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% 7 E A MR 4 AT 7R W # 2(severe acute respiratory syndrome coronavirus 2, SARS-CoV-2)72 % B # & /&
# /i (coronavirus disease 2019, COVID-19) % J& 4. 20194F K £ 4, SARS-CoV-27 4 5 ik H i 4T, & A B X% 24
FEESM AR EEE N KRR E Tk R k. BT 2 B9COVID-194% # K % 2 T SARS-CoV-2 &
7l ¥k (prototype, PT)¥EAT % 7% J& 15 1. X 205 o 41 b - 0 &% ek LA B B OR3P 2R, SR T @ ¢ 42 1 30 Y Omicron
IRk, URAMR N SRR R AN B EF T, F 727 @ %z k&7 % WBF7. BQ.1.1. CH.1.1,

XBB K XBB.1.5% % Fe kB, % DL R 508 AT 4 2 AR, Bt B UEE K 4T AT £ FSARS-CoV-2 % ek 7= 4
B AR B — R R . KHT R 2 T SARS-CoV-2% k& £ 4 3 (receptor-binding domain, RBD)®E & &% B —
RARW A, %1t T 6/ 4 Delta RBDUL X BA.1. BA2F1BA.5% Omicron T # RBD#] & Bk — K AmRNAJZ ¥, ¥
X EFXERR AT EEHATT FRMTN. B, FBE T 7 4 K0G8 E DUmRNAJE 8 1F 4 v 58 4 69
R RERR. BTG E F 448 £ &, Delta-BA.2(DO,) 5 Delta-BA.5(DOs)RBD — 5 K J& # % I H 5 M 49 7.0 JR M
HAHF RN R RFAEL) 4 BA2Z AT FBASZ B HILW E RAA RS g, RAE —FWEA#H.
Bk, # A1 T DOMDOsE A %K sk us, ST A ZFMBWEA, - FF H T EW P ofumiE. £=7
F R, DOs K DO, +DOs % % 7 7= 4 4+ 3t CH. 1.1, XBB&XBBlséﬁmk%Mnm % sk 5 B A B F A
R B R ek P LR B R AL, I IECOVID-19 E IR T 5%

FEkiA]  SARS-CoV-2, Omicron F 4k, mRNAZ ¥, | %%
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F ™ B 2P R I 25 S AE SR 7 2(SARS-CoV-2)
5 3B AYHT 5% B (coronavirus  disease 2019, COVID-
19) K FAT B 1 AL 70022 J7 AFET FIME LA Al 22 55
J(https://www.who.int). FEW BT, HA EHRE A
JRICOVID-19FE i & TAE. #E20224F )%, T A 545
JEMTE DA E R B SRR, A5G KIS
UYL R A T A E A
RGeS A RORE B R T A e
(EEST, SEEL T X R AR SR AR SRR L. SR,
AR SRR S RE B IR RE I FE AN BT, B 2T EK
I B 0H 8 B 35 T D R I8 3 A0 28 1 T o S 3
P OmicronZE AR AP 8 E AR R R EE B F
RO AR S B 22 Bl LA SR S k1 BE /7 Omi-
cronE SRR RN T IS RE T

CHT, 7 A LU B BRI 52 (spike, S)HE 32 RSG5 &
Il (receptor-binding domain, RBD) A i I & T —Ff
IR — SRR 0 B 2 1 ZF2001 ) g i EL e
B 2550 T rIa . B JE PE I AAHE LSt I
PR 7 HE X BE BT A S AR T80 (90 5
87.6%186.5%). A% ELAT 5 Bk i% 2 1 A Omicron
A bk, RATHZF2001° 09 55 5 F+- 9% K 5 Delta-
BA.1 RBD 2RMA, JT % 45 1 W B (i 2 1 HImRNA
RErE Y. R TE TR A R, M TSI R B Omi-
cron RBDHJAIIEIE — 1A, Delta-BA.157IH#RBD .
BARPE P A X 22 FhOmicronZE SRk 2 B0 B0 )i
SRR, NG SR T RIS AR,

H i £ 2R AT I XBB A4 AT A SR KT BAL 158
e SRR 5 1) Hre i ELAT W i s i 0 R,
FLTEDelta-BA. 1360 FiE— 20 A% i g i it H
AT EF XFOmicron (¥ F BT TR I 2 — & 5| AT IRAT
) Omicrony S bR G 8 I il & Z M % 1. Moderna#ll
BioNTech) —#rmRNAJE 4 BIRH T X Fpofems, 7EJ7
RUBRRE T 3L B 5 I T I T BA S BA S i 5ty
JRIRA T,

