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[Abstract] Objective: To establish a recombinant particle protein using hepatitis B core protein (HBc) virus-like particles (VLPs) as
the scaffold, with chimeric incorporation of PD-1 B cell epitopes, and to investigate its inhibitory effect on colorectal cancer in mice.
Methods: A PD-1 HBc VLPs plasmid was designed and introduced into Escherichia coli BL21 (DE3) to obtain recombinant PD-1 HBc
VLPs-expressing strains. Soluble protein expression was achieved by optimizing the culture temperature. Subsequently, high-purity PD-1
HBc VLPs were obtained via a series of purification steps, including ammonium sulfate precipitation, size-exclusion chromatography,
and anion-exchange chromatography. The expression level, protein purity, particle formation efficiency, morphological characteristics,
and antigen-binding activity of the obtained PD-1 HBc VLPs were systematically characterized by electrophoresis, WB, high-
performance liquid chromatography (HPLC), and transmission electron microscopy. Immunogenicity was evaluated by ELISA to
determine serum antibody titers in immunized mice. CT26 colorectal carcinoma cell transplant tumor model was constructed in mice,
and the anti-tumor activity of PD-1 HBc VLPs was further assessed in vivo by comparing tumor growth, body weight and tumor volume

changes. Results: At 28 °C, the soluble target protein accounted for 10.27% of total protein. The target protein was purified using
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Sepharose 4 Fast Flow molecular sieve and DEAE anion resin chromatography, with a purity of (91.77 + 0.62)% and a molecular

weight of 23 000. The particle size measured by electron microscopy was (31.90 + 1.88) nm, while particle size analyzer showed a
particle size of (30.66 + 0.62) nm, and the polydispersity index (PDI) was (0.18 + 0.05). WB analysis demonstrated that the
recombinant PD-1 HBc VLPs could bind to anti-HBc VLPs serum and anti-PD-1 antibodies, respectively. ELISA results showed that on
day 14 after the third immunization with PD-1 HBc VLPs, the total antibody titer in mouse serum reached 1:640 000, with an anti-
PD-1 antibody titer of 1:40 000. Anti-tumor experiments showed that PD-1 HBc VLPs achieved a tumor inhibition rate of (27.99 +

2.98)% in mice with colorectal carcinoma. All mice in the control group died by day 45, whereas the median survival time (MST) in the

PD-1 HBc VLPs group was prolonged by 20 days. Conclusion: PD-1 HBc VLPs containing PD-1 B cell epitopes were successfully

prepared and demonstrated therapeutic efficacy against colorectal cancer in mice.
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45 T 5XCEL W B b R R S R L At R 22 B el iR
PR AE D AR . PD-L1 7E CRC K[l 7% %
%, 2. 5 PD-1 HYAH BAE {2 #E T CRC 1) fo % 18i&,
I 5 Mg (e R MR B TS AHOC . PD-1 B v B T
PRBWE Jy e S iR T I B EE 245, gtk Al N H T
W 00 8 0 3 9 R /DN 2 T e % A i g ) Y
J7 . PD-1 5w EHUATE CRC VAT B UL BT
R R Rt X A Gt — BVR T TE N 1) BB A
{H PD-1 B BRI 2 3 I 2~3 JA) , 75 45 3 A K57
R IKHNE (> 200 mg) AAERF M 259K ET. KIARE
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48993 B3 1% 0> 5 [ (hepatitis B virus core protein, HBc)
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R 17200 A LR Y VT R B IRV T S5 AR R 2 A
% 52 RVE o AWK PD-1 P R R A K R R AR
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"], FBS 6 H WL ZEF VB AR AR, HEHE
R W B L E B W R R AR, RIBIR A
(E. coli)BL21(DE3) H i1 /g 44 LE W) TREH ARHE 5T
O RAF , T BERY 2 1 R [ 9 [E OXOID A A, &k
YRR A BEIR A A B R B D R
R250. Tris 331 [ [ 24 4 H 6 223057 A FR A =], HBe
VLP Hu M35 HH 0] 7 24 A2 9 TRE R 78 o B 43t
I PD-1 HUAA Iy B E G M BR AW .

