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Supplementary Methods | CDS of all constructs in this study. 

CDS of SP from wild-type SARS-CoV-2: 
atgtttgtttttcttgttttattgccactagtctctagtcagtgtgttaatcttacaaccagaactcaattaccccctgcatacactaattctttcac
acgtggtgtttattaccctgacaaagttttcagatcctcagttttacattcaactcaggacttgttcttacctttcttttccaatgttacttggttcca
tgctatacatgtctctgggaccaatggtactaagaggtttgataaccctgtcctaccatttaatgatggtgtttattttgcttccactgagaagt
ctaacataataagaggctggatttttggtactactttagattcgaagacccagtccctacttattgttaataacgctactaatgttgttattaaa
gtctgtgaatttcaattttgtaatgatccatttttgggtgtttattaccacaaaaacaacaaaagttggatggaaagtgagttcagagtttattc
tagtgcgaataattgcacttttgaatatgtctctcagccttttcttatggaccttgaaggaaaacagggtaatttcaaaaatcttagggaattt
gtgtttaagaatattgatggttattttaaaatatattctaagcacacgcctattaatttagtgcgtgatctccctcagggtttttcggctttagaac
cattggtagatttgccaataggtattaacatcactaggtttcaaactttacttgctttacatagaagttatttgactcctggtgattcttcttcagg
ttggacagctggtgctgcagcttattatgtgggttatcttcaacctaggacttttctattaaaatataatgaaaatggaaccattacagatgct
gtagactgtgcacttgaccctctctcagaaacaaagtgtacgttgaaatccttcactgtagaaaaaggaatctatcaaacttctaacttta
gagtccaaccaacagaatctattgttagatttcctaatattacaaacttgtgcccttttggtgaagtttttaacgccaccagatttgcatctgttt
atgcttggaacaggaagagaatcagcaactgtgttgctgattattctgtcctatataattccgcatcattttccacttttaagtgttatggagtg
tctcctactaaattaaatgatctctgctttactaatgtctatgcagattcatttgtaattagaggtgatgaagtcagacaaatcgctccaggg
caaactggaaagattgctgattataattataaattaccagatgattttacaggctgcgttatagcttggaattctaacaatcttgattctaag
gttggtggtaattataattacctgtatagattgtttaggaagtctaatctcaaaccttttgagagagatatttcaactgaaatctatcaggccg
gtagcacaccttgtaatggtgttgaaggttttaattgttactttcctttacaatcatatggtttccaacccactaatggtgttggttaccaaccat
acagagtagtagtactttcttttgaacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaatttggttaaaaacaaatgtg
tcaatttcaacttcaatggtttaacaggcacaggtgttcttactgagtctaacaaaaagtttctgcctttccaacaatttggcagagacattg
ctgacactactgatgctgtccgtgatccacagacacttgagattcttgacattacaccatgttcttttggtggtgtcagtgttataacaccag
gaacaaatacttctaaccaggttgctgttctttatcaggatgttaactgcacagaagtccctgttgctattcatgcagatcaacttactccta
cttggcgtgtttattctacaggttctaatgtttttcaaacacgtgcaggctgtttaataggggctgaacatgtcaacaactcatatgagtgtga
catacccattggtgcaggtatatgcgctagttatcagactcagactaattctcctcggcgggcacgtagtgtagctagtcaatccatcatt
gcctacactatgtcacttggtgcagaaaattcagttgcttactctaataactctattgccatacccacaaattttactattagtgttaccacag
aaattctaccagtgtctatgaccaagacatcagtagattgtacaatgtacatttgtggtgattcaactgaatgcagcaatcttttgttgcaat
atggcagtttttgtacacaattaaaccgtgctttaactggaatagctgttgaacaagacaaaaacacccaagaagtttttgcacaagtca
aacaaatttacaaaacaccaccaattaaagattttggtggttttaatttttcacaaatattaccagatccatcaaaaccaagcaagaggt
catttattgaagatctacttttcaacaaagtgacacttgcagatgctggcttcatcaaacaatatggtgattgccttggtgatattgctgctag
aaacctcatttgtgcacaaaagtttaacggccttactgttttgccacctttgctcacagatgaaatgattgctcaatacacttctgcactgtta
gcgggtacaatcacttctggttggacctttggtgcaggtgctgcattacaaataccatttgctatgcaaatggcttataggtttaatggtattg
gagttacacagaatgttctctatgagaaccaaaaattgattgccaaccaatttaatagtgctattggcaaaattcaagactcactttcttcc
acagcaagtgcacttggaaaacttcaagatgtggtcaaccaaaatgcacaagctttaaacacgcttgttaaacaacttagctccaatttt
ggtgcaatttcaagtgttttaaatgatatcctttcacgtcttgacaaagttgaggctgaagtgcaaattgataggttgatcacaggcagact
tcaaagtttgcagacatatgtgactcaacaattaattagagctgcagaaatcagagcttctgctaatcttgctgctactaaaatgtcagag
tgtgtacttggacaatcaaaaagagttgatttttgtggaaagggctatcatcttatgtccttccctcagtcagcacctcatggtgtagtcttctt
gcatgtgacttatgtccctgcacaagaaaagaacttcacaactgctcctgccatttgtcatgatggaaaagcacactttcctcgtgaagg
tgtctttgtttcaaatggcacacactggtttgtaacacaaaggaatttttatgaaccacaaatcattactacagacaacacatttgtgtctgg
taactgtgatgttgtaataggaattgtcaacaacacagtttatgatcctttgcaacctgaattagactcattcaaggaggagttagataaat
attttaagaatcatacatcaccagatgttgatttaggtgacatctctggcattaatgcttcagttgtaaacattcaaaaagaaattgaccgc
ctcaatgaggttgccaagaatttaaatgaatctctcatcgatctccaagaacttggaaagtatgagcagtatataaaatggccatggtac
atttggctaggttttatagctggcttgattgccatagtaatggtgacaattatgctttgctgtatgaccagttgctgtagttgtctcaagggctgt
tgttcttgtggatcctgctgcaaatttgatgaagacgactctgagccagtgctcaaaggagtcaaattacattacacataa 
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CDS of SP from wild-type SARS-CoV-2 fused to C3d (SP-C3d) 
atgtttgtttttcttgttttattgccactagtctctagtcagtgtgttaatcttacaaccagaactcaattaccccctgcatacactaattctttcac
acgtggtgtttattaccctgacaaagttttcagatcctcagttttacattcaactcaggacttgttcttacctttcttttccaatgttacttggttcca
tgctatacatgtctctgggaccaatggtactaagaggtttgataaccctgtcctaccatttaatgatggtgtttattttgcttccactgagaagt
ctaacataataagaggctggatttttggtactactttagattcgaagacccagtccctacttattgttaataacgctactaatgttgttattaaa
gtctgtgaatttcaattttgtaatgatccatttttgggtgtttattaccacaaaaacaacaaaagttggatggaaagtgagttcagagtttattc
tagtgcgaataattgcacttttgaatatgtctctcagccttttcttatggaccttgaaggaaaacagggtaatttcaaaaatcttagggaattt
gtgtttaagaatattgatggttattttaaaatatattctaagcacacgcctattaatttagtgcgtgatctccctcagggtttttcggctttagaac
cattggtagatttgccaataggtattaacatcactaggtttcaaactttacttgctttacatagaagttatttgactcctggtgattcttcttcagg
ttggacagctggtgctgcagcttattatgtgggttatcttcaacctaggacttttctattaaaatataatgaaaatggaaccattacagatgct
gtagactgtgcacttgaccctctctcagaaacaaagtgtacgttgaaatccttcactgtagaaaaaggaatctatcaaacttctaacttta
gagtccaaccaacagaatctattgttagatttcctaatattacaaacttgtgcccttttggtgaagtttttaacgccaccagatttgcatctgttt
atgcttggaacaggaagagaatcagcaactgtgttgctgattattctgtcctatataattccgcatcattttccacttttaagtgttatggagtg
tctcctactaaattaaatgatctctgctttactaatgtctatgcagattcatttgtaattagaggtgatgaagtcagacaaatcgctccaggg
caaactggaaagattgctgattataattataaattaccagatgattttacaggctgcgttatagcttggaattctaacaatcttgattctaag
gttggtggtaattataattacctgtatagattgtttaggaagtctaatctcaaaccttttgagagagatatttcaactgaaatctatcaggccg
