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Construction of an mRNA vaccine encoding hemagglutinin of influenza A HINT1 virus
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[Abstract] Objective:To construct an mRNA vaccine encoding hemagglutinin (HA) of influenza A HIN1 virus, and explore the
protective effects of different booster vaccination strategies. Methods- Firefly luciferase (Fluc) was used as the reporter gene to
construct Flue mRNA vaccine enveloped in lipid nanoparticles (LNP). The in vivo expression of Fluc mRNA-LNP after
intramuscular injection was determined by live imaging assay in mice. Furthermore, M15-H4 mRNA-LNP derived from HINI
subtype (A/Michigan/45/2015) was constructed. Mice were immunized with 20, 10, 5, or 1 pg doses of M15-H4 mRNA-LNP twice
(with an interval of 3 weeks) through intramuscular injection. Serum antibody titers were measured by enzyme-linked
immunosorbent assay (ELISA) at 2 weeks and 4 weeks after the second immunization, and functional antibody levels were detected
by hemagglutination inhibition test. The third booster vaccination was performed 40 d after the second immunization in 1 pg dose
group with 1 pg M15-H4 mRNA-LNP or 10 pg HA subunit vaccine. The levels of specific antibody and functional antibody were
detected by ELISA and hemagglutination inhibition test, respectively 2 weeks and 4 weeks later. Results-Live imaging assay
showed that luciferase activity could be detected in mice 1 d after injection of Fluce mRNA-LNP. At 2 weeks and 4 weeks after the
second immunization of M15-H4 mRNA-LNP, HA-specific antibodies were significantly higher than those before the immunization
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in all vaccination groups at different doses (P=0.000). The hemagglutination inhibition test showed that the levels of functional
antibodies in the 20 pg dose and 10 pg dose groups were significantly higher than those in the PBS control group (P<0.05). After
1 pg dose group mice were immunized with HA protein or M15-H4 mRNA-LNP, higher levels of HA-specific antibody and
functional antibody were induced and maintained for a long time. There was no significant difference between the two different
booster immunization strategies. Conclusion*M15-H4 mRNA-LNP vaccine is constructed with immunogenicity and antibody

neutralization activity. Low-dose mRNA priming vaccination followed by both homologous mRNA vaccine and heterologous

protein subunit vaccine booster vaccination can induce stronger immune recall responses.
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R ER 7 HIND JE A (A/Michigan/45/2015)  Ifil %
RA (MI5-HA) FEA4HE I A a0 G R B
AR, pUCST BURill A #1 M A HR (i)
AR W], KELL A B R st 2% DA YR A R
NHE], BUREEAYEE (HRP) #rid =40/ R 1gG
(H+L) . TMB R . B ALK IR . ORI
D-luciferin, RIPA 2 . ECL fb2 & G150 &1 A
LR RAEWHAGRAFE, A4 03E A& AW HE
TAEY TR (L) BHARAF, T7RNA RS
fiff . NTPIRG W . 2B s MIERG (vaccinia capping
enzyme) . mRNA-2-% H B (mRNA cap 2°-O-
methyltransferase) . 17 DNA fif§ iy H 3& E NEB A A,
N1-H A R mE g ) [ 5 [E] APExBIO A A, B 1%
JHERTRL ALC-0315, ALC-0159, il g BE 3w i
fik IH A% (distearoyl phosphatidylcholine, DSPC) . JH
BRI B3O (i) EAREARAR, T
M15-HA /N B 5 52 B 47 /& . Lipofectamine 3000,
RiboGreen, Imject Alum 454 H 3€ [ Thermo Fisher
Scientific 2y F), 96 FL A5 A e H € E Corning 2 7],
ZRBEIAHEG (RDE) 1A HARAVES4E, mEED
12050 FH M 15-HA 85 1 W F 9 [ A= P a9 T o
Tl # PZ-11AD-2 (I AR R A R
INTFD), Zetasizer 49K B HL A7 {Y Nano ZS (Malvern,
Y[ ), BioTek Synergy £ I B8 sl FL i K I 1L Neo2
(Agilent, E[E ), IVIS Spectrum /N3 ¥ ik 4R 527 il
1% £ % (Perkin-Elmer, Z5[® ), Thermo Labsystems
Multiskan SkyHigh 4> i £ i 45 {{ (Thermo Fisher
Scientific, JE[E ).
1.1.3  JFTKIDNA  ASZE fir I Boks DNA H A i A= 4
AR (Rig) ABRAEFI R, A NCBI I 5 iR
WK DKM (firefly luciferase, FLuc) #%
W2 )75 (GenBank No. M15077.1) I M15-HA ¥R )¥
%] (GenBank No. APC60198.1) . ¥ I i /78 23 A
BEEmTIiE, ANTEREKIER, It Hindl
A1 BspQ 1 XUV I %% 48 2 pUCS 7 JFoki i, 40 i #g
JFUkL pUCS7-Fluc Al pUCS57-M15-HA .

