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o B R B e I B AR MR R, B RE IS AL B R AR
f R A B ™ B B, 2003 AE RS ARG 58 DR, i EunE eIk
BO&gE T =K R R K, F—=& 2003 5 i M E SR
W SF AR TR B (SARS-CoV) Bl dE L R it 46, H — & 2012
F O AR 28 S AE R B8 (Middle East Respiratory Syndrome
Coronavirus, MERS-CoV) 5|2 ZRIFIN 22 A 4E, H =& 2019 4F
HH T A R B (SARS-CoV-2) Sl HT il 48 o N 1 NORHX e
T PR, BFFCN TR IEAE 25 ) 53 & 8500 b IR 8 R R R B 12
fEzEiE X (RBD) , XX IS/ SRR AR 5248 ACE2 456
[P OBREIX 35, 215 3 FR AP AR AN A 2 T 1 B B0 . I AL
BOWR IR BRI E X, BN B AT LA T i 3 R B i %
B, B NS R N i B0 e IR B )
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TREERI R E A FIZARLS 51X (RBD) AEM TR Z % S ALK = A= {3
PEPUIR, AU KN E TSR, W2 PUARmT I E T,
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kDa, s HHlCHE/NPLRE & BAL, SRR PUE. 550
0T PR, GUOKRPUEAUIREE 78 s PR SR FRE e,
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7% SARS-CoV. MERS-CoV. SARS-CoV-2 [KJZNKFiiA &k #4 R fi
TR, Bk, ALV EB (PB) . Python i 5 N T EXIK
AR B S B AR 10 PR & BUR b IR B8 32146 45 & X e e
PR PURANS OR 55 1 FR X AT 208, I LR B R & 1) SARS-CoV-2,
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B 7T

AR EFEL DN NE
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Y AR UN S
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TATRH T SARS-CoV-2 /R I8 Rtk RBD & H APLE % =
Uy, SKAE AN M A ANE AR 3 ST T 9K PRV AR R R . B SR
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R AT BEAR > M, A BLER A ERAT Python 15 5 %5 10 ARACE I 1) 50 B0
TR B S AR 45 A XRE R AR PRI FR AT 21 o0 A, B JE A
SARS-CoV-2 /R IEA: 50k RBD &1 H OAHE A, A8 B R A4 R R HOR
NIRRT AR RN, DR GA TR AN 2 FA2 Je bk RBD & AR AP AT
fifide, GIER) 10 MR EA SR IR PR . 2 )5 i8I B G 2 I Fft
WS AR JZ T B0 5 AR IR PO A T AR 2 Dl e
XTI TN R BT e BUR bR B VR IT 29 BE 1 AR, N KR 2 T
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Abstract

Highly pathogenic coronaviruses are highly contagious viruses that
can spread rapidly and pose a serious threat to human health. Since SARS
in 2003, highly pathogenic coronaviruses have caused three large-scale
disease outbreaks, One is atypical pneumonia caused by severe acute
respiratory syndrome coronavirus (SARS-CoV) in 2003, and the other is
Middle East respiratory syndrome coronavirus (Middle East Respiratory
Syndrome Coronavirus, MERS-CoV) in 2012. Respiratory syndrome, the
third is the COVID-19 caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) in 2019. In order to meet the challenges of
these diseases, researchers are paying close attention to the receptor
binding domain (RBD) on the spike protein of highly pathogenic
coronaviruses. An important target for neutralizing antibodies and the
development of vaccines. By studying the receptor-binding domain of
highly pathogenic coronaviruses, researchers can design vaccines that
induce neutralizing antibodies to help humans deal with the threat of
highly pathogenic coronaviruses more effectively.

The application of neutralizing antibodies is one of the very effective
means to prevent and control infectious diseases. The receptor binding
domain (RBD) on the coronavirus spike protein can strongly induce the
body to produce protective antibodies, which is not only an important
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target antigen for the development of vaccines, but also an important
target for antibody research. At present, there are many studies on
monoclonal antibodies against highly pathogenic coronaviruses
SARS-CoV, MERS-CoV, and SARS-CoV-2, including human antibodies,
murine antibodies, and humanized antibodies. A heavy chain antibody
that does not contain the light chain and the first constant domain of the
heavy chain naturally exists in camels. The crystals of the heavy chain
variable domain (VHH) have a diameter of 2.5 nm, a length of 4 nm, and
a molecular weight of only 15 kDa. The smallest known antigen-binding
unit is called a nanobody. Compared with traditional full-molecular
antibodies, nanobodies not only retain higher antigen affinity and
specificity, but also have the advantages of low molecular weight, easy
preparation, low immunogenicity, and strong tissue penetration, and can
be used for the treatment of various diseases. treatment has broad
application prospects. At present, there are very few studies on the
structure and properties of nanobodies against highly pathogenic
coronaviruses SARS-CoV, MERS-CoV, and SARS-CoV-2. Therefore,
this study used protein block (PB) and Python language as tools to
analyze the relatively conserved FR domains of 10 representative highly
pathogenic coronavirus receptor binding domain-specific nanobodies in
the collected data set, and targeted the new the sudden SARS-CoV-2,

targeting the virus receptor binding domain, carried out research on
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SARS-CoV-2 RBD-specific nanobodies.

This research includes the following two contents.

1. Structural analysis of highly pathogenic coronavirus receptor
binding domain-specific nanobodies

VHH is the antigen-binding domain of camelid heavy chain
antibodies (HCADbs), also known as nanobodies. Because of its small size,
high solubility, good stability, and high affinity and specificity for
antigens, it i1s widely used in the field of biomedicine. The VHH is
connected by 4 constant FR domains and 3 variable CDR domains, a
highly variable domain that provides interaction with epitopes. In fact,
although there are a large number of VHH structures, systematic
structural analysis is rarely carried out. In this study, the structural
diversity of the FR domains of VHHs was analyzed using protein blocks
and Python language, and the results showed that each FR domain
exhibited a small number of structural variant patterns.

2. Research on SARS-CoV-2 receptor binding domain-specific
nanobodies

We used the RBD protein of the delta variant of SARS-CoV-2 as an
antigen to immunize alpacas, and collected peripheral blood mononuclear
cells to establish a nanobody phage display library. Then we
comprehensively screened 10 candidate nanobodies using SARS-CoV-2

WT RBD, Delta RBD, and BA.1 RBD proteins as antigens. We
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determined the binding ability of nanobodies to SARS-CoV-2 WT RBD,
BA.1 RBD, and B.1.1.529 RBD proteins by ELISA, and determined the
binding ability of these antibodies to SARS-CoV-2 WT proteins by using
biofilm interferometry. Affinity of type RBD, BA.1 RBD, B.1.1.529 RBD
proteins. The neutralizing activity of these antibodies was then verified
by pseudovirus neutralization assays.

In summary, this study conducted an overall analysis of the structure
of highly pathogenic coronavirus receptor binding domain-specific
nanobodies, A comprehensive analysis of the FR domains of 10
representative  highly pathogenic coronavirus receptor binding
domain-specific nanobodies with the help of protein blocks and Python
language, Then, targeting the RBD protein of the delta mutant strain of
SARS-CoV-2, a phage display library was established with the help of
phage display technology, and the original strain and various mutant
strain RBD proteins were used as antigens for screening, and 10
nanobodies with affinity were screened. Afterwards, their biological
functions were evaluated by enzyme-linked immunosorbent assay,
biofilm layer interference test, and pseudovirus neutralization test. This
study lays the foundation for the development of therapeutic drugs
against highly pathogenic coronaviruses and provides a strategy for the

development of multifunctional antibodies.
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F—E #ie
L1 S8R m S E
12019 4ERARR AN LUK, S4BV IR Y 243 T2k R B 5] i

T NAT R P DG o I I p R O TR B SARS-CoV-2 SRR IIBm, RN
COVID-19 (coronavirus disease 2019) 1, Xl BA AT KRG 7=4 T K]
SO o = BRI B R — R R A RS BURERIE TR R, ™ E R AR A
L TDAEMANREmLE,

TR EE A — PP RNA 5, N & LRI E 20 ik —2, el
TR (I ERTE A1 52 FEIR SR 1) 4, X B 5807 FL T e NIRRT — el k>
AR, k54, Bl 1-1 AHESE . R — LA DR Re g 0T N4
fa#, 511 SARS-CoV. MERS-CoV LK SARS-CoV-2, iX L5454 = B0 ek
PRI BRI o 15 B0 e PR 15 5 HAR R RO B AR LG, B T G A% et R 2
M, SARS-CoV fll MERS-CoV 2483t ik T A ERVE 8 I R R K, TR
7= SARS-CoV, B 2002-2003 4F A K T —IREFRVER SARS WiATIH, B4 T
I 8000 A, FEUHIL 800 AFET:B, SIk[FRS, SARS-CoV-2 H#5 A i d Hi Al
NERRTEE WAL TAERSHEMS. B2 B, £RCEEHEHE 6.7 L NG T
COVID-1931, FECHCE J NSO, & s B A% G P AR 500 1 1) el R 2 51 ke
TSGR EAG AR, VE 2 B SR T — R B e RE ) AR 7R
T 55 v 509 e DR 7 25 1A 7 IR A0 i Pl 0 Ry 24 4 A 3 T A ATk ) — A 2T
FI7I e BHEFANEAET T IZ BT, DLRN T AR L 25 (1AL Gt . Bom e
FUREARFE, LR BT BB AL B A o X SR FOKs A Bh T 2 58 R TR
P ] S, LA AR SR AT i 0 e B0 M et R B AR K

o B0 e PR B 10 B AE LS PR R GRS s SORE SN Il 58 RSP R
FILREESE, XL EREE ] G SRR E R AT Ak, 80w e R 22 19
IR X B CIRIEHE . BB R R IR, X AR R e AT —
SE AL AN BRI, X A3k BAE R T B RIHRAR.
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Envelope protein(E)

b P Membrane glycoprotein(M)

" | —— - Spike protein(S)

Nucleocapsid protein(N)

B 1-1 BRBELHTER
Figure 1-1 Schematic diagram of coronavirus structure

1.2 ZRAUARIBRA

1993 4, C. Hamers-Casterman 55UV IR IE | 7535 5644 A R SRAFAE I — b
BN PUAR, 2PV R RN E RS E e X, PR EEEPUA (Heavy-chain
antibody, HCAb) . HEEEHUA] V2 AAAE T 2 Pl H B2 W B 38 Se R sh s iy,
WEIgLE . JRIE. ELESE. SRR E RPN VHH AT R EE (Single domain
antibody, sdAb) , HFEAEZN2.5mm, K 4nm, M5 FHEZ 15kDa,
FRGKBIAE (Nanobody, Nb) , & HHATAI SHUESE & /v Be. EEEHLARAM
kPRS2 EWE 12 Fis. e, £y mRmy a8 AN H
RIL T RAN R G 1) HEEPUAS), FOEPUE 214 (New antigen receptor,
NAR) .

PURPUARI A — R EMETE, EAF 2.5 0m, K 4nm, 45 FELE 10~15
kDa /401, & H RN HA BT Re s NIPER . 55 MPTAR I S n 42
XML, gkPiihts HPUANEZE X (Framework region, FR) Fl =/ H Mk
5E X (Complementary-determining region, CDR) # 1.

B VHH 2 KA VH 2 5 AR DLEE K 31 80%~90%0101, - P 3 1 32 22 [X J3)
H:

(1) ZHGKPUARTE CDR3 F1 CDR1 Z [8F —/ NN ik, J5& /e
FaiE CDR3 JERU A EE R, T RS S PR R 455 reltl;

(2) VHH ffJ CDR1 #1 CDR3 kb VH 5K, AFIE VH ff] CDR3 f°F-3
KRR 5 14 AR 12 AN, T VHH 1928 16~18 /M121, 35Xy VHH IR SR /-1
W IR E PR BE T ity 5l IF ARG CDR3 18 AE PR LR AH
BAE R A,
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(3) fEGHifk FR2 1A 4 MEUKMER R (V37. G44. L45 F1 W4aT) 1E
BEAG PR A ORSE I, TR VHH A SEK PR R (F37. E44. R45 F1 G4T),
XN T VHH [y dEne, (575 VHH EEm st faE, Ao RERE.

SESHARML, GOKuiEEA DUT LR

(D gekytik BN FEMEZEN. TR H QA 57 5 /D
(RITAA, T2 38 (R 5 IFUAA 23 T-409 150 kDa, B85 A A8 X Bk (single-chain variable
fragment, scFv) #J°4 30 kDa, TIAKPIIALI N 15 kDa. HAE/NEIAERN 4>+ i &
iz HARGRMHALBIENE, G855 240 8] BRAH 2R 0S), Wk fe i i i 57
]}%%[16,17}0

(2) KIEVELF. BT AKPUARR FR2 o — B85 K M R S R BUA R K 1k 3
MR, YK PURI A MG N, R h BB sRk s, BHAS G kAR
SN

(3) Rl GORPUARTIAE-20 CIREE AR R, 4°C4&M i
AP H, ATfE 37°CH) PBS 2l ORFFETE R T 1 i . Dumoulin 510X}
YUK PURIEAT 90°C iR AL, A iR 4 A TR R, 45 SRR BLGK BT
WG TR Z B, T R A BRI TR E) O RIS o AL A T PRI R
S BA T EEOME . B 7 B BFE b, 9Kyt T & B 22 57,
WIPR R ERFRICRN FL IR e S R I B s i 32 1 o 7R 22 I VI 5, 4Kt
REENS E ¥ TS, JEH/E CDRI 5 CDR3 M E B —A s, 25 7L
AR e, frbE T D ReIE MR AR E RO,

(4) HJFEIRGIAE 158, 5 VH #HEL, VHH [ CDR1 F1 CDR3 ¥#: K. gh
KPR SR ZEE, R CDR3 HAEw e, Byl L E gkt s
CDRI1 ¢ FR2 F 1 B SRR i T il — i B 21, IX AN MM BBt 2 4 oK P
FeE M IR R 2 — o ARG PUIR TR 45 6 0 SUR MIBRECF T, BT BL R BB 1R )
PN BURE . KPR H T XA H ) CDR3 3, {H15 8 Rt 454 Ui
ZMPUERAL, B GUR TR R0 e F U — e B E fI PR R AL, TR 2SR
PUAARTCIE S22,

(5) HFFRik. BTSN, GKPURERT IFEGNRE . BERFS A
WK R, B2 7R 40 B H . Ae 0 T s — i B, .70 75 25 FE 42 B B L X 11 i) 8,
DR SR CRAIE B ARGN K BT 5 49 (1) 16 A P R0 Th BE 1) 52 B 230, e K i 4 B R IA
R4, HREEEEFEPTLULT] 1~10 mg/L, FFHEREE, Y. RO
Wi L 30 P 24 L o %) 2R B Rt O T 1240,

YUK BRI R AEE T2 F AR N LA

(1D ATREA . mEPESESRR T, AR B AR
A DUEFRHE R AT 5 A I B 5, TR AR, 4gKbiik S ¥ s S A BAE
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I, RERE PR IREE 2 B I BhARAS, KB EANE KH BRI RS, T
AL . 140, Tobias Kromann-Hansen S5OVt Hy 1 R i Y 21 1 g S
T 7R BT AL S G K BRI AR R 7 s AR, P AP Rs PRI 2 21175 1 SR I
TG 70 B E EANF BPRAS, ATTRENT T HAEAEPIRES T I R 5 A R ARAR 25 1 44
DR BUARAE A0 L A PT LUK 5 2058 78 Ao 2147 7€ I 40 [X 35 Ulrich Rothbauer1%%
T T g ETONEE (GFP) fitlk, ZIvErTULSAEamE, RO H4E
GFP ft& EH, M 2R R RS 40 M A 28 (BR4REE ) RHIEEI
YEM .

