a promising cascade biocatalyst. f Engineered OMVs
were able to simultaneously encapsulate GFP and RFP in individual OMVs, as
visualized via Polar-SIM super-resolution microscope. Scale bar=2 pm. a, d, f Each
experiment was repeated three times independently with similar results. b, e Cre-
ated in BioRender. Gong, X. (2025) https://BioRender.com/i12g295.

Compared with the exogenous loading strategy, our endogenous
loading system is superior in terms of the encapsulation ratio and self-
programmed assembly.

Furthermore, we investigated whether the endogenous loading
system could arrange multiple distinct protein payloads into indivi-
dual OMVs. In addition to GFP, RFP fused with a Srp-signal peptide
was overexpressed in ECNAnipl, and recombinant EcN could secrete
RFP within OMV vehicles, as verified by both western blot analysis of
the extracted OMV sample using an anti-RFP antibody and fluores-
cence images (Fig. 2d and Supplementary Fig. 2). EcNAnlpl was
subsequently engineered to co-overexpress two heterologous pro-
teins, i.e., GFP labeled with an N-terminal Sec signal peptide and RFP
fused with an N-terminal Srp signal peptide. OMVs from the resulting
strain EcCNAnipl-GR were isolated and analyzed. Both GFP and RFP
were detected in the OMV sample via western blot assay (Fig. 2a, d).
The fluorescence images of OMVs from EcNAnip/-GR revealed that a
single OMV emitted both green and red fluorescence signals
(Fig. 2e, f and Supplementary Fig. 4), showing that the individual
OMVs encapsulated both the GFP and RFP payloads. These results
demonstrate that the modified TOSS-based protein secretion system
in engineered EcN could assemble multiple distinct cargos in indi-
vidual OMV vehicles, making synthetic OMVs promising cascade
biocatalysts.

The TOSS-based protein secretion system is compatible with
various enzymes and enables diverse detoxifying reactions

An array of enzymes were tested for the compatibility of the TOSS-
based protein secretion system. The enzyme payloads were labeled
with an N-terminal Tat signal peptide and a protein tag (His or HA), and
overexpressed in EcNAnipl, including the phenylalanine deaminase
StlA (from Photorhabdus luminescens), catalase KatE (from EcN), lac-
tate oxidase Lox (from Aerococcus viridans), and uricase Uox (from
Candida utilis). Following the isolation of OMV samples from the
engineered EcN strains, the enzyme payloads in OMVs were detected
through western blot assay using their respective anti-tag antibodies
(Fig. 3a, b). In comparison to the OMVs of EcNAnlpl, the synthetic
OMVs with enzyme payloads obtained the catalytic activities of their
corresponding enzyme cargos, i.e., synthetic OMVs containing StIA
degraded phenylalanine at a rate of 0.38+0.04 pM/h/mg, OMVs
encapsulating KatE degraded hydrogen peroxide at a rate of
2.92 +0.07 uM/h/mg, OMVs containing Lox degraded lactate at a rate
of 0.36 + 0.02 pM/h/mg, and OMVs containing Uox degraded uric acid
(UA) at a rate of 0.34+0.03 pM/h/mg (Fig. 3c-g). These results
demonstrated that engineered EcN outfitted with modified TOSS could
self-assemble and secrete functional enzyme payloads within OMV
vehicles, and such TOSS-based protein secretion system is compatible
with a variety of proteins.

Synthetic OMVs loaded with various enzymes are promising for
catalyzing diverse detoxification reactions (Fig. 3g). The performance
of StlA-loaded and KatE-loaded OMVs indicated that synthetic OMVs
are able to catalyze decomposition reactions. Additionally, it was
found that the OMVs from EcNAnip/ could substantially degrade
hydrogen peroxide at a rate of 1.61+ 0.05 pM/h/mg. The presence of
indigenous catalase-peroxidase KatG in ECN OMVs was revealed by

proteomic analysis of OMV samples (Supplementary Table 1). These
results confirmed that the OMV vehicles from EcN contain indigenous
catalase and can degrade hydrogen peroxide to oxygen and water. It
was noticed that both Uox and Lox catalyze the oxidation reaction and
produce hydrogen peroxide (Fig. 3g), whereas negligible amount of
hydrogen peroxide was detected when Uox-loaded or Lox-loaded
OMVs were used to catalyze the degradation of UA or lactate,
respectively (data not shown), indicating that the oxidases (Uox and
Lox) couple with indigenous catalase in the OMV to catalyze oxidation
reactions dependent on H,0,/0, cycling instead of NAD*/NADH
(Fig. 3g). Collectively, these results demonstrated that the synthetic
OMVs from our engineered EcN equipped with modified TOSS can
catalyze diverse detoxification reactions, including decomposition
and oxidation reactions.

Proteins encapsulated in OMVs exhibit enhanced stability in
simulated intestinal fluid
Next, we evaluated the performance of the protein payload from our
modified TOSS-based secretion system in a simulated intestinal
environment, through comparing its protein stability and catalytic
activity with that of the common secretion system, using the Uox
payload as an example (Fig. 4a). First, to achieve stable expression of
the heterologous gene in engineered EcN in the gut environment, a
stable plasmid system in the absence of antibiotic selection was
established, through deleting an essential gene thyA in the genome of
EcNAnlpl and compensating for it in the expression vector. The growth
of EcNAnlpIAthyA was dependent on exogenous thymidine (Supple-
mentary Fig. 5a), while ECNAnip/AthyA carried the stable plasmid grew
well as that of EcNAnlp/ in the absence of exogenous thymidine
(Supplementary Fig. 5a), demonstrating the successful retention of the
stable plasmid in antibiotic-free microenvironment (Supplementary
Fig. 5b). The recombinant EcN strain ECNAnip/AthyA-SU overexpressed
Uox labeled with a Tat-signal peptide and a His tag on the stable
plasmid, and was also proved to secrete Uox as encapsulated by OMV
(Fig. 4b). A genetically engineered EcN strain, ECNAthyA-SUT, with a
heterologous type 1 secretion system (T1SS)* was established to
represent the direct protein secretion strategy, and Uox fused with the
HIyA signal peptide and a His tag was observed in the cell culture
supernatant, as tested by western blot analysis using an anti-His anti-
body (Supplementary Fig. 6a, b).

