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[(FZE] HARY B IF 6 & mRNA-Z2 k-0 9 70 i 99 K J0RE (mRNA - peptide polymer ternary
complex, mRNA-PPTC) , % % FLHUERF: ARSI A A IR T 2 ZF0RE G 240 i i3 326 255038 | B2 )5 /D BV 57
PEBUIATE RS 7k JE ARSI S5 03 0 i 4 At K UG Rl (fivefly luciferase, F-luc) (J§5m Al
25675¢ 364 1 (enhanced green fluorescent protein, EGFP ) FlI35 65 25 % K 45 4 18 &5 9 (receptor binding
domain, RBD) iy mRNA , FI| FI 3 G HUE K mRNA-PPTC (R4S 201 BUR BN Zeta HLAL, JE3d 3%
STHRBIERAK BB L 25 o F F-luc mRNA-PPTC K%k B ZH i 50 23 391 4% G 28 A\ S8 B Anfig (16
human bronchial epithelial cell, 16HBE) . i J # 2 4k 40 )E ( dendritic cell 2. 4, DC2. 4) | IR B W% 20 Jifg
(mouse leukemia cells of monocyte macrophage, RAW264. 7) , K75 5t 2= it I 5 35k IR e e i 2R A0 4 i 1
P ;% EGFP mRNA-PPTC Jxt HEZH i 551 4% Ut 2= 16HBE 4 fifg , (i FH 2O WA B Wig¢ EGFP Kk & ik, F
PTG SR H AR ¢ F-lue mRNA-PPTC 75/ B IGE R Qe sioie . 14w RBD 25 1) mRNA fE 2y
JEE R PT AR B, T Ao R IR G o W B S I S T A g I /N BRI VE T L R AR AR R G
(immunoglobulin G, TgG) Fl1 3¢S & il YU #E £ K ( bronchoalveolar lavage fluid, BALF ) FR4y JEURR S 40 s 754
o PEBRE 1 A (secretory immunoglobulin A, slgA) K3, 59 Wbl &R 220 100 nm T BRIE H 15—
T E S P B T mRNA-PPTC 44K ikl ; mRNA-PPTC fEA %4464 16HBE \DC2. 4 RAW264. 7 4iifi, 5
Xf R L 22 SA Gei 48 L (P<0. 01) , I HAN M FE R HAR s mRNA-PPTC 3 i3 i 5 S0 I, 7E/)N B 5
BRI ZH LR PRI 3] F-lue 5 B YA 2GR, 50 IR U022 A B it 8 L (P<0. 01) s TER) s
55 28 KIY/INEUALYE F1 BALF A ity v, BB 3 0 A DU 21 B 2040 1) RBD B J545 57 1 TG A sTgA | 5% BREH [
BESAGITFE X (P<0.01, P<0.05), 45 mRNA-PPTC FKBURA R 4719145 mRNA j% 1% g
73 E AN B AT 5 10 5 45 24 05 /DN BT PR T 4 R R 28R A RE IR 5 /0 BT S5 SR8 5 e ™ A Rk
AR SR LT TG A S L e DR sTgA o
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[ Abstract | Objective To design and prepare mRNA-peptide-poloxamine ternary complex ( mRNA-

