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[Abstract] Objective: This study focused on the same split vaccine antigen system to compare the protective efficacy of two
immunization strategies: intramuscular injection with aluminum adjuvant - CpG oligodeoxynucleotide (Alum - CpG) and intranasal
delivery with sugar-based lipid nanoparticles (SNP). Methods: Eight - week -old female BALB/c mice were randomly assigned into
different experimental groups: Alum-CpG group, SNP group, intramuscular unadjuvanted split vaccine group, and unimmunized control
group. All mice received two immunizations 14 days apart. On day 14 after the booster immunization, serum and nasal lavage fluid (NLF)

were collected. Antibody levels were measured by hemagglutination inhibition (HI) assay and indirect enzyme-linked immunosorbent
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assay. Mice were then challenged with heterologous virus A/Scotland/P2/2015(HIN1) to evaluate body weight changes, survival rate,
lung viral load, and pulmonary pathological changes. Results: Under equivalent antigen doses, intramuscular administration of the split
vaccine adjuvanted with Alum - CpG significantly elevated serum HI antibody titers. Following viral challenge, mice in this group
achieved a 100% survival rate, accompanied by marked reductions in lung viral loads and substantial alleviation of influenza -
associated inflammatory lung pathology. Although the SNP group induced detectable serum HI antibodies and secretory IgA (sIgA)
responses, and conferred partial protection against influenza virus challenge, its serum HI titers, survival rates, and viral clearance
capacity were all inferior to those observed in the Alum-CpG group and the split vaccine group. Moreover, higher levels of viral
replication were still detectable in the lung tissues of some mice in the SNP group. Conclusion: The intramuscular vaccination strategy
employing Alum-CpG adjuvant markedly enhanced both the immunogenicity and protective efficacy of the split vaccine ; demonstrating

superior immune-enhancing effects compared to the intranasal SNP delivery. SNP have potential as an intranasal delivery platform, but

their formulation design requires further optimization to improve protective efficacy.

[Key words] influenza virus; split vaccine; aluminum adjuvant; CpG oligodeoxynucleotide; sugar-based lipid nanoparticle

UL IR o N S Ak R ) RS R KB R A i 2
— o A A 41 (World Health Organization,
WHO) gt it , it B 4 5 30T 10 12 N &3, 77 4
300 J5~500 /3 EAES B, 29 J1~65 JiFET . 9%
M 7 2 R ) B RO AR, (E R e
R R ORI RCR 52 )9 B PR RS B A
e 72 5 5 2 M K R M, FP R AU 389

W TR0 R BB PR A O R BRI e A R
AUE SEHEE . H BT, SR 2= 1 I A AR
T EA P FLUAD (5 A % 4 7B i 2L 71
AT YL 2 1) A Inflexal 'V (55 55 % 9 4% 771 7 J6 9%
D, ZE ORI B X LR R, i
B B A BT 7 AT DL 3 Y SR T A
P SN, AT S THBE P DR AP RUR

5 4% 551 Caluminum adjuvant, Alum) 5 CpG S£#%
H R (CpG oligodeoxynucleotide, CpG) 1] & & 1% 7
(Alum-CpGOEHT A W TR T2 . Alum 7]
A R SRR G B, T2 5 5 Th2 B G e B 2
1l CpG E A Toll £ 52 44 (Toll-like receptor, TLR)9
Bshin), TRt Thl B A le . —F HR& B BE
i 76 — & F2 PE 1S53 Th1/Th2 Fa e B2 K17, A
T 2 9% T AR G e R . BRI, Alum BX & CpG
TR AL 2 AR PSR O R S N . B,
2022 4F 6 H 3 BR B At #E K9 Valneva 2 A P
VLA2001 5% 1 Alum 5 CpGHe

FEAN K FURL (sugar-based lipid nanoparticle, SNP)
VE D9 — 8 VA 2 W s T M g ik it g S 1) 4909 K 3 326 3
i, B R I A AR R e % 1508 1. 8
T A2 1 B 2H 2 T 20, SNP AN BERS S Bt 5
R e ORI , I TR A 22 G RT3 A S

