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Abstract: Mycobacterium bovis Bacille Calmette-Guérin (BCG) is the only licensed vaccine
for prevention of tuberculosis, whereas the genomic changes lead to differences in the
protective effect and safety among strains. [Objective] To study the correlation between
sigH-rshA overexpression and pathogenicity of BCG strains in DU2 groups III and IV.
[Methods] The recombinant BCG China and BCG Japan strains overexpressing sigH-rshA
were established by molecular cloning, and the gene expression was verified by RT-PCR and
Western blotting. We used macrophages of mouse origin and combined
immune-deficiency (SCID) mouse infection model to assess the pathogenicity of the
recombinant BCG. We employed enzyme-linked immunosorbent assay (ELISA) to assess the
secretion of tumor necrosis factor-o (TNF-a). [Results] The overexpression of SigH-RshA
protein significantly promoted the intracellular proliferation of BCG and stimulated
macrophages to produce more TNF-a. The results of the experiment with SCID mice showed
that overexpression of sigH-rshA increased the virulence of recombinant BCG strains to

Se€rver

immunodeficient mice. [Conclusion] The overexpression of sigH-rshA can enhance the
pathogenicity of BCG strains to macrophages and mice.
Keywords: BCG; sigH; rshA; pathogencity; SCID mice
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T, R AR T ) — A A 2 SR

H 16 B & 7 51 (tandem  duplication, DU)&
BCG T i I A S A S5 1 AR A iy 2 33 A% 5
filt, XA RR AR AR N, ARG X
LRI 4R DU2 WI-IVIsRERIE 13 #k
BCG HRITFRIE M 2# i, KB 1V AL
B BCG & MR X A B A At %2 B [ (server
combined immune-deficiency, SCID)/ il H A 4
BB R, FE R A H AR & B S B i R
P& 15 765 bp (3 590 902-3 606 667)FE[A A
BRI E , sigH PAREER A FHAP, F
MHLAMER] sigma B F 22—, sigH 7E 2 FE0H
SRR B P AT . BB 5 RNA RA FEE
MEHEINRE, P—NTEEENA EEBMER
anti-sigma K RshA J##% . AikdERY], 45
Y sigH Z 545 sige, 35 sige H[qH
¥ sigB FEET, g g P 24 Mk,
KTF sigH BIFHICHIF RS A6 NS5 1008 209 1
M.tb F5E R, TEA G5A% R BUR R M. bovis Fl BCG
Hk T sigH B REAT 58 A DL iE . DU2 TIFITV
LR BCG Bk sigH Wil Rk, BEY
Ml G RRBO M Be = B SR R E

R T BGE sigH 1+ 3235 5 BCG AR EUREZ
[ AR D, ABFFER 3 T 1 3Rk sigH-rshA 1H)
# 4] BCG China fil BCG Japan Fitk, | E M
21 it J 556 A SCID /)N BB i B P B 4 1
PRECRYE . WL XY, B R A R R
sigH SR TR FRNT . AN [ HR A 1 R AR (]
RSk LR IR R AR AR, WA R

=1 FAEP sigH-rshA F SRS
Table 1

sigH-rshA4 fragment-specific primers in BCG

SELE A AT R TR BCG %2 e S (A e TRk

1 HE5xZ

1.1 ##
L11 SEEEDY)

7-8 JA i ME P TG RF 2 0 BRI (specific
pathogen free, SPF)Z% SCID /M, W A b 5ide
BRAVFH BN ARAF, HmFETEEKR
FRHE eI A .o si b . AERE (5
BB E ARG ), PAFE LA TAEIRIR O
P o BHEHE(A TR H5 . 2021-A063-02), fir
A/NR LI TR A 2 WA s b iR 3R, ot/
GRS LU 12 h IE AT, B H B R OK .
112 A FMEK

BB E WEA I J774A.1, AR A7

BCG-China i Fl(DU2 I %L, 5745 15 765 bp
FELFFS]). BCG-Japan B F(DU2 T, &
A 15765 bp MEEFH), ALK SR