PPTC) nanoparticles and explore their physicochemical properties, in witro/vivo delivery efficiency, and
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induction of specific antibody production in immunized mice. Methods The mRNAs coding firefly luciferase
(F-luc), enhanced green fluorescent protein ( EGFP) and SARS-CoV-2 receptor binding domain ( RBD)
were prepared through in vitro transcription. The size, polydispersity (PDI) and Zeta potential of the mRNA-
PPTC nanoparticles were studied with dynamic light scattering, and their morphology was observed with
transmission electron microscopy ( TEM ). After F-luc reporter gene was loaded in the mRNA-PPTC
nanoparticles, the obtained F-lue mRNA-PPTC nanoparticles were used to transfect human bronchial epithelial
cell line 16HBE, mouse dendritic cell line DC2.4 and mouse macrophage cell line RAW264.7. The
transfection efficiency and cell viability were observed with luminescence reporter assay. Fluorescence
microscopy was employed to observe the expression of EGFP in EGFP mRNA-PPTC nanoparticles-transfected
16HBE cells. In vivo imaging system was adopted to investigate the delivery efficiency through the intranasal
administration in mice. Then, RBD mRNA was used as antigen for vaccine preparation, the levels of specific
IgG in the serum and slgA in bronchoalveolar lavage fluid ( BALF) were detected with ELISA after the mice
were immunized with RBD mRNA-PPTC nanoparticles. Results =~ Our mRNA-PPTC nanoparticles were
successfully assembled, as weak cationic nanoparticles in sphere shape, in a diameter of about 100 nm, and
with low PDI. The obtained mRNA-PPTC could effectively transfect 16HBE, DC2. 4 and RAW264. 7 cells
(vs controls, P<0.01) with low cytotoxicity. The mRNA-PPTC nanoparticles effectively expressed the
reporter gene F-luc in the nose and lung of mice immunized though an intranasal route (s controls, P<
0.01). High titers of antigen-specific IgG and slgA were found in the serum and BALF from the mice in 28 d
after intranasal immunization with RBD mRNA-PPTC (s controls, P<0.01, P<0.05). Conclusion Our
prepared mRNA-PPTC have good capacity to delivery mRNA in vitro without significant cytotoxicity and in vivo

at respiratory mucosal site, and can induce high levels of specific serum IgG and BALF sIgA by intranasal

inoculation.
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AWFFGE T — MR- 22 IR-TIE I8 T i B 22 40
KR T 1697 Il PR LT 44k, 240 & £ ik
KG41 &4 3 BeIReAb L « BH g 7 IR BT T I Bt
W2 5 161 7K R B ] T4 o it K 5 AT 5 38 o) ok Be 4 s 0 fi
FREIBREAE ST L RO, I VD R ik BEIE B W TT04
(Tetronic® 704) ,/E Ky B AT R 4F A W AR A5 TR AE BRI
YRR LT SR (LR AR LY & KG4T [k
KRB, SCHE 3% Ik 5 W 00 T A R, 4R e T AR
P, ARBFSEIET mRNA HARFE- SRS, RAAER
il mRNA FZE (& 1A) , 455 IR-Z JIR-IE 1D I B 240
Pebikih R (A 1B) il & mRNA-Z JIK-11% Dl =
JCE AW (peptide polymer ternary complex, PPTC) , Jf:
PLZ Bk-mRNA — G0 & & %) (KG41 binary complex,
KG41-BC) F1{H & ¥b ie-mRNA — 55 & & ¥ ( T704
binary complex, T704-BC) 1F >4 %} B8, il 3 X KG41-
BC \T704-BC 1 mRNA-PPTC 44 ks i L A b i
RE Ty A FE A P P I 3ok 15 B ) LA B SR S /N B
R PEDUARKOE 19 7% 58, 89F mRNA-PPTC 44 2K ks
VE B B W 36 5 mRINA 2 B ¥ )

1 #R57E%E
1.1 %34
6~8 JE %, (R BT 2 20 g (1) BALB/c #EFR 49 H
(Ol B ST 7 NS BF I 1 51

5IEBFEX

TR R AR ZE 51 23 it i ( AMUWEC20210929) |, Jf:
TR ki 4 2 R Ml R 2R 51 2 O T sy S 3
(GEEBEEE R
1.2 S3eAtH XA

