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Abstract: Plague caused by Yersinia pestis is a fulminating infectious disease, resulting in nearly
200 million deaths in human history. It is listed as a category A infectious disease in China. As a
highly infectious pathogen, Y. pestis is considered one of the most potential biological weapons
and biothreat agents. Prophylactic vaccination is a powerful measure for counteracting this disease.
In the development of plague vaccines, live-attenuated vaccine is an important research direction.
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This review introduces the recent progress, current challenges, as well as the future prospects on

the development of live-attenuated plague vaccines.
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Candidate live-attenuated vaccines and their protective efficacies against plague

Vaccine candidates Animal Challenge LDs, Immunization Protective efficacy
strains  route (CFU)
Naturally attenuated strain
Y. pestis Microtus Human Skin >1.5x  Chinese-origin thesus 83.3% protection against s.c. challenge with
20157 adults  Scracth 10" macaques were immunized 1.79x10° CFU of Y. pestis 141 strain*”?
with 1.4x10'°CFU of Y. pestis
Microtus 201 by s.c. route
Y. pestis 1-2948/3 ~ White nd Mice received subcutaneous  Activate cellular immunity
(pPCP1-,pCD1-, mice injection of mutant strains in

pCRY-), Y. pestis
[-3749(pCD1-), Y.
pestis N-3480
(pPCPI1-, pCD1-)*

Attenuated strains defective in T3SS components

CO92AyscN*-* Female s.c.
Swiss
Webster

CI12AyscN(C12:F1 Female s.c.

-negative capsule BALB/c

minus strain)*!!

Y. pestis Microtus BALB/c s.c.

201AyscB™*

>3.2x107

>2x10’

>10°

a dose of 10° CFU

BALB/c mice immunized by
s.c. route with two dose (1x
10’ CFU/dose) at 0 d and 21 d
BALB/c mice were
immunized with two dose
(1x107 CFU/dose) at 0 d and
21 d by s.c. route

s.c. immunization with
1.64x10* CFU of mutant
strain

Complete protection against s.c. infection with
316xLDs Y. pestis CO92 and complete protection
against i.n. infection with 7xLDs, Y. pestis CO92
40% protection against s.c. infection with 316xLDs,
Y. pestis CO92 and no protection against i.n.
infection with 7xLDs, Y. pestis CO92

87.5% protection against s.c. challenge with 1.24x
10° CFU of virulent Y. pestis 141 strain and
complete protection against i.n. challenge with
1.24x10° CFU of virulent Y. pestis 141 strain

LPS synthesis mutants (some of them with transcriptional regulator or invasion factor deletion)

x10030(pCD1Ap)( Female s.c.
KIM6+AlpxP32Q  Swiss

P IDXLAP . ::  Webster
TTaraC Pgapcrp)™

YPS19(pCD1Ap) Swiss  s.c.
(AlpxP32::Py, Ipx  Webster
L pgm-pPCP-)*

Hfe™ im.

C57BL/6
YPS20(pCD1Ap) Swiss — s.c.
(AlpxP32::Pyy Ipx  Webster
LAlacl23::Py,,IpxE
pgm_pPCP )™

>108

1x10°
90%
survival
of mice
>1x107

>2x107

Female Swiss Webster mice
immunized with 1.4x10” CFU
of mutant strain by s.c. route

Swiss Webster mice
immunized i.m. with
2x107 CFU of the mutant
strain on day 0 and day 21

Swiss Webster mice
immunized i.m. with 5x
107 CFU of the mutant strain

Provide complete protection against s.c. challenge
with 3.57x10” CFU of virulent Y. pestis KIM6+
(pCD1Ap) strain at 35 d post immunization and 70%
protection against i.n. challenge with 1.24x10* CFUI*,
But no protection in BALB/c mice!*"?

