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Abstract: Objective To optimize the immune scheme of SARS-CoV-2 RBD recombinant protein vaccine
based on P. pastoris,and investigate the effect of different adjuvants on neutralizating antibody (NAb) titer,in
order to provide reference for the continuous optimization research of SARS-CoV-2 vaccine. Methods The
RBD protein was selected and the corresponding gene fragment was synthesized, which was constructed into
the pPICZaA plasmid,and the plasmid was integrated into the genome of P. pastoris after linear transforma-
tion for recombinant expression. The obtained recombinant protein vaccine was combined with different adju-
vants to immunize mice to evaluate its immunogenicity. Results Both the target proteins wtRBD and Delta
RBD were able to achieve satisfactory overexpression through the P, pastoris system. Compared with the 42 d
interval, the IgG antibody titer at the 28 d interval increased by 1.8 times (44 923 ws. 80 507). After 3 doses
of immunization at an interval of 28 d,the geometric mean titer of NAb for Delta variant was 2. 5 times higher
than that at an interval of 42 days (2 191 vs. 891). After immunization with Delta RBD recombinant protein
vaccine combined with aluminum adjuvant, the NAb geometric mean titer for Delta variants reached 32 255
(2 167—88 084). When using 5 pg or 30 pg Delta RBD immunization,the NAb titers of the aluminum adju-

vant+CpG adjuvant group were about 10 times higher than those of the aluminum adjuvant group alone. Af-
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ter the third immunization, there was no significant difference in Delta RBD specific IgG titers between the 5

pg antigen group and the 30 pg antigen group(P >>0. 05). Conclusion Both wtRBD and Delta RBD prepared

based on P. pastoris could be used as effective antigens, with three doses of vaccine administered at a 28 day in-

terval being the most effective. The combined immunization of Delta RBD recombinant protein with aluminum

adjuvant+CpG adjuvant could obtain higher titers of NAb to exert immune effects on SARS-CoV-2 and its va-

riants, providing some reference for the continuous optimization research of SARS-CoV-2 vaccines.
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L452R I TA78K v i F¢ S i 48, (i H 51 ¥ % 1/4
K ES M PCR B AR DL EPA PCR B i #,
Jfi i EcoR I /Sal | XU ) 50 B 3] 2 & pPICZ A
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8.0) 1 150 mmol/L NaCl A9 2% b, i 33 HiTrap
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AR ZBR B AR, TES A 1R 10% +
TR HE LR B (SDS) L 50 %6 H il Al 60 mmol/L Tris-

HCI(pH6. ) Y EAEZE M h T 95 ‘CH#E 10 min fif
FE SR AR ORI 10 %6+ - e 3k B 82 Y- 3R VA 4 T i
EEIEHL Uk (SDS-PAGE) 43 8. F % B 5 R-250 3¢
o, HEAT IS4 4t 20 B 43 i 5 K R 1 2 PVDF R
(& Millipore 23 ) #4728 1 5T R 38 43 By, o T %
BN A S YW TBST Ml B4 2 h, 4k
JE ¥ B 5 —H1 SARS-CoV-2 RBD(1 = 2 000,dt 5 X
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x1 SARS-CoV-2 RBD B Z 85 F 4L B 51

FE R 4 B FFH1(5" =3

ATGAGATTTCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACAC
TACAACAGAAGATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGA
TTTCGATGTTGCTGTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTG
CCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTAGAGTTCAGCCA
ACTGAGTCCATCGTCAGATTCCCAAACATCACCAACTTGTGCCCATTCGGTGAGGTTTTCAACGCTACT
AGATTCGCTTCCGTTTACGCCTGGAACAGAAAGAGAATCTCCAACTGCGTTGCTGACTACTCCGTCTTG
TACAACTCTGCTTCATTCTCCACCTTCAAGTGCTACGGTGTTTCCCCAACTAAGTTGAACGACCTGTGTT

wtRBD-co

TCACTAACGTCTACGCCGACTCCTTCGTTATTAGAGGTGACGAGGTTAGACAGATCGCTCCAGGTCAA

ACTGGTAAGATCGCTGACTACAACTACAAGCTGCCAGACGACTTCACCGGTTGTGTTATTGCTTGGAA
CTCCAACAACCTGGACTCCAAGGTTGGTGGTAACTACAATTACCGGTACCGTCTGTTCAGAAAGTCCA
ACCTGAAGCCATTCGAGAGAGACATCTCCACCGAAATCTACCAAGCTGGTTCCAAGCCATGTAACGG
TGTTGAGGGTTTCAACTGTTACTTCCCATTGCAGTCCTACGGTTTCCAGCCAACTAATGGTGTTGGTTAC
CAGCCATACAGAGTCGTCGTTTTGTCCTTCGAGTTGTTGCATGCTCCAGCTACTGTTTGCGGTCCAAAG
AAGTCCACTAACCTGGTCAAGAACAAGTGCGTCAACTTTGATGATGACGACAAGGGTGGTGGTGGTTC