(2) HTgmzH. Bl CAaIE 1R 2 5T 90K BUR R N S22 Wil 7t .
Francisco J Morales-Yanez 5528 | 5 Ak e R 4 K $if4k, @ id ELISA 77
EREEAT IR 0.65 ng/mL B 5 JRAATIIR . URPUIKI> T8N, FiE )98,
I PARURHE JT R ARG AR B AT DA 9 5250, BERS AR M Hh P isis B, ek
YT AUKRPUAG Re g B AL, MIRERR AR AT B e AL

(3) ATRIT . KPR e LA T 2 M50 K97 . R 382k 9t

(Caplacizumab) 52 55 — AN T GK BT B IT 2590, Hoo3 71 T 2018 )i 1 2019
FEAIRAT RN 24 it 7 By AR 58 [ 8 ot 247 ot 8 L g PR A o S e AR S [ AL 12k I A
JiA ¥ (von willebrand factor, v WF) , [jit v WF 4SRNSO B, A TTIE
FNBIT PRI RCR . Laursen N 28216 15 ) IR 22 S R ALK 2 25 W 38 40K
ok, e TG 5 LRI 3G 9 1R B 58 R SAPER T o 5 A TR T 3
FERI IR FORAH S & 5 R — PRI B7 I 2 25 A0 FL A v T AR o S AR B G R A RO

.
% £

B 1-2 Tt uke) 0w TR

Figure 1-2 Schematic diagram of heavy chain antibody structure
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1.3 &8 (PB) #iA

HERZRENRRRD T N Tt RNERRIENE, 1HRAEM P REH
131 71% (MD) (MD)EAT AL #7 o« W8 B G s o AT (N 78 2 0,
il bnidE s 2 AN 8 B 513 TR SN (RMSF) (RMSF) a5 — 2 F 45 1 1)
BB (NMA) (NMA)BY, FATEH “45t7EE”  (SAs) (SAs)RFE/RE
R = 4E S5 891320, SAs RefS I IRIE S B ZE M &, 6 & A T B R
GER O — Y7 5. R B ((Protein Block), PB #i/& SAs HF—#f. PB H
16 MR, Bl — AN B AR T A 5 S5 R B P kAT T I
R RCE) . PB JE B — 4R B i R R A e U, X fd A5 PB RER
RAEJRHE AL . PB H a2 p 116 (7B, m AT d 7] LLA FIE AR
KO- lE A OB-TE; PBa R ¢ FEMRB-ITEM N umlELs; PBe flf
XTI C uiE 45445 PB g B j X RT- IR s k A LGB To- 8 E ) N 3 e 2544
PB n | p X N T C e 5 #4330,

PB CL& W F BA 75 FRAR B 25 A I B2 2 PR 5 T2 A 1) 9 B & AR AR G 9T
SUBSTZ R . BN, A PB i ER B RN AH BLAE RIS, BRI ST R A5
B, HERREAMEN, WK, & XEEM, TR E AR R
D, TR 5% FB43530, IE T R Tallb 3 NS R RB S E A RE- S
/}E{{[BZ 38]&—\‘_%0

PB ] AR R ELEM & It A s 4544, 51in: iPBA A1 mulPBAPY, FHELH:
Al ) B N 77 VX B DT VAT B S NS5 M S N Rl 5E . PB L Rl I 7 4 T A 5
GE A DA T 2 1 5 R AR AR VDL

2T PB W7 VE N H T 45 AR )543k, 40 DARC & H . Aallb B3 %4
FM KISSR1 HH, R 7 PB E/ T KR H 4540 Jm) H T AR (1) 55 F 0. 41

1.4 IREARREARBIELL

WG T A R RO — M T RN R i 2 REEEAR ) 77 IR, AT
WG T A P 2 T 8 7= PSR R 1 B 20 K o SR A mT U A2 20 5 299001
P8 v 1) 6 5 AR o

UG8 T A P 7 3 A 1 Do L R ) W e i PRI 2L 2% 16 [X 3 Gl 3 52 pIIT B p VI
BEIRD RATA SR E A BB ARG 65751, JFR R GA AR B AR SR i . XA, i
Ao P e B A R T A G ade , it T LA 32 LA R S T RE B R ) B R K
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W P A R F R E B R plll 7R pVIIL 7. plll JE 7 2l i 4 4h
SRR 15 51 2 KA AW 18 A pIIT JE (R ey, (SRR EWE T AR K i . p VI B2
TR AR R 1 BN pVITT & R A {3 FL A R B AR T B A0

WEE RN ARBVFZ N, AIEEEITR . PURERILE. B0 Mz
RINEE . TEREWTT R 7T, Wt v AR 7~ R AR T DL 77 i M 2 T 2 11 o 1) 4
REJRVE U E AR, TS T Gl S B FEPUMARE AT 7 THT, W06k B Jee o 15 R AT DA
T B A R SRR bk . TEZ R I T, Wk B A R R B R AT DU T4 e
B SR S S AR SR T 1 SRR 0 T

o) S W T A PR s S« W A/ SR B 1 22 O G D 3 1) 9 N T 356 R 4 1) 3
ANX R CEE O plll 8% pVIT 3D, FIEEME B A RS SCPE o Wt B PR 3R T FE /R -
ARG TE RN, RO T R R A P 9 A R 2R R B2 Rt e 4, [
ROUIEWE PR AR R o I8 : 30 3o o Wik B AR R TR R AT 7348 97 a2t LA R 8 Th B
SEMPVER AR R, % 6% IR AR R B KA T S e R ERIE

SR, WA R R B Ak, P, RO EE RS, TR
FF el B 1 PR R % 8 « SR AR R ERA L, R A RN B B
B e R R R AN K R 25 &, [ T DU I IR TRE R AR AT 5 A
MRIERRREANERIEE. L, VR R AR O A E Y B 2 A A
PrBE A Ak o B R A T AL

1.5 AXMHRBEHEEX

AW FE LA e SOR IR B S AR 45 S DORR R TEGUR BUA NI AR 5, (]
Python 1# & & By TR +HIRACKR PRI 9K U AR X 8 e IOAE 2R X #5472
B, &N ORAEH SARS-CoV-2 /R EEAZ SR IK) RBD & [ f 2 = B A1 FH 1 1 1 Jié
INBEAR ST UK PR PE, 5 R A vk RBD & (A1 2 FP 8 5 #k RBD & FH AR
BEATORIE, ik 10 PREsR A I GeRPUR. BiJa 8 ELISA. EVIIR)IZ T
BORFME B A AR 38 DAl e AT AP0 T RE AT TN A L s 09 ek IR #5
I N BE 1A, BT FUPUR BUAR AR AR P PLA SR A 1A Sk
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EE SHRERREZHESXEFF AR
vaEi

VHH 2 3# 3¢ HEEHTIA (HCAb) HIFTREE & X k. i T HARBUN L TR
FasE PELF « XU A BER R AN ARy 5%, R AR R 22 U B T2 I
. VHH 2 HEE FIAEZE X S (FR) AIEAMAEIX K (CDR) ##2[), CDR
XA AR AR M Xk, RIS RAMAEAEN . Sihr b, VHH 458 B85
B, (HARD XS BT RIS 0 i o AN TT A8 I 4540 7 BER X VHH ) FR
LRI AR REAT 0BT, LA 09 e DRI 55 52 1445 5 DCRF SR 9K e iAo ], 45 2R
R, B FR XSS HIEAAAEARAL, RIS A2 2 1 FR X AFAE SR XA

2.2 SEWHE

7£ PDB #45 B v i i O B ] 48 R 4R 3 B bR B 8 AR SO IR R A
ClustalO #fFxf VHH #EAT Hoxds i MulPBA %I VHH /731 F1 PB #E4T Hoxt
{fi F Python i 5 . WebLogo Xf VHH HJ &5 4 #t 47 4> #fr s A FH W uh

“https://www.novopro.cn/tools/cdr.html” R #E IMGT J5 X HiiAHT FR X 34T X

ﬁj\o

2.3 LIREER

2.3.1 HIERIEE

1. 10 BRAREK 2 71 i) e 1%

FERUH P Th 35 2 OSBRI 4R 2 1 89 MR E A SO, MIBRAH [F] 7 51 AH [R] 4544
RIS RS2 67 NMMUFF I SE BS54, XFIX 67 > VHH &R 7 5118 H Clustal
O WAFHEAT LLXS, MR RG K EMIEEE T 10 phier REANEIEER VHH 451
44 PDBID K84~ : 6WARB. 7R4ID. 70LZB. 7VQOD. 7Q3RG. 7KNS5D.
7LX5C. 7NSIH. 7C8WA. 7Z6VX.

2. FR XX 4y
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FAAE PDB ¥ P b T kb HUAA B9 FASTA A% S0, Bl 5 A8 99 ik
“https://www.novopro.cn/tools/cdr.htmI”#R #& IMGT ) 5 ¥:5F1X 10 #RARFEE VHH
) FR X347 X 73, FR1 XA FR4 XIATR 04 1 Frfs VHH #ITE AL, X
SEERWFE 2-1. £ 22, K23, K24 iR

% 2-110 #4 VHH FR1 X x} 5 64 £ £ B2 5 7

Table 2-1 Amino acid sequences corresponding to FR1 region of 10 VHH strains

PDB id. Chain FR1

6WARB VQLQESGGGSVQAGGSLRLSCVAS
7R4ID VQLVESGGGSVQAGGSLKLSCAAS
70LZB VQLVESGGGLVQAGGSLRLSCAAS
7VQOD VQLQESGGGLVQAGGSLRLSCVAS
7Q3RG VQLVESGGGTVQPGGSLRLSCEVS
7KN5D VQLVETGGGFVQPGGSLRLSCAAS
TLX5C VQLQESGGGLVQPGGSLRLSCAVS
TN8IH VQLVESGGGVVQPGGSLRLSCAAS
TCEWA VQLVESGGGLVQAGGSLRLSCAAS
TZ6VX VQLVESGGGLMQAGGSLRLSCAVS

4 2-210 # VHH FR2 K #t j &9 £ 5K 82 5 7|
Table 2-2 Amino acid sequences corresponding to FR2 region of 10 VHH strains

PDB ID. Chain FR2
6WARB MDWYRQAPGKQRELVAG
7R4ID IGWFRQAPGQEREGVAA
70LZB LGWFRQAPRKEREFVAA
7VQOD IVWFRQAPGKERKFVAA
7Q3RG MGWDRQAPGKQRELVAT
7TKNS5D IGWFRQAPGKEREGVSC
7LX5C IGWFRQAPGKEREGVSC
NSIH MHWVRQAPGKGLEWVAF
TC8WA MEWYRQAPGKEREGVAA
726VX MGWFRQAPGKEREFVAA

% 2-3 10 # VHH FR3 R 3} 2 49 £ A 82 5 7
Table 2-3 Amino acid sequences corresponding to FR3 region of 10 VHH strains

PDB ID. Chain FR3
6WARB NYGDFVKGRFTISRDNAKNTVYLQMDSLKPEDTAVYYC
7R4ID YYSDSVKGRFTISGDNAKNTVSLQMNSLLPKDTAVYYC
70LZB YYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYSC
7VQOD AYAESVKGRFTISRDNAKNTVHLQMNSLKPEDTAVYYC
7Q3RG AYAESVKGRFTISRDNAKNTVHLQMNSLKPEDTAVYYC

TKN5D YYSDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYC
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TLX5C
TNSIH
TCEWA
726VX

KYADSVKGRFTASRDNAKNTFYLQMNSLKPEDTAVYYC
YYADSVKGRFTISRDNSKNTLYLQMKSLRAEDTAVYYC
RYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYC
YYADSVKGRFTISRDKAKNTVYLOQMNSLKYEDTAVYYC

% 2-4 10 # VHH FR4 X 3} 7 49 £ 5 B2 5 7))

Table 2-4 Amino acid sequences corresponding to FR4 region of 10 VHH strains

PDB ID. Chain FR4

6WARB WGHGTQVTVS
7R4ID WGQGTQVTVS
70LZB WGQGTQVTVS
7VQOD WGKGTQVTVS
7Q3RG WGQGTQVTVS
7KN5D WGKGTQVTVS
TLX5C WGKGTQVTVS
TN8IH WGQGTLVTVS
TCEWA DYQGTQVTVS
TZ6VX WGQGTQVTVS

FAT7E MulPBA _E%i A\ PDB ID A FEAR 5 - — 20X 73 ) FR X #5321 %} ¥ [ PB
gEERINER 2-5. £ 2-6. F2-7. £ 2-8 fin:

