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Abstract: Nanobody (Nb) is a novel type of antibody discovered in the serum of Camelidae. It is
characterized by its small size, high specificity, stability, and ease of preparation. Nanobodies
exhibit the ability to identify hidden epitopes and have diverse applications across various fields.
This review aims to introduce three key stages in the screening and optimization of nanobodies,
including nanobody library construction, in vitro surface display, and affinity maturation. We
provide a brief description of preparation and characteristics of natural, immunological, and
semi-synthetic/synthetic libraries. Additionally, we systematically explain eight in vitro display
methods, including phage display, yeast display, bacterial display, ribosome display/mRNA
display, and eukaryotic cell display. Furthermore, we discuss the application of yeast two-hybrid
system high-throughput sequencing and mass spectrometry identification. A thorough analysis of
their advantages and limitations is presented in this protocols. Finally, we summarize the
platforms for in vitro or computer-aided affinity maturation techniques aimed at enhancing the
functional stability of nanobodies. Consequently, this review provides a comprehensive approach
to the integrated utilization of various technologies for the rapid development of stable, reliable,
and specific nanobody-based drugs or diagnostic agents.

Keywords: nanobody (Nb); in vitro display screening; affinity matures
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heavy chain antibody domain antibody

~25kDa

scFv single chain
Fv fragment
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Figure 1 Schematic diagram of the structure of different forms of antibodies.
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Figure 2 Types of libraries, surface displays and screening systems.
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eSO Z R R (% 1)

2 ARJUEEINR TR ST
DA BAR B

21 EEARR

W AT K 2 7E 4t AT Pk e R A2 Tl 1 — i
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Table 1  Synthetic and semi-synthetic library framework and randomized region design
Framework  Randomized Randomized region Biopanning Capacity Application References
region design method size
cAbBCII1I0 CDR3 only NNK (where Phage 1.6x10° Successfully screening Nb [20]
N=A/T/C/G, display targeting human prealbumin
K=G/T) (PA) and neutrophil
gelatinase-associated lipid
carrier protein (NGAL) for
the development of a highly
sensitive and specific PA
detection system
cAbBCII10  Three CDRs NNK Phage 2.6x10° Successfully screening Nb [21]
display targeting phosphatidylinositol
proteoglycan 3 (GPC3) as a
potential diagnostic and
therapeutic molecule for HCC
cAbBCII1I0 Three CDRs,  Degenerate codon  Phage 1.0x10" Successful identification of [22]
and the length  synthesis, where display Nb targeting the M2 ion
of CDR3 CDR1 and CDR2 channel protein of influenza
(9-20 amino regions are partially A virus was achieved,
acids) randomized and demonstrating potent
CDR3 is fully neutralizing activity against
randomized influenza A virus
Humanized  Three CDRs Trimer synthesis; Phage 3.0x10° Fluorescent protein, actin, [23]
nanobody CDR1 and CDR2 display tubulin, and high-affinity
scaffold regions were partially binding agents have been
hs2dAb randomized, while successfully screened
CDR3 was completely
randomized except
for cysteine
Alpaca Three CDRs Degenerate codon  Phage 1.0x10° Successfully screened Nb, [24]
IGHV3S53 synthesis, three display which targets the extracellular
for the CDRs, and length of domain of soluble mouse
framework CDR3 (6—18 amino programmed cell death
acids) protein 1 (PD-1), and
inhibited the interactions
between mPD-1 and mPD-L1
Three Three CDRs Trimer synthesis to Ribosome 9.0x10" The transient conformations  [25]
framework  partial obtain a balance display and of Nb-targeting maltose
from the randomization, between charged, phage binding protein (MBP),
PDB where CDR3 polar, aromatic and display bacterial ABC transporters
database corresponds to  non-polar amino IrtAB and TM288/288,
source: lengths of acids human solute carrier (SLC)
3KI1K, (6,12,16 amino transporter ENT1, and GlyT1
3P0G, 1ZVH acids) membrane protein were

