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[Abstract] Objective: To constract the Rv2647-deleted strain and Rv2647-complemented strain of Mycobacterium tuberculosis(M. th)

and Rv2647-overexpressing Mycobacterium smegmatis (Ms: : Rv2647) by phage recombination technique, and to evaluate the effect of
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M. tb Rv2647 protein on lung injury in model mice. Methods: A homologous exchange site was constructed and integrated into the
phage genomes of M. th, producing phagemids that were introduced into Mycobacterium smegmatis (Ms)to create a recombinant phage
with a homologous exchange site. High-titer recombinant phages were amplified in vitro and transfected into M. tb (H37Rv), followed
by static culture at 37 C for 28 d. The single clone was selected and verified by PCR, yeilding the Rv2647 - deleted strain
(H37RvARv2647). The Rv2647 gene was amplified by PCR and was integrated into the multiple clone sites of vector pMV361 and
pMV261 through seamless cloning to obtain the positive plasmids, which were transfected into H37RvARv2647 and Ms to obtain the
Rv2647 - complemented strain (H37RvARv2647: : Rv2647) and Rv2647 - overexpressing Ms (Ms: : Rv2647) , respectively. The
suspension of H37Rv, H37RvARv2647, H37RvARv2647: : Rv2647, Ms, and Ms: : Rv2647 were used to infect CS7BL/6 mice via
tracheal injection. The survival rates, lung tissue bacterial load, and pathological damage of lung tissue in model mice were compared
at 7 d and 30 d, respectively. Results: The PCR showed that Rv2647 gene was missing in the H37RvARv2647, while it was present in
the H37RvARv2647: : Rv2647 and Ms: : Rv2647. The 30-day survival rates of model mice infected with H37RvARv2647, H37Rv, and
H37RvARv2647: : Rv2647 were 100.00%, 83.33% and 83.33%;, respectively; The 7-day survival rates of model mice infected with Ms
and Ms: : Rv2647 were 100.00% and 83.33% , respectively. The lung bacterial load (IgCFU) of model mice in the H37RvARv2647
group (3.40+0.18) was significantly lower than that of the H37Rv group (3.86+0.15) , P < 0.001) and the H37RvARv2647: : Rv2647
group (3.80+0.16), P < 0.01) ; The inflammation area (% )in lung tissues of the H37RvARv2647 group (4.37+3.06) was significantly
lower than that of the H37Rv group (62.76+14.24) , P < 0.001) and the H37RvARv2647: : Rv2647 group (67.37£0.45), P < 0.001).
The lung bacterial load (1gCFU) of the Ms group (2.53+0.16) was significantly lower than that of the Ms: : Rv2647 group(2.81+0.13),
P < 0.01); The inflammation area(% )in lung tissue of the Ms group (5.71+£1.29)was significantly lower than that of the Ms: : Rv2647
group (33.13+13.84) , P < 0.05). Conclusion: The Rv2647 - deleted strain (H37RvARv2647) and Rv2647 - complementary strain
(H37RvARv2647: : Rv2647) of M. tb and Rv2647-overexpressing Ms (Ms: : Rv2647) were successfully constructed. Rv2647 protein
may aggravate lung injury via inhibiting host clearance of M. tb.

[Key words] Mycobacterium tuberculosis; regions of difference; Rv2647 protein; phage recombination technique; lung injury