The recombinant EcN strains outfitted with TOSS or T1SS (Fig. 4a),
i.e., ECNAnlpIAthyA-SU and EcNAthyA-SUT, were incubated in M9
media supplemented with 0.5mM UA, and presented similar UA
degradation rates (Fig. 4c), indicating that there is no significant dif-
ference in protein secretion efficiency between the TOSS and T1SS in
these engineered EcN strains. However, in simulated intestinal fluid
containing trypsin and 0.5mM UA, EcNAnlp/AthyA-SU with TOSS
exhibited significantly greater UA degradation efficiency than EcNA-
thyA-SUT with T1SS (Fig. 4d), indicating that the Uox secreted by TOSS
is more resistant to proteolysis than that secreted by TISS. Further-
more, the protein stability and catalytic activity of Uox secreted by
TOSS and TISS were analyzed and compared in simulated intestinal
fluid. The Uox encapsulating OMVs from EcNAnlp/AthyA-SU (abbre-
viated as OMV-Uox) and Uox fused with the HlyA secretion signal
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Fig. 3 | The TOSS-based protein secretion system is compatible with a variety of
enzymes and enables diverse detoxification reactions. a Western blot analysis
of StlA (abbreviated as “S”) abundance in OMVs secreted by EcNAnlpl-OS
(abbreviated as “0OS”), Lox (abbreviated as “L”) abundance in OMVs secreted by
EcNAnlpl-OL (abbreviated as “OL”) and Uox (abbreviated as “U”) abundance in
OMVs secreted by EcNAnlp/l-OU (abbreviated as “OU”) using an anti-His anti-
body.OMVssecreted by EcNAnip/ are indicated as “NC”. b Western blot analysis
of KatE (abbreviated as “K”) abundance in OMVs secreted by ECNAnipl-OK
(abbreviated as “OK”) and EcNAnlp/ (abbreviated as “NC”) using an anti-HA
antibody. c-f OMVs from EcNAnipl-OS (c), EcNAnipl-OK (d), EcNAnipl-OL (e)

0,

’oxidation reaction

Lactate + O, + H,0 ﬂ.

Pyruvate + H,0,

and EcNAnlpl-OU (f) were able to degrade phenylalanine, H,0,, lactate and UA
in vitro, respectively (n =3 biologically independent samples). OMVs secreted
by EcNAnlpl are indicated as “NC”. The data are presented as the mean + SD.
g Enzyme-loaded OMVs effectively catalyzed the detoxification reaction. The
reactions were classified into two groups: decomposition reactions and NADH-
independent oxidation reactions. StlA-loaded OMVs and KatE-loaded OMVs
could catalyze the decomposition reactions. The oxidases (Uox and Lox) cou-
ple with indigenous catalase in the OMV to catalyze oxidation reactions
dependent on H,0,/0; cycling instead of NAD*/NADH. Source data are pro-
vided as a Source Data file.

sequence and His tag for purification (abbreviated as T1SS-Uox) were
extracted and quantified via western blotting (Supplementary
Fig. 7a, b). OMV-Uox and T1SS-Uox containing similar amounts of Uox
were incubated in PBS or simulated intestinal fluid, and their enzyme
activities at different time points were assayed (Fig. 4e, f). It was
observed that OMV-Uox and T1SS-Uox had similar enzyme activities
and stabilities in PBS within 2 h (Fig. 4e). However, the enzyme activity
of T1SS-Uox decayed rapidly in the simulated intestinal fluid, remain-
ing 37.39 +4.91% of its original enzyme activity after 1h (Fig. 4f). In
contrast, the decay rate of the enzyme activity of OMV-Uox was sub-
stantially lower than that of TI1SS-Uox, conserving over 79.81 + 2.51% of
its original activity after 1 h of incubation with trypsin (Fig. 4f, g). These
results demonstrated that the OMV vehicles protect the protein cargos
from proteolysis, indicating that the protein payloads delivered via our
modified TOSS-based protein secretion strategy are more stable and
have greater catalytic activity than those delivered via the common
direct secretion route in the digestive tract.

Protein loaded OMVs of EcN can penetrate the gut barrier and
enter the circulation

Recent studies have reported the observation of blood OMVs in heal-
thy individuals®®, therefore, we speculated that some intestinal OMVs
derived from the gut microbiota may enter the circulation. To inves-
tigate this hypothesis, we explored whether OMVs of EcN could
penetrate the intact gut barrier. Healthy mice with ligated colons were
injected with Cy5.5-labeled OMVs from EcNAnip/AthyA into the colon
lumen. Eight hours after colonic incubation, fluorescent OMVs were
observed inside the villi on the basolateral side of the colon as well as
the liver and kidney from healthy mice treated with OMVs rather than
PBS (Fig. 5a and Supplementary Fig. 8), demonstrating that the OMVs
of EcN are capable of penetrating the intact gut epithelial barrier and
entering the circulation. Furthermore, we explored whether protein-
loaded OMVs produced in situ by intestinal synthetic EcN could cross
the gut barrier and enter the circulation in healthy mice without
intestinal permeability defects. Healthy mice were orally administered
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Fig. 4 | The protein payload in OMVs is superior in terms of protein stability and
catalytic activity in simulated intestinal fluid. a Schematic of the Uox secretion
approach involving the direct protein secretion apparatus T1SS or modified TOSS-
based protein secretion system. Created in BioRender. Gong, X. (2025) https://
BioRender.com/r83g400. b Western blot analysis of Uox abundance in the intra-
cellular fraction, supernatant and OMVs of EcNAnlp/AthyA-SU and EcNAthyA-SUT
using an anti-His antibody. The stable plasmid system did not affect the function of
the recombinant EcN strains outfitted with TOSS or TISS. ¢ EcNAnlpIAthyA-SU with
TOSS and EcNAthyA-SUT with T1SS presented similar UA degradation rates in M9
medium supplemented with 0.5mM UA under microaerobic culture condition
(n=3 biologically independent samples). d EcNAniplAthyA-SU with TOSS exhibited

