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Streptococcus suis type 2 PPCDC protein affects permeability of
blood-brain barrier

JIA Wendan, MEI Jikun, WANG Zimeng, LI Fengyang, LEI Liancheng, LI Na®

State Key Laboratory for Diagnosis and Treatment of Severe Zoonotic Infectious Diseases, College of Veterinary
Medicine, Jilin University, Changchun 130062, Jilin, China

Abstract: [Background] Streptococcus suis type 2 (SS2) is a major zoonotic pathogen leading
to global economic and public health problems, causing meningitis, arthritis, and sepsis.
Phosphopantothenoylcysteine decarboxylase (PPCDC) was screened out in the previous study
about the interaction between the porcine blood-brain barrier model in vitro and S suis
genome-wide phage display random library, while the mechanism of PPCDC in affecting the
blood-brain barrier remains unclear. [Objective] To explore the role of PPCDC in the
SS2-induced meningitis. [Methods] In this study, the recombinant protein rPPCDC was
expressed in Escherichia coli. The monolayer barrier model of human brain microvascular
endothelial cells in vitro and the mouse infection model in vivo were established to study the
effect of rPPCDC on the permeability of blood-brain barrier. Furthermore, the rPPCDC vaccine
was prepared for the immunoprotection test in mice. [Results] The soluble recombinant protein
rPPCDC was successfully purified. This protein reduced the transmembrane resistance of cells
in the monolayer barrier model, increased the number of SS2 breaking through the monolayer
barrier in vitro. In addition, the protein enhanced the pathogenicity of SS2 in mice. The mice
vaccinated with rPPCDC had higher serum levels of rPPCDC antibodies and increased survival.
[Conclusion] PPCDC can enhance the permeability of blood-brain barrier and promote the
destruction of blood-brain barrier and brain infection of SS2 in mice, thus exerting the
immunoprotective effect. The findings provide new ideas for the future research on the
pathogenic mechanism of SS2 and the development of vaccines.

Keywords: Streptococcus suis type 2; PPCDC; blood-brain barrier; immunoprotection

$E5EBR 17 (Streptococcus suis) & — Rl 2% [T
FRAPEBRTA, X4 BRI FE A 3% F I A8 ™ IR Bk
&, IEME B E AR A gL N, o
FEB TR 5 BRI T ) 25 57, E 2T
YRE 29 B[R] A IR B FE k2 il i R
FEAEBR T 2 Tl (Sreptococcus suis type 2, SS2)4&
JCR R — Tl A I AFTE T 32 G 8
R i H A 3 m B0t F AL PEPT, SS2
BEGL GRS . IBIAE . ORI R L D
B9 55, NSl i B2 i e sh W s 32 15 e 2k

WA SR, TS R IR | AR et DTy
R OODNBERES, REAFEAILTIER S,
i 5 ¢ e SS2 kYL | S 1Y) i B B A I R
fiEo SS2 AR YL F AR R T s AR 1 i 32 22 [
A2 2% B AR LA FMY, e BR TR R 75 2% M Fh i I
BN B M A AL R Y I i B B (blood-brain
barrier, BBB)JLiE T HAE R 1A & 16 F IR 58 . 78
XF SS2 FUR AL R IR AL # v, S M
WA . I R S BUR A e & T
PR, ENEESRERS ST SS2 XE &
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IR . AR ERMY B RY, SR
=5 18 G F R (RS BBB R AL b 4 Bk
TR A Bk DY) A W TR A B PIL R s S A HLAR
M, T 14 Rl RES SR BERK TR K 1 BBB
R AR A, BRI R DA LR E
FEARIE WIAH o0 1o, R U2 Tt 1 e 24 IR
¥ lif§ (phosphopantothenoylcyteine decarboxylase,
PPCDC)7E Hif # T 5% vh 9 & BL AT BE S 5 4% ik Bk
AR BBB (i #21Y, (HIFARIF ARG ST .

