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Synthetic biology promotes the development of bacterial vaccines
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Abstract: In recent years, bacterial infections have emerged as the second leading cause of death globally, posing a
serious threat to public health and demanding prioritized intervention from the healthcare community worldwide.
While antibiotics have conventionally been used as the primary strategy to combat bacterial infections, their efficacy is

increasingly compromised due to the emergence of drug-resistant bacteria, especially multi-drug-resistant and even pan-
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drug-resistant superbacteria. Vaccines are thus considered as one of the most scientific, economical, safe, and effective
means to prevent infectious diseases and improve public health, which are estimated to save 2 to 3 million lives
annually, and can serve as a critical tool in the battle against antimicrobial resistance. However, the complexity of
bacterial structure and pathogenic mechanism has hindered the development of vaccines. Challenges include screening
and rationally design of effective antigens, ensuring compatibility of various antigen combinations, establishing animal
models for preclinical evaluation, and defining reliable endpoints for clinical efficacy assessment. As a result, only a
small number of bacteria vaccines have been successfully developed so far, and none of them has been licensed to
combat the most prevalent drug-resistant infections, such as Staphylococcus aureus, Acinetobacter baumannii,
Pseudomonas aeruginosa and Klebsiella pneumoniae. Synthetic biology is a brand-new multidisciplinary focusing on
repurposing natural biological systems and inventing innovative biological tools, technologies, devices, and systems for
practical applications, and its concepts, principles and technologies have been extensively employed to facilitate
vaccine development, including rational design, screening, and optimization of antigen, carrier, adjuvant and delivery
system as well as the modulation of bacterial pathogenicity and immune responses. Herein, we outline the current
status of the development of bacterial vaccines and the advancement of clinical trials for drug-resistant bacterial
vaccines. Then, we summarize the application of synthetic biology technology in the development of major bacterial
vaccines. Finally, we prospect the potential of synthetic biology in creating novel bacterial vaccines. Researchers have
access to a greater variety of design possibilities for bacterial vaccines through synthetic biology. To maximize these
benefits, we should employ synthetic biology and related technologies more efficiently in developing bacterial
vaccines. Meanwhile, we should develop a scientific, reasonable, effective, and feasible management system, as well as
regulatory measures, to expedite the development of efficient bacterial vaccines, therefore addressing the problem of

antibiotic resistance to protect human health.
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Table 1 Major drug-resistant bacterial vaccines under clinical trial evaluation

HOBR A R LR S P L5y I B &% 0k
GO R ER A Pfizer SA4Ag CP5.CP8.CIfA.Ag3 I3 [14]
Nabi rLukS-PV/rAT rLukS-PV .rAT [. 1 [15]
TMMU&Olymvax rFSAV Hla.IsdB.SeB.MntC.SpAS5 .0 [13]
Jifs 98 5 2K BT Sanofi Pasteur PPrV PcpA.PhtD.PyID1 I # [16]
Genocea GEN-004 SP-2108.SP-0148.SP-1912 [T [17]
Intercell AG 1C47 PcsB. StkP.PsaA I3 [18]
S5 R Statens Serum Institut H56 Ag85B.ESAT-6.Rv2660c .18 [19]
Quratis Inc 1D93 Rv2608.RV3619.Rv3620.Rv1813 [0 [20]
MRF GamTBvac Ag85a.ESAT6.CFP10 [.1 [21]
R AR S L BT GmbH 1C43 OprF.Oprl 3 [22]




%£5% www.synbioj.com 325

%E; AR «— U
gﬂ TR 0 % 7 EEGRKAE
o HUEmES®Rit ") R TR
o R, RS -
= MBkbam | BWERAL AR
At
A masrrw >
Jo  HamEf g

%
M suRRR R
VAR
Do BT GRS
= B iR

I gy SRR

B A R A BOR B 0 40 B v

Fig. 1 Synthetic biology technology aids bacterial vaccine development
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DNA i i 3= LA i 75 TS5 F0IE 7 3 25 0 i 988 5 0o
U AR, BEE DNA B EARK R, M
WFFTY i 2T ) 40 14 (1) DNA FE 1 .