% 2-5FR1 Xxt 249 PB
Table 2-5 PB Corresponding to FR Region 1

PDB ID. Chain

FR1

6WARB
7RAID
70LZB
7VQOD
7Q3RG
7KN5D
7LX5C
7NSIH
TC8WA
7Z6VX

zzddehiacddehiacddddddfb
zcddehiacddehiacddddddeh
zdddehiacddehiacdddddded
zzcdeejiaddehiacdddddddd
zdddeeedjddehiacdddddded
zdddehiacddehiacddddddeh
zzddehiacddehiacddddddeh
zdddehiacddehiacddddddeh
zcddeeedjddehiacddddddeh
zdddehiacddehiacdddddded

% 2-6 FR2 Xt 2 49 PB
Table 2-6 PB Corresponding to FR Region 2

PDB ID. Chain FR2
6WARB cdddddehiacddfbdc
7R41ID ddddddfklccddfbde
70LZB ddddddehiacddfbdc
7VQOD ddddddehiacddfbdc
7Q3RG cdddddfklecddfbde
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7KN5D ddddddehiacddfbdc
7LX5C ddddddehiacddfbdc
7N8IH ddddddehiacddfbdc
7C8WA ddddddehiacddfbdc
7Z6VX cdddddehiacddfbdc

% 2-7FR3 X3} 5 # PB
Table 2-7 PB Corresponding to FR Region 3

PDB ID. Chain FR3

6WARB ddfkbghkaccdddfklopacdddehiafklgcedddd
7RA4ID ddfklmmmpccdddfknopadddfehiaaklgccdddd
70LZB ddfklgojaccdddfklopacdddehiafklgccdddd
7VQO0D ddfklgokaccdddtknopacdddehiafklgccdddd
7Q3RG ddfkigojaccdddfkbeecdddddehiafklgeedddd
TKNSD ddfklgojaccdddfkbecdedddehiafklgeedddd
TLX5C ddfklgojaccdddfkbcededddehiafklgeecdddd
7N8IH ddfklgojaccdddfklopacdddehiafklgecdddd
TC8WA ddfklgokaccdddfklopacdddehiafklgeedddd
TZ6VX ddfklgokaccdddfknopacdddehiafkIncedddd

% 2-8 FR4 X *} 5 &9 PB
Table 2-8 PB Corresponding to FR Region 4

PDB ID. Chain FR4
6WARB cebiadddde
7R4ID debjaddddz
70LZB cebpadddzz
7VQ0D dfbpcfbded
7Q3RG debiaddddz
TKN5D cebjaddddz
7LX5C cebiaddddz
7NSIH debpadddzz
TC8WA zzzzceddddf
7Z6VX cebjcdddde

2.3.2 FR X {140t

A8 1L Ay 4 pip install --user pbxplore 7 Python %2 %% PBxplore, 7t PDB
K PE AR HE PDB id 6WAR 4% FI| B 5 I T #00 BL 1 mmCIF 25 8 30, #E
Terminal % A\ LA 54 PBassign -p 6war.PBxplorecif -o 6war §¢ 1515 £ % 6war.PB
[ fasta #& 2301, HACSEAAT A SO FRL X R PB # 4 JR SCAF N 2
I B E 4 N fr1.PB, #iA\$84 PBcount -fr1.PB.fasta -o frl iy 2174 %11 3¢

10
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BOW R B 32 IR GE 1 DR R VE QK BLR S5/ 0 b S T

F fr1.PB.count 05—~ 2D fFF, ZH A 16 415 PB #EAHFE L& 5 FRI 7k
HEEHMERATE, ZJE% A\F54 PBstat -f fr1.PB.count -0 frl --map, #tZ2H]H
7 10 4~ VHH $ifk FR1 X [1) PB 7040, 40 &l 2-1A Ffi7x, FR2. FR3. FR4 f&H 1
[FRE R 7 V221 o A A 7l ] 2-1BL 1 2-1C. & 2-1D B

M 2-1 ] LAE H FR1 X 10 5407 508 22 5475, FR2 X 1) 2 547 %]
6 AL, 11 547 A% 17 A5, FR3 XK 10 SAL48%5] 16 5474, FR4 X[
3 SN 8 S A PB AR A ), PR AT DA AR e X W ), AR
%40 FR3 X1 18, 19 ‘S5 N [] PB £ 2 AT LA\ X 26 X2 R PE R

A 1.0 1.0
P P
o o
X ] #
T n 2
E i 0.8 .E m 0.8
1 1
k k
_ 1 06 » i 06 5
wg i B n's j ‘o
o m v 14
&°n ] & h 3
g 04 = g 04 £
o f i o
5 e 5e
2 d hd
i 0.2 : 0.2
@ c L (4
b b
a 0.0 a 0.0
12 a4 6 8 10 12 14 16 18 20 22 8 10 12 14 16
Residue number Residue number
1.0
P
D °
2 n
10 o
p £ 08
o B !
x
C :n
Em 08 Kk
! g 06 5
: 0.6 g 8 z'
o i ) o h g
w3 i 2 =
Qo°, H g toa =
g o4 E P
o f c e
g e wd
2 d & o2
& 0.2 c
& b
b
a
a 0.0 0.0
1 5 10 15 20 25 30 35 1 2 3 4 5 6 7 8 9
Residue number Residue number

B 2-1 FR1. FR2. FR3. FR4 &A 5% 42 549 PB %
Figure 2-1 PB distribution of each residue position of FR1, FR2, FR3 and FR4

Neg &R TGt E, I H 54 ERENRIEEA . Els, &5
BRI . FR1 XX W) Neg M T2 $i45: PBstat -f fr1 . PB.count -o frl --neq. %t
A fr1.PB.Neg. BLE S, 40 BT T FR1 X 53905 F Neg fH . 411 2-2 A
B, Foth FR X ) Neg 7040 B BOE B D7 R ) J51% L.
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4.0 3.0
A 3.5 B
254
3.0
2.0+
2.5
o o
Q 2.04 QO 1.5
= =
1.54
1.04
1.0 4
0.5 4
0.5 4
0.0+ T T T T T 0.0 T T T T T T T T
0 5 10 15 20 25 2 4 3] 8 10 12 14 16
Residue number Residue number
4.0
4.0 D 35
3.5
3.01
3.0 {
2.5
3 2.0 3
= 1.5
1.54
1.0 4
1.04
05 1 0.5 4
0.0 1, 2 s ; . s ’ . 0.0 T T T T T
0 5 10 15 20 25 30 35 2 =I1 6 8 10
Residue number Residue number

B 2-2 FR1. FR2. FR3. FR4 &4 5% X {5 & &9 Neq 27
Figure 2-2 N¢q distribution of each residue position of FR1, FR2, FR3 and FR4

I Neq 7041 B 2-2 FRATRENE 1 48 175 2 NI UM 2% XI5, 40 FR1 Y 10
SALE] 22 SAENIPEX IR, FR3 X 18 A7 ARARMEXL, Ai# Neg HEAK,
Ja# Neg fHE S A PB SR VFHATTIX 73 R R AT 1 A L 1T N 22— AT AR
TEAEAN R TR B

Neq 43 M7 T & FE 8L 1 R 3% 1, Weblogo 404 AT LLUE L PB 12 FEME K 3L
TR AT A4 AL B A%, H PBstat -f fr1.PB.count -o frl --logo #iv &1 1
FR1 [X ] Weblogo Zr#r & 2-3 A Frax, HARX 0880 7% E .

12



PEGURPUIR LA ) S5 T )

o
52 JEdLA
mE =0 »
~ o ~ @ S AN MO T N O N~NO O
R B O

"200000E:3. ACDDFBOC

L =
- N

e U TR 7 S A4S A DR R
FR1

>
'S

D- - =
M =
N N N

K 2-3 FR1. FR2. FR3. FR4 Weblogo %7 &
Figure 2-3 Distribution of Weblogo of FR1, FR2, FR3 and FR4

Weblogo 73 A Kngh e B PB, W] LUE H FR1 X NI IR 10 22 22 5
FRILNT S 1) PB 43 %18 DDEHIACDDDDDD fj FR3 [X Mkt 17 Sk I S5
PB (1, b, n) AHREE, KA ER PB XN To-125E, WK PB XN TR -ITS,

AR PB O BT RE H
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2.4 +Hig

TEARER BT AE R 7R ABL (PB) Xt 10 ARACE M 1 & BU% R 5%
g G XRr e HE R PUA R FR XBEAT 21 70 A, 7T LLE tHAEEAS FR #0A Gt 32
St 2T B B 7 51 B A N A R BRI R A AE B
R TTIER PR B G AT 3 A v DB IRATT B IR AN T iR 2 R 7 91 5 — 4t
SERIZ BRGNS 4 B BUAR AT NI GE, filn A A$eth 1 — MR
iR EAESL, DGR A CDR X 342430, e [R5 PR A 5 4008 K R 45
Ao MRS BT RR S5 R R N IEAG /N RATTAA . SR, A8 R X A7 1A 24
FAHUAR I HEZE I 58 B T 1V 22 i s 144451,

SAEGHRA LR BRI > T2/ AR, et BAEnEE
(R A PR 2 P o, A9 T 2 T R oK e A ) [ A e g R v 7 14047481 SR ad i 23
ARG ) S5 80 13— DB 7 HoRe B R JMR D . fltn, H T4 VHH JEpsiE
PURLGIARIEH VHH HEZEF) % e 14950,

PO oy PR SR B, RIER AR B 2217775, W1 Rosetta Antibody ,
AR MEEE S VHH AR RBLS2, JRATTH A 78 & 0 H T FR X St DX IR A7 AR FRATT
IR MEy VHH S5 T @8 . FEARBEFE T, AT {EH PB 704 = BUm etk
15 AR LA XR R AR PUR BN E M FR X, ATRLE H, B E
FR X A7 7 e P XX Tt 7 o P iR o #4758 77 1m), PB & —FheEE A H
MTHE, SE40 T RAMEERFE R, PB LN & B i g A fr i i 22
FIEVETT TR A R 1535455561,

2.5 KB

1. PDB ## E 42 1 67 AN B0 R 85 52 AR 45 A X GoKPiAd () 2544 3¢
fF, 1 Clustal O BAFXTIX 67 FREUAHHAT LN, MWRGK MR 2] T REARE
KGN 10 BRIYK I

2. i PB AT HANT T 10 SRACEME MUK PR FR X (14584 3) 17 24 1A%
T, 3l PB #1504 . Neg 2041 . Weblogo 43 4ii XX 10 #RK
PO FR X AT AT 43 BT 15 H 9K Bk FR2 X1 2 28 6 55k BT Ak (1) X 38 9 Wi
PEX, 11 & 17 SHAEA TR, B 24508 FR X AR X ek, X Tia
FENPUAAR ) [RIJR A% B N5 A CSo&E S it 1 B 92 7 1)

14
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E=F MUERRBREZHESXFF PRSI F

3.1 515

2020 FELAK, HH SARS-CoV-2 5] e )3 8 e W 25 4% 44 (COVID-19)7E
SR RITAT, WFIC I SARS-CoV-2 FEAZ N NARIEIR I8 b 40f, & WLE)
FEAR AR LW PRI PRI . B A =, i A S 7™ EE I ] 5] e i, i
MR O g v, b sl Rt TR VLR ERE, KR ED
SARS-CoV-2 Hiff Bt GBI SL M EE N A . M TSR 45 FHuk,
GURBURSE N —F N Tk, BRESGRIIM . FE 158 55 00EEMm A,
T HABRBAGE SRS L, {EE%F SARS-CoV-2 A Z it ki B A &
. 4y, AL SARS-CoV-2 fli /R 545 bk RBD 28 [ S 2F 08, )
) W T A J e R 57 SARS-CoV-2 RBD & [ S 9K i e, F M h ik
HH R A AR KPR BE 14 B B, T 5 0 LT 1 B A P B RIS R AR T e
AT

3.2 SCIEMRL

3.2.1 4AE . EE AR R R
(1) FERE RS 4 KK SARS-CoV-2 RBD & HZEHE Wb T
FEWF AT R W T LS . TG FPk. KM13 4B B AR A =R A7
(2) KHHF# DHS50 (BC102) . BL21 (DE3) (BC201) W [H =G A = .
(3) pFUSE-IgG1-Fc2 HAZ KA H AR H Thermofisher.

3.2.2 ZHRE

ACE2-293T (N'& L Z4iffl) 4iffl AR SEI0 = A7 A 10%FBS (%
3¥F) i) DMEM (Thermofisher) 58457730595, £ HAL KA E A BEH AT
TR IR DMEM 55954,

323FBAR

WT RBD Protein (T BAx) . fH/R$E RBD Protein ( XG##M) . BA.1 RBD

15
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Protein (ARZFE/#/F) . B.1.1.529 RBD Protein ( XG# M) . hACE2-hFc (A ZFEAR
%)

324 EERF (8)

PCR Master Mix (Thermofisher, K1072) . B [EICGRF & (42304, EG101).
BamH 1. Sbf1. Not1. Pst1&%I&NVIEE K Buffer (NEB)  JREMGAFA & R
R DP204) . T4 %385 (Thermofisher, EL0016) . Fiki/NEd#& (X4,
EMI101) . FiRR$EIRFA & CRIR, DP117) . Ik CRIE, RTI21) . 96 fL
bRtk (CORNING, 9018) . ELISA fu#fiifi (3K, C1050) . BSA (F3E
%, A8020) - TMB & (i (& 3E%, PR1200) « ELISA &1L (Z3E%, C1058).
PBS (Gibco, C10010500BT) . DMEM ;73 (Gibeo, 11995081) . %% &
J&¥) (Perkin Elmer, 6066761) AmMag™ Protein A Magnetic Beads (4 ¥,
L00695) . PEI MAX (polysciences, 24765-1) . FreeStyle™293Expression Medium

(Gibco, 12338018) . H 5 &/ 5 & (Gibco, 15070063 ) - Ji# (Gibco, 25200056
G413 (PAN, P30-3302) . BA.1.529 i (iEMERE, DD1568) . B.1.617
fomiss CGEMERE, DD1752) .