ik, FAMEBE PPCDC fE SS2 J&YLfs &
R AR, Bt 3% BBB S 2 M S 20K B R 1Y
R o FATAE A S ARG G P R 200 i B )2
J BE AR SS2 B i /)N BB B4 58 PPCDC
HEXF BBB @S MR, LU S SRS
SS2 AU A2 S AL A i e 5 B A o B it
Bt S

1 #HRE5r=E

1.1 #&

WEEEBRTE 2 B SC19 B bk . JFHkL pET28a Fil
A A N N AR I A8 P9 B2 4 B (human cortical
microvessels endothelial cells/D3, hCMEC/D3),
A SZIG = AR ;5 K AT (Escherichia coli)
DH5a., BL21 /&3 5401, TaKaRa 24 +],

SPF 4% BALB/c /N, MEPE AT 20-22 ¢,
LT RAEYEARBAABRA R, S FERF
B R E S E BRAR R EOR, F &SN
SY202201009,

1.2 EFEMEERF. X

fii (32 W (brain heart infusion, BHI) A 7 1%
Ak, TR AEYEARARAF; 1640 Fidf
3, Gibco A Fl. 2xPrime STAR Premix. PRifil
YRR N VIR A T4 DNA %307, TaKaRa 24
Al 5 DNA JE DGR &, A TA Y TR i)
AT R 5 ok N iGR &, RARAAER

HALs)A R ) ;3 Ni Sepharose™ 6 Fast Flow
EAALH:, GE Anl; His-tag /DR TREEDT
i, B REWHEARBEGARAE; PN
il IgG-HRP Hiik, Affinity Biosciences /A ;
Montanide Gel-01 pr, Seppic /A F; ELISA i3]
&, PR A YRR R A PR | . BIR K
V- HL VKA BRI 54X, Bio-Rad 24w ; PCR Ji
384, B H B R A R A\ 85 F
(PN F 20 R BEL DU A, R e 235 R P )
1.3 5|41t

0 if) NCBI /A A& #ERKTE 2 B SC19 TE #k
) PPCDC £ [H ¥ 51 (CP020863.1), #iTI4 L
5|9 P1 (5-CGCGGATCCATGGCTAATATCACAC
TTGC-3")H1 P2 (5'-CCCAAGCTTTTATTTTTTT
TCATCAAGGGTG-3').
14 F|AFRIAF K pET282-PPCDC RIHEE

W HX 37 °C . 180 r/min T BHI A 375
Fi 2l 1 SS2 SC19 B, 12 000 r/min .0
5 min 7 3, ALXE/KELREG, 100 °CHE
10 min, 12 000 r/min &.0> 10 min, B FiF, 42
U SC19 &% [H4H DNA. K P1/P2 ¥
PPCDC H %A . PCR I A& £ (50 pL):
2xPrime STAR Premix 25 pL, #54%(118.2 ng/uL)
1 uL, P1,P2(10 pmol/L)#% 1 uL, ddH,O 22 uL.
PCR S % £51F: 95 °C 5 min; 95°C 10s, 58 °C
5s, 72°C 1min, 35 KfE¥; 72 °C 10 min; 4 °C
f’f7o [l PCR ) K PPCDC JE[H 5 pET28a
A BamH A Hind TI#E T XUEEYT, 724
Z AR I 2 KGR DHSo 83248
AfLrh, F B EIRFR P AT PCR SN 4 5E K
JPAEE, BERRY A A FHE B EE A ORI AT
1.5 FHEA rPPCDC KBS RER L

W 2 5 A BH A 1) B 2 R A Ak 2 R I A T
BL21 Bz, HiSH IPTG B3 &E N
253k, 6000 r/min. 4 °CES.L> 10 min W HADT
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VE, EEJEUK AR, T3 200 W5 5s.
f#1k 5, 315 min, EE 4 REZHBEYIA
b, MR R N A, A Ni-NTA 2%
MR EATalide . R T AR 2 TR B B Rk
113735 S S N i B9 7 LS T  E :  =
#5417 SDS-PAGE 4r#r. #BUEME— s . 4lifk
HM.

