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Construction of a sustainable 3-hydroxybutyrate-producing
probiotic Escherichia coli for treatment of colitis
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Colitis is a common disease of the colon that is very difficult to treat. Probiotic bacteria could be an effective treatment. The
probiotic Escherichia coli Nissle 1917 (EcN) was engineered to synthesize the ketone body (R)-3-hydroxybutyrate (3HB) for
sustainable production in the gut lumen of mice suffering from colitis. Components of heterologous 3HB synthesis routes were
constructed, expressed, optimized, and inserted into the ECN genome, combined with deletions in competitive branch pathways.
The genome-engineered EcN produced the highest 3HB level of 0.6 g/L under microaerobic conditions. The live therapeutic was
found to colonize the mouse gastrointestinal tract over 14 days, elevating gut 3HB and short-chain-length fatty acid (SCFA) levels
8.7- and 3.1-fold compared to those of wild-type EcN, respectively. The sustainable presence of 3HB in mouse guts promoted the
growth of probiotic bacteria, especially Akkermansia spp., to over 31% from the initial 2% of all the microbiome. As a result, the
engineered EcN termed EcNL4 ameliorated colitis induced via dextran sulfate sodium (DSS) in mice. Compared to wild-type EcN or
oral administration of 3HB, oral EcNL4 uptake demonstrated better effects on mouse weights, colon lengths, occult blood levels, gut
tissue myeloperoxidase activity and proinflammatory cytokine concentrations. Thus, a promising live bacterium was developed to
improve colonic microenvironments and further treat colitis. This proof-of-concept design can be employed to treat other diseases

of the colon.
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INTRODUCTION

Engineered live therapeutics designed to deliver drug molecules
or mediate diagnostic approaches through probiotic reconstruc-
tion have attracted much attention from researchers in the fields
of biomedical engineering and synthetic biology due to their
promising prospects [1-3]. It is desirable to reprogram micro-
organisms depending on actual medical and personalized
demands. For next-generation probiotics, the engineering of
microorganisms provides multiple advantages compared to their
wild-type chassis, including in vivo animal diagnosis, site-specific
drug administration, sustainable release, and mechanism-
controllable therapy [4-6]. Successful reports of using genetically
modified live bacteria to treat phenylketonuria, hyperammonemia,
diabetes, colitis, obesity, alcoholic liver, and cancer have been
published [1, 7-12]. Several biotherapeutic bacteria are under
clinical trials, indicating their promising future pharmaceutical
applications [13, 14].

Human commensal bacteria, especially species from Lactobacillus,
Lactococcus, and Escherichia, are suitable chassis for medical
engineering [15]. Among them, Escherichia coli Nissle 1917 (EcN)
shows promise due to its easy genetic manipulation and probiotic
characteristics [16]. The strain is nonpathogenic (serotype O6:K5:H1)
with antagonistic activities against gut pathogens such as Shigella

dysenteriae, Vibrio cholerae, Yersinia enterocolitica, Salmonella enter-
itidis, and invasive E. coli [17-19], and sufficient molecular biology
toolboxes are available for EcN engineering. EcN was reported to be
as effective as mesalazine for the remission of ulcerative colitis [17].
The bacterium is genetically stable and cannot be transformed by
the tox- phages of enterohemorrhagic E. coli strains [20]. Production
of defensins, cathelicidin, and calprotectin and anti-inflammatory
effects, e.g., inhibition of IL-6 and TNF-g, have been demonstrated
[21-23]. Live EcN bacteria exhibit robustness in the mammalian
gastrointestinal tract [24]. Therefore, diverse biotherapeutic strate-
gies based on EcN carriers are practicable and need to be further
explored.

Biological drugs such as antitumor necrosis factors, interleukins,
and small pharmaceutical molecules are likely easier to synthesize
and permeate cell membranes, and they are interesting candi-
dates for live therapeutics [25-27]. In addition, engineered
probiotics overproducing chemicals such as butyrate or omega-
3 fatty acids have been constructed for oral administration as
reported previously [5, 28]. However, more therapeutic agents are
needed to generate diversified live engineered probiotics for
improved treatments.

(R)-B-Hydroxybutyrate (3HB) is the main component of animal
ketone bodies, serving as an energy source during starvation or
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exercise [29, 30]. Despite its function in energy supply, 3HB is also
regarded as a therapeutic agent [31, 32]. Beneficial effects of 3HB
in the treatment of seizures, hypertension, NLRP3-mediated
inflammation, or neurodegenerative diseases have been reported
[33-36]. Additionally, bone formation promotion, improvements
in learning and memory and glial cell protection were also
observed after 3HB administration in mice [37-40].

The 3HB microbial synthesis pathway comprises three steps
[41, 42]: two molecules of acetyl-CoA are first condensed to
acetoacetyl-CoA by acetyl-CoA acetyltransferase; subsequently,
acetoacetyl-CoA reductase converts acetoacetyl-CoA to (R)-B-hydro-
xybutyrate-CoA; and finally, the CoA moiety is removed to form 3HB.
Recently, 3HB has been demonstrated to ameliorate dextran sulfate
sodium (DSS)-induced colitis in animal models [43]. Since EcN is
commonly used as a treatment for inflammatory bowel disease
(IBD), its administration combined with therapeutic compounds and
probiotics may exhibit synergy for enhanced therapeutic efficacy in
colitis [44, 45]. Moreover, in situ synthesis of therapeutic substances
can diminish the off-target effects of drugs and deliver the
substances efficiently for extended periods of time [46, 47].

This study aims to develop a sustainable approach to treat chronic
colitis using engineered EcN that can sustainably release 3HB.

MATERIALS AND METHODS

Strains, plasmids, chemicals, and culture conditions
Information on the strains and plasmids used in this study is listed in
Supplementary Table 1 and Supplementary Data 1. E. coli strain Nissle
1917 served as the chassis for engineering in the study. Escherichia coli S17-1
was employed for plasmid construction and used as the conjugation donor
for EcN derivatives. Q5 High-Fidelity DNA polymerase (New England Biolabs,
Inc,, USA) was used for amplification of DNA fragments. PCR products were
purified using an E.ZN.A. DNA/RNA Isolation Kit (Omega Bio-tek, Inc., USA).
Plasmids were constructed via Gibson Assembly methods. Plasmids were
extracted using a TIANprep Mini Plasmid Kit (Tiangen Biotech Co., Ltd.,
China). They were electroporated into E. coli S17-1 for further uses.