16HBE ,DC2. 4 RAW264. 7 4 fE #F if BisH B
o Yl F-luc [EGFP RBD ZE H 14 BORE 1 R 5t 48 307 Jig
A FEE G Z K KGAL B /R AR AL A w5 G TH K
DI 704 i 78 [ 3 K 28 W A RPMI1640 . DMEM |
opti-MEM 1535 5 it 4= L7 . Pen-Strep X1, 0. 25% fif
fitF 1XPBS i [ Gibco 2\ ] ; BamH [ .Kpn [, NEBuffer™
2. 1. DNA FHEGE M B Biolabs 24wl 5 JoAX K |
Lipofectamine2000 g H Invitrogen 2\ ) ; &AL 4N . & H
T RS 1 OXID 4 7 ; S0XTAE . 10X MOPs . i 3L
20, J HU SO R W i A PR I R & e A
Beyotime 23] ; 2 ML3% F 2 H B WE AZIR Y EL . DNA
ladder, RNA | % 2% #p % . RNA ladder Wy H
ThermoScientific 2 &) ; T7 & 7= & RNA # 357 & .
Capl fMiEEH & B APEXBIO 24w ; TMB (43K . 111
FHUIN TG Fl TgA g H Abcam 23] 5 5 FUbE M A Fii
RIS 7] D-9 G R PR 1 B PerkinElmer 23 ] ; Gel
Extraction iX7| &) B Omega /\ H] ; Spin Miniprep x5
&I H QIAGEN 2w ; CCK-8 iy § MCE 24 #],
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1.3 B4 mRNA 44 %

1.3.1 R A& FHC10 mL LB #5575
IMAZRPIMRZE 50 pg/mL, LA 50 wL £ B A5 Bk
KIGFFR,37 °C,220 r/min, 1557 12~16 h, FREEG G0
A5 P2 B AR JS0RE, a1 NanoDrop Uik BE FIALRE
1.3.2 ki XY B alifk KRS BamH T
Kpn 1 2.1 Z2opiiR &, T PCRAXH 37 C /i 1 b,
Fie HE e 1] Wi 790 &5 15 B 1 4l A Jr 45 4 % DNA | Bt
(BB SRERSEAR ), B R W BE e FL UK B0 DNA | B RV, 3F
o I 2 SRS e B AL

1.3.3  PROMNESE IS v 43 FRAR NG SR
SV B TR K L 10 x 55 5 2% wh B H DNA
ATP/GTP/CTP/GTP Ji Wi m A PCR 4 h , F
PCR Y 37 C i 3 h, SEMJG N DNase | BrEZ£
AR DNA, S b 2lifh .

e RO a0 S Ul T A5 B mRNA AR VE J5 42 0y
TR 10X 52 1 2% whifk . GTP (SAM it {& 73 7 . RNA
B0 0] | LRSI A S s R TR AT )5 37 C
FNE 30 min, AL EE 4 k. Bl I B BE C H K 5 IE
mRNA K/, FHERZ mRNA 287747 i 40 B T B
1.4 mRNA-PPTC %y KB4 64 %) & & % 5K
L.4.1 = J0 K = o6 i 50 /4 B il B SER Y
10 mg/mL T704 F % 5 0. 667 mg/mL KG41 W & T
2 AR (il RO #525¢ & ( NanoFac A, JU I ¥R H
BHEARRA A # TR G . KRGS mRNA 7 L
[ RE Y 75 2B % mRNA-PPTC =501 7,4 °C {547
% FH., mRNA-KG41 1 mRNA-T704 — ¢ 3 3 L [\ B
() J5 L o
1.4.2  YRRRAE  PDL Zeta HLA LB 25 1 %5 5%

B =005 ool R KRR, TH s L
LA S R SORE BEAX ( Malvern Zetasizer ) £l 44 K
TRLAAR SN 12 RiA% IR T i R BRRL T Zeta HAA

W i) 700 B R T B S e v I, 3.9 Bl 59 TR
ety 2 min, JEACIR I YL, A T4 4 h 5 (5
BT ILER
1.5 mRNA-PPTC 4k $hif 3% 48 Ay 09 # 5%

