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B, FoAEREFEAR B ANz N A, N
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N Fl(Hepatitis B virus core protein, HBC)?JEI%*
Fiva] B & 4 HIE IE — AR VLPs, 58 FA
WRIR IR T, BSR4
SR i TR e L R e P S [OE 9
R B0 B R -3 1 2 VB R AE A SRR
e M R AR SR T . BB AR A P
S IR AR — B AR 52 20 185 5K (Pathogen-
associated molecular patterns, PAMPs)HE A 35
LB B 4l 324K (B-cell receptors, BCRs), [1] B ]
NG s AR A (5, IR AR N . (H
JE 5 VRO TP 1 A T R A2 i o X
PENL B AT S8 . FRATTE A 1 TAE,
FIH Sortse A i i %4 IRINBE , 42 HBe VLPs J & i
REHAL DR B, AT TEGPR BOR R T 5E | 57
IR AR Z IREE AP . FIKE Sortase A
AR S 2 %% T HBe VLPs i) LPETGG
Fea), Wid T F1 G Z ARy Ik, £l HBc-Sortase
A E Y. TR N S A 3 S H AR 2
IR BRI a8y, BT Sortase A,
2ETMT 5 HBe VLPs ILAN I, SEBLAE VLPs K&
PRI o FATTHT T A A AR PT U P Y
WS, PR VLPs RIEPUHAEE , (HE7E TR
PRI KRR SR i AT 2 . 18 A RS
BB AN BT R BT U AR A R
4, M 1 (Env)7E HIV R ¥R A F AR
%, BHARFRY RS 14 DI, —AHH
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I AD-4 U B 20 592 I e S MU
FEAAESC ; YBUIR%E B 44.4%0), R HBe ¥k
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1) AD-4 FpMEPUATHEIE S 100%40 )5 % FE 1
HBc-AD-4 VLPs | ST A Y ; Hils
WIERT 64.2%0F, 515E B PR N 2 KA B
P25 FEYG N R E R AL . XOR AR E AR
AL P AT A A . FRATTHY TAEAAURT LAY 249
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HFo
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1.1 ¥

111 FERHF . AL BN EE E coli
BL21(DE3)plysS g Bt 5tfh [F ARl . ARSI
Jii ki pET28a-HBc . pET28a-Sortase A .

pET28a-AD-4 i ZH R AR 34 thy 4 52 55 % 4 IR 7
ff. NaCl W B 254w, 8 R ey
4 H Oxoid 2A#), Tris g H Amresco 2], Hifig
Bl A RS aGRA BR 2 v, 25 Marker 18 H
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TaKaRa A+, Ni-NTA &4k I H Qiagen
AT S R % 0l B S ES PR o L

1.1.2 ERIY: LR /N BALB/c /ML,
6-8 JHliR, MM, 45 K, WH LR EYRHE
AR ], L EREBE i R 5 T Bl
YIeIRZ ot e, 5. A2017016.

1.2 EBERRK 54

% pET28a-HBc. pET28a-Sortase A, pET28a-
AD-4 TR AL F] E. coli BL21(DE3)plysS
HE, PREATEYE , T 20 mL LB i3RI KRG 3%,
PRI 5 AT A 3 500 mL A5 A 50 pg/mL &
MERE LB H, 37 °C. 240 tv/min 2% F 55
FRE ODgoo WIMEA 0.6-0.8 BF(Z) 2 h ZZF)IA
0.5 mmol/L 15 N EEm A FL BT (isopropy-
B-D-thiogalactoside, IPTG) 500 uL, 7 25 °C.
240 r/min & NS 4 h fEHEARIE. 4°C.
5000 r/min #5.0> 20 min JFYCEEF K, A 30 mL
9 NT buffer (50 mmol/L Tris, 150 mmol/L NaCl,
pH 7.5)E &, TAESs, 151k 7s, 35%REFM
UK AR 12 mine 2 AR R SR AE
4 °C, 12000 r/min 25/ F B0 30 min, ¥ F EIH
4tk H & e

