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(57) ABSTRACT

The present invention relates to a pharmaceutical composi-
tion comprising a modified mRNA that is stabilised by
sequence modifications and optimised for translation. The
pharmaceutical composition according to the invention is
particularly well suited for use as an inoculating agent, as well
as a therapeutic agent for tissue regeneration. In addition, a
process is described for determining sequence modifications
that promote stabilisation and translational efficiency of
modified mRNA of the invention.
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Fig. 1A
Influenza matrix: wild type gene (for comparison)

agatctaaagatgagtcttctaaccgaggtcgaaacgtacgttctctcta
tcatcccgtcaggccccctcaaagccgagatcgcacagagacttgaagat
gtctttgcagggaagaaCaccgatcttgaggttctcatggaatggctaaa
gacaagaccaatcctgtcacctctgactaaggggattttaggatttgtgt
tcacgctcaccgtgcccagtgagcgaggactgcagcgtagacgctttgtc
caaaatgcccttaatgggaacggggatccaaataacatggacaaagcagt
taaactgtataggaagctcaagagggagataacattccatggggccaaag
aaatctcactcagttattctgctggtgcacttgccagttgtatgggcctc
atatacaacaggatgggggctgtgaccactgaagtggcatttggcctggt
atgtgcaacctgtgaacagattgctgactcccagcatcggtctcataggc
aaatggtgacaacaaccaacccactaatcagacatgagaacagaatggtt
ttagccagcactacagctaaggctatggagcaaatggctggatcgagtga
gcaagcagcagaggccatggaggttgctagtcaggctaggcaaatggtgc
aagcgatgagaaccattgggactcatcctagctccagtgctggtctgaaa
aatgatcttcttgaaaatttgcaggcctatcagaaacgaatgggggtgca
gatgcaacggttcaagtgaactag !

Fig. 1B
Influenza matrix: protein sequence

MSLLTEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDLEVLMEWLKTRP
ILSPLTKGILGFVFTLTVPSERGLQRRRFVQNALNGNGDPNNMDKAVKLY
RKLKREITFHGAKEISLSYSAGALASCMGLIYNRMGAVTTEVAFGLVCAT
CEQIADSQHRSHRQMVTTTNPLIRHENRMVLASTTAKAMEQMAGSSEQAA
EAMEVASQARQMVQAMRTIGTHPSSSAGLKNDLLENLQAYQKRMGVQMQR
FK*
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Fig. 1C

Influenza matrix: gene with increased G/C content

agatctaaagatgagCctGetGaccgaggtGgaGacCtacgtGetGAGCa
tcatcccCAGngccccctGaachcgagatcgcCcagachtGgaGgaC
thtthcngCaagaacaccgaCctGgagthctGatggaGtggctGaa
gacCachcCatcctgAGCccCctgacCaagggCatCCTGggCtthtgt
tcacCctGaccgtgcccagCgagchggCctgcagchCGchctthtG
caGaanccctGaangCaacggCgaCccCaaCaacatggacaachCgt
GaaGctgtaCaggaagctGaagagggagatCacCt:ccangCgccaaGg
aGatcAGCctGagCtaCAGCgcngCgcCctchcagCthatgggcctG
atCtacaacaggatgggCgcCgtgaccacCgathggcCtthgcctggt
GthgcCacctgCgaGcagathcCgacAGCcagcachCAGCcaCaggc
aGatggtgacCacCaccaacccCctGatcachanagaacagGatgth
CTGgccagcacCacCgcCaaggcCatggagcaGatggcngCAGCaGCga
gcachCgcCgaggccatggaggtchCachaggcCaggcaGatggtgc
achCatgagGaccathgCacCcaCccCagcAGCagCgcngCctgaaG
aanaCctGctGgaGaaCCTGcaggcctaCcagaaGchatgggCgtgca
gatgcaGegCttcaagtgaactagt

Fig. 1ID
Influenza matrix: gene for secreted form (with N-terminal

signal seguence) with increased G/C content.

AgatctaaagatgGCCGTCATGGCCCCCCGCACCCTGGTGCTGCTGCTGA
GCGGCGCCCTGGCCCTGACCCAGACCTGGGCTachthtGaccgagth
gaGacCtacthctGAGCatcatcccCAGngccccctGaachcgagat
cgcCcagachtGgaGgantGtthcngCaagaacaccgaCctGgagg
tGctGatggaGtggctGaagacCachcCatcctgAGCccCctgacCaag
ggCatCCTGggCtthtgttcacCctGaccgtgcccagCgagchgcht
gcagchCGchctththaGaaCgccctGaangCaacqugaCccCa
aCaacatggacaachCthaaGctgtaCaggaagctGaaqagggagatC
acCttccangCgccaaGgaGatcAGCctGagCtaCAGCgcngCgcCct
chcagCtgCatgggcctGatCtacaacaggatgggCgcCgtgaccacCg
aGgtggcCtthgcctgththgcCacctgCgaGcagathcCgacAGC
cagcachCAGCcaCaggcaGatggtgacCacCaccaacccCctGatcag
GcanagaacagGatggtGCTGgccagcacCacCgcCaaggcCatggagc
aGatggcCggCAGCaGCgagc;chCgcCgaqgccatggagthgcCagC
caggcCaggcaGatggtgcachCatgagGaccathgCacCcaCccCag
cAGCagCgcngCctgaaGaanaCcthtGgaGaaCCTGcaggcctaCc
agaaGchatgggCgtgcagatgcaGchttcaagtgaactagt '
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Fig. IE.

Influenza matrix: mRNA with stabilisation seguences

GCUUGUUCUUUUUGCAGAAGCUCAGAAUAAACGCUCAACUUUGGCagaUC
uaaagaugagucuucuaaccgaggucgaaacguacguucucucuaucauc
ccgucaggcccccucaaagecgagaucgcacagagacuugaagaugucuu
ugcagggaagaacaccgaucuugagguucucauggaauggcuaaagacaa
gaccaauccugucaccucugacuaaggggauuuuaggauuuguguucacg
cucaccgugcccagugagegaggacugcagcguagacgcuuuguccaaaa
ugcccuuaaugggaacggggauccaaauaacauggacaaagcaguuaaac
uguauaggaagcucaagagggagauaacauuccauggggccaaagaaauc
ucacucaguuauucugcuggugcacuugccaguuguaugggccucauaua
caacaggaugggggcugugaccacugaaguggcauuuggccugguangug
caaccugugaacagauugcugacucccagcaucggucucauaggcaaaug
gugacaacaaccaacccacuaaucagacaugagaacagaaugguuuuage
cagcacuacagcuaaggcuauggagcaaauggcuggaucgagugagcaag
cagcagaggccauggagguugcuagucaggcuaggcaaauggugcaageg
augagaaccauugggacucauccuagcuccagugcuggucugaaaaauga
ucuucuugaaaauuugcaggccuaucagaaacgaaugggggugcagauge
aacgguucaagugaACUAGUGACUGACUAGCCCGCUGGGCCUCCCAACGS
GCCCUCCUCCCCUCCUUGCACCAAARAAAARAAAAARAARAADAAMARARAAA
AAAAAARAADRARARARAANAAAAAAAAANAAAANAARARADNR

Fig. 1IF '
Influenza matrix: mRNA with increased G/C content and

stabilisation seguences

GCUUGUUCUUUUUGCAGAAGCUCAGAAUAAACGCUCAACUUUGGCagauc
uaaagaugagCcuGecuGaccgagguGgaGacCuacguGcuGAGCaucauc
ccCAGngcccccuGaaGgccgagaucgcCcagachuGgaGganuGuu
CgcngCaagaacaccgaCcuGgagguchGauggaGuggcuGaagacCa
chcCauccugAGCccCcugacCaagggCauCCUGggCuuCguguucacC
cuGaccgugcccagCgagcgCgchugcagchCGchcuuCguGcaGaa
CgcccuGaangCaacggCgaCccCaaCaacauggacaachCguGaaGc
uguaCaggaagcuGaagagggagauCacCuuccangCgccaaGgaGauc
AGCcuGagCuaCAGCgcngCgcCcuchcagCugCaugggccuGauCua
caacaggaugggCgcCgugaccacCgaGguggcCuuCggccugguGugCg
cCaccugCgaGcagauCgcCgacAGCcagcachCAGCcaCaggcaGaug
gugacCacCaccaacccCcuGaucachanagaacagGaugguGCUch
cagcacCacCgcCaaggcCauggagcaGauggcngCAGCaGCgagcaGg
cCgcCgaggccauggagguchCachaggcCaggcaGauggugcachC
augagGaccaungCacCcaCccCagcAGCagCgcngCcugaaGaana
CcuGcuGgaGaaCCUGcaggccuaCcagaaGchaugggCgugcagaugc
aGecgCuucaagugaACUAGUGACUGACUAGCCCGCUGGGCCUCCCAACGG

GCCCUCCUCCCCUCCUUGCACCAAAARAAMAAAARAAARAAAAAAARAAAAR
AAAAAAAAAAARAAAAAAAAAAAAAAANANAAAAAARAAAARA
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Fig. 1G
Influenza matrix: mRNA coding for secreted form with

increased G/C content and stabilisation sequences

GCUUGUUCUUUUUGCAGAAGCUCAGAAUAAACGCUCAACUUUGGCagauc
uaaagaugGCCGUCAUGGCCCCCCGCACCCUGGUGCUGCUGCUGAGCGGC
GCCCUGGCCCUGACCCAGACCUGGGCCachuchGaccgagguGgaGac
CuacguchGAGCaucaucccCAGngcccccuGaachcgagaucgcCc
agagGcuGgaGgaCguGuuCgcCggCaagaacaccgaCcuGgagguGeuG
auggaGuggcuGaagacCagGccCauccugAGCccCcugacCaagggCau
CCUGggCuuCguguucacCcuGaccgugcccagCgagchgchugcagc
gCCGCcgcuuCguGecaGaaCgcccuGaaCggCaacggCgaCecCaaCaac
uuggacaaugcCguGaaucuguaCaggaagcubaagagggagauCacCuu
ccangCgccaanaGaucAGCcuGagCuaCAGCgcngCgcCcuchca
gCugCaugggccuGauCuacaacaggaugggCgcCgugaccacCgaGgug
gcCuungccugguGugCgcCaccugCgaGcagauCgcCgacAGCcagca
chCAGCcaCaggcaGauggugacCacCaccaacccCcuGaucachan
agaacagGaugguGCUchcagcacCacCgcCaaggcCauggagcaGaug
gcngCAGCaGCgagcachCgcCgaggccauggagguchCachaggc
CaggcaGauggugcachCaugagGaccaungCacCcaCccCagcAGCa
gCgcngCcugaaGaanaCcuchGgaGaaCCUGcaggccuaCcagaaG
cgCaugggCgugcagaugcaGegCuucaagugaACUAGUGACUGACUAGC
CCGCUGGGCCUCCCAACGGGCCCUCCUCCCCUCCUUGCACCAAAAAAAAA
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Fig.2A

