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High expression of variable domain of heavy-chain antibodies
in Expi293F cells with optimized signal peptide and codons

TAN Shuzhen', DONG Hu', PAN Songjia', MU Suyu', CHEN Yongjie', ZHANG Yun',
SUN Shiqi', GUO Huichen'**"

1 State Key Laboratory for Animal Disease Control and Prevention, College of Veterinary Medicine, Lanzhou University,
Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou 730000, Gansu, China

2 College of Veterinary Medicine, Gansu Agricultural University, Lanzhou 730070, Gansu, China

3 Gansu Province Research Center for Basic Disciplines of Pathogen Biology, Lanzhou 730046, Gansu, China

Abstract: The variable domain of heavy-chain antibody (VHH) has been developed widely in
drug therapy, diagnosis, and research. Escherichia coli is the most popular expression system
for VHH production, whereas low bioactivity occurs sometimes. Mammalian cells are one of the
most ideal hosts for VHH expression at present. To improve the yield of VHH in Expi293F cells,
we optimized the signal peptide (SP) and codons of VHH. Firstly, the fusion protein VHH1-Fc
was used to screen SPs. The SP IFN-02 showed the highest secretion as quantified by
enzyme-linked immunosorbent assay (ELISA). Subsequently, codon optimization by improving
GC3 and GC content doubled the yield of VHH1 and kept its binding activity to Senecavirus A
(SVA). Finally, the mean yields of other 5 VHHs that fused with SP IFN-02 and
codon-optimized were over 191.6 mg/L, and these VHHs had high recovery and high purity in
the culture supernatant. This study confirms that SP IFN-02 and codon optimization could
produce VHHs in Expi293F cells efficiently, which provides a reference for the large-scale
production of VHHs.

Keywords: variable domain of heavy-chain antibody (VHH); signal peptide; codon optimization;
expression
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ik VHH 7= H B FL+ mg/L sl ikt
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CHO #HJE kA I, ANMRNG'E 293 (human
embryonic kidney 293, HEK293)4 ifg & H: 5 %
YRR TS 1Y SN ISR 1 BT AR 7 e ) W O T
3 A W) WF BF 3% 31X (transient gene expression,
TGE), ¥ 3i& & FHi I & oo R s BN H o,
7E HEK293 41 fifd rh 958 VHH 335 B BF 5 i L
fIif

FAHAHEMAMW TGE 52 HEKEM
K, BLAREFE Y . BRI AL L BEIRAE . Rk
ARV, FRRABITHER® TGE 7= &= 1)
KHE, R B WS R R HE S (open
reading frame, ORF), JEFPEX | poly(A)fF'>
J¥ 91 25 Z2 P R 11 AR BIFSE LA Expi293F
UM FRikTE £, EFE ORF 1EMILfEXT 4,
W i SP AL AL B T 250 VHH By
WL TR E N — 8" 5, H VHH &%
R, gL 3 W 20 i R KR A 7 VHH $213t

flr s
1 MR E57FE

L1 fils. BESEE

B o 4 1k ¥ B (horseradish peroxidase,
HRP)FRICHI/NRIT A 1gG Fe BRI A
TR S AR\l . HRP FRic it
6xHis Z wlEPiiAI H Bethyl Laboratories 2
Hl . A RIZENF)NEE(Senecavirus A, SVA) CH-
HB-2017 #(GenBank %% %5 : MN922286)
B A b b2 Be =% M -F B it 9 T 11 B8 8 B 45 R
A BMEAE!, Expi293F 40l ThermoFisher
Scientific /3 1), 293SFM 5537 3E0g H J5 M KAH
MAYIRHH A A
1.2 BAFEWERZE

VHH1 11 5% A K5 2 (azurocidin, Azu) ,
NERAIEERE T « 8% (Mutant A2), A ek
#E 15 5% (heavy chain, HC), Secrecon, A T4

&: 010-64807509

% -a2 (interferon-alpha 2, IFN-a2)5% A 1/ K -2
(interleukin-2, IL-2)f¥) SP J¥# 41, VHHL () 3" %
%N 1gG Fe B, A A SP Y VHH1-Fc &
N TEfE & pTT5 (9 Hind IIIAT Not 17 45, pTTS
K LE 1, SPISEFE 1,

