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Advances in the vaccines against porcine circovirus disease
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Abstract ; Porcine circovirus-associated disease ( PCVAD ) is one of the most important infectious diseases, which causing
immunosuppression of pigs resulting in multiple secondary infection diseases, and significant economic losses to the global swine
industry. Currently, it has been reported that porcine circoviruses have at lest four species. And porcine circovirus type 2( PCV2) has
nine genotypes,among which PCV2d is the predominant circulating strain in China. PCV2 vaccination remains the key strategy for
controlling this disease. This review systematically summarizes the research progress on PCV2 vaccines,focusing on the development
and application of inactivated vaccines, subunit vaccines based on different expression systems, synthetic peptide vaccines, and
genetically engineered live vector vaccines. It also outlines the development and efficacy of multigenotype PCV2 vaccines and
combined vaccines with other pathogens,including the novel vaccine design strategies based on the Cap recombinant protein virus-
like particle nano-display platform. And it also highlights the limitations of the current commercial PCV vaccines and future
directions for new vaccine research.
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ORF,%ifh 5 F 2 1. PCV2 fFAE RS S H i 2=/ 9 it A 408 PCV2a, PCV2b 1 PCV2d
AU ORI, POV2 AL RS . FRT, POV2d R IR EMRARATE . [ 2016 4F Rk, [ A 41
8 I PR BB 3 i B R B 8 B s 25 T AT 4 Hh R AR AE PCV3 R PCVA Ry FERIN 45 2R R |
PCV2 5 PCV3 ORF2 JE K S i & LM R JRYEIN 2 37% , 5 PCV4 ORF2 [AlEL N 45% %4 PCv2 &
FRZERE WL T SRR AN AR T POV2 B R TR S A A v R T AR 2
s, PCV2 K524 F (Cap) A EE R EM, J& PCV2 WA 28 ¥ PR Bl
PCV2 M ki 2 . EAMRLALR PCV2 Bl /04 5 Fh, FRE A EWF AR PCV2 R MIZEH A 28
i, AL4E 16 Fh i ( UG HE BT 328 1 RN ORI 1 ) (10 Al IR v 2 2 P = IRBE B, 0F 11 e v
8 A, IR I B s R T AR

1 PCV2 &RENEEH

JEWFPIEEA PCV2 Fl PCVI-2 A REERR . 2006 4FA BLEA 7] (3 E) B & /Y Circovac PCV2 FEH
R —3K PCV2 JEHT MR T PCV2a, RIEFATRE S fE 580, vl A5 RL B AR BF MLAE | 95 5 41 2145
D HEEE AL I 3 AR 8% AR KL FosteraPCV 2 2 BREE — 3k PCV2 KK, E i
PCVI1-2a e i, SRR 2 P ol 28 UL 8 532 PCV2ad 2o 2010 453k B 1 vkl g
Ty PCV2 KIGFEHT , FEHFIEE N PCV2 SH AR AT LG #%, 239l J& T PCV2b ALFI PCV2a WAL, MJF, 2413
NARLE B & 5L Eh PCV2 K 3% B8 W, 9% 1 Fh % A DBN-SX07. WH. ZJ/C. SD #l YZ #k, J& F PCV2a 1§
PCV2b'"™ | G R B R0 PCV2 OIS RE I T Y SCHE RN 3 . PCV2 765 il i R v 4l T4 2243 24 S
FIKWEE M, 7E PK-15 40 M 55 5 o R v i A 2058 o 26 0 ) R0 4 i 3 24, AT AR 32F PCV2 & i, Hirai
AU 5 PURE R DR A e R B A0 S E A PCV2 RS A . BRSADAED ik 1 PK1S-B1 se 4N, PCV2
T B AT R 100 f5 A

2 PCV2 TE(IEHE

21 W22 N A7 R IR A T R 5 B DN AE RS B2 MRS B2 5 R IA R G, (U RGR T
PCV2 Cap FHIE A, W AN AT B R Z 0 Bar, T E A =0 & MR M PCV2 W75
A 7, Horh 2 FpoR ARG 3 R RIA 5 M HURR I K IGATI R G RIA
2.1 EAMKRBETACEE

FEARI B R T8 R G0 AT DR AT AN iR (0 55 07 U MR AN IR AR 1, (A i F 40 48 1 B 5 R AR
B AU S5 R ATE P , A T R 2 19 VLPs, 2005—2009 4 [E AR FHFFIR G 8 Rk R 40, i &
I T 3 FPRGEALEY PCV2 WENREFY ( CircoFLEX | Circumvent A1 PorcilisPCV) . W EF RIS S B /K E
PCV2 RIBLIAR, DR PCV2 & i, BRAIK PCV2 5 55 ILAE | 5 10 NS0 HE R 47 8 B P s AL 480
UL, B [ 2 W B T PCV2b W BANERE T (CP AR) Fil PCV2d 0 BN RE 1 (FALFFIRG R OKM k)
2 I B T R 1B A 2 P T B RS i A # T EEEAE  BR B R 4 R A TR RS MR R 1 A, —
Sl Bl R A T RIAAPIRIE T Cap 2 A, FHUE B H T DU B0 83 FEURL (virus-like particles, VLP) '
22 KEMERERFITAMES

PCV2 Cap &MY N 5 A ENF S (NLS) . NLS & SAE 2 BRIk I 2R A 2 A% 1, s i o m sk
Fik, KE2ZFHE S EWE O EHE T SUMO MRl FH 5 A (RNA HE R KB AT B e 3 S5
SR B Cap AR ILAKOE, I HIB R VLP 7 BEH K2 5 i S ALy PCV2a Bk PCV2b W SAATRE T
A, Li 2728 P T — s s 25 11 £ JIK (elastin-like polypeptides, ELP ) 1 Ry alifb AR %5 | R H KT s
ARY IR T ELP 5 PCV2b Cap RS 8 M, 1 il ¥ A FE G 38 (inverse transitioncycling, ITC ) £ A 4l £k il
# T ELP-Cap MG, TTAAETE W Cap I VLP, H A &R 5 F PCV2 K% 1 ( DBN-SX07 # ) Al
CircoFLEX PCV2 WA EERT . KA RS FRA M Cap A VLP fad 5 whl % VM X, Zhang
U AR R R G R ARA T 2K PCV2d Cap 2EH, 23558 75 mg-mL™" RS
KRR B-Fi S H M 3R & R A b H IR A o3 (9 22 vh ik, PTE AR E /Y VILP
23 HMERZERFRAKWITLEMER

W BERIA R G A B IR ORI R B B MEAL AR S A, — S ) T 58 R T B TR 7 1
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i i S AR R R IR T PCV2 Cap EALE T, JFUEA AT I AL VP, AT 5 LA S 25 fa s
BAPER D MYFRB R C 2 TR A 2RI REE A sib R R BF 98 B COR A Rk
FR YK PCV2a Cap F I, sh iR 5 W HLAE 055 T 77 A 5 5 00 28 17 25 G 8 AR 4P VR ) i
Bioapp A Rl T PCV2 WA ( HERBA-VAC Circo Green Vaccine) , 4}, Deng 405 g gl Kt
{4 ( Nanobody ) B2 R 44 PCV2 Cap & AT A SEBEHTIA mAb-1E7 G i%5e , itk 1 BRAIKPTIR Nbol ,
JLREMEBHM mAb-1E7 5 Cap 825G, s/ NEURERE o] LAIKHT PCV2 Bty , 2 PCV2 U Rt iAsz
WFFEBEE T il