TENl % BEER B P, HgmIDR A R (PsaA)
(1) = R 4 N B A% 3Rk Bk pVAXT
pVAX1-PsaA DNA 11 . &R ¥ %, PsaA
B E, RN RAR WSS E K
PsaA 5 5 VE LR B9 72 A2 UV 4 B R A BR
o, RHAZMIE W R, BmimatER 1A
(Clfa). #FiEEALSAHEE A (FnBPA) o ik

(Srt) W iRIR A JG A% 37, 7l 5% Thl A Th2
RUGH f G e s, TRIES = A2 DL 1gG2a o = 1 Bt J5 ek
SEPEFUA, RS A IFN-y F1CD8' T 48 i = 51
TN T FER R R, B
Hi #H £ DNA %% 15 pOPRL+pOPRF %% 5, ] & 3
P2 0 UL 3 TFN-y A1 IL-2 (7 . #5100 pg
DNA 1 J5, 8 G4 S A B0 R T 39 1) A A 28 ] 42
A 85% . K g AR SR AR B R A R A RAR
FE A toxA RV Jz N EE 1 V 2 K perV [E I 1B 82 22 5
Ik 8/ pIRES, il & — ¥ B DNAKH . 5
Z i 5 — P ) DNA L i AH B, 2B 1 DNA %
/0N BRI A5 5 B v KT R R e 1 TG I ARk
58 i G 200 i 386 B % 4 R DR ) 43 T T R B
7~ 7 FH 2 A DNA S B 55 B 65 40480 B 26 44 1R 7%
77, FERRIE T O A0 R S A B A Y,
TFR A B DNA S i S it 18 U8 1 WA -
242 m# mRNA &Y

£ mRNA 1 98, &AM ZITECE N
F T2 % v RNA TE40 i A i As e 1 RIS 4t i
BV RmEa ST . NG R
2 v RNA AG € PR AN HH B R 1 32 2207 782 AL
OUIE RNA &5 1) 8O IS 4 il . mRNA 25 5 Bl B ik
fifd, FaEMERCE, A, FEASMEZER, mRNA
BENNAR G 25 55 51 R 58 B a8 SORL, AN T TR
Wi RGUIR A IRIERR U AT B AR mRNA 1
() e YA g% IR M, A mRNA P30 ) 2
REE, B X mRNA 15 K um Mg 7 1 oid, nr
Bi b SRL IR A UK BRI 1) P A o A S0 B RN B
SN 3 R g () AR S X 4, FTHE m mRNA FBH 3
RAGEK I . 81 3" poly(A) B A BT
o8 mRNA JE38 55 8 A 5 8RR V7. S i i
R AT LAk b e K e PR WS, I R gk R 4
XF mRNA IR, T ek 2> 48 i 2 14 T i
Moderna Fl BioNTech 24 & R+ N-1-H 4R
PRAF. S-WAFEREF . 5-FF LM 254 i T e A
26 R AL BN W) I mRNA, I R IhHERE T W 58T
A% (COVID-19) mRNA K B 7. ik
J7 51 F0 % 0 5 AT DL B R AR, Wik M
mRNA 7] DRI 8 A% B2 g B fif e K P . A
FA A AR 2 TR A 250 mRINA 1) 25 1 5l 2 20
B, BEFEE RNA fase PEAEH Rk . Hb, ®A
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LI RNA 5 8 0% /2 76 RNA g — AN 52 3211
5'% M - 45 7 Capl (N7MeGpppN20-OMe) « 3471
FEHAL ) 5" ARG AS X (S'UTRs) Al 33 g il [X
(3'UTRs), LA 58 mRNA ()54 5 P A8 3% 30k,
etk — 0 D SRR B AE . BRub 2 Ak, RIS
BEHE (ORF) XIZEMS I L RIFEE 2, CureVac
AT FIH AR TR, BHE %1 8 # ORF
X3 %S T, ff GC &R Ak, nI7ESMRIT
53 AT 35 Al g A X DL RS R, 3 35 4R v 2R 1 o 1
mUL BRI EMA, poly (A B T 4E R
mRNA 1528 M A B R R 8 T HEAEH, X
HoEE AT s 2 H AT mRNA B BF KR I T B
Z = I REMAE AT RN R A HA LR,
T UCUE B8 M C P AIAE A6 B mRNA [ 2 &8 A)
e = o B mRINA 1) 32 028 58 FE A ak i ) . b ok,
C HUARIE 1] AEHT mRNA FI AR, T 2B H 3
WY GRSk, R A AR SR R A A B A
AT AR M T, {43 mRNA JF 51 440 % o
BN T mRNA H AR 5 1 824 W #5 T e i) o
EMEFE . 7E mRNA P AR ALK, 38 75 2 5% e g
B DX 57wty G tH I — G S5 R RN ZEBR 2540 . ek, H
T2 1, 15 mRNA 7 51 1005 % 12 38
A, X7 R BRI kAR .
H JE B & H K # Linear Design, 51 £ %68 1
TNV S A AR e s Ak, 1R NP AR
HIEFR bR, X340 S B mRNA BE AT LSk
PUAR N I s R s, e USRI 22 1, 7EfR N
EAEBRKM A, EREEREOREE MR
&, M5 5 B 2 (1) e R P AR B R TR A IR
TR