BCG-Pasteur JEH 4, AL I =R

KT (Escherichia coli) DHS5o B £, b
B EMHARGIRA A

pCherry KW # B - 73 B AT T 25 42 3K 358 it
K, ARSI FE AR
1.1.3 BirER #5198t

4 5 ki pCherry (pCherry J& ki & 4
mCherry £L 5% CE M, EARWBM 6 4
His-tag) i K1% M Mycobacterium bovis.fasta (T
7T Uniprot)H sigH-rshA ¥ 3 i BOk £E6 16 1Y
RIS B SRR R RS 1, anER 1 R
H A T AR TR (R A BRA w6 85 14

Primer name Primer sequence (5'—3")

Application

sigH-rshA-Ndel-F
sigH-rshA-his-Nhel -R
sigH-rshA-F
sigH-rshA-R

CCGCCGCCGCATATGATGGCCGACATCGATGGTGTA Gene
TATGCTAGCCTAATGGTGATGGTGATGATGGGGCCCTCCACGGATGAT amplification
ATGGCCGACATCGATGGTGTA
CAGGCCTTGAGATTGGTACCG

RT-PCR
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1.1.4  FEUFFRL

ADC TR . OADC i, BD A+l;
Cell Counting Kit-8 (CCK-8)ikH &, [ fb2x
/5l ; Bio-Rad HL 27 LY, Bio-Rad 73 Al ; Applied
Biosystems ProFlex PCR {{, Thermo Fisher 2%
) ; TransStart® FastPfu Fly DNA Polymerase,
et e e YRR AH

HLF 70 HT KF BSA124S-CW, Sartorius 2%
Al AN LGN, UVP ] 3 B KA,
Bio-Rad A H] ;
Biological Safety Cabinets, Labconco 2y H]; i
IR VKAE, Thermo scientific 22 7] ; G %% S
ML 5424R/5810R, Eppendorf /A fl 5 IR ¥AHE K
Excella E24 ,
Eppendorf 23 H]; VORTEX-2 GENIE #Ri%1%,
Scientific Industries Al ; FE/K CO, K5FE4E,
Thermo Scientific 2% w5 F& 7K 28 it 55 7% 44
GNP-9160, LIphG 2SR s A BRA T
1.2 BCG E#HMEF

BCG M 7H10 ~F-Hi b #k I T V5 50 A
—80 CUKFIHUE , ¥ B 2% L4 Fh 25 10%
ADC F1& A 0.2% H il B Middlebrook 7H9
Broth ([A]E 5111 0.01%09 Tween-80)H , £ 37 C
AR TR AR IR h 55 % 2-4 J8, %53 180 r/min, ff
ODsoo fHKF]-0.5 B, 8 000 r/min % i 25004
A, [EEFAH PBS/0.01% Tween-80 PRI H A
3 K 10% H i) PBS/0.01% Tween-80 Hik,
il 25 B 20 2, O R A AR AT o R A
—80 CUKFH VA7
1.3 E%H BCG-China £ BCG-Japan f#33

PAIAS S ZH PR A1) BCG Pasteur F& R 2H s
¥, FH TransStart™ FastPfu Fly DNA Polymerase
P38 B AR R BLPCR I 1% 00 B E BE
HL Ko B H B 5507, I3 Axygen i [BIGEC T &
D7 B, K24k B PCR 745 LU SR B Y

Purifier Logic TM Series

New Brunswick Scientific,

# A4 ] EcoR I-HF 1 Hind 111-HF N ) B E4T G
YIRN, 37 CH§YI 1 h )5 347 ik 2ifh . FH T4
DNA ligase i, FAbiE A KBTI DHSo 8
ZARM, AT 50 ug/mL FAFEER LB
WA b, 37 CAMETEIER SRR

MG AL A b Bk B 2168 5% 5 1) PR A% 5
G, YHSARIBUTORE, Nde 1-HF YIRS, #F
S A5 B Y BE o 2H PR A AR T AR TR (E
VY0 A7 B2 /1)