FITC fHECHI R HTAN 1gG-Fe fiidk (B EHARHGIR AR, BF05010) . HRP
BB L EHT N 1gG-Fe $i4& (Immuno Research, 109-035-008) . Goat anti-Llama
IgG (H+L) Secondary Antibody [HRP] (abcam, ab112786) . M13 Bacteriophage
antibody (HRP) (3, 11973-MMO05T) . HRP-anti-human Fe(1:5000) (Cat:
109-035-098, Jackson Immuno Research) o

3.2.5 FEUE

A4 (NUAURE) @XM (JEEEKD « BHVERE TR ORBZ).
Kiss (KXO « [EREBKR (K6 - AVEMEE. #iF LIES. ETRF (8
PO CAE T A TR A A PR A ], G500312) . JitimiE 214X (Scilogex )
PCR 1% (Applied BioSystems) . ##EE 0L & EKE® (YAMATO)  £3)

REMEFRIX (Bio Teck)  TRIEMEFZ{X (GenScript) « #H G4 X#s (GenScript) -
HBERE ARA CBOFRD

3.3 LA

3.3.1 SARS-CoV-2 RBD & B4FF M MKRINIAERHIE
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(1) FLep) s

18 F SARS-CoV-2 /R IE74% Fikk RBD 25 1905 £ 08 . ¥ 0.8 mg RBD &
] 1 mLPBS #k, SRIGMASARFER (WIR G i e 4 b RIER, 25
(1 G B A58 AN 56 4 3 IR D, A FLAR SO AT HR 5558 B2 I FL AL, BHF 6 min

(2) MiHFUARE % E

ST G /T, e N BER R ML 2 mL, =R EEHUNT, W MR
H SR 5 AT IS 5. BIRUR
- B W B RIS 7E & Ol B B0 (1200X g, i, 8min) ;
B0 58 S RO E3E 2B R B O Y, AR B0 (5000 X g, FE i, 10 min);
- WRCHR R T B O
BB EIERAFT-20C

i ELISA X} bE— 288 73 B % 14647 SARS-CoV-2 RBD 7 7 1 Hi 445
P E

a. £ 96 FLEFFRARH A 50 uL ¥ JEA 1 pg/mL 1 SARS-CoV-2 RBD & [,
4°Cit s

b. WHFEEESFWEA, SN 150 uL [ PBST Xt 96 FLEFFRARIE T,
F45 PBST, JHEVERECH 3 X, ZJaRfLIMA 100 uL H AW, 37°CEHE 1h HH
7 LA E A

c. fHH PBST ¥t =ik, FEMA 96 FLEFEFR H AREFL 50 pL FIEIIABRE
MBI EDE TS, 37CHE 1 h;

d. F Mg, MH PBST Ptk =ik, /5L 1: 10000 GBI LA B
T F R 1 Goat anti-Llama IgG (H+L) Secondary Antibody [HRP]#i44,37°C## & 1 h;

e. FEFLAWAA, {4 PBST Ptk =X, I TMB S48 47 & A, 5L 100
ulL, G IE A 3 min;

f. &FL 100 pL BN ZE b2 b OB, 7E B bR 2L 450 nm ARG R .

/e o0 o P

(3) EJEAME MR ZAME (PBMC) 155

Ba— IG5 G 10 d, REEEBEPUAENL, f ] Ficoll %5 & R B .00y5: 4 B 1
HPE M2 A0, BAADIRIE

a. MELERIIER KA H EDTA-K2 FHuEtE KL MK 60 mL, FEIE I
WS BB R A

b. IIANZEE K] PBS 5 RAE MRS ;

c. ;L6 50mL B8, BNEOEMA 15 mL Ficoll k240 7 B9k,

17
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ZEGER 45° , NI EIRFE B I 20 mL, SRJE L (300X g, 20C,
30 min) ;

d. N EZE KON . PBMC. Fidifl. 20408, WHL PBMC T-Hi &
OET

e. {fi/ 30 mL /) PBS j& ¥t PBMC =1X;

f. e PBMC #471H8E, FRATEA 6 mL Trizol H &4, 25CX
M/ 8 min;

g BRA WIS 1 mL/ 3 3R 47 T-80C .

(4) JF RNA [HHEL
{4 i} Trizol {32 HL PBMC ] 5 RNA, SR
a. B2 Trizol /¥ 1 K 1 mL i) PBMC, 7038, 4 500 uL;
b. FEE A 500 puL Trizol, T 25°C%4f# 8 min;
c. HEAMARIE S IMA 200 uL &7, RAJET 25°CiHfFE 60s, RO
(12000X g, 4°C, 10 min) ;

d. Bl— 1.5 mL 0%, WE 500 uL F3&ERTH 1.5 mL B0, i
A 500 uL AR, T 25°CHE 10 min, 2550 (12000Xg, 4C, 10 min) ,
7 L8

e. fd ] 75% 9k B EUTE, RIEE L (7500Xg, 4°C, 5min) 3 _EiE, W
BRI

f. B a— RS B3GR R, ¥ E0E T SE THEEF A Smin ff4
B 78 0 4K

g RN 50 uL 55°CHITE RNA B/K HEEVE, HET 55 CEB i
B 5 min;

h. ¥PE RNA &IFRE], MWE.

(5) ¢cDNA &%
B k50 B, %8R 3-1 DL RNA RS ) cDNA:

% 3-1 REEFKREZ 1

Table 3-1 Reverse transcription system1

AR R (FiED)
& RNA 5ug
Oligo(dT)1 8 primer 1 uL
D/RNAse-free water Tol2 pL

A 65CHEE 5 min.

18
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PR 3-2 34T S -

k32 RIEFARA2

Table 3-2 Reverse transcription system2

E AL D
5 X Reaction Buffer 4 uL
RNAse Inhibitor 1 pL
10 mM dNTP Mix 2 uL
Revert Aid M-MuLV RT 1 uL

7E PCR X, 42°CK M 1h, 70°C N 5min, 2 J5F-4CIRAF.

(6) HEHEEPUAMEFE X (VHH) FEF Y 1Y
&8 3R 3-3 4T3 —% PCR:

% 3-3 —# PCR R &
Table 3-3 One-round PCR reaction system

ZHK R D
CALLO1-Leader 1 uL
CALL02-CH2 1 uL
cDNA 6 uL
DreamTaq Master Mix 20 uL
DNA/RNAse-free water 12 uL
2 UL 26 F3E4T PCR ML
95C 3 min 1
95C 30s
55C 60 s x25
72°C  45s
72°C 10 min 1

4°C 0

¥ _F—20 PCR =W e, FHEUIRACHDIEL 700 bp K/ANEAL B HH
JE TR S R AT (RIS, R FE o il J 2 [T UAC ) P A R 42 R 3R 3-4 34T
%5 % PCR:

#% 3-4 —# PCR R4 7
Table 3-4 Two-round PCR reaction system

TR R Ot
VHH-Back 0.5 uL
pMCEF primer 0.5 pL

% —% PCR R4 8 uL
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DreamTaq Master Mix 15 ul
DNA/RNAse-free water 6 uL
1% LR 2K AFEAT PCR SN

95°C 3 min 1

95C  30s

65C  30s x25

72°C 30s

72°C 10 min 1

4C

PLEE %8 PCR HOP=W) AR, 428 3R 3-5 T35 =% PCR:

% 3-5 Z# PCR R Btk %
Table 3-4 Three-round PCR reaction system

K A (D
VHH-Back 1 uL
PMCF primer 1 pL
—f& PCR izl 8 uL
DreamTaq Master Mix 15 ul
DNA/RNAse-free water 5uL
%A 25 FHEAT PCR B :
95°C 3 min 1
95C 30s
65C 30s x25
72°C 30s
72°C 10 min 1
4C oo

R £—25 PCR WIS, T HRDCOIACH I 400 bp e 47 v Be, A A B[]
W& R, JFIIREE, [0 VHH S: A B

(7) GORPURE R A B IR ) % 12
P IR R 3-6 (PIBED) A 25 A8 AF . N DB 23 75056 VHH 28 R F BRI B pr 44
pMECS #ATHEF):

% 3-6 VHH 859144 %
Table 3-6 VHH digestion system

K R (5 &)

10 x Cutsmart Buffer 60 ulL
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VHH £: K] 7 Bt 12 pg

Sbfl 9 uL

Notl 9 uL
DNA/RNAse-free water To 600 pL

W P PR B A B D) AR 2R U 3-7 B

& 3-7 E AR BARERE R R
Table 3-7 Phage vector digestion system

K A (D
10 x Cutsmart Buffer 40 pL
PMECS #f& 35 ng
Pstl SuL
Notl S5uL
DNA/RNAse-free water To 400 pL

iRR RIRA) T 37T°CHEY) 16 ho B RIS 22 el B 1) 7= 4 5 L =4
HIHR B o B J (8 FH T4 I 328K VHH FE [ BER R AT E K R N3 3-8 Fiw,
AN, 4ACIHE TR

*k 3-8 BEbn A E AR R
Table 3-8 Ligation System of Enzyme Digestion Products

SN R (FED
VHH B0 v Bt 2.2 g
T4 DNA &4 Buffer 10 uL
pMECS 1) 1 Bt 6.2 ug
T4 DNA 15 uL
DNA/RNAse-free water To 200 pL

(8) TG BEAZASHH M) R4k

158 P LB S0OKs 2R AV T b FRLFE AL 2 TG A2 SR, N T RIE RS2 540
BUFREACER, BOZRFF RS IRIEIRES K BEE , HAEADIRINT.

a. 50 puL =M 1000 pL TG B2 A4 R IR S], Bl 5 EL 60 pL
TRETJE B2 S AN N B B L AR R

b. P HE R G EAK, B E TUK EFE 10 min;

c. AR EET AR AMEIVKOK, R B T A E RN 1800
V AT H

d. HFSERE, BOH AR, A HAEAM A 940 pL (42 AT &4 1) SOC 597
B, RAERBZE S0mL BOEFTAREG ST 37°C, 150 r #5371 h;
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e. 1 hJ5H 100 pL B, A 2 X YT ARES FREAE 101~10 7S AN BE BERG RS
FEAMFREEEL 100 L 3546 T 2 X YTAG FlfAR R (90 mm) , &% E —
ANEEWR, BIET 30°CRAR L,

f. TATHE 50 mL B0 T mnE B O LI 3300 X g B0 10 min J557 % B
A

g. i 8 mL SOC ¥ A% 73 B BT, W 200 uL ¥4 T 2 X YTAG [& 44
Rk b, EIRHCE 10 min, BEEEIE T 37°CEAEIRA IR 16 ho

(9) R IR S TR AF

R 2XYTAG ARG IRt EKIHER, WEH T T a%Emes—E «
B, W TE R R Y S PR, BARBBRA T

a. BUHTELH) %51 TG1 L ASZ S 1625 ul 5 100 pl 44k (8747
ORE], B 69 pL OB EFEAR R, 323 IR CRAIE TR A 00T 2 RS B A =

b. KHENE T UK LEE 10 min;

c. BT HEMINE, BT HEBAANEITHET, BHEHN 1800 V;

d. HHTER, MEECH AR, LRI 940 uL =R SOC, BN G
M E 50 mL B OE T,

e. BEOLEHET 37CIREGREH 1 h;

f. HL 100 uL 3, FH 2 X YT AR FREAE 10-1~10-6 SR EMR, &
AR EL 100 pL 34157345 T 2 X YTAG B IR (90 mm) , IE&WE—4
HEWR, BB T 30°CHAEFRER (B BT SCE E R KANIIE)

g B 50 mL B0 L (3300Xg, RT, 10min) 3% EiF;

h. ] 8 mL SOC HEEVIVE, BT 2XYTAG FEEEFER (150 mm) , &4
PR 200 pL, {8E T 30°CHEAHEE IR R

N

Pl

B

(10> SCPE B WA 5 IR AT

F¥ 2xYTAG [E 7R EE 2R EKIE R IERT, WY BT H o % E M s — 2w iR,
WA R I R O SR B, HAR BRGNS

a. FERKIEVEI 2xYTAG BART IR BN 5 mL 2xYT AR R 725, S8 JE H
M HE S| SR R TR B, WERRRT 250 mL B O

b. FI0 5 mL 2xYT AR R B BR R EE R0, [RIFFISCEE T B0, DK
L FEZ b 93 /)N TR 7 R 401 2K 5

c. HEOIMEL (3300xg, RT, 10min) 32 HiF;

d. M1 40 mL 2xYT WA =5 B BYTE, ARG IMNIE SRR 60% (viv)
HM e RAT, A H AR 15%, BRI AP SCRE R ;
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e. B 100 pL HUASCHEETE , FH 2x YT WARESFREEAE 104~107 SNAFRRE LR RE
FEANFRE L 100 pL 5340 T 2xYTAG FfAR E (90 mm) , H& K E —
ANEEN, BIET 30CHARIELR DB RNNE TS EEZRNE)

f. B F R 2 IR T-80°C

(1) PR E

I PUARE M FEZE . FJE . VHH A2 SR Pl LA T i
FEME MR T 37°C L AVEIRAR R R 5, e AR b i) B 3 AT TR ORI B S
A1 B EE AR AR, VHH v B4 A 20 2 R v DUR A5 3R € -

a. R —NKEEH 15mL 808, BOEPTIA 5 mL2XYTAG i
IR, ZJa WNEZRDMER EREALPREL 48 /N8 70 b B PA e i T8 9 36 b T AR IR
Vi 3T CHRHEFRL) 12 hs

b. AT PCR %7€

c. W TR B BHEAT I T

d. ZrbrillFgs F, THE VHH $6 N M2 A

3.3.2 SARS-CoV-2 B4 8 RBD 45 MK m0iF 1%

(1) WEETE ARG EE (1) 37 1%

Wik B AR A P PR 0 e 2 B2 B G MR R AR K 18 L RoR, IR L el R e S0
.