gtagcacaccttgtaatggtgttgaaggttttaattgttactttcctttacaatcatatggtttccaacccactaatggtgttggttaccaaccat
acagagtagtagtactttcttttgaacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaatttggttaaaaacaaatgtg
tcaatttcaacttcaatggtttaacaggcacaggtgttcttactgagtctaacaaaaagtttctgcctttccaacaatttggcagagacattg
ctgacactactgatgctgtccgtgatccacagacacttgagattcttgacattacaccatgttcttttggtggtgtcagtgttataacaccag
gaacaaatacttctaaccaggttgctgttctttatcaggatgttaactgcacagaagtccctgttgctattcatgcagatcaacttactccta
cttggcgtgtttattctacaggttctaatgtttttcaaacacgtgcaggctgtttaataggggctgaacatgtcaacaactcatatgagtgtga
catacccattggtgcaggtatatgcgctagttatcagactcagactaattctcctcggcgggcacgtagtgtagctagtcaatccatcatt
gcctacactatgtcacttggtgcagaaaattcagttgcttactctaataactctattgccatacccacaaattttactattagtgttaccacag
aaattctaccagtgtctatgaccaagacatcagtagattgtacaatgtacatttgtggtgattcaactgaatgcagcaatcttttgttgcaat
atggcagtttttgtacacaattaaaccgtgctttaactggaatagctgttgaacaagacaaaaacacccaagaagtttttgcacaagtca
aacaaatttacaaaacaccaccaattaaagattttggtggttttaatttttcacaaatattaccagatccatcaaaaccaagcaagaggt
catttattgaagatctacttttcaacaaagtgacacttgcagatgctggcttcatcaaacaatatggtgattgccttggtgatattgctgctag
aaacctcatttgtgcacaaaagtttaacggccttactgttttgccacctttgctcacagatgaaatgattgctcaatacacttctgcactgtta
gcgggtacaatcacttctggttggacctttggtgcaggtgctgcattacaaataccatttgctatgcaaatggcttataggtttaatggtattg
gagttacacagaatgttctctatgagaaccaaaaattgattgccaaccaatttaatagtgctattggcaaaattcaagactcactttcttcc
acagcaagtgcacttggaaaacttcaagatgtggtcaaccaaaatgcacaagctttaaacacgcttgttaaacaacttagctccaatttt
ggtgcaatttcaagtgttttaaatgatatcctttcacgtcttgacaaagttgaggctgaagtgcaaattgataggttgatcacaggcagact
tcaaagtttgcagacatatgtgactcaacaattaattagagctgcagaaatcagagcttctgctaatcttgctgctactaaaatgtcagag
tgtgtacttggacaatcaaaaagagttgatttttgtggaaagggctatcatcttatgtccttccctcagtcagcacctcatggtgtagtcttctt
gcatgtgacttatgtccctgcacaagaaaagaacttcacaactgctcctgccatttgtcatgatggaaaagcacactttcctcgtgaagg
tgtctttgtttcaaatggcacacactggtttgtaacacaaaggaatttttatgaaccacaaatcattactacagacaacacatttgtgtctgg
taactgtgatgttgtaataggaattgtcaacaacacagtttatgatcctttgcaacctgaattagactcattcaaggaggagttagataaat
attttaagaatcatacatcaccagatgttgatttaggtgacatctctggcattaatgcttcagttgtaaacattcaaaaagaaattgaccgc
ctcaatgaggttgccaagaatttaaatgaatctctcatcgatctccaagaacttggaaagtatgagcagtatataaaatggccatggtac
atttggctaggttttatagctggcttgattgccatagtaatggtgacaattatgctttgctgtatgaccagttgctgtagttgtctcaagggctgt
tgttcttgtggatcctgctgcaaatttgatgaagacgactctgagccagtgctcaaaggagtcaaattacattacacaggctcaaccccc
gcaggctctggggaacagaacatgattggcatgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggaga
agttcggcatagagaagaggcaagaggccctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagct
ctgcctatgctgccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcg
ccatcgactctcacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggccc
gtgattcaccaagaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcagg
aagccagggacatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatg
aacctgcagaggccatacacagtggccattgctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttc
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tgaacacagccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctgg
ccctgctgctgctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctcc
acccaggctaccttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttc
cacctccccagcggctctggcgggggaggatcagggggtggcggctctggctcaacccccgcaggctctggggaacagaacatg
attggcatgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaagttcggcatagagaagaggcaa
gaggccctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctctgcctatgctgccttcaacaaccg
gccccccagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtgg
ggctgttaaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtg
gcttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcaggaagccagggacatctgtgagggg
caggtcaatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatgaacctgcagaggccatacacagt
ggccattgctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttctgaacacagccaaagatcggaa
ccgctgggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggccctgctgctgctgaaagactttga
ctctgtgccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctccacccaggctaccttcatggtattcc
aagccttggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttccacctccccagcggctctggcgg
gggaggatcagggggtggcggctctggctcaacccccgcaggctctggggaacagaacatgattggcatgacaccaacagtcatt
gcggtacactacctggaccagaccgaacagtgggagaagttcggcatagagaagaggcaagaggccctggagctcatcaagaa
agggtacacccagcagctggccttcaaacagcccagctctgcctatgctgccttcaacaaccggccccccagcacctggctgacag
cctacgtggtcaaggtcttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtggggctgttaaatggttgattctggaga
aacagaagccggatggtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtggcttccggaacgccaaggaggca
gatgtgtcactcacagccttcgtcctcatcgcactgcaggaagccagggacatctgtgaggggcaggtcaatagccttcctgggagca
tcaacaaggcaggggagtatattgaagccagttacatgaacctgcagaggccatacacagtggccattgctgggtatgccctggccc
tgatgaacaaactggaggaaccttacctcggcaagtttctgaacacagccaaagatcggaaccgctgggaggagcctgaccagca
gctctacaacgtagaggccacatcctacgccctcctggccctgctgctgctgaaagactttgactctgtgccccctgtagtgcgctggct
caatgagcaaagatactacggaggcggctatggctccacccaggctaccttcatggtattccaagccttggcccaatatcaaacagat
gtccctgaccataaggacttgaacatggatgtgtccttccacctccccagcggctccgaggagttctaa 
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CDS of RBD from wild-type SARS-CoV-2 
atgaagaccatcatcgccctgagctacatcttctgcctggtgttcgccactaatctttgtccgttcggtgaggtttttaacgcgacaaggttc
gctagtgtatatgcttggaaccgaaagagaatctccaattgcgtagctgattactccgttctctataacagtgcgtccttttcaacctttaagt
gttacggcgtttctccaacgaagctgaatgatctctgttttacgaacgtgtatgctgactctttcgttatacggggggacgaagtgagaca