FHTIA B 10% H 3 50 mL #E7%% BCG-China
BCG-Japan A 7R W IEZ A4, 4 C .
3 500 r/min &.0> 10 min, BEXE B3I K)G, H
S5mL FA I 10% H M E R, 222 1.5mL
JCHE R EP &, B 420 pL B2 8400, 439
FIADU e TE A B E B Bk &% pCherry>2 ug,
TR A 3450 5 e B 2 1004 A 1 P G R D9 9 vk
W E 10 min, HFEZRM R 2.5kV, 25 uFD,
1000 Q. #.0>, 3% EWE 100 pL 7H9 564
B E BRI SIRAA T & 25 ng/mL RIRE
EI THIO 5eeR5FE3E b, 37 CH MR
34 JH,

Western blotting /% RT-PCR %:iiF H bp 3k [H
BRIk
1.4 HirEREFERKFELERE

A3 B 3% 2 0T B0 A S 4 B 2 mL,
A 1A RFR B A7 95, FF A 800 pL Y Trizol
BEEMFEMA, 5500 r/min, 20 s/AK, 4K, IR
[]B% 5 min, JRGMHEA. FHEN -5 N,
PEMUAN A S RNA, ¥ T DEPC K, & LRIt
20 ) R W IR B, LA PrimeScript RT Enzyme
Mix I 255 55158] cDNA. FIA 1.1 B8 FES
YA T B R B4 38 LUK 75 [ b 2 o
1.5 BRERRERIE

PRBOR IR BCG HA WM TR R
5 mL S AN PUAE R THY WA SE ks 3R 3 p
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37 °C. 180 r/min 35577 XA, 3 500 r/min
2.0 10 min, 3 355, i 250 uL PBS H &
AR, S A X ES FORLRY BCG B RRAE g% B
VRIS A 2R AN . 12 000 r/min 2.0 10 min,
B FYs, f# Bro-Rad Bradfold %f I3 H i &
EAFITER. B 20 pug BEAHT 12%
SDS-PAGE BERHLTK. 253 )5 H Bio-Rad #Efi
R E I PAGE I # % PVDF i, —¥iL
FH His brZEPUIREIRGE 1 ho HAHERE L BIFR B
PO o 42 AL ) [ (horseradish peroxidase, HRP)
IR BRBUVE N —Hie . H PBS BERE 15k
fEH) TBST, WAL,
1.6 EH BCG #IMNECHIZNE

R 2 BCG BhHL 3 4~ 5 B 43 ) 45 &2
5 mL % 25 pg/mL RAREE R PR THO AR5
EREEFFPETF 37 CRRIKFEEFE ODeoo H R
1.0, FEEMEERY EE 60 mL % 25 pg/mL
R RPIMER THO WA &R -3, %
BRI R IR U ODgoo [N 0.03. B F 37 CHE
IR REFRIFIC T ODgoo fH, PLBTEER) THI 5842
BE IR TR BT . LR EE IR ANTR 20 d SR
PEIAT T ODsoo TEL22 i 4 B 1 A= K TR
1.7 =41 BCG fEEMEEAAE KAESIELE

1E 37 CTHUHAY S 10% FBS () DMEM 5%
Fed I NERIER E A J774A1, BT
37 CAAALBRAN M RE FRAR h G R . A AR
2-3 WA BRI M, # R 24 FLAR 1x10° -4
i, 1 mL DMEM+10% FBS/FL, B;3End i ity
M F R YIRS . T2 BCG % BN [ iyl g 53 50
(multiplicity of infection, MOI)#% H il A 21 iy
o, BT UM SRR R JC I 1xPBST (IIA
IRFI<100 uL), FETF CO, K5 FRAH Ak [m] 55
F AR BRGNS I0U S R-HFHKX lmL
DMEM+10% FBS. JE&JL/5 4. 24, 48, 72, 96
K 120 h, F 0.025%1) SDS RLfE 40, 20z
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fR G Y IxPBST MER BRI T 54
25 pg/mL RHREZEPUEM TH10 S8 A FEARR: 5%
# it CFU.
1.8 CCK-8 ZfiE Stk ie