70% protection against i.n. challenge with 50xLDs,
KIM6+ (pCD1Ap)

20% protection against i.n. or s.c. challenge with
50xLDs, KIM6+ (pCD1Ap)

<l actamicro@im.ac.cn, & 010-64807516
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Vaccine candidates Animal Challenge LDs,

strains  route (CFU)

Immunization

Protective efficacy

Invasion/adhesion/outer membrane protein mutants

Y. pestis Female s.c. >1x10°
CO92pPst pgm ' BALB/c
AnipD Y. pestis ~ BALB/c in. >10’
231 AnipD Y. Guinea s.c. >10"
microtus 1-3455  pigs
and AnlpD Y.
microtus 123591
Y. pestis Female i.n. >3.4x10°
CO92AlppAmsbB  Swiss
Aqilt*s*") Webster
Y. pestis Female nd
CO92AlppAmsbB: Swiss
ail2l47 Webster
Y. pestis Female in. >5%10°
CO92AlppAmsbB  Swiss
Apla®” Webster
EV76-B- Female s.c. 1x10°
SHUApla*® BALB/c 50%
survival
of mice
it. >10°
Others
Y. pestis BALB/c s.c. 10
KIM1001AbnO™ C57BL/6
Y. pestis Female i.n. 5.5x
CO92AIppAcyoAB Swiss 10* CFU
CDEP" Webster 90%
survival
of mice
CORAvasKAhcp6™ Female i.n. 4.5x%
Swiss 10° CFU
Webster 60%
survival
of mice
CO92Ayp02720-2 Female i.n. 4.5x
733Ahep3P% Swiss 10* CFU
Webster 60%
survival
of mice

BALB/c mice or CD-1 mice
were immunized with

107 CFU of mutant strain by
S.C. route

s.c. immunization with
different dosages of each
mutant strain

Female Swiss Webster mice or
female Brown Norway rats
were immunized by the i.m.
route with two doses
(2x10°CFU) of mutant strain at
Odand21d

Female Swiss Webster mice
were immunized by the i.m.
route with two doses
(2x10°CFU) of mutant strain at
Odand21d

Swiss Webster mice or Brown
Norway rats were immunized
by the i.m. route with two
doses (2x10° CFU) of mutant
strain at 0 d and 21 d

Mice were immunized by s.c.
route with three doses

(1x10° CFU) of mutant strain
at0d,21dand 42 d

Mice were immunized by i.t.
route with three doses

(1x10° CFU) of mutant strain
at0d,21dand42d

Survival mice after s.c.
infection with 1 000 CFU of
Y. Pestis KIM1001 AbrnQ
Survival mice re-challenge

Survival mice re-challenge

Survival mice re-challenge

Complete protection for BALB/c mice against
subcutaneous challenge with 235xLDs Y. pestis
C092 and complete protection aerosol challenge with
8xLDsy Y. pestis CO92; Complete protection for
CD-1 mice against subcutaneous challenge with
416xLDs Y. pestis CO92 and 60% protection against
aerosol challenge with 26XLDs Y. pestis CO92
Immunization with the AnlpD mutants provided
potent immunity against plague in mice but failed to
do so in guinea pigs

On day 120, 80% protection for Swiss Webster mice
against intranasal challenge with 24xLDs, Y. pestis
CO92 luc2. On day 91 100% protection for Brown
Norway rats against intranasal challenge with
31xLDsg Y. pestis CO92 luc?2

On day 120, 80% protection against intranasal
challenge with 24xLDs Y. pestis CO92 [uc2

On day 120, 100% protection for Swiss Webster
mice against intranasal challenge with 24xLDs, Y.
pestis CO92 luc2. On day 91 100% protection for
Brown Norway rats against intranasal challenge with
31xLDsq Y. pestis CO92 luc?2

Complete protection against i.t. challenge with
61xLDs Y. pestis 201 and complete protection
against s.c. challenge with Y. pestis 201

93.75% protection against s.c. challenge with
1 000 CFU (20LDsy) of Y. pestis KIM1001

On day 35, 50% protection against intranasal
challenge with 10xLDs Y. pestis CO92

On day 21, 80% protection against intranasal
challenge with 8xXLDs Y. pestis CO92

On day 21, 100% protection against intranasal
challenge with 8XLDs Y. pestis CO92

CFU, colony forming units; LDsy, 50% lethal dose; s.c., subcutaneous; i.n., intranasal; i.m., intramuscular; i.t., aerosolized

intratracheal inoculation; nd, not detected.