gatagcaccaggtcagactgggaagatagcggattacaactataagttgcccgatgattttacggggtgcgtaatcgcatggaactca
aacaacctcgactccaaagtaggtggtaattataattacttgtatcgcctgtttcgaaagagcaatttgaagccttttgagcgggatatttc
aaccgaaatttaccaagcaggcagtacgccatgtaacggagtagagggatttaattgctactttcctcttcaatcttatggctttcaacca
acaaacggagtggggtatcaaccttatagagtggtagtattgtcctttgagctcctccacgccccggctacagtttgtgggcccaaaaa
gggatccggttaa 
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CDS of RBD from wild-type SARS-CoV-2 fused to C3d (RBD-C3d): 
atgaagaccatcatcgccctgagctacatcttctgcctggtgttcgccactaatctttgtccgttcggtgaggtttttaacgcgacaaggttc
gctagtgtatatgcttggaaccgaaagagaatctccaattgcgtagctgattactccgttctctataacagtgcgtccttttcaacctttaagt
gttacggcgtttctccaacgaagctgaatgatctctgttttacgaacgtgtatgctgactctttcgttatacggggggacgaagtgagaca
gatagcaccaggtcagactgggaagatagcggattacaactataagttgcccgatgattttacggggtgcgtaatcgcatggaactca
aacaacctcgactccaaagtaggtggtaattataattacttgtatcgcctgtttcgaaagagcaatttgaagccttttgagcgggatatttc
aaccgaaatttaccaagcaggcagtacgccatgtaacggagtagagggatttaattgctactttcctcttcaatcttatggctttcaacca
acaaacggagtggggtatcaaccttatagagtggtagtattgtcctttgagctcctccacgccccggctacagtttgtgggcccaaaaa
gggatccggtggctcaacccccgcaggctctggggaacagaacatgattggcatgacaccaacagtcattgcggtacactacctgg
accagaccgaacagtgggagaagttcggcatagagaagaggcaagaggccctggagctcatcaagaaagggtacacccagca
gctggccttcaaacagcccagctctgcctatgctgccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaaggtc
ttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccggatg
gtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcacagc
cttcgtcctcatcgcactgcaggaagccagggacatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcagggg
agtatattgaagccagttacatgaacctgcagaggccatacacagtggccattgctgggtatgccctggccctgatgaacaaactgga
ggaaccttacctcggcaagtttctgaacacagccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgtagag
gccacatcctacgccctcctggccctgctgctgctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaagatac
tacggaggcggctatggctccacccaggctaccttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccataagg
acttgaacatggatgtgtccttccacctccccagcggctctggcgggggaggatcagggggtggcggctctggctcaacccccgcag
gctctggggaacagaacatgattggcatgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaagttc
ggcatagagaagaggcaagaggccctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctctgcc
tatgctgccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgccatc
gactctcacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgtgatt
caccaagaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcaggaagcc
agggacatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatgaacct
gcagaggccatacacagtggccattgctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttctgaa
cacagccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggccctg
ctgctgctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctccaccca
ggctaccttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttccacctc
cccagcggctctggcgggggaggatcagggggtggcggctctggctcaacccccgcaggctctggggaacagaacatgattggc
atgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaagttcggcatagagaagaggcaagaggcc
ctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctctgcctatgctgccttcaacaaccggccccc
cagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtggggctgtt
aaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtggcttccg
gaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcaggaagccagggacatctgtgaggggcaggtc
aatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatgaacctgcagaggccatacacagtggccatt
gctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttctgaacacagccaaagatcggaaccgctg
ggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggccctgctgctgctgaaagactttgactctgtg
ccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctccacccaggctaccttcatggtattccaagcctt
ggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttccacctccccagcggctccgaggagttctaa 
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CDS of RBD from Delta Variant SARS-CoV-2: 
atgaagaccatcatcgccctgagctacatcttctgcctggtgttcgccactaatctttgtccgttcggtgaggtttttaacgcgacaaggttc
gctagtgtatatgcttggaaccgaaagagaatctccaattgcgtagctgattactccgttctctataacagtgcgtccttttcaacctttaagt
gttacggcgtttctccaacgaagctgaatgatctctgttttacgaacgtgtatgctgactctttcgttatacggggggacgaagtgagaca
gatagcaccaggtcagactgggaagatagcggattacaactataagttgcccgatgattttacggggtgcgtaatcgcatggaactca
aacaacctcgactccaaagtaggtggtaattataattacCGCtatcgcctgtttcgaaagagcaatttgaagccttttgagcgggatatt
tcaaccgaaatttaccaagcaggcagtAAAccatgtaacggagtagagggatttaattgctactttcctcttcaatcttatggctttcaac
caacaaacggagtggggtatcaaccttatagagtggtagtattgtcctttgagctcctccacgccccggctacagtttgtgggcccaaa
aagggatccggttaa 
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CDS of RBD from Delta Variant SARS-CoV-2 fused to C3d (RBD Delta-C3d) 
atgaagaccatcatcgccctgagctacatcttctgcctggtgttcgccactaatctttgtccgttcggtgaggtttttaacgcgacaaggttc
gctagtgtatatgcttggaaccgaaagagaatctccaattgcgtagctgattactccgttctctataacagtgcgtccttttcaacctttaagt
gttacggcgtttctccaacgaagctgaatgatctctgttttacgaacgtgtatgctgactctttcgttatacggggggacgaagtgagaca
gatagcaccaggtcagactgggaagatagcggattacaactataagttgcccgatgattttacggggtgcgtaatcgcatggaactca
aacaacctcgactccaaagtaggtggtaattataattacCGCtatcgcctgtttcgaaagagcaatttgaagccttttgagcgggatatt
tcaaccgaaatttaccaagcaggcagtAAAccatgtaacggagtagagggatttaattgctactttcctcttcaatcttatggctttcaac
caacaaacggagtggggtatcaaccttatagagtggtagtattgtcctttgagctcctccacgccccggctacagtttgtgggcccaaa
aagggatccggtggctcaacccccgcaggctctggggaacagaacatgattggcatgacaccaacagtcattgcggtacactacct
ggaccagaccgaacagtgggagaagttcggcatagagaagaggcaagaggccctggagctcatcaagaaagggtacacccag
cagctggccttcaaacagcccagctctgcctatgctgccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaag
gtcttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccgg
atggtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcac
agccttcgtcctcatcgcactgcaggaagccagggacatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcag
gggagtatattgaagccagttacatgaacctgcagaggccatacacagtggccattgctgggtatgccctggccctgatgaacaaact
ggaggaaccttacctcggcaagtttctgaacacagccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgta
gaggccacatcctacgccctcctggccctgctgctgctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaag
atactacggaggcggctatggctccacccaggctaccttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccata
aggacttgaacatggatgtgtccttccacctccccagcggctctggcgggggaggatcagggggtggcggctctggctcaacccccg
caggctctggggaacagaacatgattggcatgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaa
gttcggcatagagaagaggcaagaggccctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctc
tgcctatgctgccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgc
catcgactctcacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgt
gattcaccaagaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcagga
agccagggacatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatga
acctgcagaggccatacacagtggccattgctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttct
gaacacagccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggc
cctgctgctgctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctcca
cccaggctaccttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttcc
acctccccagcggctctggcgggggaggatcagggggtggcggctctggctcaacccccgcaggctctggggaacagaacatgat
tggcatgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaagttcggcatagagaagaggcaaga
ggccctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctctgcctatgctgccttcaacaaccggc
cccccagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtgggg
ctgttaaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtggc
ttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcaggaagccagggacatctgtgaggggca
ggtcaatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatgaacctgcagaggccatacacagtgg
ccattgctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttctgaacacagccaaagatcggaacc
gctgggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggccctgctgctgctgaaagactttgactc
tgtgccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctccacccaggctaccttcatggtattccaag
ccttggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttccacctccccagcggctccgaggagttc
taa 
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CDS of C3d alone 
atgggctcaacccccgcaggctctggggaacagaacatgattggcatgacaccaacagtcattgcggtacactacctggaccagac
cgaacagtgggagaagttcggcatagagaagaggcaagaggccctggagctcatcaagaaagggtacacccagcagctggcct
tcaaacagcccagctctgcctatgctgccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaaggtcttctctcta
gctgccaacctcatcgccatcgactctcacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccggatggtgtctttc
aggaggatgggcccgtgattcaccaagaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcc
tcatcgcactgcaggaagccagggacatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcaggggagtatatt
gaagccagttacatgaacctgcagaggccatacacagtggccattgctgggtatgccctggccctgatgaacaaactggaggaacc
ttacctcggcaagtttctgaacacagccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgtagaggccacat
cctacgccctcctggccctgctgctgctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaagatactacgga
ggcggctatggctccacccaggctaccttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccataaggacttgaa
catggatgtgtccttccacctccccagcggctctggcgggggaggatcagggggtggcggctctggctcaacccccgcaggctctgg
ggaacagaacatgattggcatgacaccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaagttcggcata
gagaagaggcaagaggccctggagctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctctgcctatgctg
ccttcaacaaccggccccccagcacctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgccatcgactct
cacgtcctgtgtggggctgttaaatggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgtgattcacca
agaaatgattggtggcttccggaacgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcaggaagccaggg
acatctgtgaggggcaggtcaatagccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatgaacctgcag
aggccatacacagtggccattgctgggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttctgaacaca
gccaaagatcggaaccgctgggaggagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggccctgctgct
gctgaaagactttgactctgtgccccctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctccacccaggct
accttcatggtattccaagccttggcccaatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttccacctcccc
agcggctctggcgggggaggatcagggggtggcggctctggctcaacccccgcaggctctggggaacagaacatgattggcatga
caccaacagtcattgcggtacactacctggaccagaccgaacagtgggagaagttcggcatagagaagaggcaagaggccctgg
agctcatcaagaaagggtacacccagcagctggccttcaaacagcccagctctgcctatgctgccttcaacaaccggccccccagc
acctggctgacagcctacgtggtcaaggtcttctctctagctgccaacctcatcgccatcgactctcacgtcctgtgtggggctgttaaat
ggttgattctggagaaacagaagccggatggtgtctttcaggaggatgggcccgtgattcaccaagaaatgattggtggcttccggaa
cgccaaggaggcagatgtgtcactcacagccttcgtcctcatcgcactgcaggaagccagggacatctgtgaggggcaggtcaata
gccttcctgggagcatcaacaaggcaggggagtatattgaagccagttacatgaacctgcagaggccatacacagtggccattgctg
ggtatgccctggccctgatgaacaaactggaggaaccttacctcggcaagtttctgaacacagccaaagatcggaaccgctgggag
gagcctgaccagcagctctacaacgtagaggccacatcctacgccctcctggccctgctgctgctgaaagactttgactctgtgcccc
ctgtagtgcgctggctcaatgagcaaagatactacggaggcggctatggctccacccaggctaccttcatggtattccaagccttggcc
caatatcaaacagatgtccctgaccataaggacttgaacatggatgtgtccttccacctccccagcggctccgaggagttctaa 
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Supplementary Methods | Synthesis and characterization of combinatorial ionizable lipid 
library.  