J774A.1 40 EE 1x10* 400, 100 pL/AL
it F 96 FLARH, FERYLHIAIRIET R A . 4.
8. 12, 24, 48, 72. 96. 120 J 144 h 4> %Ifdi
F CCK-8 5 &kl e A G . e E
2-3 h, FHBEFRCNGE Auso (B B B B
S E 4 DNESL. B, g bR
KAWZ WA G, X AL A E (A 1),
TG JI(%)=(A sepoa—A 50)/(A spma—A 5:)x100 (1)
1.9 EIEZHAE TNF-a B940

AR 1.7 Hh Oy e A T AR e, TR 4.
8. 12, 24, 48, 72, 96. 120 }% 144 h 535k
LA H3E, AR A E] TNF-o cytokine
Kit W2 40 i . EE ARG, W E ik
HER R S i I 5 .
1.10 =28 BCG FHIFMN-SCID /NRIRE!

7-8 JEIS I MEYE SCID /N, BENLYE, 45
41 25 HUNR (1S HAFRE D & AR,
10 3 il L 28 27 4 I 7 ) o SPF 2551 BRL s 3 1
— &G, AT B E 4 BCG 13 T BB i
BREEST, A UM 6% 10° CFU (SRR
100 uL, PBS Fif). FEFESTAT, MFHIEE
SRR S, X RN AR E IS S, S IR
HEZH RO SRR PBS. {14928 2 R4 2 1
/N ERCSIUAE J FA AR B8, SBCRAL R il &) S ) 2R 47 A6
s BT S S PR e R i FESTIREE 1 JE
55 4 I 4 H/NRBHEDLF AR SE, BUNR
PRI )3, BERERBEIR AT T8 25 pg/mL K
TH10 “FAR I, 37 CHiFEMNEIE RS 3-4 4
JE TE S AL /N B M L 2k A
.11 It EFE

i B4l ik GraphPad Prism8 #{41EAT
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AeB D IR TN MeantSD, P<0.05, 3
INZE A G R (% P<0.05, **: P<0.01,
3k P<0.001, ****: P<0.000 1),

SN FIBEE R IKBE A -test E47
20 0] 22 F 45 B ; BCG 1E J774A.1 40 i Py 34
B DL KOkt 2 B B 4 W 52 o Y O g 4 2R

two-way ANOVA with Bonferroni comparison

test FEAT2H [B] 22 5 45 R AG I ; /N BUAC EE AR 0 DL
INEREH U = i IR 45 R one-way ANOVA
with Bonferroni comparison test #1720 [6] 22 5 45
AL 5 /N R A A7 26 25 5 log-rank test 4T
2 7] 2% S 5 R R 5

2 ZERE54

2.1 JI3FRiX sigH-rshA BIE R BCG Japan,
BCG China F#kIEiE
R TR sigH-rshA FEH 11 F kX BCG 1)

A M 1 2 3 4
300 bp
LK __R_ X I
16S internal control genes
C
15 kDa —

B 1 =48 BCG H sigH-rshA EESRIENEE
Figure 1

s, FATEESE: DU2-111#Y BCG-China 5 DU2-
I #) BCG-Japan HEHAR#E B4 & 25 pCherry
JoCRE 28 44K 1) B 41 BT B (pCherry-C, pCherry-T)1E
SRASAIE ST 0 S S A BT AR, DAY B AR
RGP 52 o 75 2B A &, pCherry-C Fl
pCherry-J 5 HXF )i fY) BCG-China £l BCG-Japan
FEURBERRAH LG, 2240 B8 S A K RHIE B30
BEMEES. WL, AUF5RR M B ERH
b R R 28 204K 7Y StR-FI1 pCherry- [ #R R R
sigH-rshA FE R RE .

