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% H B3 S (e 5 82322040, 82025022, 92169204) ¥ )

WE #1785 N A I 45 4 35 (N-terminal domain, NTD)#F 5 M 04K 78 (R S 52 B o o] LUK I & A48 R B0 oh 6, BE

Lk o, U DLR s E R . E A A FINTDI R R S T Bm &, FERAARAHA R EL. KX
A 4R A ENTDA F A LR B AR R IR HAT R, B R EANTDIUER K E T B 7 6k & LR A R
AR KR, A H R E R ERRLERATHIR, FEF ANTDIURAFAE R o e, ¥ 3t — 5 BB R F R
U BB AR, A 2 B e & R R L E L A

KA

WT204F, mBUR TN RN B © 2 5| R
FEG R N EOR A S AR NS, WI20034Ff())™ A E I
W% 25 AiE e IR 973 5 (severe  acute respiratory syndrome
coronavirus, SARS-CoV). 20124 ] 7R EAK 22 & HE
R B (Middle East respiratory syndrome, MERS-
CoV)F120 194 ¥ 37 214 56 IR 9% £ (SARS-Co V-2, fAjFK
BRI EE), U FR B R R A P R S Bl Y
KM G RIBE T o5 40 N 284 i FE AN e BRE F
KRG ™ AT 7. B 2024458 H4H, AR e i T
Y LIE 77510, BT NGB 70075, BN
PV R B, BRI B 1) R AR AN AR, 1K 48
i 9 IR T R 1 B 4% ok B R B0,

B i 7% 5 SARS-CoV [A] J& - B- el IR i 75 Jg (1 70
DURHEERE B2 08, S0 N LA 58 5K 3R e 452 (an-

A TR &, NTDR R ESUE, RARM, FRfk, RRgRA K

giotensin-converting enzyme 2, ACE2){F 52 /A HE N4
AR R R — AT B 1 B IEBERNATR
B, TEESHARGERE R, 705 R 5€ & H (spike pro-
tein, SEEH). A58 H(nucleocapsid protein, N
). BEE I (membrane protein, M2 [)F16LRE &
(envelope protein, EZE )" $1 58 5 {12 el PR 5 5
BEWER, 59 400 % DA
FroEmEmRELRET [ AEEEA, HI12731M%
FERRAA AR, Sh AR 1 I TR ) 1 BN S 1IE A A Ciig
S2IE, I 7 A MRS T 2 = Rk g gl 151,
AR T BB H R (eryo-electron microscopy,
Cryo-EM)AIXHT £k S B R (X-ray crystallography)i
ek s B R SR E B FUR IR, HARAE TR IO Rk
VB R S RSO, 2 5 B AL TP ORI,
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hERE: ARE 202544 S5 FH2M

=R E AP AN EE A 2RSS G S5 I (receptor
binding domain, RBD)2 ] - “up” %, i o] DA% 2%
H RSk ) 52 4k 45 & FE T (receptor  binding motif,
RBM)2 397 56 95 25 1 S 137 J5 40,45 N A 3t &5 #g 1(N -
terminal domain, NTD), RBDm SD1 (subdomain 1)#l
SD2 (subdomain 2), FE i 51 & 516 EAMRAILE A,
TE L TR R B R RARAE 5 ACE2 32 AR e M 45
&, BT A SRR NAZI 22, B f A S2 3
FALFG A K (fusion peptide, FP). -LAKEE 511
(heptad repeat 1, HRI1). H ¥R JiE(central helix,
CH). ZE##s45#)48(connector domain, CD). ZXIZjiE
(stem helix, SH). GIKE K742 (heptad repeat 1,
HR2). B5JE[X (transmembrane anchor, TM)F1 A 14 25 ¥4
3 (intracellular domain, ICD)%§, LA 51 8 518 &
2 A ) B R A i AR T,

PO B 4% 7 7 M 4856 e s 55 2% 1 1 R SR B
TRAS [ 9% 2 3 25 A 4T LUK & S 1 AR 7 T
RE. 400, WFFTLLEY 2 ENTD, RBDAIS2H =4
PRE2B1 5y RBDL M A % B2 BH I a5 A0 422 -4 et
JRTFRBD 54 Z R ACE2MI 454, M BH 1E 9% 7533
NAE T4, KEEHFER. Bk, BN G125 )
RBDFF RGBT i Bebuia 254, #ilhn: FAETH 24
A]ffimdevimab  (PF4E §i41) Mlcasirivimab (= 74 Fify F
i)« #LoKR A T etesevimab (145 7] 35 #.41) flbamla-
nivimab (ELJEH#Pr). Pl FE A & (tixagevimab
(B ks F3 ) Micilgavimab (PN 8HT). B2 R
$ 3w 5Vir Biotechnology 2 & & 1E - & ff)sotrovimab
(RITTF P, PASARBINSiEE R 2 A
H) H[F] % [flamubarvimab (% EL 55 $.470) firomlusevi-
mab (T K35 P& | TS AR WL FEINTDER
S2HI PR L Wt NI AR ISR B AR GG, #i4r S29i 44k
A8 BEL b e B R e g, L R M FPAISHIX
g, 3mSR 2 R SRR Rl A R )
A5 SRAM I B A IS A A 1 RER2 30 SR DU A5 R
e BN R A0 AR N AL AR (R 1, RBD%F S PEfiiA
ISR SRR B A W) % Th e B Aok Ut LU SRR, 70
N RE M BH 1193 258 4L (1) h A $T 44 (neutralizing  antibo-
dies, nAbs)FIAGERH (9 8 AL HE TR Ak, (H2,
17 8 FENT DA 7 M A4 B B 35 o R0 0 4 A= o
PURZ AN, A BURLEARSN S50 rh BB 68 2 e 1
ARG E A0, B NTDES I A HTA(NTD-

targeting infection-enhancing antibodies, NIEAs)®"*!,

NTDREHE R 3R R & AN EEZLE R, S25WE5
i BRI 2 AR RS, Ak, $EFNTD)
SEREGUIR BERE X HT IR B R A LA R R
Wi, SRT, AT B IRBDRE 5 M4 AR A S 21K
SEBUR, U A T NTDRE ST 7 A 8
RGN, R rr AT B AR L] A
G5 R HTAR (L E BRI I LA v 75 22 5 9 W 14
SEIRATEYE SR,