greater UA degradation efficiency than that of ECNAthyA-SUT with TISS in simu-
lated intestinal fluid supplemented with 0.5 mM UA under microaerobic culture
condition (n =3 biologically independent samples). e Comparison of the enzyme
activities of purified protein (T1SS-Uox) or protein-loaded OMVs (OMV-Uox) from
EcNAthyA-SUT or EcNAnlplAthyA-SU, respectively, tested in PBS at various time
points at 37 °C (n =3 biologically independent samples). f, g The stabilities of T1SS-
Uox and OMV-Uox were assessed by monitoring the enzyme activities (f) and Uox
protein levels (g) in the simulated intestinal fluid at various time points at 37 °C
(n =3 biologically independent samples). The data are presented as the mean + SD.
The P value was determined by two-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test. Source data are provided as a Source Data file.

EcNAniplAthyA-SU or EcNAnlpIAthyA-OK, and the in vivo distributions
of Uox-loaded or KatE-loaded OMVs were tracked at various time
points after gavage via anti-His or anti-HA immunofluorescence
staining (pink), respectively. Four hours after gavage of EcNAnl-
plAthyA-SU or EcNAniplAthyA-OK, OMVs encapsulating Uox or KatE
were detected in the colon of mice using an anti-His or anti-HA anti-
body (pink), respectively (Fig. 5Sb and Supplementary Fig. 9). At 12 and
24 hours postgavage of EcNAniplAthyA-SU or EcNAniplAthyA-OK,
OMVs were observed in the liver and kidney in addition to the colon
(Fig. 5b and Supplementary Fig. 9), demonstrating that protein-loaded
OMVs produced in situ by engineered EcN could penetrate the gut
barrier and enter the circulation in healthy mice. At 36 hours after the
gavage of EcNAnlpIAthyA-SU or EcNAnipIAthyA-OK, few OMVs were
detected in vivo (Fig. 5b and Supplementary Fig. 9), indicating that the
circulating OMVs derived from intestinal EcN could persist for up to
36 hours after one dose of engineered EcN. In comparison, no circu-
lating OMVs were detected in healthy mice treated with the vehicle

(phosphate-buffered saline, PBS). Moreover, the GFP-expressing
strain, ECNAnlplAthyA-OK-G, was utilized to trace the location of the
engineered EcN. It was observed that the strain was present only in the
gut lumen but not in the liver or kidney after 12 h of administration to
healthy mice (Supplementary Fig. 10). This finding indicates that the
signal observed above through immunofluorescence stems from the
OMV itself rather than the bacteria. These results collectively demon-
strated that protein-loaded OMVs derived from engineered EcN in the
gut are capable of entering the circulation.

It has been reported that some bacterial OMVs contain degrada-
tive enzymes that are likely responsible for accelerating their rates to
pass through mucus pores within the mucus layer to reach gut epi-
thelial cells’. We compared the protein content of natural OMVs and
GFP-loaded OMVs from wild-type EcN and EcNAnlp/AthyA-SG,
respectively, through SDS-PAGE and proteomics analysis of the OMV
samples. The results revealed that the protein profiles of OMVs from
wild-type or engineered EcN were similar (Supplementary Fig. 11), and
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Fig. 5| OMVs derived from engineered EcN can penetrate the intact gut barrier
and enter the circulation. a Representative image of colonic sections after the

injection of Cy5.5-labeled OMVs (abbreviated as “Cy5.5-OMV”) or PBS (abbreviated
as control) into the colon lumen of healthy mice. Nuclei were counterstained with
DAPI (blue). Scale bar = 50 pm. b Representative images of different tissues (colon,
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liver and kidney) from healthy mice orally administered ECNAnlp/AthyA-SK or PBS.
OMVs were detected using an anti-HA antibody (pink). Nuclei were counterstained
with DAPI (blue). Scale bar = 50 pm. a, b Each experiment was repeated three times
independently with similar results.

there was no significant difference in the protein abundance of
enzymes, e.g., proteases, hydrolases, glycosidases, hexosaminidase
and sulfatase, between OMVs from wild-type or engineered EcN
(Supplementary Table 1). These results demonstrated that the het-
erologous and secreted proteins via the modified TOSS system of
engineered EcN do not interfere with the indigenous proteins in OMVs,
hence, the protein-loaded OMVs of engineered EcN conserve the
ability to pass through the mucus layer.

Further, we investigated the mechanism underlying the ability of
protein-loaded OMVs to penetrate the intestinal epithelial cell barrier,
using an in vitro intestinal epithelium model of Caco-2 monolayers
grown in Transwell cultures (Fig. 6a and Supplementary Fig. 12). To
determine whether the OMVs are transported across the intestinal
epithelium through an active or passive mechanism, RFP-loaded OMVs
were incubated with the intestinal epithelium in the apical compart-
ment of Transwell chambers at either 37 °C or 4 °C for 4 hours. The
fluorescence signals detected in the basolateral chamber were sig-
nificantly greater when they were incubated at 37 °C than that at 4 °C,
indicating that OMV transfer across the intestinal epithelial monolayer
involves an active mechanism under physiological conditions (Fig. 6b).
Furthermore, we explored the mechanism underlying the epithelial
transcytosis of OMVs by focusing on the first endocytosis step of
transcytosis, using various chemical inhibitors® targeting different
endocytosis pathways. The addition of chlorpromazine (inhibits
clathrin-dependent endocytosis), cytochalasin D (inhibits membrane

fusion), wortmannin (inhibits phagocytosis), or nystatin (inhibits
caveolin-mediated endocytosis and lipid raft formation) did not sig-
nificantly affect the transcytosis efficiency of RFP-loaded OMVs across
the intestinal epithelium (Fig. 6¢). In contrast, dynasore (an inhibitor of
dynamin-dependent endocytosis) and amiloride (an inhibitor of
pinocytosis) significantly reduced OMV transcytosis in a dose-
dependent manner, in comparison to the control group treated with
the solvent (dimethyl sulfoxide, DMSO) (Fig. 6¢). Additionally, incu-
bation with endocytosis inhibitors along with OMVs did not alter the
permeability of the intestinal epithelium to Lucifer Yellow (Fig. 6d).
These results suggest the involvement of the dynamin-dependent
pathway and pinocytosis in the transcytosis of protein-loaded OMVs
from engineered EcN across the intestinal epithelial cell layer.