151 SR 0 25 52 300 A [7) 4H A i 5 4 g
Vi ¥ 16HBE . DC2. 4 . RAW264. 7 41l Jfli &2 75, F
37 C,5% CO, M FHFRF R 2 60% ~ 80% il
A AT R, TR AN R = 2x 10" A/ AL T 96
LA . K5 PBS ZZ#ji .400 ng #i F-luc mRNA D) K&
£ 400 ng F-luc mRNA f§ PPTC ., KG41-BC , T704-
BC . Lipofectamine® 2000 #i|5¥] 4355 100 pL opti-MEM
RAEIMAZLY . TR TSR 4 h, Hf opti-
MEM 48 WA FBS () RPMI1640 5 35 58, 4k 2215 57

24 h, Af ] F-lue 4 358 PR A I 3k 7] 6 A ) 5 L Ak 2%
KA S XT3
1.5.2 @96 HEEHIR7E 16HBE 20 b 1Y 4% YL ik
J1 ¥ 400 ng #t EGFP mRNA Fl14%4; 400 ng EGFP
mRNA 1) =Jo M ol F, 4% 1. 5. 1 o2 gRGE e
16HBE 4 fits, 5285 A PBS JEpE I 35 F= AL N WA
it B B9 AR5
1.5.3  CCK-8 £ I 1 71 41 fits 5 14 ¥ 16HBE
DC2. 4 RAW264. 7 4ii fifi % 1x10* 4~/ FL4H T 96 fLAk
o, TREFREM SR 4 b RRAH NG RE 45 1.5, 1 Hb g
m] 4L F i A # mRNA | Lipofectamine® 2000, — 51l
—uiill. 4ksiEEFE 24 h s, BALIMA 10 wL CCK-8
B, TR T 4 ho & Rl 450 nm P K
Qb5 FE FEAE T IR S 2T AR X 20 S T 5
3 3 () = s ).
) (A =Agsz)
1.6 mRNA-PPTC 1k N i i 48 /) 09 % 5%
1.6, 1 A~ [m] 6l 551 o9 W 3 328 3% RE ) S R R 1
BALB/ ¢ W B, Fae /N Bk BB 0 i 5 K T 5% 180°,
¥4 3 pg F-lue mRNA i — 0 H1 = 0417, 1 xPBS
13 g B mRNA | [a] %41/ R UZE A S L A5 20 L, 1]
B 8 min, 2525 24 h J5 , JEEESS 1. 19% 8% I LU 247
&, 157 58 A PRI I fot FH DG B8 2R R /N BRI 11 e ik, T A
AT D-ZOERPER A 100 pl/ H o 5 min J5HKE/N
ATER AR R Gk 2 kOE S . EE RN
JBESADHE. , BCHS JF I RLIE 42 i, 1 XPBS 0k Ik
AT ARG R G R 2= L O(E S . i Living
Image B33 Pl 32 DX i) D't
1.6.2 mRNA-PPTC /[ B 6] f5, 114 I W% 38 336 3% g
BEALIEHC 10 H 6 ~ 8 J& i ) BALB/c M i), %
1.6. 1 P54 F-lue mRNA-PPTC ] 335 £ 25 25 , 78
Y525)5 6.12.24 48 72 h I [i] 5 R/ BRI | R A
S AT A2 ROUAE SR
1.7 mRNA-PPTC % % )» R45 F MR KT 69 % 512
L7.1 gy NRSaser R f 24 2 6~8 Jally ik
7% 20 g () BALB/ ¢ MERUE T [R— 2 P I THRLIRY , b
BLPkIE 8 HoN—2H, 3400 3 4. % 1XPBS S AN &
3 ug RBD mRNA [ PPTC  T704-BC il 74% 8 1. 6. 1
TR S 25 20 o WU S e 10 B O R FESS 21
K UATRIZE R 54T — T S 5 e %, IF T 00K s
JasE 7,14 .21 .28 35 .42 49 KRR E/DRUILEFEA, T
55 28 RMWEIALFE /N FRUIG SRe B SCAUE I RE DRI AR
17,2 I3 A0S S M 08 DRV ( BALF) B i R 4R
FEFIKCR A S0 /N BRUMLR , 1 78 4B LS, 1250
FZIMIET-80 TR ¥ 28 d S8/ R SAL 5L,