Bl 1A Gl SR MBI H UK R, 7R ZH A
R sigH FERIAE SEoKEHE R . DA Eﬁ“ﬁﬁ%%
FHXT 16S IRNA NS ELR KB LUAH, o b
WEXFIARAL, B 1B Bon sigH JER 5 338 TR
A, A IER] BCG-China FikkH sigH J [
ARJRFR B E T BCG-Japan H . HE—FH
His FREEPUAIRIESME SigH-RshA & 1 /KF,

B
=80 ek ok
S70+ T
sigH g 60 |
242bp 'z 50 |
)
S 4 L
S
23l
R
~ 0
&
QQ

1 2 3 4 5
‘ ‘ < SigH-RshA

Identification of high expression of sigH-rshA gene in recombinant BCG. A: The results of gene

expression level verification. 1, 2: The expression results of pCherry-C and StR-C, respectively; 3, 4: The
expression results of pCherry-J and StR-J, respectively. B: Grayscale analysis results of gene expression levels,
the ordinate value represents the relative grayscale value of the target gene expression level compared with the
reference gene, data from three biological replicates, Mean£SD, #-test (***: P<0.001, ****: P<(0.000 1). C: The
verification of the protein expression level in recombinant BCG. 1, 2: The expression results of StR-C and
pCherry-C respectively; 3, 4: The expression results of StR-J respectively; 5: The expression results of pCherry-J.

http://journals.im.ac.cn/actamicrocn



352

XIAO Wenxuan et al. | Acta Microbiologica Sinica, 2023, 63(1)

&l 1C iF B StR-C il StR-J H MG 1 e A
ik, UKiAE 3. 403 SR-J 1 2 AT R,
Je SEAH ST 56 16 FH 22 R s VK 4 ikt
[ StR-J FLFE o FH T 40 A ISR 3A Y SigH-RshA
FEAAE His FR2s, ki 2 F1 5 FFACE ) pCherry-C
1 pCherry-J] HHEARRER /NI RW . M2,
1 FRIK sigH-rshA 2 BCG-China . BCG-Japan
PRI A A B
2.2 43R IE sigH-rshA H)E LR BCG-Japan,
BCG-China Bk A IMNE K LEER

N THE sigH-rshA H3d 3K 5215 0
AT B RAME K T I R AS R 5 % B ) 40
PR IR ODgoo [, IR K 2R (& 2).
R L ks 235 S 2 PR B 4 T vk e L e vk 2 2
DTSRI RO RS AR SR (Y AR
AR BT, TR A a2 R T AR A AR E Y T
W ODgoo (HAFE = T XA, fEfaEd, T
R B TR B B KT, B SR IR AR A5 AH X
AMAETR, SHNMIREE AR, B 2 1
E IR | sigH-rshA FER ) = 2216 0] BB A F
TR N A
2.3 4RI sigH-rshA BIE2H BCG China
B AR B AR EE 5

BT RAE FAR R, FATH % E L BCG

2.5
2.0+
gl.5r
Q
Q 1.0 -o-StR-C
-m-pCherry-C
0.5 ——StR-J
pCherry-J
0.0 : .

1 4 7 10 13 16
t/d

2 EIH BCG HFIMNE KHRZL

Figure 2 In vitro growth curve of recombinant
BCG. Growth curves of StR-C, StR-J and pCherry-C,
pCherry-J plotted according to turbidity, Mean+SD,
data from three biological replicates.

<l actamicro@im.ac.cn, & 010-64807516

N2 RR B J774A.1 400, LIFASE StR-C I
PRAERRE W10 A K 3402 5 55 LA s 4 L Py
WEFEA—3 Y 4 h JE VRN IR AN R A
HOTE B AN & 10 USSR HHE R 1 mL
DMEM+10% FBS RFEMISMHTR , H—H 532
A S VR BT B AR P AN B CFU. 74T
i SRS AR SRR SR AN A 120 h, & 24 h HL
FETH BN B Bt . it oA &R B, SigH-RshA
B FRIE, X E VAR AW RE 1 0,
AR B T4 BCG Y N 34 58 (18] 3).