EcN and E. coli S17-1 were cultured at 37 °C in LB medium consisting of
10g/L tryptone (Analytical Reagent, Oxoid, England), 10g/L NaCl
(Analytical Reagent, Sinopharm Chemical Reagent Co., Ltd., China) and 5
g/L yeast extract (Analytical Reagent, Oxoid, England). In fermentation
studies, 10 g/L glucose (Analytical Reagent, Sinopharm Chemical Reagent
Co., Ltd., China) was added in LB medium. Some essential experiments
were repeated using M9 medium with 10g/L glucose. In aerobic
fermentations, the media were shaken at 200rpm. In microaerobic
fermentations, the culture medium was added to 15-mL tubes to full
scale without shaking during the cultivation. In anaerobic fermentations,
the cultures were incubated statically at 37 °C in an anaerobic chamber
(Ruskinn Technology, England) under the following gas environments: 5%
hydrogen, 5% carbon dioxide, and 90% nitrogen. An MM medium was
used for selection of EcN strains from the mixture of S17-1 and EcN during
the conjugation step. The MM medium consisted of 1% NaCl, 0.05% urea,
0.02% MgS0,, 1.0% Na,HPO,, 0.15% KH,PO,, 1.0% solution | and 0.1%
solution II. Solution | consisted of 0.5% Fe(lll)-NH,4-citrate and 0.2% CaCl,,
both dissolved in 1M HCI. Solution Il contained 0.01% ZnSQO,, 0.003%
MnCl,, 0.03% H3BOs, 0.02% CoCl,, 0.003% NaMoO,, 0.002% NiCl, and
0.001% CuSO, dissolved in 1M HCI. Agar (15 g/L, BioDee Biotechnology
Co., Ltd., Beijing, China) was added before sterilization. The chloramphe-
nicol concentration was 25pg/mL; it was purchased from BioDee
Biotechnology Co., Ltd. (Beijing, China).

Construction of plasmid containing the 3HB synthesis
pathway components in the EcN strain

Possible degradation of 3HB in EcN was investigated by adding 5 g/L 3HB
to the EcN cultures. EcN exhibited little 3HB degradation, as less than 0.5 g/
L 3HB was utilized after 48 h of cultivation (Fig. 1a, b). Subsequently, a 3HB
synthesis system comprising the phaA, phaBrp, and tesB genes encoding
acetyl-CoA acetyltransferase from Cupriavidus necator H16 (GenBank
accession no. CP039287.1), 3HB-CoA dehydrogenase from Halomonas
bluephagenesis TDO1 (GenBank accession no. WP_009724067.1) and
thioesterase from E. coli MG1655 (GenBank accession no. CP032679.1)
was cloned into the plasmids pYX5 and pYX18 under the weak promoter
Ps, and the strong promoter P,3, respectively [48] (Fig. 1a). The
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rate-limiting enzyme TesB was replaced with its isozymes Ptb and Buk
(GenBank accession no. AE001437.1), encoding phosphate acetyltransfer-
ase and butyrate kinase, respectively, to form the plasmids pYX7 and
pYX19 (Supplementary Table 1). The EcN strain harboring the pYX18
plasmid produced 2.9 g/L 3HB in shake flasks under aerobic conditions
compared to that of the other plasmids (Fig. 1b), indicating that the tesB
gene was more favorable for 3HB production by the engineered EcN and
that the stronger promoter P,3 resulted in higher yields.

Since shake flask conditions do not reflect the microaerobic/anaerobic
circumstances of a gastrointestinal tract, microaerobic fermentations were
conducted to imitate gut lumen environments under which 3HB should
be produced. Similarly, the tesB pathway exerted better performance than
the ptb-buk pathway under microaerobic conditions to form 0.3 g/L 3HB by
engineered EcN (Fig. 1¢). To increase 3HB production by the EcN strain, we
studied various isozymes of thioesterases, acetyl-CoA acetyltransferases
and 3HB-CoA dehydrogenases for better catalytic performance. The PhaA
protein was replaced by different acetyl-CoA acetyltransferases, namely,
BktB from C. necator H16 (GenBank accession no. AF026544.2) and ThIA
from Clostridium acetobutylicum ATCC 824 (GenBank accession no.
AE001437.1). The enzyme PhaA led to the highest level of 3HB, 0.3 g/L,
among the other groups (Fig. 1d). The PhaB protein from C. necator H16
(GenBank accession no. FJ897462.1) was used to replace PhaBrp to obtain
a better acetoacetyl-CoA reductase. PhaB¢, was revealed to be better in
the 3HB synthesis pathway, leading to 0.6 g/L 3HB (Fig. 1e). In addition to
ptb-buk genes, the gene pct encoding propionate CoA-transferase from C.
propionicum (GenBank accession no. KT199425.1) and yciA encoding acyl-
CoA thioester hydrolase from E. coli MG1655 (GenBank accession no.
CP032679.1) were also considered candidates for CoA removal genes. TesB
overexpression resulted in the highest level of 3HB, 0.6 g/L, among the
three alternatives by the engineered EcN (Fig. 1f and Table 1).

To further enhance 3HB production by the EcN strains, we quantified
other metabolites in cultures of EcN strains to find potential metabolic flux
losses, including those of acetate, lactate, and ethanol, which were
produced in amounts of 3.1, 1.5, and 0.8g/L, respectively, under
microaerobic conditions (Fig. 1g). The formation of these metabolites
can be attributed to NADH accumulation during anaerobic processes [49].
Deleting the lactate and ethanol synthesis pathways should significantly
increase 3HB formation, as the two pathways channeled their metabolic
flux to themselves (Figs. Th and 2a). The genes IdhA and adhE, encoding
lactate dehydrogenase and aldehyde-alcohol dehydrogenase, respectively,
were inactivated to reduce the production of lactate and ethanol.
Moreover, 3HB was increased to 0.9g/L in cultures with /dhA-deleted
EcN. Furthermore, lactate was reduced to 0.1 from 1.5g/L (Fig. 1h).
Similarly, the adhE mutant also significantly reduced ethanol to 0.2 from
0.8g/L, yet 3HB was not increased accordingly (Fig. 1h). However, the
double-mutant EcNAIdhAAadhE generated a reduced 3HB concentration
compared to the IdhA mutant (Fig. 1h), possibly due to the unbalanced
redox state generated from the disruption of two NADH-consuming
enzymes. Impaired growth was observed with the EcNAadhE and
EcNAIdhAAadhE strains, another possible reason for the low 3HB
production (data not shown). Microaerobic and anaerobic fermentation
studies based on the defined M9 media also exhibited similar results to
those mentioned above (Supplementary Fig. 1). Generally, the EcNAIdhA
strain harboring the pYX50 plasmid produced the highest titer and was
employed as the bacterial chassis in the following experiments.