Sepharose 4 Fast Flow 1+ .DEAE #+14 H 3 [ GE
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/NS, CRC 41 il CT26 KI5 11 1 44 AE ) TR 4
ARHFFE s, AHAE RPMI 1640 8555, B e B s
10% P KIEREA M 100 U/mL 7545 2 M1 100 pg/mL 4
FHE, T 37°C, % 5% CO,KIRIHIE P B %,

M 6~8 JH R BALB/c /)N R IR T 7 17 7 I
HAEMBHE RO AR AR [ EAHKIES -
410983251100140421, 55 5% 2 ¥ A4 7= ¥F vl AE 5 -
SCXK (#)2020-0005]. Fr SL5sh P75 j 44 H =
24K 5 SPF 2 IR 55 v 1) 37 [ S 56 ) A FH 17 T UE 5
SYXK (¥42021-0015]. A sh¥sLi 38 7Eim m 4 A=
VTR AR O EEFEHZ RS T
AT HL A 4w 5 : HNBCLL2023009)
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(TSGSSGSGSGGSGSGGGG) , i A HBc VLP ] 9 %
X (78~T9 ML AR ) , - MIBR T HBc VLP 25 144
MR IR 2 Ja M H1, DLIL RT3 B br & 507 41 -
Wiz aEm IR E, ZHRETAEY TEE
VD B A7 A6 B A W) - O 2= R v B, 9 S [ %2 pET-
28a(+) ] Nde 1 F1 Xho 1 BEYVINL 55 2 8] o F4 3R1F 1 5
b i @A ESFE AR AL R E.coli BL21(DE3) H, #)
BARIGHFF 1 RIE R G, B & R IR = I A
FRILIH IR IRAT EHAH KBk

1.3 PD-1 HBc VLP #) % i& 544k

PD-1 HBc VLP B Al ¥ MR IE 2R T . ¥
A TR FE AL 2 E.coli BL21(DE3) , A5 T4, #kHX
BT B B VR T A RN EE 2R (50 pg/mL) 1) LB £ 77 L
F 37 °CiE 4k, 73 T 37 °C.28 °CiE TR ik . KL
G s WA B A4S, I\ 10 mmol/L Tris-HCI % ' % &
= VKK 26 300 W 3 s, 15 3 s, 75 I
30 min, 4 °CE L, 73 AW HIF AT 347 SDS-
PAGE 7 &5 85 A , i 1 2% 5 5 85 R250 Qe o e 2
S A P €290 i €8 22 JER €63 W )5 5 SR FH Tmaged X 2%
T AT E BT .

PD-1 HBc VLP R Fi 3572 5 RiE . FEHLHEECH
e B T U FeRR T 50 mL & RIABEE R (50 ng/mL) [ LB
R 773,37 °C- 210 rpm 537 2 % (D) fH 2 1,00,
1% 4% P 235 300 mL &R H0E £ (50 pg/mL)LB
R, A& N R E D, 6N 1.00. TR RS 97
4 100% 42 P 5 42 50 % 2 22 300 mL & R 5 &%
(50 pg/mL) LB £ 773, %43 5 [A 4 4F R85 9% 2 Dy,
58 1.00. JI A2 A 0.2 mmol/L IPTG, 28 °C .
210 rpm %5'F 6 he  EOWEEF A, —20 °CiRAT -

PD-1 HBc VLP & FH I 4lift . HUE & AR UTTE
F 10 mmol/L Tris-HCI(pH 8.0)$% 1:20 1 bt 451 85 2 1
A FEVK KIS S5 1 8 75 B R 4R B (T 2229 300 W,
A3 s I3 s7)30 mine FOFUTIE.

] 38 FR 43 20 0 N T R TR i & T RN B
10%+20%-30%-40% (B B2 ¥ ) o A A IR i ok 5 1)
I A VKK F5 A R B HE 10 min J5 , 550 J5 AR
FIE WK YTUE o &P UTUE 4 9 FH 10 mL 10 mmol/L
Tris-HCI (pH 8.0) H & , SDS-PAGE 4} #ff PD-1 HBc
VLP & HEA R BB v AN B S I A

s H bRyt iE B 2 W _L Sepharose 4 Fast Flow #EJi¢
iy E M A . H 10 mmol/L Tris-HCI(pH 8.0) BE it ,
LR 280 num P A A AS I B 1) (3= ) e it W i Xof 2 )
243, SDS-PAGE 7 1A PD-1 HBc VLP I,

& HArdl s> | DEAE B 72 H 2 k. ok
FH 10 mmol/L Tris-HCI V-7 % i B i, 7 H 7 500
mmol/L NaCl [ 10 mmol/L Tris-HCI % it 45 & 5543 o