AREFIR TR TR o BENTDA 5 14 5 e B B A4 1)
HITWETE, ARG IANTDHUA LRI A2 ThRE . R
BASFRIZRAL (FIRFAE AT AT RE I /E LIS, BIFANTD A
ANHUARAINTD R GEHE 55 R BT I B2 AL, DA
0] R P S NTD A LT et 3 25 K e 5 (1 BEAR 2k
Fiti 0 B 2 EL i

1 NTDH A

TR EENTD A R BT Ad aak 1 ) 58 2 1Nt 485
I R FEPURTRVE . 20204F, FR7% R 1 1A BS A
e T 98 R R P o B 1 B — MR e BENTD H
FPLIR4AS, BEJE H 2 MRHIEA TR 225 25 3] 2 bk
NTDHFIFA, fn1-68, FCO5FIS2M28%%, #34XNTD
POAR A o RN 58 7] 3% $10.007 pg/mL, 6 INTD 2 HiH
TEE A5 285 PRI (1) — A F B g (244404832930 gty
Iy MT RN BE A A 2GR W, RBDAF M ih FFT AR AE DA
ANF A FE IR AIRBD R[] X 3k540) [A] B, NTDHiiA
WIH 23 RE PR MRS, GFENTDYUR A
(NTD-antigenic supersite)~ JEHTE AL SAFAINTDIUT
Jif i A 3038 42-44.46-48.52.53] 2 T 2 S AT KR R S B
#or KERA, EWRER M A R MPiiE. NTD
Foik A EI 4, B K DeltaZ8 AFFk B T E156GH AR
HIF157, R158%HLE I 554 ASPUAR L, 49 5 (152 A1 07,
UEAh, #E7 G142D AR ) EEpkE I SCENTDR M 4,
tH 2 NTD A R A 5301 58 2 (1 A9 EAE P TR
Uk, [ UINTD S U A EAE LS, DR AR
W) R AR R A, FHRNTDH AR R AL A b4,
X TR A R 6098 B3 DU RN 1 28 00 EL B

1.1 AYEThRE
BT eI FENTDYE = M A AP id a] DL R FEDUR
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HEBREE: B e i BENTDAF 5 PE ST AT FT BLIR & e 22

FUEH, AT DR NPT RS I AL A B WU e Mt
A — 3 3L R RAEVE . B EERBDAF 7 M 5 S2
Ry S TR AP UAR SNTDSRE v th PR A s s
ROHUR R RAT bR, I HAE S Rk BAT T
g3 B0 gt RBDH A fAFCO8 5NTD
HFIPLAFCOSAH & S2HH FlFLRCV3-25 5NTD L ik
CV3-132 555, IXPhHE )5 et 75 55 A [7) 45 #4331 24
PR R 2H A5 SRS BE % T KR P 3R PR B 58 AR ik
S A HE TS RBD A CI52 5 NTD H Hl
C159640i% NTD-RBD XU 77 4 H1 1A CoV2-biRNS, 2
EPUARRHR IR SRR ARE Fy, B2 PR RK 8-
hACE2/BHe/IN B A e 2 8 00 3 e SENTDHT
WA Gt B — ) i R AE 7y, 15— EFEE LT
DL AE S A A e IR 5 8. B, NTD ARk
S2L28, S2M28H1S2X333AEMS 4k & i g 7 IR 76 2
RaTG13, I HARIMHNEDE SRR 28R, BT
AN [ 76 4R 975 25 1 1 58 2R (I AENTD X A7 7 17 91 2 5+,
I A2 LHINTD A AP AR X SARS-CoVAIGX/P2V/
20174 HoAth TR TF A 45 A B8 1 5 PR BE 2 A
55[43]'

1.2 RBIRAL

B 6L 975 B FINTDAE 25 1) A7 30 58 8% 1A 4,
I IR, AT AT A RS R = A X R, T
X 45k FH 9 45 I P AT RIB-BE 2R, 0 X IR 52k
FUEBEER R BRI 5% R A AT B-HT B 4514, Bl—1
INEER-T B A — N CREB-HT S IH X IR 3 EE
JEIB- A R A — AN 4l 2, O T S e R 7T
PRI AL, Bk £ BIBAP A NTD X 352 N
NI~N53, NI~NSHTEZ BRI 98 8 A 2540
RTLTH, FEESRS S ESEIHEP. N3FA
NSHE H BT R ZHINTD IR, AFE4ASHUAR) 3=
LR XIRESAE3E5] B 5 & B SRR N TD X 35
B T TR AR, I1COV2-2676, COV2-2489, 4-8,
5-24, FCOSAICM25%, AR E AN, N3IFINSIA[H
FAL. ZIX AL T IS E I AMI, ZNTD K LR
FERTH, BHIF FO X 2 R A7y 44 N “NTDHL IR
g g B8 AIS0] R OIRAR T R S RAE, L R )
NTDHE N7 255 5L AR HpFITEYE. B4, NTDIX 5
AR IR EE 242244 BRI AL P FIT14K4 A8, 4-8H15-24
JUF 56 45 2k 25 HR ORI b 3 23 AH X AL R (BetaFIXBC. 1
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N HIREFON BRAL, B R ERY 14400 B S2M28,
S2X28FIS2X333FAAME I AN ) BRI R AL o5
b, NTDIEAELEHANA F 1 s R H AR A AL, XL
DX R ST, Bl 35 1030 KU B8 BAS-72h
RFH—2RPiak, I B BICE PR AL S 40T X
BT N23SHUA R A RS 5-THURARIE. L
S2L20 WARFE I — 2Pk, RAINTD L 55— &b A7)
RO PIC17IT AR E R — 2Pk, EELEAENTD
(175 B MBI oAb L) X R AR SR A 5 N TDHL AR
S B 0 DX IR S AR R T M B, 91 UnS- 73R X AL
pha, BetafllLota®5 S8 MR AR LA R RITER. Uil
NTD AT B A7 1 X 8 AT g L B 70 1) 3 rp A g
AL RE &, X ORIGSRNTD) 3 R A R it
HAB I