VHH1 ) 5% #1 3'3 53 591 1% £ SP IFN-02 1
6xHis Fr%, M4 KUDLA 21805 ik 1795
Wik, R EL S A ST IR0 e ik
B R = . LB 9 VHHL 4544
1 OptiVHH1. & HiZEEHIFEkER pTTS 1)
Hind I Not 1137 &5 . #% 8 VHHL 01k 5 7 X8
VHH2-VHH6 #1711k, WL ib s 09 3E 535
TEME R pTT5 ) Hind IITFT Not Iy &5 . VHHL Fil
OptiVHH1 () c¢DNA J¥ 4 4 %] & . VHHL
(GenBank *# 3t 5 . PP879182) ., OptiVHH1
(GenBank % 3% 5 . PP879183), VHH2-VHHG6
B cDNA J7 4145358 : VHH2 (GenBank %
&5 . PP879184). VHH3 (GenBank % %% .
PP879185) .VHH4 (GenBank % 5 5 : PP879186) .
VHH5 (GenBank % 35%%5: AJ629049.1). VHH6
(GenBank %3¢ % : KJ751546.1),

1.3 E|ERRFE
FIH Expi293F AUt TRk g

CMYV enhancer

\ CMV promoter

Hind 111

ori

Not |

: &3 B-globin ploy(A) signal
AmpR

1 pTTSRAEE A AR SP K VHHI-Fc,
VHH1, OptiVHH1, VHH2. VHH3. VHH4, VHH5
1 VHHG J& R i A 2 Hind IITAT Not T 37 4,

Figure 1 Plasmid profile of pTT5. The genes of
VHH-Fc with different SPs, VHH1, OptiVHH1,
VHH2, VHH3, VHH4, VHH5, and VHH6 were
inserted between Hind III and Not 1.
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*x1 FESKER

Table 1 Overview of SPs used in this study

Origin of ~ Amino acid c¢DNA sequences of SPs GenBank accession

SPs sequences of SPs numbers or references

IL-2 MYRMQLLSCIALS ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGT NP_000577.2
LALVTNS CTTGCACTTGTCACGAATTCC

Mutant A2 MDMRAPAGIFGFL ATGGACATGAGGGCCCCCGCCGGCATTTTCGGGTTCTT  [16]
LVLFPGYRS GCTGGTGTTGTTCCCCGGCTACAGGAGC

HC MEFGLSWVFLVAI ~ ATGGAGTTCGGGTTGAGCTGGGTGTTCTTGGTGGCCAT QBK47494.1
LKGVQC CTTGAAGGGGGTGCAGTGC

IFN-a2 MALTFALLVALLVL ATGGCCTTGACCTTTGCTTTACTGGTGGCCCTCCTGGTG NP_000596
SCKSSCSVG CTCAGCTGCAAGTCAAGCTGCTCTGTGGGC

Secrecon  MWWRLWWLLLLL ATGTGGTGGAGGCTGTGGTGGCTGCTGCTGCTGCTGCT [17]
LLLWPMVWA GCTGCTGTGGCCCATGGTGTGGGCT

Azu MTRLTVLALLAGL ATGACCCGGCTGACCGTGCTGGCCCTGCTGGCTGGACT NP_001691
LASSRA GCTGGCCTCCTCCCGGGCT

AR T 25 mL, %8 2x10° 4 /mL, ¥
50 pg JFki DNA 1 150 ug % 2 % J12 (25 kDa,
Polysciences A H) A % 1.25 mL PBS i
RA)EEE 10 min, B IRGBE R I A 40 .
35 VHHI-Fe 35 FRMERL YL IS 5 d ORI
3. #ik VHH-6xHis (555 WERE YR 4 d
WO IR HIE
1.4 Western blotting

YL SWOR SR IR T SDS-PAGE
CERY N =it S NS 1 INE IR ZN = BN 2 o
fii FH HRP FRici/NRBTA 1gG Fe HRyEREPLIA
W #EAF AR A] SP Y VHHI1-Fe., fdi il HRP #3ic
bt 6xHis Z wpEPUIALE VHH1-6xHis Fl
optiVHH1-6xHis,
1.5 FEE4k

M4 AGRAWAL Z£ralifk. VHHI-Fe
FrifEdh . fHiF Protein A SECRILE AR EIT 2%
A oy K Jee (i) A PR\l 1464k IL-2-VHH1-Fe
BB E B3 bRvfESR 4 SDS-PAGE %@ 4l 7E
95%LA b, FFf FH BCA 2 5 i 5 & i H
R