1.2 Jiik

1.2.1 mRNA il & Ll pUC57-Fluc fil pUC57-M15-
HA ik A, {1 T7 RNA R AR, 8 ks %
5% (in vitro transcription, IVT) & W 3K 15 mRNA Hj
A, 8 EEAE SN AE mRNA BRGNS E54, 3R
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WHEERE UK % mRNA 4R

1.2.2 MY mRNA  HEK293T 44 il £ Fl 7E 6 L
M, FHE 10% a4 10075 A1 1% WA DMEM, i
T 37 °CHI 5% CO, Wy ¥ =48 b 3 % . M
Lipofectamine 3000 %% 4 i 7| #% 4+ A [A] 7 & FLuc
mRNA (0, 025, 0.5, 1.0 pg/fL) =i M15-H4 mRNA
(3 pg/fL) o %Y 24 h 5 AR 20 i I I RIPA 2467 2% o
&SRR AUl 8

1.2.3  Fluc mRNA 4l ffg % 44 & S 0 Flue
mRNA 4 Y4 40 i J5 (0 24 0 5 4% 21 96 LA, B n
PG K MR Y I ROCIEE 2 min, 2 U BERALIR
RGNS 7 SR

1.2.4  Western blotting f M15-H4 mRNA ¥% 4 21 iy
Je V0 4 it T AT~ o I T 4 - SR A T e 0 e v
7k (SDS-PAGE) Jf-44EN%|PVDF I F . Bl A&
10% J G W45 1 PBST (7% 0.5% Tween20 1 PBS)
M1 1 he FH$HT M15-HA /)y BB 58 B BT AR 02 5 1 h,
PBST Pk¥; - H HRPFRiC A L EHi/ N R 1gG Prikdk
LM E 1 h, PBSTUEV; H ECL AL &Gl &k
Do DUH s -3-E R i =8 (GAPDH) 1R AN,
1.2.5 mRNA-LNP | % K& H R AE £ W K Flue
mRNA 5 M15-HA mRNA I fift 76 ¥ 4% R 84 2% w3
(pH=4) H, [6) 04 4% 1R b 15 K ik (ALC-0315,
ALC-0159. DSPC FIfH[&EE) #MAELBET, ]
TR % A S WA RK AR 1: 3 AT IR A, il &
mRNA-LNP., [ J5 i &8 3% 7 77 ;¥ mRNA-LNP ¥ 51
AR IR ER 2 v, SRR A AE-80 °CREH] . HIZN
KR BE L A7 ASURS I mRNA-LNP R AF , 4045 ki 42 1 &
4y B PE 38 20 (polydisperse index, PDI) . Y [ b
mRNA-LNP ¥ & F TE 2% 3% (10 mmol/L Tris-HCI
1 mmol/L EDTA, pH 7.5) FiRIRfFAZMH (NL) #¢
il 3% 1% Triton X-100 %5 24 J5 AR5 240% (L) #
atr, ZF B RiboGreen iU, i FH 2 D) BEIMFLAR 6
DASCAE KR K 480 nm . & HF I 520 nm il & 2¢
St B . SR PLF 2 A mRNA-LNP 41 5 5
(encapsulation efficiency) : fldf#e= [ (YR .-
PEIRIE ) (TCIRIE ] x100% 1

