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Figure 1 (a) Agarose gel electrophoresis of D2GFP-coding circRNA precursor (precursor 

RNAD2GFP) and unpurified circRNA (unpurified circRNAD2GFP) after RNase R treatment. (b) 

Chromatogram of D2GFP-coding circRNAD2GFP via an AKTA purifier system. Protein expression 

level of circRNAD2GFP and linear RNAD2GFP in HEK293T cells (c) and NIH3T3 cells (d) 48 hours 

after transfection.  

 



 

Figure 2 (a) The molecular structural formula of the novel ionizable lipid. (b) 1H NMR spectrum 

of the compound. (c) Chromatogram of OVA (257-264)-luciferase-coding circRNA 

(circRNAOVA-luc) via an AKTA purifier system.  



 

Figure 3 (a) Intracellular localization of the LNP and lysosome, characterized by confocal 

fluorescence microscopic imaging. Red fluorescence dye R300 was encapsulated in LNP and then 

incubated with mouse embryonic fibroblasts for 0, 2, 4 and 8 hours. Green, Lysotracker 488. Scale 

bar, 20μm. (b) Analysis of the fluorescent value along the selected line (the yellow line) in the 

merged images.  



 

Figure 4 (a) Flow cytometric analysis of D2GFP expression in HEK293T cells. CircRNAD2GFP 

was encapsulated with LNP for transfection. 24 hours after transfection, cells were harvested for 

flow cytometry assay. (b) Cell viability after treatment with increasing doses of the 

circRNAD2GFP-LNP complex. Cells were transfected with increasing RNA doses via LNP. After 24 

hours, cell viability was evaluated via CCK-8 assay. (c) A workflow of the IRES screening assay 

in vitro. OVA (257-264)-luciferase-coding circRNA (circRNAOVA-luc) with different IRES 

elements was packaged with LNP and transfected into HEK 293T cells, and luciferase activity was 

measured 24h after transfection. (d) Statistical analysis of luciferase activity in vitro. ns, no 

significant, **p < 0.01. 



 

Figure 5 (a-b) The molecular structural formula of the two FDA-approved ionizable lipids (a, 

LNP 1; b, LNP 2). Particle size distributions of the circRNA-LNP 1 (c) and circRNA-LNP 2 (d) 

complex. Zeta potentials of the circRNA-LNP 1 (e) and circRNA-LNP 2 (f) complex. (g) A 

workflow of the assay in vitro. OVA (257-264)-luciferase-coding circRNA was encapsulated with 

different LNPs for transfection. 24 hours after transfection, cells were collected for luciferase 

activity detection assay. (h) Luciferase activity detection in HEK293T cells.  



 

Figure 6 Comparison of serum cytokine release after RNA-LNP administration in vivo. OVA 

(257-264)-luciferase-coding circRNA (circRNAOVA-luc, 10 μg circRNA per mouse), equimolar 

amount of M1Ψ mRNA (M1Ψ mRNAOVA-luc) and PBS were encapsuled with LNP and 

intramuscularly administrated. 24 hours later, Elisa assay was carried out to detect serum (a) IL-6 

and (b) TNF-α secretion. 



 

Figure 7 (a) Average body weight of the mice in OVA-MC38 tumor model. (b) Gating strategy of 

the flow cytometry data for anti-OVA 257-264 peptide (SIINFEKL) T cell detection in Figure 4C.  



 

Figure 8 Gating strategy of the flow cytometry data for detecting the percentage of IFN-γ and 

TNF-α positive CD8+ T cells in Figure 4E.  

 



 

Figure 9 (a) Average body weight of mice during the experiment of Figure 5A. Gating strategy (b) 

and representative flow dot plots (c) for anti-OVA 257-264 peptide (SIINFEKL) T cell detection in 

Figure 5H. 

 



 
Figure 10 Gating strategy of the flow cytometry data for detecting the OT-I (CD45.2+) T cells in 

all the CD8+ cells.  