K HIBCA M M, #17 SDS-PAGE
WUk, &A% F] PVDF B F, i HBAS DY
¥y =W E A, Zad—Pi(His-tag /)N B S REHT
), Pl EHTUN R 1gG-HRP BTk E, ot
FIAb2E R EREI, 3 3 BEEIR B Tl SR .
1.6 PPCDC X} SS2 5 hCMEC/D3 1R%&.
Fh RS 22 0w B0 480

hCMEC/D3 4 7E 6 Lk h 1555 = 5 FLE
80%/C A7 (2 10°4Y), FRIEaRdt, Xy RfLmA
FhbREFREL, AAFRFLMA PPCDC #E47 434,
37 °CIFH 3 ho  LAUBRILA $(multiplicity of infection,
MODN=20 {Z4e4iifs, 37 °CH¥HE 1 h, PBS Wik,
JMA 0.5% Triton /EFH 15 min J5, 6 000 r/min,
4 °CE.0 1 min WERUTTE, AP, THES
A B, R RAEEYAIE 1 h )5,
PBS i5UE, FLINIIA & A B RAEZ (100 pg/mL)
) 1640 B5 353805 E 1 h DIIEBR M40, ik
17 Rk WA, AR R 2R
B R ECH A B R BB 2.

1.7 PPCDC X}{&5F hCMEC/D3 B 2 5
P 4% BY 17 15 1 52 M 1) 4650

JE%& hCMEC/D3 ¥ N 4x10* 4~/mL,
fL 500 uL HH7E transwell ARG FR/NE . ilE
hCMEC/D3 H4J2 it i 40 i i B e BELAEL, S5y
Q/em? ., 4 i #5 B BH (transepithelial electrical
resistance, TEER)=1.12x ({4 2H i, BH—25 1 4
FH). Wii#| TEER HEFLLAE G, RURIZR
PR A A )

FrH R BB ST JE, B E X IR (PBS)4H .
rPPCDC 4. SS2 4} SS2+rPPCDC 4. &
EABIBSE 1. 2, 3. 6.9, 12, 24 h i) TEER
. RE, EA@M 1 h 5, [ SS2 K&
SS2+rPPCDC HEMIE HE SC19 Hili# 2 h, W
B transwell T EREFRE, WRIEIFRE T EE
T
1.8 PPCDC %i//\i& BBB @i % 8946

¥ 15 HMErE BALB/c /MNEAESFZE SS2
20 . SS2+PPCDC #H Filx} B8 (PBS)4H . 43 1) Xt
B U BRI S 150 pg/100 pL rPPCDC
o SE AR RS PBS. 30 min J5, KXY
SS2 T #k(ODsoo fELZI M 0.8)LA 1x10° CFU 5
SN . Y 24 b JEaE O R
Je B, BURHET 1 h R ERIK S 200 pL 1%t
SRV (evans blue, EB). Ht 3/4 4l 4L, f#H
RS B  EB, SR 600 T & I
IE U ODgoo, XN EB & & 47 & 797 .
B 1/4 W, S35 VRO, R ik 4] 2 i
Ak
1.9 ZFPEEH rPPCDC EEHMFIER
by b

rPPCDC 5 10% Gel-01 R &5 £
S TS 100 pg HE, X/NRFT R
P, XFREZ AR BRER K, 14 d K 28 d 543 5k
AT IR G gZ MG S e o SR A /N R 22 i il &
M, WEH/N R IgG-HRP ik b —Hi, I
)42 BELISA J5 A5 I i 375 H 5 41 26 1 g B iAok
o fiH ELISA 358 G i v # IFN-y 1
IL-4 BRIRKF o S e X0 SS2 kLA
1x10° CFU By 71 18 s e /N, e /N AT
TGO
1.10 ZeitZEaSh

FFH GraphPad Prism 9.5 {41148 112%
GYMT, RIS FEA t K50 0 o 25 Sk
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2.1 EEAFRIAFH K pET28a-PPCDC H
HEER