All solvents and reagents were obtained commercially and used unless noted otherwise. 1H and 
13C NMR spectra were recorded in CDCl3 at room temperature using a Bruker Ultrashield 400 
MHz instrument.  Spectra were processed with Chemical shifts reported as parts per million (ppm) 
relative to TMS (0.00) for 1H.  Silica gel chromatography was performed on ISCO CombiFlash 
Rf+ Lumen Instruments using ISCO RediSep Rf Gold Flash Cartridges (particle size: 20-40 
microns).   All final compounds were confirmed by mass spectrometry using a direct injection 
method on QTOF-HRMS (Agilent) coupled to an Agilent Infinity 1260 LC system.  

 
Scheme 1: Synthesis of tails used for lipid synthesis. (a) EDC, DIPEA, DMAP, DCM 
 
Method A: Synthesis of Oleyl 5-oxo azelaic acid monoester 
Oxo azalaic acid (2.0g, 9.9 mmol), oleyl alcohol (1.3g, 4.9 mmol), N-(3-dimethylaminopropyl)- N′-
ethylcarbodiimide hydrochloride (EDC HCl, 0.9g, 4.9 mmol), 4-(dimethylamino) pyridine (DMAP, 
0.3g, 2.5 mmol) and N, N-diisopropylethylamine (DIPEA, 0.8 ml, 4.9 mmol) were dissolved in 
dichloromethane (100 ml). The reaction was stirred at room temperature under nitrogen for 18 h. 
The reaction solvent was evaporated under vacuum, and the residue purified by silica gel 
chromatography (0–10% methanol in dichloromethane) to give oleyl 5-oxo azelaic acid mono 
ester (1.6g, 1.6 mmol, 35%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 5.42 – 5.26 (m, 2H), 
4.07 (t, J = 6.8 Hz, 2H), 2.51 (q, J = 7.5 Hz, 4H), 2.41 (t, J = 7.2 Hz, 2H), 2.34 (t, J = 7.2 Hz, 2H), 
2.03 (q, J = 6.4 Hz, 3H), 1.92 (pd, J = 7.2, 4.6 Hz, 4H), 1.64 (q, J = 6.9 Hz, 2H), 1.30 (q, J = 7.8, 
4.8 Hz, 23H), 0.90 (t, J = 6.7 Hz, 3H). 
 
Method B: Synthesis of Tail 1 di((9Z,12Z)-octadeca-9,12-dien-1-yl) 5-oxononanedioate 
Oxo azalaic acid (1g, 4.95 mmol), N-(3-dimethylaminopropyl)- N′-ethylcarbodiimide hydrochloride 
(EDC HCl, 2.8g, 12.4 mmol), linoleyl alcohol (4.0g, 14.8 mmol), 4-(dimethylamino) pyridine 
(DMAP, 0.3g, 2.5 mmol) and N, N-diisopropylethylamine (DIPEA, 2.6 ml, 14.8 mmol) were 
dissolved in dichloromethane (100 ml). The reaction was stirred at room temperature under 
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nitrogen for 18 h, then washed with a saturated aqueous sodium bicarbonate solution. The 
organic layer was separated, washed with brine, dried over Na2SO4, filtered, and the filtrate was 
evaporated under vacuum. The residue was purified by silica gel chromatography (0–50% ethyl 
acetate in hexanes) to give tail 1, (2.0g, 2.9 mmol, 59%) as a colorless oil. 1H NMR (400 MHz, 
CDCl3) δ 5.38 (m, J = 11.0, 6.0 Hz, 8H), 4.07 (t, J = 6.8 Hz, 4H), 2.80 (t, J = 6.6 Hz, 4H), 2.49 (t, 
J = 7.2 Hz, 4H), 2.34 (t, J = 7.3 Hz, 4H), 2.07 (q, J = 7.0 Hz, 8H), 1.91 (p, J = 7.3 Hz, 4H), 1.63 (t, 
J = 7.0 Hz, 6H), 1.43 – 1.24 (m, 31H), 0.91 (t, J = 6.7 Hz, 6H). 
 
Synthesis of Tail 2 di((Z)-octadec-9-en-1-yl) 5-oxononanedioate:  
Made using method B as a white solid. 1H NMR (400 MHz, CDCl3) δ 5.44 – 5.26 (m, 4H), 4.07 (t, 
J = 6.8 Hz, 4H), 2.49 (t, J = 7.2 Hz, 4H), 2.34 (t, J = 7.2 Hz, 4H), 2.03 (q, J = 6.5 Hz, 7H), 1.91 (p, 
J = 7.3 Hz, 4H), 1.62 (q, J = 6.9 Hz, 6H), 1.44 – 1.20 (m, 43H), 0.90 (t, J = 6.7 Hz, 6H). 
 
Synthesis of Tail 3 di(dec-3-yn-1-yl) 5-oxononanedioate: 
Made using method B as a white solid. 1H NMR (400 MHz, CDCl3) δ 4.13 (t, J = 7.0 Hz, 4H), 2.48 
(td, J = 7.1, 3.7 Hz, 8H), 2.34 (t, J = 7.2 Hz, 4H), 2.13 (tt, J = 7.1, 2.4 Hz, 4H), 1.89 (p, J = 7.2 Hz, 
4H), 1.51 – 1.41 (m, 4H), 1.41 – 1.20 (m, 12H), 0.88 (t, J = 6.9 Hz, 6H). 
 