In vivo safety evaluation of engineered EcN equipped with
modified TOSS

To test whether oral administration of synthetic EcN equipped with
modified TOSS is a safe therapeutic approach, potential toxicity was
evaluated in healthy mice orally administered saline, ECN, or ECNAn/-
plAthyA-SU for one week, followed by histological analyzes of major
organs as well as hematological and blood biochemical analyzes.
Compared with those in saline-treated mice, no significant changes in
white blood cell (WBC) counts, red blood cell (RBC) counts, platelet
(PLT) counts, or hemoglobin (HGB) levels were detected in ECN- or
EcNAnlplAthyA-SU-treated mice (Supplementary Figs. 13a-d). These
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Fig. 6 | The epithelial transcytosis of ECN OMVs involves pinocytosis and
dynamin-dependent pathways. a The mechanism underlying the ability of ECN
OMVs to penetrate the gut epithelial cell barrier was studied using an in vitro
intestinal epithelium model of Caco-2 monolayers grown in Transwell cultures.
Various inhibitors targeting different endocytosis pathways and RFP-loaded OMVs
were sequentially added to the upper chamber. Created in BioRender. Gong, X.
(2025) https://BioRender.com/d95j675. b To determine whether epithelial trans-
cytosis of OMVs occurs through an active or passive mechanism, RFP-loaded OMVs
were incubated in the apical compartment of Transwell chambers at 37 °C or 4 °C
for 4 hours. Fluorescence signals were detected in the basolateral chamber, and
further normalized to that of the 37 °C group (n =3 biologically independent
samples). ¢ The mechanism underlying epithelial transcytosis of OMV was exam-
ined by focusing on the first endocytosis step of transcytosis, using various che-
mical inhibitors targeting different endocytosis pathways at various concentrations
(low, medium and high concentrations), including the vehicle (dimethyl sulfoxide,
DMSO), chlorpromazine (inhibition of clathrin-dependent endocytosis),

cytochalasin D (inhibition of membrane fusion), wortmannin (inhibition of pha-
gocytosis), amiloride (inhibition of pinocytosis), nystatin (inhibition of caveolin-
mediated endocytosis and lipid raft formation), and dynasore (inhibitors of
dynamin-dependent endocytosis). Low concentration: 0.05 M wortmannin;

0.25 uM cytochalasin D; 10 pM chlorpromazine; 20 uM amiloride; 0.1 uM nystatin
and 20 pM dynasore; Medium concentration: 0.1 uM wortmannin; 0.5 uM cyto-
chalasin D; 20 uM chlorpromazine; 100 uM amiloride; 0.2 uM nystatin and 100 uM
dynasore; High concentration: 1 uM wortmannin; 2 pM cytochalasin D; 50 pM
chlorpromazine; 200 pM amiloride; 1 uM nystatin and 200 pM dynasore. Fluores-
cence signals were detected in the basolateral chamber and were further normal-
ized to that of the DMSO group (n =3 biologically independent samples). d The
permeability of the epithelial monolayers after incubation with OMVs along with
DMSO or inhibitors was assayed with Lucifer Yellow (n =3 biologically independent
samples). The data are presented as the mean + SD. The P value was determined by
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test.
Source data are provided as a Source Data file.

results demonstrated that neither the EcN chassis nor the circulating
OMVs derived from the synthetic EcN equipped with modified TOSS
have adverse effects on the hematopoietic system. Furthermore, bio-
chemical analysis of plasma samples revealed that treatment with ECN
or EcNAnlplAthyA-SU did not increase the levels of alanine amino-
transferase (ALT), creatinine (CRE) or blood urea nitrogen (BUN),
demonstrating that our synthetic EcN does not induce liver or kidney
toxicity in vivo (Supplementary Fig. 13e-g). Moreover, hematoxylin
and eosin (H&E) staining analysis of major organs (including the heart,
liver, spleen, lung, and kidney) revealed no signs of organ damage in
any group, demonstrating that the administration of our synthetic ECN
does not produce significant histopathological abnormalities (Sup-
plementary Fig. 14). Collectively, the in vivo safety assessment proved
that our synthetic EcN outfitted with modified TOSS is biocompatible
and safe, and has potential for clinical application.

Oral delivery of Uox by engineered EcN equipped with modified
TOSS showed superior therapeutic efficacy in treating
hyperuricemic mice

The therapeutic efficacy and superiority of our engineered EcN out-
fitted with modified TOSS were evaluated for its ability to treat meta-
bolic diseases, in comparison with that of engineered EcN equipped
with direct protein secretion apparatus (T1SS), using hyperuricemia as
a demonstration. A murine model of hyperuricemia was induced via a
UA-supplemented diet and daily intraperitoneal injection of potassium