AHEE T DNA BEWHT, BF X4 8 B 4L ) mRNA &
TR FCAE X G R, R A E S A 48 B P
T mRNA K. Mo, K2 Hux s
T3 4 F HE 2 B8 AE B B . mRNA ¥ 1 19 55 — S 35
2 1) e T BT R G . mRINA P T 1) 95 A i B 2
AL GRS H AR PR Bl IR kAR . — B A Y
TG JE 2 81 AT A, RNA & B A] BT B 7E [H] —
Fh BT, ZIRES TR, I EAZ MK
HPEPR B, mRNA A ) i R T A AR b B
AN BT, mRNA JE TR # G J5 B i mRNA (1)
PUE R RIEEAREA JUED. 55T DNA KE

HAHE, mRNA S BAE SR EY 22, K
D ) B TR R A E 2 M B S A AR R, A
M5 FE T DNA I M AH L, mRNA B4 3156 R 41
PR ReMEZL /NS £ . Ik4h, 5 DNAAHLL, mRNA
B2 4, O mRNA# W ERMENETY, A5
16 FHREAMEAER ™. =, mRNAKHLHEAR
M, Bt LB REMEMEATR, TUNHEE
PR, W mRNA B LR v —Fbl B 77 138
A4 . HAf mRNA 7] B T4 49 T
R e e yT . EE B CAR-T/M S, Sfkn]
SYRNERIE: TR WITEW . RIT A
o B % v U ) A R R, IR IRIT
Pk . KB SCHRE I, mRNA B 8 7555 4% 7 bl
FF B 0B BR B R G 1) IR AVE T O T RO A
N FRMI 25 F B, SR, g BT 2
(R HIE 5T 3K 33E — 25 56 AIE mRNA ¥ 1 76 % 710 40 1
7 T A R