MAGEl: wild type gene (for comparison)

catcatgtctcttgagcagaggagtctgcactgcaagcctgaggaagccc
ttgaggcccaacaagaggccctgggcctggtgtgtgtgcaggctgccacc
tcctcctcctctcctctggtcctgggcaccctggaggaggtgcccactgc
tgggtcaacagatcotccccagagtcctcagggagcctccgcctttccca
ctaccatcaacttcactcgacagaggcaacccagtgaggqttccagcagc
cgtgaagaggaggggccaagcacctcttgtatcctggagtccttgttccg
agcagtaatcactaagaaggtggctgatttggttggttttctgctcctca
aatatcgagccagggagccagtcacaaaggcagaaatgctggagagtgtc
atcaaaaattacaagcactgttttcctgagatcttcggcaaagcctctga
gtccttgcagctggtctttggcattgacgtgaaggaaqcagaccccaccg
gccactcctatgtccttgtcacctgcctaggtctctcctatgatggcctg
ctgggtgataatcagatcatgcccaagacaggcttcctgataattgtcct
ggtcatgattqcaatggagggcggccatgctcctgaggaggaaatctggg
aggagctgagtgtgatggaggtgtatgatgggagggagcacagtgcctat
ggggagcccaggaagcetgcetcacccaagatttggtgcaggaaaagtacet
ggagtaccggcaggtgccggacagtgatcccgcacgctatgagttcctgt
ggggtccaagggccctcgctgaaaccagctatgtgaaagtccttgagtat
gtgatcaaggtcagtgcaagagttcgctttttcttcccatccctgcgtga
agcagctttgagagaggaggaagagggagtctgagcatga

Fig. 2B

MAGEl: protein sequence

SER,LEU,GLU,GLN,ARG,SER,LEU,HIS,CYS,LYS,PRO,GLU;GLU,ALA,LEU,GL
U,ALA,GLN,GLN,GLU,ALA,LEU,GLY,LEU,VAL,CYS,VAL,GLN,ALA,ALA,THR,
SER,SER,SER,SER,PRO,LEU,VAL,LEU,GLY,THR,LEU,GLU,GLU,VAL,PRO,TH
R,ALA,GLY,SER,THR,ASP,PRO,PRO,GLN,SER,PRO,GLN,GLY,ALA,SER,ALA,
PHE,PRO,THR,THR,ILE,ASN,PHE,THR,ARG,GLN,ARG,GLN,PRO,SER,GLU,GL
Y,SER,SER,SER,ARG,GLU,GLU,GLU,GLY,PRO,SER,THR,SER,CYS,ILE,LEU,
GLU,SER,LEU,PHE,ARG,ALA,VAL,ILE,THR,LYS,LYS,VAL,ALA,ASP,LEU,VA
L,GLY,PHE,LEU,LBU,LEU,LYS,TYR,ARG,ALA,ARG,GLU,PRO,VAL,THR,LYS,
ALA,GLU,MET,LEU,GLU,SER,VAL,ILE,LYS,ASN,TYR,LYS,HIS,CYS,PHE,PR
O,GLU,ILB,PHE,GLY,LYS,ALA,SER,GLU,SER,LEU,GLN,LEU,VAL,PHE,GLY,
ILE,ASP,VAL,LYS,GLU,ALA,ASP,PRO,THR,GLY,HIS,SER,TYR,VAL,LEU,VA
L,THR,CYS,LEU,GLY,LBU,SER,TYR,ASP,GLY,LEU,LEU,GLY,ASP,ASN,GLN,
ILE,MET,PRO,LYS,THR,GLY,PHB,LEU,ILE,ILE,VAL,LEU,VAL,MET,ILE,AL
A,MET,GLU,GLY,GLY,HIS,ALA,PRO,GLU,GLU,GLU,ILE,TRP,GLU,GLU,LEU,
SER,VAL,MET,GLU,VAL,TYR,ASP;GLY,ARG,GLU,HIS,SER,ALA,TYR,GLY,GL
U,PRO,ARG,LYS,LEU,LEU,THR,GLN,ASP,LEU,VAL,GLN,GLU,LYS,TYR,LBU,
GLU,TYR,ARG,GLN,VAL,PRO,ASP,SER,ASP,PRO,ALA,ARG,TYR,GLU,PHE,LE
U,TRP,GLY,PRO,ARG,ALA,LEU,ALA,GLU,THR,SER,TYR,VAL,LYS,VAL,LEU,
GLU,TYR,VAL,ILE,LYS,VAL;SER,ALA,ARG,VAL,ARG,PHE,PHE,PHB,PRO,SE
R,LEU,ARG,GLU,ALA,ALA,LEU,ARG,GLU,GLU,GLU,GLU,GLY,VAL,STP -
+ALA, STP
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Fig.2C

MAGEl: mRNA with increased G/C content

augagccugqagcagcgcagccugcacugcaagccggaggaggcgcuggaggcgcagcagga
qgcgcugggccuggucugcguccaggcggcgacgagcagcagcagcccgcugguccugggca
cgcuggaggaggucccgacggcgggcagcacggacccgccgcagagcccgcagggcchagc
gcguucccgacgacgaucaacuucacgcgccagcgccagccgagcgagggcagcaqcagccg
cgaggagqagggcccgagcacgagcugcauccuggagagccuguuccgcgcggucaucacga
agaaggucgcggaccuggucggcuuccugcugcugaaguaccgcgcgcgcgagccqgucacg
aaggcggagaugcuggagagcgucaucaagaacuacaagcacugcuucccggagaucuucgg

\ caaggcgagcgagagccugcagcuggucuucggcaucgacgucaaggaggcggacccgacgg
gccacagcuacguccuggucacgugccugggccugagcuacgacggccugcugggcgacaac
cagaucaugccgaagacgggcuuccugaucaucguccuggucaugaucgcgauggagggcgg
ccacgcg;cggaggaggagaucugggaggagcugagcgucauggaggucuacgacggccgcg
agcacagcgcguacgqcgagccgcgcaagcugcugacgcaggaccugguccaggagaaguac
cuggaguaccgccaggucccggacagcgacccggcgcgcuacgaguuccuguggggcccgcg
cgcgcuggcggagacgagcuacgucaagguccuggaguacgucaucaaggucagcgcgcgcg
uccgcuucuucuucccgagccugcgcgaggcggcgcugcgcgaggaggaggagggcgucuga
gcgugauga

Fig.2D

MAGEl: mRNA with alternative codon usage
augagccuggagcagcgcagccugcacugcaagcccgaggaggcccuggaggcccagcagga
ggcccugggccuggugug;gugcaggccgccaccagcagcagcagcc¢ccuggugcugggca
cccuggaggaggugcccaccgccggcagcaccgaccccccccagagcccccagggcgccagc
gccuuccccaccaccaucaacuucacccgccagcgccagcccagcgagggcagcagcagccg
cgaggaggagggccccagcaccagcugcauccuggagagccuguuccgcgccgugaucacca
agaagguggccgaccuggugggcuuccugcugcugaaguaccgcgcccgcgagcccgugacc
aaggccgagaugcuggagagcgugaucaagaacuacaagcacugcuuccccgagaucuucgg
caaggccagcgagagccugcagcugguguucggcaucqacgugaaggaggccgaccccaccg
gccacagcuacgugcquugaccugccugggccugagcuacgacggccugcugggcgacaac
cagaucaugcccaagaccggcuuccugaucaucgugcuggugaugaucgccauggagggcgg
ccacgcccccgaggaggagaucugggaggagcugagcgugaugqagguguacgacggccgcg
agcacagcgccuacggcgagccccgcaagcugcugacccaggaccuggugcaggagaaguac
cuggaguaccgccaggugcccgacagcgaccccgcccgcuacgaguuccuguggggcccccg
cgcccuggccgagaccagcuacgugaaggugcuggaguacgugaucaaggugagcgcccgcg
ugcgcuucuucuuccccagccugcgcgaggccgcccugcgcgaggaggaggagggcguguga
gccugauga
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PHARMACEUTICAL COMPOSITION
CONTAINING A STABILISED MRNA
OPTIMISED FOR TRANSLATION IN ITS
CODING REGIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
application Ser. No. 14/487,425, filed Sep. 16, 2014, which is
a divisional of U.S. application Ser. No. 10/729,830, filed
Dec. 5, 2003, which is a Continuation-In-Part of PCT Appli-
cation No. PCT/EP02/06180 filed Jun. 5, 2002, which in turn,
claims priority from German Application No. DE 101 27
283.9, filed Jun. 5, 2001. Applicants claim the benefits of 35
U.S.C. §120 as to the U.S. applications and PCT application
and priority under 35 U.S.C. §119 as to the said German
application, and the disclosures of all of the above-referenced
applications are incorporated herein in their entireties.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a pharmaceutical
composition containing an mRNA that is stabilised by
sequence modifications in the translated region and is opti-
mised for translation. The pharmaceutical composition
according to the invention is suitable in particular as an inocu-
lating agent and also as a therapeutic agent for tissue regen-
eration. Furthermore, a process for determining sequence
modifications that stabilise mRNA and optimise mRNA
translation is disclosed.

[0004] 2. Description of the Prior Art

[0005] Gene therapy and genetic vaccination are tools of
molecular medicine whose use in the treatment and preven-
tion of diseases has considerable potential. Both of these
approaches are based on the incorporation of nucleic acids
into a patient’s cells or tissue as well as on the subsequent
processing of the information encoded by the incorporated
nucleic acids, i.e. the expression of the desired polypeptides.
[0006] Conventional procedures involved in previous
applications of gene therapy and genetic vaccination involved
the use of DNA in order to incorporate the required genetic
information into a cell. In this connection various processes
for the incorporation of DNA into cells have been developed,
such as for example calcium phosphate transfection, poly-
prene transfection, protoplast fusion, electroporation, micro-
injection and lipofection, in which connection lipofection in
particular has proved to be a suitable process.

