
 

Fig. S1│Initial EGFP-based screening of viral UTR variants.  

Representative fluorescence images of HEK-293T cells taken at 24 h after transfection with EGFP-

encoding mRNAs containing 23 different viral UTR pairs. The EGFP mRNA without any UTR 

sequences was transfected as a positive control.  

  



 

Fig. S2│Integrity analysis of mRNA with different UTRs.  

Representative agarose gel electrophoresis image of EGFP-encoding mRNAs containing α-globin, 

M, or M1+2 UTRs. mRNAs were synthesized by in vitro transcription, purified, purified, and loaded 

to individual lane as indicated. The gel was stained with nucleic acid dye and visualized under UV 

light. All mRNAs show a single, clear band with no visible degradation smears, indicating 

comparable integrity across UTR variants. 

  



 

Fig. S3│EGFP-based screening of M1, M2, M3, and M4 single-point mutants derived from 

influenza M segment UTR. 

Representative fluorescence images of HEK-293T cells taken at 24 h after transfection with EGFP-

encoding mRNAs containing the prototype M segment UTR (M), single mutants (M1, M2, M3, and 

M4), or the α-globin control UTR. Cells were transfected with 2 μg of mRNA-LNPs per well.  

  



Fig. S4│Validation of M1+2 UTR‑enhanced EGFP expression at multiple doses. 

(a) Representative fluorescence images of HEK-293T cells taken at 24 h after transfection with 2, 

0.5, or 0.1 μg of EGFP-encoding mRNA-LNPs containing the prototype M segment UTR (M), 

single mutants (M1, M2), the M1+2 variant, or the α-globin control UTR (related to Fig. 2c). (b–d) 

Quantification of total fluorescence intensity (integrated density per image field) measured by 

ImageJ for cells transfected with 2 μg (b), 0.5 μg (c), or 0.1 μg (d) mRNA. Data are presented as 

mean ± SD (n = 3). *: P<0.05, **: P<0.01, ***: P<0.001. 

 

  



Fig. S5│Computational calculation of secondary structures and thermodynamic parameters 

for M segment-derived UTR variants. 

Predicted secondary structures and minimum free energy (ΔG) values for M segment-derived UTR 

variants used in this study. Structures were calculated using the RNAfold WebServer with default 

parameters. The predicted ΔG value (kcal/mol) is indicated below each structure. Variants shown 

include the prototype M segment UTR (M), single mutants (M1, M2, M3, M4), and combination 

mutants (M1+2, M1+3, M1+4). 

  



 

Fig. S6│Gating strategy for flow cytometric analysis of T cell subsets. 

Representative sequential gating strategy used to identify CD3⁺, CD4⁺, and CD8⁺ T cell subsets 

from splenocytes (related to Fig. 4c). Data were analyzed using FlowJo software. 

  



 

Fig. S7│Flow cytometric analysis of CD4⁺ and CD8⁺ T cell subsets.  

Representative flow cytometry plots showing CD4⁺ and CD8⁺ T cell populations in splenocytes 

isolated from mice (related to Fig. 4c). Cells were gated on CD3⁺ lymphocytes as shown in Fig. S6, 

and the percentages of CD4⁺ and CD8⁺ subsets within the CD3⁺ population are displayed. Data were 

analyzed using FlowJo software. 

  



 

Fig. S8│Representative histograms illustrating CD3⁺ T cell gating and population 

distributions. 

Representative flow cytometry histograms showing CD3⁺ T cell proportions in splenocytes isolated 

from mice (related to Fig. 4c). Cells were gated on lymphocytes as shown in Fig. S6, and CD3⁺ 

frequencies are displayed for all experimental groups. Quantitative analysis of CD3⁺ percentages 

across groups is presented in Fig. 4c; representative histograms are shown here to illustrate the 

gating and population distributions. Data were analyzed using FlowJo software.  

  



Fig. S9│Immune protection of mRNA-LNPs against PR8 challenge at standard dose. 

(a) Body weight changes of mice (n = 5 per group) immunized with 2 µg of mRNA-LNPs containing 

the indicated UTR variants. Mice were challenged intranasally with PR8 (H1N1) virus at Day 28 

post-prime immunization, and body weight was monitored daily for 10 days thereafter. Data are 

presented as mean percentage of initial body weight ± SD. (b) Survival rates of the same mice over 

the 10-day observation period following viral challenge. 

  



Table S1. Complete sequences of 5’- and 3’-UTRs used in the initial UTR screening. 