PRI, AHF5E 3 TRBDE & BRIk — BRI G ik
i+, B ek Delta. BA.1. BA.1.1. BA.2. BA3/&BA.S
(IRBD; HIHEATAL G, LTt T 5FF“Delta-Omicron™ 7
A mRNAYER, HBiDelta-BA.1. Delta-BA.1.1. Delta-
BA.2. Delta-BA.3HIDelta-BA.5(LL T 23 5I#% HDO,
DO, ,» DO,. DO,FIDO;s), 15100 Klifx A mRNAJE
HBA.1-BA2(LL FiFRN0,0,), It %% ik
1 T mRNALE R RPCRRE M. bR, RN
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TR B AR P mRINASE I G0 I /)N B3 A 57
UK K TR R K- % R E N AR 2
PREF KIGRET, BT T PET I 1 TR s fef
DO,. DO,. DO;FIDO#ATF 5 e, P mRNA%E
BB BT 5T B A B0 2 Hh R4 s, 6FIE
BT H DO, DO A X A i S e I b, Hopi
Y FRRNB A ELAT EARME . (R, BT — A T
DO, DO A e A 43 MIEA TP EE S =g, LA
PR RIS, SR SRR, %A RIS F mRNA
PE IR R R S R RIS 25 T DO, DO H AT
A3, HAE =495 JF DO & DO, +DOs A £ X CH. 1.1,
XBB M XBB. 1.5 5 = A 5 mK AU A. %45
FFEH—) G COVID- 198 1 75K, T ME AR S bk
MZE IR T EHE S,

1 MEHS ik

(1) #HTIfb by, FroiiDelta RBD
(EPI_ISL 2378732, %5319~541{ & H:fR)BA.1 RBD
(EPI_ISL 6640916, 55319~54 11 2 KR )W 1R 4 R 4
T BTSSP GTEx M5 (www.gtexportal.
org) ARHUSE R FRBHHE, 1A AmRNAH RFP L2
R H BB (CDS X 25 15 1 H Ik B T LA 3k R 3¢ 56
). 43R FH R AN ) ) 22 0 U 32 O e Ak B2 A~
RBDJFVF, ke il 5 A0 A M At v 1 5 35 Ji PR e
2. SRS L BEMLA R A~ 2 S D 3 e e 2
T RmE2: il FH SRR H BUTR fe i 1) 1 A A 1
Wby 5% 2 Wi AE M RHE ARG 8, wEE
pUCS 7R L AVE RSN SEmRNABINR. f# HGolden
gate Jy AT R LR 8 A AL AR AR Bk Delta-BA. 1.1
Delta-BA.2. Delta-BA.3 K. Delta-BA.5, JF-7ENIzG|AS
FEHFAEGSIK

(i1 ) Ml mRNA. i BamH T 1H LA TR,
AT ML DNA, f# FIT7 High Yield RNA Transcription
kit(Novoprotein)#F{ TSN 5%, Cap 1 Capping System
(Novoprotein)iF 475 s fME. e it B R FINT-H 34
PREEVEAEUTP, 37Kl & Poly(A)2E. i HLICIT-
20°CiE R ITTELEALmRNA, 4°C, 1200044 5,020 min,
UUTEW T AL IR B K h, I R EE R Ik 5 BT
—80°CLRAERTHH.

(iii) mRNA-LNP(lipid nanoparticle)f % & i B4
. fd oK s i nT M s PR AR BT . AR mEAR
el AHREBEFI SR £ —BERR T, #%/850:10:38:1.5(mol/
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mol) 1 LR HILNPIR 54, 1 FipH 4.01% £ FR A%
mRNA. P AH AR 38 2o B s 0 i g ok e
(Precision NanoSystems)PiE iR & I % A mRNA-
LNP. W= Wi It # 28 U8 2.0 (Millipore) 1,
3 2k V) ) 9 Ao DK 2% R e Oy A T Bl R R % PR
(DPBS). f# FHQuan-iT Ribogreen RNA kit(Thermo Fish-
er)ll EmRNA & i, T-4°CIRAFFRFH. #fmRNA-LNP4)
%U?ﬁﬁﬁ?pHﬁ4.Oﬁ7.4E@£%?7ﬁEF', ¥ M Zetasizer
Prof¥#$(Malvern Panalytical)ill #6045 434 FllZeta B o7

(1Iv) mRNAK; Yt J Western blot. >k T H 925
F2IA 150, 187 TransIT®-mRNA Transfection Kit(Mirus)
Y] ng mRNAZ 12FLIRHEK293 T . {55736 him
WCE B3, 300045 25,005 min, 7E40 uL FIEW A
10 pL FAEZE PP, 7E100°C FZ2EPE10 min, f112%
SDS-PAGE/ B il B AF i 5 B8 21 Al — 9 & M
(PVDF)fis . {8 5 5% B IR k3 i PBS & il 34 P41 1 h,
JIAS00015# B Omicron  specific anti-SARS-CoV-2
Spike RBD(Sino bio)##FH 1 h, JFHEEMALESR
IgG-HRPHL{4(Easybio), =M A 1 h. /5l FIPBSHE
%5k, HBeyotime BeyoECL PlusGE = KAEMIF AR
) Y.