oxonate (PO) for 28 days, where PO serves as a murine Uox inhibitor®,
Healthy mice gavaged with saline and intraperitoneally administered
with the vehicle served as the control group. Hyperuricemic mice were
gavaged with saline, wild-type EcN, or recombinant EcN strains out-
fitted with TOSS or TISS, ie., ECNAnipIAthyA-SU or EcNAthyA-SUT,
respectively, every two days during the 28-day UA- and PO-challenged
period (Fig. 7a). A murine model of hyperuricemia treated with saline
showed a substantial increase in the serum UA concentration to
~599.7 uM, which was -2.18 times greater than that of the normal
control (serum UA concentration ~274.7 uM). Among the hyperur-
icemic mice dosed with wild-type EcN, EcNAnip/AthyA-SU or ECNA-
thyA-SUT, respectively, treatment with wild-type EcN or recombinant
EcN equipped with T1SS mildly lowered the serum UA to ~514.3 uM or
~464.8 uM, respectively. Notably, treatment with our engineered EcN
outfitted with TOSS exhibited therapeutic performance in reducing the
concentration of circulating UA, which significantly decreased the
serum UA concentration from ~599.7 uM to -279.3 uM, approaching
the level of the healthy control (serum UA concentration of ~274.7 uM)
(Fig. 7b). These results proved that our engineered EcN outfitted with
TOSS is superior to the recombinant EcN equipped with T1SS in alle-
viating hyperuricemia, demonstrating that OMV encapsulated Uox
secreted by TOSS is prominent in degrading circulating UA due to its
superior protein stability and wide delivery range beyond the gut.
The performance of our engineered EcN outfitted with modified
TOSS to ameliorate hyperuricemia symptoms was further assessed.
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Hyperuricemia is usually accompanied by increased urine UA
content*®, which was also observed in hyperuricemic mice models
(Fig. 7c). Compared with that in healthy controls, the level of urine UA
was increased -2.25 times in hyperuricemic mice treated with saline
(Fig. 7c). Treatment with EcN, ECNAthyA-SUT or EcNAnlplAthyA-SU
significantly reduced the urine UA of hyperuricemic mice by ~21.59%,
41.40% and 46.70%, respectively (Fig. 7c). UA is widely recognized as a
damage-associated molecular pattern (DAMP) that can activate the
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NLRP3 inflammasome and increase the release of inflammatory cyto-
kines, e.g., IL-13*. Hence, the serum level of the inflammatory cytokine
IL-1B was examined to assess systemic inflammation, and the level of
serum creatinine (CRE) was assayed to assess renal function as well as
the biosafety of drug treatment. Compared with those in healthy
controls, the levels of serum IL-13 and serum creatinine (CRE) were
significantly increased in hyperuricemic mice treated with saline
(Fig. 7d, e). Compared with hyperuricemic mice dosed with saline,
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Fig. 7 | Synthetic EcN outfitted with modified TOSS exhibits superior ther-
apeutic efficacy in treating hyperuricemic mice and detoxifying human serum
samples. a Experimental design of UA- and PO-induced murine model of hyper-
uricemia as well as treatment procedures. Mice fed a normal diet and intraper-
itoneally injected with vehicle are indicated as “Con”. Hyperuricemic mice were
induced via a UA-supplemented diet (2% UA in the diet) and daily intraperitoneal
injection of 250 mg/kg PO for 4 weeks. At the onset of hyperuricemia induction,
hyperuricemic mice were gavaged with saline (abbreviated as “UA”), EcN (abbre-
viated as “UA +E”), ECNAthyA-SUT (abbreviated as “UA + T”) or ECNAnlpIAthyA-SU
(abbreviated as “UA + Q") (n = 6). b-e Serum UA (b), urine UA (c), serum CRE (d) and
IL-1P3 (e) were measured. (n = 6 mice) (f) Representative histopathological images of
colon slices obtained from five groups of mice. The slices were stained with

hematoxylin and eosin (H&E). The black arrow indicates infiltration of immune
cells, and the red arrow indicates sloughed-off epithelial cells. Scale bar = 50 um.
g, h The UA (g) and glucose (h) degradation efficacy of Uox-loaded OMVs derived
from EcNAnip/AthyA-SU on serum samples from hyperuricemic patients, in
response to OMV treatment for 30 min (n =9 biologically independent samples).
i, j Lactic acid (i) and glucose (j) degradation efficacy of Lox-loaded OMVs derived
from EcNAnlpl-OL on serum samples from lung cancer patients (n =7 biologically
independent samples), in response to OMV treatment for 30 min. Data are pre-
sented as the mean + SD. The P value was determined by one-way analysis of var-
iance (ANOVA) with Tukey’s multiple comparisons test (b-e) or a two-tailed paired t
test (g-j). Source data are provided as a Source Data file.

administration of EcNAnlp/AthyA-SU, rather than EcNAthyA-SUT or
wild-type EcN, significantly decreased the serum CRE and serum IL-1p
levels by -15.94% and -32.91%, respectively (Fig. 7d, e). In addition,
histological analysis of the colon, liver, and kidney tissues was per-
formed through H&E staining (Fig. 7f). In hyperuricemic mice dosed
with saline or wild-type EcN, significant immune cell infiltration was
observed in the liver and kidneys, whereas the groups treated with
EcNAnlplAthyA-SU presented a significant reduction in immune cell
infiltration (Fig. 7f). These results showed that our synthetic EcN out-
fitted with modified TOSS was superior for the oral delivery of Uox and
the degradation of serum UA, and consequently exhibited outstanding
efficacy in alleviating the pathological symptoms of hyperuricemia as
well as good biosafety. Using hyperuricemia as a demonstration, we
proved that, in comparison to conventional recombinant commensals
that secrete therapeutic proteins into their surroundings within the
gut, our engineered EcN outfitted with modified TOSS is superior for
treating metabolic disorders, probably benefitted from superior sta-
bility of the therapeutic proteins encapsulated in OMVs, high endo-
genous encapsulation ratio and wide delivery range beyond the gut.