TE— TRV PERE 7, 80A 9 09 2 0 RE IR
BRI R E A (GAPDH) mRNA [ #5814k
YA (DC) ¥ B A UE BA AT LA /) B3 o e e e
Ji CD4"RI CD8 T4 (0 17 43 b o %P 138 15 4%
SHEPUAR I RIL, B9 T /N R R 2R R TR R
W0 M 3G T8 2 25 A% 40 R TR 28 B R 1A 51
G 3L RE 71 . B, Maruggi & ™ FIH
H UK mRNA (SAM) “F & il % T RIABERR B &
M2 O (SLOdm) Hl 7 ## B 2a & +H E (BP-
22) MImRNAFEH . BFx ez /N4 T K
ERR RS P, JRAE A A B A FERR B B 1)
AN R AR T — SRS, EMGAE Y Bl K
T PR 2 AR H 0 B A1 AR 1 OprF A1 Oprl DA
I 2 7334 22 48 S BT 96 88 1 PerV ) mRNA-LNP %
W F (PerV-mRNA-LNP 8 mRNA-PcrV+mRNA-
OprF-D. HyEHt SR, WPy by ph ik 1
B A 19 Th1/Th2 S0 f 1] Thl (19 % % = N, fi
PerV-mRNA-LNP 5| & #5445 5 2. 35 & T OprF-1-
mRNA-LNP 5| & PR . Ak, HA%
FOF R TR AR R i M B I AL A W R S )
mRNA i, % RGAEFUR T R E CEIER .
HIF i 53 4 oK UKL 32 12542 15 ) mRINA $22 1 42 /b
B, AT N BRI AETE R, oD R 2 RE, I
VR 200 T R S s R AR AL B DL B R
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YE R 2= 0N D3RG I A X B2 HIS 2K AR
P 1A 280 T B A8 4 B mRNA-LNP &£ 1, %%
BB TR B I F1 R BEHTE . £EXF C57BL/6 /)
BRI T, 3X A mRNA-LNP 1 JE R 1 15 Sk
T G 928 R0 AT B g S L R T . Rtk b, i
FH G 53 409 K BORL A Z2 A5 1 1Y) mRNA- (mRNA-LNP)
VG SR I KT X S U I mRNA P 1t # ot
J&. H, HRE KR AE B R FL N A T
YK RRL (LNP) 32 71 2 i o g e 3w i B0 1)
19FEH (19I1SP) K mRNA, PR T —FhErxt e
R AL ) mRINA S8 T, iR A0 g JoR o it R T g 7 A=
TN, PR T g e A I R R e 3 ]
M2k 2 RE A8 P e I AT R, AT T SR
R WAL R (SR P BEJE, A IEB K FEM
F 72N B2 ) BE R FH NP 33 306 3 405 1 500 IR A1 G
i R e AR R I8 B BT OspA I mRNA, X Ff OspA
mRNA-LNP & # 7E R EM 5, w3 S/ R 4E
B U D A L 2 7 25 RO AT e 2 B IR e O
PR T mRNA PE 1 7E T R A R0 T 575 4 1R Jek
W 7 TH I T

2.5 SMREERE

ZH T AMEFE (outer membrane vesicle, OMV)
BLESRARME P 2 FAME R O, EAUKREER
giky, BEATEHEMES; PSS HEREZE
(LPS). EEH. MEEEA . 4% DNA F B 5
JE AR A S22 TAE (PAMP), 6 IO A4 7= A o
FUR % B, A A A2 HEAR ) 41 B % T ) Ak i
B, Hal oA R A OMV 2 i kit b
7, VA-MENGOC-BC™ fil Bexsero™, Hi T Tilfi{2
ANEB B 98 2% 35 IR (MenB) &y, Ho2e4r
PEFIRIF RORAE NG IR AR 3 T 78 e s Y, BY 4R
RUH R P AR N SR 5 A A8, JFEEAK,
FHOMV BN T NA — & 124 R,
H AP AR AT . A EY SO 2 M
M TRAMB M SE, FIKOMV Bk &5
&, HFHTIMNEE PRSP R
2.5.1 AT OMV & 0984