(V) BWsess. PrAREd st LR SRR o
JE6~8 Sty Ml Balb/c/NER, S ITAmRNASE i fe i Ji
PE, 43 BITESEORFNERE 14 KA FImRNALE B (557
5 pg/ FOBLLNPYE R BIPEXT IR, 5514 28 RZMRAER 1.
BLOArBUNTE, E-80°CLRAFREH. TEEE2 1 KU, ff
FH40 w8 9 il 25 9 B 200 BB, AT 20 i 24 T (R
R ERLAM. [ FHAO/PIYLRI YL (7, FCelldrop FL
H 3h 4 ML £ (DeNovix) T4, T BEER fo 52 B A
(ELISpot)Kill. hiTAlmRNALE i 1E M e B nsm st iy
GREJEPE, 4 BIAE S O R AEE 21 K A% AP 55| BBIBP-
CorVIIHEW (B5712.6 U/H), 1535 RIES mRNARE
(10 pg/ B K TEEE /(2.6 UK. BT IR Rl pi%T
TSR, 5 = 5HESTLNP. 4556 K, ZRMRIE R i JF%
=Y AN 1 = o N (R Nl e s R e v W LB 8

(Vi) PR SR W R SE G (ELISA). Al 5 58 1 He e
Je /BRI Y TR SR 2 AU B, SR R AR S vk
RBD/MIMIHELISAN, B TF4°Cid i, & 5%/l
P IPBS T37°CHE A8 11 h, F R B HREH/
ST LA BR EEAR R, 100 pL/fLIn A LI, 37°CH7
BH1h, VEHR3WKIELLI00 pL/ALANA 500015 H B 1L 2
Pt flIgG-HRPHLIA (Easybio), 37°CHFE 1 h, PEMSYK,

HTMBR A CGE = R) B A5~30 minfg A S5 &
2 mol/LERMRZe 1k, ZBFRL T 4501630 nmil & Wt
{8, FAPEFLIAE A 2. A0 B

(vil) B R A B TR AL a. Rl S v e
PE S5 /IS AL e S vk sp AR B, FRATTXF SARS-
CoV-2ll=E HIATH S FHifl, 7ECuZpR18 = I
R, HHZEpCAGGSE AT BB BRI b, FFp
KRS YL30 ng THEK293 T4, 24 hJ5 A VSV-
AG-G-GFP{B% T, B¥ 852 h)n B i DMEME; 5% 5L
M A$VSV-GHifk(11-Hybridoma ATCC®
CRL2700™), #F&E30h. YeH L3E, 3000%% 250210 min,
0.45 pmICRUE AR IE, Sr0RAF T—80°C. /INERUIMYE T
56°CALFH30 min, M 1:408% 1:80 T 4A HE1 7243 46 2 7 k.
IR RRUNTE LBk eE, T37°CHEFMME L h.
100 uLH A= H A 96 FL R vero-E6 2 i . i FH&F 1A
FADMEME; #2550 3 AT E /R XTI 20 s,
fli FHC QLR A& R 4N {X (Yokogawa) Z2 44 430 Fl
PUATHE.

(Vi) AR e B s SC B0 (ELISpot). kil i 92 i e
P I /N UG T4 M 76 e RS R IFN-y 0 i L, fff
FHELISpot#6 57 & GERFANSEF TR /NI 41
L A T4 9 ELISpothi 1 (3% 10° AN 1 /AL), in AL T
2 FhAE SERRRBDIE T BKE (2 pg/mL)#IE 16 h, fii
TG PE SR A A S BT B, i 40 B v i AL
MEER PMAWE A BEYEXT IR, B E4sws, HHEE T
IKZFEANML, ALY ZEARICAIIFN-yBLI& 100 pL/AL,
37°CHFE 1 h, i ] WashingZz MBS UE6 U HE A BE
TSR FE-HRPHUIA 100 uL/AL, 37°CH¥E 1 h, BEt, fn
A BRI E F37°CRA15 min, [HH 2B TFREE.
WG TS T A 23R (Immuno  Capture 6.5.0)i47
TR

2 IR

2.1 6FhmRNAZE HfREL B it il

ARSZE K T 5FhDelta-Omicron RBD B4, Hiir
Omicron RBDZ43J ABA.1. BA.1.1. BA.2. BA.3&{
BA.5 RBD(DO,. DO, ;. DO,. DO;HIDOs) M 1FHOmi-
cron-Omicron RBD B, HBA.1FIBA. 2/ RBDH i,
(0,0,). HEEFEmMRNAMRILFCE, FKAIXDO, 0,0,
IR BR P AN AT T 8O0k, (R EA A i
PEHCRFIRGE . TEICEERE [, 7EDO, I LLHL S 5878 1)
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Jr A T AL ST TR ).