Conjugation

Conjugation was an effective way to introduce plasmids into EcN. E. coli
S17-1 strains served as donors. E. coli S17-1 donors carrying plasmids and
EcN strains were cultured at 37 °C for 4 h to ODggo = 0.5. Cells (1 mL) from
the two strains were collected via centrifugation. Cell pellets were washed
with LB medium to remove antibiotics. Then, the pellets were resuspended
and mixed well at a ratio of 1:1 and cultured on selection MM medium
plates at 37°C for 12 h. The bacterial mixture was spread on MM solid
plates containing selection antibiotics, followed by incubation at 37 °C for
24 h. Single colonies were verified via PCR.

Genome editing using homologous recombination

Gene integrations and deletions on the chromosome of EcN were performed
using suicide plasmid pRE112-based homologous recombination strategies
[50]. Antibiotics were employed as the selection marker of the single-
crossover step. Colonies were verified via PCR. The sucrose concentration was
10 g/L to promote the double-crossover step on MM plates. Colonies were
verified via PCR amplification and DNA sequencing. Descriptions of the
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Fig. 1 Metabolic engineering of E. coli Nissle 1917 for 3HB overproduction. a Biosynthesis pathway for 3HB production utilizing glucose and

acetyl-CoA as the substrate. Three enzymes, e.g., acetyl-CoA acetyltransferase, 3HB-CoA dehydrogenase, and thioesterase, were employed.
Two intrinsic branch pathways are also indicated in the illustration. b Determination of the EcN characteristics for 3HB degradation and
biosynthesis. LB media + 5g/L 3HB was germfree medium supplemented with 5g/L 3HB. The blank plasmid group was the EcN strain
transformed with the pNZ8148 plasmid. The pYX5, pYX7, pYX18, and pYX19 groups consisted of EcN strains transformed with the appropriate
plasmids. The Y-axis shows the residual 3HB concentration in media after fermentation. ¢ The 3HB production under microaerobic conditions
via different pathways. The groups with EcN overexpressing pathways introduced with corresponding plasmids. d The 3HB yields from various
acetyl-CoA acetyltransferases. e The 3HB yields from various 3HB-CoA dehydrogenases. PhaBc,, PhaB from Cupriavidus necator H16; PhaBp,
PhaB from Halomonas bluephagenesis TDO1. f The 3HB yields from various thioesterases. g Byproduct concentrations in 3HB fermentation
processes under aerobic or microaerobic environments. The pYX50 plasmid was introduced for 3HB production. The monitored metabolites
are listed on the Y-axis. h The 3HB, ethanol and lactate production levels under different ECN chassis. The pYX50 plasmid was transformed for
3HB production. Bacteria were grown in LB medium supplemented with 10 g/L glucose. All aerobic fermentation data were acquired after 48
h of cultivation at 200 rpm at 37 °C. Microaerobic fermentation results were obtained at 37 °C without shaking. All data are the mean value of 3
biologically independent experiments, and error bars represent standard deviations

modified EcN strains are listed in Supplementary Table 1. Strains were
stocked in 25% glycerol solutions at —80 °C.

microaerobic fermentations, the media and seed cultures were prepared
the same way as in aerobic experiments. Bacteria were cultured in 15-mL
tubes, fully filled in the tube, and then tightly sealed to prevent external
oxygen uptake. Bacteria were also inoculated at 5% and cultured for 48 h

Fermentation studies at 37°C without shaking.

For 3HB production in shake flasks, LB medium with 10 g/L glucose was
prepared for the experiments. Strains from glycerol stocks were

resuscitated by streaking on LB plates. Single colonies were chosen and
inoculated in LB liquid medium for 24 h of cultivation at 200 rpm and 37 °C,
which served as the first seed culture. The second seed culture was
acquired by inoculation of the first seed culture into fresh LB medium at
1% and continued growth for another 12 h. Bacteria were inoculated at 5%
of the total volume and cultured for 48 h at 200rpm at 37°C. For
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Metabolite quantification via high-performance liquid
chromatography (HPLC)

Concentrations of 3HB, acetic acid, succinic acid, formate, methanol, ethanol,
and lactate were measured via high-performance liquid chromatography
(HPLC). An LC-20 instrument (Shimadzu, Japan) equipped with an RID-10A
refractive index detector (Shimadzu, Japan) was used for the experiments.

Cellular & Molecular Immunology (2021) 18:2344 - 2357
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Table 1. Enzyme activities in 3HB biosynthesis pathway encoded in EcN strains

Enzymes Activities (U/mg) for E. coli Nissle 1917 strains®
Acetyl-CoA acetyltransferase Control PhaA BktB ThIA
<0.1 12.7+2.2 26+04 5.1+£09
3HB-CoA dehydrogenase Control PhaBc, PhaBp
NDP 22+03 1.9+0.2
Thioesterase Control TesB Ptb-Buk Pct YciA
1.8+0.3 40.6 £5.7 104 £2.7 87x1.2 28+ 1.1

®0One activity unit was defined as the conversion of 1 mole of substrate to product during 1 min at 37 °C. Data are the average values and the standard
deviations are calculated from three independent cultures
PND not detected
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Fig. 2 Genomic engineering to enhance 3HB production. a Schematic illustration of genome engineering in the EcN strains. The 3HB
biosynthesis pathway is shown in the figure. The adhE or IdhA gene was knocked out. The 3HB biosynthesis route was integrated into different
genomic sites. The 3HB molecules are presented as purple triangles. b Production of 3HB via different genome insertion strategies. ECNW
strains were wild-type EcN integrated with the 3HB pathway. EcCNL strains had ECNA/dhA inserted with the pathway. Group 1 had PhaByp in the
biosynthesis route. Group 2 had PhaBc, in the biosynthesis route. ¢ The 3HB yields increased via promoter optimizations. ECNL3 was
integrated with a promoterless 3HB biosynthesis pathway. ECNL4, EcNL5, and EcNL6 were inserted with the pathway driven by the pfnrS,
J23119, and J23110 promoters. d The production of 3HB with different genomic integration sites. The biosynthesis route was integrated into
the malEK, rhtCB and yicS/nepl sites for the EcNL4, EcNL7, and EcNL8 strains, respectively. e Determination of the 3HB yields in the EcN strains
containing inserted selection markers. ECNL9 and EcNL10 were EcNL4 strains integrated with the ampR gene and sfGFP gene. Cells were grown
in LB medium with 10 g/L glucose. Microaerobic fermentation results were acquired at 37 °C without shaking. All data represent the mean of 3
biologically independent parallel samples, and error bars indicate standard deviations

The stationary phase was an Aminex HPX-87H column (Bio-Rad, U.S.A.). The
mobile phase was 5 mM H,SO, with a flow rate of 0.5 mL/min. The column
temperature was set at 55°C. Culture supernatants in the fermentation
studies were collected after centrifugation at 12,000 g and 4 °C for 2 min and
then subjected to a 0.22 um polyethersulfone membrane syringe filter
(Jinglong, China). The loading volume was 30 pL. Standards were purchased
from Sinopharm Chemical Reagent and dissolved using five different
concentrations to establish the standard curves. Sample concentrations
were calculated based on the standard curve.