Ay PB4 FORL pET28a, SC19 4 JE[H 4 M
o %) 4 3R 1K 1K pET28a-PPCDC 1 (1)
PPCDC JLH R B, filiik)a, fEEH KA
# /K pET28a-PPCDC k1B H Al W2Y°K 549 bp
LR R B, SHUH R BER/MERF (B 1A) . Xt
pET28a-PPCDC H 41 fvki 1T BamH A1 Hind III
WEFDISE , 55 BR15 2B A/IMG B LR
F B (B 1B). [RIE, W7 25 2R s To2d FE iR ek AR
HIBIE SR, KB BHMEE 4L ik pET28a-PPCDC
R
2.2 EHEH rPPCDC WIS RIEX
R

RAFMHEEA R A, 1S RE

Jei ., fH Ni-NTA SERFESE T4l 2o ugiE—
B . Hl&E A4S T SDS-PAGE 43
Mr, 7E15-25 kDa Z [ BB — ST 1 4%
i, KAMFG TN 53 it K/ 22 kDa,

Bi#f e rPPCDC EAHE AT LIFW b RIL, B
500 mmol/L WRME G Ve (E] 2A), 28881 3
E— k4 . stk (& 2B).

[i5] s} i pET28a-PPCDC 41 Jii %7 [ PPCDC
IR IE LI T Western blotting B0IE, 455 5.
N, AFHE—2524 22 kDa BIZ5HF (K 2C), ST E
1 A BoAE Rl R 75 S 1 4lidk rPPCDC 21
2.3 PPCDC %f SS2 5 hCMEC/D3 1%
Z. MR

RN, MR RTRRAL, S fPPCDC
HIES A B B U R e hCMEC/D3 YA
£, (AR AN AR BT (& 3). Xk
] PPCDC #4738 T SS2 X%} hCMEC/D3 H12%2 .

1 FBERIAHIF pET28a-PPCDC FIEE  A: PCR XKEZEHEM: DL1000 DNA marker; 1: FHH:X}
B8; 2: pET28a Jiki; 3: SC19 2MEM4L; 4. H4IKAHIk pET28a-PPCDC), B: MUY %5 45 5
(M1: DL15000 DNA marker; 5: B4 #ik#{A pET28a-PPCDC; 6: 4 Fik# A pET28a-PPCDC X[}
Yl / Bt; M2: DL2000 DNA marker).

Figure 1 Identification of the recombinant expression vector pET28a-PPCDC. A: PCR identification results
(M: DL1000 DNA marker; 1: Negative control; 2: pET28a plasmid; 3: SC19 complete genome; 4:
Recombinant expression vector pET28a-PPCDC). B: Double enzyme digestion results (M1: DL15000 DNA
marker; 5: Recombinant expression vector pET28a-PPCDC; 6: Recombinant expression vector pET28a-PPCDC
double restriction fragment; M2: DL2000 DNA marker).
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A B
kbDa M 1 2 3 4 5 6 7 8 kDa

25

B2 BSRERGHEE A FESHEA4LL PPCDC 1Y SDS-PAGE 45 %:(1: IPTG B SRTH W ; 2:
IPTG 5SS AWM ; 3. WiWE)E Fil; 4. BERUIIE; 5. WEW; 6: 20 mmol/L RISV I & I ;
7: 50 mmol/L WKMEPERGE M ; 8: 500 mmol/L BEMEPERGE ). B: rPPCDC (1) SDS-PAGE il 45
9. EHEM rPPCDC), C: rPPCDC ) Western blotting Kl 2% 5(10. FHHE 1 rPPCDC), M: &
[ marker,

Figure 2 Identification of induced expression and purification. A: SDS-PAGE results of induced expression
and purified PPCDC (1: Bacterial broth before IPTG induction; 2: Bacterial broth after IPTG induction; 3:
Supernatant after crushing; 4: Precipitation after crushing; 5: Effluent; 6: 20 mmol/L imidazole-eluting
protein solution; 7: 50 mmol/L imidazole-eluting protein solution; 8: 500 mmol/L imidazole-eluting protein
solution); B: SDS-PAGE results of rPPCDC (9: Recombinant protein rPPCDC); C: Western blotting results of

rPPCDC (10: Recombinant protein rPPCDC). M: Protein marker.