[0007] A further process that has been suggested in particu-
lar for the case of genetic vaccination involves the use of DNA
viruses as DNA vehicles. Because such viruses are infectious,
a very high transfection rate can be achieved when using
DNA viruses as vehicles. The viruses used are genetically
altered so that no functional infectious particles are formed in
the transfected cell. Despite this precautionary measure, how-
ever, the risk of uncontrolled propagation of the introduced
therapeutic gene as well as viral genes remains due to the
possibility of recombination events.

[0008] Normally DNA incorporated into a cell is integrated
to a certain extent into the genome of the transfected cell. On
the one hand this phenomenon can exert a desirable effect,
since in this way a long-lasting action of the introduced DNA
can be achieved. On the other hand the integration into the
genome brings with it a significant risk for gene therapy. Such
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integration events may, for example, involve an insertion of
the incorporated DNA into an intact gene, which produces a
mutation that interferes with or completely ablates the func-
tion of the endogenous gene. As a result of such integration
events, enzyme systems that are important for cellular viabil-
ity may be switched off. Alternatively, there is also the risk of
inducing transformation of the transfected cell if the integra-
tion site occurs in a gene that is critical for regulating cell
growth. Accordingly, when using DNA viruses as therapeutic
agents and vaccines, a carcinogenic risk cannot be excluded.
In this connection it should also be borne in mind that, in order
to achieve effective expression of the genes incorporated into
the cell, the corresponding DNA vehicles comprise a strong
promoter, for example the viral CMV promoter. The integra-
tion of such promoters into the genome of the treated cell may,
however, lead to undesirable changes in the regulation of the
gene expression in the cell.

[0009] A further disadvantage of the use of DNA as a thera-
peutic agent or vaccine is the induction of pathogenic anti-
DNA antibodies in the patient, resulting in a potentially fatal
immune response.

[0010] Incontrastto DNA, the use of RNA as a therapeutic
agent or vaccine is regarded as significantly safer. In particu-
lar, use of RNA is not associated with a risk of stable integra-
tion into the genome of the transfected cell. In addition, no
viral sequences such as promoters are necessary for effective
transcription of RNA. Beyond this, RNA is degraded rapidly
in vivo. Indeed, the relatively short half-life of RNA in circu-
lating blood, as compared to that of DNA, reduces the risks
associated with developing pathogenic anti-RNA antibodies.
Indeed, anti-RNA antibodies have not been detected to date.
For these reasons RNA may be regarded as the molecule of
choice for molecular medicine therapeutic applications.

[0011] However, some basic problems still have to be
solved before medical applications based on RNA expression
systems can be widely employed. One of the problems in the
use of RNA is the reliable, cell-specific and tissue-specific
efficient transfer of the nucleic acid. Since RNA is normally
found to be very unstable in solution, up to now RNA could
not be used or used only very inefficiently as a therapeutic
agent or inoculating agent in the conventional applications
designed for DNA use.

[0012] Enzymes that break down RNA, so-called RNases
(ribonucleases), are responsible in part for the instability.
Even minute contamination by ribonucleases is sufficient to
degrade down RNA completely in solution. Moreover, the
natural decomposition of mRNA in the cytoplasm of cells is
exquisitely regulated. Several mechanisms are known which
contribute to this regulation. The terminal structure of a func-
tional mRNA, for example, is of decisive importance. The
so-called “cap structure” (a modified guanosine nucleotide) is
located at the 5' end and a sequence of up to 200 adenosine
nucleotides (the so-called poly-A tail) is located at the 3' end.
The RNA is recognised as mRNA by virtue of these structures
and these structures contribute to the regulatory machinery
controlling mRNA degradation. In addition there are further
mechanisms that stabilise or destabilise RNA. Many of these
mechanisims are still unknown, although often an interaction
between the RNA and proteins appears to be important in this
regard. For example, an mRNA surveillance system has been
described (Hellerin and Parker, Annu. Rev. Genet. 1999, 33:
229 to 260), in which incomplete or nonsense mRNA is
recognised by specific feedback protein interactions in the
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cytosol and is made accessible to decomposition. Exonu-
cleases appear to contribute in large measure to this process.
[0013] Certain measures have been proposed in the prior art
to improve the stability of RNA and thereby enable its use as
a therapeutic agent or RNA vaccine.

[0014] InEP-A-1083232 aprocess for the incorporation of
RNA, in particular mRNA, into cells and organisms has been
proposed in order to solve the aforementioned problem of the
instability of RNA ex vivo. As described therein, the RNA is
present in the form of a complex with a cationic peptide or
protein.

[0015] WO 99/14346 describes further processes for stabi-
lising mRNA. In particular, modifications of the mRNA are
proposed that stabilise the mRNA species against decompo-
sition by RNases. Such modifications may involve stabilisa-
tion by sequence modifications, in particular reduction of the
C content and/or U content by base elimination or base sub-
stitution. Alternatively, chemical modifications may be used,
in particular the use of nucleotide analogues, as well as 5' and
3' blocking groups, an increased length of the poly-A tail as
well as the complexing of the mRNA with stabilising agents,
and combinations of the aforementioned measures.

[0016] InU.S. Pat. No. 5,580,859 and U.S. Pat. No. 6,214,
804 mRNA vaccines and mRNA therapeutic agents are dis-
closed inter alia within the scope of “transient gene therapy”
(TGT). Various measures are described therein for enhancing
the translation efficiency and mRNA stability that relate in
particular to the composition of the non-translated sequence
regions.

[0017] Bieler and Wagner (in: Schleef (Ed.), Plasmids for
Therapy and Vaccination, Chapter 9, pp. 147 to 168, Wiley-
VCH, Weinheim, 2001) report on the use of synthetic genes in
combination with gene therapy methods employing DNA
vaccines and lentiviral vectors. The construction of a syn-
thetic gag-gene derived from HIV-1 is described, in which the
codons have been modified with respect to the wild type
sequence (alternative codon usage) in such a way as to cor-
respond to frequently used codons found in highly expressed
mammalian genes. In this way, in particular, the A/T content
compared to the wild type sequence was reduced. Moreover,
the authors found an increased rate of expression of the syn-
thetic gag gene in transfected cells. Furthermore, increased
antibody formation against the gag protein was observed in
mice immunised with the synthetic DNA construct. An
increase in cytokine release in vitro from transfected spleen
cells of such mice was also observed. Finally, an induction of
a cytotoxic immune response in mice immunised with the gag
expression plasmid was also found. The authors of'this article
attribute the improved properties of their DNA vaccine to a
change in the nucleocytoplasmic transport of the mRNA
expressed by the DNA vaccine, which was due to the opti-
mised codon usage. The authors maintain that the effect of the
altered codon usage on the translation efficiency was only
slight.

SUMMARY OF THE INVENTION

[0018] The object of the present invention is to provide a
new system for gene therapy and genetic vaccination that
overcomes the disadvantages associated with the properties
of DNA therapeutic agents and DNA vaccines and increases
the effectiveness of therapeutic agents based on RNA species.
[0019] This object is achieved by the embodiments of the
present invention characterised in the claims.
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[0020] In particular, a modified mRNA, as well as a phar-
maceutical composition comprising at least one modified
mRNA of the present invention and a pharmaceutically com-
patible carrier and/or vehicle are provided. The modified
mRNA encodes at least one biologically active or antigenic
peptide or polypeptide, wherein the sequence of the mRNA
comprises at least one modification as set forth herein below
as compared to the wild type mRNA. Such modifications may
be located in the region coding for the at least one peptide or
polypeptide, or in untranslated regions.

[0021] In one aspect, the G/C content of the region of the
modified mRNA coding for the peptide or polypeptide is
increased relative to that of the G/C content of the coding
region of the wild type mRNA coding for the peptide or
polypeptide. The encoded amino acid sequence, however,
remains unchanged compared to the wild type. (i.e. silent
with respect to the encoded amino acid sequence).

[0022] This modification is based on the fact that, for effi-
cient translation of an mRNA, the sequence of the region of
the mRNA to be translated is essential. In this connection the
composition and the sequence of the various nucleotides play
animportant role. In particular sequences with an increased G
(guanosine)/C (cytosine) content are more stable than
sequences with an increased A (adenosine)/U (uracil) con-
tent. In accordance with the invention, the codons are varied
compared to the wild type mRNA, while maintaining the
translated amino acid sequence, so that they contain increased
amounts of G/C nucleotides. Since several different codons
can encode the same amino acid, due to degeneracy of the
genetic code, the codons most favourable for the stability of
the modified mRNA can be determined and incorporated
(alternative codon usage).

[0023] Depending on the amino acid encoded by the modi-
fied mRNA, various possibilities for moditying the mRNA
sequence compared to the wild type sequence are feasible. In
the case of amino acids that are encoded by codons that
contain exclusively G or C nucleotides, no modification of the
codon is necessary. Thus, the codons for Pro (CCC or CCG),
Arg (CGC or CGG), Ala (GCC or GCG) and Gly (GGC or
GGG) do not require any alteration since no A or U is present.
[0024] In the following cases the codons that contain A
and/or U nucleotides are altered by substituting other codons
that code for the same amino acids, but do not contain A
and/or U. Examples include: the codons for Pro, which may
be changed from CCU or CCA to CCC or CCG; the codons
for Arg, which may be changed from CGU or CGA or AGA or
AGG to CGC or CGG; the codons for Ala, which may be
changed from GCU or GCA to GCC or GCG; the codons for
Gly, which may be changed from GGU or GGA to GGC or
GGG.

[0025] Inother cases, wherein A and/or U nucleotides may
not be eliminated from the codons, it is however possible to
reduce the A and U content by using codons that contain
fewer A and/or U nucleotides. For example: the codons for
Phe, which may be changed from UUU to UUC; the codons
for Leu, which may be changed from UUA, CUU or CUA to
CUC or CUG; the codons for Ser, which may be changed
from UCU or UCA or AGU to UCC, UCG or AGC; the codon
for Tyr, which may be changed from UAU to UAC; the stop
codon UAA, which may be changed to UAG or UGA; the
codon for Cys, which may be changed from UGU to UGC;
the codon for His, which may be changed from CAU to CAC;
the codon for Gln, which may be changed from CAA to CAG;
the codons for Ile, which may be changed from AUU or AUA
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to AUC; the codons for Thr, which may be changed from ACU
or ACA to ACC or ACG; the codon for Asn, which may be
changed from AAU to AAC; the codon for Lys, which may be
changed from AAA to AAG; the codons for Val, which may
be changed from GUU or GUA to GUC or GUG; the codon
for Asp, which may be changed from GAU to GAC; the codon
for Glu, which may be changed from GAA to GAG.