[J Nanjing Med Univ,2026,46(07): 1020-1028]

SR i, GLA-3M-052-1S 1 7144 £ [7] i 40, &
TLR4 ¥ 2 771 it i 6] %) 4% %5 15 57 A (glucopyranosyl
lipid A, GLAD M1 TLR7/8 ##))77 3M-052, Al i id £ il
P W [RB0TE Se R S R G0, NI 5 58 ) V2 AR
L G AT DA AR A, %A FAE T B
DL YT R 9% T S mRINA 92 7 Fp 35 LA 396 5 4 s
JEE R 7 5 S AE B AL e PR B R A
T3 ~ S S5 A i 2 P DL IR S R 9T S
Jee B e R FH i

AW FUAEAR [F R PR T 50T, i/ RS Y
LEAL Alum-CpG & G 47 TR ILAI A5 SNP S 32 5%
AP VUL DA ST 1) B B DR AP RECR, 40 BT AN [ “ A
F-45 25 A% HH A S W 0T I B T OR3P BRI 52
M), Sy SR AR 2 e P A2 SRR A R 2 7 SR it 42
PESZIR AR -

1 #RFTE

1.1 ##

TCHE 58 97 JE 4K (specific pathogen free, SPF) XS i
GLIF AR B A 7)) s 8 F W EYE SPF 2 BALB/c
/N B I AR m)D s JUBGR BRIk A/ Victoria/
4897/2022 (HIN1) « A/Wisconsin/1009/2024 (H3N2) .
B/California/0855/2024 (B/Victoria) G I FE 2 4= ) il
i 54 B BR 2 7] ) s GLA (Avanti Polar Lipids 2 &, 3¢
); 3M-052(Selleck Chemicals 24 ], FE[E ) ; —A7AH
T Aol T TSR R . — o T 18 i 5 et fie- R AR R &
T 2000 JIEFE T o4 By (i AR AR 25 RHK
AR AED s FA7 g E 254 B X 5 A IR 2
F]); Alum. CpG (nvivoGen 2 7 , 3 [E]) ; SZ R 4 g
(receptor-destroying enzyme, RDE) (A fff £k 20 & 4,



<1022 Mo BE R K % 2 kR

546 5557 1
20267 A

FAD s 9 7 A2 KB 97 2 (Gibeo A A, K [H)D ; 19005
2L G0 L 757 I R AE VIR BCH IR =)D 5 28 1S B
& 1 (bovine serum albumin, BSA) \ U F & B O Ji
(tetramethylbenzidine, TMB) (Becton Dickinson 23 7],
%D 5 BRI 4 4L P B (horseradish peroxidase,
HRP) bR 1L 2 51/ R TgA = $T (Abcam 2 7 , 36
) 5 BRI 2 =R £ i R (g ot 2 DUVAE R AT TR
2 7)) s MDCK 4 . A/Scotland/P2/2015 (HIN1) % #k
H Rk R T A i e B v ST T B AR

BT A Bl s 56 28 bRk g AR i 4 R AR AL
Besh e HE 2% 5 2> H kil i (NAALH-N-2507004) .
12 Fik
121 &E#&

= AR SRR 4 - R WHO HEF ) i K
T4 5 B MR T SPE XS IR . 2855 FR ISR IR T,
I KE TEAL P, #EAT AL, % & F b
JRH . BEJG ¥ & A JFOR S LR 5 DL I e
% (hemagglutinin, HA) 5& B 45 Oy, ¥ 43 =
ZLEE JER T S HA R B B 2 S G KP4 H

SNP #4582 : ¥4 GLA 3M-052 . A i B 5 1 7k
BB~ A VTt 1 T £ e - PP S0k B3R 2 — 8% 20000
PR B Je o AE B VA TR/, SRk R LA
WU Y BRI - AN 25 mmol/L i R # 2% iy
(phosphate-buffered saline, PBS) /K&, IR &Y & T
60 C/KM A AL T 1 ho Bl J5 A0 FH SO 458 45 £E
18 000 psi J& /] FiEAT 5 MEMHFE, 22 0.22 pum JE
JE I UE 45 SNP, i 7T 2~8 C& .