FATFM A Cell Counting Kit-8 35 Fhi &
2H BCG-China FHRIEYY 5 L W 200 B 14 15 58 K 3k
Y% H 2B Ak, KBS T E 20 BCG-China 24
5L X FEBR A AE A R s e B E M2
W] SigH-RshA 195 & 35 AN 52 0] [ I 200 i 1 185
B, ARSI R A M B g 5 B R . B
I 241 e e S A g [ B, ] s ol 4 s — S
A R 7R G s R VE . TNF 2 1A ZFh Ak
R S N RO R SN RS
TR AR L 5 R SE SO S R 4 AR W)

50 000 o SIR-C

40000 | -= pCherry-C

skkk

30 000

CFU (mL)

20 000

10 000

0

t/h

[E]3 StR-C # pCherry-C 7£ J774A.1 LA B 1E5E
Figure 3 Proliferation of StR-C and pCherry-C in
J774A.1  cells. After sigH-rshA overexpressed
BCG-China infected J774A.1 cells, their intracellular
proliferation was continuously monitored. The
experiment was repeated twice, the results of the two
experiments were consistent, and each experiment
contained at least 3 biological replicates, MeantSD,
two-way ANOVA with Bonferroni comparison test (*:
P<0.05; **: P<0.01; ****: P<0.000 1).
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B K 4 F£W, £ MOI=10 i}, SigH-RshA
1 FRIRMEY BCG JEYL Jo 2 il 3 5 5 20 it =
A= AR E ) TNF-0 20 .

15000 - o smG *ar
-=- pCherry-C ook ook
21000 | = Blank v 5 5
E‘Z *i*
7
E 5000 |
0 1_‘_‘—A=¢
48 1211620 24 48 72 96 120144
1)

4 StR-C F1 pCherry-C Bxt J774A.1 4HAf
TNF-a 53 3B 5200

Figure 4 Effects of StR-C and pCherry-C
infection on the secretion of TNF-a in J774A.1 cells.
Data from at least 3 biological replicates, Mean+SD,

two-way ANOVA with Bonferroni comparison test
(*¥**: P<0.001; ****: P<0.000 1).

2.4 EFRiX sigH-rshA HJE4H BCG-China
Bk R 2 M ITMN

LA T, B IS B SCID /MR
R, EEIkISIE L BCG-China J5 W/ N4
PGS, YR RIS N R AR E AR RIS
o JERYYFHE 2 RAFLHALIE 2 FUNRL, 55 1 RIS
4 JEERHBEALALFE 4 FUNEL, o3 BUIFIRgE, 58
THAZUR TG TR R, PRI LR T
2 YT AR, AR, R,

g BN, SigH-RshA H it RIEAN SR
i) BCG-China J& Y4 5 SCID /) FUA T ARk #,
{52 565 2 R0 % 2 [R] A J Gl 4 A7 7E I 3 1 22
St A, 1583k SigH-RshA B4 BCG ik
&L SCID /N, KRERANE 16 A RIZET,
XA/ AEIE A R 58 de ML R,
A BARN) BCG X BRI 1Y SCID /N ERAE TG
WA, — BRI LS4 (19 Ji) SCID /M
AATRIET, 2HZRG I EERBE, B S H

A 12 -o- StR-C ‘ns
- +pCher1’y—C $kk
fgn 1.0 -+ PBS [
o LUK
z
o
e
= 0.8
O]
~

0.611111||11|1||1111|1

012345678 9101112131415161718
t (week)

B 1.0 F 1 StR-C | oo
= O F _1_ pCherry-C etk
E — PBS [ sekrn
@
= 05 F
2
3
& :

0.0 L

90 100 110 120 130

5 StR-C 1 pCherry-C K& /5 SCID /MNRAFELTL K &Pz
Figure 5 Changes in body weight and survival curve of SCID mice after StR-C and pCherry-C challenge. A:

Relative changes in body weight of SCID mice after StR-C and pCherry-C challenge, i.e., the body weight after
challenge divided by the body weight before challenge. B: Survival curves of SCID mice after challenge with
StR-C and pCherry-C. The weight change curve of SCID mice was analyzed by one-way ANOVA with Bonferroni
comparison test, Mean+SD, and the survival curve of SCID mice was analyzed by log-rank test to analyze the
difference between the survival curves of mice in each group (**: P<0.01; ***: P<0.001; ****: P<0.000 1).
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Figure 6 The bacterial load of SCID mice infected with recombinant BCG-China strain. Viable bacterial
load in lung tissue (A) and spleen tissue (B), data analyzed by one-way ANOVA with Bonferroni comparison

test, Mean=SD (n=4).
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