JI A7 6FhmRN AT 2 1 5 M S S TR 64 52
Fr, BTG B ke ] # 6 FPmRNA-LNP.  7E (AR5
el ferh, AHNL-HRE R PR R nE R A RU TP LAHE S iod 2
FRISE R e S B s mRNARIEREPE. FRATIEH T 6
FmRNASE RSP RIRROCR, I A LNP kL
10 A W Zeta By A 0T T HEAT 1 BT 4. Western
bloth 4 &KW, FifiRBD R IAmRNAZE L H) 5%
AT 51 KDUHE, SEIEA/N—F(F2(a)), EH6FD
FPE I RETE A N SERE R, S LRI (DLS)H

L452R  T478K

G339D S371L| S375F

BiEWoR, 6FPmRNA-LNPTERERREL 2% il (PBS)H Y
BT YEAET6~82 nmiE [l N, RA Yo #6841
(polymer dispersity index, PDI)7£0.146~0.220Z [R](E2
(b)). [AI}, Zetak (S fEpH 4,00 18 TEAH, HAEpH 7.40
AR AE(E2(c)). LA ERINZE SRR, 6F'mRNA-LNP
PIRF A bk ok, ml LA RGHE A 2.

2.2 RBD _E{AmRNAYE i G%rs kit Emy

I 6FFRBD — S A mRN A F A 1A T S 122 Jit
P, B4 45 4 Balb/c/ N Bl (n=5) 0 HeRh 12781 (350

G496S Q498R
S373P K417N G446S T478K Q493R|| N501Y
N440K| S477N‘ E484, Y505H

' i
\5 UTR' SP L Delta RBD

T
X

Omicron (BA.1) RBD ) 3'UTR Pon(AD

J

R346K

(5' UTR SPZ

Delta RBD I

BA.1.1 RBD O 3UTR Poly(A)

T376A R408S

L371F| D405N| S446G S496G
[ 1 | ,
(5’ UTR! sP ( Delta RBD BA. 2 RBD z 3'UTR! Poly(A))
L371F D405N S496G
(5UTR_ sP ( Delta X BA.3 RBD " 3'UTR' Poly(A)
T376A R408S L452R R493Q

L371F| D405N|8446G| F486V|SAQGG

¢ y - G N
<5 UTR SP; Delta BA.5 RBD 3'UTR Poly(A’)/l
T376A R408S
L371F| D405N| S446G S496G
« 5"'UTR SPL BA.1 BA.2 RBD 3'UTR' Poly(A))

Bl 1 fiDelta-BA. ¥ 1 il a1 5 A MY SR HT AU mRNAE H 7R S E. 1 & Delta. BA.1.1. BA.2. BA3FIBA.5ZFFARRBDAYSFIRBD - J Ak

mRNAYE 13 i Delta-BA. 138 138 i i S8 A5 H 2
Figure 1

Schematic of mRNA vaccines modified from Delta-BA.1 RBD dimer vaccine. Five mRNA vaccine including the RBD of SARS-CoV-2

Delta, BA.1.1, BA.2, BA.3 and BA.5 sub-variants were designed by mutating from the Delta-BA.1 RBD dimer vaccine
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kD Do, Do, Do, Do DO, 0,0,
100 — B 1
70 2y e 1o [ - .
55 [ WY [ || | o -
40 | ~r -
35 | W - .
.
351 3
(b) Size distribution Ziaverage (©)
20+ . &kl Zeta potential
— DO; 8198 0.220 60+ 56
154 — DO;; 7876  0.169 S 1
9 ’ £ 404 DO 4
< — DO, 7665  0.176 = i
2 104 3 mm DO,
% - DO; 7831 0.193 § 204 DO,
q=) 5 DOs  76.63 0.149 2 I DO;
] — 0,0 s o {WNRNNNN._
102 78.21 0.146 ° I D = 0,0,
0 g : 20 LNP
10 100 1000 pH 4.0 pH 7.4

Size (d.nm)

Bl 2 6FPmRNASE RSN K TG, (a) 6FPmRNAYE HFEYLHEK 293 T4 Y |34 Western bloth&: %45 5. (b) mRNA-LNPRIAR /M Sh AL
SFEER. A PHVECT 53 5 R P A6 A PDIA. (c) mRNA-LNPS35IEpH 4.0F17. 41 (Y ZetalAL, T IENRZR T WY 37 o 52 S8 v 1 — Yk 45 21
Figure 2 In vitro characterization of six mRNA vaccines. (a) /n vitro expression of six RBD dimer mRNAs after being transfected into HEK293T
cells. Expression of dimeric RBDs in the supernatant was analyzed by Western blot. (b) Particle size distributions of mRNA-LNPs characterized by
dynamic light scattering (DLS). Numbers in legend indicate Z-average and PDI. (c) Zeta potential for mRNA-LNPs at pH 4.0 and 7.4. For (b) and (c),

one representative result from two independent experiments is shown

14F)mRNASE 1 (5575 pg/ F)ELLNP. [ iR 2 HI7E
PRSI SG 14K (14, 28 K)REE(E3(a)). — T, &
fTHELISAKE I T 1L i H e R4S A 14FSARS-Co V-2
RBD(PT. Delta. BA.l. BA.1.1. BA.2. BA.2.12.1.