Enzyme activities

Bacteria were harvested via centrifugation at 5000 x g for 10 min after
microaerobic growth, washed once with PBS, and then resuspended in a
10% volume of 0.1 M Tris-HCI buffer (pH=7.5). Crude extract was

Cellular & Molecular Immunology (2021) 18:2344 - 2357

acquired after the bacterial cells were disrupted by sonication at 450 W
for 15 min with 3 's of pulse on and 2 s of pulse off time (SEIENTZ, China)
on ice, followed by centrifugation at 12,000 x g for 10 min at 4 °C. The
concentrations of total protein were determined via the Bradford
method using Coomassie Plus Protein Assay reagent, and bovine serum
albumin served as the standard [51]. Enzyme activities were assayed via
a UV-visible light spectrophotometer (Shimadzu, Japan) at 25°C. The
activities of acetyl-CoA acetyltransferases were determined based on the
decrease in acetoacetyl-CoA absorption at 303 nm [52]. One unit of
acetyl-CoA acetyltransferase was defined as the amount of enzyme
needed to consume 1 umol of acetoacetyl-CoA in 1 min. Acetoacetyl-
CoA reductase activity was determined via the decrease of NADPH
absorption at 340 nm [53]. One unit of acetoacetyl-CoA reductase was
defined as the amount of enzyme needed to consume 1 pmol of NADPH
in 1 min. Thioesterase activity was assayed by monitoring the generation
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of CoA at 412 nm [54]. One unit of thioesterase activity was defined as
the amount of enzyme needed to consume 1 pmol of 3-hydroxybutyryl-
CoA per min.

Determination of microcins and siderophores

The microcin expression was determined as described previously [55]. In
detail, bacteria were harvested after anaerobic fermentations. RNA was
extracted using TRIzol” Reagent according to the manufacturer’s instruc-
tions. RNA concentrations were quantified via spectrophotometry at 260
nm. Genomic DNA removal and cDNA synthesis were performed using the
PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Japan). gRT-PCR was
performed using 2X RealStar Mixture with ROX Il (GenStar, China) by using
the 7500 Fast Real-Time PCR System (Applied Biosystems, USA). The
constitutively transcribed gene gapA was used as a housekeeping gene
control to normalize the total RNA quantity in different samples. The
relative difference in mRNA levels was determined using the AACt method
[56]. The genes mchB and mcmA encode microcin H47 and M, respectively.
The primers used were reported previously [55].

Total siderophore concentrations were measured following the modified
CAS assays [57, 58]. In detail, bacteria were grown in low-iron media, and
the media were collected after anaerobic fermentation. CAS assay solution
was freshly prepared. The concentration of siderophores was acquired by
mixing 100 pl of supernatant and 100 pl of CAS reagent in a 96-well plate.
Absorbance was measured at 630 nm using a VarioskanFlash microplate
reader (Thermo Scientific, USA) after equilibration. The siderophore
deferreoxamine E (Abcam, USA) was prepared at different concentrations
as standards.

Animal experiments

The study was approved by the Laboratory Animal Research Center of
Tsinghua University and by the Institutional Animal Care and Use
Committee of Tsinghua University. Mice were maintained in a 12-h light-
dark cycle environment and had full access to food and water. SPF male
C57BL/6J mice (5 weeks) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. After 1 week of acclimation, mice
were randomly allocated to different groups. For blood ketone dynamic
assays, we used n =4 in each group; for pharmacokinetics assays, we used
n =6 in each group. EcN strain groups were administered 5 x 10'° cells or
other amounts mentioned in the main text. The 3HB group was orally
administered doses of 100 mg/kg mouse weight. The bacteria were
suspended in 0.2ml of PBS, and other agents were also given at an
equivalent volume. Blood ketone level was measured using the Freestyle
Optium ketone monitoring system (Abbott, USA). Mouse feces (~0.2 g per
mouse) were collected before drug administration and 3 days after
administration or at other time points as indicated. Mice were sacrificed via
euthanasia after the corresponding experiments.

For pharmacokinetics assays, mouse feces were collected 1, 3, 7, 14, and
21 days after oral administration of different bacteria. The weights of the
feces were recorded, and the samples were spread on selection plates with
gradient dilutions using PBS. Plates were placed in an incubator at 37 °C to
quantify colonies. Colonies were randomly inspected via PCR.

For DSS-induced colitis mouse models, SPF male C57BL/6J mice
(7 weeks) were used, and DSS (MP Biomedicals, USA) was given in
drinking water at a concentration of 2.5%. Mice (n=5) in each group
were selected for each set of experiments. Treatments were continued
for 7 days to establish the colitis mouse model. Mouse weights were
measured every day. Feces were sampled on the 3rd day after oral
administration. Blood and colon samples were collected at the end of
experiments. Blood, colon, and feces were collected for biochemical and
histological assays. Colonic myeloperoxidase activity experiments were
conducted via MPO Assay Kits (Jiancheng Biotech, China). Occult blood
was assayed by Hemoccult Il Dispensapak Plus (Beckman Coulter, USA).
The following scoring system was employed for comparative analysis of
colonic bleeding. Grade 0: normal stool without hemoccult; Grade 1:
normal stool with hemoccult; Grade 2: soft feces with positive
hemoccult; Grade 3: very soft feces with blood traces; Grade 4: watery
stools with visible bleeding.

Histological studies

Colonic samples were fixed and embedded in paraffin, sectioned (5 um)
and stained with hematoxylin and eosin (H&E). The slices were scored
blindly by a pathologist with histological evidence of DSS colonic damage
with the scoring system described [59].
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Determination of serum cytokines

Serum cytokine concentrations were measured via the Mouse IL-1f3 ELISA
Kit, Mouse IL-6 ELISA Kit and Mouse TNF-a ELISA Kit (Beyotime, China)
according to the manufacturer’s instructions.

Bacterial 16S rRNA gene sequencing

Feces were collected on the 3rd day after administration, immediately
frozen at —80°C, and then transferred to Hangzhou Lianchuan Bio
Technologies Co., Ltd., for further studies. Briefly, bacterial DNA was
acquired using a QlAamp Fast DNA Stool Mini Kit (Qiagen, Germany) based
on the manufacturer's instructions. After PCR amplification using the
primers 338F and 806R, sequencing was performed via lllumina MiSeq
platforms. Linear discriminant analysis (LDA) was performed by online
tools (http://huttenhower.sph.harvard.edu/galaxy/).