CCATCATCATCATCATCATTGA

ATGAGAGTCCAACCGACTGAGTCCATCGTTCGATTTCCCAACATCACTAACCTGTGTCCTTTCGGGGAG
GTATTTAATGCGACGCGGTTCGCTTCAGTGTACGCTTGGAATAGGAAACGTATCTCTAATTGTGTCGCAG
ATTACTCAGTTCTTTACAACAGTGCCAGTTTTTCAACGTTTAAGTGTTATGGCGTGAGCCCGACAAAGCTG
AACGATCTATGTTTTACTAACGTATATGCAGACAGCTTCGTTATACGTGGGGATGAAGTCCGCCAAATTGC
CCCTGGGCAAACCGGAAAAATTGCCGACTATAACTATAAGTTGCCGGACGATTTTACCGGCTGCGTGATA

wtRBD-col

GCATGGAACTCGAACAATTTAGACAGCAAGGTAGGCGGAAATTACAATTACCTATATCGACTTTTCCGGAA

GTCGAATCTCAAACCATTTGAACGCGACATAAGTACGGAGATTTACCAGGCGGGGTCCACACCATGCAAC
GGAGTTGAAGGCTTCAATTGTTATTTCCCTCTGCAGTCTTACGGTTTTCAGCCCACTAATGGAGTAGGTTA
TCAACCCTACAGGGTGGTTGTGTTATCGTTCGAATTGCTCCACGCTCCCGCGACAGTATGCGGTCCAAA
AAAGTCCACCAACCTAGTCAAAAACAAATGCGTCAATTTCGATGATGACGACAAGGGTGGTGGTGGTTC

CCATCATCATCATCATCATTAA
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4 RBD-Sal [ -R

TCTCGAGAAAAGAGAGGCTGAAGCTAGAGTCCAACCGACTGAGTCCATC

ATTGTCGACTTAATGATGATGATGATGATGGGAACCACCACCACC
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6 Delta RBD-F2 AACCATTTGAACGCGACATAAGTACGGAGATTTACCAGGCGGGGTCCAAACCATGCAAC
7 5'AOX GACTGGTTCCAATTGACAAGC
8 3'AOX GCAAATGGCATTCTGACATCC
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PR FECE & AT B0 40 . B4 MS SO
# A4 SEQUEST [ Proteome Discoverer & [ J5i 41 %
A 2.3 Mt — DAk B,
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Jei o X /N BRGHEAT LA 2 S 40 A R0 s8R 5 4457 (45 g R
) + 10 pg CpG) 14 % & [ (wtRBD X Delta
RBD), SRR 100 pL. SR 5 MR 40 BE & 098 7 2 H
HEAT P OISR e . TERR IR SRPE S AR 14 R A 28
FXF /N B AT IR BE R 1ML 200 L 4 ERE S 7E IR T
FCE 2 h,8RJG1E 4 CFLL4 000 r/min B0 30 min
WO MLV o I3 A A A AP FE — 80 °C A& F k.
1.6 /N RBD 8 5 MEBUMA T B ok A 3K S0
PE W B35 CELISAD A I 1l 35 4 & th 9 RBD 45 5 M
Bidk . ELISA Mt (EFERE T A "D &L WA 8 200 ng
Bl 4% wtRBD, Beta RBD,Delta RBD, X #64
JEAE A9 2% vhi (35 mmol/L BRFR E AN AT 15 mmol/L
A pH 9. O R BIF T 4 CTHEF I, M
PBST 2% thifi (&4 0.05% 0k 1R-20 (4 PBS 22 i) i#
o, 2 4L 300 pl. 3 3 3, A FLINA 300 pL & 14
W20 BERE Wk AT EHIA L 508 T 37 CHEIR R 748
i E 1.5 ho il FH VR R (PBST 28 whig) oE 47 Ve b
AL 300 pL, ¥k 5 i, 3450 PBST 22 o, ¥ 45 A
HRP #5300 1 2350 B 1gG $Uik 1 5 % 4 1 i 03 5 e

1:5 000 Fi B, AL 100 pL hn A BB # 1, 37 “CHl
FEWER 1.5 hodda - WAL M A 100 pL @57 TMB,
WEOCHHE 20 min J5, B LM A 100 pL % 1k # (2N
HCD , fdi HEEARIAE 450 nm &L P& A . H-7E 630
nm A PEAT I RAGIE . MR LT ZEH S it R i 7
T I AT B