BN RE AR ERL T SR AL PR VLP #UIAHSE . Mo 209 M Xi P R KT B Rk Hil 4 T
alifb i Cap FALE I, M@HT T Cap 25 (A IARSE K Ko VLP 202598 i 894> T HLHL, WA T Cap 85 R E BifS
5 (NLS) & "PRSHLGQILRRRP? ( a-helix ) F1* RHRYRWRRKN* ( NLS-B) HAEXF Cap T ZH 4 11 VLP LK
N ORI M R AR BAE ], Cap B 1A N SRIE 27 AR ELRR BT AT i VLP | {H B 2G 30 >4 3
BRI A BETE I VLPs, Zhan 25577 & B C K3 PXXP JEFE X VLP [ 4% K AR N EE, Wang
ST T Cap VLP 16 loops 4544, & B MP loop 1] JE/RAMNE/NIK, IF HARFEMR VLP 2125 | Luo 450k
Cap M N % 1~41 aa, 5 1gG1 Fe @4, 78 HEK293F 40 315855, 4ifb i B4 CapAl-4laa-
mFc(PCFM) AIJE Y 22.6 nm VLP, 7S /NE™4: PCV2 Cap 8 FIPUIK S IFN-y Fl IL-10 B3Rk,
3 ARMRERE

PCV2 Cap 2 FAAFIE LA H AL IR0 & AU OB TR A0 Jeong 4514 Hfe T RN L JL3E R
M PCV2 JiATEERE Cap B FVTH, WITE R T 5 R H PR ZSLWR 7 1 KA, R 2 A kA0 &0 A
AR FIEC ] 3 FRERT , IEIAH: 2 R RE S FE X PCV2b B0 iy &8/ Se e 3, g Joa (A A4 5] 958 T 4
SR T I 2 Fhoge i, ml 0 2 AR A5 L 2 b s L IR 2 i, (R L A e R IR T CieroFLEX PCV 21,
—RARPERCR A A R4 R H DNAStar #l BeePred #0C4F PCV2 Cap 19 B 4 A, %1t
e T 3 A2 IRERAT , AR R R A% 00 FE A S 3 (57 SR AR R 1Y) 4 43 SZ IR (MAP BK) AR IBE 1 /4 Y
Th EAL (A4 J PCV CP98-156-228 ZJIK) , il #5-& WK v , e se /N S K A, T35 37 A PCV2 S
ik, J PCV2 A BUIKEE P ST 2952 T HEIERY, 22 P URYE PCV2 Cap B APURF N ERIRFH , %
AT 4 20K, K 46~ 51 DNEIERR, 4l 90% LA |, R ISAS0V 44577 e il 5 1, sh ik e i
2 L MIRAPEN 2 IR PEA[ B SHUA L8 E A ELISA BRI R Ak 8 B A% PCV2 B 51 Y
9 B I R EX4 2859 7 2, Wl I DA R R B 7 , 2 e A7 4 AEDO H 14 i, L A0 e s8R 55 7 Ak 1 I
BANTRERARRL, TERIF TSRS PCV2 Cap 1 B 4B IR, it R BLREM AL, A eK &
SERRAE T (Linker) ¥ T HHAFRALA B AN AT ER I, B F A L T 6 22K IEA H rT A 804 5
TR A G N A N B AR VE . S5 F L, B s Al 2= R P sl e fi A3 FRA FIA 4R, ikl 1 1
FEAE R TE 2 BIA USSR, L A AL, SRR YRS PCV2 KIERE W ARARL, o] A RT3 B
A PMWS, BEARIG IR & EFIET- 3, (H R T32 3 1SAS0V 4 9y 47 550 BRI, 32008 0 v R K a4 )™
ffiH .

4 EEIRFRHMEES

PCV2 HA TG AR W T4 2, R I A0 2 S04l B A B 2 2 B o 3 L FLIR FLER 1A
SCRE RNEAERE TG | B FE VD 1] DGR IR 5 ZE B B 46 (L EL i 1 JC R AR i PCV2 A TR 2R RE 1
4.1 REHREFERHE

Wang 25V HEE T PCV2b SRR, )5 vl LIBH LE PCV2 JERYL &0 , 7 28 BRI A B A 9 VE
# CD40 FCAAR (CDAOL) v 24 it — F g 4t it 4R V5 VR 7 ( GM-CSF) B AR 4t A% HIS /K AR B 32 W L iR 1l € A i
LN (InC) REME IR AL IRIG 75 2 1510 Cap B PR B IWIERIEH M) 2 H TS PCV2
FHFRFR AR Lo PR T 2R35 PCV2 Cap B gk/TK JE K B2 i 8 20 O R 5
(Pseudorabies virus, PRV) , HerT Ui S reA 41 %7 PCV2 A1 PRV R G2 AT 40 I S s b Ak, Jf HooT LR HE
PRV 255+ ¥k PCV2b Ml PCV2d Ziki . Li % HY#E T %3k PCV2 Cap 1 PCV3 Cap 8 [ Bk TK/gl/gE 1)
#4 PRV, Al S~ 441 PRV PCV2 A1 PCV3 R 55 PEPUAR R & 7K F IFN-y  IL-2 Al 1L-4, Jf H W] DAEHT
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PRV 72552 Fk SX-10 I PCV2 (I ili, Pavulraj 251 Fl1 Silva 2557 5% ] PRV BRI EE T TK G I gE
B FERR PRVimy, JE7E TK BEP B2 7 B4 A PCV2 Cap FEH oG PR B2 1 8 4 A SB35 (CSFV)
E2™JEH-GM-CSF , gF & R B A7 B4l A CSFV E2 JE[N #35 T PCV2 HI CSFV 41 PRV i 4R B
PRVimv", HA[5 S 7= A £F XF PCV2 Bl CSFV S (R 1E . Pei 5578 4 i S8 5 W WL 25 5 1iF 5 2
(PRRSV) 558k M A MY T RERS R € 263K PCV2 Cap & FH AU HE 2H PRRSV ; Tian %5V F| F PRRSV 55
BEPR DS722 ME NI B, #4981 1l 3235 PCV2 Cap 2 I RUE UEYR T HA & (M E 4L PRRSV, JfiE ]
DLFE R AR ST B S B AR AP R . k41, de Oliveira Daian 251V #4 8 T 323k PCV2b Cap & 141 F 41 % R Hif
WEE, 2 RIS/ N U= A PCV2 RS e R
4.2 WAEEHEEE

AR, — et Xt PCV2 41 40 B AR B T R AT TS, SR FH 1 40 ol 2R AR S 048 R T AR [
B RAGIEV T TR R SR AT B AL R FLER O % Lloven 'V T PCV2d Cap H
W FRIBFORE pTHL204 , %y 28 55 5 BRAG FE VD T T IR, 3045 4 B 38 VD 1T IR T JOL2995 (p204-: cap ) , WEH]
HANAS/NRG=E PCV2 H fI LA, CD4™ FI CD8* T 4 il 5 33 I 25, I AR 1 35 /) U B 28, Zhang
L T K PCV2 Cap RO T4 o0 2 AT 1T, 10 IR S 28 T R T L S8t 06 Ok IR A A 5 4 i 4
CD40.CD80 1 MHC 1T , {2 T 4HJf 34 58 ; i i FINF IR ZEAR PCV2 RS IgA FILILYE #F 5 M Po i 2 7t
e 7 CD3'T 400 AN CDA™ T 4 M i 3 FF /. TLR2/9 IL-1B . IL-6  INF-y Fl B — i 425 43 b B . 384
Wang 251 My @ 38 PCV2 Cap WY T4 FLRRFLERH pAMI399-Cap/MG1363, /)N B I AR 124 11 nT ol 8 O
W AR 20 11 d, 57 A PCV2 R S (AR S e | 200 M G yie FRE RS i | ikl 11 IR e B 1T 6