Liquid chromatography-mass spectrometry (LC-MS)
quantification of SCFAs
Fecal samples were homogenized, and then, 1 ml of 50% acetonitrile was
mixed with 100 mg feces by vortexing, followed by centrifugation at
4000 g and 10°C for 10 min. Forty microliters of supernatant was mixed
with 20 uL of 200 mM 3-nitrophenylhydrazine (Sigma, USA) and 20 pL of
120 mM N-(3-dimethylaminopropyl)methacrylamide (Sigma, USA) dis-
solved in 6% pyridine solution. The mixture was reacted at 40 °C for 30 min.
The Dionex Ultimate 3000 UPLC system was coupled with a TSQ
Quantiva Ultra triple-quadrupole mass spectrometer (Thermo Fisher, USA)
equipped with a heated electrospray ionization (HESI) probe in negative
ion mode. Extracts were separated by a BEH C18 column (2.1 X 100 mm,
1.7 um, Waters). A binary solvent system was employed: mobile phase A
consisted of 100% H,0, and mobile phase B consisted of 100% acetonitrile.
An 18-min gradient method with a flow rate of 350 pL/min was used as
follows: 0-1.5min at 5% B; 1.5-4min, 5-15% B; 4-12 min, 15-55% B;
12-13 min, 55-98% B; 13-15min, 98% B and 15.1-18 min, 5% B. The
column chamber and sample tray were held at temperatures of 40 and 10°
C, respectively. Data acquired in selected reaction monitoring for 3HB,
formate, acetate, propionate, butyrate and valerate. Both precursor and
fragment ions were collected with a resolution of 0.7 FWHM. The source
parameters were set as follows: spray voltage: 1000V; ion transfer tube
temperature: 350 °C; vaporizer temperature: 450 °C; sheath gas flow rate:
40 Arb; auxiliary gas flow rate: 20 Arb. CID gas: 2.0 mTorr. Data analysis and
quantitation were performed by Xcalibur 3.0.63 software (Thermo
Fisher, USA).

Statistical analysis

Data are shown as the mean+SD. Statistical analysis was performed
via GraphPad Prism 8 software. The details of the tests used are displayed
in the figure legends. The threshold for statistical significance was set as
P <0.05.

RESULTS

Construction, optimization, and genomic integration of the
3HB synthesis system for enhanced and sustainable 3HB
production

First, we constructed and optimized the 3HB biosynthesis system
using plasmids in EcN strains, and the details are accessible in the
Materials and Methods section (Fig. 1 and Table 1). To prevent
horizontal gene transfer and avoid using antibiotics to maintain
plasmid stability [60], we inserted the whole 3HB synthesis
pathway into the bacterial genome for in vivo applications.
Importantly, 3HB should be maintained at a relatively high level to
exert a therapeutic effect, and the pathway should be tuned
concisely in the chromosome expression system.

The whole 3HB system consisting of the P,3 promoter, phaA,
phaBc,, (or phaBrp) and tesB, was integrated into the intergenic
region of malE and malK [1, 7], given the robustness of gene
expression at the site. Moreover, two bacterial hosts, wild-type EcN
or EcNAIdhA, were selected for genome engineering. ECNL2, which
overexpressed phaBc, in the genome of the EcNAIdhA strain,
produced 0.4 g/L 3HB, the highest 3HB concentration compared
with those of the other genomic insertion candidates (Fig. 2b).
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A variety of promoters were tested to increase the 3HB titer.
The promoters pfnrS, J23119 and J23110 were cloned upstream
of the functional genes in the EcNL4, EcNL5, and EcNL6 strains,
respectively, taking EcNL3 as a control without the promoter
preceding the genes (Fig. 2c). Strain EcNL4 exhibited better
performance, as more than 0.5g/L 3HB was produced under
microaerobic conditions (Fig. 2c). In addition, both microaerobic
and anaerobic fermentation studies based on the defined M9
media demonstrated that the EcNL4 strain could produce 0.5 g/L
3HB, the highest value among the candidates (Supplementary
Fig. 2). In accordance with the literature, pfnrS is a low oxygen-
induced promoter suitable for the anaerobic gut environment
[61]. Other genomic insertion sites, e.g., the rhtCB and yicS/nepl
intergenic areas, were integrated with the 3HB synthesis gene
cluster to form strains ECNL7 and EcNL8. The malEK site was
found to be preferable in this expression system, as over 0.5 g/L
3HB was obtained (Fig. 2d). Fermentations using M9 media
under microaerobic or anaerobic conditions also proved that the
malEK site was better than other sites for 3HB production
(Supplementary Fig. 3). Multiple site insertions were also
conducted for enhanced 3HB production, leading to a marginal
3HB increase and weaker cell growth when two sets of genes
were expressed (data not shown). The genome-engineered
bacteria produced over 3 g/L 3HB under aerobic conditions, the
highest 3HB titer reported in shake flasks (Supplementary Fig. 4).
EcNL4 with the ampicillin resistance gene ampR or the
fluorescence marker sfGFP was constructed for subsequent
in vivo detection. The resulting strains EcNL4, EcNL9, and
EcNL10 produced at least 0.5g/L 3HB under the same
microaerobic conditions (Fig. 2e).

To investigate the possible influences generated by genetic
modifications on the EcN probiotic capabilities, we determined
the production of microcins and total siderophores. The results
indicated that the H47 and M microcins as well as total
siderophore concentrations changed little (<1.3-fold) in cultures
of the EcNL4 strain compared with those of the wild-type EcN
strain (Supplementary Fig. 5). Genetic modifications did not alter
the intrinsic probiotic effects of EcN.

Pharmacokinetics of EcNL4 releasing 3HB in mouse models
Mice were used to investigate the parameters of the engineered
EcN bacteria in the colon environment for 3HB production. EcNL4
was orally administered to C57BL/6J mice once a day, and the
blood 3HB levels were measured as described (Fig. 3a). The 3HB
level was found to be between 0.3 and 0.5 mmol/L during the
experiments (Fig. 3a), and administration of ECNL4 by gavage also
generated little difference in blood ketone levels (Fig. 3a). The
engineered probiotic bacteria did not change the blood ketone
level for 24h in the gut (Supplementary Fig. 6), which is
reasonable due to the powerful buffering capacity of 3HB in
mammalian blood systems [62].

