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Abstract: Live biotherapeutic products (LBPs) represent a distinct category of biological products containing
viable organisms, such as bacteria, utilized for the prevention and treatment of human diseases (excluding
vaccines). Presently, research and development efforts in LBPs are predominantly centered on live bacteria.
Compared to traditional drugs, the LBPs demonstrate unique characteristics, including replicability, target
specificity, and responsiveness. Owing to these properties, LBPs have emerged as hotspots in the development of
specialized treatments for various major diseases, with applications spanning malignant tumors, metabolic
disorders, inflammatory bowel diseases, genetic defects, and more. Nevertheless, natural bacteria face inherent
limitations—such as low activity, instability, and safety concerns—that hinder their pharmacological potential. As a
result, engineering strategies have become essential for enhancing the properties of bacteria and facilitating their
clinical applications. This article delves into recent advancements in LBPs derived from engineered bacteria,
offering a systematic review of reported engineering strategies, which are broadly categorized into chemical,
physical, and genetic modifications. The findings indicate that no single engineering approach can comprehensively
address all the challenges associated with converting viable bacteria into effective LBPs. To overcome this
limitation, a concept of "multi-engineered bacteria" is introduced. This framework advocates for the integration of
physical, chemical, and biological engineering strategies to develop next-generation LBPs with enhanced
functionality and clinical potential. This article provides a concise review of current research on LBPs based on
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engineered bacteria and outlines forward-looking perspectives for advancing their development through innovative

engineering approaches.

Key words: living biotherapeutic product; engineered bacteria; bacteriotherapy; synthetic biology;

physicochemical modification
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Figure 1 Bacterial engineering strategies and medical applications
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Table 1 Physical- and chemical-engineered bacteria and their applications
Material Bacteria species Application Ref.

PLGA E. coli MG1655 Anti-tumor [10]

f-Cyclodextrin-PEI600 S. typhimurium Cancer immunotherapy [11]

Bacterial biofilms S. aureus, B. subtilis Improve oral bioavailability [13]

Red cell membrane Listeria monocytogenes, E. coli Anti-tumor [14,15]

Silk fibroin EcN Enhancing bioavailability and treatment [16]
efficacy

Dioleoylphosphatydic acid and cholesterol  EcN, S. aureus, E. faecalis Enhancing bioavailability and treatment [17]
efficacy

Chitosan and alginate B. coagulans, Bifidobacterium breve Enhancing bioavailability and treatment [18,19]
efficacy

Poloxham F-127 B. subtilis Anti-epidermal fungal infection [25]

Methacrylated gelatin, HAMA L. reuteri Anti-infection and promoting wound healing ~ [27]

Poly(vinyl alcohol), sodium alginate Bdellovibrio bacteriovorus Anti-infection and promoting wound healing  [28]

Gelatin, alginate E. coli Radiation detection [29]

Engineered bacterial curli fibers E. coli Mucosal healing and immunomodulation [30]

Chitosan/tannic acid coating and calcium L. rhamnosus Radiation enteritis and ulcerative colitis [32]

alginate microspheres

Inulin gel C. butyricum, B. adolescentis, A. muciniphila ~ Radiation enteritis and acute radiological [33]
sickness

HA Shewanella oneidensis and EcN Improving bacterial survival [44]

Aminated DNA aptamer Attenuated Salmonella typhimurium Targeting tumor tissues [45]

Fe,O, nanoparticles E. coli Anti-tumor [46]

Imidoester and mucoprotein EcN Mucosal protection and anti-inflammation [47]

Polydopamine Salmonella strain VNP20009 and EcN Anti-tumor and enhancing stomach acid [50,52]
tolerance

Metal nanozyme VNP20009 Tumor radioimmunotherapy [53]

Selenium quantum dots L. casei Ulcerative colitis [54]

Enteric polymer L100-55, HA EcN, S. oneidensis Anti-tumor [44]