 



Supplementary Table 1 
 

Linear 

D2GFP RNA 

templete 

taatacgactcactatagggaaataagagagaaaagaagagtaagaagaaatataagagccaccgccaccatggtg

agcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaa

gttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccgg

caagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgac

cacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaagga

cgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagg

gcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatat

catggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgc

agctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctga

gcacccagtccgccctgagcaaagaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgccg

ccgggatcactctcggcatggacgagctgtacaagaagcttagccatggcttcccgccggaggtggaggagcagg

atgatggcacgctgcccatgtcttgtgcccaggagagcgggatggaccgtcaccctgcagcctgtgcttctgctagg

atcaatgtgtaggctgccttctgcggggcttgccttctggccatgcccttcttctctcccttgcacctgtacctcttggtctt

tgaataaagcctgagtaggaagt 

Circular 

D2GFP RNA 

templete 

taatacgactcactatagggggagaccctcgaccgtcgattgtccactggtcaacaatagatgacttacaactaatcgg

aaggtgcagagactcgacgggagctaccctaacgtcaagacgagggtaaagagagagtccaattctcaaagccaat

aggcagtagcgaaagctgcaagagaatgaaaatccgttgaccttaaacggtcgtgtgggttcaagtccctccacccc

cacgccggaaacgcaatagccgaaaaacaaaaaacaaaaaaaacaaaaaaaaaaccaaaaaaacaaaacacatct

agattaaaacagcctgtgggttgatcccacccacaggcccattgggcgctagcactctggtatcacggtacctttgtgc

gcctgttttataccccctcccccaactgtaacttagaagtaacacacaccgatcaacagtcagcgtggcacaccagcc

acgttttgatcaagcacttctgttaccccggactgagtatcaatagactgctcacgcggttgaaggagaaagcgttcgtt

atccggccaactacttcgaaaaacctagtaacaccgtggaagttgcagagtgtttcgctcagcactaccccagtgtag

atcaggtcgatgagtcaccgcattccccacgggcgaccgtggcggtggctgcgttggcggcctgcccatggggaa

acccatgggacgctctaatacagacatggtgcgaagagtctattgagctagttggtagtcctccggcccctgaatgcg

gctaatcctaactgcggagcacacaccctcaagccagagggcagtgtgtcgtaacgggcaactctgcagcggaacc

gactactttgggtgtccgtgtttcattttattcctatactggctgcttatggtgacaattgagagatcgttaccatatagctatt

ggattggccatccggtgactaatagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaac

attacaattcattgttaagttgaatacagcaaaatggtgagcaagggcgaggagctgttcaccggggtggtgcccatc



ctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccaccta

cggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctg

acctacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgcccga

aggctacgtccaggagcgcaccatcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcga

gggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcaca

agctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaactt

caagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggcg

acggccccgtgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagc

gcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagaagctt

agccatggcttcccgccggaggtggaggagcaggatgatggcacgctgcccatgtcttgtgcccaggagagcggg

atggaccgtcaccctgcagcctgtgcttctgctaggatcaatgtgtaggtcgacaaaaaacaaaaaacaaaacggcta

ttatgcgttaccggcgagacgctacggacttaaataattgagccttaaagaagaaattctttaagtggatgctctcaaact

cagggaaacctaaatctagttatagacaaggcaatcctgagccaagccgaagtagtaattagtaagaccagtggaca

atcgacggataacagcatatctag 

Circular 

OVA 

(257-264; 