5 EREEH

PCV2 JERRE T AOBE IS I T 21 20w  (HE AW B, Fenaux % 7 #4987 PCV1 ORF1 Al PCV2
ORF2 Witk R TE LR 4L PCV1-2a, ToREATHE W A RO/ DR A5 40 20 PCV2 i, b Aot 30995 35 IUAE | DA T
ARG PCV2 J&YL, PCV1-2 DNA S U #5211, IS, — 222 7 PCV2 ORF2 DNA ¥
B IEIERIE SN R POV2 AR, B PCV2 ZOs 5 & & Wl B 45 771 ) S T DNA
FE G PR K TL-15 FEE AT PR T8 11 70 (HSP70) 5 PCV2 ORF2 %&[H 3 B ol il A 335, B
—E R Hou S5 PN 2 DY C3d 43 F ol /NS B0 C3d-p28 (REXE] ORF2 3L I iy
T pVAXI1-ORF2-C3d-P28 DNA R, I UF A HL 1T Ui S PCV2 4 53 M (A S0 00 400 I 6 38 2 1, W Aok 348 53
DNA B 1 R S W2 g, PR AP R 532 PCV2b A1 PCV2d 1Y,

6 HEEH

PCV2 IS BT £ 202 PCV1-2a 1 PCV1-2b AR BEIG PE 1 o P 0 7 S VP X 0K, H T
WG PCV2 IE R , PCV1-2a 1516 P8 1 7E I 5 75 h st AL R e AR IR NPT SR 22454, 35 1 W
TERES VA SR I R, W EL AT LS S R e B R4 VR, BEEHIEPT PCV2b B8] PCV2d BT
PCV1-2b AR 55 5 11 R RE IR ME S PCV1-2a AHAL, AT S0 A ™ A 5 B A AR B 28, 15 S 46 X% PCV2a
I PCV2b FRARR AR g i 7 TR E2E WA E T PCVI-2b A 598 1, HHIE I AR 5 7
AR RE R 2, W] LR BEXT PCV2b FI PCV2d 28 SUHRBEAR PR 75 S T X A8 v S e PR Al PCV2
B SR DU, Beach 25 R EE T 471 2 M3 TAR%ZE (GLU M KT3) [ PCVI-2 # A i, HAEW 1A 08
P72 A4: PCV2 HAIFLIAR S KT3 Al GLU Fil, Huang %" M8 T HEAT 0 TAR%E VS MUE 4 PCV2, HiE S
/NEFEAE PCV2 AR K V5 Hidk, Rakibuzzaman 2515 1 PCV2b Cap 57~609 bp [X 48k 22 %2 Rk Al 52 &
MR LR S T LR e A8 Rl 7 Cap SERI R Uit A SRS2 br%s #9587 H AMEE HI 1) sPCV2-Vac, it
BE SPF {14 , 75577 A m K b i, B IS 3 MUAE , REAE KT PCV2d Xtk , i PCV2 55 BEFRIC TG 21
WFFE B TR i

7 BKEEH
7.1 PCV2 ARERETE SHBESRE
RIS AT, PCV2 B T 6 AN ] 35 DR IV Y 753 ik 1 B A A2 SCAR %70 (BT S0 4 1 PR 45 21 B
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PCV2a il PCV2b B ShE I S BE Rs 1a Br F R Ju %51 3688 3 M3 (PCV2 PRRSV it & 32 JF A
K IAAT IR FERE) , PCV2a REM PE)S 4~ 8 JRIAEE 8 ~ 12 JEIAISR Hh B PCV2 BRYL I IRAE R , ATk
F PCV2d Cap B VLP BEREERN, 2558 3 N PCV2 SR IMLAE P 8 F %, 2 63 PCV2 HFoRIL iR
e, R e 12 A SRR ER I 5 T AR SR X BR 4L, IEW] PCV2d Cap VLP B8 A LIRALA e ge
Yu %' il 45 T PCV2a ,PCV2b Fl PCV2d =Rl K IEREHT AT 00 45 /R | 3 b I 2 1 fo 28 2 A6t ok [
FEPREAY PCV2 1 IPMA HUR S 8 Hh A TR T oA S IR BL A PCV2 It iA /K-, PCV2d 2
)5 ,PCV2a PCV2b Fl PCV2d JKIGHEHT AL itk 254140 PCV2d R/ 51k /b 93.8% .99.8% 1 98.3% , 3%
B PCV2a B 1 SR SCRAIKT PCV2b Al PCV2d KIGEERT, PCV2a Fll PCV2b B B G ie 2k W S5 R | R
FI PCV2d VLP S AI A ROESREE T e BRI AT . Kroeger %1 SR I 21 H #4744 PCV2d #1 PRRSV
JERYLBAY | HEHL T PCV2a il PCV2d R i 1 B SR e ORAP 3T . PCV2d MLt 5, PCV2d B2 1 2 A H
P S RAEAR , R U5 WA b T 40 B AEE  PCV2 £ B /0 T PCV2a 79 1 2H 29 209% 4758
IR R AR L 0 R O I R A A PV, S PCV2 Rl 28 1 X [ R 2 bk S0 AR P 8 A T R TR
Pk, N TR PCV2 B SRR 3T1, E ML A & T PCV2d PCV2a Fl PCV2b Z RIS RET, U,
3 [E B 2\ 7 () PCV1-2a-PCV2b-3E i 48 32 JFEAA ( Mhyo ) =Hr K 1% £ 1 ( CircoMax Myco®) (PCV2a-PCV2b-
Mhyo = KIGHEE (Fostera® Gold PCV MH) & PCV1-2a-PCV1-2b-Mhyo = # K i # 1i (2581 T CircoMax
Myco®) , BEATX PCV2d S YL 54 B I S e AP M I
72 PCV2 5EREZREHKERE

R T VB DR TR G 8 U BRI B S 8 LR N, [ N AMR £ 2 3 e 1 Al F PCV2 -5 Al g Jit iy Bk
FREM AT T )2 5T, Hoh PCV2-Mhyo! ™ \PCV2-J# 41/ 5 PCV2 -8  E1) \ PCV2-RIl % 1E
M FFE . PCV2-Mhyo — il % W IfiL AT & . PCV2 — il 5% ¥ 1l #F B4 — J% %% 3K B4 . PCV2-PRRSV-Mhyo, PCV2 ( &
PCV2a,PCV2d Cap £ [1) —~Mhyo— il PN 57 75 0 5 22 B K36 28 v O TS5 BUAS 7 Z I . Chen 517 FIH
CHO 20435335 CSFV E2 fil PCV2 Cap B, il CSFV-PCV2 BRI FAAIBE T, 1 g B ml i =
AR EEPLIAR, T REA BT CSFV I PCV2 SR8t . Allen %5 43, PCV2 (& PCV2a,PCV2d Cap &
1) —Mhyo— /i PN 55 2% B — 3¢ K36 FE 1 O 5 ] A3 BT PCV2a , PCV2d 5 il 48 32 JRL A4 B i P9 55 2% 1 I
. Yang % U T R SR LAY PCV2- S 58 S B —I0CRE 1 B L B A A AR G e AR , UE BH X 2 Al
IR A R VE T, Cho 261 8 PCV2d JER YL I Il R I PR R B35 3, LA T 180 Sk AT 4 X
PCV2a-Mhyo F1 PCV2b-Mhyo 3K 1 (1) G OR3P RO, UEBH 2 Flose i S 8 R AP 80U I W i 25 5
Venegas-Vargas 25 ° fiff5% PCV1-2a-PCV2b-Mhyo =1 K 1% £ 1 ( Circomax Myco® ) f¥- 34 e i, I 5 &
HFFIRIE 752635 19 PCV2a-Mhyo —JB6# 1 ( Circumvent® PCV-M G2) #E4T T Lb#&, 1748 i 2 ¥k, (Al b 3
J& 5 2 WA )E 3 R A PCV2d By, 25 9 R W PCV1-2a-PCV2b-Mhyo B£ 15 X PCV2d JE YL AT #5114
PRCR . Pleguezuelos 21 HF 58 PCV1-2a-PCV1-2b-Mhyo =i K i 28 ¥ I PR S 8 8% 58 | SIE WA Hoxt PCV2a,
PCV2b.PCV2d &Y A B F e AR P E A, Um 259l T PCV2a-PCV2b-Mhyo =y K i % 1
(Fostera® Gold PCV MH) #ll PCV2a-Mhyo B K {3 1 ( Porcilis® PCV M Hyo ) A PRG-I RLR , iE W
SN TIERER 1 RIERN 2 A SERCRAR L, (H R PCV2d B9 (R AP RCRA T —I8 K3% 88 1 — R A s
R, Palmai 25U LA T 3 AT 5 FIET S IE PCV2-Mhyo BRAREW M SRR , (24% PCV2d-Mhyo
THRKIESETE (Cirbloc® M Hyo,) .PCV2a-Mhyo ¥t & %% 1 ( FLEXcombo, Porcilis® PCV M Hyo, CircoMax®
Myco J2 MHYOSPHERE® PCV ID) , 455558, PCV2d-Mhyo I JIH A8 B A0 T HAB BT e 1, Di e i bt
JR 5 PCV2 JiAT BE PR VC O PR 7 B