1.2.6 /NEUIEAERUER  #itE BALB/c/NEBENL > 4 4
M, BH3IH. HoH (D), iid)a LN ESA
[ 7] Flue mRNA-LNP (0.7, 3.5, 7.0 pg) ¢ PBS.
53T D1~D4 AT /INRIE M UR . /NRAE B A 3% 5
BN /INE A7 RIS, AT IR I N S S R RIS
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TEDO, D14, D35 F1 D49, i i M B, 435 i
. F T s B B

T3HN R T RIS [R5 G g R S YR DR B 2 Xo) e
PERMERSZm, AT C 58 R 25171 1 pg M15-
HA mRNA-LNP {)/NRBEHL L2 41 (B3 H) . J
H— 20 16 D61 il i L P 7 5 1 wg M15-HA mRNA-
LNP, 55— 28 /)5 B3 = LA 38 33 % A 10 pg M15-
HA 5 A4 Imject Alum £e 77 TR A (10 3 B8 14 1)
o 435I7E D75 F1 D89 38 i:f P A BRI, 43 25 3R AT 1L
o LWL TS PBS g BAYEXT BE 4 .
1.2.8  ELISA Kl iM% HA ¥ VR IA 1gG i BE i
FH i B2 b - ok R A AR 9% vh R B MIS-HA R
(2 wg/mL) JEELHET 96 FLEGHR AR, 2~8 °CHF & o
o HIPBST ¥R S WKJE, Z i T HIE 10% BSA 1)
PBS &4 1 ho FF I3 AR ARG B (5 10% BSA
B PBST) Fikefa, AR 96 fLEGIRtR , 37 °C
WE 1 he HPBSTYEWSIKE, IMAHRPHREAIILE
PR (1:500F5 %), 37 °CHEE 1 h, FHPBST
VEVE SIS, MATMBIEY), £910 min 5241k 64
SN o SR FH A A B AR A2 R 650 nm Ab 19 5 O FE1H
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1.2.9  MEHMHEHRE 5 R/NREC0 wL i, A
30 nL RDEAMHE, 37 °C/KIRIEE &b ; /5 7E 56 °C
T WEE 30 min, SRJE AN 60 wL PBS, ¥ i i 7 B
1055, HHATRS 2 5 ERM B . 76 UIZIE 96 1L
Ml 4 A4S i B 7 (HAU) 4 M15-HA 2 (4 fil
1% K BT A0 M A7 I e )50 . bt bk G g
S E ABIAPURGR A (4 HAU/25 wL) DAK X
HERE N, (PBS b 4f 4 BRI T ) o 30t v 58 4= 3 il ()
LT 5 v 4 R 8 A AL 5 0 T

it

W ] GraphPad Prism 8.0 X {44 #4784 oty , &
HEORMEE D) xks F7R 2L 1R) H SR FOBUR 26 254
Bro P<0.05%m2EREAGIHFE L,

1.3

2 ER

2.1 FLuc mRNA IR IMEE 5 . 435 % € & LNP

YE T 7%

FATIEHE FLue MR A 45 BP9, 3l TVT A
W 977 20 & mRNA, K2 000 MZ TR (K 1A).
TE HEK293T 41l fifd & H % J] Lipofectamine 3000 % % A
[/ 771 4 i) FLuc mRNA. 24 h Ji 75 40 Jif] 22 fi# ) b ] k6
D30 5 ' 3 Wl 2 11 3R 3k, I Bl e 57 o T s T 4 i
(F1B) . #4345 1 FLuc mRNA-LNP % 1 (1) -2k
%~ 79.73 nm (& 1C), PDI N 0.082, fiI&f %>
90%.

A B C
4x10° -
Size distribution by intensity
E 3x10° ¢ 20
=]
5 15+
o 2x10° | =
= =10
= 5
1x10° 1 =
X E 5 i
0 ¢ 1 1 0 L s ' ' ;
0 0250 0.500 1.000 0.1 1 10 100 1000 10000
Dose of Fluc mRNA/pg Partical diameter/nm

Note: A. Full length of FLuc mRNA (2 000 nt) determined by gel electrophoresis. M—RNA ladder; lane 1—FLuc mRNA after IVT; lane 2—FLuc mRNA
after 5’ capping. B. Luciferase activity detection. C. The particle size of FLuc mRNA-LNP measured by dynamic light scattering method.