K SR BRI TG AT 3G, SR 5 IS By T 4k 1t B Wik o AR A )
&, IRJE NH o B MR AR LA, HARR IR

a. SH—HME, HL 400 uL SARS-CoV-2 fii/RK 5 RBD 1 HRF G K PR S E
HAEM T 100 mL 2 X YTAG AR FR 5, T 37 CIRG R 72 2 H ODeoo 21N
0.5;

b. IO KM13 HiBhR R, T2IRIRG %+ 37°CHR% 30 min;

c. BEWEREROMPEL (3300Xg, =R, 10min) , FEEFEE E

d. H 100 mL 2 X YTAK AR R H B MW UiE, AEET 30°CIRG 7+
NRLE

e. FH EPREREHEHOMAEL (3300Xg, =i, 10min) , &
Je b L RS A B O

f. [ EEFR N 1/5 A (20 mL) ) PEG/NaCl W, IR & %515 8Tk
# & 70 min;
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g FRUKIB 52 a0 (12000Xg, 4°C, 30min) , 25058 AR E 2
DVFAETTTE, BRITTE R A A

h. NOFEE B, REEREC (12000Xg, 4C, 2min) , REWIFKH
gL

i. {1/ 2.6 mLPBS EHEHAIIE, REHHE 1.5 mL HO0ETASE.O

(12000X g, 4°C, 10 min) ;

i B BB EFRNEOE T, RN A, B HE T 4CHRRH .

LR 0 T AR LA B B0 4 A5 SARS-CoV-2 BFAE R RBD 25 [ I S
b, @ R EARR R S SRR BRI R AR, SRS R SR DT
IR RS R 25 G SR ) i B B AR BRI ok, I R S TG,
BAGDIRINE

a. {iH] SARS-CoV-2 #7471 RBD & H B4 % 8, G2 ELISA B,
AR IZ R 8 ug/mL, AN 2mL, 4°CHE 12 h;

b. = H B, FEBEE N, (EH PBS Pelfk e 3 X

c. EEFIMA 4mLMPBS, FiEEFE 2h;

d. HUH 2.4 mL PREOGK B4 CRIRIRROR B IAE T 4°CLORAEH T Hw D
] 1.6 mL MPBS #2251, iR E 1 h;

e. PR PBS BRIk IZE 3 X, ARG REE T IMA 2 mL FiRZ% MPBS
358 P3P R R R 4

f. R E N E TR E M+ 25°C FIFE 2 h;

g. fHH PBST Pk % s 10 Ik, FEH PBS Bk HEE 10 K

h. A4S 0N 2 mL 100 mM TEA (=) Wl CIUECH], B fg
MDY, FRZRERE SR 15 min;

i, PR RN 2 mL Tris-HCL IR A 5], LD Ayl i ek 5 1 5

j. K BEME R AR 2 S0 mL K &0, HI 16 mL ODeoo 29 0.5 1 TG1
W, FREEE NN 4 mL %R

kBB OENREE E T 37°C/KIE 30 min;

L B PEERIR S, B 100 pL FHT-36 Wms B 440 FE e, IR BRSO

(3300Xg, =i, 10min) FHF _Lid;

m. FH 500 uL 2 X YT A4S 77 25k B 240 B U0 , SR J5 350340 T 54 150 mm
KNP 2X YTAG AR IR, BB T 30 CR AR IR K s

NG R A R TR AR DU G TG BARP IR

a. 2 =H, FAREFEREECEKEHo%ENEE, ER—E “HE” ,
[ RE IR AN 5 mL 2 X YT WA IR 5, {6 ARSI 8 Bk, K HIEES]
50 mL E0EH
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b. HE LR, HREERERIELE

c. BHEOEBL (3300Xg, iR, 10min) 3k B,

d. 4 mL2X YT WiiAR: 25 B BYUUE, SAFIMNIE SRR 60% (v/v)
H, AR IR BN 15% (v/v);

e. W FIRTRI 52 HHORAFT-80C .

Rk FEH 2 T TG W, HAERERAE RS

a. H—H b, BRI EER TGl HiliEE, 78 M9 FEfAkR: i FRIZ,
W5 B T 37°C A i B 5 9%

b. FH B4, Bk TG B yeBER T 5 mL 2 X YT kR 7R 3E, BT 37C
REIRIR G H: 775

c. RFBE ODeoo ik 227 0.5 B, BUE & BRI 2] 25 mL 2 X YT Ak EE 77 4,
BT 3TCRARIRGE TR, (EHAEMHIN ODgoo 2924 0.5,

N TSI 2% s AT VAL, FRATTXT B R T A 350 o ik A A A T VR R
PRI

a. fHH 2X YT WRAARREI5 30 O B PR RO B AR 2R AT 5 e S B R R 5

b. HE 107~10" TLANMRE L CJm SE0 0l A5 v 200 B 2 ] AR 4F SE B I 10 1
TR, BEAFREEEEL 10 uL 5 190 uL ODeoo 214 0.5 ) TG1 BRIE &SI
T+ 37°C/K¥# 30 min;

c. HU 100 uL VB AR A1EAT T 90 mm K/NME 2 X YTAG FEAR #0318
T 30°CliFf R IRt

e TR 5 R A 5 ) S D RN R

a. [ 2X YT AR EEF= B0 OR B (10 FH 100 5 0 Jd Wk B A4 ¥ 88 ) BRI Ve AT+
135 T SR R R 5

b, —MBEIEFE 10'~10° HANFREE (5 L0k i A2 A 12 R B n] AR 98 S b i
DUHEAT RS, AENRRREFZI 100 pL 31503540 T 90 mm KN 2 X YTAG [# 44
BeFeh, BB T 30°CmA R R

(2) SARS-CoV-2 B4R RBD i F 5 M 40 K S04 7 126 8 BR T o Mt ) A2 1) 25

P R W R A ) £ R R AN T

a. FEESVURCTREIS, S ARES RS TR T, AR R B IR B 7R AR T v
(B ERE AR, B AL 45 B VA RE O R L ) 35 TR0, e 3B FR AR AR IRAL [ B
SRR VR, BEALPREL 92 VR, BeRh T 96 FLIRFLAR, AL CTSEInA 180 uL
2XYTAG R FEE, T 37CHRGHFF 8 hs

b. MAEFFLAEL 20 L B % 2 BT 96 FLIRFLAR H, FEFL A ELHISE I 180
uL 2X YTAG Wk F7 %, T 37 CHRG 7
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c. Ji 96 FLIRFLAR MBI 60 pL 60% Hif, HIMZIKELIN 15%, RIGHT
+-80°C;

d. Bl 96 FLIR T ARk 4+ 37°CIRGE 7% 1 h 5, 1 96 FLiR H&FLm
A 50 pL KM13 4R (1: 200)

e. J6T 37°CHIE 30 min, AJ5T 37°CHRZH57E 30 min;

. BRFLIE O (1800X g, Eil, 10 min) , W3 FiE, &L 400 uL 2
X YTAK AR E B ITE, T 30 CHIRG R R

g B HGIRALRE L (2500X g, =i, 10min) , MAEEFLHIREL 250 pL
EIERER B ERALAR

h. TINSEARFL S 6% BSA 1 PBS, =il E 1h, HT T PH%E.

(3) SARS-CoV-2 H74:= 71 RBD & FH 45 7 1 4 K B 47K i a7 F B o ok Wk o 1K 45

i3 ELISA %} SARS-CoV-2 Bf A7 RBD 2K [ 45 7 1 4N K Fri A ik 1) 5. 50 B
MR AR AT S E, DRI

a. 11 96 FLBINI MK R 2 pg/mL 50 uL i) SARS-CoV-2 Bf4: % RBD K 4 1
BSA M, BT 4°CUKFH 12 h;

b. 12 h JE S R AR GEEL 96 FLAR H (iR IF 7ok, A RS MAR 1T 96 FLAR
dAFFLIIN 200 pL [ PBST, # % 3 min, FEFL WM, BEEE B SsEE
FLINA 100 pL 3R, 48 96 LR E THE R B =M 37°CEH 1 h;

c. FEEB P, BB 96 FLAR H AEFLINA 200 pL () PBST, # & 3min,
F R, FEFLIIN 50 L S5 R E AR E R FiE, BT 37CHEE 1h;

d. 1 h JEA HEERERER 96 FLER -hyl i IF 54, FAEMAeAE 96 LI 4
FLIIA 200 uL 1) PBST, ##E 3 min, FFRFLHMAk, HE 6 X, MEESFLIN
A 50 uL 3T M13 WREE AR, B T1ERIFE4E 37°CiFE 45 min;

e. Fifi J5 A AL WA IR 96 FLAR VR AR IF 54w, (8 REMAGAE 96 FLAR H 4&F
FLIIA 200 uL ff) PBST, & & 3 min, ALk, BEE 6k, FjEERFLT
BN 50 uL S, BT IEERN S/ 25 CHE 2 2 min;

f. B BAGIE LN 50 uL ELISA 210, 7EBEAR{X_Fi2H ODaso.

(4) SARS-CoV-2 WT RBD & S PEGR TR L ] 1) 3R EX
PL SARS-CoV-2 WT RBD & £ 3% Y Wk 18 & ELISA ODaso 1 5 2 X W 1 BA
BSA &5 1 ELBE (115 5 14« ELISA ODuaso {8, K 72 [ 5 i 3 X6 . 14D B YR 06 22 0 7 /8 )
AT P I B SRR IR TRL, VR A J5 B4 38 4RO P A J2E DR B P (AR o DG 77 485
REMBTINUE S, RT3 (107 5 515 BIGKBUARFE N 7 41 o FEHi 4 ) 2
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DAL 470 79 i s O Bl D7 s DA K kozake J3° 81 4 B A 4 5 21 8 i pFUSE-IgG1-Fe2
NIZR LA

3.3.3 SARS-CoV-2 BZ =7 #% RBD AR MK B 51k

DL B2 v AR Sk RBD £ AX iR FEHEAT Ik, DIREEARFE R, B audt
JE# ¥y SARS-CoV-2 B2 7 1 A8 Sk RBD 5 H o

3.3.4 SARS-CoV-2 fE/R¥Z#k RBD & HE R M MK FiE

PAE/REEAZ 52k RBD 8 O PUE N PUIR e AT Ik, DD BRIEA A AT, Ke
PR B O TE/RE AR 57k RBD H# .

@

3.3.5 1 SARS-CoV-2 HFFR MK FHNEENSH &

(1) EREFRIERPTRWT

a. R 2x107 4> 293T 4 15 em 3R, & 10% 64 L35 ) DMEM
B FRIERE TR, 37°C, 5%CO, 4N Rs F=F 5 9% 12 h;

b. BRI E: PELAM=1: 3 LUK, PFra&J5ik: 36 ug. 108 pL PEI 435l
O 1.5 mL DMEM ¥i a4, R G =EFHFE 5 min, RKW-NMEERIES, =
HEFE 15 min J5 IR MAEEEFREE T, 37°C, 5%CO, B FRFE TR FE 12 h;

c. 12hJ5, FEFEEEFEE, ¥4 30 mL FreeStyle™293Expression Medium
B3, 72h JGUREE L.

(2) 4ty

AR &S W) AmMag™ Protein A Magnetic Beads

a. MRE Tl R BV b I B S AR T SR A e &

b. WP L E KR TAERE, HETRESRE;

c. Wik IR, MBS HAE T 50 mL B.0E T, M)
B R ER B A R, 35 B

d. AEOEFIMA 10 MV (MV FR4EEERARD AT PBS HEMIER, H
T 7 50 R T R o 2 o BRI 2 B3 . N PBS B RE BEMAER 2 K. A 10
MV AR ddH20 HS MRk, T ) 2R Tl R W BT 22 100 B 13 2 B3 s

e. [AEOE PN 10 MV 7AF 0.1 mol/L NaOH ¥, NP PR B 34 15 77
SR EIRNE 1 h (I ATEENE, TE 2P
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f. P SR BRI B 2278 BE 2] 25 BRI, NN 10 MV AR PBS B
BRI QR A BRI B 22 B, {B) 25 BV, ARG PBS IE VeliEk 2 X

g. MRWBARIRE MV ARFR ) PBS R ek Bg, MMMA Mt I = A5 44k
R B AR R PR BRI S 55 7R 4 TR EAT I & 2 hs

h. Yook WEIRIBEMR T HEER, ¢ IR B N TR ROBEM T, R HRAEEUR,
EWR T iHLER, N 10 MV Pkt FE Vel HAER, KE OB E TR
JE_EWR M RERR, FEEIE: BEAEVEN 2 K. N 10 MV ddH20 75Tl riER, RAE
LALEDER, 3 B

i Yelbl: FRMARIR BB AR B R NP I G EBE 22l 78R
MG E TR B E S8 L EE IR 5 min, % F R EEBER 3 K

jo WoRE: R EDLE E TR IR AER, IR IS N TR EP
EOEOET; EEEM 2 K

k. WAL IO BTN, R, 3TN D

(3) GBI H VIR I AT AR B N

R4 Bradford & A5 € &) S0 ud B 451 (%) 28 ZRG 9 K i 4 ()9 B2 gk A 7l
S, AR

a. TATH 1 mgmL FIMFEEEE 0. 1. 2. 3. 4. 5. 6. 7 ul Al AF]
96 fLH, FEXREEIL, Z/GEBLHIMAN—EER PBS AL
15 uL;

b. BRFIPTATZ 2. 5. 10 pL 70 Al AR 96 FLAR T, Z JEERELR A —
JE 5 [1) PBS 154 fLEARFAN 15 uL;

c. fEFHBMACAESL TN 285 pL 25 5 s i G, 328 SR 30 96 LR 2 IR
%), ##HE 5 min;

d. (4> 5 min # 96 FLARJHN 2 DIREREFRL, T 5E H 595 nm A& IROGFELE s

e. UL BSA fLIWOGEEAE B dR, HEFUSE AR, LeiilbniE 2t
SRR

f. Z Ja Xt g KPRt AT SDS-PAGE #t/5 LK Al Western blot SEL465, [ J5 1544
KPR B IRAFT-4C o