HT, 3 E 1 PCV2-Mhyo I KGR . PCV2-Mhyo— Rl 5 W& 1L FF 7 — 3P B L PCV2- Rl 5% W I AT 74 -
EER P = IR RE I SCIE T AR 7 BRACSEN SR A HP-PRRS 16 28 1 (TIM-FO2, A8 g ) Fn [ 24 3
TRA BRI PCV2 2 1 HEAT B s LA R S R A Ao 10, 25 SR s | 2 e B B 6 S sie oA 7 AE A
HAHE, HeAh 3O 2 Ff PCV2-Mhyo I KI5 38 W R0 B 45 A 21 T FBUAAE . PR R 1 i ke
ONFIEBFER] TS 1A B ST B9 FRE PCV2a Cap 5 A0 T 4% il 48 52 J5AK Nexhyon #k G 1 , %t
PCV2d RS Al 6 2 RS BLAT B B G e A g R 1o

8 PCV2 Cap VLP KT T EZM BB E
PCV2 Cap f5EHH 7 4~ Loop, & Loop FG #b, HA Loop MY F VLP £, AHLPHY Loop H 2 [A] B %%
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Tl %F VLP 1 e ffa s BAA = 2AE T, 1 H Loop CD X AT ASME L") | PCV2 Cap 1R N K
Ui fEURAE VLP P, T C RS 2B 3 VIP R iissii , Hin 4 D& IERRIE M 4 £07, Beach %% 7E
Cap H I C Auitfi ASMR Tag ZHK, M8 T & RIRHK BESMER Tag Z KA FLL PCVI-2 # A0k 5, UE H 78
TR SN IR | BB S 77 4E Tag ZKERAHUAF PCV2 th FIFLIK, 3 H. Cap B 1 C AN 4552 Z /b
27 NMEIR AR, Li UV Cap B C Rl A A KA E (SS) A, FILTE AL PCV2 it & VLP, %5
/NEF=HE PCV2 Cap FISS HUMA, Zhang 557V ¥ CSFV B/T 4UMIFR AR5 4 PCV2 Cap N AiA% & M5 51X
(NLS) ¥ T A Cap FE 1, BARATIEIR VLP  EABEE T2 CSFV hAIBTIAR, Jung 218 PRRSV
44~ B QM AMEBUR RO PCVL-2b 5550k Cap E 1 C S5 In 207, s 50k B FE T 5 5/ B
77H PRRSV VLA, 3R] PCV2 Cap R C R Um0 2 2H 3 R 5 15 2 240 BAH B H A fe DGR E H

Biotin-avidin , HaloTag Fl SpyTag/SpyCatcher SR IK 2 5t AE 0% S BT A Al 37 F 3k R B (b Re e,
R TGO E T AL R AR AL TR . Liu U706 PCV2 Cap 814 C %55 SpyCatcher @il A, 412354 26 nm 1
VLP (Cap-SC) , ¥ CSFV E2 5 SpyTag fill -, 3k5 4 8 11 E2-SpyTag, fif 1 SpyCatcher Fll SpyTag &7t
Wi, I E2-Cap VLP(Cap-E2 NP) . i% Cap-E2 NP UKLEE 1 ol g biJide AN ML (APC) A 2R &, {2
Pk APC BN 777 AT S /N B4 POV2 HRIBUA &2 CSFV E2 FRSErEdiik . sKikF B+ A
f) Chen %5081 PCV2 VLP S5 k%3 I01F SpyTag/SpyCatcher F145 4, 7% T Cap-Cat VLP 44 K47 i
JEREF  UESE Cap-Cat VLP 7] H 4125 B EH AR A 20 nm BY0RL , B R AFIEEE REVRIGE AR I, 75 °C W7
B 1 h SR ORRA R, nTHEHT 10 RGBSR IT7E 4 °C R %77 30 d DL L, Cap-Cat VLP & 0] JE/R A
[ R/ N Z B AR ZE#) PRRSV GP53 PEDV COE CSFV E2 BN TE HA 2858 e 25 A I e e i, nl 1
SERALIRGRE I, BT 75 RE S BT ARIK - 4 S 28 7K B B S B R P B 71, 8 PCV2 Cap 2 P
BERRIURL 22t Z2 BRI 9T B8 T BB A,

PCV3 Fl PCV4 YENHT &K IR EE , 151 32 B E N AP 223 G , PCV2 BEHIXT PCV3 Hl PCV4 #7538 XL
B ERT ) W 2N PE i A PCV2 IR E AL, # @ T PCV3 Cap # 4 VLP ( pCap3-Cap2E
VLP) AT LA /NI SO A i e 0 PCV2 e R VE T, PCV3 Zr B 15 - A7 76— IR e, B A
TR ARETT . JEHE Sequivity V- & (BRIE S EER 2 w)) B T —F g 3% L IR PCV3 & JUkiRE
ATERAIEXT PCV3 PR (HIH B 25 0 75 i — 2 1PA

9 HIRSRE

B E b S T ST A R IR B0 B 1 B A RO s . PCV2a PCV2b Fl PCV2d B 5928 B %A [i) 35 R 750
TAT R R A B e (R 3k g , Horf PCV2d Cap 85 FUBE B S e R0 S e (BRREA S B PCV2 JEYL,
PCV2 BEHARESS LAY PCV3 Fl PCV4 &Y FifidE PCV2 JERAYAE S, H F R R8T A B R 3R T
W, DRIL, BFF & ELA W BR PCV2 DIREMHT T S 50RE B AR I RE vl S X 1 9 S 2 Wi 5 R AR A 2, It
A R TCET B2 N g2 s P IGE IR AR e e 1 PCV2 BE T, AT LA &5 AR W 2 2 R sl s A, S 3008 1 0 e N
e % . HATM %L PCV2 S RIBFFTRGE .

22 3Lk References:

[1] Franzo G,Segalés J. Porcine circovirus 2 genotypes, immunity and vaccines: multiple genotypes but one single serotype[ J]. Pathogens, 2020,
9(12) :1049.

[2] Opriessnig T,Gomes-Neto J C,Hemann M, et al. An experimental live chimeric porcine circovirus 1-2a vaccine decreases porcine circovirus 2b
viremia when administered intramuscularly or orally in a porcine circovirus 2b and porcine reproductive and respiratory syndrome virus
dual-challenge model ; efficacy of a live chimeric PCV2 vaccine[ J]. Microbiology and Immunology,2011,55(12) :863-873.

[3] Palinski R,Pifieyro P,Shang P C,et al. A novel porcine circovirus distantly related to known circoviruses is associated with porcine dermatitis
and nephropathy syndrome and reproductive failure[ J]. Journal of Virology,2017,91(1) :e01879-e01816.

[4] Zhang H H,Hu W Q,Li J Y,et al. Novel circovirus species identified in farmed pigs designated as porcine circovirus 4, Hunan Province , China
[J]. Transboundary and Emerging Diseases,2020,67(3) :1057-1061.

[5] ShiTF,DuQ,Kang J S,et al. PCV2 infection represses the differentiation of light zone germinal center B cells by inhibiting their interaction
with helper cells[ J]. Microorganisms,2025,13(9) ;2184.