http://journals.im.ac.cn/actamicrocn
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AR BRI SCRET (H e RS 1 8 7 b &
PRUER 201 BRAETE R A7 5E J1 50 EVT6
B,

Balakhonov &% 3 45 AN [R] BURL Y BRL2E 147
17 1 8 JI R B2 PR, B Y. pestis subspecies
altaica I-2948/3 (pPCP1- . pCD1-. pCRY-). I-3749
(pCD1-). M-3480 (pPCPI1-. pCDI-)#kAE/N R
Jowg, HABRGH PR LN gt
3.2 T3SS HHXERRTIFRAHFR A

pCD1 JFuAr it i) T3SS X BU& i 19 5 1 &
KEH, LA R B A0 1 A A
A2 A AR AR A i . B AT LLidE s T3SS
R o O SR Py A = I 27211 = 22 N
Pl AZ 5% 5 K 7 (nuclear factor kappa-B, NF-«kB)
A 22 43 24 5035 A6 85 11 3 % (mitogen-activated
protein kinase, MAPK)S5 {5 5 %, i 140 i 15
= A g ) OO | AR B TR I W 0 L
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i B4 YseB (Yop secretion protein B)#E 1, J&
YopN FIFER43 T, % YopN fiE# T3SS 20
it 2 A 42 fil 1 3 20 B SOV PR 05 T Sk A 300 2R
Fr b B D BE R A2 o 201 AyseB ¥k = FE R EE
X} BALB/c /N K NI B LDsy b4y
4x10° 1. ZBARE2 T %% BALB/c J5 6 JH,
2.2x10° 4% LDso FUZTE 141 SR F I, 1§
PR Ny 87.5%; 283 15 LDso RUIZ I 141 SRR
BIEE, RPN 100%, SHIFE R EVT6 %
BRGS0 35 25 5, i EL AT DA /N U™ AR
Fb EV76 G 415 ik BE Bt F1 PR,

YscN (Yop secretion protein N)Zifity ATP %%
Folify, 1370 T3SS Hia s & F L aE =,
3% [ il ZE A% YL i BR S WE ST T YT CO92AysceN
C12AyseN. CO92pgm pPCP1™ =FkkHi{E BALB/c
ANEE VST T, o C12ApseN AR
yseN FER H AL F1 B9 CO92 #k. 3 Bk
1x10" CFU B¢ F e, /NRIILENG o C12ApseN
BAYR B2 R g BALB/c /NRZE 329 7% LDs Bl
FER CO92 MR T AR A 30%, 422 1%
LDso S B i oA 7 o C12AyseN AR R
ik F1LHUE, A LerV FURFEE T, Xk
PRIcEE HRe SR A BRI PRI VE R . CO92ApseN
¥k, CO92pgm pPCP1 FREAYR F¢ F )% BALB/c
1 CD-1 /MR, 48200 77514 | LDso 1Y CO92 #k KT
W 100%A471% . CO92AyseN k. CO92pgm pPCP1~
PREAVR B2 %% 5 9 BALB/c /INBRAE 8 % LDs
FRPETR CO92 MR I UCHE T RERS 100% 471 ,
{BRAE 26 15 LDso BUZ T CO92 MR I B 0B i
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CO92AyscN BEZ N 4% CD-1 /NREA 20%77
%, CO92pgm pPCP1 PR T %)% CD-1 /NEUA
60% 17115 o FWAAS[FI B4 i 22 Hhe v OR3P 30T g
fAfER ExR, BEIIREMN., M5 MHEH
CO92AyseN #&%F BALB/c /NRIEAT 2 FfgE,
sl CO92AyseN ¥k A1 C12AyseN ¥RAG I s
HI SRS TT G, XF 7 48 LDso g M B EE R 3
22 90%-100%""", 5HFI G B E 25 .
33 ETEZBEESWMENRERTZER
73