3.3.6 #1 SARS-CoV-2 ¥ F MR EMFINRE
(1) FEER B e WS B

a. f# ] ELISA ¥ A B & A A R SN 1 pg/mL, {F B AW EL 50 ul
MR E R A 96 FLik, BN 4°CUKFIFE 12 h;
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b. 12 h J5{E R BRI B A, Fids, IREL 200 pL PBST A 96 LR
1, #E 3min, FEUEAE, EE 3K, ATALPERRER G BB
LA 100 uL H A, 42 96 FLAR B NIEEIF § 46+ 37CHFE 1 h;

c. 1h JGWHX 200 uL PBST M 96 FLARH, # & 3 min, FEHIAEE 3 IK;

d. 2 AKEJEH 96 fLiR, A THUASELMRE, (8B BAIEL 50 pL
FEUF PR AL 2 96 FLARH, 48 96 FLIR BN THIE I B 48 37CHFE 1 h;

e. WHX 200 uL PBST A 96 fLikH, ##E 3 min, FHHEMA, HE 3 X

f. MBI B DUR, TEMBEE BURIMA 96 FLEG R, 2 96 FLIRE
ANEREEMS 37°CHFE 30 min;

g. WHL 200 uL PBST B 96 fLERH, ## & 3 min, FHEIEMA, HE 3K,

h. R BGAE 96 S II 50 uL TMB H4H 7> B A, 8 96 LA BN
TEIR ST & #8H 37°CHEE 5 min;

i. Smin 5, {FHBBEIEAE 96 fLIFHEEFLIIA 50 uL ELISA #1537

j- 496 FLIRE N Z Dife MR AL 450 nm AL RO EAE

(2) HEVEET 5%

a. > TAHEAEH ST Gator HEAT /08T, FTIFEAE, Tk — 2 (I E];

b. f# F K Buffer % SARS-CoV-2 RBD & FH#iFE 2 100 nM, 4K Prik M
50 nM FRURIEAT S 5 BE MRS, LA 7 N MRERE ;

c. 1WA RN AR SE P . BE S M Anti-His $8%), 1217 Kinetics FRbR;

d. 7£ K Buffer FHUBIRES 10 min GR&G ARG IEE, B TS S DGR
N 400 rpm 4b, H AN 1000 rpm)

e. 7t Baseline fLH ¥ 120 s;

f. 7f Loading {LH 45 & S1 R 2T W KA Z LN 0.8 nm;

g. f£ K Buffer L9 FFCF4 60 s5

h. TR AL 4G huk;

i TE Hh AR PR B 76 A7 B FLH AR RS 600 s

Jo TR P AICA U BT e

(3) B AR

a. R BAEHE K 51 96 FLH I 50 uL DMEM;

b. BfJEAESE HFLP IR Y 30 pg/mL IERIIREA 25 uL, {3 FHR WG
WRFT VRS JE WL 25 uL 2l J5 — %1

c. WHENIE: 11 Z IR, 28 12 FIFL v 350 R ;
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d. BB 2 2 11 71400 1000 £ TCID50 FIER 3 100 uL, 4% 96
fLIRE T 37CIHEEREHFITE 1 h;

e. HUH 96 FLERAE 96 FLAR H A 100 uL ACE2-293T 4l

f. 96 FLBHN CO2 J5 7400 & 48 h, 1E 1Al 60 FLHIREL 150 uL 157
W2, MEEAERESLRIIA 100 uL Y, BAEIEREFR5E 25°CHEE 2 min;

g B 96 FLBR, HEE—ANEr 96 FLik, A AL MR 150 pL #F2 258 96
fLHr, 1E 2 DhRemgEbR Il & Ot

h. THERR BRI

i. f1F Graph Pad Prism T8 HuA4& K EHEANVIKE (ECso) o

3.4.1 SARS-CoV-2 RBD #3F M4 KiniAERIFE
(1) ELE % SARS-CoV-2 RBD 4 5 1t 470 44 i B Il 5
G958 BT AR IR S % Je P R FRAT IR SR B SR ik AL R AT R I, 3@ i ELISA A&l

FIRIIE AT . PLARIZEHT OD450 MERT 2.1 54 cut off {H, HH Z IR F %
Ja R IIER R, HaE Rk 3-1 Fiox:

300000+
255150

200000 -

100000 -

Sera antibody titer

10650 3150

] ]
1st 2nd 3rd 4th 5th 6th

Immunization time

B 3-1 F4¢ %.0& J& fo & FLAk sl 2
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Figure 3-1 Determination of serum antibody titer after alpaca immunization

AT LAVE R, BEE BRI, FLEIME F SARS-CoV-2 RBD i 4t
R B T, 5 4 IR EIA T 1:28350, kLR hNER T8 N TR s 48 3|
1: 255150 (RIS AT PAEAT R —20 SR . M PUiA e

(2) SARS-CoV-2 RBD i 7 M 4R K i 4 e i i)

B — IR E 10d, M FFEIESREIKCREE 60 mL Fi&t, 758 PBMC. 28
J& 18 Trizol $2HL T & RNA, LA mRNA A#EHR, 43 54 F 514 oligo (dT) 23VN
J Random P (9N) #E47 S5t & i cDNA . ] LAZE BRI REBE IR 70 B H AT
For =AM KNI 900 bp, &AL ST FLPT AR 1 B B AT AR X B 5 AMEE X
LR 53— AN K /NZI A 700 bp, ‘B LS T EAE DT Y 2 5% ] AR X 3 58 A
TE 8 DX PRI R IR o A TET WA 1 B e A B R S USSR, {6 VHH-Back 1l pMCF
T8 S KA R A

A B

15000bp
8000bp

15000bp
8000bp

5000bp 5000bp

3000bp 3000bp

2000bp 2000bp
1500bp

1500bp
1000bp

1000bp

750bp 750bp

500bp 500bp

250bp 250bp

100bp 100bp

B 3-2 A #1E A oligo (dT) 23VN 3| ##= Random P (ON) F|4pb ke TG TERX £
FolErRARERKE, FFRKEGFFLH00bp, A EHEFIKRAR; F—FRkiEMNE
W% 700 bp A VHH A H . B B A4 A VHH-Back 3|4 %= pMCF primer 3| 447 3% 9 2 K 4
REREKE,

Figure. 3-2 A is an electropherogram of the variable region to the second constant
region of the heavy chain of an antibody amplified using oligo (dT) 23VN and
Random P (9N).The band of the second lane is about 900 bp, which is the heavy chain
antibody gene;The band of about 700 bp in the first lane is the VHH gene.Panel B is
an electropherogram of Nanobody genes amplified using VHH-Back and PMCF
primers.

3. 6:Marker; 1. 2. 4. 5: oligo (dT) 23VN 3|4#. Random P (9N) 5|4». VHH-Back 3l
#1. pMCF primer 5|47 PCR %
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YA KA IE R S, A3 Pst T A1 Not 1 BRI BRI K pMECS 475 7)
[R5 Sbf 1 A1 Not 1 BT VHH ik fr BOdE AT 4 Bg U110 48 A IR 4l i
AT RIS BNk, (S T4 BRI eV 5 1) 4R K B A 255 DR R 28k s T
K, JH{EFH DNA SR A8 = KR~ s it 77 (e 2
TGl . fERiFREE B ERE, WA RIS BIH04

A Marker ~ pMECS B VHH  Marker c Marker  fNASAT AR
15000bp
8000bp 15000bp
5000bp 8000bp
3000bp 5000bp
i 15000bp
P 8000bp 3000bp
1500bp 5000bp 2000bp
1000bp 3000bp 1500bp
750bp 2000bp
1500bp 1 DOObp
500bp 750bp
1000bp
750bp 500bp
250bp 500bp 250bp
250bp 100bp

100bp

100bp

B 3-3 A A E B A AR pMECS 1& Fl Pst 1. Not1 Bt i7EE4n /6 690k B, B B % VHH 4utk
B BAR R SHfT. Not1 2478405 69K, B CH T4 &M% 050 = P o) LK E .
Figure. 3-3 A is an electropherogram of the phagemid vector PMECS after being digested with Pst
I and Not 1, Figure. B is an electropherogram of the VHH antibody fragment after being digested
with Shf 1 and Not 1, and Figure. C is an electropherogram of the T4 ligase ligation product.

(3) SARS-CoV-2 RBD 7 4N K B4 22 1 o7 & vF-fik
H I ERELE MR FE 48 4, 1 NRMNTEES, 474 (98%) NFEEEHUIETF
H, HAK ORF LM an e 3-4: Hpf 5 NPIIRHE S T8 VH BB 42 4
(89.4%) N5EXE VHH H B, SERrARUEZR: 2.14X108 cfu () o ZE LRTIAR,
i 57 1) SARS-CoV-2 RBD e E g K bufh e B St i &, v AT T —
2 SARS-CoV-2 RBD 75 VAR HUAR I i 8 TAE
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1281 - - AvYYCVKERL 1 AfYELBYKiic
20812 i Bk

1813
4814
5814
81519
187
82814
92819
025+
N1
02
B2
124
1281
125119
2847
12518
025
2.1
212841
2812
b5
pIEE
BWE
2810
7849
28
RER]
B
N
nHL2
M
WBY
BBLD
EEE
2849
BBLE
B
0214
12844
CE
ama
“oas
[EI
£
.24

B 3-4 TEHARFF) ORF i B (2. 8. 12, 14, 24 % VH)
Figure 3-4 ORF Alignment Diagram of Complete Antibody Sequence (2, 8, 12, 14 and 24 are VH)

3.4.2 SARS-CoV-2 RBD 5 M 4K B i 158 2 1) &%

(1) SARS-CoV-2 RBD & [ 57 11 Wt B R P 44 (14 775 12

73 AL SARS-CoV-2 #f£E ! RBD £ [« B% 50 7% RBD X SARS-CoV-2 RBD
B VR BUR BEHEAT T 0k, 20 B SARS-CoV-2 BFA4= 7 RBD 25 [ A1 BL 25 70 7%,
RBD 5 F i () V& PRI T 92 MR SRR T AT 7 HRR, IREE TR #E S
SARS-CoV-2 #7414 RBD tH H . fH/RIEAS ik RBD 2 H . BL% 50 138 4% RBD
#FH. BA.1RBD FHAM MM, LL ODasonm>0.2 JPHMERIME, FHHER 5N
99%, 100%%5 R 3-5:
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IR 25 52 MR 5 X S PE 9K DU 1 1) 4

: = WTRED
N == WTRBD : B Delta RBD
% B Delta RBD = Omicron RBD
mm Omicron RBD BA.1 RBD
BA.1 RBD
-
— B
—
B S —
S ——

sample
sample

N . T N T B
B 3-5. SARS-CoV-2 ¥4 % RBD. £ % # & RBD & @ i it 69 3 %[44 B K4k ELISA &

7
Figure 3-5. ELISA identification of SARS-CoV-2 4 #! RBD and £ % 5% A& RBD screened
monoclonal phage antibodies.

(2) SARS-CoV-2 RBD #f 5 R FIAAR R 1% B 1] 4%

IR T 183 MR RIFIF AR v be . 85, XX Eero AT Hoxt
AT, KRR AAE [F B AL R SR TR 7 A — 2K A TR AR BT AR R, A
T IR — MR IR Z IR T 51, K H e Ptk pFUSE-IgG1-Fe2 ik %
i, ARG FRIEFAEL Y2 293T Hfurh, RixPiaEA, AEHEH AmMag
Protein A Magnetic Beads #4724l . HAH 10 Hiitk (A Al. A2, A4,
All. D5. A10. C7. C1. C2 FIH7) AlifkJg P gl BEAR X B b, WP 77N
0.7 mg/mL (A1) . 0.8 mg/mL (A2) . 1 mg/mL (A4) . 0.8 mg/mL (AIll) . 1
mg/mL (D5) . 0.7 mg/mL (A10) . 1 mg/mL (C7) . 0.9 mg/mL (C1) . 1mg/mL

(C2) « 12mgmL (H7) . HaAitbf51 10 BRK ikt 1T SDS-PAGE ik LA
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J% Western Blot %7 HoA /M4, H48 B anE 3-6 fins:
M1 2 345 678 910

(i) “" ld*

LA LAttt MOMMONMORRR 1
B 3-6 10 #r2h A4tk SDS-PAGE #.7k B % Western Blot &

Figure 3-6 SDS-PAGE Electropherograms and Western Blot of 10 Nanobodies

i

M1 2345678910

180kd
140kd
100kd

80kd

60kd
45kd
35kd

25kd

15kd

10kd

M:Marker; 1-10: Al. A2. A4. All. D5. A10. C7. Cl1. C2. H7
3.4.3 SARS-CoV-2 RBD 45 S M 4K IR E ¥ F4FIE D

(1) S5aimtn e

L BLISA 43 A1 E 7 10 BRGUKPUAR (A1, A2, A4, A10. All. C7.
D5.H7.C1.C2) 5 SARS-CoV-2 A7 RBD Z& [ F1 P Pk B % 7 548 576k BAL1.
B.1.1.529 () RBD S H & &5 ME, HARuE 3-9 Frox, 7] LUE 25 i Lk
Bk 55 SARS-CoV-2 #7/£ % RBD. BA.1 RBD. B.1.1.529 RBD & [ B A%
UFHI4E GG, ] Graph Pad Prism S5 H RN E (ECso) WL 3-9:
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ERERE

me—
100
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RBO-A4
RBD-A10
RBD-A11
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"

4
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B.1.529 REBD
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RBD-A1
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B 3-9 s K Fiik ELISA %52 X5
Figure 3-9 Nanobody ELISA Identification Test
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% 3-9 #utk 5 & F#k RBD #9F 2208 KA
Table 3-9 Median effective concentration of antibody and mutant RBD

HPAERPEHCORNVIREE  BALL RERRIRE  B.1.1.529 RN

it (ng/mL) (ng/mL) (g/mL)
Al 0.1955 0.1301 0.08484
A2 0.103 0.05329 0.03372
A4 0.5475 0.3366 0.114
A10 0.09309 0.1104 0.04798
All 1.562 1.501 0.6697
C1 0.5475 0.3366 0.1140
C2 0.09309 0.1104 0.4798
C7 0.08286 0.08762 0.03628
D5 0.1905 0.2025 0.06077
H7 0.08905 0.08328 0.05316