BA.2.75. BA.3. BA.5. BF.7. BQ.1.1. CH.1.1,

XBBAHIXBB.1.5)M1gG4 fiiiti . HLNPXfRAHLL, 7E
B ARE)R, R AR ZFPRBDAR & T RKF
MRS IgG. HE28 K, 1gGi R E—A 4w, HIEEE
1ARBHE R T 2912803 R (KI3(b)). 5 —Jr T, Bl
M B 5 P A IR A5 2 4 LRS- 247 i (geometric
mean titer, GMT){&7R T AN[AJ3E 1 22 [] Fp AR 11 ik
HES. FEOFMEENR T, SFIDORYEE A M i
H K FEXPT. BA.1. BA.1.1. BA.2,

BA.2.12.1. BA.2.75. BA.3. BA.SHIBE.7f R fIIA,
I T0,0, R I T R Z M h A, 0,0, W%
STBA.5(GMT: 294)FIBE.7(GMT: 102)f sh Al A4/,
H A F X PTHIDeltal) A7 80 BT (E13(c)). 454
W, Delta-OmicronfIRBD & AL T & Omi-
cron RBD(BA.1Z{BA2)EEN, £ THEREEIR
FP{4 54 Delta RBDAY DA, (HAFE R AU, DO T 1]
HELAYAE SFARBA.S(GMT: 9597). BE.7(GMT: 5530).

BQ.1(GMT: 1968). BQ.1.1(GMT: 1517). CH.1.1
(GMT: 467). XBB(GMT: 184)FIXBB.1.5(GMT: 310)
RIL AR AVEFH(KI3(c)). 5DOs#HLE, DO,
AL FLIA HY A SARS-Co V-278 S bk 28 I L o 471 7
SEFEVE, AIEPT(GMT: 1774/1153, LU F#%DO,/DOSHE
J¥). Delta(GMT: 3469/2998). BA.1(GMT: 14946/
1774). BA.1.1(GMT: 13234/1186). BA.2(GMT:
17222/3772)« BA.2.12.1(GMT: 21555/5308). BA.2.75
(GMT: 2569/1521)HIBA.3(GMT: 9997/1500)(/%I3(c),
(d)). X—LHEE R BIR, DO, DO T A Ja] 78 Sk
BAK AN oh, FoA M B 52 5 2 (ELI-
Spot) kTl T 6192 i i 4 S e K- (K13 (e)), KB
ANEAEFFRBD(PT. Delta. BA.1. BA.1.1. BA.2,
BA.2.12.1. BA.2.75. BA3FIBASIKIEREG, 521
Ko/ G A0 M 24 72 AR TEN-y BN, WA R A 6Fh ik &
mRNAYE W #HEE T = A A M S g i 22, HOARIA]
ZH ) 2 [E) TG d 3 2 5

2.3 RBD - EAEmRNAYE M A E NS E
GPE VI
K B mRNARE i AE R e 53 i B 10 G 238 T,
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(a)
20 —O— -
(iz, j? (n=5) ) ~ !
(b)
mPT
8+
> T, z ; | T i, .. 1 ; | Delta
D - 'H 3 |
& Sl .. ! b ARET| R ¥ BA1
5 ST il (RHRReEE I ts i AR
£ 4 s - B BA.1.1
5 g' ol B BA2
8 2
S 1 [ 11U | BN .NRE RERRRRNEN.. | LU RS .t (BN, A AR, | |11 BA.2.12.1
- o AL AR 11 L1 BETERMTVA T UAVERRATE 1 TR ;
M BA275
DO, DOy 4 DO, DO, DOs 0,0, LNP -
Vaccines BA.3
(c) W BAS
[
~ 5 BF.7
o 2]
8 i s BQ.1
= 44 1 i 1 1. i
g i iy i llf! Wil 8 e i ]l m BQ.1.1
= 5 1’ ' \ 1 | . \“ W CH.1.1
'_
§ 14 ||| [——— |11 | L E -Af |} . 48 l U;.. R B XBB
= Ul )L 0 Il I
04 ‘ W XBB.1.5
DO, DO, 4 DO, DO, DOg 0,0, LNP
Vaccines
(e)
10°-
0 A
Q dos: * + ! I T TrI S H H
Do, 3 102 T il A
< |l
- DO, 3 il
= DO, -
o
- 5 10°1 i
DOs th Fiit
- 0102 1014 | | AL} 1 i | i Il |
DO, DO,,; DO, DO; DOs; 0,0, LNP