1.7 BOREH AL FEAKEMED RFEE(VSV)
) 57 £ A AR SR SARS-CoV-2 {89 7 W o [ &
MGG E BE ST BE . P AR B T P3 RS R TR 58
Ao G B B R LA R 1 AN TR A R LY 5 A AR
U FR B 2 100 TCID50/0. 05 mL (&K 7 — [F 78
96 fLAR H T 37 CHEE H A 1 h J5 B IR A WO A B
F:H Vero E6 4IEHY 96 FLAR N FEATIR YL, £ 37 CF
5% CO, WHE 24 h, 78 W5 N Mg I id 345 LY
A I 5 25 B 7, 338 93 Reed-Muench 35 32 ifi 1
il 50 %6 41 f 7 A5 850 NE B 4 B A bR B L LR AR
2% CHk[12],

1.8 Zil=4ab# R GraphPad Prism 8. 0 #4745k
ik 38 e Bt 4y B . £ A A 4 A 1 T St %O
xts Fon AR CECSRH ¢ K50, Z 410 iR
PN KT 2200, P<<0.05 H2ESASI¥E X,

2 & S

2.1 #EH wiRBD HHMEKIKSEIE B R
FIEMEH wiRBD & [ R BEMAR ZEWLE 1A,
4ifb)5 .4 SDS-PAGE HL Uk I 38 o % D H 5o i e,
SEW R, KIKH EH wiRBD & [ A X 4 T B
45X10°, UL & 1B, [A] i 38 23 B 41 RBD(SARS-CoV-
2) T His He A4 47 09 88 5 B B 3 53 By 345 i — 26
TESE, W 1C, 73 4h  EK T4k I AR R 3 His bR,
T LT T A 26 1 J0bR 2 1 R AT R0 25 % ST T 45 A
X4y T B I AL (R (26 X 10°) , F B 4l b Y
wtRBD = B 3k AL, i FH AH G 1% - 0 3% 1O 4 R
(LC-MS) 43 Hrb Fe A A7 a5, 25 1 J5 20 27 R4 BT S 0 1Y)
O-FEHALAL 27 A N-FESEAL A 07 36 3,

2.2 HROREEREFRILH wiRBD 5l & 194 X SARS-
CoV-2 INHPEN N IPAL SR B BF R A 1Y wtRBD
VE R RV 1 o e R RE - T e e 2 1 UL 2A 8 /)
FREAL A 3 4, 4 4150 Bl 2 Fl 0.30.60 pg wtRBD
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PEAT e RIS N 45 pg Bk SRk AT 3
£ (B BRI R] S 28 d, B IR B0 I 45 14 KR AR MLV A
AT LLAG I wiRBD H¢ 5 ¥ 1gG Bt 44 F b #1414
(NAD) 25 R 7R AEHE RN T 30,60 g wtRBD /)
TR T WY S A WL 2B HAESE 2.3 IR
o RERERN S I E] wiRBD 4% 54 1gG Hifh fl NAD
Bru s, W 2B, C,H#EEF 30,60 pg wtRBD 1Y
PAZE /0N BB R 0 1) 0 0 AR K T 25 R RS AR )
(P>>0.05),

WFIE LB TT T 53— A 8 7 58 K PP Al BE ol T B
Ik wiRBD 1E R B8 B S BERLRE . ST 56 2 W
’ 3A,3 d/NEL wtRBD 42 #1443 3l 24 0.30.,100
g BRI B IE ] S 42 d, oAb Ab B 5 35 R 5 %6 1. 45
REFFE 1 —F % 2.3 KA IE, &3
wtRBD 4% 5% 1gG #1 NAb 4 0 5 fin, W& 3B.C,
{E4EFH 30,100 pg wtRBD 4 41 /1N BT K6 I 21 119 47t
KRG E L (P>0.05),

A a BF wtRBD Es|  EET 6XHis ‘—
WtRBD M 4hi{¢ f5 HwtRBD 4hi{L F5 B9wtRBD
X103 3
L -
100X 10°
— —— 100X 10° 100X 10°
— 70X 10° L 70X10°
50x10° 55X 10° 55X 10°
40X 10° . '
35X 10 —— 40X 10° 40X 10°
25X 10?
20X 10°
B " #iRED HiHi stk

TE A Sy EER BB RIS B T2 wiRBD & 89 3R 55 8RR R B il il % T I i g %) a4k A9 T4 wieRBD 8 FEAT 40 R 4Bt s C S T

RBD(SARS-CoV-2) Fl#t His B4 7E A7 i 2 11 5 BN 447 .