[6] Fehér E,Jakab F,Banyai K. Mechanisms of circovirus immunosuppression and pathogenesis with a focus on porcine circovirus 2:a review[ J].

Veterinary Quarterly,2023,43(1) .1-18.



F5H FIE 45 5 R B % o it e 1191

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Jiang R J,Huang Q Y,Shen R T,et al. PCV2 infection induces the differentiation of Treg cells via the TGF-B/Smad3 pathway[ J]. MBio,2025,
16(9) :e01366-e01325.

Karuppannan A K, Opriessnig T. Porcine circovirus type 2( PCV2) vaccines in the context of current molecular epidemiology[ J]. Viruses,2017,
9(5):99.

Meng X J. Porcine circovirus type 2( PCV2) :pathogenesis and interaction with the immune system[ J]. Annual Review of Animal Biosciences,
2013,1:43-64.

Opriessnig T, Xiao C T,Halbur P G,et al. A commercial porcine circovirus( PCV) type 2a-based vaccine reduces PCV2d viremia and shedding
and prevents PCV2d transmission to naive pigs under experimental conditions[ J]. Vaccine,2017,35(2) ;248-254.

Wongchanapai P, Yamsakul P, Arunorat J, et al. Comparative efficacy of chimeric porcine circovirus ( PCV ) vaccines against experimental
heterologous PCV2d challenges[ J]. Veterinary Sciences,2023,10(2) : 80.

Yang K,Li W T,Niu H H, et al. Efficacy of single dose of an inactivated porcine circovirus type 2( PCV2) whole-virus vaccine with oil adjuvant
in piglets[ J]. Acta Veterinaria Scandinavica,2012,54(1) ;67.

Hirai T,Nunoya T,Thara T,et al. Infectivity of porcine circovirus 1 and circovirus 2 in primary porcine hepatocyte and kidney cell cultures[ J].
The Journal of Veterinary Medical Science,2006,68(2) :179-182.

B, Took 2R 0, 4% B A 3RS 2 MABURE HIN PKIS 4IMvkM sk S5 ()], PEEERME,2011,41(1) :14-18.
Chen N Q,Wang X W,Li Y F,et al. Cloning and identification of PK15 cells for the sensitive replication of porcine circovirus 2[ J]. Chinese
Veterinary Science,2011,41(1) :14-18(in Chinese with English abstract).

Wang X W, Jiang W M, Jiang P, et al. Construction and immunogenicity of recombinant adenovirus expressing the capsid protein of porcine
circovirus 2( PCV2) in mice[ J]. Vaccine,2006,24(16) ;:3374-3380.

Song Y F,Jin M L, Zhang S L, et al. Generation and immunogenicity of a recombinant pseudorabies virus expressing cap protein of porcine
circovirus type 2[ J]. Veterinary Microbiology,2007,119(2/3/4) :97-104.

Shen H G,Zhou J Y,Huang Z Y, et al. Protective immunity against porcine circovirus 2 by vaccination with ORF2-based DNA and subunit
vaccines in mice[ J]. The Journal of General Virology,2008,89(8) :1857-1865.

Yin S H,Sun S Q, Yang S L, et al. Self-assembly of virus-like particles of porcine circovirus type 2 capsid protein expressed from Escherichia coli
[J]. Virology Journal,2010,7(1) . 166.

Martelli P, Ferrari L, Morganti M, et al. One dose of a porcine circovirus 2 subunit vaccine induces humoral and cell-mediated immunity and
protects against porcine circovirus-associated disease under field conditions[ J]. Veterinary Microbiology,2011,149(3/4) :339-351.

Haake M, Palzer A, Rist B, et al. Influence of age on the effectiveness of PCV2 vaccination in piglets with high levels of maternally derived
antibodies[ J ]. Veterinary Microbiology,2014,168(2/3/4) :272-280.

Pleguezuelos P, Sibila M, Cuadrado R, et al. Exploratory field study on the effects of porcine circovirus 2( PCV-2) sow vaccination at different
physiological stages mimicking blanket vaccination[ J]. Porcine Health Management,2021,7(1) :35.

Caspari K, Henning H, Schreiber F, et al. Impact of porcine circovirus type 2( PCV2) vaccination on boar semen quality and quantity using two
different vaccines[ J]. Theriogenology,2014,82(4) :574-579.

Masuda A,Lee ] M,Miyata T, et al. Purification and characterization of immunogenic recombinant virus-like particles of porcine circovirus type 2
expressed in silkworm pupae[ J]. The Journal of General Virology,2018,99(7) :917-926.

Wu P C,Chen T Y,Chi J N,et al. Efficient expression and purification of porcine circovirus type 2 virus-like particles in Escherichia coli[ J].
Journal of Biotechnology,2016,220.78-85.

Xi X F,Mo X B, Xiao Y, et al. Production of Escherichia coli-based virus-like particle vaccine against porcine circovirus type 2 challenge in
piglets : structure characterization and protective efficacy validation[ J]. Journal of Biotechnology,2016,223.8-12.

Wang N D,Zhang Y,Lei X N, et al. Optimized conditions for preserving stability and integrity of porcine circovirus type 2 virus-like particles
during long-term storage[ J]. Journal of Virological Methods,2017,243;146-150.

Li Y Y,Lin Y,Xin G,et al. Comparative evaluation of ELPylated virus-like particle vaccine with two commercial PCV2 vaccines by experimental
challenge[ J]. Vaccine,2020,38(23) :3952-3959.

Li Y Y,Wang Y J,Cheng J,et al. Generation and immunogenicity assessment of ELPylated virus-like particles of porcine circovirus type 2[J].
Virology Journal ,2020,17(1) :72.

Zhang C X,He F,Li N F, et al. Optimized production of full-length PCV2d virus-like particles in Escherichia coli:a cost-effective and high-yield
approach for potential vaccine antigen development[ J]. Microbial Pathogenesis,2024,190:106630.

SRIETE RHT: B, 5. SRR L ORF2 SEINTERERE A A /- Wk [ 1] PR, 2005(2) 1 125-129.

Zhang X Y,Zheng Q S, Wei X T, et al. High level secretionary expression of the ORF2 gene of porcine circovirus in yeast[ J |. Virologica Sinica,
2005(2) :125-129(in Chinese with English abstract) .

Chen P,Zhang L., Chang N, et al. Preparation of virus-like particles for porcine circovirus type 2 by YeastFab assembly[ J]. Virus Genes,2018,
54(2) :246-255.

Duan J K, Yang D Q,Chen L, et al. Efficient production of porcine circovirus virus-like particles using the nonconventional yeast Kluyveromyces
marxianus| J]. Applied Microbiology and Biotechnology,2019,103(2) :833-842.

Park Y,Min K,Kim N H,et al. Porcine circovirus 2 capsid protein produced in N. benthamiana forms virus-like particles that elicit production of



1192 BMoa oKk L K % % HK %49 %

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

virus-neutralizing antibodies in guinea pigs[J]. New Biotechnology,2021,63:29-36.

Park K H,Cho H,Suh J, et al. Field evaluation of novel plant-derived porcine circovirus type 2 vaccine related to subclinical infection[ J].
Veterinary Medicine and Science,2023,9(6) :2703-2710.

Deng Y Y,Sheng Y M, Zhang G X, et al. A novel strategy for an anti-idiotype vaccine ; nanobody mimicking neutralization epitope of porcine
circovirus type 2[ J]. Journal of Virology,2024,98(2) :e0165023.

Mo X B,Li X D, Yin B, et al. Structural roles of PCV2 capsid protein N-terminus in PCV2 particle assembly and identification of PCV2
type-specific neutralizing epitope[ J]. PLoS Pathogens,2019,15(3) :e1007562.

Zhan Y,Yu W T,Cai X, et al. The carboxyl terminus of the porcine circovirus type 2 capsid protein is critical to virus-like particle assembly, cell
entry,,and propagation[ J]. Journal of Virology,2020,94(9) :e00042-e00020.