1.3 {EFLH]

7 e 93 B RBDRE 57 14 H FH it Ak 2 782 36 ek B W B¢
T P99 8 RBD5 ACE2 52 M (R AH ELAE T, BEL 1975 23 J&&
YerE g 030626] FELZ R, NTD#: ik fifh k&
FE A RWE R ML E AT R s A i B, — i st
BRNTDHUARIFE S 5 T30 8 5 52 4 & 1 2.
A LERICEHE TN A O 48 7R 38 e % SN TD
PSRRI REROME R ALE], FEZAFE: (1) NTDhifE
BEL 7975 75 55 1 3= 40 it S 3 T 8 B o 7 IO AR ELAE L, 460
O T AT 2% T VTR R C R it 4 3K A% Ak 2 104091 ([
1A). 298 N 1216 E 4R, 2P 47 nT AR A4 B
2 AR SR Bl 9€ 5 FARBD 5 ACE2 32 44 (11 41 T A H,
TR 35975 75 f B84, 24 BLN 1254 FIBLN 1447044
ENTDZ: A, w] DARH 1E5 5 5 C Y Bt 4 2 52 A4 R A
HAER, FMKRBD5ACE232 KK TAE FHHIMEZR, M
T 90 861030 e 98 2 A B (i) TR PRI E AR
HURRR IS (8 1B): NTD A I R & [ L i Fe 3
B, 26 AEIRBD T /7 )X 3%, {ERBDALT 17 F IS
MNTD 48T, RBDIUSWHiRHE T B %R, M
M 58 ORI 28 2 A R AR L FELT). H4A8%ik S
NTDZE & B, AT LA SENTD R B2 208, 4 RBDH
SELETA R IR GRS, AT 00 161 975 25 B e o 75 1) 3
REAMREEPY (i) THEIRE A MR
WIENC). HC1717Hi A ENTDS A1, Al figilid
FROy SRR R ABUEE TR A%, THREA RN
Az ARG A S SRk, PR
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- “down” oF “down” hFHR \®
.4 NTD RBD
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ﬂ K nnnrrar;nnnrrn ﬂ ﬂ ﬂ“ T mITmmimm “ ““ ﬁ ﬂ
g JIBR i ARSI i
C
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ACE2S/4& ACE2S/A
Jp\ NTD -\® Jp\ NTD
“down” hFOHUR 5 “down”  hFDFUE
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ACE2S ACE2{%
, : q RBD
up -
“down” - % %
NTD RBD NTD NTD
NTD
- AR RUTTA . [
U i S RSB

Bl 1 #a i sENTDRE R AR I FANLAIEBNE. A: NTDA RGBT 35 5 78 F 4 B I & 4 7 1A /R R B:
NTDH AR T R & A B AR B, C: NTD A RIFUA T R E A R R 246, D: NTDERGLRY 58 A Hi A (L ik
W EERBD 5 ACE23Z M 45 & E: NTDIEGLHE 5 A Hi Ak 505 25 1) R 2 1 1) = JRAR SRS S A B (NTD-NIEA-NTD trimer). V3 up:
) EA R, WILIFB 5, RBDAL TR T, s vl LA 40 32 A ACE245 & ; down: [A] F A4, HAYSGFAIHE R, RBDAL TR
BT, AR 54102 /K ACE245 4 . BioRender (https:/biorender.com)H T =X K ) 22 il

Figure 1 Model of the mechanism of SARS-CoV-2NTD-specific antibodies. A: NTD-specific nAbs block the interaction between virus and
adhesion molecules on the host cell; B: the theory of “wedge” effect for the NTD-specific nAbs in controlling conformational changes of spike; C:
NTD-specific nAbs disturb the conformational changes of spike; D: the NTD-targeting infection-enhancing antibodies facilitate the binding capacity
of RBD to the ACE2; E: the NTD-NIEA-NTD trimer model of the NTD-targeting infection-enhancing antibodies and spike. Note: up: up, or open
conformation, when RBD is in the up conformation, the virus can bind to the cellular receptor ACE2; down: down or close conformation, when RBD
is in the down conformation, the virus can not bind to the cellular receptor ACE2. The model diagrams were created using BioRender (https://
biorender.com)

UM gk HAAN23 5 AT A i TP AR I RBD Y 1.4  Zh¥pscs

FAAK, (AR5 8 1 B T S 1 2 JBi vk 4%
FIEFEOL 90 e i N TR 53 P B B 8 i 1 2 Al
fok AR R, 38 AT O T TR SR # L
1 ) B A