X T VHH-6xHis 1y 2iifk, K% dc Fig 59
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WY 1 (500 mmol/L NaCl, 20 mmol/L Tris-HCI,
5%, pH 8.0)iR A, NNz Z Ni-NTA S0k i#
MR EIY RER S & RE(EE)A R A
728 R, £ FH 22 MOl 2 (500 mmol/L NaCl,
20 mmol/L Tris-HCI, 30 mmol/L BKME, 5%H i,
pH 8.0)EE A4 1, A FHZE il 3 (500 mmol/L
NaCl, 20 mmol/L Tris-HCI, 500 mmol/L Bk
5% Hh, pH 8.0)BEE H A E .
1.6 VHHI1-Fc BIEE S

4 CRl AL KIE SVA (4 pg/mL),
100 pL/AL; PEMR 5 Wa4aT, [ 0.5%4 Mk
145 1 (bovine serum albumin, BSA) 37 °CHf 4]
1 h, 100 pL/fL; ¥R 5 54T, A PBST
S WO B v B RN B 3 L VSRR 100 £,
ALY, A5 AR RS, AL R AR
9100 uL, 37 °CHFE 1 h; Ptk 5 WadaT,
15 000 5% B HRP Fric i/NRPLA 1gG Fe H
SEREPUIA, 100 pL/ALIN AR, 37 °CHEE 1 h;
Petl 5 IR, A 3,3,5,5"-V0 B LR IR
(3,3',5,5'-tetramethylbenzidine, TMB)#% i 37 °C
A5 15 min, 100 pL/AL; IIAZIER, 50 uL/AL;
F2H 450 nm Kb IGAE, 4 mIbREdZ, 1T
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AR Rl EAWRE,
1.7 = VHH NEE DT

¥ 21k VHH-6xHis [R5 5% Fig#E T SDS-
PAGE MLk . % D iE R250 Jefa | % D
WM B Image J B A%F H B 455 6474 B
1M, 4G BCA 2 1 i) &l 1y S 8 1
WA H B IR
1.8 VHH Z5& 75 I

4 CRl AL 1 KIE SVA (1 pg/mL),
100 uL/AL; etk 5 EHT, i 0.5% BSA
37 °CHHM 1 h, 100 uL/AL; Vet 5 WISHAT,
f# I PBST 43 5 B4l AL i) VHHI F1 OptiVHH 1
% 10 nmol/L, MAGHRAH, FHMeE, s
FLI R AR T K 100 pl, 37 °CHEHE 1 h; Ytk
5 WEAAT, 5 000 f%5#i B HRP FricHi 6xHis
Z PR, 100 uL/ALIM AR H, 37 °CHF&H
1 h; PR 54T, MA TMB % 37 °Ci
& 15 min, 100 pL/AL; MAZ LW, 50 pL/fL;
B2 450 nm AL OEAE , fiiH GraphPad Prism
el s A g, AR B R KO

A
o &
a|
Mo ¢ Q% %é' N
45kDaguae & : — ’
- B ot D ®N W
35 kDa—{ e : 4
B Vv
Q\?* A QOQ
> S <@
F & E &S

45 kD
e G = G Te—
35kD
2 SP HITHIE

Figure 2 Screening of SP suitable for the secretion

— AN T AT R JE

2 BRS04

2.1 VHH SP Btk

SP 7E RS EE [ i A 1) PN 5T I ) el R ke
%i%i%ﬁ’»ﬂ”ﬁﬁﬁ”‘” R R, ik SP AT LA

P& e B T BT A R 20 M Y - A o i MR SR T R R

iKP2 ) VHH 28t 1, FT DA B SP
P A R B L A 3Rk

% 6 Bl FHG SPs (38 1)/ 7li%H: 2 VHHI-Fc
B9 N 3, DAGRE{EE VHH 20 3235H) SP, ffF
A i i) SPs HRELAA MY 41 kDa 454 (K1 2A),
Western blotting UFRHiZ 4% & VHH1-Fe (& 2B).
SP Mutant A2, IFN-a2. Azu 353 MIT 0% 1%
ifHE, {H SPIFN-a2 K15 R IE R m[(541.3+
45.8) mg/L] (Kl 2C). Z AR R, &5 SP
A% 0 DX 5 7Kk BT DA 3G 5 2 1 B 43 . SP
IFN-02 78 H %0 X BA — B K sk 2 ik
(&l 3), ATRE{E JF VHHI-Fe 43w . Ak, VHH
FfiE SP A SP IFN-02.