Engineered OMVs effectively detoxify clinical samples from
patients

To further investigate the clinical potential of our engineered EcN
outfitted with TOSS for treating metabolic diseases, the efficacy of
protein-loaded OMVs derived from synthetic EcN for treating human
serum samples was evaluated. Serum samples from nine hyperur-
icemic patients were collected and incubated with Uox-loaded OMVs
derived from EcNAnip/AthyA-SU. After incubation for 30 min, the
levels of serum UA were all substantially reduced by OMV treatment,
with an average reduction of 42.6% from 496.9 uM to 285.3 uM after
OMV incubation (Fig. 7g), whereas the levels of serum glucose in these
nine samples were not influenced by OMV incubation (Fig. 7h). These
results demonstrated that the synthetic Uox-loaded OMVs derived
from our engineered EcN are effective and specific for degrading UA in
the blood of hyperuricemic patients. Moreover, the serum samples of
seven lung cancer patients with elevated lactate levels were collected
and incubated with Lox-loaded OMVs derived from EcNAnip/-OL. The
incubation of Lox-loaded OMVs for 30 min led to a reduction in the
serum lactate levels of all seven human samples, which decreased from
~5.67 mM to ~5.50 mM on average (Fig. 7i). Similarly, Lox-loaded OMVs
significantly reduced the serum levels of lactate but did not influence
the serum levels of glucose (Fig. 7j). Overall, we demonstrated that the
therapeutic proteins delivered by our engineered EcN outfitted with
modified TOSS could effectively detoxify circulating human metabo-
lites, and our protein delivery system based on synthetic EcN is pro-
mising for the clinical treatment of a wide range of metabolic
disorders.

Discussion

Oral protein delivery represents a convenient and highly compliant
route of drug administration for patients. However, oral delivery effi-
ciency is tremendously limited by gastrointestinal physiological

barriers, including harsh acid and proteases in the stomach, the
intestinal mucus layer, and the gut epithelial barrier. To overcome
these physiological barriers, NP-based drug delivery systems have
made significant progress to improve the efficiency of oral protein
delivery, through material engineering, surface modification and so
on*>**, Despite these findings, NP-based drug delivery systems suffer
from complicated fabrication procedures, inefficient cargo loading
and delivery. In our work, we established an oral protein delivery
technology, which could be facilely implemented via the oral admin-
istration of genetically engineered EcN outfitted with modified TOSS.
The EcN chassis is tolerant of the digestive tract, and in situ-secreted
OMVs were found to penetrate the intact gut barrier and enter the
circulation, consequently the protein payloads were escorted
sequentially by engineered EcN and secreted OMV vehicles for efficient
and programmed oral protein delivery. The protein payloads were
encapsulated in OMVs in vivo by an endogenous protein loading
strategy, whose encapsulation ratio was 97.9%, which is much greater
than that of exogenous protein loading methods in vitro for EVs and
NPs. A filtration and ultracentrifugation-based method was employed
here for crude OMV isolation from bacterial culture medium, these
OMVs exhibit high heterogeneity in size. While the engineered OMVs
show homogeneity in loading the protein cargo of interest, other non-
target molecular cargos could vary significantly among OMV popula-
tions. Thus, our engineered EcN outfitted with modified TOSS provides
a self-programmed and facile oral protein delivery technology.

The presence of blood bacterial extracellular vesicles (EVs) has
been reported primarily in patients with gut leakage, intestinal dys-
biosis and bacterial translocation®. Few studies have reported the
presence of bacterial OMVs in the circulation of healthy individuals,
and it has been speculated that the translocation of gut bacteria may
lead to the production of circulating OMVs”. Some researchers have
reported that immune cells are hijacked for the delivery of engineered
bacterial EVs via surface modification with targeting ligands****. Our
work revealed that ECN OMVs without surface modification could
enter the circulation through the intact gut barrier via bacterial
translocation, indicating the physiological role of bacterial EVs in host—
microbe interactions beyond the gut without intestinal permeability
defects or bacterial translocation. On the basis of this important
finding, EcN was engineered to improve OMV synthesis and endo-
genously load proteins of interest into OMVs. OMV vehicles confer the
advantages of high protein stability against proteolysis and circulation
entry capability. The in vitro assay revealed that the epithelial trans-
cytosis efficiency of ECN OMVs was approximately 3%, similar to that of
receptor ligand-free engineered nanoparticles in traversing an in vitro
blood-brain barrier model in a previous study*¢. The T0SS-based pro-
tein secretion system was compatible with various protein payloads,
and was able to self-package multiple distinct protein cargos in indi-
vidual OMV vehicles for cascade reactions. Moreover, ECN OMVs
contain indigenous redox enzymes, including peroxide reductase,
making OMVs ideal biocatalysts for detoxification, including decom-
position, cascade and NADH-independent oxidation reactions. Our
engineered EcN outfitted with modified TOSS was superior in
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detoxifying circulating metabolites, ascribe to its high stability of
protein payloads and wide delivery range beyond the gut, presenting a
promising oral protein delivery system based on synthetic bacteria for
the clinical treatment of a wide range of metabolic disorders.

Methods

Ethics statement regarding animals, cells and clinical serum
samples

This research complies with all relevant ethical regulations for both
animal and human studies. All animal experiments were approved by
the Institutional Animal Use and the Animal Experimentation Ethics
Committee at Tsinghua University. The acquisition and processing of
patient serum samples were approved by the China-Japan Friendship
Hospital Clinical Research Ethics Committee, with approval number
2023-KY-007. The written informed consent was obtained from all
study participants and the participants were compensated with free
blood biochemical test. This study was conducted in accordance with
the ethical standards outlined in the 2013 Declaration of Helsinki. The
samples were obtained deidentified and no demographics were
collected.

Male Kunming mice (4-5 weeks old) were obtained from Beijing
Vital River Laboratory Animal China and used for all animal studies in
this work. The mice were housed under specific pathogen-free (SPF)
conditions with a 12 h light/dark cycle, enriched water and ad libitum
feeding, with temperature kept at 22-24 °C, and humidity at 40-70%.

Caco-2 cells were obtained from the China Center for Type Cul-
ture Collection (Serial: TCHul46), and cultivated in DMEM supple-
mented with 20% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin
in a humidified incubator with 5% CO, at 37 °C.