LPS J&#5 >% [ B B o S i 4 i B 2544
O His. o020, BB A M. BB A K
MR AR A F A R E 25
LpxL . LpxM Fl LpxP /2 >4 [RBHPEZH R LPS 4=
W6 B R e B A T 2 B il , 2 v D b T
R TV o FR S IR LA B o 75 A5 . BB TR
AR T A 2 BB E & ) LPS myd fe g
A MRS, EARRNEE T & A R 2 mE g
MiRARIBIE R Ao BUE R E AR pxP F
IpxM (XFE msbB)RE[R, {8 IpxL KL K& A 58748 2
I, 26 CNATERBSEALIRT A £E 37 CHY,
IpxP R FkZ i, FEA R UBLAE R A,
HTE Toll #E3Z4AK 4 (Toll like receptor 4, TLR4)
PTG PR 22, AT AT Bl k3 [ AT H g R G010
3301 22 R B2 UK B 2V I T R AR A T
Bt

Feodorova 2548 FL % EV NIIEG #kH IpxM F&
KRB, (AR 26 CF AR/ ING FBEA
LPS, MAEMRIMIEIRAMET, BT ™45
PSR ANBEIL IR R AP BF9E & 0k — 4 it
EVAlpxM BRAEZESZ /MR . BALB/c /)N LA B
BT T 2 VAL . 2x10%-2.5%10% CFU AS[HH
it EVAIpxM FEE2 T 42 i&Ys BALB/c /MRS,
/NI, TS ER 2SR ARR EV NIIEG J2

IR JE B /NRAET 2RSS/ N BRI B 5
5o EVAIpxM FRFISE AR A7 88 11 Jo W .22
5o A EVAIpxM PR R T RS, fE
BALB/c /M. 2228/ KB X BRUZE TR 231
SREEVE T B T B BCEA R R T

Wang % 76 % B KIM10 (pCDI1Ap) ¥k
(pgm™ . pPCP1" ., F ASMEYE pCD1 kL) Hr 4t %
ME L A W AT T xE, WA T YPSI9
(pCD1Ap)(AlpxP32::Py Ipx L) HAE 37 CHYE
BAMANEIENE R A, FEMET YPS20
(pCD1Ap)(AlpxP32::Pyp1 IpxLAlacI23::Py,plpxE) fifi
HAE 37 CEEEW 1-LBRILIE A (ka1
MR A)e HIEX 2 BREHKFIE(>1x10" CFU)E T
FMPLA S E )G, Swiss Webster /N AFTE R
ARk R E . YPS19 (pCD1Ap)RETE & 8k Il
FERF/INR A 1107 CFU B2 T I8 I AR AR
100%, i [AAE 245 N KIM10 (pCD1Ap)A 73RNy
80%, IR YPS20 (pCDI1Ap)FEZ f F s LI
P I R = A T RS DU (HERBEA 2L
/NPT S8 . YPS19 (pCD1Ap) s
% 50 45 LDs, ) KIM6+ (pCD1Ap) KLU B Bz T Al
T B OB B A S 31 5 R A KRR 1 AR VR
HWFFCIRTEAG T 28 T RLA R 225, Il
FEWLPA 5% I RS AT 5 2 A5 1) Thl A1 Th2 J2
JO7, TR S gs I ) Th2 S ™,
34 REFMFEXEEARTERERS
yEIZ Bk

Vi 2 BN (R B E I, 7R3
it B R FEAFRIMVER . Al ZhBE 8 M gm i 5
AL FYealh b, HAMMEANE 2 (L2)45H, &
55 BRE TRAMASHET . A TR B | 00 S B A
AH5P%); Braun I§ %5 11 (Braun lipoprotein, Lpp)7E
WAFTFRR Iz AR, R L R T e A
b, ZEAALLGEN TLR-2 A 7F R 5 40 i K+
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{7 L0 Pla (plasminogen activator)ZT 175 il 5
WG R E B pPCP1 R nfid (SN 11, A B
T 1T 257 175 Y I o £ 45 gl 1T 50 A1
TEM N L, [ B AL 7E A2 2 4 T 200 B 9 33 R AR
IRHE R —EME MY NlpD (novel lipoprotein
D)2 i — BT B & 11, I A 2R MR e B2 T A S
o P aE I R