AD-4 35 7 S AR AE a4 . %4k
O ATRAE 4 °C ST 58l ¥ R R T
HGOCH input)fB ABAHH, IRA 30 min, WEER
W, e A flowthrough (1 {5 N flow), Z
Je 43 10 mL &4 25 mmol/L ., 50 mmol/L WKk
[ NT buffer {7k SHTEEEHREN, 20k
wl Fl w2, TG 5 mL &F 250 mmol/L BRI
NT buffer YEfii, B2 HWEN, FHRBBKAAE 1 L
i NT buffer H 4 °C 2540 TN

Sortase A &[T LML 4lifh, B+ R

JEMTAlAC S5 PR T RO T RS BE B0 lifk . T NT
buffer FiLE 10%. 20%. 30%. 40%. 50%(JiT e/
PRBORY 5 03 BERER W, BCRE YR BEVA R 2 mL, #k
JE A AR B B AR OB K A A IR A SW
41 BHE.OAE, fE A E BT HBe & FIF:
fh 2.5 mL. ZJEFE 4 °C. 39000 r/min 554 i
B0 2h, R G 9, WES, R 1 mL
HUFEEF T SDS-PAGE 43#7 .

HBc H W EMLaifl, SeilFfrimmeeksh
MriZifs 3] HBe FE TTIE, 5B F8 AT REH 2 B2
B R B O VR AT BB S R . 1) R e 2
i3 TR A R B (R 2 T B EIE m A
0.2 g fREL). 1£ 4 °C %M TIRGIRS), (iR
B oy VAR, HBe MEHERMTTIEMEE IR, Z51E
4 °C. 12000 r/min 5T &0 30 min, fEl45 [
JEMEBERIA 4 mL 1 NT buffer, {£ 4 °C Rz
1R%], fdf HBe & FITUTHE H ARV, )5 fdf HBe i
fERAE 1 L () NT buffer 1 4 °C & T B i
%50, HBc [T ST e R B 0 2l
oo BRI b, R EER 1 mL B AT
SDS-PAGE FIBEARHHEER L IK 7347 -

1.3 BB R RBCH

Al 7 AR N R R, RAAR 2 mL, 4
AMA HBe & (B R 40 pmol/L), Sortase A
I NHEEH 50 umol/L), K AD-4 E ()
W43 51K 20,40, 80, 120, 160, 200, 240 pmol/L),
B HBc ¥KJE : AD-4 ¥REESMIH 1:0.5, 11, 1:2,
1:3. 1:4, 1:5. 1:6, HJGMA CaClLVE ML
N JE A 2 mmol/L), AR R AL 2 mL 4 NT buffer
#5222 mL. RS TEIREON 2 he

1.4 YR HS5%%E
PNEBENL A 9 1, FH 5 2, 'RE 14
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PBS(NaCl 137 mmol/L, KCI 2.7 mmol/L, Na,HPO,
10 mmol/L, KH,PO, 2 mmol/L, pH 7.4)%}F84H, 1
A% AD-4 AW HBe FEAXTIELA, LIk 74
ARl AD-4 $i)i %% FE () HBc-AD-4 VLPs i3n 4
KPS RTS8 0 s, g /N BRI 10 pg AHRY Y
FE(PBS X R AN AT PSB i),
B 2 FEERD 1 ok, AERD 3 k. BRUAERET, IR
HE Y B EML 100 uL ey, JEMIAEE T 37 °C 3Rl
H, BEILJE, 4 °C. 3000 r/min 2544 F .0 5 min,
QIR B alll 8
1.5 [H]#E ELISA BA I S /5 /N BT E St

1) 3 T K 97 92 W B (ELIS A) A A6 0 A 5
PEBURRTREE . #HEEH 0.2 ng/pl 19 AD-4 &1
VEWRALHE 96 FLAR, 50 pL/AL 4 °C AW E . Z)5
A 1/1000 AR FRRE IR ) PBS(PBST)PEY 3 i,
T 5% IEZL PBS W EH] 96 fLtk, 37 °C
B 1 h, ZJ5 PBST ¥t 3 . FR%— RN 1%
0 R LA AR B (0 LT (0 S 17107, 1/10°,
1/10*.1/10° 1/10° . 1/107 & FL B FR B AL 375 ) LA 50 L/
FLIRFUIMA 96 FLAR , #£ 37 °C 1 H 2 ho fH PBST
PR RS 33 05, FH & 1% MEE 7L PBST LA 1:5000
1 AR B L 2E R 1gG, B 50 nL/AL I ARF A
96 fLAR, 7E37°CH¥E 1 h, JH PBST ik 3 i,
BALIMA TMB &A% 50 pL, BAS5, H 1 mol/L
FRERZ A B AN, 50 pL/AL. f6 I B () 2
ELISA 1Y ODuso 808, BUER T 0.2 I 1R 2 BY
/NPT EE
1.6 Sitatr