Biotin-conjugated polyclonal antibodies, Photosynthetic bacteria (Synechococcus 7942)  Anti-tumor [57-59]

streptavidin-coupled PLGA nanoparticles

PEG and PDA EcN Mucosal protection and intestinal [60]

microecological regulation
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R N R R AN S E, P AEPUAE I Sy -, 1% T AR R AE
/N BRI S5 T B AT 4 A 28 vh B8 2402 P aeruginosa
) J T SRR T AR TR I A FH SR 478 1) 48 1R R o T
() Ak F g R 9 oA o N, A5 B AR B SR
PN VE B 45 2510 S, typhimurium X TE 098 40 23 4 #F
o T At AT A A BB S 55 1T S BUE K 2
BEL, 3 Folr 5% B Jt 30 8 ARAICS, 1% SR B 3k w] LA T 90
JE T I R SRS T 3R 0E, ik S
S. typhimurium K1 i 83 20 23 s e P M 3 300
FEE BG4 Tysin E7 @)K, (5] ik R 750 9 (0 470 e
I3 ¥, A Bh T 4 HE A PR O AR 1 A0 TR S AR R A K
ST, ik 4 TR IR 251 LR IR N ) Z IR B A A T
PGB G S G RS5O, Z3EE T
FEAK SR AE 4 1878 7 1 70 1 I 9l 2 ot B 2807, 2 B A
TERAEDZIAS RN I BT
32 ATBRERAIREE 4E WA T AREIE
YR IT R, JO R R R R A AR 7= AL gk ) BE g, AT
g — e AE I R B bV A TE TR AR ) 24 Ak A R
b, 10 AT DK 36 7 771035 325 B 240 1 ] DA AR A7 (E HE DL Ik
R B ST 368 3% 380 1) B A A, a4 g i e 8 o a5
JE T L EE A RO, O 2 R TR O ) AR E
T AL HIE TR YT A T o i, 204 B v IR SR AEIK 1
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B WA F B U, X SE AR AIE 3 58 T 22 A 1t A 9% IR
P, S — D RIS A AR =W T 4/ 51
PUgE G 0% e Ah, K O B AR TR B 4 W R T S
IR R P R R AR R B RNA 245 W) 1) A1 IR 2
(OMVs) AH&E G, SEIL T R 4 1 b g 40 ol 4 Y
Z, EE AV F IR, J PR TR A 40 B AE 3R 0K
IR 9T A FE T TG BRI O, FLIE RE T AR 2 4 28 0E
PR AU P 599 e8I PR sl o i 5 N 28 B R0
e IR DA DR T RR AR A 2 R AR AR A 2 R R
BB S 85T 3R 2,

4 ZTRAEE

Z LR/ 41 &E (multi-engineered bacteria, MEB)
FAEEAE B2 B TR AL T B ny JE Al b2 o 1 3 Ak
=, EatR B DR B A DR TR A SR
2 MBI B R, 15 AR R B A R 7 SR AR
R AR E TR R TR AR AR 2 . H RIS AR A
R T 4 V) D RE TR MK RIS B B AR
R AR AR IR 45 A R R K, ORI 2
20 FE 8] 1) i 20 I PR R B0 38 B, AR ] B — B4R 1 TRk
A A LE T B DR A T 2 R XU K, e DAFE 25 2
SE 1 A R 22 A M DT T4 T A v RO A AR 2 I
T, PR 22 b TR A SRE & A &5 G R 3 4 A 4 245 2
BBl K E AT,