1 FLuc mRNA-LNPHI#I &R LT
Fig 1 Preparation and identification of FLuc mRNA-LNP
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2.2 Fluc mRNA-LNP {4k P 4 3% 350K

FKAE FH FLue mRNA 35 & LNP 9 fe 4 Bc 7
% B N 46.3% ALC-0315. 1.6% ALC-0159. 9.4%
DSPC Fl142.7% B[ EE (S 4 EER LA 2, X5/
B4 N mRNA-LNP i 3% 8 77 A7 PFAh o TR SN R 5
i (0.7, 3.58 7.0 ng) A9 FLuc mRNA-LNP il 5 ,
K AW & A% A6 FLue mRNA-LNP 42 15 %¢

PBS

AR LA A
BER R
”Ht

TR NNYNNY

2 INREZBLHEST FLue mRNA-LNP 7R [E R EUE 4 R 5 S 2B iE 4T
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S KT . SR L, D14 R 4L REAE /N
BRL A P9 A 0 ) 5 o R ek, JLrpo ) Al
(7.0 wg) A LbHAlh 7] 5 20 78 D4 B AR TH AT 7358 43/ B
HoG I B Dt R EEE M (E12), R IRA1H & 5 22
M15-HA mRNA £ [ (B AR e e Ml i Ry 1 png k%S
JERM, R HAWESE 7 1 %5 1) FLuc mRNA-LNP i
FURT CAFER N HEA T4 850 26 FIR 1 634

I 5.0x10°

4.0x10°

I 3.0x10°

2.0x10°

| 1.0x10°

Radiance/
(p-s™-em™.sr™)

Fig 2 Detection of luciferase activity in mice at different days after intramuscular injection of FLuc mRNA-LNP

2.3 MI15-HA mRNA ] & . #5835 %€ R

JO A A iR 92 Y

AR H M15-HA 1E 2 i J8% mRNA £ 1 1) 25t
JR, IF & A RRAE ) M15-HA mRNA-LNP, T
IN BB R A IEAG o SR TV RN 4 5 X &
) M15-HA mRNA & 2 100 4~ # 4 B2 19 4= K 3k 7
( B 3A) . #F HEK293T 41 Ml & *h % Y M15-HA
mRNA, 4l %4 f# ) 2 Western blotting J£ 52, #6151
MI5-HA E A £E (EI3B). il 445153 1 M15-HA
mRNA-LNP §5i 47 (19 7 #4042 24 67.35 nm (& 3C) ,
PDI 3 0.124, f3f5R>90%.
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2.4 M15-HA mRNA-LNP {7 B ity o 358 )i ok
FAT7E BALB/c MEPE/N U PEAl M15-HA4 mRNA-
LNP G J5i b, e )y 22 DLIE 4A . AR i 2 J]
Ji (D14) PEAS I 69 M15-HA 53404 1gG YK F,
25 0 10 7R T A mRNA 42 21 2 m] & 1) M15-HA FE
Sk TG Pk, W3 m T B T UK (3
P=0.000) , HHCHA KV Fifi B2 Fh mRNA il 7157 & T =
Mk (¥ P<0.05), 20 pg. 10 pg. 5 pg Al pg
PEAPUR U155 (geometric mean titer, GMT)
I 4677, 1044, 1298, 173, 7E55 2R,
B AT mRNA #0241 M15-HA 57 5% 1gG Yk K F1 i
F LTF (P=0.000), H ¥ D35 4 ik 2 5 1,
20 pg. 10 pg. S pg M1 pg A PR GMT 4391
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A B C
M 1
- Size distribution by intensity
100 000 — I5r
- <— MI5-HA
70000 — [ < 10r
50 000 — e E 5t
<2100 40 000 — [ . . .