%4143 347 SDS-PAGE 43 #7
1.4 PD-1HBcVLP & &G &9 %%

PD-1 HBc VLP & I PRI kil . SR =5k
VM 3 (HPLC) % PD-1 HBc VLP #4745 FE 4G, €2
kA Ultrahydrogel 2000 #E i i 38 (1843 , K6 25 -
2998 T £ Ah-n] WG 2% (UV/Vis detector) , £ Ml 15
£ 4280 nm. i shAH N 10 mmol/L Tris-HCl. 7Ef#
0.05% & EACERIE P BE AR EE S i AT S5 L A 10
mmol/L Tris-HCI1 P18 )5 , B B 561 FAERE 20 pL, JIE
0.6 mL/min, #:J1A 8] 30 min, #4725 °C, 4347 PD-1 HBc
VLP £ FI R TE B3R

PD-1 HBc VLP & H RS F 2tk 5
FERFRES 0.3 mg/mL, WL 1 mL (18 FRE 23
FE g R I8 AN KL FE 73 B A (7R SO % HEL2H PD-1
HBc VLP FEATRARAS I, A5 2 53) EUE: 43 AT (number
particle size distribution, Number PSD) .

PD-1 HBc VLP & HJEAAM . R 51 e 32
%} PD-1 HBe VLP #E{T 44 €8, JEM-1400 B437% 5} o 45 01
WAL . WESHOE N IEHE 100 kV.
TR AE 2 200 000 x o

PD-1 HBc VLP & A (1) 5% ekl . SDS-PAGE
SEAALE AR [, £ 200 mA &1 B 1 ok E
¥ EN % PVDF I . 5% Bl Wk} 41 )5 , HBe VLP
G %/ BRI I3 (125 000D AT R YR PD-1—475(1:5 000)
FIRAAE FAER 2 h, HRP- £ HT R —P1(1:2 000) =
I 26 NAER 2 h 5464 DAB 2 3 i .
1.5 PD-1 HBc VLP %92 BALB/c ) R 894K i% %92
B

6~8 J& ke T BALB/c /N (n = 5) 48 Je A5 432
fl PD-1 HBc VLP, $£ 9 3 Ik, BEIX A F@ 2 J& , BRI
50 pg. MR ZH I 4% B PBS. BRI R SR I AR
P 7 d el E KA M . (6] $% ELISA VA6 I /)N B8,
I3 TR KT« ELISA #R I 43 %I B 4% PD-1 HBc
VLP #i Ji J2 PD-1 4= K (100 ng/fL) , PL %4 PD-1 HBc
VLP G i/ RIS VR — T, B 12100 TF A6 £ LU
B 5 LR EE 0 R /NRIGIE NI R, B LN FE 100
uL, 37 °C ] % 0.5 h, PBST ¥E# 5 7K 5 In N 2 Ht B
HRP-IgG —$1(1:8 000)J# %2 37 °C/x 0.5 h Ja B,
{81350 T e B b 45 &40, PBST Bei 5 9 ; B o BF ALK
PN 50 pL 1) 55 6 SR 0 A YBORT S 40 B Y, G _E AR
FECTRC AR 37 °C v 20 min; 5 i BEFLAK KT 50 pL 1)
2B S B F AR AR I 450 nm AL FY) DAEL
1.6 PD-1HBc VLP 3 CT26 tmfit s R AL AL G AL A 69 4F
R

FE /N R B R VESS 1 x 1094M/100 pl CT26 fik
TR0 20 L, A /0N B CT26 400 it S5 17 % L R A TR, 2478
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R TR 17 2 AR B IK B 29 60 mm® B, K /N R BE AL 4
2% (n=75):PBS4l.PD-1 HBc VLP 4, PBS 41 %}
HUNEEST 100 L PBS, PD-1 HBe VLP 24145 H /) il
745} 50 ug/100 pL PD-1 HBe VLP, £ 7 R4 /N T
TS 1R, FRTE S 3 Ko B I S A I B % 2E A R
BRI A 5 o DA RIS BRI 1 K AR (@) R4 (B 5 T
B RN R IR ARFR (D =a x /2.

HRE N F1 A S H S AR /N BRI 08 2« R % =
(PBS U8 T34 F1 — PD-1 HBc VLP 597 28 1
BIRFD/PBS AR x 100%.