(2) SEAIEMHED &

I AR T HEORINE T JUE ELISA 45 &30 i 4> 716 il ik 5
SARS-CoV-2 RBD 1]~V fif 55 5 #6414 i Bt his 8% I AR i 45 & SARS-CoV-2
$¥74: 74 RBD. B.1.1.529 RBD A1l BA.1 RBD Al (4 his #128) W2
VI UANFHOEEIR RN, SRABFFRY, NS 4t
&5 RBD S AZEA N, 2 FEERE AR ui VI I R K A 0%, W SETH
R AR AIAE o HEREAL A M BX T AL A T BT 6w o St T3 il
i n] LUl IS Gator AT NG, FFED TR . ZEETUH T &
IR B AU AR P 045 Bt o 70 b R e, 0 R DU 2R i SRR B
HA G A2 & 3-7 fros, Fedl 13 ELISA 45 &8GR MEIE 7> T (Al. A2, A4,
A10.A11.C7. D5 HDOA @M Gator FAFF HAF AK 447371 5 BA.1 RBD,
B.1.1.529 RBD. Hf/E%4 RBD ] Response {8 415 3-9 ffizn, i#id Response fHI
AITA] LA BIED A ELISA 45 A1) A2, A10. C7. H7 X VUEkgKDifEtE 5
¥R RBD L4 &155, 1M A1l X EE 7R 7% BA1RBD 4i61E 5,
A2. A10. C7. H7 X} B2 75 %A S: 4k B.1.1.529 RBD A 45 &5 5 JR K a g 2
AT AR 578 Sk RBD 2R [ 4% =F Jefaf FH GG o1 4% e s B 8 57 I AR oK B 4k 2
(R AR B AR T 57 A o TG 23 AR 17 2k T 6o 2% S kA — 8 ) S A 1
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Figure 3-7 Biofilm interference test
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% 39 AR TR
Table 3-9 biofilm interference test

Sample ID Loading Sample ID Conc. (nM) Response
BA.1-RBD Al 60 0.058
BA.1-RBD A2 60 0.0928
BA.1-RBD A4 60 0.047
BA.1-RBD A10 60 0.0872
BA.1-RBD All 60 0.1124
BA.1-RBD Cc7 60 0.0739
BA.1-RBD D5 60 0.0992
BA.1-RBD H7 60 0.0959
B.1.1.529 RBD A2 100 0.1593
B.1.1.529 RBD A10 100 0.1395
B.1.1.529 RBD Cc7 100 0.1169
B.1.1.529 RBD H7 100 0.1505
WT RBD A2 100 0.0247
WT RBD A10 100 0.0109
WT RBD Cc7 100 0.0249
WT RBD H7 100 0.0206

B JE FRATI A T C1. C2 Hiik o35 R UG Hk RBD Al B 7 348 S5 7k BAL1
RBD A&, SUE R B2 an &l 3-8 Fian, 3 3-10 H Response {7~ C1
1 C2 584 RBD tRH 454155, C1 5 BA.1RBD FEHAEE S

Fitting View
| ;
0.25 //J e C1:BA1RBD
: . : C2-BA.1 RBD
0.20 /
0.15- :
= | //
c p
0.10 / e
Py e il : e a1 RED
0= ! C2-WT RBD
L 3
0 H
0 100 200 300 400 500 600
Time (s)

B 3-8 Cl. C2 AWHET iK%
Figure 3-8 C1 and C2 Biofilm Interference Test

% 3-10Cl. C2 £ 4T iK%
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Table 3-10 biofilm interference test

Sample ID Loading Sample ID Conc. (nM) Response
WT RBD Cl 60 0.0058
WT RBD C2 60 -0.0045
BA.1 RBD Cl1 60 0.2528

BA.1 RBD C2 60 0.0961

(3) B B ORI M

N T DR A FH A /R 38R S fk RBD A (A 038 HY 13X AR @R oA (1 R 1
TRATE A 1 B8 P e R AN /R B AR S R B0 B AT R AR o IX S8 25
WHRREH, TLLS ACE2-293T 4ijiuss &, (EERpmEERAHNNN, If
RIERNCEMIER . BV RMSEME G, CaRIIEPEGI R, Hk
JGaRFE S B R I ECE OE L, AT TR S e 1k N A M B R . RS
PRI S5 S DA R 0R, lad BRgii s SE, THE R ISR S R InAdu A
FLz TEAE XS 6 BRASE FRI 98D 6 o FRATIASE FH s 2. ¢ AGE 38 T P o) BERD A5 DU B 4k 1) 4B 0
FEANEMEHEAT T 08, L BAnE 3-10 Fras. B4 de it Al B B v R AR S
PRABP B 00 3 BRI oA SE PR P AE, 83T GraphPad 5155 P {4514 0.0022.
0.0010. 0.1460. 0.0129. 0.0068. 0.0002. <<0.0001. <<0.0001. 0.0004. <<0.0001
EZRBAAGITER L, HA A4 XN PE>0.05, UWHPLA AL. A2, Al0.
All, Cl. C2. C7. D5. H7 ufk5 8% 50 5% R RUR EE A — & I RS %
[FEH A LA A2, A4, A10. All. C2. C7. H7 5 /REBFHRERHAE &
(1) R AT 1

Omicron Delta
800000+ 1000000~

800000
600000 ,, .

600000
400000+ L

******

400000

200000+ RERS 200000 -

luminescence ( RLU)

luminescence ( RLU)

0- 0

B 3-10 AR FARE R & F Ao 5 K I
Figure 3-10 Nanobody pseudovirus neutralization identification test
*P<0.05;**P<0.01;***P<0.001;****P<0.0001
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3.5 11ig

AR 3 5T ABE /R $5 48 Sk RBD 85 N BUE AT F 06 AT T 6 IR, (5
W A JE IR H AR 357 1 SARS-CoV-2 RBD H S 4 K K e o SR 5 DAAS [A) 48
FRI® RBD 2 I ONPUE AT i, 383 ELISA ik 10 #RACH M4 K BTk B 4%
T . KPR LM @ N pFUSE-IgG1-Fc2 #ifAk, FIF 293T 40 it47 B 41
GUKPUIREE A RIE, B2 & 1 10 DA EER T I A 9K iR 2 H . 38T ELISA.
AEVIE TSRS | B R AR S RAE T SR PR 4 GV SRR A
ORI

GeKPUIE T BN, FERBITAYT S A —E N8, BT 9Kk s &
£ 15 kDa 247, 1 B BRI IE SHE R 50 kDals7581, [ b gl K Pk fe g B 108
LR NERERE, SRR MR AR AR . A XANAE, BiTRES T
—E KA T, FEAFER M. 5 Fe BN MG HE A5, 458
kP T 5 Fe @& #is, — M, 5 Fe B #iEEH - BIK T8 50 kDa
FEAis B30, Fe Bely 5 M R 40 ik i3 4= ) L2 4K Fe Rn M EAE A,
PRI PUARASZ B figpl>0-00011,

A 5318 FHWE T R FE AR B, SRIL T AN E e % BIHUAR VPN B — B e B H AR
AR, TERL T 4 )G 4% e i SRR AR i o] DU SRS B AR ik AE 55
% ELISA Kl BLA & G P PR PR iR o T AT SR AR, 455 %
75 SARS-CoV-2 ¥4 RBD B2 HGoK A /), 5 BA.1 J B.1.1.529 E#k RBD
R EAFAERAN 0, X Rl S R Gk RBD & H SRR 5 45 A iE A — 20
SER B, RBD &R R OREF 1 PUER PRI 45 Gdt, ER] DU AT HR R AL,
X 5 RS el RBD HORI AR LE T 8838 7 Jo HR AT B 800 B — 0364, i
B ORI 45 TR AR I, 070075 128 HE FAM08 398 4R oKL VAR 8 1 X 4 7K B 0 B35 o AR S
PRI RBD f7A7EAE X RIGE P, R BRI AR AR 1 RBD A1EE 5, (HfF
TERENE S 528 UR PR IR R AL, X RALAU R F K B A7 AU,
WA BT B A A SRR F 9% i es-eol,

3.6 KENE

(1) ffi ;| SARS-CoV-2 RBD # H %t % =F 3¢ 1 i Wi B 14 g 7 0 R 1)
SARS-CoV-2 RBD $§ 53 4K P

(2) %3 54d ] SARS-CoV-2 EF4:% RBD. f#/K¥ RBD. ¥% 757 RBD
® 1/ SARS-CoV-2 RBD $¢ F PR PR AT ik, —feifikid 58 em T

41



W RO 85 S ARG A DXORF PR UK TR 1 1 46

10 R = B0 e IR 85 52 M 45 & KRR SRR PR, IR B R IE RARIZIX
10 FRPiLiA

(3) FIH ELISA. EWE)Z T 15256 . B9 85 Fh ANRISXT 10 #k & 200 eIk
Wi 15 S AR 2 G DXRE R MK PR st — 28 ) A W) 2 R AR 2 A 45 S P A R 85 AR
Sk RBD & 4% =F Je A5 FH Wk 11 4 e 7 B0 2 37 ) A K B A 26 v i ak HA 1 10
Pk RBD & (145 i gh K fifh 5 848 A RBD & A L4 &5 51X W w k., fi
IRPEAE bk RBD SR A S5 G155, (A SR B B8R 50 UE 1 X Se 140y B o
PG SR A — 2 R HRRIE A
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4.1 &5ip

N T TR B TR AR B g 16T 250, FRATEA PB X 10 ARARER A%

(1 i B0 TR BE DK LA (1) 25 A6 3047 40 AT, Bl S FRATTEL SARS-CoV-2 /R E5AR
SPRI RBD R A, FIFIMEB R JRRBIR, FFRE T H1 SARS-CoV-2 4K H Al
PUAMIIETL, TEEERUWT:

(D fFHEBI (PB) XF 10 PRAEMER TS S0 &R 2 VHH § FR X
BEAT M. FRATTE PDB Hd JE 4k 3 67 #RPim 80 0% 5 VHH, B 58
Clustal O AT 2 HE LR H T 10 BRARERMERIPUAIE B X 7 PR FR X,
Z JafH MulPBA S8 XTIX 10 #RACEMEDUAR R FR X [ — 27 2548 12 [R] 45 74
HEAT L b R BRI 2 RS 11 FR X A7 7R F2 1 X 35

(2) B 10 £k SARS-CoV-2 RBD & AFF R EKIIA Al A2, A4,
A10. All. C7. D5. H7. Cl. C2. FAf#H SARS-CoV-2 fH/REEAF 7k RBD
EEARIEELE, W EA R RBARE S TR K BRI, B S 3RAT 8
F SARS-CoV-2 H74: %! RBD. B% 7 RBD Flff/K¥ RBD & HHHAT ik, i
T 10 PREEUR AR B RBD & ERE K PiiE, T ELISA Al HiX
10 ¥k$ifk 5845 RBD. BA.l RBD. B.1.1.529 RBD & 1 HA &4 4
P, 3R AR L2 05 SRR I HH X S A 58 S fk BAL1. B.1.1.529RBD A
A BISRANE M, 8 AR B AR A H T AR B e R S R A
BEH 8 B AE

42 RE

AT FEAE R I H 10 #k RBD 557 M 4K BUaR (0 45 8 3EAT 40 A, 18 F Wt B
W RIRBAREESL T RBD R KA B A i T 10 & RBD 45 57 PRGN
KPUAR AT TG TUR G H o3 b ISR T — 2 B SR A st ik 5 %
AR ZERIE 7 AR R R g 7 — e 206 #0ll . (6FR R AR R RBD BN
P th— BRIV PUE, XEHUAXT SARS-CoV-2 ¥ 4E R RBD H H 2%
FEHE, (EXF PR AR AR — 2 BSR AE I, X 5 B Szt RBD Ak e
iR e R R R R T 3 758 =TT R A H I B o s
W75 UER .
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COVID-19 25 2=t G 2, S6f iy BOw e IR 75 1 TR A4 Hi AN 25 2,
SR H ATy L FRATX TR B R RTI A 785 . N SARS-CoV. MERS-CoV
F1 SARS-CoV-2 LR &K, fmBUw e IR 55 72 HoWi B 4504« AR FkiR A% BURALI
TR AV T 468 W 557 22 07 1 2 AG 1R = AR ABA I o PR AR B S AU B4 1) U5 AL
HUE FIFF K $T SARS-CoV-2 BT 2 B+ HER E L, &% MERS-CoV
F1 SARS-CoV LA AR ] fie th I 14 L Ath v 35005 ek R 0768 75 1) 977 ¥ 145 it B LA TR %1
(36 T . BE AR AR, FAE RN — 2 BB 2 BLX
UG TR BELE N BT A R 5

44



Z25 3CHk

[9]

[10]

[11]

[12]

[13]

[14]

SE 308k

Hu B, Guo H, Zhou P, et al.Characteristics of SARS-CoV-2 and COVID-19 [J]. Nat Rev
Microbiol. 2021; 19(3):141-154.

Haider Najmul, Rothman-Ostrow Peregrine, Osman Abdinasir Yusuf, et al
COVID-19-Zoonosis or Emerging Infectious Disease[J]. Frontiers in Public Health, 2020,
8:596944.

Wada Masami, Lokugamage Kumari G, Nakagawa Keisuke, et al. Interplay between
coronavirus, a cytoplasmic RNA virus, and nonsense-mediated mRNA decay pathway[J].
PNAS, 2018, 115(43):E10157-E10166.

Reusken Chantal B E M, Schilp Chrispijn, Raj V Stalin, et al. MERS-CoV Infection of
Alpaca in a Region Where MERS-CoV is Endemic[J]. Emerging Infectious Diseases, 2016,
22(6):1129-31.

Inandiklioglu Nihal, Akkoc Tunc. Immune Responses to SARS-CoV, MERS-CoV and
SARS-CoV-2[J]. Advances in Experimental Medicine and Biology, 2020, 1288:5-12.

Fillon Mike. New studies examine COVID-19 risks among cancer patients[J]. CA: A Cancer
Journal for Clinicians, 2022, 72(4):305-307.

Spinelli S, Frenken L G, Hermans P, et al. Camelid heavy-chain variable domains provide
efficient combining sites to haptens[J]. Biochemistry, 2000, 39(6):1217-22.

Kovaleva Marina, Ferguson Laura, Steven John, et al. Shark variable new antigen receptor
biologics - a novel technology platform for therapeutic drug development[J]. Expert Opinion
on biological therapy, 2014, 14(10):1527-39.

Mitchell Laura S, Colwell Lucy J. Comparative analysis of nanobody sequence and structure
data[J]. Proteins, 2018, 86(7):697-706.

e, KR, DR YORPURKI R E KL AT U [7]. & dh R 2013, 34(3):
294-297.