BN TG M S B IREA PE R A E
ekl . AT O IR TRl A I R
(LA A2 EoN, % B bk s 7 W E D RGR A 5, it— 2
G A A I 57 oPD-1 A& 7E H 2R T, KRG 55
T ORUEE e B PO R B X 9 1 4 i 4 1P T K
F-ROS, Wit 17— Ml ik fi A A B 1 B K DT,
RE % = 0 bR 71 ROS B 48, 1H 22 1) 1 IR AE W R
FEOZ R R BCRAE, B0 iR R TR R
Wi T 50 TERE M TR AN IR =, IX P XU AS M 1Y) AR B R
I B4 B R 97 RORNY . Sk B F AT T LR R
AT AR, R K % E IR Bz A AE 1% 7 TH
WA 22 3 i, JE e R (R T2 o gm A2 40 v, 7R 4K
FOR G TR A A 45 & SC IR L ROE B e 25 9500 1R VA
I7 o Wil R ' 7 3 3 IA TGF-A1 M TFN-y [ 5
BRI T 7% A1 R B I b 3 4 g oKobE, FE AR Al 4140
() HE G AR S A 4 A R P 4 R IR, S MR YR
I U0 )RR AL g KR 45 A R DR TR B AT SRR I 4
WREN R A, SEILAN G i € M, A R0RYT s TS
Jig 2817 X g e NP TR AR AR B A A R gk
R Fie % 308 3t R 428 i P el 2 A 0 e, B BB AT O
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Table 2 Genetically engineered bacteria and their applications

Genetic modification Modification locus Chassis species Application Ref.
chud, hrtR, luxCDABE Plasmid E. coli Monitor intestinal bleeding and [70]
inflammation
narX/L, thsS/R, sfGFP Plasmid EcN Monitor intestinal inflammation [71]
ttrS/R, cro, 0,1-3, neo, cl, 0,3-1, lacZ gDNA E. coli, S. typhimurium Long-term monitor intestinal [72]
inflammation
hok, sok, alp Plasmid EcN Noninvasive diagnosis of early [73]
liver cancer
ZsGreen Plasmid S. typhimurium Early diagnosis of cancer [74,75]
lasR, GFP, CoPy (a fusion protein), prgX/Q, AMPs Plasmid P. aeruginosa, E. faecalis ~ Antimicrobial agent [77,78]
Aalr, AdadX, lasR, pyoSS5, colE7, dspB Plasmid EcN Against gut infections [79]
luxR, luxI, GFP Plasmid S. typhimurium Anti-tumor and safety control [80]
hiyE, sfGFP, luxI, p174E Plasmid S. typhimurium Anti-tumor [81]
GLP-1,P Plasmid L. gasseri Diabetes [85]
Decarboxylase, IL-10 Plasmid L. lactis Diabetes [87]
Tumor-associated antigen Plasmid and gDNA L. monocytogenes Anti-tumor [88]
Cytidine deaminase Plasmid S. typhimurium Anti-tumor [89]
IL-10 Plasmid L. lactis Ulcerative colitis [90]
csg Plasmid EcN Ulcerative colitis [91]
AargR, AthyA, malEK::meS—argA/b " gDNA EcN Hyperammonemia [92]
hlyB/D, Sj16 Plasmid EcN Inflammatory bowel disease (IBD)  [93]
anti-PD-L1nb, anti-CTLA-4nb, luxl, p174E gDNA EcN Anti-tumor [94]
AargR, OE::argA™ gDNA EcN Anti-tumor [95]
thsS/R, sfGFP, hly-avCys, BE2, sgRNA, mCherry, — gDNA and plasmid  EcN IBD diagnosis, record, and [96]
hlyB/D, ACG-lacZ treatment
AthyA, Acsg, OE::csgA-tff3, SOD, CAT gDNA and plasmid  EcN Radiation enteritis [97]
bsh, IL-10 gDNA E. coli IBD [98]
virB, T3SA, nanoanbibody, Aalr, AdadX ¢DNA and plasmid  E. coli IBD [99]
AompT, Alon, OE::LLO, neo antigen gDNA and plasmid ~ EcN Tumor vaccine [100]
GM-CSF, SIRPa Plasmid EcN Anti-tumor [101]
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BT, I T R T M Bt A S wOT RO R
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3L SCHR R AN A B, P ER Ak R TR A
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5, (B AT R R BOR T BEAR 2 5 32 i 4 1 15 PR v A7
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Figure 2 Advantages and disadvantages of three engineering

strategies (represented by the three primary colors) for bacteria.