Materials

DAPI (BL739B) was obtained from Biosharp Life Science. The cell
dishes, 96-well culture plates, kanamycin (GC301008-5 g), IPTG
(GC205011-1 g), chloramphenicol (GC301018-5 g), penicillin-strepto-
mycin (G4003-100ML), Dulbecco’s modified Eagle’s medium (DMEM;
G4525-500 mL), anti-HA-Tag antibody (GB151252-100, for western
blot), anti-GFP antibody (GB15603-100), anti-RFP antibody (GB125053-
100) and L-phenylalanine (GC304010-10 g) were purchased from
Servicebio Biotechnology. Cy5.5-NHS ester (A8103) was purchased
from APEXBIO Technology. The anti-HA-tag antibody (26183 for
immunofluorescence), anti-His-tag antibody (MA121315), goat anti-lgG
(H+L) highly cross-adsorbed secondary antibody conjugated with
Alexa Fluor 647 (A32728TR) and fetal bovine serum (FBS; A5669401)
were purchased from Thermo Fisher Scientific. Mouse IL-1 ELISA Kit
(KE10003), goat anti-mouse IgG (H&L)-HRP (PR30012) and goat anti-
rabbit IgG (H&L)-HRP (PR30011) for western blotting were purchased
from Proteintech. EVMembrane Red Stain (NEPU-638-50T) was pur-
chased from NanoFCM. Sodium carboxymethyl cellulose (IS2000),
Uric Acid Content Assay Kit (BC1365), Creatinine Content Assay Kit
(BC4915) and Urea Nitrogen Content Assay Kit (BC1535) were obtained
from Solarbio Science & Technology. Cytochalasin D (gc13440),
chlorpromazine HCl (gcl4216), dynasore (gcl0395), nystatin
(gc10090), amiloride HCI (gc17853) and wortmannin (gc12338) were
purchased from Glpbio Technology. Uric acid (U0018) and potassium
oxonate (00164) were purchased from Tokyo Chemical Industry.
Sodium lactate (S108838) was purchased from Aladdin Scientific.

Bacterial strains and culture conditions

A list of the bacterial strains used in this investigation is provided in
Supplementary Table 2. The E. coli S17-1 strain was used for plasmid
construction, and the E. coli WM3064 strain served as the donor strain
for conjugation. The katE gene was amplified from E. coli Nissle 1917
genomic DNA (GenBank CP007799.1). Heterologous genes, namely,
uox from C. utilis (UniProt Entry P78609), hlyBD-hlyA from E. coli J96%,
stlA from P. luminescens TTO1", and lox from A. viridans (UniProt Entry

Q44467), were codon optimized, synthesized and cloned and inserted
into the pYYD plasmid*® under the anaerobic promoter by GenScript
(Nanjing, China). The plasmids were subsequently transformed into
the E. coli WM3064 strain, which was subsequently conjugated
with EcN.

The suicide plasmid pRE112*° was used for the in-frame genomic
deletion of the nipl and thyA genes in EcN. Plasmids were constructed
via Gibson assembly in E. coli S17-1, which were subsequently trans-
formed into £. coli WM3064 for subsequent conjugation with EcN. The
single-crossover mutant was selected on LB agar medium supple-
mented with chloramphenicol and verified via colony PCR. The
resulting double-crossover mutant was selected on LB agar medium
supplemented with 10% sucrose and 3 mM thymidine (for the AthyA
mutants), and further confirmed by colony PCR and sequencing. ECN
and E. coli S17-1 were cultivated in LB broth (10 g tryptone, 10 g NaCl,
5 g yeast extract per liter) at 37 °C. E. coli WM3064 was cultured in LB
medium supplemented with 50 ug/mL 2,6-diaminopimelic acid at
37 °C. Antibiotic selection involved the use of 50 ug/mL kanamycin (for
pYYD-derived plasmids) and 25 pg/mL chloramphenicol (for pRE112-
derived plasmids). The strains were cryopreserved at —80 °C in 15%
glycerol.

In vitro UA consumption assay

To assess the ability of bacteria to degrade UA, logarithmically growing
bacteria in LB medium were resuspended in modified M9 minimal
medium (6.78 g Na,HPO,, 3 g KH,PO,4, 1g NH,CI, 0.5g NaCl, 5g glu-
cose, 1g yeast extract per liter) supplemented with 0.5mM UA for
microaerobic culture, resulting in a concentration of 10° cells/mL.
Sampling was conducted at various time intervals, and a Uric Acid
Content Assay Kit was used to quantify the UA concentration.

Outer membrane vesicle isolation and characterization

To isolate and purify OMVs, the supernatant from the E. coli culture
was 0.22-um syringe-filtered after centrifugation at 4 °C to remove
large contaminants and bacteria. The resulting mixture was con-
centrated with a 100 kDa cutoff centrifugal filter (Millipore, USA) and
further ultracentrifuged at 120000 x g for 2 hours at 4 °C. The OMV
pellet was washed with PBS, subjected again to ultracentrifugation,
0.22-um syringe-filtered, and suspended in PBS. The morphology of
the OMVs was characterized via a Hitachi transmission electron
microscopy (TEM) system. Zeta potentials were measured with a
Zetasizer Nano ZS (Malvern, UK) at 25°C under standard settings
(refractive index, 1.330; viscosity, 0.89 cP). The hydrodynamic dia-
meters of the OMVs were measured via ZetaVIEW (Particle Metrix,
Germany) at 25 °C under a sensitivity of 80, a frame rate of 30 frames
per second and a shutter value of 100.

Supernatant purification

The supernatant from bacterial culture was 0.22-um syringe-filtered
after centrifugation at 4 °C to remove large contaminants and bacteria.
Then, the supernatant was concentrated with a 3 kDa cutoff centrifugal
filter (Millipore, USA) to obtain concentrated solution for subsequent
SDS-PAGE and Western Blot analysis.

Nano-flow cytometry

The isolated OMV samples were analyzed using the Flow NanoAnalyzer
(nanoFCM) instrument equipped with 488 nm and 638 nm lasers.
OMVs derived from EcNAnip/ and EcNAnlpl-OG were labeled with
EVMembrane Red Stain at room temperature for 30 minutes. The
fluorescently labeled samples were washed twice with PBS to remove
excess dye via the isolation method described above. The particles
were then resuspended in PBS and measured via calibrated instru-
ments with 50 mW laser power, 10% SS decay, and a sampling pressure
of 1 kPa. Data analysis was conducted via NF professional 2.0 software.
Through analyzing the green and red fluorescence signals of the PBS
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control and OMVs derived from EcNAnlpl, the threshold lines of green
and red fluorescence were determined to reduce the reads of nanos-
cale impurities and background signals (< 5%). The cutoff lines were
drawn that the ratio of reads from P1+P2 or P1+P4 in PBS sample
were <5%.