successfully screened
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FIAMEFEARJRREY, [ 1990 4ELISKE, WA R
IR T B AR S AR LR A B 2 A
PR R B AR 1, I B AR R R B A S A IR
i DR 5 e PR AR 3 R pIIT 2 1 2k (R T A5 35
i 0 D A 2 20 e /s AE LS i S R R 3
R, J— s K L SR I 8 11543 A AR A
FETEBY B A R R AR 5 R AR b
Ji, 3 T L B AR AR R b sl 5 R ARG
I Z R PRI L BRARSS G AWETE A, TR A
PR AE 5 ZE IR B R pH A5 F MR LA R B -4t
JRE5A, AT RSy 8. ekt
SAWfEE, BT 2-3 feiie, IS4
SEE IR RS . BT, EARVERR
SEICE WL RR R, WA UHREE R TW
TERERRS, GlangmRER ERER, 1
ol R AN R, DAL s AR os
B — P SO DL R B —Fp R R i BT — S
FER S, XSE IR RGN 25 AN MR
22 EERR

1997 45| A T BeRE R R kY, feiet:
T 7S AN R 12 3 a5 R 40 R 2 P
BRI . ERZBEEERERARG T, BN
FEREERAN ML RE ) R 28R IR A ¢ R

it FRDHRE R DR Tk LIS (gly cosylphosphatidylinositol,
GPDRESLMEBEF B-1,6- I BECY, GPI HiE
EAMTRERREED, 115 Agalp, Agalp,
R GPLA & 1Y 8 11 BT 8 P9 J5T Y - g 7K
SEAR o W iR AR R 5 B WL AN ML R T, O S AN
BEH 5 8 (12 AL B-1,6-H RBEFFC. BT,

TR REEE Agal-Aga2 WIEEERE/R RS A
ZRHH RGP, Hh, Aga2p il B
e TREECRIH, 1 Agalp #5% 4 i 78 2 ) L A
Wi, PIERLEEIARSESME ST GALL 1Y
FEHIN RIE, ZmirIE ROk T Agalp
Aga2p % . LB HA I BE R bR %
(hemagglutinin tag, HA)F1 C K ¥f) c-myc Fr%s, £
Xk BERRAS , AT AT QA M AR A 7 10
AL, — sl PR AN ] DL R TE S B
Aga2p 1) C el N Km0 (4 3),

P bR R N — R R O i, HA]
VR R B T SRR, Ryckaert 5 WSR(E
PG H (green fluorescent protein, GFP)%i%&
FY MBS RS 3] o-BEEE R DY C s
PR R TE SR AR EERE Y R I L, TRIER] GFP 4F
SPE Nb BAT 2 A ) 2(Ko) £ nmol/L i Fil Y
FHT] .

3 BERATEE
Figure 3 Schematic diagram of yeast display.
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2.3 BERFNARA

WEBE AL RGeS b T8 EE A
-8 VS BAE R ) iz A BRI, %
FGF 1989 T LW, BAE B YL A b
T, HAZA YA DNA 454 451 18(DNA-binding
domain, DNA-BD)FI¥% 548015 254436 (transcription-
activating domain, DNA-AD), ] LIkF R4S G
FIHEP F 05 SR IR £ BD A1 AD HUMAE ]
FEAREBOE S s 0, 4 —FAEZS 8] b e o4
EEE, A REWOE TR 8N iR R A 20
S FERERE RS, T EALAEI B A 4y
Bt MRS, 5 DNA-DB il DNA-AD
fil & 1 8 B PR R 55 1 2 E (bait) MRS W)
(prey), AHI BIEARFRAE bait 1 prey #ik, @
T A B DR AR, AT S DT R 2 ) A A
FEARELAE Y TR] At AR 40 1 A A B R
W5 SCEE A R 3 3 bait Fil prey 204K |, 1L 3
AR AEFE RS A R A TS L, T B AR AR
YfEfE RIS TARMIFEEMAYEN, MibE
% i 18 200 L P9 BT A A AR &R