SIINFEKL)-

luciferase 

RNA 

templete 

taatacgactcactatagggggagaccctcgaccgtcgattgtccactggtcaacaatagatgacttacaactaatcgg

aaggtgcagagactcgacgggagctaccctaacgtcaagacgagggtaaagagagagtccaattctcaaagccaat

aggcagtagcgaaagctgcaagagaatgaaaatccgttgaccttaaacggtcgtgtgggttcaagtccctccacccc

cacgccggaaacgcaatagccgaaaaacaaaaaacaaaaaaaacaaaaaaaaaaccaaaaaaacaaaacacatct

agattaaaacagcctgtgggttgatcccacccacaggcccattgggcgctagcactctggtatcacggtacctttgtgc

gcctgttttataccccctcccccaactgtaacttagaagtaacacacaccgatcaacagtcagcgtggcacaccagcc

acgttttgatcaagcacttctgttaccccggactgagtatcaatagactgctcacgcggttgaaggagaaagcgttcgtt

atccggccaactacttcgaaaaacctagtaacaccgtggaagttgcagagtgtttcgctcagcactaccccagtgtag

atcaggtcgatgagtcaccgcattccccacgggcgaccgtggcggtggctgcgttggcggcctgcccatggggaa

acccatgggacgctctaatacagacatggtgcgaagagtctattgagctagttggtagtcctccggcccctgaatgcg

gctaatcctaactgcggagcacacaccctcaagccagagggcagtgtgtcgtaacgggcaactctgcagcggaacc

gactactttgggtgtccgtgtttcattttattcctatactggctgcttatggtgacaattgagagatcgttaccatatagctatt

ggattggccatccggtgactaatagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaac

attacaattcattgttaagttgaatacagcaaaatgcttgagcagcttgagagtataatcaactttgaaaaactgactgaat

ggaccagtggggatccaccggtcatggaagacgccaaaaacataaagaaaggcccggcgccattctatccgctgg



aagatggaaccgctggagagcaactgcataaggctatgaagagatacgccctggttcctggaacaattgcttttacag

atgcacatatcgaggtggacatcacttacgctgagtacttcgaaatgtccgttcggttggcagaagctatgaaacgata

tgggctgaatacaaatcacagaatcgtcgtatgcagtgaaaactctcttcaattctttatgccggtgttgggcgcgttattt

atcggagttgcagttgcgcccgcgaacgacatttataatgaacgtgaattgctcaacagtatgggcatttcgcagccta

ccgtggtgttcgtttccaaaaaggggttgcaaaaaattttgaacgtgcaaaaaaagctcccaatcatccaaaaaattatt

atcatggattctaaaacggattaccagggatttcagtcgatgtacacgttcgtcacatctcatctacctcccggttttaatg

aatacgattttgtgccagagtccttcgatagggacaagacaattgcactgatcatgaactcctctggatctactggtctg

cctaaaggtgtcgctctgcctcatagaactgcctgcgtgagattctcgcatgccagagatcctatttttggcaatcaaatc

attccggatactgcgattttaagtgttgttccattccatcacggttttggaatgtttactacactcggatatttgatatgtggat

ttcgagtcgtcttaatgtatagatttgaagaagagctgtttctgaggagccttcaggattacaagattcaaagtgcgctgc

tggtgccaaccctattctccttcttcgccaaaagcactctgattgacaaatacgatttatctaatttacacgaaattgcttct

ggtggcgctcccctctctaaggaagtcggggaagcggttgccaagaggttccatctgccaggtatcaggcaaggat

atgggctcactgagactacatcagctattctgattacacccgagggggatgataaaccgggcgcggtcggtaaagtt

gttccattttttgaagcgaaggttgtggatctggataccgggaaaacgctgggcgttaatcaaagaggcgaactgtgtg

tgagaggtcctatgattatgtccggttatgtaaacaatccggaagcgaccaacgccttgattgacaaggatggatggct

acattctggagacatagcttactgggacgaagacgaacacttcttcatcgttgaccgcctgaagtctctgattaagtaca

aaggctatcaggtggctcccgctgaattggaatccatcttgctccaacaccccaacatcttcgacgcaggtgtcgcag

gtcttcccgacgatgacgccggtgaacttcccgccgccgttgttgttttggagcacggaaagacgatgacggaaaaa

gagatcgtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcgcggaggagttgtgtttgtggacgaagt

accgaaaggtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggccaagaagggcggaaa

gatcgccgtgtgagtcgacaaaaaacaaaaaacaaaacggctattatgcgttaccggcgagacgctacggacttaaa

taattgagccttaaagaagaaattctttaagtggatgctctcaaactcagggaaacctaaatctagttatagacaaggca

atcctgagccaagccgaagtagtaattagtaagaccagtggacaatcgacggataacagcatatctag 

Linear OVA 

(257-264; 