I FENTDRS S 1 th AR L4 AE 2 Fhsh P
RI(WIK18-hACE256 FE [RI/INRR A RS 258 e B
HA TR R G T 7 e e 1 R il
BLN 1240 fA FIBLN 1447044 7] LL#E BIK 18-hACE2%% 2
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HEBREE: B e i BENTDAF 5 PE ST AT FT BLIR & e 22

DR ZIN BR AR T el 070 73 8L, B L AR R %, PRI S
it 60 G A 4 43 e 8 B 5 ). S2X333 LA AT LA T BT
PEHO RS BRACTURT 70 55 1R, A A BRI 95
T COV2-2676 A RICOV2-2489FTAATE 1A P
SEYG R RERE VAT ME LR YK 1 8-hACE2EL FE A/ KR, HD
{HiE I L234A/L235A/P329G A2 B FiiAFe /S 1)
TR, /N RAE EE T R RS 73S, R buiA
TR ROSEX T SR 1R B2, ik piiAN23 558
it 5 NgMBIFcil & 14 3 % flgMAEBiiAMN235, 7E
Ad5-hACE2/) U B rh 5 0% 11 7 M O 47 /N B % 52
Omicron 7 A8 Fk (& 449 K RBDH A Hi{AFC08 5
NTDH FIHTAAFCOSZH i Bl 75 %8, 7T LU ZUARA R
AR R R BB, — R Sh WS 45 B i KGIE
SEH R R B ONTDE — AN E B PR L 4, NTDHR
S P AT A T DAE D B e e B B A 2 I T A
i i%.

2 NTDEHH 5 A hifk

A P B 2R T DU SR 1) — 0 o B A T LUK FE ORI
FH, BLFERH R B R e 04t i, RO AT ST B A
&, HRPUESEHONAE R AISUR. 8 2R
TR, A —H 7 NTDRE T BT LE AR ARG 556
AT DL R B L R A,  BPNTD/ G 5 A
Pk, w18D2, COV2-2369F1COV2-2490%%, 4 5NTD
R 255 5, ek 7% 8 1 5 ACE2 32 A (1) 25
&, FEUR RGOS B X MNTDHUA A
SR R AR F 54 G = U Fey AR T ik
A4 51 14 18 58 %0V (antibody-dependent  enhancement,
ADE)TEK, & il AP i 0] 5% 8 E 14 %
R HEIR GG AR R A, A SENTDE G o A i i
WR] LS OGRS JE rh TR —FE, fEAR N E
It FeyRIIa%Z A& T — & AR AR ER, Wbk
R 1 24 JH A T 1 40 P 55 7% 4 FH (antibody  dependent
cell mediated cytotoxicity, ADCC)FIHTIA MK 5t 21 i
I3 ) EAE H (antibody dependent cellular phagocy-
tosis, ADCP)51"008 Zh iy A=) LS FUR IR, TR Getth
SRS I BINTD AR R A, 5NTDH
ANGUA R AR B RS Y, Bre R FENTD I Y
SR PR R — KA R R B el i R R e e DA, 1)
B TEGH ) A2 AL, I B T LR 2R 23 B e 1 B
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PRBLH, B30 58 AATTXS T3 B 5 S5 1 U AR 10 2 i A
NI

2.1 AEYIEEIIRE

TEARANSEEG R, — 3050 B e i BENTD R 7 P Hi ik
LR R A INTDSE & )5, 7 AR SRR #0) s &
A ACE2 32 /K20 (11293 T-ACE2 4 it 25 ) i g . AHEL
ZF, fEACE2RL/KFRAK Calu-3F1Caco-2554H iy
RPN A X B S, RIANTDHUAAN T
93 B S L 3 5 PR 2R ] e S B ZH L B ACE2 2 AR R
IEEAN SIS B AN T R B ANTDIE Y 5 A 471
IEAEAERE, 7T DL S 3 3t LeRBDHL A4 (1) T Ay 1 Y.
XA REECANTDI AL SR SRR E A G, S
MG RN, MRBDYUKMIZE A, iR
AEME. T 7o R EENTD RS G 488 i R 450 445 ) HAA A
FAML A T2 B, E2 H AT IIEHE 2R B X Pk e
1 50 1 %% N AT RE A2 T NTDH K 2% 5 RBD 5
ACE2Z AR AR AR H.

2.2 RBIRAAFEER R

e G R AT E R R A LI K, AN
ek fili 9 3 R SR R I SR e P 38 SR B AR AR AL AINTD
e X, BRI RS R RE A A,
FEERE AL S BHEW64, H66, K187, V213FIR214
B8 X B R AE R R, NTDE Y ok A i 4
L5 i B S A A A A I BRI, (B2 IANTD
FORTHLAR BRI, 6 BA R 2 B A 1 TR 3R A S )8
SEMIEEN)F I FUAE R BN, NTDE G 5 U ik 32 52
530 28 AR OBl B3 0° 1 O 45 A 0T0M ) L B R 4
RDH 10527 5 3 5 2 8 (1) AL 1 45 & 00 3 10
NTDM. 55 76k 97 7 JE 4f bk O 48 i K B 1K) S A8 R AR,
IXSE S AR PR (U Alpha, LambdaflOmicron% )44 #y
HO9 ATV 708 2K S 545108 {2 [X 3 15 K Z HANTD /K 4
SR R PR IR R A BT, AT LS BRI IR R A
W R AR, Rk, BT R R A B iR S
NTD ) EARAE F A7 r B 3 5 5 338 i Jak G 350 R [ AL i
XF T VPAR 12 S B AR 7 JE % G 8 RS T 825 v (1) 5 )
FOCEIE. AL, WIS IR R R SR I,
FERBDHE S PE PR TN S 245 57 1 P4 1 FH 1) 2 4 5 [
F A ET, WIGHV1-69FIGHV3-30%%, MiNTD/K
TS G IR R KRR EN 2, ARRTH



hERE: ARE 202544 S5 FH2M

Flvir 52 R R 58 R 1. NTDK LI 58 B AR IXFh 32
2k R X R A SO0, 7T RE R M2 TR FE LA G i
R 2 REMERE AP, 28R, AHEL T AR L6t
A, H AT E BIHINTDER G 5 R 5 A4 s LA
PR, HIEDIR RERHEIEA 5 T4 5 N RGEIHT I
BAE.

