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B AR 2 N G AR L ARG st & (hemagglutinin, HA) & & /N AR LM mle + 49 &
KRN RAARRNG RE R, KR FAH Z BRI 4 HA SN (HA-ectodomain, HA- ecto)
39| BAf 2 R EABE (neuraminidase, NA) &K% AHIEZ & AT AL B M £ pCAGGS HAkF,
LM T B d$ pCAGGS-HA-ecto 5 pCAGGS-NA 2454 203T 4mf. &4 4/ 96 h ééJ:
A, Wi B %%ﬁﬁ%#ﬁ&/\%'q’v}%#ﬁ%ﬁﬁ = RARH X9 HA-ecto & A, AREH HA-ecto = R4k

EG R R, HATEEIR % 0% R M X3E (enzyme linked immunosorbent assay, ELISA) Z i %t 47 4|
i (hemagglutmatlon inhibition, HAI) #| HA-ecto & &1 %3/ R/JE & £ 8k K-F. 4itbsd %
R, BiAHIL M @I R A R AAEBITE bR R A 69 = B4R HA-ecto & & . ELISA A HAI 4

RET, ZRIK HA-ecto ®AO R LB D RE, iFEF D RS ERZKTF R R A 7R xifmﬁ&
VAL4ER R, Il kiAe) BRARRF HA T THEA L L5 FTHRRIE G OIEL.
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Abstract: Influenza B virus is one of the causes for seasonal influenza, which can account for serious
illness or even death in some cases. We tested the expression of extracellular domain of hemagglutinin
(HA-ecto) of influenza B viruses in mammalian cells, and then determined the immunogenicity of
HA-ecto in mice. The gene sequence encoding influenza B virus HA-ecto, foldon sequence, and HIS tag
was optimized and inserted into pCAGGS vector. The opening reading frame (ORF) of neuraminidase
was also cloned into pCAGGS. The pCAGGS-HA-ecto and pCAGGS-NA were co-transfected into 293T
cells using linear polyethylenimine. Cell supernatant after transfection was collected after 96 h, and the
secreted trimmeric HA-ecto protein was purified by nickel ion affinity chromatography and size
exclusion chromatography. Subsequently, the mice were immunized with HA-ecto protein, and the
corresponding antibody titers were detected by ELISA and hemagglutination inhibition (HAI) assays.
The results showed that soluble trimeric HA-ecto protein could be obtained using mammalian cell
expression system. Moreover, trimeric HA-ecto protein, in combination with the adjuvant, induced high
levels of ELISA and HAI antibodies against homogenous and heterologous antigens in mice. Thus, the
soluble HA-ecto protein expressed in mammalian cells could be used as a recombinant subunit vaccine

candidate for influenza B virus.

Keywords: influenza B virus; hemagglutinin; mammalian cell expression system; vaccine candidate
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&, 7€ 2019-2020 440 1 2L AR S b AL 4%

M &2 (hemagglutinin, HA) & [ & i &%
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FEPLIARIE B R 4EHE 2 A=A PR |l BRAR L AR
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W B HT B 1 B B B BV-WA L BY-CA 1Y
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i HA 55 1-535 s SE (Al 16-535 £
AR . fig U1 1 5 7 5k
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A1 HIS #7345 %%1 HHHHHH; (2) BYHA-CA-ecto:
BYHA-CA ) HA %5 1-537 {i & KR (1AM BE 16—
537 fi). TEV B 5175 ENLYFQSN, #1& /7
51 GYIPEAPRDGQAYVRKDGEWVLLSTFL #l
HIS F3% HHHHHH. JER &R, FoRid g
J7 9000 2 347 2 N 4 R A W RE A BR A H]
58 Mo
1.2.2 s HEK-293T 4HAR

FINA 10%84- 103 ) DMEM 5 37 3644
RE5FE HEK-293T 4, et ge > K% ik
| 80%—90% A, LAFEYL 1 & 293T 4L Ay,
RIS 4y : pCAGGS-HA-ecto F1 pCAGGS-NA-
ORF WAk b oh 2 ¢ 1, B E R 30 ng/#%,
F 1 mL # NaCl Z& 0Py i B% . % 44155 PEI 7
53 L IRAGR) PET Bt 90 pg/#:, [AIFE AT 1 mL
i) NaCl 2z il Be , 25 F R 5 min 5, 4 B0k
Wi BE W 5 PEL M BEWRIR & 950 J5 % ik &
20 min, SRJEKHINE 293T 4iffirp, +785)
M AE A B SR A P 53R . B59% 5 h e,
FEREA MBI FIE, MR P PBS BRigvk