1.7 “itsa

W90 % FH GraphPad Prism 10.0 45 i3 #F 364751
P 3 HT . FFEIESA AR E TR x£530R,
SR FH B X 3R 5 22 5347 » )5 2K Bonferroni v
HEAT AR 22 B L A, 2R A7 2 BT SR B 0 BORR A 565 DA
P<0.058(P<0.01 xR AAGI 75 L.

2 7 R

M(x10) M 1 2 3 4 5 6 7 8

18|

72-

C D

M(x10%) M 1 2 3 4 5 6 M(x10) M 7 8
i ; " 180—

72—

2.1 AKIBi% FH 4 PD-1 HBc VLP 7T b & 5

FE 5B 37 °C28 °CE 38k 6 h, B i
W J5 18 1 SDS-PAGE 73 #r Big W APt vE i &8 B4
HCETAD, 85 SRR, 8 B4 1 8208 23 0005 78
37 °Ci% 5 4 #f '~ PD-1 HBc VLP /& & 4 5 5 (4 1)
14.46% , HA e = H B E11) 67.07% R ATE P
HEE A SR EAR 9.70%) ; 78 28 °CHE S 41T
PD-1 HBc VLP /5 74 & 2 1 11.18% , He i v i B
35 H R A 91.86% CHI AT M H R E 5 R
11 10.27%)
2.2 PD-1HBc VLP & & #) % ik Atk

AN IR A P o P e b A ilE B L 5 R (B 1B i
7R 1E 30% F) % 2 4% 1 PD-1 HBc VLP & A UTIE i
% , %¢ Sepharose 4 Fast Flow X~} #EBH JZ #7 f1 DEAE
B 7 22 JE A it — 2P 4lifl 5, PD-1 HBe VLP 4l
FE (9177 +0.62)% (& 1C-E)

B
M(x109 M 1 2 3 4 5 6 7 8 9
180—

72

BB
17
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A:PD-1 HBc VLP & A TE A [FlR 5 R 115 S #7845 5, 1 A PD-1 HBc VLP Ri%E S H KM E H ,2~4 J937 °Ci 5 J5 1) PD-1 HBc
VLP B 78 8 1 () IR 375 () AIYTHE (4),5 N PD-1 HBe VLP B, 6~8 A28 °Ci#5 55 1 PD-1 HBc VLP B Fi (6) SRR S5 U
£E110 138 (D MYTIE (8) s B: PD-1 HBe VLP & [ & i B 44 T vE #2455, 1 NPD-1 HBe VLP #1437 °C5 S0 i 5 IR 11 13
2.3 N PD-1 HBc VLP £ 10% Bt i i o WA 1) B3 () FIPLIE (3D ,4.5 N PD-1 HBe VLP £ 20% At i Bt o W 1) i (4)
HAIYLEE(5),6.7 N PD-1 HBc VLP 2 30% Bt B4 i Jo AR 1 3 (6) FIYTTE (7D , 8.9 A PD-1 HBe VLP 4 40% fift BRA% T IE JG U
SR _EIE (O FAPTIE(9) ; C: RAFHERLZ#T4l4L PD-1 HBc VLP, 1~6 Jy R ~] HEFE E T4 AL U 1~6 8 s D« R HERL 2 Hr 4k
PD-1 HBc VLP, 7~13 ;T HEFRZ M4 fb i i 7~13 % s BE: DEAE 4ii1L. PD-1 HBc VLP, 1~7 y DEAE 4fifb. it Hif 1~7 &,
8 74500 mmol/L NaCl ¥t #54> . M: Marker (25 [ )51 4> 1 EARAE)
El1 PD-1 HBc VLP EHHKE

2.3 PD-1 HBc VLP & & #9 & &

G KRLE 23 BT A (B 7R 300 43 #4551 (24D &
7, PD-1 HBc VLP i 4% 4 (30.66 + 0.62)nm, £ 43 B
¥8 % (polydispersity index, PDI) A 0.18 +0.05, 34— 14
Kif. HgE4E R (B 2B) &1, PD-1 HBe VLP AL
F 20 K JBURL L B 4% K /N A (31.90 + 1.88)nm. HPLC

45 5L (& 20) Y7, PD-1 HBc VILP [ {5 B4 s 7] Ay
(13.83 £ 0.17)min, 5 & HBV BUkL (1) {4 5 B 18] , H i
P A (92.97 £1.62)%.