Antibiotic-marked EcNL4 (termed EcNL9), engineered EcN,
EcNW3, and PBS buffer were administered to mice via
gavage to examine the gut colonization ability of the
engineered EcN (Fig. 3b). Strain EcNL9 had deletion of IdhA,
while ECNW3 possesses an intact /dhA on the chromosome
(Supplementary Table 1). Feces were sampled and spread on
selection plates to quantify live engineered EcN cells (Fig. 3b).
The engineered EcN could be retained in the gastrointestinal
tract for more than 14 days, with the peak retention value
appearing on the 3rd day (Fig. 3b). An approximate 30%
reduction in gut colony number was observed 7 days after
administration. Fluorescence-labeled engineered EcN exhibited
similar results (Supplementary Fig. 7). ECNL9 was slightly inferior
in colon colonization compared to ECNW3. However, EcNL9 and
EcNW3 produced 0.6 and 0.3 g/L 3HB, respectively (Supplemen-
tary Fig. 8). Therefore, ECNL4 was chosen for subsequent animal
experiments.
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We studied 3HB produced in the colorectal tracts after uptake of
the live bacteria using fecal samples for analysis of metabolites via
LC-MS. The 3HB level was increased significantly in the gavage-
treated ECNL4 group compared to the wild-type EcN group with
barely altered gut lumen 3HB contents (Fig. 3c). Compared with
that in the EcN group, the 3HB level in the EcNL4 group was
elevated 8.7-fold (Fig. 3c). Moreover, the administration of
engineered EcN increased the colonic short-chain fatty acid
(SCFA) levels by 3.1-fold compared to those of the EcN group
(Fig. 3d). The acetate and butyrate levels in the EcNL4 group were
increased to 56.4 from 14.0 uM for acetate and 13.8 from 2.2 uM
for butyrate compared to those of the EcN group. However,
formate (0.4 uM vs. 0.5 uM), propionate (3.2 uM vs. 3.8 uM) and
valerate (0.2 uM vs. 0.4 uM) showed weak changes (Supplemen-
tary Fig. 9). As SCFAs regulate gut immunity and benefit epithelial
cells, the combination of 3HB and SCFAs indicates that ECNL4 can
exert better probiotic functions than wild-type EcN does [63].

To obtain a dynamic profile of 3HB and SCFAs from intestinal
colonization of EcNL4, we orally administered the bacteria to mice
with subsequent fecal metabolites assayed at various time points.
The 3HB level continued to increase within 3 days after
administration from 0.1 to 1.3 uM before a slow decrease was
observed over time, and it maintained a relatively high level of
over 0.2uM in 14 days (Fig. 3e). The kinetics of total SCFA
concentrations were observed to be similar to those of 3HB; SCFA
concentrations increased from 57.5 to 80.4 uM in the first 3 days
before dropping to 52.4 uM after 14 days (Fig. 3f). Among the
SCFAs, acetate, and butyrate were increased from 37.0 to 60.3 uM
and 9.3 to 14.4 uM, respectively, during the initial 3-7 days and
gradually dropped to the initial concentrations after 7 days of
administration (Supplementary Fig. 10); the formate and propio-
nate levels changed only from 0.4 to 0.5 uM and from 9.6 to 7.1
pM, respectively, over the experimental period of time (Supple-
mentary Fig. 10); valerate exhibited an opposite pattern to 3HB as
it decreased from 1.7 to 0.3 uM during the first 3 days, followed by
an increase to 0.9puM after 4th days. The results indicated
probiotic-dependent concentration changes in metabolites.

Changes in the 3HB and SCFA contents were bacterial dose-
dependent (Fig. 3g, h). The 3HB level was increased from 0.7 to
1.2 uM as the administered cell number increased from 5 x 10° to
5x 10" per mouse (Fig. 3g). Total SCFAs also increased from 55.5
to 80.6 uM after the cell number changed (Fig. 3h). Acetate (from
42.1 to 63.5 uM) and butyrate (from 7.9 to 12.0 uM) levels were
positively correlated with EcNL4 numbers, while the levels of
formate and propionate were independent of the probiotic
number, and valerate (from 0.5 to 0.3 uM) showed a negative
correlation with bacterial dosage (Supplementary Fig. 11). A total
of 5% 10'° cells were selected as the suitable dosage for the next
step of the studies.

The 3HB-producing EcNL4 altered gut microbiota via the
enrichment of Akkermansia spp

To further understand the microenvironments in the gastrointest-
inal tract, we analyzed colonic microflora compositions based on
16S sequencing. Three mouse groups gavaged with EcNL4, wild-
type EcN and PBS buffer were established to determine their
microbiome differences. Akkermansia, a mucin-degrading probio-
tic, was found to be enriched in 31% of the total gut bacteria in
the EcNL4-administered mouse group compared to only 2% in the
EcN group (Fig. 4a), indicating the strong positive effect of ECNL4
on the microbiome in the mouse gut lumen (Supplementary
Fig. 12). Levels of Akkermansia or Verrucomicrobiae were found to
distinguish the EcNL4 group from the EcN group via LDA (Fig. 4c).
Some SCFA producers, such as Roseburia and Ruminococcus, were
increased in number. The Roseburia abundance was 1.5% in the
EcNL4 group compared with 0.2% in the EcN group (Supplemen-
tary Fig. 12). Ruminococcus was enriched to 1.2%, while it
consisted of 0.3% in the EcN group (Supplementary Fig. 12). Since
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Fig.3 In vivo pharmacoklnetlcs of recombinant EcNL4 in mice. a Blood 3HB dynamics after oral administration of the ECNL4 strain. Cells
were administered at 5 x 10'° per mouse. The mouse type, numbers, gavage, and quantification frequencies are indicated in the figure.
b Engineered EcN gut colonization dynamics after cell administration. ECNL9 was an EcNL4 straln with an ampicillin resistance gene. The
EcNWS3 strain was ECNW2 with an ampicillin resistance gene. Cells were administered at 5 x 10'° per mouse. The mouse type, numbers,
gavage, and detection frequencies are indicated in the figure. ¢ Fecal 3HB concentrations after administration. Feces were sampled on
the 3rd day after gavaging. d Fecal SCFA contents after the administration. Feces were sampled on the 3rd day after gavaging. SCFA titers
were calculated by accumulating formate, acetate, propionate, butyrate and valerate concentrations. e The 3HB dynamics 14 days after
EcNL4 administration. f The SCFA dynamics 14 days after ECNL4 administration. The SCFA titers were calculated by accumulating formate,
acetate, propionate, butyrate and valerate concentrations. g The effects of cell amount on 3HB production. Feces were sampled on the
3rd day after gavaging. h The effects of cell amount on SCFA production. Feces were sampled on the 3rd day after gavaging.
The SCFA titers were calculated by accumulating formate, acetate, propionate, butyrate and valerate concentrations. All data represent
the mean value of 6 biologically independent samples except in a. Data in a were from 4 biologically independent samples.
Error bars indicated standard deviations. Two-tailed Student’s t tests were conducted to suggest statistical significance for comparisons.
**p <0.01. ***p < 0.001

Akkermansia spp. produce SCFAs, the changing microbial popula-
tions change the SCFA levels [64]. The abundance of Alistipes, a
genus highly relevant to diseases and dysbiosis [65], was
decreased in the EcNL4 group to 0.5% compared to 2.6% in the
EcN group. EcNL4 could increase probiotic abundance while
reducing pathogens compared to wild-type EcN.