FET B U AS HOAR SR 9T 8 A ELAE
PR TE, AT DB 2 1R 2 21375 1 JBk:
Al ERIR, RESR T ARERT 2R ) AT A sl b
2, [FIEFER G S PR &M T, Gao W
T R B (newcastle  disease virus, NDV)
BPER VHH BERERUAR A SO, BRkimEs] T
7> B BT I 0% e B O BE R - A 24 IR
(haemagglutinin-neuraminidase, HN)ZE [1 A9 Nbs,
IR RETE NDV B2 Wr 677 FU R L /s
BRI T T .
2.4 #ZFECEFI mRNA R7R

AR, BOBHAF mRNA JE/R B gHE 2
A RS RSN R R B R, T i i
A RIISCEERM DRI (I T, B2, Bobiik
Je AR O 5 — A el A AR AR R SN, 7RIS Y
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IS N IR, XTI R, SCRE R Rl
WA —A~ E VIR B F X 3ORN R Ui TRk
W 1) PR X . DNA SCJE 1 e e AR oM %
B mRNA, A5 AR E 5, A
T4 e A SL R AL, DAY 20T O AR,
IF38 o B B R AR R 0 RE R AR AL M A R &
Y, IHUERE DL LBR 594 G e AR R RS A S
JEL1 5y . mRNA JE/RHARM, DNA SCFEH Jere
RO S mRNA, /N3 IR R R 2I1A
HPEESER) mRNA _EIFHEA T RSN RIS, RS EE 2R
B 2 BE-tRNA R &5/ T REdE M S A% A A
BLEgsG, MEIEC R, B A 2 Ik
HBRRIERE RS T L, SN mRNA-E
LR G0 o2 . e s JF T 50 5%
Wt e pH /KR E AN mRNA M FEFRES A
K52 &9 [N DNA 4% T PCR ¥ 34 (& 4).
HREAT mRNA &R 58 SFERSM AT, sk T
BT Ao RGN R R, R AT A
107-10" @2 HEE M SO, @l 5] AR
2R E SRR PUA, S — B KR SR
R T-IEAsRA JJr

i FHAZBEAA R 7R e R I B [ ) 2 e S P R
FE KPR T, Zimmermann 2815
kP TR X ANE ABC #5881 TM287/288
FIBERT ATP 254 IR 2519 Nb 4T % A SLC #%
iz 7E 11 GlyT1 F1 ENT1 AO# S 6 8% Nb o IR I,
IR /R B SR i e 45 5 R Bk B
AR
2.5 HERR

KA EEA U B eH, (BEXT Ab/Nb
BT RA R R IGHAT R R RETFAEE 5 o
PRI S R i A A 2 — ol B A 40 M 5 9 R (inner
membrane, IM)F1/ME (outer membrane, OM)FJ &
22 RBAMEANF Y. OM (FFAE— B e BRI &
K FF I R R B B R AG. A T R E
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In vitro transcrption In vitro transcrption
A AAAAN — () —— AAAAN
AAAAAN)
(T — DNA Ligation to puromycin linker 1 @ Puromycin
A § /\/\f\/\/\.\
5 3 $)
In vitro translation
Native protein tethered
v to the ribosome
5 .
lAfﬁmty selection PCR | PCR -
Mutations | Mutations ll;e;t:_r(l) 3:11 Bansierase l
by PCR | by PCR .
errors errors
Elution by dissociation of
the complexes Puriﬁcationl