B 3 RBDZAmRNAZEW IR IEEAT. () /NEGRE ZIRERT ] 5. (b) SE28 KIMiE h 4 %28 RARRBDFE R

SR YURTEEE, IR

AR RBERRIE. (c) HE28K MY FPAT A A SR ABUTE I FP RN T o, RELRFTRAIATR BRI, BRI 2R 9 GMTE95% B F X (A (CD). (d) AR454528
KU FHHTRGMTIE 2 T Ik I, B Ik P G U SR A8 SRR R A4 K, 452 LU RIS i et 1] B FRFE . (e) ELISPOTIE
21 KA S HRRBD KR T 73 M IFN-y BRI R. B DP90 + SEMCPIMEAREIR 22)FUR. ZeMann-Whitney K86 11552 B AT Seit#38
SL(*, P<0.05; **, P<0.01). [ IR &5 5 0 P 7 S8 i) — e R
Figure 3 Evaluation of immunogenicity of the six RBD dimer mRNA vaccines. (a) Mice immunization and sample collection schedule. (b) Titers of
1gG specific to the RBD of the indicated SARS-CoV-2 variants at day 28. Dashed line indicates starting dilution factor. (¢) NT50 of neutralizing antibody
against the pseudotyped viruses (pVirus) of indicated SARS-CoV-2 variants. Dashed line indicates starting dilution factor. All data are shown as GMT
+95% confidential interval (CI). Pseudotyped virus neutralization assays were repeated twice. (d) Radar chart drawn based on indicated GMT. GMTs are
represented by colored polygons in the radar chart. The name of the SARS-CoV-2 pseudotyped viruses are indicated clockwise on the edge. (e) ELISpot
assay quantifying the IFNy-secreting splenocytes after re-stimulation by the indicated peptide pool. Data are shown as means + SEM (standard error of the
mean). Statistical significances were calculated by Mann-Whitney test (*, P<0.05; **, P<0.01). Data represent one of two independent experiments.

T A2 K3 I FHARIMRNASE (DO, . DO,. DO,
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peptide pool. Data are shown as means £ SEM (standard error of the mean)

P X— & M5 OmicronZs AR H 3L F A4 B BT 5T AH—
éﬁzm], EIBA.5ft 3 T Omicroniiifk 1 i) — BT BT EX,
FCRBD I H B3 B 28 A543 5 (WNF486 V) T BUH L I
PEHIEEBA A B RAR ML, RIUMAT HEBA 2 B 2 T 1Y)
TapE Rk BE S1. Pk, FATHE—LBT T —FHDO,
+DOHM A M ERT, 1 DO, MIDOS 2 Y 1.
A, FRAETENPT. Deltafz ZF1Omicrons 54k
(BA.1. BA.l.1. BA.2. BA.2.12.1. BA.2.75. BA.3.
BA.5. BF.7. BQ.1. BQ.1.1. CH.1.1. XBB.
XBB.1LS) i Gpe vk, R, il 3E st —4

T T B, ATESEXTCH.LL1. XBB. XBB.1.5
50 B8 1R 3R 1) A8 SRR I KOS ORI, DL SR
ZER I EIE T DO, DO DO, +DOJE B 1 5% Ji
P, LK DO,+DOJE R G HER A E.

HAT, X8 SR B0 AR AT 5 G i T
ik, H— E R AR ikt B T AR, i Zm
PG IAT AR, JHARIESS R IE . i
PEPRBEHE P i e, Bl 2R
JE ) M B 22 M R AR R R T R Y R s
AT FE I RBD R AR 1T L5 A& B FPRBD AL

4913



M Eh & 20245118 $£69% %334

S HVERE R RIS L, FRTR A e SR U T L
TR 22 4 958 J M T 380 2 A %o B 22728 S AR 1) R R AR,
SHHTEE T A Bt v R TR

EAFEENE, AR R SR, e
FR) 6 T ] RE I S 4 M s A H AP AU DO R 1 15 &
HY%L X Omicron R ¥ A8 SERRAY TR AN, X —BRZ AT g
& FOmicronZE i B 7 F 2Lt SARS-CoV-2 PT
JRYLFE ST BN R 25 5 S TERLRIME A5
— AT, TR TR IR B, AEAS S5 b okl
TG TR T2 8. o SR FHZ FPSARS-CoV-275

SEARIE B B A N, DA — 2K G
RBD - B AmRNAYE 1 AR R R

Zi I, AR RGP T 6FRBD R {44y 1
A mRNALE B 7E AN R e R T i G se bk, #dis i
/RDO, DO DO, +DOH Al E AR 3k AP 3R
HEIERE R, RENEIN R I3 Z At OmicronZE SRR AY I 7K
SEHRIBUIA, JER T ASFIRBDAL A REH AR
D). X R A U ) P AR R v AN
G REBAE RIS BE VT A THERN, HCOVID-19% 1 B A
TR T A MERFE.

RPN

Hadj Hassine I. Covid-19 vaccines and variants of concern: A review. Rev Med Virol, 2022, 32: ¢2313

Wang H, Zhang Y, Huang B, et al. Development of an inactivated vaccine candidate, BBIBP-CorV, with potent protection against SARS-CoV-2.

Gao Q, Bao L, Mao H, et al. Development of an inactivated vaccine candidate for SARS-CoV-2. Science, 2020, 369: 77-81

Jin L, Li Z, Zhang X, et al. CoronaVac: A review of efficacy, safety, and immunogenicity of the inactivated vaccine against SARS-CoV-2. Hum

Stebbings R, Armour G, Pettis V, et al. AZD1222 (ChAdOx1 nCov-19): A single-dose biodistribution study in mice. Vaccine, 2022, 40: 192-195
Feng L, Wang Q, Shan C, et al. An adenovirus-vectored COVID-19 vaccine confers protection from SARS-COV-2 challenge in rhesus macaques.