0
0.1 1 10 100
-

1000 10000
Partical diameter/nm

Note: A. Full length of M15-H4 mRNA (2 100 nt) determined by gel electrophoresis. M—RNA ladder; lane 1—M15-HA4 mRNA after IVT; lane 2—M15-HA
mRNA after 5’ capping. B. Detection of M15-HA protein in HEK293T cells transfected with M15-H4 mRNA by Western blotting. M—protein marker; lane
I—the control without transfection; lane 2—the cells transfected with M15-H4 mRNA. C. The particle size of M15-H4 mRNA-LNP measured by dynamic

light scattering method.
3 MI15-HA mRNA-LNP# & REE

Fig3 Preparation and identification of M15-H4 mRNA-LNP
218 700, 87 548, 218 700 K 60 703, D49 i} K
218700, 87548, 218 700 }2 42 089 (&14B). LA L4k
AR, WU TS M15-HA mRNA-LNP $15) 2 7% (1~
20 pg) ATFE/N BRI S A B K SE B MITS-HA
PR R 1gGo

y

QO O

pae | oo

N

8

Priming Boosting
Bleeding  Bleeding Bleeding Bleeding
Time point DO D14 D21 D35 D49
Vaccine type mRNA mRNA
B
r O 20 pg
: O 10 pg
or oo 19 OR0) oop  ASHg
5 ee W AA v lug
=1 Sr e PBS
z 02
E 4r 0O o v
=t ] .
& 3t i v
)
£ v

heo—ar——n—— o ooo

0l u L L L L

Qb“vql QV‘)‘;) Bb‘ﬁﬁl’) Qb&‘)& QX5 0
QQ\Q'\"QD‘ QQ\Q%Qu ?_Q\Q%Q_b‘ QQ\Q'\"QD‘ QQ\Q%Qu
1me point

Note: A. Schematic diagram of the experimental design. B. M15-HA-specific IgG
antibody titers determined by ELISA. “P=0.000, compared with DO in the same dose
group; 2P=0.000, ®P=0.034, “P=0.015, compared with D14 in the 1 p.g group.
B4 MI15-HA mRNA-LNP % /MNR G MiE MRS F 1 1gG it
TiEHET

Fig 4 Determination of serum antigen-specific IgG antibody
titers in M15-H4 mRNA-LNP-vaccinated mice
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SR T) — 5 B A 2R R (1) HA 0 S k47 1t 268 10 1
TG AT DL e — 25 PF /N BRUAR P8 T R 1 B AR i 7K o
RN, TES 2K %PE)G (D35F1D49), 411y
ZH M15-HA T REPE PR KA X T PBS % B4 3 |
Tt HH 20 g F1 10 g fe 2 417E D35 Fl D49 i D) #E
PEHUAT FE7KF- 34 5 25 5 T PBS 41 (3 P<0.05). B
JE, 20 ng 417E DA, ThREMEHUARTHE B K P-4 D35
2 25 (P=0.000), D350} 20 ug. 10 ug. 5 pg
F1 pg %o 20 D) e PE PR GMT 43 93 - 905, 160,

359 J¢ 127, D49 B} 4y il S 285, 202, 101 K&
40 (Kl5),

1280 | oge ® 20 ug
640 ® 10 g
3201 4 f“g

5 v ipg
£ 160} T o PBS
£ 80t
40
20 B Ak & EEEEE D - - -
101 1 1 1 1 1 L L L L
D35D49 D35 D49 D35D49 D35D49 D35 D49

Time point

Note: HI—hemagglutination inhibition test. “P=0.000, ®P=0.038, “P=
0.033, ©P=0.028, ©P=0.005, compared with the corresponding time point
in the PBS group; 2p=0.000, compared with D35 in the 20 g group.
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Fig 5 Determination of functional antibody titers in M15-HA
mRNA-LNP-vaccinated mice by hemagglutination inhibition test
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Note: A. Schematic diagram of the experimental design. B. M15-HA-specific IgG antibody titers were determined by ELISA. “P=0.025, compared with D49

in the same group.
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Fig 6 Determination of serum antigen-specific IgG antibody titers in mice after homologous or heterologous immunization
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