Wang D L,Zhang S J,Zou Y W et al. Structure-based design of porcine circovirus type 2 chimeric VLPs( c¢VLPs) displays foreign peptides on
the capsid surface[ J]. Frontiers in Cellular and Infection Microbiology,2018,8:232.

Luo Q P,Ahmed W,Dai Y C,et al. Evaluation of a virus-like nanoparticle porcine circovirus type-2( PCV2) capsid protein fused with the pig
immunoglobulin fc fragment as a novel vaccine candidate against PCV2 in mice[ J]. Vaccines,2021,9(10) :1128.

Jin J,Park C,Cho S H, et al. The level of decoy epitope in PCV2 vaccine affects the neutralizing activity of sera in the immunized animals[ J].
Biochemical and Biophysical Research Communications,2018,496(3) :846-851.

B R, ik, A5, DURIPIERERE 2 B Cap 81 RIE S SE BT IR RO £ BSE [ 0] TS £ B 274, 2009, 31(2) : 132-136.
Huang L P,Liu C M,Wei Y W, et al. Preparation and identification of neutralizating monoclonal antibody to the recombinant capsid protein of
porcine circovirus type 2[ J]. Chinese Journal of Preventive Veterinary Medicine,2009,31(2) :132-136(in Chinese with English abstract) .
WL BBERE 2 B Cap BRSBTS YE [ D], Bat: B aURLR:,2010:10-23.

Cao Y Q. Preparation and identification of monoclonal antibodies against porcine circovirus type 2 Cap protein [ D ]. Nanjing: Nanjing
Agricultural University,2010(in Chinese with English abstract) .

FRLBGHE. JE I PPN RE 2 TR SO BRI 5 2 0 ELISA USRI 7 ik 9 @S2 [ D] M At B sURAL R ,2013:11-16.

Zhai S Y. Development of monoclonal antibodies against porcine circovirus type 2 and establishment of a sandwich ELISA for antigen detection
[ D]. Nanjing: Nanjing Agricultural University,2013(in Chinese with English abstract).

Jeong J,Park C,Kim S, et al. Evaluation of the efficacy of a novel porcine circovirus type 2 synthetic peptide vaccine[ J]. Revue Canadienne de
Recherche Veterinaire,2018,82(2) :146-153.

RMEF, B BERA, . SE B R 2 B CAP SR BT AL R AR AY BT & R SR SR E B ST [ )] SRBESA TR, 2014,30(5) -
397-401.

Wu S X, Zeng Z,Cai J L, et al. Studies on molecular design, chemical synthesis and immunogenicity of novel antigenic peptides against the
capsid protein of porcine circovirus type 2[ J]. Immunological Journal,2014,30(5) :397-401(in Chinese with English abstract) .

L, FUR. — AR BIPRRGRE 2 B Y 2 AR RE T - CN201410318980.X[ P . 2017-06-27.

Jiang P,Bai J. An immunoprotective polypeptide against porcine circovirus type 2 and its vaccine: CN201410318980.X [ P ]. 2017 -06-27
(in Chinese).

FRIST, DUAR, A, 4. — R IR & UK RE 1 KA 7 7 B : CN201610754866.0( P . 2019-07-26.

Li L F,Jia M,Wang N, et al. A porcine circovirus synthetic peptide vaccine and its preparation method and application: CN201610754866.0
[P].2019-07-26(in Chinese).

ST BIRR, XIHE A, 2. 8 D5 UK SE 17 S HL ) # 7 IR AL - CN201710054285.0( P ] 2020-08-25.

Li L F,Jia M,Liu X Y, et al. Circular peptide vaccine for pigs and its preparation method and application: CN201710054285.0[ P ]. 2020-08~
25(in Chinese) .

Li D L,Huang Y,Du Q,et al. CD40 ligand and GMCSF coexpression enhance the immune responses and protective efficacy of PCV2 adenovirus
vaccine[ J]. Viral Immunology,2016,29(3) :148-158.

Li D L,Du Q,Wu B, et al. Immunogenicity of adenovirus vaccines expressing the PCV2 capsid protein in pigs[ J]. Vaccine,2017,35(36) :
4722-4729.

Zhang Z C,Luo Y,Zhang Y M, et al. Enhanced protective immune response to PCV2 adenovirus vaccine by fusion expression of Cap protein with
InvC in pigs[ J]. Journal of Veterinary Science,2019,20(4) :e35.

Wu X F,Wu H,Wang H X, et al. A new strategy to develop pseudorabies virus-based bivalent vaccine with high immunogenicity of porcine
circovirus type 2[ J]. Veterinary Microbiology,2021,255:109022.

Yang Y T,Xu Z W,Tao Q, et al. Construction of recombinant pseudorabies virus expressing PCV2 Cap,PCV3 Cap, and IL-4;investigation of
their biological characteristics and immunogenicity[ J]. Frontiers in Immunology,2024,15:1339387.

Lu C H,Chen W J,Chen H,et al. Inmunological characteristics of the recombinant pseudorabies virus with chimeric PCV Cap protein in pigs
[J]. Veterinary Microbiology,2025,305:110529.

Li H,Zhang ] N,Guo R H,et al. Immunogenicity evaluation of a recombinant pseudorabies virus co-expressing PCV2 and PCV3 capsid proteins
in mice and piglets[ J]. Vaccine,2025,60;127307.

Pavulraj S,Pannhorst K, Stout R W, et al. A triple gene-deleted pseudorabies virus-vectored subunit PCV2b and CSFV vaccine protects pigs

against PCV2b challenge and induces serum neutralizing antibody response against CSFV[ J]. Vaccines,2022,10(2) :305.



F5H FIE 45 5 R B % o it e 1193

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Silva E, Medina-Ramirez E,Pavulraj S, et al. A triple gene-deleted pseudorabies virus-vectored subunit PCV2b and CSFV vaccine protect pigs
against a virulent CSFV challenge[ J]. Viruses,2023,15(11) :2143.

Pei Y L, Hodgins D C,Wu J Q, et al. Porcine reproductive and respiratory syndrome virus as a vector: immunogenicity of green fluorescent
protein and porcine circovirus type 2 capsid expressed from dedicated subgenomic RNAs[ J]. Virology,2009,389(1/2) :91-99.

Tian D B,Sooryanarain H, Matzinger S R, et al. Protective efficacy of a virus-vectored multi-component vaccine against porcine reproductive and
respiratory syndrome virus, porcine circovirus type 2 and swine influenza virus[ J]. Journal of General Virology,2017,98(12) :3026-3036.

de Oliveira Daian e Silva D S, Barbosa-Stancioli E F, Coelho-Dos-Reis J G A, et al. Short communication ; a modified vaccinia virus ankara-based
porcine circovirus 2 vaccine elicits strong antibody response upon prime-boost homologous immunization in a preclinical model [ J ]. Brazilian
Journal of Microbiology,2020,51(3) :1439-1445.

Kim T,Toan N T,Seo J,et al. Bordetella bronchiseptica AroA mutant as a live vaccine vehicle for heterologous porcine circovirus type 2 major
capsid protein expression| J |. Veterinary Microbiology,2009,138(3/4) ;318-324.

Xu X G,Zhao H N,Zhang Q,et al. Oral vaccination with attenuated Salmonella enterica serovar Typhimurium expressing Cap protein of PCV2
and its immunogenicity in mouse and swine models[ J]. Veterinary Microbiology,2012,157(3/4) :294-303.

Lloren K K S, Sivasankar C,Lee J H. Comparative immunogenic and immunoprotective activities of PCV2d Cap and Rep antigens delivered by
an efficient eukaryotic expression system engineered into a Salmonella vaccine vector[ J]. Veterinary Microbiology,2024,295.110151.

Zhang S,Mou C X,Cao Y N, et al. Inmune response in piglets orally immunized with recombinant Bacillus subtilis expressing the capsid protein
of porcine circovirus type 2[ J]. Cell Communication and Signaling,2020,18(1) :23.