[0026] In the case of the codons for Met (AUG) and Trp
(UGG) there is however no possibility of modifying the
sequence.

[0027] The substitutions listed above may be used individu-
ally and in all possible combinations in order to increase the
G/C content of a modified mRNA compared to the original
sequence. Thus, for example all codons for Thr occurring in
the original (wild type) sequence can be altered to ACC (or
ACQG). Preferably, however, combinations of the substitution
possibilities given above are employed, for example: substi-
tution of all codons coding in the original sequence for Thr to
ACC (or ACG) and substitution of all codons coding for Ser
to UCC (or UCG or AGC); substitution of all codons coding
in the original sequence for Ile to AUC and substitution of all
codons coding for Lys to AAG and substitution of all codons
coding originally for Tyr to UAC; substitution of all codons
coding in the original sequence for Val to GUC (or GUG) and
substitution of all codons coding for Glu to GAG and substi-
tution of all codons coding for Ala to GCC (or GCG) and
substitution of all codons coding for Arg to CGC (or CGGQG);
substitution of all codons coding in the original sequence for
Val to GUC (or GUG) and substitution of all codons coding
for Glu to GAG and substitution of all codons coding for Ala
to GCC (or GCQG) and substitution of all codons coding for
Gly to GGC (or GGG) and substitution of all codons coding
for Asn to AAC; substitution of all codons coding in the
original sequence for Val to GUC (or GUG) and substitution
of all codons coding for Phe to UUC and substitution of all
codons coding for Cys to UGC and substitution of all codons
coding for Leu to CUG (or CUC) and substitution of all
codons coding for Gln to CAG and substitution of all codons
encoding Pro to CCC (or CCG); etc.

[0028] Preferably the G/C content of the region of the
modified mRNA coding for the peptide or polypeptide is
increased by at least 7%, more preferably by at least 15%, and
particularly preferably by at least 20% compared to the G/C
content of the coded region of the wild type mRNA encoding
for the polypeptide.

[0029] In this connection it is particularly preferred to
maximise the G/C content of the modified mRNA as com-
pared to that of the wild type sequence. For some applica-
tions, it may be particularly advantageous to maximise the
G/C content of the modified mRNA in the region encoding the
at least one peptide or polypeptide.

[0030] In accordance with the invention, a further modifi-
cation of the mRNA comprised in the pharmaceutical com-
position of the present invention is based on an understanding
that the translational efficiency is also affected by the relative
abundance of different tRNAs in various cells. A high fre-
quency of so-called “rare” codons in an RNA sequence,
which are recognized by relatively rare tRNAs, tends to
decrease the translational efficiency of the corresponding
mRNA, whereas a high frequency of codons recognized by
relatively abundant tRNAs tends to enhance the translational
efficiency of a corresponding mRNA.

[0031] Thus, according to the invention, the modified
mRNA (which is contained in the pharmaceutical composi-
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tion) comprises a region coding for the peptide or polypeptide
which is changed compared to the corresponding region of
the wild type mRNA so as to replace at least one codon of the
wild type sequence that is recognized by a rare cellular tRNA
with a codon recognized by an abundant cellular tRNA,
wherein the abundant and rare cellular tRNAs recognize the
same amino acid. In other words, the substituted codon in the
modified mRNA, which is recognized by arelatively frequent
tRNA, encodes the same amino acid as the wild type (un-
modified) codon.

[0032] Through such modifications, the RNA sequences
are modified so that codons are inserted/substituted that are
recognized by abundantly expressed cellular tRNAs. Modi-
fications directed to altering codon usage in a nucleic acid
sequence to optimise expression levels of polypeptides
encoded therefrom are generally referred to in the art as
“codon optimisation”.

[0033] Those tRNAs which are abundant or rare in a par-
ticular cell are known to a person skilled in the art; see for
example Akashi, Curr. Opin. Genet. Dev. 2001, 11(6): 660-
666. Each organism has a preferred choice of nucleotide or
codon usage to encode any particular amino acid. Different
species vary in their codon preferences for translating mRNA
into protein. The codon preferences of a particular species in
which a modified mRNA of the present invention is to be
expressed will, therefore, at least in part dictate the param-
eters of codon optimisation for a nucleic acid sequence.

[0034] By means of this modification, according to the
invention all codons of the wild type sequence that are rec-
ognized by arelatively rare tRNA in a cell may in each case be
replaced by a codon that is recognized by a relatively abun-
dant tRNA. As described herein, however, the coding
sequence of the peptide or polypeptide is preserved. That is, a
relatively abundant tRNA species, which replaces a relatively
rare tRNA species in a modified mRNA of the invention,
recognizes an amino acid identical to that recognized by the
rare tRNA species.

[0035] According to the invention, it is particularly pre-
ferred to couple the sequential increase in the G/C fraction of
a modified mRNA (particularly, for example, a maximally
modified G/C content), with an increase in the number of
codons recognized by abundant tRNAs, wherein the amino
acid sequence of the peptide or polypeptide (one or more)
encoded by the mRNA remains unaltered. This preferred
embodiment provides a particularly preferred mRNA spe-
cies, possessing properties of efficient translation and
improved stability. Such preferred mRNA species are well
suited, for example, for the pharmaceutical compositions of
the present invention.

[0036] Sequences of eukaryotic mRNAs frequently include
destabilising sequence elements (DSE) to which signal pro-
teins can bind and thereby regulate the enzymatic degradation
of the mRNA in vivo. Accordingly, for the further stabilisa-
tion of a modified mRNA of the invention, which may be a
component of a pharmaceutical composition of the invention,
one or more changes may be made in the wild type mRNA
sequence encoding the at least one peptide or polypeptide, so
as to reduce the number of destabilising sequence elements
present. In accordance with the invention, DSEs located any-
where in an mRNA, including the coding region and in the
non-translated regions (3' and/or 5' UTR), may be mutated or
changed to generate a modified mRNA having improved
properties.
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[0037] Such destabilising sequences are for example AU-
rich sequences (“AURES”) that occur in 3'-UTR regions of a
number of unstable mRNAs (Caput et al., Proc. Natl. Acad.
Sci. USA 1986, 83: 1670-1674). The RNA molecules con-
tained in the pharmaceutical composition according to the
invention are therefore preferably altered as compared to the
wild type mRNA so as to reduce the number of or eliminate
these destabilising sequences. Such an approach also applies
to those sequence motifs recognised by potential endonu-
cleases. Such sequences include, for example, GAACAAG,
which is found in the 3'UTR of the gene encoding the trans-
ferring receptor (Binder et al., EMBO J. 1994, 13: 1969-
1980). Sequence motifs recognized by endonucleases are
also preferably reduced in number or eliminated in the modi-
fied mRNA of the pharmaceutical composition according to
the invention.

[0038] Various methods are known to the person skilled in
the art that are suitable for the substitution of codons in the
modified mRNA according to the invention. In the case of
relatively short coding regions (that code for biologically
active or antigenic peptides), the whole mRNA may, for
example, be chemically synthesised using standard tech-
niques.

[0039] Preferably, however, base substitutions are intro-
duced using a DNA matrix for the production of modified
mRNA with the aid of techniques routinely employed in
targeted mutagenesis; see Maniatis et al., Molecular Cloning:
A Laboratory Manual, Cold Spring Harbor Laboratory Press,
3¢ Edition, Cold Spring Harbor, N.Y., 2001.

[0040] In this method, a corresponding DNA molecule is
therefore transcribed in vitro for the production of the mRNA.
This DNA matrix has a suitable promoter, for examplea T7 or
SP6 promoter, for in vitro transcription, followed by the
desired nucleotide sequence for the mRNA to be produced
and a termination signal for the in vitro transcription. Accord-
ing to the invention the DNA molecule that forms the matrix
of'the RNA construct to be produced is prepared as part of a
plasmid replicable in bacteria, wherein the plasmid is repli-
cated or amplified during the course of bacterial replication
and subsequently isolated by standard techniques. Plasmids
suitable for use in the present invention include, but are not
limited to pT7 Ts (GenBank Accession No. U26404; Lai et
al., Development 1995, 121: 2349-2360), the pPGEM® series,
for example pGEM®-1 (GenBank Accession No. X65300;
from Promega) and pSP64 (GenBank-Accession No.
X65327); see also Mezei and Storts, Purification of PCR
Products, in: Griffin and Griffin (Eds.), PCR Technology:
Current Innovation, CRC Press, Boca Raton, Fla., 2001.

[0041] Thus, by using short synthetic DNA oligonucle-
otides that comprise short single-strand transitions at the cor-
responding cleavage sites, or by means of genes produced by
chemical synthesis, the desired nucleotide sequence can be
cloned into a suitable plasmid by molecular biology methods
known to the person skilled in the art (see Maniatis et al.,
above). The DNA molecule is then excised from the plasmid,
in which it may be present as a single copy or multiple copies,
by digestion with restriction endonucleases.

[0042] The modified mRNA that is contained in the phar-
maceutical composition according to the invention may fur-
thermore have a 5' cap structure (a modified guanosine nucle-
otide). Examples of suitable cap structures include, but are
not limited to m7G(5")ppp (5'(A,G(5")ppp(5HA and G(5")ppp
(5HG.
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[0043] According to a further preferred embodiment of the
present invention the modified mRNA comprises a poly-A
tail of at least 50 nucleotides, preferably at least 70 nucle-
otides, more preferably at least 100 nucleotides and particu-
larly preferably at least 200 nucleotides.

[0044] For efficient translation of the mRNA an productive
binding of the ribosomes to the ribosome binding site [Kozak
sequence: GCCGCCACCAUGG (SEQ ID NO: 13), the AUG
forms the start codon] is generally required. In this regard it
has been established that an increased A/U content around
this site facilitates more efficient ribosome binding to the
mRNA.