Rossi A H, Ojeda D S, Varese A, et al. Sputnik V vaccine elicits seroconversion and neutralizing capacity to SARS-CoV-2 after a single dose. Cell

Stephenson K E, Le Gars M, Sadoff J, et al. Immunogenicity of the Ad26.COV2.S Vaccine for COVID-19. JAMA, 2021, 325: 1535-1544
Sunagar R, Prasad S D, Ella R, et al. Preclinical evaluation of safety and immunogenicity of a primary series intranasal COVID-19 vaccine

candidate (BBV154) and humoral immunogenicity evaluation of a heterologous prime-boost strategy with COVAXIN (BBV152). Front Immunol,

AnY, Li S, Jin X, et al. A tandem-repeat dimeric RBD protein-based Covid-19 vaccine zf2001 protects mice and nonhuman primates. Emerging

Heath P T, Galiza E P, Baxter D N, et al. Safety and efficacy of NVX-CoV2373 Covid-19 vaccine. N Engl J Med, 2021, 385: 1172—1183
Wang X Y, Mahmood S F, Jin F, et al. Efficacy of heterologous boosting against SARS-CoV-2 using a recombinant interferon-armed fusion protein
vaccine (V-01): A randomized, double-blind and placebo-controlled phase III trial. Emerging Microbes Infects, 2022, 11: 1910-1919

Arzumanyan V G, Bystritskaya E P, Kolyganova T 1, et al. Antimicrobial activity of the serum before and after vaccination with EpiVacCorona.

Tian J H, Patel N, Haupt R, et al. SARS-CoV-2 spike glycoprotein vaccine candidate NVX-CoV2373 immunogenicity in baboons and protection in

Baden L R, El Sahly H M, Essink B, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med, 2021, 384: 403-416
Polack F P, Thomas S J, Kitchin N, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med, 2020, 383: 2603-2615
Xu K, Lei W, Kang B, et al. A novel mRNA vaccine, SYS6006, against SARS-CoV-2. Front Immunol, 2022, 13: 1051576

Liu X, Li Y, Wang Z, et al. Safety and superior immunogenicity of heterologous boosting with an RBD-based SARS-CoV-2 mRNA vaccine in

Gui Y Z, Li X N, LiJ X, et al. Safety and immunogenicity of a modified COVID-19 mRNA vaccine, SW-BIC-213, as a heterologous booster in
healthy adults: an open-labeled, two-centered and multi-arm randomised, phase 1 trial. eBioMedicine, 2023, 91: 104586

AiJ, Wang X, He X, et al. Antibody evasion of SARS-CoV-2 Omicron BA.1, BA.1.1, BA.2, and BA.3 sub-lineages. Cell Host Microbe, 2022, 30:

Zhao X, Zhang R, Qiao S, et al. Omicron SARS-CoV-2 neutralization from inactivated and ZF2001 vaccines. N Engl J Med, 2022, 387: 277-280

2
Cell, 2020, 182: 713-721.e9
4
Vaccines ImmunoTher, 2022, 18: 2096970
5
6
Nat Commun, 2020, 11: 4207
7
Rep Med, 2021, 2: 100359
8
9
2022, 13: 1063679
10
Microbes Infects, 2022, 11: 1058-1071
11
12
13
Bull Exp Biol Med, 2022, 173: 354-360
14
mice. Nat Commun, 2021, 12: 372
15
16
17
18
Chinese adults. Cell Res, 2022, 32: 777-780
19
20
1077-1083.e4
21
22

Dai L, Zheng T, Xu K, et al. A universal design of betacoronavirus vaccines against COVID-19, MERS, and SARS. Cell, 2020, 182: 722-733.e11

4914


https://doi.org/10.1002/rmv.2313
https://doi.org/10.1016/j.cell.2020.06.008
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1080/21645515.2022.2096970
https://doi.org/10.1080/21645515.2022.2096970
https://doi.org/10.1016/j.vaccine.2021.11.028
https://doi.org/10.1038/s41467-020-18077-5
https://doi.org/10.1016/j.xcrm.2021.100359
https://doi.org/10.1016/j.xcrm.2021.100359
https://doi.org/10.1001/jama.2021.3645
https://doi.org/10.3389/fimmu.2022.1063679
https://doi.org/10.1080/22221751.2022.2056524
https://doi.org/10.1080/22221751.2022.2056524
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1080/22221751.2022.2088406
https://doi.org/10.1007/s10517-022-05548-6
https://doi.org/10.1038/s41467-020-20653-8
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.3389/fimmu.2022.1051576
https://doi.org/10.1038/s41422-022-00681-3
https://doi.org/10.1016/j.ebiom.2023.104586
https://doi.org/10.1016/j.chom.2022.05.001
https://doi.org/10.1056/NEJMc2206900
https://doi.org/10.1016/j.cell.2020.06.035

23

24

25

26

27
28

Xu K, Gao P, Liu S, et al. Protective prototype-Beta and Delta-Omicron chimeric RBD-dimer vaccines against SARS-CoV-2. Cell, 2022, 185:
2265-2278.¢14