x100%
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TCR AT FTFF M I 5 AR A e s 55 1 53236
SN RB BRI, RS RE IO Y
2 mm, ffi S B B AR A BCAE B KR
1xPBS JEPEAfir, F-80 CHEH.
1.7.3 ELSA %2 me/L RBD [t 100 ul/fL
JA 96 fLARH, T 4 CHMIn ., 7 LfLNwIE, &L
HIA IxPBST Jehi, & 3 . K53 1% BSA () 1xPBST
IAFLH, T 4 CH SR, Vet & 0.5% BSA
[ IXPBST $¢75 K 5 B 1E A1 BALF #EA S5 i AL,
F 37 CHFE 1 h, Vet B RS M ILEDT/N R 16
IgA 43 5 AL . BALF F2 A fLHh, T 37 CIEH
40 min, Ve, EEEHIA TMB & 6675 8 44, It AL 1k
LRI AHFBFFRAE 450 nm PR AR 62 B
1.8 it o

>k H] GraphPad Prism 8. 0 #4748 1122 4341 , £
DL x+s RN L] L BAT B 2R 07 22 7 i, P<0. 05 3%
NESAHGIEE L.

2 R

2.1 B4 mRNA 4] &

#4535 4t RBD (EGFP [ F-luc 85 1 11 5k Al il 1]
SN S5 P R R4 T DNA BE RS rL Ik, 25 SR gl 2A i
7, KA DNA ladder J187,3 F 5 A5 R0 K B U1 5 e 5%
BTG 1R K 1A SN 5% 5% BT 45 43 il 4 % RBD | EGFP |
F-lue 5 mRNA F1 5° Ji i J5 mRNA [a] 55 £ 47
RNA B8 Bk, 25 SR 1K 2B fis , &4 RNA ladder ]
Wr,3 F HAr mRNA K& 57 i fill i 5 247 9 il 45 B,
ARS8,

2.2 mRNA-PPTC # X B4 &4 %
& 3A ~C fif i, mRNA-PPTC = 0154 KG41-

5000 bp—
3 000 bp—
2 000 bp—
1 500 bp—

800 bp—

500 bp—

200 bp—

BC 1 T704-BC — X B4 /NS A ol 1 ki 4%
[(96.63+1.34)nm ], BRI Z /38 Z % PDI=0. 210+
0. 003, 3f: . Zeta Hi{7 Jy (+14. 625£0. 554) mV . $EmH
/KA TE By T 2k A W 5t I, IR PDIL I A v e MR
U, I HAEKES W S 55 P B - A M A i de v IG, e
Hh,iE AT B S BEES , mRNA-PPTC 2T BRI (1) 40 K 5
b, I HREDEH, KN — (B 3D) . DL S5 R KW
mRNA-PPTC SAkif224 100 nm 155 FH 2 7 BRIE 49 K i
i, I HLI AR A B ) i