[0045] In addition, it is possible to introduce one or more
so-called IRES (“internal ribosomal entry site”) into the
modified mRNA. An IRES may act as the sole ribosome
binding site, or may serve as one of the ribosome binding sites
of an mRNA. An mRNA comprising more than one func-
tional ribosome binding site may encode several peptides or
polypeptides that are translated independently by the ribo-
somes (“multicistronic mRNA”). Examples of IRES
sequences that can be used according to the invention include
without limitation, those from picornaviruses (e.g. FMDV),
pest viruses (CFFV), polio viruses (PV), encephalomyo-
carditis viruses (ECMV), foot-and-mouth disease viruses
(FMDV), hepatitis C viruses (HCV), classical swine fever
viruses (CSFV), murine leukemia virus (MLV), simian
immune deficiency viruses (SIV) or cricket paralysis viruses
(CrPV).

[0046] According to a further preferred embodiment of the
present invention the modified mRNA comprises in the '
non-translated and/or 3' non-translated regions stabilisation
sequences that are capable of increasing the half-life of the
mRNA in the cytosol.

[0047] These stabilisation sequences may exhibit 100%
sequence homology with naturally occurring sequences that
are present in viruses, bacteria and eukaryotic cells, ormay be
derived from such naturally occurring sequences (i.e., may
comprise, e.g., mutations substitutions, or deletions in these
sequences). Stabilising sequences that may be used in the
present invention include, by way of non-limiting example,
the untranslated sequences (UTR) of the p-globin gene of
Homo sapiens or Xenopus laevis. Another example of a sta-
bilisation sequence has the general formula (C/U)CCAN,-
CCC(U/A)Py UC(C/U)CC, which is contained in the 3'UTR
of the very stable mRNAs that encode a-globin, a-(I)-col-
lagen, 15-lipoxygenase, or tyrosine hydroxylase (C. F. Holcik
et al., Proc. Natl. Acad. Sci. USA 1997, 94: 2410-2414).
Obviously such stabilisation sequences may be used indi-
vidually or in combination, as well as in combination with
other stabilisation sequences known to a person skilled in the
art.

[0048] For the further stabilisation of the modified mRNA
it is preferred that the modified mRNA comprises at least one
analogue of a naturally occurring nucleotide. This approach is
based on the understanding that RNA-decomposing enzymes
present in a cell preferentially recognise RNA comprising
naturally occurring nucleotides as a substrate. The insertion
of nucleotide analogues into an RNA molecule, therefore,
retards decomposition of the RNA molecule so modified,
whereas the effect of such analogs on translational efficiency,
particularly when inserted into the coding region of the
mRNA, may result in either an increase or decrease in trans-
lation of the modified RNA molecule.
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[0049] The following is a non-limiting list of nucleotide
analogues that can be used in accordance with the invention:
phosphorus amidates, phosphorus thioates, peptide nucle-
otides, methylphosphonates, 7-deazaguanosine, 5-methylcy-
tosine and inosine. The preparation of such analogues is
known to the person skilled in the art, for example from U.S.
Pat. No. 4,373,071, U.S. Pat. No. 4,401,796, U.S. Pat. No.
4,415,732, U.S. Pat. No. 4,458,066, U.S. Pat. No. 4,500,707,
U.S. Pat. No. 4,668,777, U.S. Pat. No. 4,973,679, U.S. Pat.
No. 5,047,524, U.S. Pat. No. 5,132,418, U.S. Pat. No. 5,153,
319, U.S. Pat. No. 5,262,530 and U.S. Pat. No. 5,700,642.
According to the invention such analogues may be present in
non-translated and/or translated regions of the modified
mRNA.

[0050] Furthermore the effective transfer of the modified
mRNA into the cells to be treated or into the organism to be
treated may be improved if the modified mRNA is associated
with a cationic peptide or protein, or is bound thereto. In
particular in this connection the use of protamine as polyca-
tionic, nucleic acid-binding protein is particularly effective. It
is also possible to use other cationic peptides or proteins such
as poly-L-lysine or histones. Procedures for stabilising
mRNA are described in EP-A-1083232, whose relevant dis-
closure is incorporated herein in its entirety.

[0051] For gene therapy applications, for example, wherein
a pharmaceutical composition of the invention is used, the
modified mRNA therein codes for at least one biologically
active peptide or polypeptide that is not formed or is only
insufficiently or defectively formed in the patient to be
treated. Administration of a modified mRNA encoding the at
least one biologically active peptide or polypeptide or a com-
position thereof to such a patient, therefore, at least partially
restores the expression and/or activity of the at least one
biologically active peptide or polypeptide in the patient and
thereby complements the patient’s genetic defect. The direct
introduction of a normal, functional gene into a living animal
has been studied as a means for replacing defective genetic
information. In such studies, nucleic acid sequences are intro-
duced directly into cells of a living animal. The following
references pertain to methods for the direct introduction of
nucleic acid sequences into a living animal: Nabel et al.,
(1990) Science 249:1285-1288; Wolfe et al., (1990) Science
247:1465-1468; Acsadi et al. (1991) Nature 352:815-818;
Wolfe et al. (1991) BioTechniques 11(4):474-485; and
Feigner and Rhodes, (1991) Nature 349:351-352, which are
incorporated herein by reference.

[0052] Accordingly, examples of polypeptides coded by a
modified mRNA of the invention include, without limitation,
dystrophin, the chloride channel, which is defectively altered
in cystic fibrosis; enzymes that are lacking or defective in
metabolic disorders such as phenylketonuria, galactosaemia,
homocystinuria, adenosine deaminase deficiency, etc.;
enzymes that are involved in the synthesis of neurotransmit-
ters such as dopamine, norepinephrine and GABA, in particu-
lar tyrosine hydroxylase and DOPA decarboxylase, and a.-1-
antitrypsin, etc. Pharmaceutical compositions of the
invention may also be used to effect expression of cell surface
receptors and/or binding partners of cell surface receptors if
the modified mRNA contained therein encodes for such bio-
logically active proteins or peptides. Examples of such pro-
teins that act in an extracellular manner or that bind to cell
surface receptors include for example tissue plasminogen
activator (TPA), growth hormones, insulin, interferons,
granulocyte-macrophage colony stimulating factor (GM-
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CFS), and erythropoietin (EPO), etc. By choosing suitable
growth factors, the pharmaceutical composition of the
present invention may, for example, be used for tissue regen-
eration. In this way diseases that are characterised by tissue
degeneration, for example neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease, etc. and other
degenerative conditions, such as arthrosis, can be treated. In
these cases the modified mRNA, in particular that contained
in the pharmaceutical composition of the present invention,
preferably encodes, without limitation, a TGF-f§ family mem-
ber, EGF, FGF, PDGF, BMP, GDNF, BDNF, GDF and neu-
rotrophic factors such as NGF, neutrophines, etc.

[0053] A furtherarea of application of the present invention
is vaccination, i.e. the use of a modified mRNA for inocula-
tion or the use of a pharmaceutical composition comprising a
modified mRNA as an inoculating agent, or the use of a
modified mRNA in the preparation of the pharmaceutical
composition for inoculation purposes. Vaccination is based
on introducing an antigen into an organism or subject, in
particular into a cell of the organism or subject. In the context
of'the present invention, the genetic information encoding the
antigen is introduced into the organism or subject in the form
of a modified mRNA encoding the antigen. The modified
mRNA contained in the pharmaceutical composition is trans-
lated into the antigen, i.e. the polypeptide or antigenic peptide
coded by the modified mRNA is expressed, and an immune
response directed against the polypeptide or antigenic peptide
is stimulated. For vaccination against a pathogenic organism,
e.g., a virus, a bacterium, or a protozoan, a surface antigen of
such an organism maybe used as an antigen against which an
immune response is elicited. In the context of the present
invention, a pharmaceutical composition comprising a modi-
fied mRNA encoding such a surface antigen may be used as a
vaccine. In applications wherein a genetic vaccine is used for
treating cancer, the immune response is directed against
tumour antigens by generating a modified mRNA encoding a
tumour antigen(s), in particular a protein which is expressed
exclusively on cancer cells. Such a modified mRNA encoding
a tumour antigen may be used alone or as a component of a
pharmaceutical composition according to the invention,
wherein administration of either the modified mRNA or a
composition thereof results in expression of the cancer anti-
gen(s) inthe organism. An immune response to such a vaccine
would, therefore, confer to the vaccinated subject a degree of
protective immunity against cancers associated with the
immunizing cancer antigen. Alternatively, such measures
could be used to vaccinate a cancer patient with a modified
mRNA encoding a tumour antigen(s) expressed on the
patient’s cancer cells so as to stimulate the cancer patient’s
immune response to attack any cancer cells expressing the
encoded antigen.

[0054] Inits use as a vaccine the pharmaceutical composi-
tion according to the invention is suitable in particular for the
treatment of cancers (in which the modified mRNA codes for
a tumour-specific surface antigen (TSSA), for example for
treating malignant melanoma, colon carcinoma, lymphomas,
sarcomas, small-cell lung carcinomas, blastomas, etc. A non-
limiting list of specific examples of tumour antigens include,
inter alia, 707-AP, AFP, ART-4, BAGE, p-catenin/m, Ber-abl,
CAMEL, CAP-1, CASP-8, CDC27/m, CDK4/m, CEA, CT,
Cyp-B, DAM, ELF2M, ETV6-AML 1, G250, GAGE, GnT-V,
Gp100, HAGE, HER-2/neu, HLA-A*0201-R1701, HPV-E7,
HSP70-2M, HAST-2, hTERT (or hTRT), iCE, KIAA0205,
LAGE, LDLR/FUT, MAGE, MART-1/melan-A, MCIR,
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myosin/m, MUC1, MUM-1, -2, -3, NA88-A, NY-ESO-1,
p1l90 minor ber-abl, PmI/RARa, PRAME, PSA, PSM,
RAGE, RU1 or RU2, SAGE, SART-1 or SART-3, TEL/
AMLI, TPI/m, TRP-1, TRP-2, TRP-2/INT2 and WTI. In
addition to the above application, the pharmaceutical compo-
sition of the invention may be used to treat infectious dis-
eases, for example, viral infectious diseases such as AIDS
(HIV), hepatitis A, B or C, herpes, herpes zoster (chicken
pox), German measles (rubella virus), yellow fever, dengue
fever etc. (flavi viruses), flu (influenza viruses), haemorrhagic
infectious diseases (Marburg or Ebola viruses), bacterial
infectious diseases such as Legionnaires’ disease (Le-
gionella), gastric ulcer (Helicobacter), cholera (Vibrio), E.
coli infections, staphylococcal infections, salmonella infec-
tions or streptococcal infections, tetanus (Clostridium tetani),
or protozoan infectious diseases (malaria, sleeping sickness,
leishmaniasis, toxoplasmosis, i.e. infections caused by plas-
modium, trypanosomes, leishmania and toxoplasma). Prefer-
ably also in the case of infectious diseases the corresponding
surface antigens with the strongest antigenic potential are
encoded by the modified mRNA. With the aforementioned
genes of pathogenic vectors or organisms, in particular in the
case of viral genes, this is typically a secreted form of a
surface antigen. Moreover, according to the invention
mRNAs preferably coding for polypeptides are employed,
because polypeptides generally comprise multiple epitopes
(polyepitopes). Polypeptides comprising polyepitopes
include but are not limited to, surface antigens of pathogenic
vectors or organisms, or of tumour cells, preferably secreted
protein forms.