[J Nanjing Med Univ,2024,44(11): 1517-1524]
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b A T Ak S I B 2 KIAAEEN . R
A8 (bacillus calmette-guerin, BCG) & H iy ME—n] H
(19 M. tb R 1, %oF ) LB BB OV 45 %093 T R 354 RLT
YEF AR BN B A DR3P 208 RS 3 4 A
HEER ORI, 5B AR LG, BCG 2% T 100 24>
FE R 2w 5 7 41, B B U 22 7 X33 (regions of differ-
ence, RD), AL 7 16 MX I (RD1-RD16)™ . #f
FLFR T, RD 0] I8 i g i 7 7E 2508 B 7R 25 4200 K
IR R R A EEAERYY, HRRDI3[X Rv2647 %
DAl G A i 1 0] i 32 1 B0 T i T A R AR . A
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H37Rv ) Rv2647 Z= @Rtk (H37RvARv2647) Al 1]
MR (H37RVARV2647: : Rv2647) ; Ms #% )32 i
FAk BT B E 1, SR BT M. b BUR AL 1) R 4T
FERIO, Rv2647 FERITE Ms ik 2k, ARHFT A 2 T
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WARHEL A D s FACH  H i (Rl A T TR A
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OADC (BD 22 Al , 3% [ ; ¥ % & B (hygromycin B,
HYG) . Tween-80 (Sigma A # , 3 [ ) ; Trans2KPlusIl
DNA Marker. Trans15K DNA Marker (4t 5% 4> 3 44
YIH AR BRA ) ; T4 DNA & B8  BR 1 14 A VI il
Pac 1 \Phusion High Fidelity DNA Polymerase(Thermo
Scientific 2 7], 38 D ; B HE UG & b s R R A
WRHA BR 2 71D 5 5 1] Wi 771 & 20 ) 265 R ZH $2 X
R (Omega A ], 3£ [H) ; MaxPlax™ Lambda W
PREL B (Epicentre ) H AR A ], SEH)D o
1.2 Fik
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M4 Rv2647 K] 7 41, 1) 48 Rv2647 5 R E Ui 7
FICIERE L) R B3R CH B R, 43 il it 2 8
LRSI (LFPLLRP) L A58 _E R i 51 9 (RFP.
RRP), Bl Rv2647-LFP (5’ -TTTTTTTTCACAAAGTG-
GACTCCCTGCCTAAGGTGCG-3"), Rv2647-LRP(5'-
TTTTTTTTCACTTCGTGGCGTGTTTTCGGAGCGTT -
3'), Rv2647 - RFP (5" - TTTTTTTTCACAGAGTGGA-
CAACGCAACCCGCAGC - 3" ), Rv2647 - RRP (5’ -
TTTTTTTTCACCTTGTGCCGGACAGGCCGAGTTTG -
3. B EEEERBY IS Rv2647 . % B 4%
WY Van91 1 F§1) PO004S [k f Rv2647 1A
HRE V)G W BOE SN DHS RS2 A 4,
PRHCR e [ B K, SR SURL IR IR IE o
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Mycobacterium smegmatis

ot R o 2 8 LR 2.5 KV, BLFE 1000 Q, HLZ
25 k), A Middlebrook 7THO(HYG, 75 pg/mlL),37 C
KRR )G, B 5 & & top agar 1R 21 348l T Mid-
dlebrook 7HI0(HYG, 75 pg/mL), 30 CH; 7% 2~3 d J5
7 120 1k AT B
1.2.4 “EEIRY 3

T R B AR RS A K B B
53 B (MP buffer F58 ¥E O R 5, 37 CHE & it
W, B0 3 BE, InNIE & Middlebrook 7H9 (HYG,
75 pg/ml), 37 CHEH I/, 5.0 7 BiEw, AR
1345 T Middlebrook 7HI0CHYG, 75 pg/mL), 37 °C
K595 28~42 d,
1.2.5 Rv2647 3 B 3% # (H37RvARv2647) 69 44 32

o T P W T AR B U H3TRY J& , 541 T Middle-
brook 7HI0(HYG, 75 pg/mL), 37 CH577 28 d &, HEHL
BT [ 42 A T Middlebrook 7H9 (HYG, 75 wg/mL)
37 CHiFR28 dJa, JRMFE R A, PCRIIE (& 1.
1.2.6 Rv2647 & B =4k (H37TRvARv2647: :Rv2647)
EE K=

PCR 4 14 Rv2647 JE A, B 14 N VI EcoR 1

HYG

A A T

Mycobacterium tuberculosis  Mycobacterium tuberculosis mutant

1 M. b B Rv2647 EE SR HAE T EE
Figure 1 Schematic diagram of Rv2647-deleted strain of M. tb

Al Hind Il B§17) Rv2647 JFURLAT pMV361 JBURL, 341
DIr=4y, 3044 5 4 OB 5N DHS B2 24541, PR
BT B N R B8 AIE pMV361-Rv2647 JF kL. HUE &
pMV361-Rv2647 Jii ki F1 4% 16 H37RvARv2647 [ 52 74
H ¥k, T Middlebrook 7HI0(HYG, 75 wg/mL, £ A8 5
7,30 pe/mlDIGFE28 d i, PREU e FERERE T Middle-
brook 7HO W14 3% 77 3 (HYG, 75 pg/mL, K &,
30 wg/ml), 37 CH7 77 28 d J& , W& B AR 3E 47 PCR
AECE2).
1.2.7  if k& 3K Rv2647 &9 Bk 36 2 H AT B (Ms: :
Rv2647) &9 #31&