o
800

600

400

Yield (mg/L)

D
(=3
(=1

A: SDS-PAGE 73#. B: Western blotting 73 #7. C: ELISA &

of VHH. VHHI1-Fc fused with different SP were

expressed in Expi293F cells, which was followed by SDS-PAGE (A), western blotting (B), and ELISA
quantification (C). One-way ANOVA was used, ns indicates no statistically significant differences,

* indicates P-value<0.05, ** indicates P-value<0.01.
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Hydropathy index
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Azu

]
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T

Hydropathy index
(]
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<

6" 3 6 9 12 15 18 6" 3

3 SP kMo
MR, X B0 SPs A & SR

6 9
Mutant A2 HC
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Secrecon IL-2

Hydropathy index

12 15 18
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Hydropathy index
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M Kyte-Doolittle 22 /K45 B & ZERR G AR, K48 B R Bk

Figure 3 Hydropathy analysis of SP. Hydropathy charts for each SP was performed according to the
Kyte-Doolittle Hydrophobicity scale. Larger number means higher hydrophobicity, and the X-axis number

represents the amino acid order of the SPs.

2.2 VHH ZBFaHit

R VT 218 2 I 55 A 42 11 9% 1 - Ak Ik
%5, ABARSRTT L1 52 AT 58 i i 3L sh W B RS 1
Wk, At RETRBES GC3 S
GC HFapyEMFIiik 7%, DU S VHH 1Y
Iy FKKFE, & SP IFN-a2 Fl 6xHis pp%s
1) VHH1 %605, GC3 Saigim T
34%, GC FmiiinT 12%, Fik & BB
(K 4A . 4B), £%(254.5£20.9) mg/L (& 4C).
Z A B AR RBH  FE A A A b Ak i ) 2
Tl e SR EE A S REDPY . SR, TR TR
Gk Rk B VHHIL A OptiVHHT #9086 ih
LILT-ES, VHHI ik 2 i KW G — 21
e i 4 0.25 nmol/L, 1M OptiVHH1 >4 0.26 nmol/L
(¥l 4D), FHEMFILIb AR BB R0 VHHL X}
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SVA BI455 1% M.
2.3 % VHHs iR 541k

R iE—A 0 SP IFN-02 5% 658 L Xt
VHHs /=4 15200 , % SP IFN-a2 F1 6xHis 2%
R ZF VHHs, HBUUEE LIRS GC3
TEA GC Fit, FYE 4 d WUERR SR G, K
K47 SDS-PAGE 437 . j7 4 . S 4lifk.
SRR, FrAE4] VHHs 7E83% Fisdh S e
(A 5), 4iEALE 50%L) (3% 2). fifE VHHSs
(S35 77 B #5190 mg/L, VHH2 1 VHH4 fiy
SR PR 320 me/L (3 2). % VHHG6 b,
HAth VHH 24k 5 i BIBCRAE 85% LA (3% 2).
XS LA ] SP IFN-02 Jf-#2  # 4H VHH
FERA GC3 F Al GC 3 AT LUE 55 J et ] Y
ARAT 7 AN 4B ) VHH
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A . C D
M VHHI1 OptiVHH1 400 4
2 ¥
10 kDa S« 200 o 2 /
T 50 < | / — VHHI (0.25 nmol/L)
B M VHH1 OptiVHHI1 i / -«- OptiVHHI1 (0.26 nmol/L)
0 i
0L = : . . ;
15 kDa - Qs\ «8‘ i 0 0 1 )
—— T ) & # ootz
10 kDa —{ s Oq}* lg (antibody concentration (nmol/L))

4 EWTFMAX VHH F=EMEEE ISR

FEAYHT. D VHH 45475 YRR

A: SDS-PAGE 43#t. B: Western blotting 43 #. C:

Figure 4 Effects of codon-optimization on yield and binding activity of VHH. VHH1 fused with SP IFN-a2
and a 6xHis tag was codon-optimized and expressed in Expi293F cells, which was followed by SDS-PAGE
(A), Western blotting (B), yield analysis (C), and binding activity analysis to SVA (D). t-test was used, **

indicates P-value<0.01.