[0055] Moreover, the modified mRNA according to the
invention may comprise in addition to the antigenic or thera-
peutically active peptide or polypeptide, at least one further
functional region that encodes, for example, a cytokine that
promotes the immune response (e.g., a monokine, lymphok-
ine, interleukin or chemokine, such as IL-1, 1L-2, IL-3, IL-4,
1L-5, 1IL-6, IL-7, 1L-8, 1L-9, IL-10, IL-12, INF-c., INF-y,
GM-CFS, LT-a or growth factors such as hGH).

[0056] Furthermore, in order to increase immunogenicity,
the pharmaceutical composition according to the invention
may contain one or more adjuvants. The term “adjuvant” is
understood in this context to denote any chemical or biologi-
cal compound that promotes or augments a specific immune
response. Various mechanisms may be involved in this con-
nection, depending on the various types of adjuvants. For
example, compounds that promote endocytosis of the modi-
fied mRNA contained in the pharmaceutical composition by
dentritic cells (DC) form a first class of usable adjuvants.
Other compounds that activate or accelerate maturation of
DC (for example, lipopolysaccharides, TNF-a or CD40
ligand) comprise a second class of suitable adjuvants. In
general, any agent which is recognized as a potential “danger
signal” by the immune system (LPS, GP96, oligonucleotides
with the CpG motif) or cytokines such as GM-CSF, may be
used as an adjuvant. Co-administration of an adjuvant
enhances an immune response generated against an antigen
encoded by the modified mRNA. The aforementioned cytok-
ines are particularly preferred in this aspect. Other known
adjuvants include aluminium hydroxide, and Freund’s adju-
vant, as well as the aforementioned stabilising cationic pep-
tides or polypeptides such as protamine. In addition, lipopep-
tides such as Pam3Cys are also particularly suitable for use as
adjuvants in the pharmaceutical composition of the present
invention; see Deres et al, Nature 1989, 342: 561-564.
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[0057] The pharmaceutical composition according to the
invention comprises, in addition to the modified mRNA, a
pharmaceutically compatible carrier and/or a pharmaceuti-
cally compatible vehicle. Appropriate methods for achieving
a suitable formulation and preparation of the pharmaceutical
composition according to the invention are described in
“Remington’s Pharmaceutical Sciences” (Mack Pub. Co.,
Easton, Pa., 1980), which is herein incorporated by reference
in its entirety. For parenteral administration suitable carriers
include for example sterile water, sterile saline solutions,
polyalkylene glycols, hydrogenated naphthalene and in par-
ticular biocompatible lactide polymers, lactide/glycolide
copolymers or polyoxyethylene/polyoxypropylene copoly-
mers. Compositions according to the invention may contain
fillers or substances such as lactose, mannitol, substances for
the covalent coupling of polymers such as for example poly-
ethylene glycol to inhibitors according to the invention, com-
plexing with metal ions or incorporation of materials in or on
special preparations of polymer compound, such as for
example polylactate, polyglycolic acid, hydrogel or on lipo-
somes, microemulsions, microcells, unilamellar or multila-
mellar vesicles, erythrocyte fragments or spheroplasts. The
respective modifications of the compositions are chosen
depending on physical properties such as, for example, solu-
bility, stability, bioavailability or degradability. Controlled or
constant release of the active component according to the
invention in the composition includes formulations based on
lipophilic depot substances (for example fatty acids, waxes or
oils). Coatings of substances or compositions according to the
invention containing such substances, namely coatings with
polymers (for example poloxamers or poloxamines), are also
disclosed within the scope of the present invention. Moreover
substances or compositions according to the invention may
contain protective coatings, for example protease inhibitors
or permeability enhancers. Preferred carriers are typically
aqueous carrier materials, in which water for injection (WFI)
or water buffered with phosphate, citrate or acetate, etc., is
used, and the pH is typically adjusted to 5.0 to 8.0, preferably
6.01t07.0. The carrier or the vehicle will in addition preferably
contain salt constituents, for example sodium chloride, potas-
sium chloride or other components that for example make the
solution isotonic. In addition the carrier or the vehicle may
contain, besides the aforementioned constituents, additional
components such as human serum albumin (HSA), polysor-
bate 80, sugars or amino acids.

[0058] The concentration of the modified mRNA in such
formulations may therefore vary within a wide range from 1
ngto 100 mg/ml. The pharmaceutical composition according
to the invention is preferably administered parenterally, for
example intravenously, intraarterially, subcutaneously or
intramuscularly to the patient. It is also possible to administer
the pharmaceutical composition topically or orally.

[0059] The invention thus also provides a method for the
treatment of the aforementioned medical conditions or an
inoculation method for the prevention of the aforementioned
conditions, which comprises the administration of the phar-
maceutical composition according to the invention to a sub-
ject or patient, in particular a human patient.

[0060] A typical regimen for preventing, suppressing, or
treating a pathology related to a viral, bacterial, or protozoan
infection, may comprise administration of an effective
amount of a vaccine composition as described herein, admin-
istered as a single treatment, or repeated as enhancing or
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booster dosages, over a period up to and including between
one week and about 24 months, or any range or value therein.

[0061] According to the present invention, an “effective
amount” of a vaccine composition is one that is sufficient to
achieve a desired biological effect. It is understood that nature
and manner of the administration and the effective dosage
may be determined by a medical practitioner based on a
number of variables including the age, sex, health, and weight
of the recipient, the medical condition to be treated and its
stage of progression, the kind of concurrent treatment, if any,
frequency of treatment, and the nature of the desired outcome.
Theranges of effective doses provided below are not intended
to limit the invention, but are provided as representative pre-
ferred dose ranges. However, the most preferred dosage will
be tailored to the individual subject, as is understood and
determinable by one of skill in the art, without undue experi-
mentation. See, e.g., Berkow et al., eds., The Merck Manual,
16th edition, Merck and Co., Rahway, N.J.; 1992; Goodman
et al., eds., Goodman and Gilman’s The Pharmacological
Basis of Therapeutics, 8th edition, Pergamon Press, Inc.,
Elmsford, N.Y., (1990); Avery’s Drug Treatment: Principles
and Practice of Clinical Pharmacology and Therapeutics, 3rd
edition, ADIS Press, LTD., Williams and Wilkins, Baltimore,
Md. (1987), Ebadi, Pharmacology, Little, Brown and Co.,
Boston, Mass. (1985); and Katzung, ed. Basic and Clinical
Pharmacology, Fifth Edition, Appleton and Lange, Norwalk,
Conn. (1992), which references and references cited therein,
are entirely incorporated herein by reference.

[0062] The present invention relates to the use of genetic
material (e.g., nucleic acid sequences) as immunizing agents.
In one aspect, the present invention relates to the introduction
of exogenous or foreign modified DNA or RNA molecules
into an individual’s tissues or cells, wherein these molecules
encode an exogenous protein capable of eliciting an immune
response to the protein. The exogenous nucleic acid
sequences may be introduced alone or in the context of an
expression vector wherein the sequences are operably linked
to promoters and/or enhancers capable of regulating the
expression of the encoded proteins. The introduction of exog-
enous nucleic acid sequences may be performed in the pres-
ence of a cell stimulating agent capable of enhancing the
uptake or incorporation of the nucleic acid sequences into a
cell. Such exogenous nucleic acid sequences may be admin-
istered in a composition comprising a biologically compat-
ible or pharmaceutically acceptable carrier. The exogenous
nucleic acid sequences may be administered by a variety of
means, as described herein, and well known in the art.

[0063] Such methods may be used to elicit immunity to a
pathogen, absent the risk of infecting an individual with the
pathogen. The present invention may be practiced using pro-
cedures known in the art, such as those described in PCT
International  Application Number PCT/US90/01515,
wherein methods for immunizing an individual against
pathogen infection by directly injecting polynucleotides into
the individual’s cells in a single step procedure are presented.

[0064] Inone aspect, the present invention relates to meth-
ods for eliciting immune responses in an individual or subject
which can protect the individual from pathogen infection.
Accordingly, genetic material that encodes an immunogenic
protein is introduced into a subject’s cells either in vivo or ex
vivo. The genetic material is expressed by these cells, thereby
producing immunogenic target proteins capable of eliciting
animmune response. The resulting immune response is broad
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based and involves activation of the humoral immune
response and both arms of the cellular immune response.
[0065] This approach is useful for eliciting a broad range of
immune responses against a target protein. Target proteins
may be proteins specifically associated with pathogens or the
individual’s own “abnormal” or infected cells. Such an
approach may be used advantageously to immunize a subject
against pathogenic agents and organisms such that an
immune response against a pathogen protein provides protec-
tive immunity against the pathogen. This approach is particu-
larly useful for protecting an individual against infection by
non-encapsulated intracellular pathogens, such as a virus,
which produce proteins within the host cells. The immune
response generated against such proteins is capable of elimi-
nating infected cells with cytotoxic T cells (CTLs).

[0066] The immune response elicited by a target protein
produced by vaccinated cells in a subject is a broad-based
immune response which includes B cell and T cell responses,
including CTL responses. It has been observed that target
antigen produced within the cells of the host are processed
intracellularly into small peptides, which are bound by Class
I MHC molecules and presented in the context of Class I on
the cell surface. The Class I MHC-target antigen complexes
are capable of stimulating CD8* T cells, which are predomi-
nantly CTLs. Notably, genetic immunization according to the
present invention is capable of eliciting CTL responses (killer
cell responses).