95 A4 40 5 OMV T (1) LPS 7] LLIE i Toll k¢ 52 44
4 (TLR4) A5 RIEE £ A om0 SR [ B2, 3

T OMV B2 Jy BRI T A P LPS 1 ig i
A RZOFERER O-PUR R . JE T A /& LPS [ &t
FM, EAUASEAL R 6 AN IS BE A 2 A
TR HE A1 4H . LpxL A2 2 5 i 65 48 7% % IK b P I
JIRA B RS B RE I, IpxL B SRR AR 1)
OMV ¥#i% TLR4 (135 M Ik T BF AR AU 4t i ©7, ok
557 OMV W LPS &M, [AIRERBE T 9% 0 i X
IS FT 7 A FRE I B A, BhZ 4K O-ilE A/
B TE R0 Z BE T LS B LPS AR . 7E R
ZHCEZ IR, %0 FEHE O-Pi 5 & Bl
B2 R A BN RN T, Bl waa flwba, DL L
LD B 25 A 4 T 7 A 1) OMV B A7t 82 3 R B 2
Bk 7 LPS, OMV ik n] L3 vF 2 HoAth 5 /) A
T, WHEFME. EOMMRE RS, E8
2k 41 B R g B AN () E ) BR T I R A A O Ok 5
OMV ¥4 3L SR ms . o, T8 2R M bR T Hi 21
FAM TR PA103 Hh g b5 7 ) R T ) 14 AN EE B,
4T PA-m14 RAZE (AexoU/AexoA/AexoT/AlasA/
AlasBIAwbjAIApchA/AphzM/Aalg/ArhIAB/ApvdA/AplcH]
AphoA/AlpxL) . £ BALB/c /N 1, WL A VE 5t
50 pg oK H PA-m14 RAZK K OMV & A 5 & AT AT
T, Mk, FAEFARMY IS R/NRES KRG
100% A6 T V0. FE 4R AN R 1 SR D AT R T
YN BE A7 0 52 B, DR R Bl T R G A
ZHE BRI I R R A B R . T & R
B A% (1 OMV, 38 Y] 75 258 () PRl A 20 41 B T
T2 W
2.5.2 AT OMV &3 =
TEERZMET, YHEE 20 i OMV 177 50 5%
fiK, XZMWEH oMV NHMREZERNEKZ —. HHF
FEME OMV BN 3 — 4, BRSNS Ik B 1
A TR B 4 B AL S A RS B, A AT OMV I RE
Y. OmpA & —FAMEFLE H, 7755 PG30 H
THRETRR (DAP) MARS A S, K
B VD T B A S N Bl B B 2k OmpA (1) AR
I T OMV 17245, AT BE 2 Jok 580 Rl A 2 (8]
ASTEIRR /D 1R 45 5L 0 OmpA 2 3 LEZH B OMV ¥ 1
W EREBUR, OmpA B AT RES S RUE
(AR PE PR AR, R ] DLIE I B 2% OmpA 1 [7) Y
EIR S, R 2K i B 46 5% 38 IR K rmp Mk
B, #2777 OMV /=&, (RN 250 52 5l v 5l
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YHPEAERRR D b, Lpp-PG AL St 5
OMV = A il t o Nlpl s —Ff 2 5 41 i 43 24 1)
SMENGEE I, nipl EPR B S BH 1 T PG #l Lpp 2 [H]
THEHITE R, 3 33 OMV = /iy in .
253 AT OMV#INRILRET

NT R KIEOMV PAEY) L, v bl
G AR W) 2E T BOM A AT 0E, R HBL
OMV NEARZE T T 6. £0OMV LRk FIHE
HHH 7582 % H ARt B 5B AH G ER | AT
A RIE. B RA (ClyA) 2&—MEOMV L
BEMNEBEEA, HCmAARBIMmIRGH, ¥
H bR PR 25 K 5 ClyA ZE R 347 SR G, B AT B
EOMV RHE T KX HPUE, H—EHE L
W RIE S (M IEMM R . GE% &R (GFP)
B 5 ClyA BN A& J5 % N R B, RIAHE
4 OMV 1E S /N B b 5 3 th LG Sl f A GFP B o
IPT GFP Hris i 2 S 4, il EA KRR, K
) & A AT AP B 3 Omp22 Ji& 75 B K 7 #F
OMV (W3R, Hel G R T B 0 6l 2 A A
B ORGP 4R 17

O-PtJEHEFAL BRI R OMV & i ~F- & 11 73
—%kizk, FEHTRRREHAEO-HE. O-%i
SRR B S B R, EARBEKR R —
B AR B AS [ I B BB A IROR 22 e, A AR
09 M A PR 2R 08 B0 I Ak O-Pi R, d i B E
OMV, FFRNEEW . A7 HI BN & 7RI =T
P 1 B 36 B 8 B ) O- P R B K At e, B
Gr WA OMYV S /INER, B a9 B 75 i 1 X
Bo ARG /N RAAFI AT A, FEA I 2
5 TFE R B G oR IgA T Y. A [ BA
2 DL R R ) A A 1 2% e 7R A
IR Bk 2 W B R A s kb, AR
OMV X B E R4t T Ry 1E ) BV

R, WAHBEE IR T RE %3 oMV
WESH 7. R BERBE R E A A (PspA) fF
TET P A Il R BEBR B R, 78 0% BHAG R A X il 28
BEERBHIERRIER, JFRefedt Ta RSN, HAR
U B G % JEPE D0, K PspA 50 17T IR TR B- PN I i
I3 E 5 HR IR IS RE 8 G PspA 2R 3 OMV 27
W, 285 /N B BE S 5 /N B AR T PspA (1)
M3 Poiae, H 88 78 i 98 4 Bk b B8 Se LR 37 1