Han Y, An Y, Chen Q, et al. mRNA vaccines expressing homo-prototype/Omicron and hetero-chimeric RBD-dimers against SARS-CoV-2. Cell
Res, 2022, 32: 1022-1025

Chen Q, Du P, Han Y, et al. Rapid evaluation of heterologous chimeric RBD-dimer mRNA vaccine for currently-epidemic Omicron sub-variants as
booster shot after inactivated vaccine. BioSaf Health, 2023, 5: 89-100

Tuekprakhon A, Nutalai R, Dijokaite-Guraliuc A, et al. Antibody escape of SARS-CoV-2 Omicron BA.4 and BA.5 from vaccine and BA.1 serum.
Cell, 2022, 185: 2422-2433.¢e13

Chalkias S, Harper C, Vrbicky K, et al. A bivalent Omicron-containing booster vaccine against Covid-19. N Engl J Med, 2022, 387: 1279-1291
Cao Y, Yisimayi A, Jian F, et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron infection. Nature, 2022, 608: 593-602

4915


https://doi.org/10.1016/j.cell.2022.04.029
https://doi.org/10.1038/s41422-022-00720-z
https://doi.org/10.1038/s41422-022-00720-z
https://doi.org/10.1016/j.bsheal.2023.02.002
https://doi.org/10.1016/j.cell.2022.06.005
https://doi.org/10.1056/NEJMoa2208343
https://doi.org/10.1038/s41586-022-04980-y

M Eh & 20245118 $£69% %334

Summary for “Hje¥p %48 FHRRBD — RAMRNALE & 1 S5 I A 587

Evaluation of the broad-spectrum immunogenicity of RBD
dimer mRNA vaccines against SARS-CoV-2 variants
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 (COVID-19), has been
spreading globally since the end of 2019. During this period, the virus has undergone mutations that led to the emergence of multiple
variants with high transmissibility or capability of immune evasion. To prevent the spread of the virus, large-scale vaccination campaigns
were conducted in many countries. However, as SARS-CoV-2 continues to mutate, the prevalent COVID-19 vaccines, which were
primarily designed using the SARS-CoV-2 prototype (PT) and effectively safeguarded against early SARS-CoV-2 variants, have
displayed considerably diminished efficacy against subsequent Omicron sub-variants, especially against the more recent BF.7, BQ.1.1,
CH.1.1, XBB, and XBB.1.5 that has higher capability immune escape. Therefore, there is an urgent need to develop a new generation of
broad-spectrum vaccines that can generate high levels of neutralizing antibodies against multiple SARS-CoV-2 variants. Previously, our
group developed the ZF2001 vaccine with a tandem repeat homodimer of the SARS-CoV-2 receptor-binding domain (RBD), which has
been approved in 4 countries and vaccinated over 300 million doses worldwide. To tackle the Omicron variant, we also upgraded the
RBD homodimer of ZF2001 vaccine to a Delta-BA.1 chimeric heterodimer and developed protein subunit and mRNA vaccine that both
demonstrated potent broad-spectrum immunogenicity against pre-Omicron variants as well as some Omicron sub-variants such as BA.1
and BA.2. With further evolution of Omicron, the prevalent XBB derivatives have displayed severe immune escape to the BA.1
immunogen. Therefore, we aim to further broaden the immunogenicity of RBD dimer vaccines by upgrading the Delta-BA.1 RBD dimer
immunogen using the RBDs of more recent Omicron sub-variants. In this study, we developed six novel RBD dimer mRNA vaccines,
each incorporating an RBD dimer consisting of Delta RBD or the RBD from specific Omicron sub-variants such as BA.1, BA.2, or BA.S.
By systematically evaluating the expression and immunogenicity of these RBD dimer mRNA vaccines, we validated their
immunogenicity and potential as booster shots following two doses of inactivated vaccine, as these vaccines demonstrated potent
humoral and cellular immunogenicity against a wide range of SARS-CoV-2 variants. Notably, the neutralization antibodies elicited by
Delta-BA.2 (DO,) and Delta-BA.5 (DOs) vaccines showed complementary spectra of neutralization. In other words, DO, and DOy are
more effective against SARS-CoV-2 variants that emerged before BA.2 and after BA.S, respectively. Thus, we further designed a
cocktail vaccine by mixing the DO, and DOjs vaccines, aiming to achieve a more broad-spectrum immunogenicity. Neutralization data
showed that the cocktail vaccine successfully expanded the spectrum of immunogenicity compared with the DO, or DOjs vaccine.
Moreover, by administering a third booster dose, the DOs and DO, + DOjs cocktail vaccines effectively stimulated high levels of
neutralizing antibodies targeting CH.1.1, XBB, and XBB.1.5. These findings contribute to our understanding of the spectrum
neutralization across diverse variants, offering insights for the development of broad-spectrum COVID-19 vaccines.

SARS-CoV-2, Omicron variant, mRNA vaccine, broad-spectrum vaccine
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