2.3 fERIBLH]

o F 3 e T8 7 NTD 26 G 36 5i 4 044 (1 4 R AL,
FHIEN R4 S A G, Liuse N 704t
W, ZEHR PR 456 B By (fragment of antigen bind-
ing, Fab)i@i XU T 45 & AN R I 2% 2 EH FINTD S
5, SERBDALT A LA SR, HE5R 45 & ACE2 32 1K1K
REJJ(E1D), T H4 (Fab e 45 & I R 8 I AN Re s 3
RBD Ay %754k, LusianyZs APk 35381414
T BT SR I — AR R & A B P NTD SR A
BEM [ — D HUAFTIR, 1R IENTDER GG s ik 5
BrEw R RE A = RIS A (NTD-
NIEA-NTD trimer) (KI1E). &2, NTDHi/AM 5% 5
RBD 5 ACE25Z R 45 & (1) 3= BEHL I AT g 2 8 i (R BN
ANAHARHI R H FINTDR 5 FRBDIE BOT U R &
i EE 5 A K Pid S HiFab fr BORIF (ab”), Jv B I e
SEEG ORI, PURAI T4 & A B (fragment  crytallizable,
Fo)Xf TNTDHu A & Ge s s/ F A 2 0 2501, PRk I
AT Foy AP, 3% 5t 45 ) ADEAT W 522 2 5.

24 YK

B4 9 ADERS— B BHIF A 5 6 P £ 44 24
B, 02 05 2 A IS 3ot R e T 0 B R 7
YRR, ADEASE R F6 ML P 5 1715 10 3 2 4
0 P T Bl 2 0 3 7 O AN ML P R, AT
PN GBS, A E A 52 & R R A7 Ak
P 7 LEADERCSE, 018 30 24 S MLk 00T g
L, TERSNSZH R R B 1 9 2 R e N TD R 57
VS0 TE 1A 1 TS A7 EADERUSIR? B A 2 Ak
SR PIAS ST A B 3R B, 5 FENTD
TR 80 R 7 /N BRI 5 7 36 5 1 s
RS e g I WK R E P A T RS
ADEMUE, {F R WYl 19 45 1 76 75 B 6 4942 R Gk
WFge. FATER IR, NTDEY R kDH1052
AR 7E P A1 S e o 0 RS T RS A, (LR AE

AN M A — PR ER, XU
AT B e 4 0N S ) AR P A AR A 4 i sz
B, B TG SR e RN o5 S A, TR/
BRI F B seiet, Piis N R FADCCHADCPE
DU 5RO R IE FEAEF, 1K 9 P AR 25N 7 A4 Y
Qo] A E P A Fe LB A IR VR T PIL O R B R RN
5%

3 BEiERY

B BENTDAE S PR B Qo] & 45 D e 32 22 Bk
THARGFINTDRAL. HuT S A F R 2D
NTRINTDIRGN R AL, T EAFESANTD AT R 5]
X3 1ASNTDE G 3 5 Y P AR ) XS AT LA 4E R
/AR B GL B 5 R BT AR TR 1 X 3k (K12).  LAAA8 AR
FE—RNTDHAPUARR A%, EEIRFINTDHURE
Bz B8 PLS-7 AR 55— SENTD A i 1 R
HINTDH AL 5 BT A AEP TR AL 2517, DIN235 K
RE M ZRENTDH AR 1R 5 KA 5 5-7HU AR AH
W IS2L.20 4R A 55 DU SENTD 144 32 2K
LA b A B X 3, LC 1717 AR 1 26 L2k
NTDH AR 3 ZR A0 5 1 DY A0 BE B N T DI
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DH1052
PDB:7LAB

Bl 2 e AENTDR R AR R4, b 1~3: e SRR (1 = Ak, LIAAS AT B —HNTDH A (Y,
BAS-7 AR 25 —ENTD AR DIN23S AR M58 = ENTDHAHAL, LAS2L20 918 )55 PUSENTD Fh A 1414
LAC1717 AR (1 55 TLENTDH A HLA™; LADH1052 9 CFK MNTDIE R 38R AN, PLCV3-13 940K MINTD R A A1/ &
et MPUACY, R EGUA S 3 e SENTD & A 2 S0 45 M 3B PDB: 7C2L(4A8), 7TRW2(5-7), 8JVA(N235), 8JVA(S2L20),
7TUAR(C1717), 7LAB(DH1052), 7RQ6 (CV3-13)3RJi-T & 1 i &5 #4404 %2 (Protein Data Bank, PDB: https://www.rcsb.org).
PyMol (http://www.pymol.org)F1ChimeraX (http://www.cgl.ucsf.edu/chimerax)FHF£& ¥4 B 11 2 ]