thrombin
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T, WYL )S 96 h U4 Fig, 4 C.
9 000 r/min &.0> 45 min, FEAMITIE. BIE
M 00.22 pm fALUERERIE . K, KRR By
3 o B & HisTrap'™ FF 5 mL #iEAE )5,
FIFRKE eI H R H o 5a, BHUEmE Hr
B VAR 5 524 ol oy T 2 vP R PBS, EHR4
T Superdex 200 10/300 GL #7741k .
SDS-PAGE HLUKHIFER, 75 FAESE vl BN
W R AR SRBERE (dithiothreitol, DTT) HF
WEARAB T Ik (+DTT), AUHI DTT BI/EN
iRk (-DTT). AN 2 mg/mL A H
M T8 EHU (dynamic light scattering,
DLS)/H#r, B 8 1A 3 —1 .
124 ik

ANEEC B R T H A2 b R B U P F
A B2 D3 S5 3 HE(SQIMCAS2020090) .
Ve 5 JHi SPF %5 BALB/c MEtE/N kT30
ke . KNI T ordl, —3a g 3 4l
5% BVHA-WA-ecto #H[141. %JE BYHA-CA-
ecto 2 141 . %sE PBS XFHEAL, A4 5 H/MR .
HA-ecto & 1] PBS 7RG, HeRAF L
416 A KR AL FEF) 4455 MINTANIDE ISA 61
VG, x}HR4H B4 PBS 54K LR A -
FAWFEE SRR AT E Tk B AL L . 7256 1 K
S 15 KX/ BRUBR BB HEA T LA T 33, A /N ER
A9 HA-ecto 58] & 2 20 ng, I 2 1K,
Tp— WP a 2 JaiE 2 BB A R o — vk, Ui
£, FHT ELISA Fl HAT M 5E .
1.2.5 ELISA kK FENE

HR A SCHR[24], SR 58 4 b S 7 0t 3 Fh b A iy
K-, SRA] ELISA Jrikifrsi. &, #
BVHA-WA-ecto 5, BYHA-CA-ecto 7K 9% 8
200 ng/FLor AP E] 96 FLAR |, 4 T, 45
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TR 5% IR Wk B 1 h, S8 )5 A PBST (PBS
5 0.05% Tween-20, pH 7.4) #17VEMR 3 ¥,
5 ming HIK, AN UL 8% anti-His f{E
SOREBTOAC . FAMEXT BRI E o Mg siPiiA ] PBS
Wi BERE IR BN 10 400, SRJGH% 2 15 Lkh
Pk o KRB M B anti-His R TTREEDTIA
AR HUR R 96 FLARHT, 100 pL/AL; iMi¥
B 1 h s, A PBST ¥ 3k, HHIK 5 min;
FIA 1 2 200 £5% B i) HRP- 111 2 BB vE B BT
&, 100 uL/AL, =AEA 1 h, WMiJ5 PBST ¥
M 3 ¥k, B IR S min; 324 , BALINA 50 uL TMB
AR 1 min, FIIA 50 uL 2 mol/L H,SO,
Lk . fehE, AR R 450 nm 4k
W YAl , >R GraphPad Prism 7 #F 7 B 52 56
G 8
1.2.6 HAI kK FME

HRAE WHO i 8% 52 50 = 2 W AL I D) )
ML, AT T g & HATWE . E5k, Wl
JENREEEL VLP 1Y M &R . L 25 pL PBS fIA
F 96 fLU B, FE%E—FLPmA 25 uL g
8ok VLP, SRJ5 2 f5HF R, faremgfLym
25 uL M9 1%KREZLAMME, 4 CHEE 45 min, M
FOFC MBS R . O, ME HAL %fr . B
25 uL PBS 125 pl AR X /0N BRET G i — A il
W (56 CKif 30 min) A 96 fL<U Kk
o, IFBEA T 2 A5 LA R . DL BV-WA [ #Efk
a4 1 Y VLP, BY-CA B8 kel VLP /E A HiE,
PR A D PUR AR RS, JRmAELINA 25 pL 1Y
LR, IRV 1 h, HJEEfLInA 50 uL
B 1% BRLLA0f, 4 CHE 45 min, WEIFIC
SRAER