[0067] The CTL response is crucial in protection against
pathogens such as viruses and other intracellular pathogens
which produce proteins within infected cells. Similarly, the
CTL response can be utilized for the specific elimination of
deleterious cell types, which may express aberrant cell sur-
face proteins recognizable by Class I MHC molecules.
[0068] The genetic vaccines of the present invention may
be administered to cells in conjunction with compounds that
stimulate cell division and facilitate uptake of genetic con-
structs. This step provides an improved method of direct
uptake of genetic material. Administration of cell stimulating
compounds results in a more effective immune response
against the target protein encoded by the genetic construct.
[0069] According to the present invention, modified DNA
or mRNA that encodes a target protein is introduced into the
cells of an individual where it is expressed, thus producing the
target protein. The modified DNA or RNA may be operably
linked to regulatory elements (e.g., a promoter) necessary for
expression in the cells of the individual. Other elements
known to skilled artisans may also be included in genetic
constructs of the invention, depending on the application.
[0070] As used herein, the term “genetic construct” refers
to the modified DNA or mRNA molecule that comprises a
nucleotide sequence which encodes the target protein and
which may include initiation and termination signals oper-
ably linked to regulatory elements including a promoter and
polyadenylation signal (for modified DNA) capable of direct-
ing expression in the cells of the vaccinated individual. As
used herein, the term “expressible form” refers to gene con-
structs which contain the necessary regulatory elements oper-
ably linked to a coding sequence of a target protein, such that
when present in the cell of the individual, the coding sequence
is expressed. As used herein, the term “genetic vaccine” refers
to a pharmaceutical preparation that comprises a genetic con-
struct.

[0071] The present invention provides genetic vaccines,
which include genetic constructs comprising DNA or RNA
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which encode atarget protein. As used herein, the term “target
protein” refers to a protein capable of eliciting an immune
response. The target protein is an immunogenic protein
derived from the pathogen or undesirable cell-type, such as an
infected or transformed cell. In accordance with the inven-
tion, target proteins may be pathogen-associated proteins or
tumour-associated proteins. The immune response directed
against the target protein protects the individual against the
specific infection or disease with which the target protein is
associated. For example, a genetic vaccine comprising a
modified DNA or RNA molecule that encodes a pathogen-
associated target protein is used to elicit an immune response
that will protect the individual from infection by the patho-
gen.

[0072] DNA and RNA-based vaccines and methods of use
are described in detail in several publications, including Leit-
ner et al. (1999, Vaccines 18:765-777), Nagashunmugam et
al. (1997, AIDS 11:1433-1444), and Fleeton et al. (2001, J
Infect Dis 183:1395-1398) the entire contents of each of
which is incorporated herein by reference.

[0073] Inorderto test expression, genetic constructs can be
tested for expression levels in vitro using cells maintained in
culture, which are of the same type as those to be vaccinated.
For example, if the genetic vaccine is to be administered into
human muscle cells, muscle cells grown in culture such as
solid muscle tumor cells of rhabdomyosarcoma may be used
as an in vitro model for measuring expression levels. One of
ordinary skill in the art could readily identity a model in vitro
system which may be used to measure expression levels of an
encoded target protein.

[0074] In accordance with the invention, multiple inocu-
lants can be delivered to different cells, cell types, or tissues in
an individual. Such inoculants may comprise the same or
different nucleic acid sequences of a pathogenic organism.
This allows for the introduction of more than a single antigen
target and maximizes the chances for developing immunity to
the pathogen in a vaccinated subject.

[0075] According to the invention, the genetic vaccine may
be introduced in vivo into cells of an individual to be immu-
nized or ex vivo into cells of the individual which are re-
implanted after incorporation of the genetic vaccine. Either
route may be used to introduce genetic material into cells of
an individual. As described herein above, preferred routes of
administration include intramuscular, intraperitoneal, intrad-
ermal, and subcutaneous injection. Alternatively, the genetic
vaccine may be introduced by various means into cells iso-
lated from an individual. Such means include, for example,
transfection, electroporation, and microprojectile bombard-
ment. These methods and other protocols for introducing
nucleic acid sequences into cells are known to and routinely
practiced by skilled practitioners. After the genetic construct
is incorporated into the cells, they are re-implanted into the
individual. Prior to re-implantation, the expression levels of a
target protein encoded by the genetic vaccine may be
assessed. It is contemplated that otherwise non-immunogenic
cells that have genetic constructs incorporated therein can be
implanted into autologous or heterologous recipients.

[0076] The genetic vaccines accordingto the present inven-
tion comprise about 0.1 to about 1000 micrograms of nucleic
acid sequences (i.e., DNA or RNA). In some preferred
embodiments, the vaccines comprise about 1 to about 500
micrograms of nucleic acid sequences. In some preferred
embodiments, the vaccines comprise about 25 to about 250
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micrograms of nucleic acid sequences. Most preferably, the
vaccines comprise about 100 micrograms nucleic acid
sequences.

[0077] The genetic vaccines according to the present inven-
tion are formulated according to the mode of administration
to be used. One having ordinary skill in the art can readily
formulate a genetic vaccine that comprises a genetic con-
struct. In cases where intramuscular injection is the chosen
mode of administration, for example, an isotonic formulation
is generally used. As described in detail herein above, addi-
tives for isotonicity can include sodium chloride, dextrose,
mannitol, sorbitol and lactose. Isotonic solutions such as
phosphate buffered saline are preferred. Stabilizers can
include gelatin and albumin.

[0078] In some embodiments of the invention, the indi-
vidual is administered a series of vaccinations to produce a
comprehensive immune response. According to this method,
at least two and preferably four injections are given over a
period of time. The period of time between injections may
include from 24 hours apart to two weeks or longer between
injections, preferably one week apart. Alternatively, at least
two and up to four separate injections may be administered
simultaneously to different parts of the body.

[0079] While this disclosure generally discusses immuni-
zation or vaccination in the context of prophylactic methods
of protection, the terms “immunizing” or “vaccinating” are
meant to refer to both prophylactic and therapeutic methods.
Thus, a method for immunizing or vaccinating includes both
methods of protecting an individual from pathogen challenge,
as well as methods for treating an individual suffering from
pathogen infection. Accordingly, the present invention may
be used as a vaccine for prophylactic protection or in a thera-
peutic manner; that is, as a reagent for immunotherapeutic
methods and preparations.

[0080] The amount of a modified nucleic acid sequence
generated using the methods of the invention which provides
a therapeutically effective dose in the treatment of a patient
with, for example, cancer or a pathogen-related disorder can
be determined by standard clinical techniques based on the
present description. In addition, in vitro assays may option-
ally be employed to help identify optimal dosage ranges. The
precise dose to be employed in the formulation will also
depend on the route of administration, and the seriousness of
the disease or disorder, and should be decided according to
the judgment of the practitioner and each subject’s circum-
stances. However, suitable dosage ranges for intravenous
administration are generally directed to achieve a concentra-
tion of about 20-500 micrograms of polypeptide encoded by
the modified nucleic acid per kilogram body weight. Suitable
dosage ranges for intranasal administration are generally
directed to achieve a concentration of about 0.01 pg to 1 mg
of polypeptide encoded by the modified nucleic acid per kg
body weight. Effective doses may be extrapolated from dose-
response curves derived from in vitro or animal model test
systems.

[0081] The compositions comprising the modified nucleic
acid molecules of the invention can be administered for pro-
phylactic and/or therapeutic treatments. In therapeutic appli-
cations, compositions are administered to a patient already
suffering from a hyperproliferative disorder (such as, e.g.,
cancer) in an amount sufficient to cure or at least partially
arrest the symptoms of the disease and its complications. An
amount adequate to accomplish this is defined as a “therapeu-
tically effective amount or dose.”” Amounts effective for this
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use will depend on the severity of the disease and the weight
and general state of the patient.

[0082] Compositions comprising modified nucleic acid
molecules of the invention can be administered alone, or in
combination, and/or in conjunction with known therapeutic
agents/compounds used for the treatment of a patient with a
particular disorder. For the treatment of a patient with cancer,
for example, a composition comprising at least one modified
nucleic acid of the invention which encodes a tumour antigen,
may be used in conjunction with one or more known cancer
therapeutics, such as those described in the Physicians’ Desk
Reference, 54" Edition (2000) or in Cancer: Principles &
Practice of Oncology, DeVita, Jr., Hellman, and Rosenberg
(eds.) 2nd edition, Philadelphia, Pa.: J.B. Lippincott Co.,
1985, wherein standard treatment protocols and dosage for-
mulations are presented.

[0083] Inaddition a method is also provided for determin-
ing how to modify the sequence of an mRNA so as to generate
a modified mRNA having altered properties, which may be
used alone or in a pharmaceutical composition of the inven-
tion. In this connection, and in accordance with the invention,
the modification of an RNA sequence is carried out with two
different optimisation objectives: to maximize G/C content,
and to maximize the frequency of codons that are recognized
by abundantly expressed tRNAs. In the first step of the pro-
cess a virtual translation of an arbitrary RNA (or DNA)
sequence is carried out in order to generate the corresponding
amino acid sequence. Starting from the amino acid sequence,
avirtual reverse translation is performed that provides, based
on degeneracy of the genetic code, all of the possible choices
for the corresponding codons. Depending on the required
optimisation or modification, corresponding selection lists
and optimisation algorithms are used for choosing suitable
codons. The algorithms are executed on a computer, normally
with the aid of suitable software. In accordance with the
present invention, a suitable software program comprises a
source code of Appendix I. Thus, the optimised mRNA
sequence is generated and can be output, for example, with
the aid of a suitable display device and compared with the
original (wild type) sequence. The same also applies with
regard to the frequency of the individual nucleotides. The
changes compared to the original nucleotide sequence are
preferably emphasised. Furthermore, according to a preferred
embodiment, naturally occurring stable sequences are incor-
porated therein to produce an RNA stabilised by the presence
of natural sequence motifs. A secondary structural analysis
may also be performed that can analyse, on the basis of
structural calculations, stabilising and destabilising proper-
ties or regions of the RNA.

[0084] Also encompassed by the present invention are
modified nucleic acid sequences generated using the above
computer-based method. Exemplary modified nucleic acid
sequences of the invention include SEQ ID NOs: 3-7, 10 and
11. The present invention also includes pharmaceutical com-
positions of modified nucleic acid sequences of the invention,
including SEQ ID NOs: 3-7, 10 and 11.