Compared to those of the EcNL4- and PBS-administered mouse
groups, the abundances of the probiotics Akkermansia, Roseburia,
Clostridium subcluster XIVa and Ruminococcus were increased to
31.3% from 18.2%, 1.5% from 0.2%, 8.1% from 3.0%, and 1.2%

SPRINGER NATURE

from 0.1%, respectively. However, that of Alistipes was decreased
to 0.5 from 1.8% (Fig. 4b and Supplementary Fig. 13). Furthermore,
the abundance of Prevotella, also a probiotic in the colonic
environment [66], was found to be 3.3% for the EcNL4 group and
1.7% for the PBS group. The LDA analysis revealed that Clostridia,
certain Firmicutes, and Akkermansia showed the greatest discrimi-
nation between the EcNL4- and PBS-administered groups (Fig. 4d),
demonstrating that the presence of EcNL4 in the gut enhanced
probiotics and SCFAs in the gut, which have beneficial effects on
host health.
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Fig. 4 Gut microbiomes changed after ECNL4 administration in mice. a General gut microbiota genus differences between EcN and EcNL4
administration. b General gut microbiota genus differences between PBS and EcNL4 administration. Feces were collected 3 days after bacterial
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Fig. 5 EcNL4 ameliorated colitis better than wild-type EcN in mouse models. a Body weight dynamics of the mice with colitis. The illustration
above shows the mouse type, numbers, gavage, and model construction strategies. Mouse body weights were monitored every day. Feces
were collected 3 days after administration. The NC group was normal mice gavaged with PBS. Statistical analysis was conducted between the
EcNL4 group and the heaviest group (EcN group). b Physiological and histological results of the mice with colitis. The upper figure shows H&E
staining of colon slices. The lower figure illustrates the colon length of the mice. ¢, d The figures show the statistical index results of the figures
mentioned in b. e Occult blood level in mouse feces. f Mouse colon tissue MPO activities. g Blood cytokine levels. IL-6, IL-1B, and TNF-a levels
were determined in the groups. h Fecal 3HB concentrations in the DSS-treated mice. i Gut SCFA concentrations in the DSS-treated mice. SCFA
titers were calculated by accumulating formate, acetate, propionate, butyrate and valerate concentrations. All data represent the mean value
of 5 biologically independent samples. Error bars indicate standard deviations. Two-tailed Student’s t tests were performed to determine
statistical significance for comparisons. *p < 0.05, **p < 0.01. ***p < 0.001
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Enhanced therapeutic effects of ECNL4 on ameliorating DSS-
induced colitis

Since EcNL4 elevated gut 3HB and SCFA levels, increasing the
abundances of Akkermansia and Clostridium subcluster XIVa, which
ameliorates colitis by supporting T4 cell differentiation [67], we
reasoned that EcNL4 could be used to treat IBD. Mice with DSS-
induced colitis [68] were divided into four groups: groups orally
administered EcNL4, EcN, PBS or 3HB solution, and the group of
noncolitis mice gavaged with PBS was designated the negative
control (NC) group.

The mice in the EcNL4 group exhibited alleviated weight loss
compared to those in the EcN and 3HB groups (Fig. 5a). The mice
with colitis administered EcNL4, EcN, 3HB, and PBS and those in
the NC group after 7 days weighed 23.7, 22.3, 21.9, 20.9, and 27.8
g, respectively. Hematoxylin-eosin (H&E) staining was conducted
to study the colitis levels in the above mice. Architectural changes,
inflammatory cell infiltrations, and epithelial injuries were relieved
in the EcNL4 group (Fig. 5b). Based on colitis indices [59], the
groups administered EcNL4, EcN, 3HB, PBS and the NC group
scored 1.2, 1.9, 2.7, 46, and 0.3 points, respectively, indicating
EcNL4 to be the most effective agent against colitis in mice
(Fig. 5¢). Colon lengths were found to be 6.1 cm in the EcNL4
group compared to 5.2cm in the EcN group, 5.3 cm in the 3HB
group, 5.0cm in the PBS group and 8.0cm in the NC group,
demonstrating the obvious protective effects of EcNL4, as longer
colons generally imply a healthier gut.

Fecal occult blood levels indicate the degree of colon damage.
The EcNL4 mice scored 1.4 points, the lowest occult blood level
compared with 2.3 points for the EcN group, 2.4 points for the 3HB
group, 3.4 points for the PBS group and 0 points for the NC group
(Fig. 5e). Myeloperoxidase assays indicated that the EcNL4 group
scored the lowest with 11.9 units and suffered from mild
inflammation (Fig. 5f) compared to the EcN (15.6 units), 3HB
(16.4 units), PBS (23.5 units) and NC groups (8.1 units).
Furthermore, proinflammatory cytokines, including IL-6, IL-1(,
and TNF-a, were depressed, as found in the EcNL4 group,
suggesting reduced inflammation in the mice (Fig. 5g). IL-6
concentrations were 379.8, 417.4,414.3, 525.7, and 321.8 pg/ml for
the EcN, 3HB, PBS, and NC groups, respectively. The IL-1{3 levels
were 225.1, 249.2, 273.0, 286.4, and 134.6 pg/ml for the EcN, 3HB,
PBS, and NC groups, respectively. TNF-a concentrations reached
185.0, 238.5, 233.5, 419.6, and 82.1 pg/ml for the EcN, 3HB, PBS,
and NC groups, respectively. All scores clearly indicated that
EcNL4 suppressed DSS-induced colitis and gut inflammation
better than EcN or 3HB solution alone.

Gut 3HB levels increased significantly in the mice with DSS-
induced colitis administered EcNL4 (Fig. 5h), reaching a level 4.2-
fold higher than that of the EcN group. The EcNL4 group
produced 60.3 uM colonic SCFAs (Fig. 5i) compared to 18.0 uM for
the EcN group, 27.3 uM for the 3HB group and 27.0 uM for the PBS
group. Among the SCFAs, acetate and butyrate accumulated after
gavaging EcNL4 to 45.1 uM vs. 8.9 uM in the EcN group and 12.1
UM vs. 3.6 uM in the EcN group, respectively (Supplementary
Fig. 14). The abundances of Akkermansia and Prevotella were
increased mostly in the EcNL4 group, similar to the previous
results (Fig. 6a, b). The abundances of Akkermansia were found to
be 0.35% for the PBS group, 3.85% for the 3HB group, 8.62% for
the EcN group and 16.44% for the EcNL4 group. Similarly,
Prevotella reached an abundance of 0.02% in the PBS group,
0.20% in the 3HB group, 0.79% in the EcN group and 1.92% in the
EcNL4 group. The higher ratios of Akkermansia and Prevotella in
the microbiome contributed by EcNL4 should provide remarkable
benefits for the colon and thus for a healthy individual.