PCR ¥ 3 Rv2647 £: A, [F1US H ¥ DNA Fr Bt 5
2R VE AL H U B pM V261 J5 KT (EcoRT A1 Hind 1)
H I Ak DHS g 52 785 41 B, B ECH 5 f I 7 56 1iF
pMV261-Rv2647 Jii #i . HUE & pMV261-Rv2647 Ji

Hor L 22 Mis RS2 AR 0, U A T TH0 [ 4 1 77
(EAF 2,30 wg/mL), 37 CH; 7% 3~4 d, PREL T
BB Pl 22 THO WA S: 75 25 (R APE 25 30 pg/ml) ,
37 CH; 77 3~4 d, WA A, PCR %3k
1.2.8  Rv2647 & & 3 Jifi 40 22 5% 32 A3 4% 2L & 69 4K )
i

235 H37Rv H37RvARv2647 FTH37RvAR V2647
::Rv2647(2x10°CFU/H ) BL Kz Ms Fil Ms: : Rv2647 (1x
107 CFU/FD S Ty CSTBLI6 /N 7, i v i =
TR T BRI /IS BRI [ 8 THAE &, 7R H B VIoT
FH B I, Bl 2 B R S WU A AR, B <, T
1 mL VRS 8@ S FdR B, S 4R L
B BB N R, R R, G SR N R IS BRI
o WA A R 30 d (H37Rv. H37RvARV2647 M
H37RvARv2647: : Rv2647) #1 7 d (Ms Al Ms: :
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M: DNA marker; 1: Left arm of DNA fragment; 2: Right arm of
Transforming Escherichia DNA fragment.
El3 PCRY#Rv2647 ERE 7 HEFE
! Figure 3 The left and right arm fragments of Rv2647

Transforming Mycobacterium

B2 M. th B Rv2647 EE B MRE R EE
Figure 2 Schematic diagram of Rv2647 - complementary
strain of M. tb

Rv2647) BIAFETE GO, 43 01 30 d A7 d J5 , S AE i
FIVE AL SEAS 2 B, TG B 2k 1 T B AR 2 Rt 2HL 21,
JC W PBS I U6 5 2 3%, B FE M RS J5 IR A T Middle-
brook 7H10, 43 5] T 1% 7% 28 d 15 d J5 #E47 B % it
B, VPR B 2H 24 B s o il 2H 2 e T
4% % FEREE, WK G A W, S pm &S Y)
Fo ZF IR I 0 F R FH A B RS KA, 25 AR e £
Ja KM, 1% 38R LB AT ik, R B i,
TR IR, Bh FEVRRE I 7K, — A 2R% B, R IE & s
55 T ALEZ, i FH Image-Pro Plus #4347 il 2H 21 46 i
PE43, VEAS it 20 2093 BE A5 A5 FE FE D,
13 %itzrik

K H Graphpad prism 9.0 247 4t v 70 #r, Fi s 3=
N ANBE R UEEE (2 2 5) . PR 2 5 B3R A
SEREAS ehar B o 20 L IA) 22 3y A SR FH B DR 3R T 224
#re P<0.05 WERAGIFEE L.