Wang K,Huang L. H,Kong J, et al. Expression of the capsid protein of porcine circovirus type 2 in Lactococcus lactis for oral vaccination[ J].
Journal of Virological Methods,2008,150(1/2) :1-6.

Wang L, Zhao D,Sun B, et al. Oral vaccination with the porcine circovirus type 2( PCV-2) capsid protein expressed by Lactococcus lactis induces
a specific immune response against PCV-2 in mice[ J]. Journal of Applied Microbiology,2020,128( 1) :74-87.

Fenaux M, Opriessnig T, Halbur P G, et al. A chimeric porcine circovirus( PCV') with the immunogenic capsid gene of the pathogenic PCV type 2
(PCV2)cloned into the genomic backbone of the nonpathogenic PCV1 induces protective immunity against PCV2 infection in pigs[ J]. Journal
of Virology,2004,78(12) :6297-6303.

Kamstrup S,Barfoed A M, Frimann T H , et al. Immunisation against PCV2 structural protein by DNA vaccination of mice[ J|. Vaccine,2004,22
(11/12) :1358-1361.

Shen H G, Zhou J Y, Zhang X, et al. Interference of porcine circovirus type 2 ORF2 immunogenicity by ORFI and ORF3 mixed DNA
immunizations in mice[ J]. Virology,2009,393(1) :104-111.

Aravindaram K, Kuo T Y,Lan C W, et al. Protective immunity against porcine circovirus 2 in mice induced by a gene-based combination
vaccination[ J]. The Journal of Gene Medicine,2009,11(4) ;288-301.

Fu F,Li X S,Lang Y K, et al. Co-expression of Ubiquitin gene and capsid protein gene enhances the potency of DNA immunization of PCV2 in
mice[ J]. Virology Journal ,2011,8(1) :264.

Sylla S,Cong Y L,Sun Y X, et al. Protective immunity conferred by porcine circovirus 2 ORF2-based DNA vaccine in mice[ J]. Microbiology
and Immunology,2014,58(7) :398-408.

Dong B,Feng J,Lin H, et al. Immune responses of mice immunized by DNA plasmids encoding PCV2 ORF2 gene , porcine IL-15 or the both[ J].
Vaccine,2013,31(48) :5736-5744.

Fu F,Tian H B,Li X S, et al. C-terminal heat shock protein 70 of Mycobacterium tuberculosis as a molecular adjuvant for DNA vaccination with
the porcine circovirus type 2 ORF2( capsid) gene in mice[ J|. The Veterinary Journal ,2013,195(2) :244-247.

Hou Z M, Wang H H,Feng Y N,et al. A candidate DNA vaccine encoding a fusion protein of porcine complement C3d-P28 and ORF2 of
porcine circovirus type 2 induces cross-protective immunity against PCV2b and PCV2d in pigs[ J]. Virology Journal ,2019,16(1) :57.
Gillespie J,Juhan N M, DiCristina J, et al. A genetically engineered chimeric vaccine against porcine circovirus type 2( PCV2)is genetically
stable in wvitro and in vivo[ J]. Vaccine,2008,26(33) :4231-4236.

Beach N M, Ramamoorthy S,Opriessnig T, et al. Novel chimeric porcine circovirus( PCV ) with the capsid gene of the emerging PCV2b subtype
cloned in the genomic backbone of the non-pathogenic PCV1 is attenuated in vivo and induces protective and cross-protective immunity against
PCV2b and PCV2a subtypes in pigs[ J]. Vaccine,2010,29(2) :221-232.

LiJZ,YuT Q,Wang X B,et al. Comparative efficacy of experimental inactivated and live-attenuated chimeric porcine circovirus( PCV) 1-2b
vaccines derived from PCV1 and PCV2b isolates originated in China[ J]. Virology Journal,2015,12(1) :113.

Huan C C,Fan M Y,Cheng Q R, et al. Evaluation of the efficacy and cross-protective immunity of live-attenuated chimeric PCV1-2b vaccine
against PCV2b and PCV2d subtype challenge in pigs[ J]. Frontiers in Microbiology,2018,9:455.

Cui X, Wang X B,Gao Q Q,et al. Colonisation of mice and pigs by a chimeric porcine circovirus 1-2 prototype vaccine strain and a PCV2
isolate originating in China and their induction of cytokines[ J]. Journal of Virological Methods,2020,283:113905.

Beach N M, Smith S M, Ramamoorthy S, et al. Chimeric porcine circoviruses( PCV') containing amino acid epitope tags in the C terminus of the
capsid gene are infectious and elicit both anti-epitope tag antibodies and anti-PCV type 2 neutralizing antibodies in pigs[ J]. Journal of Virology,
2011,85(9) :4591-4595.

Huang L P,Lu Y H,Wei Y W, et al. Construction and biological characterisation of recombinant porcine circovirus type 2 expressing the V5



1194 BMoa oKk L K % % HK %49 %

epitope tag[ J]. Virus Research,2011,161(2) :115-123.

[83] Rakibuzzaman A, Pifieyro P, Pillatzki A, et al. Harnessing the genetic plasticity of porcine circovirus type 2 to target suicidal replication[ J].
Viruses,2021,13(9) :1676.

[84] Park K H,Oh T,Yang S, et al. Evaluation of a porcine circovirus type 2a( PCV2a) vaccine efficacy against experimental PCV2a, PCV2b, and
PCV2d challenge[ J]. Veterinary Microbiology,2019,231:87-92.

[85] Opriessnig T, Karuppannan A K, Halbur P G, et al. Porcine circovirus type 2a or 2b based experimental vaccines provide protection against
PCV2d/porcine parvovirus 2 co-challenge[ J]. Vaccine,2020,38(8) :1975-1981.

[86] Kang S J,Bae S M, Lee H J,et al. Porcine circovirus ( PCV) genotype 2d-based virus-like particles ( VLPs ) induced broad cross-neutralizing
antibodies against diverse genotypes and provided protection in dual-challenge infection of a PCV2d virus and a type 1 porcine reproductive and
respiratory syndrome virus(PRRSV) [ J]. Pathogens,2021,10(9) :1145.

[87] Kim K,Hahn T W. Evaluation of novel recombinant porcine circovirus type 2d ( PCV2d) vaccine in pigs naturally infected with PCV2d[J].
Vaccine,2021,39(3) .529-535.

[88] Ju L,Jayaramaiah U,Lee M A et al. A field efficacy trial of recombinant porcine circovirus type 2d vaccine in three herds[ J]. Vaccines,2023,
11(9) :1497.

[89] Yu C,Cao M X,Wei Y W, et al. Evaluation of cross-immunity among major porcine circovirus type 2 genotypes by infection with PCV2b and
PCV2d circulating strains[ J]. Veterinary Microbiology,2023,283:109796.

[90] Kroeger M,Fano E,Sponheim A, et al. Assessment of homologous and heterologous PCV2 vaccine efficacy in a PCV2d/PRRSV co-challenge
model[ J]. Vaccine,2025,60:127303.

[91] Venegas-Vargas C, Taylor L. P, Foss D L, et al. Cellular and humoral immunity following vaccination with two different PCV2 vaccines
(containing PCV2a or PCV2a/PCV2b) and challenge with virulent PCV2d[ J]. Vaccine,2021,39(39) :5615-5625.

[92] Um H,Yang S,Oh T,et al. Comparative evaluation of growth performance between bivalent and trivalent vaccines containing porcine circovirus type
2(PCV2)and Mycoplasma hyopneumoniae in a herd with subclinical PCV2d infection and enzootic pneumonia[ J]. Vaccines,2021,9(5) ;450.

[93] Pleguezuelos P,Sibila M,Ramirez C et al. Efficacy studies against PCV-2 of a new trivalent vaccine including PCV-2a and PCV-2b genotypes
and Mycoplasma hyopneumoniae when administered at 3 weeks of age[ J]. Vaccines,2022,10(12) :2108.