Joa BE A URL R UL 0 - B IR 25
WA, BUFEZ: SDS-PAGE, % Sl =15 (Coomassie
blue R250)Ju a5, HLUKSE R 2K AEEEI AL
BRZSGIAM, FIH Imagel 34, *F HBc fil AD-4
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{2 B W 4ty 0 IR BE A T 5, ARG IR LG 491
ELISA 255 H GraphPad Prism 6.0 #{4:4¢
ot hiEE. AR A RA One-way
ANOVA Kk, BHaRm M-V ER i 2=
P>0.05 BF A A W E2E R, P<0.05 BHA A
B EPEZE R (¥P<0.05, **P<0.01, ***P<0.001).

2 ERFAH

21 FEERKSHM

¥ pET28a-HBc. pET28a-Sortase A, pET28a-
AD-4 & A Ak 4y Bl B 4k Bl E coli
BL21(DE3)plysS /&2 54l 5, PRECAEVE,
7E LB ¥i R 3 597, & IPTG 7E 25 °C lUIRIE S
Jo, B WCBE TR, TR AR 8 7R R I A N 1)
A aaifk AD-4. Sortase A, HBc HHH (A 1
10 2h A aifb a5 ). 1 Fos, =FaEn
W EhFik, 4 SDS-PAGE Z3#r, AD-4 fiE1
FERE A2 TSl Ab A5 19 H B K/ R 16 kDa,
SR FH TR 2 Ao B i oV A A I AR B, TR
MR ST SR SR AR, B 1 PR
00 B A = M RS FERE AV BERE RE , MR
10%-50%, K o B GRAC R MR BB Sy, i BR
JIE ARSI @ BIDUT , HRUCHURE | R DA 6 4
B 1mL, 735 1-12 %5, M 1-12 SR E
HEAFEMIEST SDS-PAGE Kl . 5256 % BH,
Sortase A FZAF1E TARTEE S B 10 1-4 Sl o,
¥ 25 kDa, RAEIEA A Sortase A 1K 7%
JERKR, WIAETE T R R 6-9 S 4.
SFRATZ AT, d TS E A HBe R 5EkE
TR ANBEK: LPETGG K Z #8 7E R0, T LR
Wr%d HBc & #7525, BIFE HBc B9 W% 1)
c/el FRXAGARILR)TF LPETGG LA S 2 11 %05
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T, BHEILRR T RSy, N s 1-79 7 K/NZk 10 kDa, C core K/N42k 18 kDa, HL[FIH
FILPRFR N core-LPETGG, C %i#f 80-183 fiz ke  fF7E TR BEMER I 7-10 S A o, RPN
FRFK C core, WiZd HBc AV AILIRFHIMIZEHF  core-LPETGG F1 C core #5Z2H3ETE A T VLPs. &
K, FKiBJFHI N core-LPETGG #1 C core e A AL TEfRWHEERL LUK , & PLKT 2L HBe REWIR AL £ 5E(EB)
B EEREUR . 4l 1-C FR, N core-LPETGG  Hel™, ] VLPs 454 b T 15 ERIA .

M1234567_

(A) kDa (B) kDa
M input flow wl w2 elute

170
130 130
100
00 %0
55
35 40
4
0 35
35 25
25 25 kDa
15
15 16 kDa

CB
© kDa

fi

70
55

40

35
25

18 kDa
15

10 10 kDa

EB

& 1. AD-4. Sortase A 1 HBc FEHRIFTIEF4 L
Figure 1. AD-4, Sortase A and HBc protein expression and purification. SDS-PAGE analysis of purified AD-4 (A),
Sortase A (B), HBc (C, CB) via Ni-NTA affinity chromatography. (C, EB) NAGE analysis was performed to
monitor the sucrose gradient density ultracentrifugation separation of the target product. NAGE was stained with
ethidium bromide (EB) 10%—-50%: the concentration gradient of sucrose solution (W/V); M: protein marker; flow:
flow through; w1: the first wash; w2: the second wash; 1-12: different fractions of the Sortase A and HBc sample
after sucrose gradient density ultracentrifugation.
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2.2 NRAGUREE R BB A # 2