FI A A s %5 5 T 4 PspA R GV 08 BIIX R 1)
R M

BEX A 5 OMV B 1 T A B B S sz 36 2% 1
I 5 X H A AR G 2k PRI REAT TR AW FE RN ZR & B
0 8 22 Ak T T 3 AT DA% B8 4 O\ A T Y At B
IR FE P B4 SR i P R A Y AR R TS
Tt AT DA S X 48 R L A 5 A i 2 3 4 2 A 0y WA AR
REFERAE 1, (RN I 5 A S IR B A G g
FHWHAT SR AP AL, DL A RO %
BB AR

3 AP AAEAN R NS iR

H5WREAFE, MELRaRERENANEE
Ak, RESTERE R TIS 0, i, LA
Py HEBAEENL . 4G B2 R B TR
RS RE, EANREZMESE B LA R 8
ZERU I A B S A AERS T OT R A RO A
PEHI R R T Phi, AR AR R AUV R AL A
2 RV T R IR IR BV T B I, AR AE s
LR R AR RS . BN, R EEAEE R
IBPURE A, (HRVF 2 90w G2 i 2 KB
A SRR . AR O 2 BE b — SEL I R
P 126 v 5 S B BT AR AL AR, T e A A i R 1
TRV . A 304 HE &R Gz oA JT#E s
SEPUAHLE Y N T s R ek, 4 R R
B R R VR 2 PR . 2 #E RS . A,
LR B 2 BHOR, SRR b 45
PP R B AR, SR T T . T
s A B PO 0 5B et o 38 N R X 4 T SO
PEZ> T AL OB, IR QUKW A
AJREAE R A 280 A0 TR A IR % W 7 T AR K
pEid i

B R A I HE AR 5 R DN i TR T 2 A TR
B RS A TR IR AR . P AR R AR B . B
e Jr BN S A SRR, TR RAE A RAE
“WEMBUNT CEWIENT L, EREMER
BAR. NLERHEAR. EWE R EAR. LR
PEHOR . IREEM P HR . B 2 4 HOR S
I ITE NN, di e 2 R T, ST
PURRMEAEE, YL 2R IR X
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PTG () N AR G B B U . i T IR FE 5 2
AN TR AR ARE L, WEEEHES R
“BRLE, A RENESRPEHXRE, B
005 TR % 7 A B G B FR AR, MR — R ATL
— AL 2 B R B I A A R R B T AR
MR G Ws, HES) 40 % W BRI K “ 5
7o [FB, & LAFE o R A AT S K B
DNA &l FERAMAEE . EY et kit 58
AR ST, SRIL CEVEUHT, AT HES) 4
W R HET ALTE 5 R i 28 R 41 2% 00 1 Ak 2
R, NLERERAFEA. NTHHEER. 44
W ERARS, AMES) mRNA QIR 405
DNA W BN . VAR R
OMV % 1, 4K WUk 1 & W7, ik — D48
L8 T WIE R R A 7 T A L R R T ) e R AN
JURE R RCR, IRTPE M e aE TY, fRdn
PRI T RIE R HP R e A, B D R R R
AN, ] DLl Al F A Rl AR P o 3R AR T 24 4 B
5T B AR E R (i QS21 &), TR L%
A 20 B/ BE TR AT AR, M TR BT R SR B B v
Z M

WAL, B R AR ) B A P R R O TR SN
AR T SO A A AR AT T
AJ DU i A A RE A B R T 4 K ROR
DA 5 Gy PR s RS R IE T, SO IH
B AP IR s, A5 I 52 H A B AR 2 AR
Fgxd (2 A ve Y BT BRI RLER T, K
KA % W R AL r= IR ) 0. S A AR )
JiVERE LA IS B S A5 K, A Bh T ) BE 4 B
(1) B0 A1 2 B 245 1 R0 2 T ORI R, R e R T B
gz il R AR} 2= A A AR 7V

B AT BATR A SUE . i A
(IRE 77, I i 24 40 B 2 i T . SR A AR
Y F B E R ok T 2 A e el g, ik
YslaR G . AR A S Y. RIER S K
JE AN A A FEATF B R, S2uir
TRMEEEMEE, @R, BEE. AR
AT E BRI, BW Y R e R EIEA AR R A
WA e 2R, RARXE, FR&K
A R A% A R 2 AR, ] e RO T o
fR A R 24 1), G AR AR .
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