2.4 PPCDC 3f{£45N hCMEC/D3 B E 5
PR BYIEIE 4 RS2 i

hCMEC/D3 H1J2 i P A A 2 — e o S 1) 512
I T H, FAFEREM5RAN BBB HIIREM
etk BITRAFHBEBEDIRE AR EE R X E
S WK 4A s, TE/NE R hCMEC/D3 4
fJE 8 d W, BRI B RF ST, Z)E
ki, #RWPELAEIN h\CMEC/D3 H)Z
BEBEBIRURAS RAT, TR F/REsis.

TEER {5 W T 4 e [i) 'S5 5% 3% e e B S 2
ME B, (R, FoREEBEE, FEEY
REEE AU, AT EAE A PPCDC Sl A
=, FIFHES () Bz 40 A e BRI 7 4845 252 1
P BRI TEER {4 24 h INA9AS(k, 455058
7N, FHET PBS 41, #£ rPPCDC 1EH Tk
JZFEREERR 2 h 5, rPPCDC 204 %! TEER {H F

R RA ST I 2, IF FL KT X B4 (1A 4B),
FMH PPCDC E A Bl hCMEC/D3 512 i [ i
RUGE B ERER . 3oh, FRATIEAL T 28t 2
5 B 4] TR 7 B 45 SR AN R 4C BT, ARAR TR HR
4, EHEN PPCDC RANE B &I T =W
FZBRRER) SS2 (SC19)%ii:, #2/" PPCDC
$1E T BBB U BERETIRE, (15 SS2 A5 2 Mk
Jit B .
2.5 PPCDC #n/\i& BBB HIEIE 14
X4 BBB i}, xS (evans blue, EB)
YRl BEIE A MG, @Rl k4124 EB
YuRhik S 80 A AT LA BBB BB, M
BT PBS 4, 1YL Y SS2 4 K SS2+rPPCDC 4
NGRS R T —E B A, S Ah,
SS2+rPPCDC 41 [ YRR EE R IR, DX i B BE R
(F 5A). 2zilbrifEmhgk, A mZHEH EB &,
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Figure 3  Effect of PPCDC on the number of bacteria invading (A) and adhering (B) to hCMEC/D3 by SS2.

*: P<0.05; ns: P>0.05.

— 1ev " el - - = = = - — 13()[» x = £ 0 l:l -
100, —— 3+ %5 o & n 120 S %@-&Q
4 rPPCDC X REEFEREBEMNEM A RZFEEMKEYT; B: PPCDCIEHARZER

AR S TEER {HAYINGE 5 C. ST B )2 5 o i AU fd) 40 T 5500

Figure 4 Effect of rPPCDC on the permeability of monolayer barrier model. A: The establishment of
hCMEC/D3 barrier model; B: The detection of TEER of barrier model after treatment with rPPCDC; C:
Number of bacteria breaking across the monolayer barrier model. ns: P>0.05, **: P<0.01,***: P<0.001.

RN,

T R R

e

rPPCDC & BG4 /N UK EB A9
TR E AT SS2 41(E 5B). [N, Xfhkdls!
TR, R SS2+rPPCDC 4 %k i
FE T SS2 4 (K 50), #E—#1i] PPCDC 14
JNT BBB BN, FakgERIESL, FE SS2 J
Jept#Erp PPCDC Xf/NEL BBB i 7 14 1) il 5if

2.6 FLEH rPPCDC EEBRITEM
TG B T rPPCDC A i 5
FAVER (PPCDC 544 FIR A il £ L% W XT

INERIEFT R R G BE . R B BN i A

SS2 YL JF ML/ NAFIE % . 5 3 RIS/
BRIV P AT I 25 2R s, By 28/ BRI
HIUAKE B RS 6A). W, FA1MHH
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A B 8000 — . C Kok
80 I
C N
PBS —
6000 |- fp B ol AT
- 2 |
, = 1| =
S2 <2 4000 @ 40
g A k>
< )
& =
’ . 2000 [ 5 il
$S2+rPPCDC 5 &
() —eeeee 0
o‘g" %%% pQC’ QQ’% %%q, r‘QQ
% 5 rPPCDC XIMRXEMREFEBEMEASN A: EB L5/ EUNAHLE; B: WHSFEAE; C: W
AR AR

Figure 5 Effect of rPPCDC on the permeability of blood-brain barrier. A: Histogram of mouse brain after
EB staining; B: Number of bacteria in brain tissue; C: Evans blue levels in brain tissue. **: P<0.01, ***:

P<0.001.