Figure 2 Classification of binding epitopes recognized by NTD-specific antibodies. Monomer 1~3: SARS-CoV-2 spike trimer. Representative Class
1 NTD-specific nAbs: 4A85); representative Class 2 NTD-specific nAbs: 5-71*); representative Class 3 NTD-specific nAbs: N235*’); representative
Class 4 NTD-specific nAbs: S2L20""; representative Class 5 NTD-specific nAbs: C1717""); representative NTD-targeting infection-enhancing

s

antibodies: DH10521*!; representative NTD-targeting non-neutralizing/non-infection-enhancing antibodies: CV3-131°!1. The structural data of different
antibodies complexed with SARS-CoV NTD were derived from the Protein Data Bank (https://www.rcsb.org). The structure figures were prepared
using PyMol (http://www.pymol.org) and ChimeraX (http://www.cgl.ucsf.edu/chimerax)

B B S PE DU M R R oy, AT R PUAR R RAAE, W AOR R U B SR S A
ET. RGEHHTTAT AR AT R A B RS AR,

%R

1 Mackay I M, Arden K E. MERS coronavirus: diagnostics, epidemiology and transmission. Virol J, 2015, 12: 222
2 Stadler K, Masignani V, Eickmann M, et al. SARS—beginning to understand a new virus. Nat Rev Microbiol, 2003, 1: 209-218

3 ZhouP, Yang X L, Wang X G, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature, 2020, 579: 270-273

234


https://doi.org/10.1186/s12985-015-0439-5
https://doi.org/10.1038/nrmicro775
https://doi.org/10.1038/s41586-020-2012-7

hERE: ARE 202544 S5 FH2M

19
20

21

22

23
24

25
26
27
28
29

30
31

32
33

34

35

Wu F, Zhao S, Yu B, et al. A new coronavirus associated with human respiratory disease in China. Nature, 2020, 579: 265-269

Han X, Ye Q. The variants of SARS-CoV-2 and the challenges of vaccines. J Med Virol, 2022, 94: 1366-1372

Meng H, Mao J, Ye Q. Booster vaccination strategy: necessity, immunization objectives, immunization strategy, and safety. J Med Virol, 2022,
94: 2369-2375

Li W, Moore M J, Vasilieva N, et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature, 2003, 426:
450-454

Kuhn J H, Li W, Choe H, et al. What’s new in the renin-angiotensin system? Cell Mol Life Sci, 2004, 61: 2738-2743

Kuba K, Imai Y, Rao S, et al. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung injury. Nat Med,
2005, 11: 875-879

Dimitrov D S. The secret life of ACE2 as a receptor for the SARS virus. Cell, 2003, 115: 652-653

Lan J, Ge J, Yu J, et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature, 2020, 581: 215-220
Yan R, Zhang Y, Li Y, et al. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2. Science, 2020, 367: 1444—1448
Shang J, Ye G, Shi K, et al. Structural basis of receptor recognition by SARS-CoV-2. Nature, 2020, 581: 221-224

Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven
protease inhibitor. Cell, 2020, 181: 271-280.e8

Zhang J, Xiao T, Cai Y, et al. Structure of SARS-CoV-2 spike protein. Curr Opin Virol, 2021, 50: 173-182

Gallagher T M, Buchmeier M J. Coronavirus spike proteins in viral entry and pathogenesis. Virology, 2001, 279: 371-374

Simmons G, Zmora P, Gierer S, et al. Proteolytic activation of the SARS-coronavirus spike protein: cutting enzymes at the cutting edge of
antiviral research. Antiviral Res, 2013, 100: 605-614

Walls A C, Park Y J, Tortorici M A, et al. Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell, 2020, 181: 281-292.
eb

Walls A C, Park Y J, Tortorici M A, et al. Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell, 2020, 183: 1735
Huang Y, Yang C, Xu X, et al. Structural and functional properties of SARS-CoV-2 spike protein: potential antivirus drug development for
COVID-19. Acta Pharmacol Sin, 2020, 41: 1141-1149

Barnes C O, West Jr. A P, Huey-Tubman K E, et al. Structures of human antibodies bound to SARS-CoV-2 spike reveal common epitopes and
recurrent features of antibodies. Cell, 2020, 182: 828-842.¢16

Chen Y, Zhao X, Zhou H, et al. Broadly neutralizing antibodies to SARS-CoV-2 and other human coronaviruses. Nat Rev Immunol, 2023, 23:
189-199

Qi H, Liu B, Wang X, et al. The humoral response and antibodies against SARS-CoV-2 infection. Nat Immunol, 2022, 23: 1008-1020
Benton D J, Wrobel A G, Xu P, et al. Receptor binding and priming of the spike protein of SARS-CoV-2 for membrane fusion. Nature, 2020, 588:
327-330

Wrapp D, Wang N, Corbett K S, et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science, 2020, 367: 1260-1263
Ju B, Zhang Q, Ge J, et al. Human neutralizing antibodies elicited by SARS-CoV-2 infection. Nature, 2020, 584: 115-119

Shi R, Shan C, Duan X, et al. A human neutralizing antibody targets the receptor-binding site of SARS-CoV-2. Nature, 2020, 584: 120-124
Liu L, Iketani S, Guo Y, et al. Striking antibody evasion manifested by the Omicron variant of SARS-CoV-2. Nature, 2022, 602: 676-681
Hansen J, Baum A, Pascal K E, et al. Studies in humanized mice and convalescent humans yield a SARS-CoV-2 antibody cocktail. Science, 2020,
369: 1010-1014

Zost S J, Gilchuk P, Case J B, et al. Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature, 2020, 584: 443-449
Pinto D, Park Y J, Beltramello M, et al. Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody. Nature, 2020, 583:
290-295

Dacon C, Tucker C, Peng L, et al. Broadly neutralizing antibodies target the coronavirus fusion peptide. Science, 2022, 377: 728-735