Method C: synthesis of Tail 4 (Z)-1-(heptadecan-9-yl) 9-(octadec-9-en-1-yl) 5-oxononanedioate: 
Oleyl 5-oxo azelaic acid mono ester (0.18 g, 0.40 mmol), N-(3-dimethylaminopropyl)- N′-
ethylcarbodiimide hydrochloride (EDC HCl, 0.11g, 0.60 mmol), 9-heptadecanol (0.11g, 0.44 
mmol), 4-(dimethylamino) pyridine (DMAP, 0.03g, 0.2 mmol) and N, N-diisopropylethylamine 
(DIPEA, 0.14 ml, 0.80 mmol) were dissolved in dichloromethane (5 ml). The reaction was stirred 
at room temperature under nitrogen for 18 h, then washed with a saturated aqueous sodium 
bicarbonate solution. The organic layer was separated, washed with brine, dried over Na2SO4, 
filtered, and the filtrate was evaporated under vacuum. The residue was purified by silica gel 
chromatography (0–50% ethyl acetate in hexanes) to give tail 4, (0.17g, 0.25 mmol, 63%) as a 
white solid. 1H NMR (400 MHz, CDCl3) δ 5.42 – 5.28 (m, 2H), 4.88 (p, J = 6.3 Hz, 1H), 4.07 (t, J 
= 6.8 Hz, 2H), 2.49 (t, J = 7.2 Hz, 4H), 2.33 (td, J = 7.2, 4.9 Hz, 4H), 2.03 (q, J = 6.4 Hz, 4H), 1.92 
(q, J = 7.3 Hz, 4H), 1.62 (m, J = 6.0 Hz, 3H), 1.52 (q, J = 6.1 Hz, 4H), 1.43 – 1.17 (m, 46H), 0.90 
(t, J = 6.7 Hz, 9H). 
 
Synthesis of Tail 5 (Z)-1-(dec-3-yn-1-yl) 9-(octadec-9-en-1-yl) 5-oxononanedioate: 
Made using method C as a white solid. 1H NMR (400 MHz, CDCl3) δ 5.43 – 5.30 (m, 2H), 4.15 (t, 
J = 7.0 Hz, 2H), 4.07 (t, J = 6.8 Hz, 2H), 2.50 (m, J = 7.1, 2.8 Hz, 6H), 2.35 (m, J = 10.0, 7.2 Hz, 
4H), 2.15 (m, J = 7.2, 2.4 Hz, 2H), 2.03 (q, J = 6.5 Hz, 3H), 1.91 (m, J = 7.3, 2.7 Hz, 4H), 1.68 – 
1.56 (m, 4H), 1.54 – 1.43 (m, 2H), 1.43 – 1.22 (m, 27H), 0.91 (m, J = 6.9, 3.2 Hz, 6H). 
 
Synthesis of Tail 6 dodecyl 5-oxononanedioate: 
Made using method B as a white solid. 1H NMR (400 MHz, CDCl3) δ 4.07 (t, J = 6.8 Hz, 4H), 2.49 
(t, J = 7.2 Hz, 4H), 2.34 (t, J = 7.2 Hz, 4H), 1.91 (p, J = 7.2 Hz, 4H), 1.69 – 1.57 (m, 4H), 1.28 (s, 
36H), 0.90 (t, J = 6.7 Hz, 6H). 
 
Synthesis of Tail 7 di(heptadecan-9-yl) 5-oxononanedioate: 
Made using method B as a white solid. 1H NMR (400 MHz, CDCl3) δ 4.87 (p, J = 6.3 Hz, 2H), 2.48 
(t, J = 7.3 Hz, 4H), 2.32 (t, J = 7.3 Hz, 4H), 1.90 (p, J = 7.3 Hz, 4H), 1.52 (q, J = 6.1 Hz, 8H), 1.27 
(m, 48H), 0.89 (t, J = 6.7 Hz, 12H). 
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For high throughput synthesis:  
10 µL of 350 µM stock solutions of amines, linkers, and tails in a 2:1 mixture of dichloromethane 
and ethanol were added to each well of a 96-well plate with glass inserts. The plates were covered 
and placed on a shaker to stir overnight. Lipids were formulated into LNP in the same reaction 
plates. 
 
Synthesis of Lipid 331 di((9Z,12Z)-octadeca-9,12-dien-1-yl) 4,4'-(2-(tert-butoxycarbonyl)-1-(2-(2-
ethylpiperidin-1-yl)ethyl)-2,5-dihydro-1H-imidazole-5,5-diyl)dibutyrate: 
Di((9Z,12Z)-octadeca-9,12-dien-1-yl) 5-oxononanedioate, tail 1 (100 mg, 0.14mmol), 2-(2-
ethylpiperidin-1-yl)ethan-1-amine (22 mg, 0.14 mmol), and tert-butyl isocyanoacetate (20 mg, 
0.14 mmol) were dissolved in a mixture of anhydrous solvents consisting of dichloromethane 
(DCM) 120µL and ethanol 80µL a in capped glass vial. The reaction was stirred at room 
temperature overnight. The mixture was purified by silica gel chromatography (10% methanol in 
dichloromethane with 0.1% NH4OH) to give lipid 331 as a brown oil (20mg, 0.02 mmol, 14%). 
QTOF MS (ESI): m/z calcd for C61H108N3O6+ (M+H), 978.82326; found, 978.8233. 1H NMR (400 
MHz, CDCl3) δ 7.21 (dd, J = 14.4, 1.9 Hz, 1H), 5.49 – 5.26 (m, 8H), 4.43 (s, 1H), 4.05 (dt, J = 
12.0, 6.8 Hz, 4H), 3.16 (ddd, J = 14.1, 9.9, 6.6 Hz, 1H), 2.99 (ddt, J = 13.4, 8.6, 4.8 Hz, 1H), 2.94 
– 2.72 (m, 6H), 2.56 – 2.41 (m, 2H), 2.30 (ddt, J = 23.2, 13.1, 3.8 Hz, 5H), 2.19 – 1.98 (m, 9H), 
1.83 – 1.43 (m, 28H), 1.43 – 1.21 (m, 34H), 1.01 – 0.82 (m, 9H). 13C NMR (101 MHz, CDCl3) δ 
173.17, 173.11, 170.31, 156.55, 130.21, 130.06, 128.04, 127.91, 81.45, 74.25, 74.17, 70.04, 
69.99, 64.62, 64.56, 61.99, 61.84, 53.85, 53.73, 51.72, 51.51, 39.65, 39.33, 37.97, 37.87, 34.62, 
34.56, 34.23, 34.17, 31.53, 29.64, 29.52, 29.44, 29.39, 29.35, 29.29, 29.25, 29.00, 28.65, 28.63, 
28.03, 27.20, 25.92, 25.91, 25.63, 25.31, 25.26, 23.00, 22.70, 22.57, 19.73, 19.70, 19.34, 14.07, 
10.34, 10.13. 
 