ELISA 43 M s S J5 /N B ' IFN-y i
IL-4 W53k, Lol iEAh tPPCDC il e
) Th1 BUFN Th2 RGeSOk 53R BoR,
AR T X BR A, S iz 2H /N BRU™ A2 1) TFN-y i1 IL-4
KB ETHE (R 6B, 6C), & /N4 41 i
AR I RN . 7358, rPPCDC Ry iR T
SS2 JE&YL Je /N BE TR ], [RIE X R /NER 7 d
AT R 16.7%, T iE 5 m h 33.3%,
XEEE T /NG (B 6D). X B R
tPPCDC HA7 R A7 S 0 S R e It i Ak
7 SS2 (SC19)E k-4

3 itk

FEEEER R — ™ E N L e
W, FERTA M A A rh, FEEERRTA 2 BY(SS2)TE
T B P 43 i Rt . BOW PR R SRI, 2K
51 [ PRk S i e TE . SS2 YL IR R R &
G, 5  K BRI S 8UE EAETS, SS2
KA E—4#d BBB 5l kKA, B

SRE AT T —LefBoE i SS2 2 A1, (A
HEHLREAR AR AR, K SS2#
WAL o Bl s 2 VNS K sy B Wy

4il A (coenzyme A, CoA)&—F | 2 AF1E
T3, Y SAEY R TR BIE -, CoA
KMHEMHEMZSET TCA a3 . NENitR 5 55
Z R RHERU, X e HLAR E 5 B A BT
2 XHEE, PPCDC 1ENEEAD M EZAY)
CoA & iiid A i CHE , 7E SS2 CoA &
2 A R D AR EEAE . SR E
T I 28 2o % K T 4 i IR 20 g 71 AR Bt AL 7R S
PEFIRE (4 BBB BUEUAR BAF AL 14 FhiE
Hof, Hrhaihe it i n SS2 & 1K
TR | HEALESE, 5 SS2 Buwtk# VA
K® [, PPCDC A —Fl, s
5 SS2 ZM% BBB 13 2 b & 5L A AL
BAEN SS2 Wiesi IR FRy A aetk, (HE4
AR T AR R SY . 5 PPCDC 240, 79 i iR B
S (pyruvate dehydrogenase, PDH) & SS2 1€
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Figure 6 Efficacy evaluation of recombinant protein rPPCDC vaccine. A: Determination of rPPCDC
antibody levels in mouse serum; B: Detection of IFN-y concentration in mouse serum; C: Detection of IL-4
concentration in mouse serum; D: Survival rate of mice challenged with SS2. **: P<(.01, ***: P<0.001.

P R, pdh SRR T 2B
IR FRIE, FESS2 7228 . AYIETE Wi
PUNV AR ) 0 AR ARSI UE T PPCDC
TE SS2 WA BBB i 2 H A E K BE T4

U TR R AR R A . AR AL
PR A A BE Al , 2 B0 R R Hh ) G s A RS
MR R, KIBFFE K1 H 98 A+ csiR il
T PR O LA P R A P A S e i
Il - V] O g2 N T N L N E AN
FIZEi% BBB 1R 11, SS2 MFhHf . RAEFH
ik R B EIERGY, #i45 T BBB B
WEDhRe, JEERNUAIGRER . BRI, CHEEZ
B (capsular polysaccharide, CPS) . H /M EE-3-B IR

JIii (i (glyceraldehyde-3-phosphate dehydrogenase,
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