2 # R

2.1 PCR# ¥ Rv2647 £ B £ . &% DNA K &

15 I v DR FL DNA SR A B4 19 H37Rv ) Rv2647
B K A2 B DNA B (698 bp) , 45 B DNA F B
(835 bp), PCR 1] WA & 2% 717 (&1 3) .
2.2 #M#EH37RvARvV2647

B ) I [F10 Rv2647 JE R 72 4 8 PCR P2, 5

gene were amplified by PCR

Van91 1 & V) i KL p0004S %4 1k DHS o JK 52 75 4l
Lo i B S BE T T o Pac 1 BYIH R,
5 Pac 1 B V)1 5 R phAE159 3% #2 | 0035 IF £ 4k
HB101 352 A 41 i, 977 126 FH P W BRE I FL e Al Bk 2
A Ms, IR, 5597 3 d Jo 0 28 Wk B B, 7 38 1) 4% =
J5E W0 B A I B U H3 7R, 34, 37 CH5 77 28 d J& » b
BB 50 [ , R0 Middlebrook 7H9, 37 CH5 3% 28 d
Ja » FEEGE N 4L, PCRIGIE . PLH37RvARv2647 FE 4]
YHONFERR, 7] LR /N2 960 bp AT 1 190 bp ) DNA F
Bt. DLH37Rv 2 R H i, AR W H 1 DNA fr B
(K4,

(bp)

8 000
5000
3000
2 000
1 000
750
500
250
100

—1 190}
*96(?1),)71)

M: DNA marker; 1 and 3: wild type strain (H37Rv) , primer pair
LYZFP/LYZRP (1) and RYZFP/RYZRP (3); 2 and 4: Rv2647 - deleted
strain (H37RvARv2647) , primer pair LYZFP/LYZRP (2) and RYZFP/
RYZRP(4).

4 PCRIGIEH37RvARvV2647
Figure 4 Verification of H37RvARv2647 by PCR

2.3 #3 H37RvARV2647 : : Rv2647

PCR 73 Rv2647 ZE KA AT I U, 5 EcoR 1
A1 Hind I XA U] (1) pMV 361 J5i ki 5 2H I %4 4k DH5a
JRRSZ 25 20 P, Bk B e [ U P 3R IE pMV361-Rv2647
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JkL. pMV361-Rv2647 5k HL 4% 4 H37TRvARv2647
2SR, IR, 37 CREFR 28 d Ja , PRI v Pz
b F Middlebrook 7H9, 37 “CH5 9% 28 d J& , W & 1 14
FEHUE R 4, PCR 3840, 1 WL K /N2 675 bp 1) %7
(K5,

(bp) M 1 2 3 4

8 000
5000

3000
2 000

1000

750 675 bp
500

250
100

M, DNA marker; 1,2,3,and 4: DNA fragment of Rv2647 gene.

5 PCRISIFH37RvARV2647: : Rv2647
Verification of H37RvARv2647: : Rv2647 by
PCR

Figure 5

2.4 A Ms: :Rv2647

PCR ¥ Rv2647 5L (K], 5 pMV261 Jit Fi 5 2H I
e AX DH5 RS2 25 40 ., PR pMV261-Rv2647 J5i K
HL A A0 Ms SR SZ S A I, TR AR 3 77, PRIDLER S P 4 b
& THO WA H; 973, 37 CHE 77 3~4 d, AR 1 14, 12
HUHE R 20, PCR 30 1IE , H 3% By 1) 1 A ik R 28 mT AL
KNZ1675 bp 1261 (1 6) .

bp> M 1 2 3 4

8 000
5000
3000
2000

1 000
750
500
250
100

675 bp

300 bp

M, DNA marker; 1 and 2, DNA of the pMV261-Rv2647 plasmid; 3
and 4, DNA of the pMV261 plasmid.
6 PCRIGIEMs: : Rv2647
Figure 6 Verification of Ms: : Rv2647 by PCR

2.5 Rv2647 & QA R4 & F69%h

3 H37Rv H37RvARv2647 S H37RvARv2647
:: Rv2647 43 T C57BLI6 /N (2% 10°CFU/ R,
YL 30 d A I SR e DA B BRAE VR 1 L, 45 RO
H37RvARv2647 AR BRI 30 d 4735 2% 4 100.00%
BT H37Rv2H.(83.339%) FTH37RVARv2647: : Rv2647 41
(83.33%) (| 7A); il Ms F1 Ms: : Rv2647 &3 & Wiki

C57BL/6 /N (1X10" CFU/ ), &L 5 7 d NIESE
DALY FRAFTE TS L, 25 B Ms AT BRP) 7 d A7 R
N100.00%, =T Ms: : Rv2647 2H.(83.33%) (K] 7B) .