2.3 mRNA-PPTC 4k 5hif 3% 4%

& F-lue 45 38 R =00, = T il 570 A1 45 X6 B
F| %% Yu 16HBE , DC2. 4 RAW264. 7 4l il & 5, 7
16HBE 4 fifgHh PPTC 21 5 HoAt — il 7 40 594G BT sk iy
2= k655 (P<0. 01, & 4A) . X T DC2. 4 4fififl,
PPTC 2% KG41 Il b 24 &k A5 5 o B 6 2%
S, M T704 — ol R 4 A S it2: 22 5 (P<0.01, |4
4B) . 7E RAW264. 7 4 ffg, PPTC 41 % fir A %) HR 41
(RLHEFE Y1) Lipofectamine® 2000 ) A 55 (1 1627 &
K55 (P<0.01, & 4C), i@id CCK-8 5L & PR,
PPTC #|#%}F 16HBE .DC2. 4 F1 RAW264. 7 41 i iiE
N EZ W (K 4D ~F), DL 45 R /R mRNA-
PPTC =755 KG41-mRNA 8¢ T704-mRNA — 0
TS S AHE b K 20 AR 2 DR 240 JtL 0 I 0 4 i S A B
I RSNE KRR . mRNA-PPTC Xt 3 Fh 41 g 2340
B EREE

WES PR, &% EGFP 4k 58 H i) — 50 il — il
FIL#E Yy 16HBE 41 il )5 , PPTC = JG il ] 41 %% KG41
m% T704 — ol 4l A Ham sk i e E Rk, %
gL PR /R mRNA-PPTC BETEIR SN 805 Y R
R A,

6 000 bp—]
4000 bp—
3 000 bp—]

2 000 bp—]
1 500 bp—
1 000 bp—

500 bp—
200 bp—

A AR FAM  1:DNA ladder;2 4 .6:4& kK %4 RBD EGFP \F-luc Fi#:;3.5.7:4& &k % RBD EGFP F-luc Jf #&

BB )G 75 M5 B AR SN R B
K5 %At & RBD EGFP F-lue mRNA

1:RNA ladder;2 4 .6:4& kK % # 3 )5 RBD \EGFP F-luc mRNA;3 .5 7:1&

B2 mRNA KIMNERE R RARIKER
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a: P<0.01

A~C: R 4] % 4 4 16HBE (A) .DC2. 4(B) .RAW264. 7(C) tm e js L 3 & % 3% £ ;D ~F: R B %) % xF 16HBE
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4 SRR [EEiBERESIR

mRNA

KG41-BC

T704-BC

PPTC

5 A EHIF EGFP #i &£ FE 7 16HBE 401 H1 1) 575% 15 5

2.4 mRNA-PPTC 4k /i % 6% 7

B F-lue #2485 JE K — 50 . = o il 1) A% HE 55
W52 25 5 7R/ BRUE R PPTC i 57 2 3 Hofth 2 B A
B P B OS5 (P<0.01, 8 6A D) . /INEUFIE
FIRENEIA TG F-lue FR3K , MAEMTZHZH PPTC il 7| 4H 8¢
HAth 2 B A ek 4k 2% & 655 (P<0. 01,8 6B \E) .
wE 6C.F Frn, fili sl U p Ak 2% kO 5 o i F
mRNA-PPTC i & 2525 5 24 h 3k $]1&(4 , 3+ H mRNA
REFFLLRIZE 72 h, DI E453R4E/8 mRNA-PPTC 44k
PR S PR TE 25 25 5, TR AE /N R TR b A 2 b
3335 HbR mRNA, IF HOAS 258 3% 2 FRE AR AL . R
B, HREAERT A U h R r s fIF H &R A 72 he % F
KG41-BC ol AR 8% e I AE, J5 22 3h ) g%
SIS AN A S A

(%200)

2.5 SdEE b RAES P AR AR AR KT

ANERFR B TA Fin 7R G5 7 SR S S FURAE )T
AT RTI A 714,21 ,28 .35 .42 .49 KM ILIE FEA
RBD 5% 1gG Y6 R, K3 A WK e fs 28 d (i
SRS T d) R, M PR R 1eG #E A5 (&
TB) o BRI 5 A 28 R (ISR s 7 d) i I i
F BALF # & e bR #1725 %2, 8L PPTC =
TGl 2 RBD 5 5P L3 TG i FE , 3¢ T704 — Tl
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