2.4 PD-1 HBc VLP T ¥4 5 HBc VLP 4t 2 7% & PD-1
$i 2 A

Ea =)

WB SZ6 45 5 (& 3) 2715, PD-1 HBe VLP 44K i
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FiA[ 5 HBc VLP $iifiLig & PD-1 Huiksh & , 78 23 000
Fe A LGS BT R e H R A, 5 T AR A
4y T & K/NM 5 iE B PD-1 HBe VLP & 3 JE 7R
HBc VLP Ml PD-1 %4, H 8 241 & (4 7] 5 PD-1 ik

e

2.5 PD-1 HBc VLP % ¥ s & /= & & & i HBc VLP

0.1 1 10 100 1000 10000
C JR~f/mm

= 0.006] 13808 %.=280 nm

X 0.001] ‘
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Fif [A]/min

4 F P FUAR B PD-1 4tk

ELISA #:l14: PD-1 HBc VLP 4% /)8 B IfILi
£ X% HBe VLP 1 PD-1 IHiAk /K-, 45 R (B 4A . B) &
75 55 3 A 14 d Ja /NI HBe VLP LA ol
15 1:640 000, PD-1 HLAR A AL 1:40 000.

A:PD-1 HBc VLP & [ ki 424347 B ; B: PD-1 HBc VLP & [ LB AG I 45 5L ; C: PD-1 HBc VLP & 1 HPLC Rl 45 31 .
2 PD-1 HBc VLP EHKIFAE

A B
3 3
MOAO) oy M0
»_ ‘ P
= 13—
o [
10— [ 10—

A:PD-1 HBc VLP 5 HBc VLP [k 3% 2% BN 23
B:PD-1 HBc VLP 5 PD-1 i GBIk 734 . k38 VLP:
PD-1 HBc VLP ¥ fif. M:Marker(% [ 4> T RArAE) o
3 PD-1 HBe VLPEHRZENT LR

A

800000 F o s ]

700000 I g pp.
ﬁ 600 000 F E—PD-1 HBc VLP
500000 £ )l—l
= L1
% 300 000 |
pul
£ 200000 f

100 000 F

7 14 21 28 35 42
i a)/d

2.6 PD-1HBc VLP *f /s 4k A CRC £ A 49448 A

BRI S CT26 7 T S B A AL, $ 9697 I
T2 (B 5 AD X a7 98 /) B AT PD-1 HBe VLP #2736
J7 . 5 PBS AL, 7/E 852 PD-1 HBc VLP 5 , I8
A KA, VA 9T 38 d BN (27.99 £ 2.98)%
(K5 B);PD-1 HBc VLP 24/ B A 57 F o0t HE2H | T
G, N R BRI T IR R 17 A RS, T RE S
JigRg 3B A 2% (&5 C) s PBS /N BRAE 45 d 4B 48T,
#5252 PD-1 HBe VLPGJ7 Ja £ K 1 /N AE A7 1 20 d
(B 5D), #i ¥ PD-1 HBc VLP Xf /)7 i 44 § CRC A
HHIER .

50000 e %@ Toer
—m—PD-1 HBc VLP

40000 =
30000

L R AL

20000

10000

7 14 21 28 35 42
P R/

ELISA £l PD-1 HBc VLP %23% J5 /Iy B 37 H 4T HBe VLP HUAR U (AD K 3T PD-1 FLAR R (B)
B4 HESUNNE
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3 %W it

2020 5 CRC &= BR B K Wio1 29 193 Ji gl , o5 B &
FAIRE IR 10% » e R I3 2 A0 T 1 e 88 R %2 26 3
R AN YT FLAR I A . CRC (IR AT LA
B O KAy A, BT, 2 BT PD-1 858 FE BT
RZGWAE— E R L3R CRC B H AR, H i
TR T A R R 45 25 0 1] PR ] Tl

A
| BEAhCT26/M R4 |
l ¥ ¥ ¥
l | | |
0 7 14 21
B i)/d
C
== ﬁ% ]*‘*
- PD-1 HBc VLP

/i

R /g

0 10 17 24 31 38 45
5 [=)/d

PRI, 55T B 4 M Ik 38 A7 (1) G 97 V8 N AR BT 72
AL T HIS A,

PD-1 R AL (92-110) 7E 15 T P44 7= A A4 1) fie 739
A Kt B R R, RSB Z RGN T
HBc VLP (1) 59% &£ X, #) % PD-1 HBc VLP B4 &
Ho XMt 78 5 &% HBe VLP HIE A S F AL
B, I AR SR 1 U B SR PR R RO, B
FEFHHUAA NS PD-1 A7 ) e 25
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