[94] Wei Y W,Zhu H Z,Huang L P, et al. Efficacy in pigs of a new inactivated vaccine combining porcine circovirus type 2 and Mycoplasma
hyorhinis[ J]. Veterinary Microbiology,2020,242108588.

[95] Chen J Y,Wu C M, Chia M Y,et al. A prospective CSFV-PCV2 bivalent vaccine effectively protects against classical swine fever virus and
porcine circovirus type 2 dual challenge and prevents horizontal transmission[ J]. Veterinary Research,2023,54(1) :57.

[96] Chen Y S,Lee C Y,Wu C C,et al. Efficacy evaluation of a bivalent subunit vaccine against classical swine fever virus and porcine circovirus
type 2[ J]. Scientific Reports,2024,14.:2997.

[97] ChenY C,Chung W B, Chaung H C,et al. Development of an effective single-dose PCV2/CSFV bivalent subunit vaccine against classical swine
fever virus and porcine circovirus type 2[ J]. Vaccines,2025,13(7) :736.

[98] Allen M, Roerink F,Crowley A, et al. Efficacy and safety of a tri-valent ready-to-use porcine circovirus type 2a, Mycoplasma hyopneumoniae and
Lawsonia intracellularis vaccine in weaned pigs[ J]. Vaccines,2025,13(7) :681.

[99] Yang S,Park S J,0h T,et al. Efficacy comparison of commercial porcine circovirus type 2( PCV2) and Mycoplasma hyopneumoniae monovalent
and bivalent vaccines against a dual challenge[ J]. Revue Canadienne de Recherche Veterinaire,2020,84(4) :272-282.

[100] Cho H,Oh T,Suh J,et al. A comparative field evaluation of the effect of growth performance between porcine circovirus type 2a( PCV2a) - and
PCV2b-based bivalent vaccines containing PCV2 and Mycoplasma hyopneumoniae[ J]. Frontiers in Veterinary Science,2022,9:859344.

[ 101 ] Palmai N, Széplaki N 4, Molnsr B, et al. Non-compromised efficacy of the first commercial ready-to-use genotype 2d porcine circovirus type 2 and
Mycoplasma hyopneumoniae vaccine[ J]. Viruses,2025,17(4) :554.

[102] B84 BBVt , 121525, A5, R BOp I A 08 15 WP I 5 U305 82 8 R0 [ PR 2 2 B ORI B IR 5 SR PO AT [ 7). S B,
2026,58(2) :104-109.

Qiu D,Chen C H,Yan X J, et al. Evaluation on the combined immunization effect of live vaccine for highly pathogenic porcine reproductive and
respiratory syndrome and inactivated vaccine for porcine circovirus type 2[ J]. Animal Husbandry & Veterinary Medicine,2026,58(2) :104-
109(in Chinese with English abstract).

[103] Puig A,Bernal I,Sabaté D, et al. Comparison of effects of a single dose of MHYOSPHERE® PCV ID with three commercial porcine vaccine
associations against Mycoplasma hyopneumoniae( Mhyo) and porcine circovirus type 2( PCV2) on piglet growth during the nursery period under
field conditions[ J]. Veterinary Research Communications,2022,46(4) :1167-1173.

[104]Suh J,0h T, Chae C. An evaluation of intradermal all-in-one vaccine based on an inactivated recombinant Mycoplasma hyopneumoniae strain
expressing porcine circovirus type 2( PCV2) capsid protein against Korean stains of PCV2d and M. hyopneumoniae challenge[ J]. Comparative
Immunology , Microbiology and Infectious Diseases,2022,90:101911.

[105]Hu G W,Wang N D,Yu W T,et al. Generation and immunogenicity of porcine circovirus type 2 chimeric virus-like particles displaying porcine
reproductive and respiratory syndrome virus GP5 epitope B[ J]. Vaccine,2016,34(16) :1896-1903.

[106]Li W L,Wang X W,Bai J,et al. Construction and immunogenicity of recombinant porcine circovirus-like particles displaying somatostatin[ J].

Veterinary Microbiology,2013,163(1/2) :23-32.



51 HIE, % S5 RPR SR R T o it 1195

[107]Zhang H W, Qian P, Liu L F,et al. Virus-like particles of chimeric recombinant porcine circovirus type 2 as antigen vehicle carrying foreign
epitopes[ J]. Viruses,2014,6(12) :4839-4855.

[108]Jung B K,Kim H R, Jang H,et al. Replacing the decoy epitope of PCV2 capsid protein with epitopes of GP3 and/or GP5 of PRRSV enhances
the immunogenicity of bivalent vaccines in mice[ J]. Journal of Virological Methods,2020,284:113928.

[109]Liu Z H,Deng Z F,Lu Y,et al. A modular and self-adjuvanted multivalent vaccine platform based on porcine circovirus virus-like nanoparticles
[J]. Journal of Nanobiotechnology,2022,20( 1) :493.

[110]Chen Y L,Zhu J H,Wang S Q, et al. Modular nano-antigen display platform for pigs induces potent immune responses[ J]. ACS Nano,2024,18
(42):29152-29177.

[ 111] Opriessnig T, Karuppannan A K, Castro A M M G, et al. Porcine circoviruses: current status, knowledge gaps and challenges[ J]. Virus
Research ,2020,286:198044.

[ 112] Rakibuzzaman A, Ramamoorthy S. Comparative immunopathogenesis and biology of recently discovered porcine circoviruses[ J ]. Transhoundary
and Emerging Diseases,2021,68(6) :2957-2968.

[113] Wu X, Wang Q,Lu W, et al. The PCV3 cap virus-like particle vaccine with the chimeric PCV2-neutralizing epitope gene is effective in mice[ J].
Veterinary Sciences,2024,11(6) :264.

RIEHE: AL

B, B RO RS H W, B AR R R FOR s B 18 54 37 e 5, A AR K 0 3y My 240 1 2
LI A R AR, R R By B B2 R R AT, P R O B 2 s AR Y o o 2/ )
il ah G2kl s o S B RIS B S NP IR ER SR AT VRIS A N R R SR S P L
o B8 D RA TG S EOR BIL T B S B B BRI , JE 4 [ SR o 4 R 13 30, LASR — /il (5 1R
BRI A5 T, il R S TTARUE 4 I, AU & A 20 30, 35 54 25 TEHIEAS 9 100 (— &A1 —
P VI B AR BRECH FRRH BEP R ( 3) VLR R — AR (5 3) LR
AR (BB 3) (P PR R QUIT R K (5 4) .

3

EF AR RS Y B2 BB T BRI S R PR AR A L AT, &
FE AL BT A S5 80T BN, 2232 [ 55 Be BUR FRoR HEG . 55 Bt 2 00 28 B 23 50 /U 24 B2 22 BHT
WAHR R TR E S E G F MR AT R RZE RSB E BRREEREY 7 aF 52
Ze b1, FRZ AR A AR R BN E 5K, T B O I 2 23 s A% e 28 4 2 A W) He R 2 43 25 Wil #E
HEK, 1998 ARTEMNE R F/RF KRB EE L BERE |, 2000—2001 4E7E 35 FE 2 INFF Rush BE2Edo i+ )5
b 5% ,2018—2023 AFAE R LA R B B BEBE A< . T4 B K A48 G 40 00, KIS &
‘ £ EAEYSRIESE , WF B B R A R AR 2 RIS R A IR 1 AN X T RE S B 8 1 S

BE5 I 25 O 55 28 17 B0 R AT R 8 R R 2 R TG B 1, B P4 25 IR 9 AN (— 28, 22848 1 4),
ST AR AR AR N AN U P & RIS I8 3C 300 25 (SCLIBSC 150 435 ) , K& 21 1, ERARE 2 W, E4m(H
BRI (2 2R (R BEE YRS (BB S L35 9 38, WM HaF55E 74 £ (B4 3 ) M+
oA 224 &, BFFRE BB X 9 T (—4E4 2 ) MR KA LRI 1337,