Sortase A JE—FlEIREE, & A4S PE IR
] N core | ##& T HBc i) LPETGG 741,
Wrzd T F G 2z [a] ) Ik, JE B N core-Sortase A H
[E] 724 o i e N Sty A7 3 A H 2R TR AD-4(4
WK AD-4 HE 1, ¥4 N swliAT 3 AN HER

1 AD-4)EAZ M0 a7~ 4, BT Sortase A,
HME N core HAMHEEE, LMK N

core-AD-41"! H W% HBc 9 N core 1 C core
3RE [ K 2125 B S AE R A S5 A, SR s T
PASEERAE VLPs R /R AR % B 1 S AT T E
RFM TR, SRR EAHUARIER 6 fif
B, PG IR L, e RSN AR AN T i 427t
TiAk, 24 AD-4 Byl DR, SR A I
N core-AD-4 1:/1>, SDS-PAGE MELIKGIF] 44745 .
I, AWFBGE T 7 HARMEEE HBe F1 AD-4 S
NifAZ, B HBc ¥REE : AD-4 WKJES510 1: 0.5

Lol 1:2,1:3,1:4,1:5,1:6, ZJF, &
1A% Gl 5 %) SDS-PAGE Z5 Rakfretn, it
5, M Imagel AT N core-AD-4

B IEE . W 2-A, ¥R ¥) N core-AD-4 K
/NNy 26 kDa, FATLIBEE AD-4 WeERIIEAN, N
core-AD-4 (14 it 52 B 1 ke A, R
HBc-AD-4 Ji#EFERUR R AT AD-4 Pl 2% FE A
I FRA TR HBe M+ AD-4 =1 : 6 BFf VLPs
PURE R R 100%% %, BP—14~ VLPs LI#)
LPETGG i 450 AD-4 (5¥; HAL B3

RFERRFZ) N core-AD-4 I K EEMERELL 1 6 415
RIEAE, MRAFAIXTPLIR S B L. HBC
JE : AD-4¥REEIE 11 05 F 1 : 6 1Y 7 LKA PT
JERE RS K 44.4% . 64.2%.75.0% . 79.6% . 84.7% .
95.0%. 100%. 1l 2-B ffisn. ZJadiit bk
% 2mL, PSR LY HBe-AD-4 VLPs,
2.3 ARG B R B A BURL A 2

el 7 A RSB ZR 23 B A HBe 2
Sortase A EH PN AD-4 M, G/ CaCl,
VENHEALT, R R 2 mL A9 NT buffer #h55 .
RS 2 h S AT M RS R R0 FR IR
MARFEN A, MR, 54T SDS-PAGE £
Mo aniEl 3 proR, FHIK7HY N core-AD-4 K/

(A) + + 4+ + + 4+ + + + N-LPETGG- C(() 0 umol/L) B)
kDa + + + + + + + + + Sortase A-4 (50 pmol/L
2 0240 GGGS-AD4 (umol/L)
170 <
19 s 100
100 — 2100 [ 95
55 z 9.6 84.7 1
- 5 80t 75 26 M
40 — = 64.2
35 2 o0r
] ‘g 44.4
25 — 26 kDa o 07
25 kDa o 20k
18 kDa &
15 — 16 kDa 5 0
Q
5 \6‘3 RN SN
10 — 10 kDa Reaction concentration ratio (HBc:AD-4)
B2 MWEFSHETRERANRESZE
Figure 2. Determination of the antigen density of HBc-AD-4 VLPs. A: Sortase A ligated 20-240 pmol/L (lanes

6-12) AD-4 antigen to HBc VLPs; B: Percentage of antigen density determined by SDS-PAGE and Imagel

software. M: protein marker.
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(A) kDa

[

55
40

M L. 234 5 6 17

26 kDa
25 kDa

15 18 kDa

10 10 kDa

(©) kDa
M L 230456 7

26 kDa
25 kDa

18 kDa

10 kDa

(E) kDa

170
130

M1 23435 67

55
40

35

25 26 kDa

25 kDa
18 kDa

[ 3.
Preparation of different antigen densities of HBc-AD-4 VLPs. A to F is 64.2%—-100% antigen density of
HBc-AD-4 VLPs. M: protein marker; lane 1-12: different fractions of the HBc sample after sucrose gradient
density ultracentrifugation.