 5’UTR 3’UTR 

RV-1 5’-GGCTTTTAAAGCGTCTCA 5’-ACTCTGCGAAATTTTCGG 

RV-2 5’-GGCTATTAAAGGCTCA 5’-GGTCATATCTCCACAGTGGG

GTTGGCGT 

RV-3 5’-GGCTTTTAAAGCAGTACTAG

TAGTGCGTTTTACCTCTGATGGT

GTAAGC 

5’-GGTCACATCATGACTAGTGT

GTTAAGTTTCTAGC 

RV-4 5’-GGCTATAAA 5’-GGTCACATCCTCAATAGCGTT

CTCACAAT 

RV-5 5’-GGCTTTTTTTATGAAAAGTCT

TGTGGAAGCC 

5’-GGTTCACATTCTATGCTGCCT

AGGCGCTACTCTAGTACAGGGA

GTCTTGTAGTGGCAAATGTGAC

CTTTCTTTTAC 

RV-6 5'-GGCTTTAAAACGAAGTCTTC

GAC 

5’-GGTCACATCCTCTCACTACAT

CATTCAGACAGTTACTCTACGT

AGCGAACATGAAATCATGTCCT

TACTTGAAGAGTCTGAATGACT

TGATGTAGCTACATGCTAACTAA

GATTGGATACCAGATGTTTAGTC

TGGTCC 

RV-8 5’-GGCTTTTAAAGCGTCTCAGT

CGCCGTTTGAGCCTTGCGGTGT

AGCC 

5’-GGTCACATAAGCGCTTTCTAT

TCTTGCTTCGTCATCATCATTCT

CGAATCGAAAGTGAA 

RV-9 5’-GGCTTTAAAAGAGAGAATTT

CCGTCTGGCTAACGGTTAGCTC

CTTTTA 

5’-GGTCACATCGAACAATTCTA

ATCTAAGATAT 

RV-11 5’-GGCTTTAAAAGCGCTACAGT

G 

5’-GGTCACAAAACGGGAGTGG

GGAGCTCCCTAGTGCGTCCTCA

GGTCG 

RVFV-L 5’-ACUAUGAUCGUAUCACGAU

GU 

5’-CUGGUCAUUCGUUUCAGUC

CGAA 



RVFV-M 5’-AUUAAACCCCACCACCCCAC

UCCGUCGUCGUC 

5’-CCCACCACCCCACUCC 

RVFV-S 5’-AUCCCCCACCCCCCAC 5’-CCCAGGGGGUUGGGGG 

IV-1 5’-AGCGAAAGCAGGTCAATTAT

ATTCAAT 

5’-AGTAGAAACAAGGTCGTTTT

TAAACTATTCGACA 

IV-2 5’-AGCGAAAGCAGGCAAACCAT

TTGA 

5’-AGTAGAAACAAGGCATTTTT

TCATGAAGGACAAGCTAAATTC

A 

IV-3 5’-AGCGAAAGCAGGTACTGATC

CAAA 

5’-AGTAGAAACAAGGTACTTTT

TTGGACAGTATGGATAGCAAAT

AGTAGCACTGCCACAA 

IV-4 5’-AGCAAAAGCAGGGGAAAAT

AAAAACAACCAAA 

5’-AGTAGAAACAAGGGTGTTTT

TCCTCATATCTCTGAAATTCTAA

TC 

IV-5 5’-AGCAAAAGCAGGGTAGATAA

TCACTCACTGAGTGACATCAAA

ATC 

5’-AGTAGAAACAAGGGTATTTT

TCT 

IV-6 5’-AGCGAAAGCAGGGGTTTAAA 5’-TCTGTTCAAAAAACTCCTTG

TTTCTACT 

IV-7 5’-AGCGAAAGCAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

IV-8 5’-AGCAAAAGCAGGGTGACAA

AGACATA 

5’-AGTAGAAACAAGGGTGTTTT

TTATTATTAAATAAGCTGAAACG

AGAAAGTTC 

HV-L 

 

5’-TAGTAGTAGGACTTCCGAGA

TAGAGAAAGATCAATCAAAAA

AA 

5’-TAGTAGTATGCTCCGGAAAA

AGAGCACTGC 

LV-L 5’-CGCACCGGGGATCCTAGGCA

ATTTTGTGGATCTTTGCTGATAC

TTCATTCTGCACTCAAAGCCGC

ATCCGGCAAGAGTC 

5’-CGCACCGGGGATCCTAGGCA

TTGTGACTCTCTCTTCTGAGGA

ACAAGTGTGTGG 



 

 

Table S2. UTR sequences of M segment-derived variants used in core experiments. 

 

LV-S 5’-GCGCACCGGGGATCCTAGGC

ATTTTTGGTTGCGCAATTCAAGT

GTCCTATTTAAA 

5’-CGCACAGTGGATCCTAGGCT

ATTGGATTGCGCTTTGCTTTTGT

CATTTTGGCAGATAGTCTCAGTT

CTTTGTTGTGTGCATACAACAC

AACAATCTGG 

 5’UTR 3’UTR 

M1 5’-AGTGAAAGCAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

M2 5’-AGCAAAAGCAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

M3 5’-AGCGGAAGCAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

M4 5’-AGCGAAAACAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

M1+2 5’-AGTAAAAGCAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

M1+3 5’-AGTGGAAGCAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 

M1+4 5’-AGTGAAAACAGGTAGATATT

GAAAG 

5’-AAAACTACCTTGTTTCTACT 