Low J S, Jerak J, Tortorici M A, et al. ACE2-binding exposes the SARS-CoV-2 fusion peptide to broadly neutralizing coronavirus antibodies.
Science, 2022, 377: 735-742

Sun X, Yi C, Zhu Y, et al. Neutralization mechanism of a human antibody with pan-coronavirus reactivity including SARS-CoV-2. Nat
Microbiol, 2022, 7: 1063-1074

Shi W, Wang L, Zhou T, et al. Vaccine-elicited murine antibody WS6 neutralizes diverse beta-coronaviruses by recognizing a helical stem

235


https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1002/jmv.27513
https://doi.org/10.1002/jmv.27590
https://doi.org/10.1038/nature02145
https://doi.org/10.1007/s00018-004-4242-5
https://doi.org/10.1038/nm1267
https://doi.org/10.1016/S0092-8674(03)00976-0
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.coviro.2021.08.010
https://doi.org/10.1006/viro.2000.0757
https://doi.org/10.1016/j.antiviral.2013.09.028
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.11.032
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1038/s41577-022-00784-3
https://doi.org/10.1038/s41590-022-01248-5
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1126/science.abd0827
https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1126/science.abq3773
https://doi.org/10.1126/science.abq2679
https://doi.org/10.1038/s41564-022-01155-3
https://doi.org/10.1038/s41564-022-01155-3

HEBREE: B e i BENTDAF 5 PE ST AT FT BLIR & e 22

36

37

38

39

40

41

42
43

44

45

46

47

48

49

50

51

52

53

54

55
56

57

58

59

236

supersite of vulnerability. Structure, 2022, 30: 1233-1244.e7

Zhou P, Yuan M, Song G, et al. A human antibody reveals a conserved site on beta-coronavirus spike proteins and confers protection against
SARS-CoV-2 infection. Sci Transl Med, 2022, 14: eabi9215

Lusiany T, Terada T, Kishikawa J, et al. Enhancement of SARS-CoV-2 infection via crosslinking of adjacent spike proteins by N-terminal
domain-targeting antibodies. Viruses, 2023, 15: 2421

Chi X, Yan R, Zhang J, et al. A neutralizing human antibody binds to the N-terminal domain of the spike protein of SARS-CoV-2. Science, 2020,
369: 650-655

Zost S J, Gilchuk P, Chen R E, et al. Rapid isolation and profiling of a diverse panel of human monoclonal antibodies targeting the SARS-CoV-2
spike protein. Nat Med, 2020, 26: 1422-1427

Connor R, Sakharkar M, Rappazzo G, et al. Characteristics and functions of infection-enhancing antibodies to the N-terminal domain of SARS-
CoV-2. Pathog Immun, 2024, 9: 1-24

Li D, Edwards R J, Manne K, et al. In vitro and in vivo functions of SARS-CoV-2 infection-enhancing and neutralizing antibodies. Cell, 2021,
184: 4203-4219.¢32

Liu L, Wang P, Nair M S, et al. Potent neutralizing antibodies against multiple epitopes on SARS-CoV-2 spike. Nature, 2020, 584: 450-456
McCallum M, De Marco A, Lempp F A, et al. N-terminal domain antigenic mapping reveals a site of vulnerability for SARS-CoV-2. Cell, 2021,
184: 2332-2347.¢16

Zhang L, Cao L, Gao X S, et al. A proof of concept for neutralizing antibody-guided vaccine design against SARS-CoV-2. Natl Sci Rev, 2021, 8:
nwab053

Voss W N, Hou Y J, Johnson N V, et al. Prevalent, protective, and convergent IgG recognition of SARS-CoV-2 non-RBD spike epitopes. Science,
2021, 372: 1108-1112

Noy-Porat T, Mechaly A, Levy Y, et al. Therapeutic antibodies, targeting the SARS-CoV-2 spike N-terminal domain, protect lethally infected
K18-hACE2 mice. iScience, 2021, 24: 102479

Cerutti G, Guo Y, Wang P, et al. Neutralizing antibody 5-7 defines a distinct site of vulnerability in SARS-CoV-2 spike N-terminal domain. Cell
Rep, 2021, 37: 109928

Wang Z, Muecksch F, Cho A, et al. Analysis of memory B cells identifies conserved neutralizing epitopes on the N-terminal domain of variant
SARS-Cov-2 spike proteins. Immunity, 2022, 55: 998-1012.e8

Liu B, Liu H, Han P, et al. Enhanced potency of an IgM-like nanobody targeting conserved epitope in SARS-CoV-2 spike N-terminal domain. Sig
Transduct Target Ther, 2024, 9: 131

Rubio A A, Baharani V A, Dadonaite B, et al. Bispecific antibodies with broad neutralization potency against SARS-CoV-2 variants of concern.
bioRxiv, 2024, 2024.05.05.592584

Beaudoin-Bussiéres G, Chen Y, Ullah I, et al. A Fc-enhanced NTD-binding non-neutralizing antibody delays virus spread and synergizes with a
nAb to protect mice from lethal SARS-CoV-2 infection. Cell Rep, 2022, 38: 110368

Suryadevara N, Shrihari S, Gilchuk P, et al. Neutralizing and protective human monoclonal antibodies recognizing the N-terminal domain of the
SARS-CoV-2 spike protein. Cell, 2021, 184: 2316-2331.e15

Cerutti G, Guo Y, Zhou T, et al. Potent SARS-CoV-2 neutralizing antibodies directed against spike N-terminal domain target a single supersite.
Cell Host Microbe, 2021, 29: 819-833.e7

Barnes C O, Jette C A, Abernathy M E, et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature, 2020, 588:
682687