Measurement of metabolites

UA, creatinine and urea nitrogen were quantified via urea acid,
creatinine and urea nitrogen content assay kits, respectively. Other
metabolites (e.g., phenylalanine and lactate) in culture media or
serum were measured via high-performance liquid chromatography
(HPLC). Phenylalanine quantification was conducted via an HPLC
system equipped with a UV detector and a ZORBAX SB-C18 chro-
matographic column. The mobile phase for gradient elution con-
sisted of acetonitrile and 1.5% acetic acid. Detection occurred at
260 nm, and the column temperature was maintained at 40 °C.
Lactate quantification was conducted via an HPLC system equipped
with an RID-10A refractive index detector and an Aminex HPX-87H
column. The samples were run with 5mM sulfuric acid at 50 °C.
Metabolite identification and quantification were accomplished by
comparing the retention time and chromatographic peak area with
those of established standards.

Animal experiments

The induction of hyperuricemia in male Kunming mice was per-
formed with 2% UA in the diet (Jiangsu Xietong Pharmaceutical
Bioengineering Co., Ltd.) and daily intraperitoneal injections of
250 mg/kg PO (dissolved in 0.5% CMC-Na solution) for 4 weeks. At
the onset of hyperuricemia induction, four groups of mice were
gavaged with EcN (5x10° CFU), EcNAthyA-SUT (5x10° CFU),
EcNAnlpIAthyA-SU (5x10° CFU), or an equal volume of saline,
respectively, every two days during the entire 28 days of hyperur-
icemia induction. On the last day of the study, the mice were
euthanized via CO, inhalation. Blood samples were collected via
cardiac puncture, and the liver, kidney and colon were harvested
for histological analysis.

For in vivo safety evaluation of engineered EcN equipped with
modified TOSS, three groups of healthy male Kunming mice were
gavaged with EcN (5 x 10° CFU), EcNAniplAthyA-SU (5 x 10° CFU), or an
equal volume of saline, respectively, every two days for one week. The
mice were euthanized on the last day of the study. Blood samples were
collected via cardiac puncture for routine blood examination and
serum biochemistry assays, and the major organs (heart, liver, spleen,
lung and kidney) were harvested for histological analysis.

Western blot and immunofluorescence

The quantification of total protein content in the samples was con-
ducted via the Bradford assay. The purified OMVs or proteins were
heated at 95 °C for 5min, followed by SDS-PAGE and subsequent
transfer to a polyvinylidene difluoride (PVDF) membrane. After trans-
fer, the membranes were blocked with 5% bovine serum albumin (BSA)
for 1h and incubated overnight at 4 °C with gentle shaking with spe-
cific primary antibodies. Afterward, the membranes were subjected to
three 10-minute washes with TBST and further incubated with goat
anti-mouse IgG (H&L)-HRP or goat anti-rabbit IgG (H&L)-HRP for an
additional hour, and the bands were visualized by enhanced
chemiluminescence (ECL).

For immunofluorescence, 7-pm sections of OCT-embedded fro-
zen colon, liver, or kidney tissue were mounted on slides. After incu-
bation in 0.5% Triton X-100 for 1h, the slides were blocked for 2 h in
10% sheep serum and incubated with primary antibodies overnight at 4
°C. The slides were then incubated with the appropriate secondary
antibody for 2 h at room temperature. Images were acquired via the
Andor DragonFly confocal imaging system.

In vitro transcytosis studies

Caco-2 cells were seeded onto Transwell inserts and cultured for
3 weeks. The integrity of the epithelial monolayer was assessed
through transepithelial electrical resistance (TEER) assays employing
an EVOM TEER meter, and only monolayers with TEER values of at
least 300 Q-cm? were used for transcytosis studies. To investigate the
transport of OMVs via this model, OMVs containing RFP were intro-
duced into the apical chamber (-10'" particles in 100 pL of media).
The influence of temperature was examined by incubating this model
at either 4 or 37 °C. To evaluate the mechanism of transcytosis, cells
were pretreated with commercially available inhibitors (0.05, 0.1, or
1M wortmannin; 0.25, 0.5 or 2 uM cytochalasin D; 10, 20 or 50 pM
chlorpromazine; 20, 100 or 200 pM amiloride; 0.1, 0.2 or 1 uM nys-
tatin; 20, 100 or 200 pM dynasore) for 1h at 37°C before OMV
addition, as described previously*®. After 8 h, media from the baso-
lateral chamber were collected, and fluorescent signals were quan-
tified via a fluorescence microplate reader. To evaluate the impact of
OMVs on epithelial barrier integrity, Lucifer Yellow (LY) was added to
the Transwell insert, and the fluorescence intensity in both the apical
and basolateral chamber media was measured after 1h with a fluor-
escence microplate reader. The percentage of LY rejection was cal-
culated via the following formula: % LY rejection = 100 (1 -
RFUbasoIateraI/RFUapical)-

Detection of metabolites in clinical serum samples

To detect the efficacy of OMVs in degrading metabolites in human
blood, 50 pL of human serum sample was incubated with 100 pg of
purified OMVs for 30 minutes. Then, the concentrations of UA, glu-
cose, or lactate in the samples were detected as described above. Sex
was not considered in the study design.

Statistics & reproducibility

The data are expressed as the mean +SD or mean + SEM. Statistical
differences between the control and experimental groups were ana-
lyzed by one-way or two-way ANOVA with Tukey’s post-hoc test. Paired
samples were compared via a paired t test. No data were excluded from
the analyzes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the data are available in the main text or the supplementary mate-
rials. The OMV mass spectrometry proteomics data generated in this
study have been deposited in the ProteomeXchange Consortium via the
iProX partner repository with the dataset identifier PXD053377 [https://
www.iprox.cn/page/project.html?id=IPX0008897000]. Source data are
provided with this paper.
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