VAVAVAVAV A Y 5

mRNA 1
Reverse transcrption

Reverse transcrption

Affinity selection l

Release of DNA by
RNA hydrolysis

NNANNN

ssDNA

4 #%¥PEEF mRNA R RREE
Figure 4 Schematic diagram of ribosome and mRNA display.
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R, difEfrh B2 ik itEst M &%
7, ZE R, A OM 4 R i 22 K X 45
T HE AR M AN G rh, HE ok A 2 PR T
ST — REE AR L, Az EA
(autotransporters, ATs)! VAT 75 24 4fj By 4k by 3,
DB Z K N KiiiRsr 5 OM #4, Hi AT 78
HFH R C Y B AT (B-barre) 2544, HZJik
SORSFIY B-barrel 3 BAM Z 5%, BAM
HEW TN B-barrel £ OM AP 8 Fllddi
A, IS 1g-like S5 F 38k 6] M AT 12 20 i 2 ThT
R LA /R e £ KA AT T R i) Nb SCERY,
Salema %P T HIF KIHHFF A Nb KRR
V- H 1Y pNeae2 FURLZA, 45 N nfF5 KX
AT OM 4 € 1Y B-barrel Fl 1g-like 25435,
BRI lacZ JH 3 T H LK% VHH Pl
I RMARZE(E AR mye Fr2%), FHFH i El
A EAERATERE AR IXEN, JHEd
T B 3 1B e 5 1 R AT Y Nbs

UbAh, %, Salema PRI K
FF 7 2% 1A JR /s A A 3R E M DL & Nbs 7E MR IR YT
FA N g LR i A R T, itk — 2 0F
ity R W AT 2 THT S 73 LA 7 4 6 %o Mo 9 R O 4t
FEPUIAR Nos, I g A6 G 4 f 2R bt
JR 2% 2 A= K [H F 57 44 (epidermal growth factor
receptor, EGFR){4 i K 7 #T B 1l /R - 65, 4%
KR UK AT 3 7R R G Re 8 A R & 41 Xt
EGFR A [A] 07 /4 17 55 F1 ) Nbs.o
2.6 MHELTIAAER R

F T B (W R A )« A% 26 W (A AT ) s AT 2%
FLAZ AR W) (R B 5 A= W U 1L 5 0 2L 3l ) 240
AR B EEmIIEE, ML, WA
20 4,55 S8 RE R A L R B B & D RE
JEIRIT PE BT O o A BRAR R R R4 YL SR
M, Bm 2P VHH SCZES AW 2L 3h 9 40
L B BR M . Zhao U I AT I 51 49 (NNK)
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K¢ BfiHL CDR J¥41 5| A dsDNA FF & T B Fl eI
ARt E N B L. — BN A
HETH) FTIF dsDNA efeJe i 2L sh Y i
MEEAT A A RIR EE 2, ATIE B 5838 /9 Nb
SCEEFRIRNE ;. T IRTEARSN R Y& H200 7 X
AR PG 2 A b SO RE . IF
I 3 v 38 A DA R B A i ok BT 9 oK B A
SCEE Z A . T 0 L 30 A A e iR
fiX. Piikz HAHG . BEMRIIN —HEN
ERBUERZREME AT 10°-10°, HAE RN
B CRUE A —FP M DNA 3 A5~
L, AT RESX e IR 7 A —E B TP (E
120 e T80 R 7R 22 48 R A i X 4 B e 't o3 ik
i K (fluorescence activated cell sorting, FACS)
e . WIS R AU PUA R AE R, BT TR
AN RK GO . Kt L 20 i 2 1
Ji& IR ATH R & AR SN e 96 97 Ve BT AR 1) — 4> 1 2
FE.

Wit 7L S0 400 A4 A 2 S s 05 B 1 AR A 4 i
R R A FAE- 5 o BeAh, Schmide 550
WTF R T —Fh AR 20 i A 08 9 25 0 e 7 ik, DA
YEPINTEE Nbo WHFLZh Y40 M /s i Nb Wk
WG BN, FamErT T e A A
I G I IE B0 IR T 1Y A PR 2 AR (chimeric
antigen receptor, CAR)#J T 4iiffi. VHHs LT
scFvs, [K°f VHHs #{IA A o i ik . AR
S H A5 A0 o g T
2.7 SEENFFBIES T