1 EFRBEEEAH wiRBD EAMNKIESRIE

%3 LC-MS 447 wiRBD & B HI#EE L 2 &=

WS £ Jik
O-WESEAL AL a
b  LPDDFTGCVIAWNS,,  NNL

ISNCVADYSVLYNS,,;, AS,;, FS,: Ty FK

¢ VVVLS,, FELLHAPATVCGPK

N-WEREARA A5 d

WA OF R B TFRREA OB AL UK a-o) ok N-BE I AL 19 =

FEMR K ) sa F1 b FARATREIY O-BEIEALA 5 50 FRR T % E R O-H
AL R 5 d RO N-BEIEAL A A

NNLDSKVGGN, s YN, YLYR

2.3 4ZFh wiRBD /NPT IMLTE X SARS-CoV-2 45 7
WRIDAS SR PE S 43 BT AS [] 2 ol [ B B[] 422 el
wtRBD /NPT I 7 72 5 RE A 2 31 B M i % SARS-
CoV-2 AR bk MU B S8 I %8 1.2 #E /D wiRBD /)
) 2% S5 I 35 R R T 34 TG o iR FiT NAD I B, 45 3
W, AT R T . wiRBD 55 1gG Hidk LI AR
(5% R 45 4 B A2 B Beta (B. 1. 351) Al Delta (B, 1.
617.2) A8, WL AA; ERETT R 1, 5E AR
SARS-CoV-2 [ NAb Ji§ B A Lt , 51 XF Beta 75 1A 11y
NAD i B 22 5 g it % B X (P >>0. 05) , SR 1M 7F 2
30 Fl1 60 pg wtRBD B4 H, £ X) Delta 22 &) NAb

6 B BIRRAR T 2. 0 %580 2.5 4%, W&l 4B; b4k . 5%
PETF 2 B BT E 1 kA0 NAD % 1 8
B, H SRR F . Delta 28 (R 45 B A4 BRI Beta 28 fR 3
PR T R Y S RE HE IR AR T L LI 4B,

2.4 BESRTEREFIAN Delta RBD 2 135 S /)N B fh s
NP ST Delta 28 4058 1 F 5 36 3% B8 1, A 0F 5%
HE— 2 H LT Delta RBD A B2 1A &Mk H 3Rk
AR I LB SA 2l BE 43 A K B8 BN S 43 BT L
Kl 5B.C., NPFAl BRI BE R IA 1Y Delta RBD Ay 523
SR B T % 3 LB 6A . Delta RBD IR fu
J5 R R 1gG BRI B & L 56 3 IR e i — A T
. UL B 6B, FE B 5T 2 6 (5 84 K, Il 1 Delta
RBD #f 5t IgG By JL A F ¥ 3 By 1 028 641
(7 844~3 720 491, 54l wtRBD %3 T & & 1 JL
0] - 227305 B AR B0, UL B 6C L fH & XT Delta 28 & 1) NAb
JUAR S 2535 BE o 32 255(2 167~88 084), WK 6D,
A wiRBD BN T 5.2 %, J5 & N 6 202(899 ~
16 199, I 6E,

2.5 BRI+ CpG B A Delta RBD X 6 %5 2 i
By K NELAT R 6 H LR AL Fi RS T 52 3



o« T4 e

e, @REREE 2 RRER, LI &5 pg iR
Y12 30 pg BUIREAL, R R R+ CpG 41 5 i v v
Delta RBD $f 5P 1gG ¥ B2 W] & & T B R BB 4K
F2H s T 8 4 7) + CpG 41 i 2 Bk >R F 45 44 71
H,5 pg PUBH 30 pg PUFH T Delta RBD 45 57 1
IgG iR A A Y 55 3 ML .5 pg BLIRAE 30

EIRRESRE
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19 9.8 £% (385

pg PUFE LA H Delta RBD %55 1gG i i 22 % L 48 it

2L (P>>0.05), WWIE 7TA, R FIRFIE L S5 REA
Kl £ %5 Delta 22y NAb 5 B, 45 5 85 76 %
5 pg Delta RBD 5 AL T .4 4109 NADb %R 3 41

546 ws. 39 494), 7E X H 30 pg Delta

RBD %y 50 R .6 201 NAD 6 B 5 410 10. 4 1%
(335 614 vs. 32 255), WL 7B,

REFR
0... | 0.. | 0.. [ 0.. l = %% J& :wtRBD (SARS—CoV-2)
L] FI&E:0, 30, 60 pg

| — ' 1 1 1 1

| ] 1 I 1 ! , 0 ,'EZHAR

d0  d14  d28 dd42 d56 d70 0 emin AL OW),
A

2.5+ 5 v
Fokk *kk * -t

A%Z 0- ns ns 4- ns k3 i
<2: : kK KKK P PP L _.. £5=7 290

. o 2 o - s o Al (OH),
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