SIINFEKL)-

luciferase 

RNA 

templete 

taatacgactcactatagggaaataagagagaaaagaagagtaagaagaaatataagagccaccgccaccatgctt

gagcagcttgagagtataatcaactttgaaaaactgactgaatggaccagtggggatccaccggtcatggaagacgc

caaaaacataaagaaaggcccggcgccattctatccgctggaagatggaaccgctggagagcaactgcataaggct

atgaagagatacgccctggttcctggaacaattgcttttacagatgcacatatcgaggtggacatcacttacgctgagta

cttcgaaatgtccgttcggttggcagaagctatgaaacgatatgggctgaatacaaatcacagaatcgtcgtatgcagt

gaaaactctcttcaattctttatgccggtgttgggcgcgttatttatcggagttgcagttgcgcccgcgaacgacatttata



atgaacgtgaattgctcaacagtatgggcatttcgcagcctaccgtggtgttcgtttccaaaaaggggttgcaaaaaatt

ttgaacgtgcaaaaaaagctcccaatcatccaaaaaattattatcatggattctaaaacggattaccagggatttcagtc

gatgtacacgttcgtcacatctcatctacctcccggttttaatgaatacgattttgtgccagagtccttcgatagggacaa

gacaattgcactgatcatgaactcctctggatctactggtctgcctaaaggtgtcgctctgcctcatagaactgcctgcg

tgagattctcgcatgccagagatcctatttttggcaatcaaatcattccggatactgcgattttaagtgttgttccattccat

cacggttttggaatgtttactacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaagagct

gtttctgaggagccttcaggattacaagattcaaagtgcgctgctggtgccaaccctattctccttcttcgccaaaagca

ctctgattgacaaatacgatttatctaatttacacgaaattgcttctggtggcgctcccctctctaaggaagtcggggaag

cggttgccaagaggttccatctgccaggtatcaggcaaggatatgggctcactgagactacatcagctattctgattac

acccgagggggatgataaaccgggcgcggtcggtaaagttgttccattttttgaagcgaaggttgtggatctggatac

cgggaaaacgctgggcgttaatcaaagaggcgaactgtgtgtgagaggtcctatgattatgtccggttatgtaaacaat

ccggaagcgaccaacgccttgattgacaaggatggatggctacattctggagacatagcttactgggacgaagacg

aacacttcttcatcgttgaccgcctgaagtctctgattaagtacaaaggctatcaggtggctcccgctgaattggaatcc

atcttgctccaacaccccaacatcttcgacgcaggtgtcgcaggtcttcccgacgatgacgccggtgaacttcccgcc

gccgttgttgttttggagcacggaaagacgatgacggaaaaagagatcgtggattacgtcgccagtcaagtaacaac

cgcgaaaaagttgcgcggaggagttgtgtttgtggacgaagtaccgaaaggtcttaccggaaaactcgacgcaaga

aaaatcagagagatcctcataaaggccaagaagggcggaaagatcgccgtgtaagctgccttctgcggggcttgcc

ttctggccatgcccttcttctctcccttgcacctgtacctcttggtctttgaataaagcctgagtaggaagt 

CVB3 IRES 

templete 

ttaaaacagcctgtgggttgatcccacccacaggcccattgggcgctagcactctggtatcacggtacctttgtgcgcc

tgttttataccccctcccccaactgtaacttagaagtaacacacaccgatcaacagtcagcgtggcacaccagccacgt

tttgatcaagcacttctgttaccccggactgagtatcaatagactgctcacgcggttgaaggagaaagcgttcgttatcc

ggccaactacttcgaaaaacctagtaacaccgtggaagttgcagagtgtttcgctcagcactaccccagtgtagatca

ggtcgatgagtcaccgcattccccacgggcgaccgtggcggtggctgcgttggcggcctgcccatggggaaaccc

atgggacgctctaatacagacatggtgcgaagagtctattgagctagttggtagtcctccggcccctgaatgcggcta

atcctaactgcggagcacacaccctcaagccagagggcagtgtgtcgtaacgggcaactctgcagcggaaccgact

actttgggtgtccgtgtttcattttattcctatactggctgcttatggtgacaattgagagatcgttaccatatagctattgga

ttggccatccggtgactaatagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacatta

caattcattgttaagttgaatacagcaaa 

EV33 IRES ttaaaacagcctgtgggttgatcccacccacagggcccattgggcgctagcactctggtatcacggtacccttgtgcg



templete cctgttttatgtcccttccctcaactgtaacttagaagtaacgcacaccgatcaacagtcagcgtggcacaccagccat

gttttgatcaagcacttctgttaccccggaccgagtatcaacagactgctcacgcggttgaaggagaaagtgttcgttat

ccggccaactacttcgaaaaacctagtaacaccatggaagttgcagagtgtttcgctcagcactaccccagtgtagat

caggtcgatgagtcaccgcatcccccacgggcgaccgtggcggtggctgcgttggcggcctgcctatgggggaac

ccataggacgctctaatacagacatggtgcgaagagtccattgagctagttggtagtcctccggcccctgaatgcggc

taatcctaactgcggagcacacaccttcaagccagagggcagtgtgtcgtaacgggcaactctgcagcggaaccga

ctactttgggtgtccgtgtttcattttattcttatactggctgcttatggtgacaattgagagattgttaccatatagctattgg

attggccatccagtgactagcagagctattatatacctctttgttgggtttataccacctaatttgaaagaagttaaaacatt

agaattcattattaaattgaataca 

EV29 IRES 

templete 

ttaaaacagcctgtgggttgatcccacccacagggcccactgggcgctagcactctggtatcacggtacctttgtgcg

cctgttttatacttcctcccccaactgcaacttagaagtaacacaaaccgatcaacagtcagcgtggcacaccagccac

gttttgatcaaacacttctgttaccccggactgagtatcaatagactgctcacgcggttgaaggagaaaacgttcgttat

ccggccaactacttcgagaaacctagtaacgccatggaagttgtggagtgtttcgctcagcactaccccagtgtagat

caggttgatgagtcaccgcattccccacgggtgaccgtggcggtggctgcgttggcggcctgcccatggggaaacc

catgggacgctcttatacagacatggtgcgaagagtctattgagctagttggtagtcctccggcccctgaatgcggcta

atcccaactgcggagcatacactctcaagccagagggtagtgtgtcgtaatgggcaactctgcagcggaaccgacta

ctttgggtgtccgtgtttcattttattcctatactggctgcttatggtgacaattgagagattgttaccatatagctattggatt

ggccatccggtgactaacagagctattatatatctttttgttgggtttataccacttagcttgaaagaggttaaaactctaca

ttacattttaatactgaacaccgcaaa 

VCIP IRES 

templete 

gacctcgtgaaataaaagtgcagaaaacaaacccaggcgatcacagcagcagccgccgcggcagcagcaccaac

agcaggaggagcaggaggagccggaggaggaggaggaggaggaggcaaagttagagttggggctggcgctcc

ggagttgctgggctcagcgcagctcccattcattaaggaaccagctgcggaggaaggtggccgagcgcccgcgct

gcccactcgctcgctcgcgcactcagacgcgcgccacaacagcgcgccccaagctgcgcagctctgcaaaagtttc

tgctcgggatctggctctcttccccttggactttagaacgatttagggttgacagaggaaagcagaggcgcgcaggag

gagcagaaaacaccaccttctgcagttggaggcaggcagccccggctgcactctagccgccgcgcccggagccg

gggccgacccgccactatccgcagcagcctcggccaggaggcgacccgggcgcctgggtgtgtggctgctgttgc

gggacgtcttcgcggggcgggaggctcgcgccgcagccagcgcc 

T7 promoter TAATACGACTCACTATAGGG 

5'UTR AAATAAGAGAGAAAAGAAGAGTAAGAAGAAATATAAGAGCCACC 



3'UTR GCTGCCTTCTGCGGGGCTTGCCTTCTGGCCATGCCCTTCTTCTCTCCCTT

GCACCTGTACCTCTTGGTCTTTGAATAAAGCCTGAGTAGGAAGT 

 

 