2 X504

2.1 HA-ecto EHMTRIEGAURRAIZHH
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BYHA-CA-ecto &l BB fEraifb)s, H
Y8 1135 T 43 -7 Superdex 200 10/300 GL 4
1k, F 453 2 Ff BHA-ecto &5 [ Y AH X} 4l B 1y
1E 91%UA |, H BVHA-WA-ecto 1 BYHA-CA-
ecto 2 7= 84050 0.47 mg/L 1 0.64 mg/L.
GEREIR, 2 AP HA-ecto A LRI,
HApaKZ R =Bk, BVHA-WA-ecto 43 F
i ZHT B8 = BAIRTE 12.03 mL g, HAFARS
I BAAE Ay T 62 kDa, T/A4E 10 SH
A&, SDS-PAGE i K /R i JFUR SR
(+DTT) 44 7E 75 kDa A f, EBFIRE
(-DTT) 4% E (K 1A). BYHA-CA-ecto [
=R W BAE ST EB R 11.84 mL, P
P21 BYHA-CA-ecto SRS /314 63 kDa,
FE7E 9 ALY &1, 7E SDS-PAGE K &
NADTT 454 PLAE 75 kDa 247, -DTT Wk
WFUIRZE R, BHA 1£ SDS-PAGE 7514 Jit H PR AY
el LRI TE 2 — 2, X T AR R 7E
R RS T HA SR (] B 3% B2 A8 78 ek 5 —
BREEPER, T — s i sl s K 1R
#i15 B B3 EOR 55 1) HA-ecto 7E28 M 54 T Hy,
Tk BB ] (4 52 B P27 7E SDS-PAGE & &
FRRE AR ERL RSB (K 1B). DLS
5K, BVHA-WA-ecto Fi BEASBRAR Bk
B {E R 13.8 nm, FHEKL R 143 nm;
BYHA-CA-ecto 19 B/ BROWR 50K RE 42 Hh (8 N
12.8 nm, FHEALRN 13.1 nm, HEIIRRS
1 Z2%L (particle dispersion index, PDI) 433l 4
0.060 #1 0.063 (& 1C-D), #it 0.05, BLHIPI
HA-ecto & & 1T {0 B0 BUIR &R (BB 3 —
F ¥ — ). DLS Mg EIMZE B/, HA-ecto
HEVRLAR I 43 A1 T f2 X BOEZS 40 A, BROIR AR
RAETLASTE 0-500 nm KA WO REJE L (S ih
LRYNH HAT A B, o uE Bk R A
DL —FRASAATE
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Bl 1 BHA-ecto EA S Tl AU KK N

Figure 1 Purification of BHA-ecto proteins by size exclusion chromatography and particle size analysis. (A)
BVHA-WA-ecto was purified by Superdex 200 10/300 GL, M stands for marker, the long black arrow points
to the collection samples of peak fraction on the SDS-PAGE gel. The short black arrow refers to the
BVHA-WA-ecto, the molecular weight is 75 kDa. (B) BYHA-CA-ecto was purified by Superdex 200 10/300
GL, M stands for marker, the long black arrow points to the collection samples of peak fraction on the
SDS-PAGE gel. The short black arrow refers to the BYHA-CA-ecto, the molecular weight is 75 kDa. (C)
DLS of BVHA-WA-ecto, log-normal distribution stands for particle size range, S curve stands for the
intensity. (D) DLS of BYHA-CA-ecto, log-normal distribution stands for particle size range, S curve stands
for the intensity.
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2.2 ELISA #u{RkoK M E
2.2.1 [EiR ELISA $i{kk N E
ARSI A 92 /N BRGNP HA-ecto 2
PERN, FATTIAE T /N UL P X HA-ecto
f) ELISA JZJii .BVHA-WA-ecto 25 1 &2 BYHA-
CA-ecto & H 4 A8 7E 96 fLA I, X —$t
4 BVHA-WA-ecto B . —fRIliliF 1 BYHA-
CA-ecto . Iy, —Hik HRP ARici
H=EHT BT, BT B R S PBS A9 IR o
ZER R, BVHA-WA-ecto 1 BYHA-CA-ecto
PRl S DR A - EKEhR . TR
BVHA-WA-ecto fil BYHA-CA-ecto /LIl
BT e KRBV M (concentration for 50%
ECso) ¥ ¥ {8 47 51
2.53x107°, 1.45x107°, 45 MG MIHUA ECs
SERMEAT R 1.97x107, 3.46x107%, Giit25
Mrk L, BVHA-WA-ecto 5% B4, —
xR B L EOKE 2R, mehs
B Z AIAFTEN B E K- 22 5% (Kl 2A). BYHA-
CA-ecto B HRIMIE SX AWM B EER, —
X A fEAER K25 5%, H PR,
HRS efl BEKFEES (K 2B).ELISA 45

of maximal effect,
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4 Control
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2.0 r - %%k%xx

k%K

& 2 [EE ELISA HURKF N E
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2.2.2 5B ELISA Hi{k/KFENE