B G P AH PV ) 6 - o = SRR B SRS &
VEFIBEAT IR &, I S IR GG B, 12 h, B 2] &

ANTRIZEL ) ()28 T o 70 (R TR A JE 4R D o SNP 4L
VAR = SRR 8 TR T HA 29K 8 100 wg/mlL,
SNP 24K & 300 wg/mL. HRPEF, & H/NRE 20 pwl
(772 pg M HAL6 pg SNPYZ ELBHERR . Alum-CpG 4.:
A = A B T LS HA 29K FE 4 100 pg/mL,
Alum 23K JE 4 5 mg/mL, CpG 23K & 4 1.25 mg/mL.
B AR H /N R 20 pL(75 2 pg st HAL100 g Alum
125 weg CpGOE MR 4% Fk . Split vaccine 2H.: iff
BE = R SRS HA R 8 100 pug/mLL, 42
Rt RN 20 L (5 2 pg e HA) 28 LA 5
IR

122 RERFGILY 35

SIZIG I , K 2% UL B B % T R FH PBS AR R 1<
10° 135 5 BURS B¢ J5 98 2290 100 WL #25F 9 H i#% SPF ¢
XA PR BE s o P S IR B T (37.0 £ 0.5)°C HH
XTI 60% + 5% WAL I E 72 he B H SR
J& 5 W XS R 7S 28 4 CA IR, B 5 TG0 TR AR U3k
PRIEW -

WS 1R FR FE W 4 °C 3 500 r/min B 0> 20 min, B
IR R 1903 £LAH M R AT RS . B
MLEERL T = 256 (1) FH I R EE, P44 °C.3 500 r/min
BS540 20 min, K¢ EIER 2% 5 B T-80 CHMKIR VKA
PRAF, LS JE 22 M e i Chemagglutination inhibition,
HD %68
123 DR RIEEM

HEHL 80 I 8 JEI WA ME T SPF 2% BALB/c MEYE /N,
BEAL S 94 41, 54120 R, 1l 3 H 20 4% ATk 77 ik i
AT W HEERN, 25 4 H oK o % 0 I (ControD 41, 42
UE I E P

R1 XRHIMERTE

Table 1 Experimental animal immunization protocol

Group Immunization route HA immunization dose Number of mouse Immunization schedule
SNP Intranasal 2 pg 20 2 immunizations , 21-day interval
Alum-CpG Intramuscular 2 pg 20 2 immunizations , 21-day interval
Split vaccine Intramuscular 2 pg 20 2 immunizations , 21-day interval
Control Intramuscular 0 20 2 immunizations , 21-day interval
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A: Serum HI titers against A/Victoria/4897/2022 (HIN1). B: Serum HI titers against A/Wisconsin/1009/2024 (H3N2). C: Serum HI titers against

B/California/0855/2024 (B/Victoria). D: Comparison of serum HI titers against different influenza virus subtypes within the Alum-CpG group. The

dashed line represents the limit of detection. 'P < 0.05, "P < 0.01,and “"P < 0.001(n=10).
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Figure 1 Hemagglutination inhibition titers of mouse serum against HIN1, H3N2, and B/Victoria influenza viruses on 14 days

after booster immunization
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Influenza antigen-specific sIgA titers in NLF after immunization
with different vaccine strategies. The dashed line represents the limit of
detection. P < 0.001(n=5).
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Figure 2 Effects of different immunization strategies on
influenza virus antigen - specific sIgA antibody

levels in mouse NLF
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A: HI titers of mice serum against the heterologous challenge virus (A/Scotland/P2/2015). The dashed line represents the limit of detection. "P <
0.01,""P < 0.001(n=10). B: Body weight changes of infected mice (n=10). C: Survival curves of infected mice(n=10).
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Figure 3 Immunogenicity and protective efficacy of different immunization strategies in a mouse model of heterologous in-

fluenza virus challenges
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