Figure 3.
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26 kDa, C core K/IM3%J 18 kDa. ¥k~ # N
core-AD-4 ¥ EBNALE 7-10 S, K
HR VLPs RIMHUEE A, (HIEXT VLPs ki ¥
AR ERNIER A B, S, KE
AD-4 WRFEIEIN, 5K N core-AD-4 4= i,
UL I I B, R IS [R5 Y
HBc-AD-4 VLPs E Sl %o HT7E 44.4%%510)5
WEEHS VLPs LAY N core-AD-4 HE4 /b,
SDS-PAGE Xl LU N 2 5577 , # 44.4%$0 )i 25 FE 11
VLPs il s 85 R A 2h o TS, WG &A
FEXF Gl 5 = W0 4 43, € PBS B Mt ik,
DABR S HEME . = o (o A 1 o e J3 0 a5 e
EBEEWEE, BJF T80 °C IKFA AT
2.4 /RN

h T PR R i B B B UL X AT
FERIEM, ¥ PBS. HBc i dekE kL 2 kAT
XTREA, WE 7 ASEEAL, HBe WREE © AD-4 M
3511 0.5 21 6(0 1.2.2 FE L ROV AR &
PECH R AR, BERE 2 R /NEEERP 1k, ez
3. RERMIKE, I ELISA By 554

(A)  anti-AD4 after 1st dose injection  (B)

k% .

anti-AD4 after 2nd dose injection  (C)
K%k

W e AD-4 RS PEPUIRIE R, RIS
(OD.4s5o>0.2) LA I B HU IR L o /D ERTERIIR
o g I BP AT & B AD-4 BUiRHL P, &l 4-A iR,
f£ HBc ¥R I © AD-4 VRBEN 1+ 5 B, BUiTH i
B, A 10%°, 5 HBc X AL 25 54 B 3 (P<0.001);
HWOR 12 4051, Bk R 10°, 5 HBe X R4
A B EMZE5(P<0.05); THATIRHH SIS HBe
Xof BRZH A A B 25 5(P>0.05, Fi n.s. 2)(K] 4-A
AR HBe SaE5G41 1 : 0.5, 122, 1 : 5 4130
Gl R)e ZUsRa e, Fra AN AR
PR RN KA BT e . Hd, 7 AR
BT 255 T HBc XFHEL1(P<0.001), 4Rifi
1: 0.5 SCIRAIHUATRBEARRT MG, R 10°%, S
AR 1 ABUARTHEE N 10 e B2 R
(P<0.05)(/F] 4-B H{UFRiH HBe 5328641 1 : 05,1 : 4
RG22 R) . =K )E, 7 ALl
AIBTIATE BEATI A ik 2 55 T HBce XTHEZH(P<0.001),

1+ 0.5 AT IEAT EBAG T EEATR AR,
N 10, HASIS A BIP AT B A iR

1:1 2 1:6 1 6 NRLIBUATRE CH 2255
(P>0.05), Hrf 12 4R E s, R 104,

anti-AD4 after*3*r>g dose injection

5 100000, B5; 2100000  FEH—t— 21000000 FE—zz—y
= . =y - A =y
L 1

© 10000 & g 10000 n gfﬂi-gu} g, 100000 2T p®4 &
— v - | 4+ Y ¢ o a 10000 A Y o Oo m &
2 100 vy hee o 1000f & & . 2 oo
T 100l . ® Jf‘ ° % 2 100 |4 3 &
23 % . = =3 100
; 10 . - 10r= < 10
2 o P ) - 0

Q&O\Sc?\:.\' \’{} \"b \'.b‘ \'c? \'(.0 Q&O\ch \'.\ \'r.\’ \'?7 \"?‘ \'c? \'.b &°\Q‘7 \x\ \'{} \'?5 \"b‘ \'c? \'(9

Reaction concentration Reaction concentration Reaction concentration
ratio (HBc:AD-4) ratio (HBc:AD-4) ratio (HBc:AD-4)
4. IR E RSN E
Figure 4. Endpoint titer of AD-4 specific antibodies of all the 7 different antigen density groups and two control

groups (PBS and HBc groups) which were measured at days 14 (A), 28 (B) and 42 (C).(*P<0.05; **P<0.01;