o 3 T O R B 2 e R A T AR S
RN SCPE AT e S Ll 7R, DRI T R 6% 7 A Jd It
[i] AR R 7 32 1) R B X R E BT SR 22 S R AL 11
Nb. Fridy “5COURIE T —FhRME, K0 T
PR AR B R RE E B A R SR AT Nb B R .
T W E TR A g5 S5 VN BT Y B T O 2
ffl, FKHL RNA LPL7A: cDNA, lif §:0 PCR
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A% VHH XA T i 0, (] B e 55 D
A e B9 LTS H T HCAb 5% MLPTIARUES 727
ALk 52558 VHH [ HCAb, i — 3R AR
IR AL LAY E E X EOF R T VHH X
BT iR B, Il R O - B e T
M. VIR T B (mass spectrometric, MS)
SIAT I RTIR R AR B P . Il A R IR R
TG 46 125 - AR S PR B A B R gk — 2B PP Al R Gk
REJT SR T7, R AR B SO BS54 PRk
PEE] TEHXT GFP i 55 ) Nb (3 2).

3 PRGURERIN 0 BRI

3.1 FEMIIEH

FERI G, PN 28 BT 7 A B A 1) -
PSR TNJ) FRE Sk = TRIR e N %, X —id
TR R SR NI B . FEIRIN, SRR B ES
AFFWA R, HREER AR EENIRR
FH R B4 V-(D)-J BEMLEHEAL A, HO2 5 Ab
PE X CDR &A= A 2845 , U8 s 2 R 41 it 2t
17 1R 2 R0 T PR G 61000 i SR R T K AR Uik
JE BT S ) KA S B e DI G g8 1
5 AR A SE TN 1A Y, AR RS IR
G, PR AT R P 5 R0 T B R B % 5k
TR SR EUAS SR W X B A 5 DR R A 7 R N R AR
PEA TR A 350 7 BAIF 5T o BRI SN S5 T 7 %
BALFERAMLIRAS | 78 55 5848 DL 3 o S5
ZFp )y, 1M CDR N 2875 4 X 410770 33
T AAAI S R g A AR T DU S PR 2 0 1 5%
Iy, N Ho g R, RRAREIVER, R
IIBIT A7,
32 ZRUEZEFRM

1 VHH [ /55 75 A B SaR B 3 R I
eV G DR G ) 1) 2 i e e S sl AR B 1 R
WO DA B 2 BAIK VHH, T 2B M0
Z RAV N 2 R S 1k R — PR R S T RE R )
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(IR k. T VHH 45, (U —4
SEH s, AT LU o i A LA = BRI 1Y S 1
Gly-Ser k%R 4G, RIEHANZHMZE R
MIEA . GKPEZ RS HOE T LIRS
AR IR 25 A1 F7 o Detalle 25 & B8 — 4/ VHH 5 H:
ML, X I GE 5 i 5 (respiratory
syncytial virus-subgroups A, RSV-A)FH FI%L
14 6 000 £5, Xt RSV-B 1y s RIsL S T
1000 £%57374, Hmila 5&77E /)N B2 56 Hh B 3
53] T HiEH Aahl/Aahll fBUFF 1 Nb, 7T LA
ARAIBOLIE R, 75, ZARE R Nb b A
W I 3 B RN R BB ELA RE T
3.3 HEANBEBFEMN R