Tiner 2575 FUZ B CO92 TREEHEELAN [ Hy
T AlppAmsbBAail (LMA). AlppAmsbB::aill2 .
AlppAmsbBApla (LMP) 3 ¥RIEE PR, 3 MR ik
Btk LDso 5 HEARE S TREZ 5x10° 5, &
i 2 FLA e /N BRI B, #R R T K A
G AN GR0E . FIfe)E 120 d i 24 £% LDs
SR CO92 [uc2 FR(CO92 Rt K RHLN)
HRIEE, LMP FREERS 100%8P /N, LMA
1 AlppAmsbB::ailL2 {5315k 80%147631,

N Feng Z57E [J% EV76-B-SHU %2 P bR EL A
b, WBRT pla 3N, WET EV76-B-SHUApla
Fko 10° CFU EV76-B-SHUApla ¥4 7 N I #i5R
B NRAAF A 50%, 1 EV76-B-SHU ¥
MRAFE3 K 05 10° CFU EV76-B-SHUApla ¥k fifi
R YA TN A AR 100%, HOEARR
HAFHN 50%. /NRGEME% s L T #T 3 K
S ORI M, ] 61 % LDso B
201 BRUEA P AR AR TR, /N 100%A775 1,

B9 TR A 2 11 NpD S it By FH i B2 95 i
KBRS R T1%, Dentovskaya 25 7E Fil
RETE 231 kR | 1-3455 £k | 1-2359 ¥R REBR T nipD
FE, mBRAR SN BURIIK BTG . 3 MR TR
() nipD FE7E MG B ) Ja I BRE 1T 231 SR BRI
B R #, 231AnlpD ¥k . 1-3455AnipD ¥k %
EV-NIIEG FRJE L T 47 iy -4 e IK B
231AnipD ¥k . 1-3455AnipD ¥k . 1-2359AnipD
# EV-NIIEG AP PE 22 SR e A8 W) s
R B R RO 22 AR A
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3.5 AEEFRTHKIEERZ EE

AT A7 AE— P (p)ppGpp 43 T FHI
JEE LR ST ™ 8 RS R G, AT LI R SR = A
HNFEERBE R R VRS A0 T R 2 R R A
HHFHIRE . BIEET reld. spoT KA 2
ppGpp A B EEL A Sun FE7E KIMS+HEA
FYEE T 410004 (pCD1) (FEBR T reld . spoT J:H,
S A pCD1 Jiikr), HAERKR FRERAETEEI T
P24 10° £ . Swiss Webster /N BRI 2 N %% ),
fEfS 100%4KMH 1x10° CFU B KIMS+ER 2 T
W#E, X 2x10* CFU KIMS+RET S I0TEA 60%
PRAP Y

CRP (cAMP receptor protein)te=4: /4 A
¥, TERIREER AR, wIE# ST pla I
FUEW R pst FEH, [FIBT CRP W& T3SS ik
BRI, Sun S7ERUER KIM6+Hk LAY
BT ap B9 x10010 (Acrpl8)kk . x10017
(pPCD1AD) (APerp1::TT araC Ppap crp)bk, Hi
x10017 BRAY crp Fih52 W BE AL BT R A TS
S, MifE UL P A TRRAARE, SEEME R
AEFEEHEIRETFE. A 410017 Y
x10010 FRAGEE ST ISRk, RBX 2 A bk
B R T SRR 1 i BE SRR, (10010 Y LDso i T
x10017 ¥k SR 10010 H =4 T 58 FUM Th2 i
W GRE SN, BRI R fa, % 10° f5 LDso
BRI KIMS+IREEAR B2 NI T 80% I
1, TR 100 £ LDso BR%E B KIMS+5i 1Ak I &
WREWARER .. MEZ T, ¢10017 k=4
T AR Th1/Th2 KOV, BRREE T )G, fE
AEARAE 10* 175 LDso KIMS+RER R, XF 100 175
LDsoKIMS-+HE T 5 B8 415 70%1,
3.6 EHitmSEERS