**%P<(0.001; n.s., no significant difference).
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Horb 1:5 BT RAR, by 107, 1:2 Prii
W BT 1:0.5 H5(P<0.001), T 1:5 20 AHTIA
FEWRE ST 1:0.5 Z05(P<0.05), Dh EA5HREH,
HBc VLPs FAIPLILE B0 ST G Jo Fr e bk
AR 24 HBe RGPS N 44.4%H,
R HBc ¥&JE : AD-4 WFEy 1:0.5 i, A2 LA5 [
T PE BOFLIAR 4 s 24 HBe R ITVUR A 64.2%IK,
B HBc ¥kJE : AD-4 WRIEH 1:1 B, et Bk
SR ST 5 R S B LR VLPs Jip
SIEBTAREEA Y ; BURBERT 64.2%H0), 5l
ReE N NITE Y SO NS e a8 ) I TR e

3 W

CAMIR R, HURER TR Y
VR R AT S M 1 O R gk
ST Y22 VT 7 TR 1 D 5 R Ko 28 Iy 225 )55 M) it = A
KRBFFER A G T R R E A B R R
PN B M . RS B V% AT A 1 1) S £ il 3k DA
PO AR RN BIF 5 BT D 85 R 1 = B 8 N 1 5
mat =t A SR R, R A R R R
RGP 0 2RI L 9K R 1
235 FE B D L o 88 B A B S A 80 E A B 2
H, 5 R KO A AT e I 1) R K
L 1T AT D 285 B8 X6 T 1A VR A 8 S g ) 5 L R e
KHEM,

FEATEFE R, FRATLL S NEE i R SR A4 11
o5 B A URL Ry SEIG AR, X X — G [l RAE T
— PRI . FRATTRI 5% KT Sortase A 43
ML IRTIRE, B HURRAGEYIREE, A
[Fi) 2 £ (1) AD-4 5B /R 2 HBe VLPs £, 325
ZERFW, 5O AIRIE W RIR IR AR BURE
AN, FE T HBe B3 8 FE ORI 1155 3 1 B AT

i 5 SR B B AAAE A DG, (HIEAE IR B —
SE BB I BE IS i s S 7 AR I B0 AR BE T i
A, BPAkSE E PR 25 A RE 5 R 1 AR
No FARK, 44.4%PUI5% B 1) VLPs ANRES 5K
FKCE PR . 64.2% % 100%3HT 7 % FE (1)
VLPs BERE 5T A A0 21 BB PR B, FLt
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Correlation between antigen density on the surface of hepatitis B
virus core protein virus-like particles and their antibody response
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Abstract: [Objective] To better understand how antigen density on the surface of hepatitis B virus core protein
(HBc) virus-like particles (VLPs) affects their antibody response, we generated HBc VLPs with different antigen
densities, and tested their antibody response in mice. [Methods] First, we prepared the recombinant antigen domain
4 (AD-4) of human cytomegalovirus (HCMV) as a model antigen, which contains three glycine molecules at its
N-terminus, for Sortase A-mediated ligation onto the HBc VLPs. Displaying different densities of antigens onto the
surface of VLPs was achieved by using a serial diluted recombinant AD-4 in ligation reactions. After that,
HBc-AD-4 VLPs with different antigen densities were applied to 6—8 weeks old BALB/c mice. Each group was
inoculated three times at 2-week intervals and the AD-4-specific IgG was detected by indirect ELISA. [Results]
When the reaction concentration ratio between HBc and AD-4 is 1:0.5, which HBc surface antigen density is
44.4%, VLPs couldn’t induce a high antibody titer. When the reaction concentration ratio between HBc and AD-4 is
1:1, which HBc surface antigen density is 64.2%, VLPs could induce similar highest humoral immune response
compared to 100% antigen density HBc VLPs. When HBc surface antigen density is greater than 64.2%, no further
enhancement of antibody response was observed by further increasing the antigen density. [Conclusion] In
conclusion, we found that antigen density on HBc VLPs is positively correlated with the antibody response.
However, it reaches a peak at 64% antigen density, and no further enhancement of antibody response was observed

by further increasing the antigen density.
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