Wang Q, Zhang Y, Wu L, et al. Structural and functional basis of SARS-CoV-2 entry by using human ACE2. Cell, 2020, 181: 894-904.¢9
Yuan M, Wu N C, Zhu X, et al. A highly conserved cryptic epitope in the receptor binding domains of SARS-CoV-2 and SARS-CoV. Science,
2020, 368: 630-633

Chaudhari A, Kumar D, Joshi M, et al. E156G and Argl158, Phe-157/del mutation in NTD of spike protein in B.1.617.2 lineage of SARS-CoV-2
leads to immune evasion through antibody escape. bioRxiv, 2021, 2021.06.07.447321v2

Shen L, Triche T, Bard J D, et al. Spike Protein NTD mutation G142D in SARS-CoV-2 Delta VOC lineages is associated with frequent back
mutations, increased viral loads, and immune evasion. medRxiv, 2021, 2021.09.12.21263475

Baum A, Fulton B O, Wloga E, et al. Antibody cocktail to SARS-CoV-2 spike protein prevents rapid mutational escape seen with individual


https://doi.org/10.1016/j.str.2022.06.004
https://doi.org/10.1126/scitranslmed.abi9215
https://doi.org/10.3390/v15122421
https://doi.org/10.1126/science.abc6952
https://doi.org/10.1038/s41591-020-0998-x
https://doi.org/10.20411/pai.v9i2.679
https://doi.org/10.1016/j.cell.2021.06.021
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1093/nsr/nwab053
https://doi.org/10.1126/science.abg5268
https://doi.org/10.1016/j.isci.2021.102479
https://doi.org/10.1016/j.celrep.2021.109928
https://doi.org/10.1016/j.celrep.2021.109928
https://doi.org/10.1016/j.immuni.2022.04.003
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1016/j.celrep.2022.110368
https://doi.org/10.1016/j.cell.2021.03.029
https://doi.org/10.1016/j.chom.2021.03.005
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1016/j.cell.2020.03.045
https://doi.org/10.1126/science.abb7269

hERE: ARE 202544 S5 FH2M

60
61

62

63

64

65
66

67

68

69

70

71

antibodies. Science, 2020, 369: 1014-1018

Wang P, Nair M S, Liu L, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7 Nature, 2021, 593: 130-135

Liu C, Zhou D, Nutalai R, et al. The antibody response to SARS-CoV-2 Beta underscores the antigenic distance to other variants. Cell Host
Microbe, 2022, 30: 53-68.e12

Rogers T F, Zhao F, Huang D, et al. Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from disease in a small animal model.
Science, 2020, 369: 956-963

Seydoux E, Homad L J, MacCamy A J, et al. Analysis of a SARS-CoV-2-infected individual reveals development of potent neutralizing
antibodies with limited somatic mutation. Immunity, 2020, 53: 98-105.e5

Clausen T M, Sandoval D R, Spliid C B, et al. SARS-CoV-2 infection depends on cellular heparan sulfate and ACE2. Cell, 2020, 183: 1043—
1057.el15

Cantuti-Castelvetri L, Ojha R, Pedro L D, et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science, 2020, 370: 856-860
Wielgat P, Rogowski K, Godlewska K, et al. Coronaviruses: is sialic acid a gate to the eye of cytokine storm? from the entry to the effects Cells,
2020, 9: 1963

Li Y, Wang T, Zhang J, et al. Exploring the Regulatory Function of the N-terminal domain of SARS-CoV-2 spike protein through molecular
dynamics simulation. Adved Theor Sims, 2021, 4: 2100152

Liu Y, Soh W T, Kishikawa J, et al. An infectivity-enhancing site on the SARS-CoV-2 spike protein targeted by antibodies. Cell, 2021, 184:
3452-3466.¢18

Lee W S, Wheatley A K, Kent S J, et al. Antibody-dependent enhancement and SARS-CoV-2 vaccines and therapies. Nat Microbiol, 2020, 5:
1185-1191

Takada A, Kawaoka Y. Antibody-dependent enhancement of viral infection: molecular mechanisms and in vivo implications. Rev Med Virol,
2003, 13: 387-398

Wang T T, Sewatanon J, Memoli M J, et al. IgG antibodies to dengue enhanced for FcyRIIIA binding determine disease severity. Science, 2017,
355: 395-398

237


https://doi.org/10.1126/science.abd0831
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.1016/j.chom.2021.11.013
https://doi.org/10.1016/j.chom.2021.11.013
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1016/j.immuni.2020.06.001
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1126/science.abd2985
https://doi.org/10.3390/cells9091963
https://doi.org/10.1002/adts.202100152
https://doi.org/10.1016/j.cell.2021.05.032
https://doi.org/10.1038/s41564-020-00789-5
https://doi.org/10.1002/rmv.405
https://doi.org/10.1126/science.aai8128

HEBREE: B e i BENTDAF 5 PE ST AT FT BLIR & e 22

Progress and prospect of SARS-CoV-2 NTD-specific antibodies
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The SARS-CoV-2 N-terminal domain (NTD)-specific antibody exhibits quite different characteristics in vitro, aimed at combating
viral infections. It can act either as a neutralizer, inhibiting virus entry into target cells, or as a helper, facilitating virus entry.
Therefore, it is crucial to make good use of NTD-specific antibodies against SARS-CoV-2 infection. This review summarized the
biological characteristics and current progress of NTD-specific antibodies, and addressed the relationship between their different
functions and diverse binding epitopes. With the continuous emergence of various SARS-CoV-2 variants, it is very necessary to
deeply study the NTD-specific antibodies. These studies will be useful for understanding the characteristics of antibody responses to
SARS-CoV-2 infection, and provide theoretical basis for the development of antiviral strategies.
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