7N 43 W & Bt (type six secretion system,

T6SS)Je—Fh ZMEEI TR GE, B HZFh A
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R, ARG 8 RGN S
R B P AEALE 6 1> T6SS JLRFES, Horhai sk
PRI a] BB T TERTE JI I F-. Andersson S5 7548 5E
B2 OB Y B I il A b, R T LB TE
RYEE 1R, G145 vasK (T6SS B 40 B R4
cyoABCDE (4mtB i a6, & O FALEHREINT) hep
[T6SS 4250 £ 1 1L 22 223415 25 11 (hemolysin-
coregulated protein, Hep)] . ypo2715-2733 (4l 8¢
R 60, f1 RNA M) %05 AR T R

*2 REFETHLXINSHEAXER

W CO92 M E# T 22 \Eaibrbk, Hrh
AlppAcyoABCDE . AvasKAhcp6 . Aypo2720-
2733Ahep3 “MRA TR PES, fE 21 d fiTH
10 1% LDso BUZ T CO92 MR &I d, /INRAFTE
RIE 55%—100%",
3.7 REREHMAMASZHEXER
LA, RGO B T BUm AL BN
WriR A, Bl 2L 8 0 B 1 PR BORH S 45 ik [
SRR UEIESE , FHOCKER . 2 B ik

Table 2 Newly discovered virulence-related genes in Yersinia pestis in recent 10 years

Genes Functions Reference

mgtA Mg?" transporter, part of the complex PhoPQ regulon [67]

yp_3416/yp_3418 E3 ubiquitin ligase that can be translocated by T3SS of Y. pestis [68-69]

surd Encodes a protein related to outer membrane proteins biogenesis [70]

YPO3903 Involved in adherence to lung epithelial cells [71]
encodes a lipid A modifying enzyme, the inactivation of this gene in Y. pestis associate

pagP . . . .\ [72]
with the escape from innate immune recognition

. encodes a bacterial GTPase that has been shown to regulate expression of virulence

bipA [73]
factors

SORF _ypl encodes SEP_ypl1 that is necessary for the virulence of Y. pestis [74]

SORF _yp2 encodes SEP_yp?2 that is necessary for the virulence of Y. pestis [74]

Hrp mgtB | surd. sORF ypl. sORF yp2
B DR R AR AR 5 T HOR A RTE B2 T i h 85 )
TREDBE; bipAd. yp 3416/vp 3418 FEINERAK
AR T HT AR T S 087 v o ) A A [ A i
PRI RRARG o 33K S5 1) 5 7 TR s DG I 4 i TR 2
TR 14) B AT 8 5 5 R A ) A

ARHFGEHTE EVT6 JPEW BRI IR T bk T
SORF ypl 8{ sORF yp2 JLIN, % PRIk
T EVT6 S MRA 2T, iR EH
5 EV76 BRAH Y (FHCLE R AR K R), X —25
$275 SORF ypl F1 sSORF yp2 g i 3k R 75 Bl
PRIl R T 2 i E T R — i A

4 RE

BIRFET AR BORBEAR AR T 22 Fh % %

TERETE , FR I B A Y B 2 1 ] R A AR
KMigZE. 2018 45, WHO FREEZEMIHT
Pt BRI 928 1 1) L FH G5 T 4 g FH AN,
N 2 R BREPER B AR A THB X
(A A sl T ORI 58 sl I 1 T A AR
T L 2 IO FH B A P B A 928 IX 1 A - BEL
PEREEET AN R 2R AL 1 T s s
TR G S, b B oo TR 2 W AR A T
A S AL P2 1 A 77 AR, BB TR] B 175 S AR VR A
FEFIANM GeE , FEBAFI IS5 10 d 2247 B 4RpE
TR PR R AT ARRSE 10-12 AN AN, 78R
SN AT LR SRR .
ARWFFEHIEXS EVT6 FRUEATHISEHT,
Fbk F1 PURAN, A KRS 51558
JOL PR SR8 o AT S P R U R 0 5 1 B8 T ATt
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N FREE TR I Z AR, T F1 BUZWEA
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M, TR ST
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A AR 22 AR K o 78 PEA B T4 8 35 ik i 4 Pk
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AU DR %, YRk, THE
E— LA . HIK, Rk LerV iR Bk
W R EBUIR, (HEFEEHE EVT6.
CO92pgm pPst H 3 5 B9 sh ¥ () LT T LT 46
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