BT, TIEW, T HESUAME R BRI GTARDE TR (1], AW TR AR, 2005,
21(3): 497-501

Khodabakhsh F, Behdani M, Rami A, et al.Single-Domain  Antibodies or Nanobodies: A
Class of Next-Generation Antibodies [J]. Int Rev Immunol. 2018; 37(6):316-322.
Moradi-Kalbolandi Shima, Sharifi-K Azadeh, Darvishi Behrad, et al. Evaluation the potential
of recombinant anti-CD3 nanobody on immunomodulatory function[J]. Molecular
Immunology, 2019, 118:174-181.

Cortez-Retamozo V, Lauwereys M, Hassanzadeh Gh G, et al. Efficient tumor targeting by
single-domain antibody fragments of camels [J]. Int J Cancer. 2002; 98(3):456-462.

45



1 B ek IR B SRS 1 X R S AN R PUIR S5 4 3 A S5 k)

[15] Muruganandam A, Tanha J, Narang S, et al.Selection of phage-displayed llama single-domain
antibodies that transmigrate across human blood-brain barrier endothelium [J]. FASEB J.
2002; 16(2):240-242.

[16] Abulrob A, Sprong H, Van Bergen en Henegouwen P, et al.The blood-brain barrier
transmigrating single domain antibody: mechanisms of transport and antigenic epitopes in
human brain endothelial cells [J]. J Neurochem. 2005; 95(4):1201-1214.

[17] Conrath K, Vincke C, Stijlemans B, et al. Antigen binding and solubility effects upon the
veneering of a camel VHH in framework-2 to mimic a VH [J]. J Mol  Biol. 2005;
350(1):112-125.

[18] Arbabi Ghahroudi M, Desmyter A, Wyns L, et al. Selection and identification of single
domain antibody fragments from camel heavy-chain antibodies [J]. FEBS Lett. 1997,
414(3):521-526.

[19] Dumoulin M, Conrath K, Van Meirhaeghe A, et al. Single-domain antibody fragments with
high conformational stability [J]. Protein Sci. 2002; 11(3):500-515.

[20] Govaert J, Pellis M, Deschacht N, et al. Dual beneficial effect of interloop disulfide bond
for single domain antibody fragments [J]. J Biol Chem. 2012; 287(3):1970-1979.

[21] Wesolowski J, Alzogaray V, Reyelt J, et al. Single domain antibodies: promising
experimental and therapeutic tools in infection and immunity [J]. Med Microbiol Immunol.
2009; 198(3): 157-174.

[22] Harmsen MM, De Haard HJ. Properties, production, and applications of camelid
single-domain antibody fragments [J]. Appl Microbiol Biotechnol. 2007; 77(1): 13-22.

[23] Muyldermans S. Applications of Nanobodies [J]. Annu Rev Anim Biosci. 2021; 9:
401-421.1,2

[24] Kromann-Hansen T, Louise Lange E, Peter Serensen H, et al. Discovery of a  novel
conformational equilibrium in urokinase-type plasminogen activator [J]. Sci  Rep. 2017;
7(1):3385. Published 2017 Jun 13.

[25] Rothbauer U, Zolghadr K, Muyldermans S,et al. A versatile nanotrap for biochemical and
functional studies with fluorescent fusion proteins [J]. Mol Cell Proteomics. 2008; 7(2):
282-289.

[26] Morales-Yanez FJ, Sariego I, Vincke C, et al. An innovative approach in the detection of
Toxocara canis  excretory/secretory antigens using specific nanobodies [J]. Int J Parasitol.
2019; 49(8):635-645.

[27] Chakravarty R, Goel S, Cai W. Nanobody: the "magic bullet" for molecular imaging? [J].
Theranostics. 2014; 4(4):386-398. Published 2014 Jan 29.

[28] aursen NS, Friesen RHE, Zhu X, et al. Universal protection against influenza infection by a

46



Z25 3CHk

multidomain antibody to influenza hemagglutinin [J]. Science. 2018; 362(6414): 598-602.

[29] Frauenfelder H, Sligar S G, Wolynes P G. The energy landscapes and motions of proteins[J].
Science, 1991, 254(5038):1598-603.

[30] Atilgan Ali Rana, Turgut Deniz, Atilgan Canan. Screened nonbonded interactions in native
proteins manipulate optimal paths for robust residue communication[J]. Biophysical Journal,
2007, 92(9):3052-62.

[31] Laine Elodie, Auclair Christian, Tchertanov Luba. Allosteric communication across the native
and mutated KIT receptor tyrosine kinase[J]. PLoS Computational Biology, 2012,
8(8):1002661.

[32] de Brevern A G, Etchebest C, Hazout S. Bayesian probabilistic approach for predicting
backbone structures in terms of protein blocks[J]. Proteins, 2000, 41(3):271-87.

[33] de Brevern Alexandre G. New assessment of a structural alphabet[J]. In silico biology, 2005,
5(3):283-9.

[34] Etchebest Catherine, Benros Cristina, Hazout Serge, et al. A structural alphabet for local
protein structures: improved prediction methods[J]. Proteins, 2005, 59(4):810-27.

[35] Joseph Agnel Praveen, Agarwal Garima, Mahajan Swapnil, et al. A short survey on protein
blocks[J]. Biophysical reviews, 2010, 2(3):137-147.

[36] Joseph Agnel Praveen, Srinivasan N, de Brevern Alexandre G. Improvement of protein
structure comparison using a structural alphabet[J]. Biochimie, 2011, 93(9):1434-45.

[37] Faure Guilhem, Bornot Aurélie, de Brevern Alexandre G. Protein contacts, inter-residue
interactions and side-chain modelling[J]. Biochimie, 2007, 90(4):626-39.

[38] Hairul Bahara Nur Hidayah, Tye Gee Jun, Choong Yee Siew, et al. Phage display antibodies
for diagnostic applications[J]. Biologicals, 2013, 41(4):209-16.

[39] Rahbarnia Leila, Farajnia Safar, Babaei Hossein, et al. Evolution of phage display technology:
from discovery to application[J]. Journal of Drug Targeting, 2016, 25(3):216-224.

[40] Jara-Acevedo Ricardo, Diez Paula, Gonzalez-Gonzalez Maria, et al. Screening
Phage-Display Antibody Libraries Using Protein Arrays[J]. Methods in Molecular Biology,
2018, 1701:365-380.

[41] White Brandy, Huh Ian, Brooks Cory L. Structure of a VHH isolated from a naive phage
display library[J]. BMC Research Notes, 2019, 12(1):154.

[42] Sircar Aroop, Sanni Kayode A, Shi Jiye, et al. Analysis and modeling of the variable region
of camelid single-domain antibodies[J]. Journal of Immunology, 2011, 186(11):6357-67.

[43] Shirai Hiroki, Prades Catherine, Vita Randi, et al. Antibody informatics for drug discovery[J].
Biochimica et Biophysica Acta, 2014, 1844(11):2002-2015.

[44] Kijanka Marta, Dorresteijn Bram, Oliveira Sabrina, et al. Nanobody-based cancer therapy of

47



1 B ek IR B SRS 1 X R S AN R PUIR S5 4 3 A S5 k)

solid tumors[J]. Nanomedicine, 2015, 10(1):161-74.

[45] Dumoulin Mireille, Conrath Katja, Van Meirhaeghe Annemie, et al. Single-domain antibody
fragments with high conformational stability[J]. Protein Science, 2002, 11(3):500-15.

[46] Saerens Dirk, Pellis Mireille, Loris Remy, et al. Identification of a universal VHH framework
to graft non-canonical antigen-binding loops of camel single-domain antibodies[J]. Journal
of Molecular Biology, 2005, 352(3):597-607.

[47] Li Mingxi, Ren Yifei, Aw Zhen Qin, et al. Broadly neutralizing and protective nanobodies
against SARS-CoV-2 Omicron subvariants BA.1, BA.2, and BA.4/5 and diverse
sarbecoviruses[J]. Nature Communications, 2022, 13(1):7957.

[48] Kamegawa Akiko, Suzuki Shota, Suzuki Hiroshi, et al. Structural analysis of the water
channel AQP2 by single-particle cryo-EM[J]. Journal of Structural Biology, 2023,
215(3):107984.

[49] Leighton Gage O, Shang Shengzhe, Hageman Sean, et al. Analysis of the complex between
MBD?2 and the histone deacetylase core of NuRD reveals key interactions critical for gene
silencing[J]. Proceedings of the National Academy of Sciences of the United States of
America, 2023, 120(33):¢2307287120.

[50] Derry Alexander, Carpenter Kristy A, Altman Russ B. Training data composition affects
performance of protein structure analysis algorithms[J]. Pacific Symposium on
Biocomputing. Pacific Symposium on Biocomputing, 2022, 27:10-21.

[51] Xu Jinbo, Wang Sheng. Analysis of distance-based protein structure prediction by deep
learning in CASP13[J]. Proteins: Structure, Function and Bioinformatics, 2019,
87(12):1069-1081.

[52] Lin Tung-Yi, Hua Wei-Jyun, Yeh Hsin, et al. Functional proteomic analysis reveals that
fungal immunomodulatory protein reduced expressions of heat shock proteins correlates to
apoptosis in lung cancer cells[J]. Phytomedicine, 2021, 80:153384.

[53] Davis Emily H, Barrett Alan D T. Structure-Function of the Yellow Fever Virus Envelope
Protein: Analysis of Antibody Epitopes[J]. Viral Immunology, 2020, 33(1):12-21.

[54] Liu Lucy L, Wang Libo, Zonderman Jeffrey, et al. Automated, High-Throughput Infrared
Spectroscopy for Secondary Structure Analysis of Protein Biopharmaceuticals[J]. Journal of
Pharmaceutical Sciences, 2020, 109(10):3223-3230.

[55] Zhu Xinliang, Yu Fengchao, Yang Zhu, et al. In planta chemical cross-linking and mass
spectrometry analysis of protein structure and interaction in Arabidopsis[J]. Proteomics, 2016,
16(13):1915-27.

[56] Stiffler Michael A, Poelwijk Frank J, Brock Kelly P, et al. Protein Structure from
Experimental Evolution[J]. Cell Systems, 2019, 10(1):15-24.e5.

48



Z25 3CHk

[57] Reusken Chantal B E M, Schilp Chrispijn, Raj V Stalin, et al. MERS-CoV Infection of
Alpaca in a Region Where MERS-CoV is Endemic[J]. Emerging Infectious Diseases, 2016,
22(6):1129-31.

[58] Xu Jiabao, Zhao Shizhe, Teng Tieshan, et al. Systematic Comparison of Two
Animal-to-Human Transmitted Human Coronaviruses: SARS-CoV-2 and SARS-CoV[J].
Viruses, 2020, 12(2):244.

[59] Ma Cuiqing, Su Shan, Wang Jiachao, et al. From SARS-CoV to SARS-CoV-2: safety and
broad-spectrum are important for coronavirus vaccine development[J]. Microbes and
Infection, 2020, 22(6-7):245-253.

[60] Muyldermans S. Nanobodies: natural single-domain antibodies [J]. Annu Rev Biochem. 2013;
82:775-797.

[61] BRIEAN, EH¥e, ME T, WA 8. AL Fe ARMMBTTHERE (1], R AR K 22 224
2007; 41(4): 469-474.

[62] Santos A, Macedo de Souza Branddo A P, Hryniewicz B M, et al. COVID-19 impedimetric
biosensor based on polypyrrole nanotubes, nickel hydroxide and VHH antibody fragment:
specific, sensitive, and rapid viral detection in saliva samples[J]. Materials Today Chemistry,
2023, 30:101597.

[63] Shen Andrew M, Malekshah Obeid M, Pogrebnyak Natalia, et al. Plant-derived single
domain COVID-19 antibodies[J]. Journal of Controlled Release, 2023, 359:1-11.

[64] Jarvas Gabor, Szerenyi Dora, Jankovics Hajnalka, et al. Microbead-based extracorporeal
immuno-affinity virus capture: a feasibility study to address the SARS-CoV-2 pandemic[J].
Mikrochimica Acta, 2023, 190(3):95.

[65] Andrés Cristina, Piflana Maria, Borras-Bermejo Blanca, et al. A year living with
SARS-CoV-2: an epidemiological overview of viral lineage circulation by whole-genome
sequencing in Barcelona city (Catalonia, Spain)[J]. Emerging Microbes and Infections, 2022,
11(1):172-181.

[66] Ma Chengbao, Chen Xianying, Mei Fanghua, et al. Drastic decline in sera neutralization
against SARS-CoV-2 Omicron variant in Wuhan COVID-19 convalescents[J]. Emerging
Microbes and Infections, 2022, 11(1):567-572.

49



	摘要
	Abstract
	第一章 绪论
	1.1 高致病冠状病毒的概述
	1.2 纳米抗体的概述
	1.3 蛋白块(PB)概述
	1.4 噬菌体展示技术的概述
	1.5 本文研究目的及意义

	第二章 高致病冠状病毒受体结合区特异性纳米抗体的结构分析
	2.1 引言
	2.2 实验方法
	2.3 实验结果
	2.4 讨论
	2.5 本章小结

	第三章 新型冠状病毒受体结合区特异性纳米抗体的制备
	3.1 引言
	3.2 实验材料
	3.2.1 细菌、噬菌体和质粒
	3.2.2 细胞
	3.2.3 蛋白质
	3.2.4 主要试剂(盒)
	3.2.5 主要仪器

	3.3 实验方法
	3.3.1 SARS-CoV-2 RBD 蛋白特异性纳米抗体库的构建
	3.3.2 SARS-CoV-2 野生型 RBD 蛋白特异性纳米抗体的筛选
	3.3.3 SARS-CoV-2 奥密克戎株 RBD 蛋白特异性纳米抗体的筛选
	3.3.4 SARS-CoV-2 德尔塔株 RBD 蛋白特异性纳米抗体的筛选
	3.3.5 抗 SARS-CoV-2 特异性纳米抗体的选取与制备
	3.3.6 抗 SARS-CoV-2 特异性抗体的生物学功能评价

	3.4 实验结果
	3.5 讨论
	3.6 本章小结

	第四章 结论与展望
	4.1 结论
	4.2 展望

	参考文献