DISCUSSION
An engineered live therapeutic bacterium derived from EcN was
successfully constructed to sustainably overproduce 3HB to
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alleviate colitis (Fig. 7). The resulting probiotic effects can originate
from (i) the therapeutic agent 3HB, (ii) the probiotic nature of the
EcN strain, (iii) elevated SCFA levels in gut lumen, and (iv)
enhanced abundances of other probiotics. The effectiveness of
3HB disease treatment was demonstrated by systematic colonic
niche improvements (Fig. 4). Engineered EcN colonization in
colons can alter the SCFA concentration and enrich the probiotic
abilities, reinforcing the amelioration of colitis. Rationally engi-
neered EcNL4 overproduced 3HB (Fig. 3), and this bacterium can
participate in the treatment of other conditions, including enteric
diseases, serving as a dietary supplement to positively affect other
body physiological statuses via the brain-gut axis and gut-liver
axis [69, 70].

Initially, it was necessary to investigate whether the 3HB-
producing chassis degrades 3HB, and the results showed this
was not the case, indicating the ineffective intrinsic 3HB
degradation pathway in EcN (Fig. 1b). Generally, 3HB is formed
under microaerobic to anaerobic environments in gastrointest-
inal tracts (Fig. 1c-h), and it was increased from 0.3 to 0.9 g/L via
rational metabolic flux tuning of plasmids, reaching the highest
level reported (Fig. 1c-h and Table 1) [41]. After genomic
integration of the 3HB production system, the 3HB level was
increased to 3.2 and 0.6 g/L under aerobic and microaerobic
circumstances, respectively (Fig. 2d and Supplementary Fig. 4),
when the anoxia-induced promoter pfnrS and the malEK
integration site were chosen for high expression requirements
(Fig. 2¢, d).

The engineered bacterium EcNL4 was applied orally for
therapeutic investigation. However, the mouse blood 3HB level
was not elevated after administration, indicating the vague ability
of EcNL4 to generate sufficient 3HB levels for blood circulation
(Fig. 3a and Supplementary Fig. 6). Similar to wild-type EcN, EcNL4
was able to grow and colonize mouse guts for at least 14 days
(Fig. 3b), and gut 3HB and SCFA levels were increased 8.7- and 3.1-
fold over the wild-type after administration, respectively (Fig. 3c,
d), accompanied by increasing probiotic Akkermansia spp. from
the initial 2-31% (Fig. 4).

As demonstrated above (Figs. 3 and 4), the engineered live
therapeutic bacterium EcNL4 could have multiple beneficial
effects colonic microenvironments, leading to alleviation of DSS-
induced chronic colitis (Fig. 5). The therapeutic effects on colitis
included increased body weights (23.7g vs. 22.3g in the EcN
group) and colon lengths (6.1 cm vs. 5.2cm in the EcN group)
compared to those of the control groups and decreased immune
cell invasion (colitis grades 1.2 vs. 1.9 in the EcN group), occult
blood (occult blood grades 1.4 vs. 2.3 in the EcN group),
proinflammatory cytokines and myeloperoxidase activities (activ-
ity units 12.8 vs. 16.2 in the EcN group) after the treatments
(Fig. 5). These beneficial effects could be attributed to elevated
3HB (4.4-fold over the EcN group), SCFA levels (3.3-fold over the
EcN group) and probiotic abundances, especially Akkermansia spp.
(16.4% vs. 8.4% in the EcN group) (Figs. 5h, i and 6).

Engineered bacteria-releasing molecules offer multiple advan-
tages over conventional drug administration. First, bacteria grown
on biosubstances can produce therapeutic agents, are cost
effective and sustain drug release. Second, therapeutic and
probiotic bacteria have few side effects, as they mostly colonize
the targets. Third, the method can be more effective than
traditional drug delivery in regard to precision, duration, and
control especially in the colon. This study provided a regular
dosage of 100 mg/kg 3HB in mice under daily oral administrations
[37]. In contrast, ECNL4 gavage every 3 days generated better
preclinical effects. Moreover, the enhanced ketone bodies
resulting from 3HB oral uptake were quickly consumed and thus
not sustainable. Thus, engineered live therapeutics are an
alternative to canonical dosing for sustainable treatments.

Diverse chemical agents could also be employed for live
therapeutic engineering. As shown by recently successful
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examples, the general characteristics of candidate therapeutic
molecules could be conveniently generated and optimized to
produce low medical threshold concentrations [5]. Some meta-
bolites with therapeutic effects, e.g., y-aminobutyric acid (GABA)
and serotonin, could be choices for healthy treatments [2, 3, 18].
Furthermore, multiple chemicals could be synthesized by the
same engineered live bacteria to exert synergistic effects or target
different diseases.

EcN is a widely recognized engineering chassis for in vivo live
therapies. Diversified properties of this bacterium include not
only adhesion and antagonistic effects to pathogens but also
convenient genetic manipulation and growth under aerobic,
microaerobic and anaerobic conditions [16, 19]. Similarly, some
gut probiotics and prebiotics, such as Bacteroides, Lactobacillus
and Clostridia, can be developed as live therapeutics. These
bacteria generally form a majority of gut consortia and possess
strong a gastrointestinal colonization ability [66]. However, no
mature molecular and synthetic biology technology has been
developed for these bacteria. Thus, various live gut microorgan-
isms should be developed to systemically target various
diseases.

The study indicates that the bacteria EcN and 3HB could be
combined to exert synergistic effects on IBD treatments. The
molecule 3HB could be manufactured from poly(3-hydroxybuty-
rate) via hydrolysis reactions [71]. It can be mass produced
because poly(3-hydroxybutyrate) and PHB can be acquired from
large-scale industrial microbial fermentation [72]. As a component
of human blood, 3HB is reasonably safe for therapeutic uses or
food additives. The combination of EcN with 3HB could also be an
interesting alternative that does not require the use of genetically
engineered organisms.

In summary, an engineered live therapeutic was successfully
constructed to target gastrointestinal tracts by sustainably
releasing 3HB to improve the gut microbiome and to ameliorate
colitis in mice. Interestingly, ECN was found to be closely related to
uropathogenic E. coli (UPEC) strain CFT073 but proven safe with
epithelial barrier protective abilities [73, 74]. However, some
studies have indicated that mice are not very sensitive to
enterohemorrhagic E. coli O157:H7 strains [73]. Subsequent
studies on rats, rabbits or stem cell-derived human intestinal
organoids should be carried out to further support the positive
therapeutic results in mice. Further studies on primates and

Cellular & Molecular Immunology (2021) 18:2344 - 2357

human clinical trials should be carried out to assess clinical
applications.
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