MEB: Multi-engineered bacteria
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Table 3 Clinical trials of some engineered bacteria'”. i.v.: Intravenous

{5 200 B 36 R S R (TR T T R o AR R AR B I
AR 5 20 B4 45 & 10 S 2 T ) A SR [ Tk AR 7= i et
I 2 ThEEF & A HoR B AR, T8 40
M 22/ b B 5, STl — 5 v 0 T Ah, DA
FHHUR Thae, £ 2 0038 SO BT g S I HT Th R
ASCHEH I MEB A& s 45 BT SCHR A & J 1T Sk 1A &,
BIFE 4> R AV EE b2 TR N TR AL F B e 34 2 Al vk
T PR AR D 24 (0 E R S, AR R T TR AN T 19 A
AL

JTAE SR LBP I R 4k O 5] iR & kMt R 5
WM E A, 1035 E O & A S 5 E N, A
E 7E 9 1) — 2 [H X 86 % 48 R, (A% LBP (Il R %%
WARE CREAS S . T R 230 2 A A U R 2L
b, MR RIS ARG T L ARG R A A 1
NEGEH . HT AR THES NG T KT T4
(T 25%), LBP [WA3 30853 G 4l e, 7T Be% S 254
FF R FFE R AN FEAE A, 40 LBP 44 Py i F2 F 78 Bk R AR
K, 5 T2 R FEARSE, FIIRE—&HrEH T
LBP [ 2500 /& B AR TS SR e P 38 K. AR 1M, LBP 254
AL 3E I AR B 2%, L 25 T Al i B B R
T, DR AR BT 0 & 5% 1 40 T ¥ 5 Ak BROAS = 1)
PR L), ZITEV e A B A TR .

BT B = A2 IR AL S, 3 T TR AL 4H R
Y5 PR A 40 243 AP e PR R R M 757 o bt 7 TR s TR I A 24
KHIPk g, 0 k) AR S BOR BE 5 sk @ ST
A, DI R E R . BRI R AR RIR
AT REME 1 5 F TR 97 & B AR iy BB, H 06 0 1Y) By
WIS B BN AR SEEGHR3E , 75 W) AT B8 BA BELAS 2 414k
JRIA RJeH . RKHEE &R m TR S FHAR

Phase Disease Treatment Route Significance Identifier/Refs.
I (completed) Cancer (advanced VNP20009 (engineered S. typhimurium) — i.v. S. typhimurium is genetically engineered NCT00004988
or metastatic) to delete purl, msbB and xyl
I (ongoing) Glioblastoma EGFR(V)-EDV-Dox (engineered i.v. Bacterial minicell derived from NCT02766699
multiforme bacterial minicell) S. typhimurium minCDE-strain is
engineered to target EGFR and carry
doxorubicin
I/IT (suspended)  Solid tumours APSO01F (engineered B. longum) in i.v. B. longum is genetically engineered to NCTO01562626
(advanced and/or combination with flucytosine and produce cytosine deaminase
metastatic) maltose
/11 (discontinued) Familial CEQ508 (engineered E. coli) Oral An attenuated strain (undisclosed) of [118]
adenomatous E. coli is genetically engineered to deliver
polyposis [-catenin short-hairpin RNA
II (recruiting) Metastatic Saltikva (engineered S. Typhimurium) in ~ Oral An attenuated strain (undisclosed) of NCT04589234
pancreatic cancer combination with either FOLFIRINOX S. typhimurium is genetically engineered
or gemcitabine/paclitaxel to express IL-2
111 (recruiting) Phenylketonuria  SYNB1934 (engineered EcN) Oral EcN is genetically engineered to NCT05764239

metabolize L-phenylalanine
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