A 100 4 4 4 14
l 1 i i il
80
§ 60
T
= - Control
40
2 L H37Rv
204 -= H37RvARv2647
-= H37RvARv2647: : Rv2647
0 T T T T
0 7 14 21 28
Time(d)
B 100 & l & & Ny
80 = =
g 60-
Z
= i
m; 40 —L_Control
204 =Ms
= Ms: : Rv2647
0 T T T ]
0 2 4 6 8
Time(d)

A': Survival of C57BL/6 mice 30 days after tracheal infection
with H37Rv, H37RvARv2647, and H37RvARv2647: : Rv2647 (2x
10° CFU/mouse ) (n=6). B: Survival of C57BL/6 mice 7 days after tra-
cheal infection with Ms and Ms: : Rv2647(1x10” CFU/mouse) (n=6).

7 EEREFML

Figure 7 Survival curve of model mice

2.6 Rv2647 & G apH AR AT M. 1b 69 F Ik

43 AU G H37Rv. H37RvARv2647.H37RvARv
2647: : Rv2647 LA Bz Ms Ms: : Rv2647 [ A& 8 53 fifi 2
g, 5] I JG5 b & Fa B I 1 A T Middlebrook 7H10,
37 CopE B 77, AT Wik it 8. 4R ER
H37RvARv2647 2H %5 74 8 fiti 240 2210 B 671 17 (1gCRUD
N (3.40+0.18), i F K T H37Rv 41(3.86+0.15, P <
0.001) A1 H37RvARv2647: : Rv2647 % (3.80+0.16,
P <0.01, B 8A) s Ms ZH A5 7Y F5 i 2H £ 41 14 171 fuf (g C-
FU) K (2.53£0.16), {2 E KT Ms: : Rv2647 41 (2.81=
0.13,P <0.01, K 8B).
2.7 Rv2647 & G e T AR B i 48 42 9% 3L 4145

43 ) B JK 44 H37Rv. H37RvARv2647. H37Rv
ARv2647: : Rv2647 LA JZ Ms+ Ms: : Rv2647 [ 7Y 5
()i 2 253047 HE Y&, H37TRvARv2647 4L R 7Y 53 it
ZH 2 25 R R ) S0 R IV s 5 AL B T, D Rk
I M 32 1 5 980 T AR N (4.37+3.06)%; H37Rv 21l
H37RvARv2647: : Rv2647 ZH A% 7Y 5 il 21 21 45 MR
BH i, Mt e S5, Jtita () R S Bmi IR, O & 6 1 4H
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A: C57BL/6 mice were intratracheally infected with the H37Rv,
H37RvARv2647, and H37RvARv2647: : Rv2647 (2x10° CFU/mouse) ,
and CFU in lung of model mice in each group were evaluated on day 30
(n=6). B: C57BL/6 mice were intratracheally infected with Ms and
Ms: : Rv2647 (1x10” CFU/mouse) , and CFU in lung of model mice in
each group were evaluated on day 7(n=6). "P < 0.01, P < 0.001.

E8 15 R ATh4E LU B T o

Figure 8 Lung bacterial load of model mice

Ji 929, 48 E T AR [H37Rv: (62.76 +14.24)% , P <
0.001; H37RvARv2 647: : Rv2 647: (67.37+0.45)%,
P <0.001 1) 22 5T H37RvARv2647 ZH (K 9) . [A]
FE b, Mis 2HAR 2R BRI 2 21 &5 i) 45 52 5, i s &5 49
AR I B, 980 AR A (5.71£1.29)% ; Ms: : Rv2647
ZH AR AR % s 2 23 235 1) B O B, i 96 ] R B ER , R
FETH AN (33.13£13.84)% (P < 0.05, 1 10)

Control
¢y g

};% SRS

H37R

H37RvARv2647:

SERLI 2 T et I 98 Ah A R — KPR B — 9 Ji
IR SENEGEHEAL G2 B AT, BCG TS R
A, 21 24 B R Bz i 24 B AR B RA T JE— 25 i e
TEZRPIPIRE S . Kk, B YR BRI
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