4

M <

kDa

VIR CIR U e IR\
«82"4«32‘&“2\‘2‘ «23”4«82”

}~VHH (10-15 kDa)

5 VHHs iJ SDS-PAGE 53 #f7

Figure 5 SDS-PAGE analysis of VHHs. VHH2-
VHHG6 fused with SP IFN-a2 and a 6xHis tag were
codon-optimized and expressed in Expi293F cells.

#*2 % VHHs HRE

Table 2 Expression of VHHs

Name Yield Mean purity Mean recovery
(mg/L) (%) (%)

VHH2 328.5+7.9 71.4 93.1

VHH3 239.4+11.6 72.9 86.5

VHH4 357.0+£19.7 67.1 92.9

VHHS5 282.4+12.9 71.5 89.7

VHH6 191.6+8.8 51.5 76.2

3 WwE5E&#h

TR, B—PYKPUAZ5Y) Caplacizumab
PR 24 it A8 3L ) 0 5 [ £ v 2 ) M A L))
HEAE T R, T 2 (5T 2 R0 b 28w F
KETF VHH B9 . VHH 73K (93 e i
VHH JeHh & B A KA ™ . 445 VHH
TENNEHEANRBEE DR RMRE, 7

&: 010-64807509

Z R EHE W EMAEYTEE, E
M PH], Fikfs £, RRRME. EAR
r& RG G ERIBEARN FLEHNZ
—, [ EES VHH R Re LA, F+H
A% AE 0 VHH e, — iR F 100 mg/L.
R 7L 30 0 A B EL A R K B B 1 ST S ML, BT
PRUEEE 4] VHH 2548 5 R SR G5 R AR I o Sy fiff D
VHH #r& 7 it o), AWF5E DL T7 I8 N 7Y
Expi293F 4if k% ikTa ¥, @itttk VHH 1
SP HI#0 T/ T VHH myr=&, fifb)ni
VHH 7=k %] 190 mg/L LA |

AL F 43 WA A RTAA N S5 Y SP i it 515 5
PURAORE 1V T 48 S 40 6 25 11 i 1A 38 o) P o2
PO, B 1 SP YLE TN S AU AR 1 i 5
Vi, ARSI T 6 A SP X VHHI-Fe 4331k
fysZne , Horh SP IFN-a2 $Rf3 e m Rk, X5
i FH 3 5 TR €0 5 6B 1 A B fE. HEK293 4
i SP R 2 R — P, SP AR Y
IR 43 3 AN K. N OSmA e X . Fal
B DX C i Y)#E|X . Zhang 278 SP
IL-2 KO X G A 2R LU SO XY
B KM B T S0 W R T N P K AR Y
W5, Ul A B R A0 XA K B 5 2 1 TR
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)43 h25ik . SP IFN-02 FAZ%.O KA — B b3
fib 5 Ff SP 5T 1434 LR K E LR 7 41 1] RE e
P e R R E R TR R S B
¥ G0 PR o 2R R A SR ) T PSP
PR GC3 3 GC F it fAE# = mRNA 7EM 7L 3h
Wy 240 L R ) KPR E R R R el k10
GC3 RIS S GC SRR e, Wit
Wl ik — 8 E GC &, Wik, &
LA T M GC3 & &M GC &\ s+
AL, el VHHL =& 1 1 5.
TEALTE I FL B W i A AE N i b, [R) UG
TSR SRR — S A A LA, T
R e T = i 4= Do v W Ee
pily X g X} [7) S 4% 65 7 A ok AR B R YT 4R
1M, WA RA UL 2% S ULl 5 VHHL
X} SVA Z5 &G R ARk, XATHEZE VHH
o3 Tt /NI BAREE 2 A K0UR ¥ 45 6 16 R
o AMFREPLIEEAR VHH i SP IFN-a2
MBS X VHH FR%0R, VHH
B 7  BEAE 191.6-357.0 mg/L Z ], i Tk
J T TR B — ™

25 FRTR, i SP IFNa2 F Ak il 25 15 1
AETE Expi293F 4 fiiHh =435 VHH, & VHH
(A RS A 7 B S i
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