BEE THEEHLAE )7 B DR R S DL R 45 T
AR EALRE S AR T, BT = 4ELE )
VRSP SEFN ) B M AT LA UK J2 | 4, VHH
PRl /N e ) A0 R b s 2D 1 BG4k AR
FEME P AR B, VHH S & F X R4 i
FRRREILIR T, TR 3D M4, "L
AR ARAT VHH B HER 451, IR 868 20 VHH
SR EAER, RS B[R] (4 55k ]
DU EE G- 3t 1 470 1A - BT Dt 8 65 Fg 0 AH AT O
20 2 5 50 1 AR AR a3, A 1)
TN GRS ST R e sk L, DU
P AU B, RIS B AR
B545 18 RO Ve B AR HEAT BT BRSPS )
PR W B 2 AR , Wang 25UV W] V5 £ 1
O3 TR RGN BRI SO r AR AR A
HI ARG TRE R £ X R B EE R A (ochratoxin
A, OTA)I¥) Nb, HIEF I8 B 1.36 1%,
Sulea 5T & T LRI [ IR YT 2590 4 Bh
1% 7T (assisted design of antibody and protein
therapeutics, ADAPT) -5 1 HF VHH &5 FEFI
FIEARIBESE , #32EAT I H % Kp i 2 nmol/L
MRAEMR, Kp i T 9.4 i
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Table 2 Advantages and disadvantages of nanobody in vitro display screening method

Display types

Advantages

Disadvantages

Phage display

Yeast display

Yeast
two-hybrid*

[61-62]

[61-62]

1

Ribosome display

and mRNA

display[%"’}]

Bacteria

displayl®!6!

Mammalian cell

display®¥

High-throughput

sequencing and

mass spectrometry

identification

[60]

The most extensive and standardized selection

technology has been developed, with a more mature

process; the integration of protein/genotype and

phenotype has been achieved; and the preparation is
straightforward, characterized by a short cycle and low

cost

Efficient post-translational modification mechanism;
solubility enhanced; insertion of heteroprotein without
damaging yeast surface protein structure and surface
display efficiency; selection via FACS and MACS

technology

Easily manipulable, plasmid retrieval is straightforward,
featuring nutritional markers and well-characterized
reporter genes; the investigation of protein-protein
interactions boasts high sensitivity and simplified

operation procedures

Larger libraries can be effectively visualized and
challenging targets can be efficiently screened. mRNA
display is achieved through a small cohesion molecule,
enabling the formation of a covalent bond between
mRNA and protein, thereby rendering it relatively stable

The microorganism in question is the most widely
utilized for cloning, amplification, and large-scale
protein expression, boasting a high conversion efficiency.
It exhibits a relatively robust tolerance to mechanical

stress and has a larger volume than phages.

Consequently, it facilitates direct selection, screening,
and characterization via flow cytometry-based methods
Presenting diverse post-translational modification
functions compared to prokaryotes and lower eukaryotes,

it serves as an optimal platform for displaying

transmembrane proteins and exhibits reduced

immunogenicity in cancer therapy. Its selection and
screening can be effectively carried out using flow

cytometry and immunomagnetic beads

This approach circumvents the need for in vitro library
construction and screening, enabling rapid identification
of numerous Nb epitopes specific to a particular antigen

within a brief period, with a high success rate

The limited size of foreign proteins is
demonstrated by their small volume; the
absence of features such as post-translational
modification results in exacerbated
misfolding issues; and a substantial amount
of electrical conversion is required to
accumulate a diverse library

Low eukaryotes, various biological functions
are difficult to compare with higher karyotes.
Secondly, yeast cell transformation efficiency
is low

To establish the self-activating activity and
toxic effects of the decoy protein is crucial to
avoid false positive or negative outcomes.
Moreover, the scarcity of high-quality
libraries remains a principal limiting factor
The formation of ternary complexes between
RNA molecules and ribosomes occurs
through non-covalent interactions under
unstable conditions. The absence of cellular
participation throughout this process results
in an inability to undergo normal processing
and modification following protein
translation, thereby directly influencing the
display effect

Escherichia coli is a bacterium characterized
by its inner and outer membranes, which are
surrounded by a thick cell wall. The presence
of the outer membrane primarily impedes the
surface display of E. coli

The diversity of the display antibody library
is limited, significantly lower than that of the
phage library. Moreover, the operation is
intricate, the process is protracted, and the
cost is comparatively elevated

Specific antigen-based animal immunization
is indispensable, as are peptide databases.
However, the costs associated with
high-throughput sequencing and mass
spectrometry identification are substantial

http://journals.im.ac.cn/cjben
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