Synthesis of Lipid 221 di((9Z,12Z)-octadeca-9,12-dien-1-yl) 4,4'-(1-(2-(azepan-1-yl)ethyl)-2-
(ethoxycarbonyl)-2,5-dihydro-1H-imidazole-5,5-diyl)dibutyrate: 
Lipid 221 was made following the same procedure for Lipid 331 above using di((9Z,12Z)-
octadeca-9,12-dien-1-yl) 5-oxononanedioate, tail 1 (100 mg, 0.14mmol), 2-(azepan-1-yl)ethan-1-
amine (20 mg, 0.14 mmol), and ethyl isocyanoacetate (16 mg, 0.14 mmol) to give lipid 221 as a 
brown oil (12mg, 0.013 mmol, 9%). QTOF MS (ESI): m/z calcd for C58H102N3O6+ (M+H), 
936.77631; found, 936.7761. 1H NMR (400 MHz, CDCl3) δ 7.33 (s, 1H), 5.47 – 5.27 (m, 8H), 4.55 
(s, 1H), 4.27 (qd, J = 7.2, 2.6 Hz, 2H), 4.06 (dt, J = 13.9, 6.9 Hz, 4H), 3.13 (dt, J = 13.5, 6.6 Hz, 
1H), 2.99 (dt, J = 14.0, 6.1 Hz, 1H), 2.79 (t, J = 6.5 Hz, 4H), 2.68 (dq, J = 11.6, 7.8, 7.0 Hz, 7H), 
2.34 (dq, J = 10.8, 9.2, 7.9 Hz, 2H), 2.07 (q, J = 6.8 Hz, 8H), 1.74 – 1.52 (m, 21H), 1.42 – 1.21 
(m, 36H), 0.91 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 173.21, 173.11, 171.56, 156.70, 
130.23, 130.07, 128.05, 127.92, 73.64, 69.94, 64.65, 64.57, 60.99, 58.34, 55.71, 55.16, 39.79, 
37.76, 34.46, 34.25, 34.08, 31.54, 29.66, 29.45, 29.36, 29.26, 28.66, 28.64, 28.31, 27.23, 27.21, 
26.93, 26.86, 25.94, 25.92, 25.64, 22.58, 19.50, 19.28, 14.24, 14.08. 
 
Synthesis of Lipid 321 di((9Z,12Z)-octadeca-9,12-dien-1-yl) 4,4'-(2-(ethoxycarbonyl)-1-(2-(2-
ethylpiperidin-1-yl)ethyl)-2,5-dihydro-1H-imidazole-5,5-diyl)dibutyrate: 
Lipid 321 was made following the same procedure for Lipid 331 above using di((9Z,12Z)-
octadeca-9,12-dien-1-yl) 5-oxononanedioate, tail 1 (100 mg, 0.14mmol), 2-(2-ethylpiperidin-1-
yl)ethan-1-amine (22 mg, 0.14 mmol), and ethyl isocyanoacetate (16 mg, 0.14 mmol) to give lipid 
321 as a brown oil (15mg, 0.02 mmol, 14%). QTOF MS (ESI): m/z calcd for C59H104N3O6+ (M+H), 
950.79196; found, 950.7922. 1H NMR (400 MHz, CDCl3) δ 7.23 (s, 1H), 5.37 (pd, J = 10.4, 9.0, 
5.2 Hz, 8H), 4.54 (s, 1H), 4.27 (qq, J = 6.5, 3.6 Hz, 2H), 4.05 (dt, J = 13.9, 6.8 Hz, 4H), 3.15 (ddd, 
J = 19.1, 13.8, 7.0 Hz, 1H), 2.99 (ddd, J = 18.2, 9.3, 5.3 Hz, 1H), 2.92 – 2.72 (m, 6H), 2.52 – 2.38 
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(m, 3H), 2.37 – 2.29 (m, 3H), 2.24 (tt, J = 10.1, 5.2 Hz, 3H), 2.07 (q, J = 6.9 Hz, 8H), 1.76 – 1.52 
(m, 18H), 1.41 – 1.23 (m, 36H), 0.89 (dt, J = 11.5, 7.1 Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 
173.16, 173.05, 171.46, 156.75, 130.23, 130.07, 128.04, 127.91, 73.82, 73.73, 70.08, 70.02, 
64.64, 64.57, 61.98, 61.85, 61.00, 53.90, 53.75, 51.70, 51.49, 39.64, 39.36, 37.92, 37.81, 34.49, 
34.42, 34.29, 34.12, 31.53, 29.77, 29.65, 29.53, 29.45, 29.35, 29.32, 29.26, 29.08, 28.65, 28.64, 
27.22, 27.21, 25.97, 25.93, 25.91, 25.63, 25.37, 25.34, 23.02, 22.74, 22.58, 19.60, 19.32, 14.23, 
14.12, 14.08, 10.35, 10.16. 
 
Synthesis of Lipid 231 di((9Z,12Z)-octadeca-9,12-dien-1-yl) 4,4'-(1-(2-(azepan-1-yl)ethyl)-2-(tert-
butoxycarbonyl)-2,5-dihydro-1H-imidazole-5,5-diyl)dibutyrate: 
Lipid 231 was made following the same procedure for Lipid 331 above using di((9Z,12Z)-
octadeca-9,12-dien-1-yl) 5-oxononanedioate, tail 1 (100 mg, 0.14mmol), 2-(azepan-1-yl)ethan-1-
amine (20 mg, 0.14 mmol), and tert-butyl isocyanoacetate (20 mg, 0.14 mmol) to give lipid 231 
as a brown oil (10mg, 0.01 mmol, 7%). QTOF MS (ESI): m/z calcd for C60H106N3O6+ (M+H), 
964.80761; found, 964.8073. 1H NMR (400 MHz, CDCl3) δ 7.28 (s, 1H), 5.48 – 5.28 (m, 8H), 4.44 
(s, 1H), 4.05 (dt, J = 12.2, 6.8 Hz, 4H), 3.14 (dt, J = 13.6, 6.7 Hz, 1H), 2.97 (dt, J = 13.9, 6.1 Hz, 
1H), 2.79 (t, J = 6.4 Hz, 4H), 2.68 (dq, J = 10.2, 5.4, 4.5 Hz, 5H), 2.42 – 2.23 (m, 4H), 2.23 – 2.12 
(m, 1H), 2.07 (q, J = 6.9 Hz, 8H), 1.78 – 1.55 (m, 18H), 1.52 (s, 10H), 1.45 – 1.24 (m, 33H), 0.91 
(t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 173.23, 173.18, 170.49, 156.47, 130.23, 130.07, 
128.04, 127.91, 81.36, 74.26, 69.83, 64.62, 64.56, 58.37, 55.71, 39.83, 37.83, 34.62, 34.23, 34.17, 
31.53, 29.65, 29.45, 29.35, 29.32, 29.25, 28.66, 28.64, 28.27, 28.05, 27.22, 27.21, 26.94, 25.93, 
25.92, 25.63, 22.58, 19.66, 19.33, 14.08. 
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Supplementary Fig. 1 | Structures of top-performing lipids identified from our screen. 
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a 
LNP Size (nm) PDI Zeta 