S E 2 Fl BHA-ecto G /NG 72 28 Bt
IRIA SR B RO B 1 HA-ecto & 12 [H] /&
A S SRS, [FAEESE ELISA SR .
B, B8 BYHA-CA (X HA-ecto EH,
BVHA-WA-ecto 2 /)N Bl I 37 0 7 58 S g 1t
Pk, H¥K, 8 BVHA-WA f) HA-ecto FE 1,
Hl BYHA-CA-ecto MLVEM & . 458 LM,
BVHA-WA-ecto Al BYHA-CA-ecto B 4 IfiL i %)
itk ECso M4 B 7.58x107 F 2.91, —
o LT BT ECso FIME 5510 2.03x107 il
2.12x107%, A5 LI X SR HA-ecto & 1)
&SR A RME BESE S o it i R,
BVHA-WA-ecto 19 IL3E 5 %) AL Ho A (g 25 2%
St AR IE S BT 22 SRR B
BRI S ZRiEH 2SS BE (K 3A).
BYHA-CA-ecto 9 IfiL % 5 X B4 F 30 HH AR
FHEFKY, HRILES il 25 DE
(Kl 3B). 5+ ELISA Z5R B/, Bifh BHA-ecto
B A0 M yE X 5 R BHA-ecto HYAE X s g i P

B o BYHA-CA-ecto post-prime
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Figure 2 Antibody titers detected by homologous ELISA. (A) ELISA titers of BVHA-WA-ecto immunized
mouse serum against BVHA-WA-ecto protein. (B) ELISA titers of BYHA-CA-ecto immunized mouse serum
against BYHA-CA-ecto protein. Unpaired t-test, **: P<0.01, ***: P<0.001, ****: P<0.000 1.
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2.3 HAI 3Kk F4&0
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KI, BVHA-WA-ecto fil BYHA-CA-ecto 15
J5 BERS 15 /N U™ AR — K1 HAT Bids,
HAT #4306 BBl 43 B AE 2027, 2°-2%; 2 4> HA-ecto
AR, HAT 20U 53
g 2728 Fi 27-2° Ge it Ay M K B, BVHA-WA-
ecto RS RIS 22 RIA B EKE (Kl 4A).
BYHA-CA-ecto B R ILIE 5 — Gl i iRz AN
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A
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5.0 ' - '
PO
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Figure 3  Antibody titers detected by heterologous ELISA. (A) ELISA titers of BVHA-WA-ecto immunized
mouse serum against heterologous BYHA-CA-ecto protein. (B) ELISA titers of BYHA-CA-ecto immunized
mouse serum against heterologous BVHA-WA-ecto protein. Unpaired ¢-test, **: P<0.01, ****: P<0.000 1.
(There was no difference between the first immunization and the control, so it was not shown).

A e BVHA-WA-ecto post-prime B e BYHA-CA-ecto post-prime

® BVHA-WA-ecto post-boost
4 Control
© BVHA-WA-ecto post-prime

m BYHA-CA-ecto post-boost
a Control
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0 BVHA-WA-ecto post-boost o BYHA-CA-ecto post-boost

A Control a Control
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10 - _** _EE 10 - _* *
7 . 0 o u ul
[ — B -
L =3 T E
=z 6 < 6} e o)
z o T T |- 3
4 <4k
5 S
& 2 g 2t
_1 )
0l 0 S
: F & & & ¥ & > &F &S
& C,°& & & C,d& $ & S 6&\&
o o & & P X
N " X T (S S N

4 [EiREME HAI LIRS N E

Figure 4 HALI titers of BVHA-WA-ecto immunized mouse serum against BV-WA virus and VLP (A) and
HAI titers of BYHA-CA-ecto immunized mouse serum against BY-CA virus and VLP (B). Unpaired ¢-test,
*: P<0.05, **: P<0.01.
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FEES (K 4B). SutFm &R, SHF R
WaEE & VLP, B %5 fIiE S B 1 T HAL 3t
A, B S B . HAT $tiAoK-F
Bz 42w . ok, SR, ARSI AN
HA YR VLP I5E /N RS H i HAT
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Figure 5 HALI titers of BHA-ecto immunized mouse serum against heterologous influenza B virus and VLP.
(A) HALI titers of BVHA-WA-ecto immunized mouse serum against BY-CA VLP. (B) HAI titers of
BYHA-CA-ecto immunized mouse serum against BV-WA VLP. **: P<0.01, ***: P<(.001.
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