Potential 
(mv) 

Encapsulation 
efficiency (%) 

LNP pKa 

Lipid 211 61.2 ± 1.0 0.2 1.4 ± 0.8 84.9 ± 7.4 - 
Lipid 311 56.7 ± 1.5 0.2 2.5 ± 0.7 85.0 ± 4.7 - 
Lipid 221 69.7 ± 1.6 0.2 -1.4 ± 3.3 91.1 ± 8.3 - 
Lipid 321 59.8 ± 4.0 0.2 -2.7 ± 1.9 83.5 ± 8.2 - 
Lipid 231 53.1 ± 1.4 0.2 -6.1 ± 0.8 82.4 ± 6.7 - 
Lipid 331 65.4 ± 0.8 0.2 -6.2 ± 1.7 75.0 ± 8.9 7.53 ± 0.17 
MC3 75.3 ± 0.4 0.1 -4.9 ± 1.7 70.0 ± 7.8 6.68 ± 0.06 
ALC-0315 101.6 ± 0.5 0.2 -1.5 ± 0.8 80.3 ± 8.6 6.77 ± 0.06 
A18-Iso5-
2DC18 

101.7 ± 0.7 0.2 0.3 ± 3.0 72.3 ± 9.8 7.75 ± 0.23 

 
b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 2 | Physiochemical characterization of top-performing 
immunostimulatory LNPs. a, Physiochemical properties of top performing LNPs and control 
LNPs. n = 3 repeated measurements, data are presented as mean ± SD. b, Cryogenic 
transmission electron microscopy (cryoTEM) imaging of LNPs containing lipid 331. Scale bar 
indicates 50 nm. 
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Supplementary Fig. 3 | Proposed esterase-mediated degradation pathways for lipid 331. 
a) Degradation can occur via cleavage of tert-butyl linker and/or linoleic tail. Possible 
degradation products labeled A through E. b) Change in area of LCMS peak corresponding to 
each degradation product after 0, 1, or 7 days of incubation with 2mg/mL human liver S9 
fraction or PBS control. Data are presented as mean±SD (n = 3), and statistical significance was 
analyzed by using a one-way ANOVA with post-hoc Tukey test. 
  

a 
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Supplementary Fig. 4 | Characterization of mRNA and encoded proteins. a, Analysis of 
mRNA by gel electrophoresis. 1.5µg of mRNA was loaded into each lane. b, SP, SP-C3d, RBD, 
and RBD-C3d expression in transfected HEK293T cells determined by ELISA following 
transfection with 1µg of mRNA. c, Fluorescent western blot of denatured lysate samples from 
HEK293T cells transfected with mSP or mSP-C3d lysed at either 6h or 24h following 
transfection. Detection was performed by first incubating blots with rabbit anti-actin, rabbit anti-
S2, and goat anti-C3d followed by incubation with secondary antibodies against rabbit (green) 
and goat (red) IgGs. Therefore, it is expected that actin and spike protein alone will appear 
green on the fluorescent blot while the spike-C3d fusion protein will appear orange (green + red 
simultaneously). d, Chemiluminescent western blot of denatured lysate samples from HEK293T 
cells transfected with mRBD, mRBD-C3d, or mC3d. All transfected groups run in duplicate with 
each lane representing an individual well of HEK293T cells transfected with mRNA. Detection 
was performed with antibodies against actin, RBD, and C3d. 
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Supplementary Fig. 5 | Characterization of LNPs formulated with different mRNA 
encoding SP, SP-C3d, RBD, or RBD-C3d. a, Encapsulation efficiency (EE%). b, particle size 
measured by DLS.   
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Supplementary Fig. 6 | IVIS imaging of mice intramuscularly dosed with cKKE-12 LNPs 
loaded with mFFL. cKK-E12 LNPs were injected intramuscularly into mice (0.25mg mRNA/kg 
mouse). The FFL expression was visualized at 6 h (a) and 24 h (b) after injection by IVIS 
imaging. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Supplementary Fig. 7 | Immunogenicity study of SARS-CoV-2 RBD mRNA with or without 
C3d fusion. C57BL/6J mice were immunized at weeks 0 and 3 with doses of LNP-formulated 
mRNA ranging from 0.01µg-1µg (n=5/group). Sera were collected on the 14th and 35th days 
post-prime. Titres of anti-RBD IgG were detected on days (a) 14 and (b) 35. Statistical 
significance was analyzed by a two-tailed Student’s t-test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Supplementary Fig. 8. Gating strategy for flow cytometry analysis of T and B cells in 
C57/BL6 mice. Representative flow cytometry gating strategy to identify SARS-CoV-2 SP-
specific CD4+ T effector memory cells (Live/CD3+/CD4+CD8-/CD44+CD62L-) and CD21+ B cells 
(Live/B220+/CD21+) in splenocytes from mice vaccinated with cKK-E12 LNP/mSP-C3d (1μg 
mRNA per mouse) upon re-stimulation with SARS-CoV-2 peptide pools. 
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Supplementary Fig. 9 | Induction of cytokines and chemokines. Fold change in concentration 
of systemic cytokines and chemokines in mouse sera at 6h post-vaccination of SARS-CoV-2 
vaccines (1μg mRNA per mouse) compared to that in untreated mouse sera (n=5, each column 
represents an individual mouse).   
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Supplementary Fig. 10 | IVIS imaging of mice intranasally dosed with lipid 331 LNPs 
loaded with mFFL. LNPs formulated with lipid 331 and mFFL were intranasally administered to 
mice (1µg/mouse). FFL expression in the lungs was visualized 6h after administration. Mouse 
lungs shown here are from the same mice shown in Figure 4a.  
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Supplementary Fig. 11 | Gating Strategy for flow cytometry analysis of lung-resident 
APCs in Ai14 mice. Representative flow cytometry gating strategy to identify tdTomato+, 
CD11c+ APCs following intranasal administration of 1µg mCre encapsulated in lipid 331 LNPs to 
Ai14 mice. 
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Supplementary Fig. 12 | Histology of mouse lung tissues. H&E staining of lungs harvested 
from mice 24h following intranasal administration of PBS or lipid 331 LNPs (1µg or 5µg dose of 
mFFL). Normal lung morphology was maintained in all groups as determined by a board-
certified pathologist. 
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