BRIEF DESCRIPTION OF THE DRAWINGS

[0085] FIGS. 1A-G show wild type sequences and modi-
fied sequences for the influenza matrix protein.

[0086] FIG. 1A (SEQ ID NO: 1) shows the wild type gene
and FIG. 1B (SEQ ID NO: 2) shows the amino acid sequence
derived therefrom (1-letter code). FIG. 1C (SEQ ID NO: 3)
shows a gene sequence coding for the influenza matrix pro-
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tein, whose G/C content is increased as compared to that of
the wild type sequence. FIG. 1D (SEQ ID NO: 4) shows the
sequence of a gene that codes for a secreted form of the
influenza matrix protein (including an N-terminal signal
sequence), wherein the G/C content of the sequence is
increased relative to that of the wild type sequence. FIG. 1E
(SEQ ID NO: 5) shows an mRNA coding for the influenza
matrix protein, wherein the mRNA comprises stabilising
sequences not present in the corresponding wild type mRNA.
FIG. 1F (SEQ ID NO: 6) shows an mRNA coding for the
influenza matrix protein that in addition to stabilising
sequences also contains an increased G/C content. FIG. 1G
(SEQ ID NO: 7) likewise shows a modified mRNA that codes
for a secreted form of the influenza matrix protein and com-
prises, as compared to the wild type, stabilising sequences
and an elevated G/C content. In FIG. 1A and FIGS.1Cto 1G
the start and stop codons are shown in bold type. Nucleotides
that are changed relative to the wild type sequence of FIG. 1A
are shown in capital letters in 1C to 1G.

[0087] FIGS. 2A-D show wild type sequences and modi-
fied sequences according to the invention that encode for the
tumour antigen MAGE].

[0088] FIG.2A (SEQID NO: 8) shows the sequence of the
wild type gene and FIG. 2B (SEQ ID NO: 9) shows the amino
acid sequence derived therefrom (3-letter code). FIG. 2C
(SEQ ID NO: 10) shows a modified mRNA coding for
MAGE]1, whose G/C content is increased as compared to the
wild type. FIG. 2D (SEQ ID NO: 11) shows the sequence of
a modified mRNA encoding MAGE1, in which the codon
usage has been optimised as frequently as possible with
respect to the tRNA present in the cell and to the coding
sequence in question. Start and stop codons are shown in each
case in bold type.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0089] The following examples describe the invention in
more detail and in no way are to be construed as restricting the
scope thereof.

Example 1

[0090] As an exemplary embodiment of the process for
determining the sequence of a modified mRNA according to
the invention, a computer program was established that modi-
fies the nucleotide sequence of an arbitrary mRNA in such a
way as to maximise the G/C content of the nucleic acid, and
maximise the presence of codons recognized by abundant
tRNAs present in a particular cell(s). The computer program
is based on an understanding of the genetic code and exploits
the degenerative nature of the genetic code. By this means a
modified mRNA having desirable properties is obtained,
wherein the amino acid sequence encoded by the modified
mRNA is identical to that of the unmodified mRNA sequence.
Alternatively, the invention may encompass alterations in
either the G/C content or codon usage of an mRNA to produce
a modified mRNA.

[0091] The source code in Visual Basic 6.0 (program devel-
opment environment employed: Microsoft Visual Studio
Enterprise 6.0 with Servicepack 3) is given in the Appendix 1.

Example 2

[0092] AnRNA construct with a sequence of the lac-Z gene
from E. coli optimised with regard to stabilisation and trans-
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lational efficiency was produced with the aid of the computer
program of Example 1. A G/C content of 69% (compared to
the wild type sequence of 51%; C. F. Kalnins et al., EMBO J.
1983, 2(4): 593-597) was achieved in this manner. Through
the synthesis of overlapping oligonucleotides that comprise
the modified sequence, the optimised sequence was produced
according to methods known in the art. The terminal oligo-
nucleotides have the following restriction cleavage sites: at
the 5' end an EcoRV cleavage site, and at the 3' end a Bglll
cleavage site. The modified lacZ sequence was incorporated
into the plasmid pT7 Ts (GenBank Accession No. U26404; C.
F. Lai et al., see above) by digestion with EcoRV/BglIl. pT7
Ts contains untranslated region sequences from the [3-globin
gene of Xenopus laevis at the 5' and 3' ends. The plasmid was
cleaved with the aforementioned restriction enzymes to
facilitate insertion of the modified lacZ sequence having com-
patible 5' and 3' termini.

[0093] The pT7 Ts-lac-Z construct was propagated in bac-
teria and purified by phenol-chloroform extraction. 2 ug of
the construct were transcribed in vitro using methods known
to a skilled artisan and the modified mRNA was produced.

Example 3

[0094] The gene for the influenza matrix protein (wild type
sequence, see FIG. 1A; derived amino acid sequence, see
FIG. 1B) was optimised with the aid of the computer program
according to the invention of Example 1. The G/C-rich
sequence variant shown in FIG. 1C (SEQ ID NO: 3) was
thereby formed. A G/C-rich sequence coding for a secreted
form of the influenza matrix protein, which includes an N-ter-
minal signal sequence was also determined (see FIG. 1D;
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SEQ ID NO: 4). The secreted form of the influenza matrix
protein has the advantage of increased immunogenicity as
compared to that of the non-secreted form.

[0095] Corresponding mRNA molecules were designed
starting from the optimised sequences. The mRNA for the
influenza matrix protein, optimised with regard to G/C con-
tent and codon usage, was additionally provided with stabi-
lising sequences in the 5' region and 3' region (the stabilisa-
tion sequences derive from the 5'-UTRs and 3'-UTRs of the
p-globin-mRNA of Xenopus laevis; pT7 Ts-Vektor in C. F.
Lai etal., see above). See also FIG. 1E; SEQ ID NO: 5, which
includes only stabilising sequences and 1F; SEQ ID NO: 6,
which includes both increased G/C content and stabilising
sequences. The mRNA coding for the secreted form of the
influenza matrix protein was likewise also sequence opti-
mised in the translated region and provided with the afore-
mentioned stabilising sequences (see FIG. 1G; SEQ ID NO:
D.

Example 4

[0096] The mRNA encoding the tumour antigen MAGE1
was modified with the aid of the computer program of
Example 1. The sequence shown in FIG. 2C (SEQ ID NO: 10)
was generated in this way, and has a 24% higher G/C content
(351 G, 291 C) as compared to the wild type sequence (275 G,
244 ). In addition, by means of alternative codon usage, the
wild type sequence was improved with regard to translational
efficiency by substituting codons corresponding to tRNAs
that are more abundant in a target cell (see FIG. 2D; SEQ ID
NO: 11). The G/C content was likewise raised by 24% by the
alternative codon usage.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 13

<210> SEQ ID NO 1

<211> LENGTH: 774

<212> TYPE: DNA

<213> ORGANISM: Influenza virus

<400> SEQUENCE: 1

agatctaaag atgagtcttce taaccgaggt cgaaacgtac gttctctcta tcatccegte 60
aggccceecte aaagecgaga tegecacagag acttgaagat gtcetttgcag ggaagaacac 120
cgatcttgag gttetcatgg aatggctaaa gacaagacca atcctgtcac ctcetgactaa 180
ggggatttta ggatttgtgt tcacgctcac cgtgeccagt gagegaggac tgcagegtag 240
acgctttgte caaaatgecce ttaatgggaa cggggatcca aataacatgg acaaagcagt 300
taaactgtat aggaagctca agagggagat aacattccat ggggccaaag aaatctcact 360
cagttattet getggtgecac ttgecagttyg tatgggectce atatacaaca ggatggggge 420
tgtgaccact gaagtggcat ttggcctggt atgtgcaacce tgtgaacaga ttgctgacte 480
ccagecategyg tctcatagge aaatggtgac aacaaccaac ccactaatca gacatgagaa 540
cagaatggtt ttagccageca ctacagctaa ggctatggag caaatggetg gatcgagtga 600
gcaagcagca gaggccatgg aggttgctag tcaggctagg caaatggtge aagcgatgag 660
aaccattggyg actcatccta getccagtge tggtctgaaa aatgatcttce ttgaaaattt 720

gcaggectat cagaaacgaa tgggggtgca gatgcaacgg ttcaagtgaa ctag 774
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-continued
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<210> SEQ ID NO 2

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Ser Leu Leu

1

Ser

Ala

Arg

Thr

65

Gln

Val

Lys

Gly

Gly

145

Ser

Asn

Ala

Ala

Ser

225

Gln

<210>
<211>
<212>
<213>
<220>
<223>

Gly

Gly

Pro

50

Leu

Asn

Lys

Glu

Leu

130

Leu

His

Arg

Gly

Arg

210

Ser

Lys

Pro

Lys

35

Ile

Thr

Ala

Leu

Ile

115

Ile

Val

Arg

Met

Ser

195

Gln

Ala

Arg

Leu

20

Asn

Leu

Val

Leu

Tyr

100

Ser

Tyr

Cys

Gln

Val

180

Ser

Met

Gly

Met

<400> SEQUENCE:

agatctaaag atgagcctge

cggeccccty aaggccgaga

cgacctggayg gtgctgatgg

gggcatcetyg ggettegtgt

cegettegty cagaacgecc

252

Influenza virus

2

Thr

5

Lys

Thr

Ser

Pro

Asn

85

Arg

Leu

Asn

Ala

Met

165

Leu

Glu

Val

Leu

Gly
245

SEQ ID NO 3
LENGTH:
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

775

3

Glu

Ala

Asp

Pro

Ser

Gly

Lys

Ser

Arg

Thr

150

Val

Ala

Gln

Gln

Lys

230

Val

Val

Glu

Leu

Leu

55

Glu

Asn

Leu

Tyr

Met

135

Cys

Thr

Ser

Ala

Ala

215

Asn

Gln

Glu

Ile

Glu

40

Thr

Arg

Gly

Lys

Ser

120

Gly

Glu

Thr

Thr

Ala

200

Met

Asp

Met

Thr

Ala

25

Val

Lys

Gly

Asp

Arg

105

Ala

Ala

Gln

Thr

Thr

185

Glu

Arg

Leu

Gln

Tyr

10

Gln

Leu

Gly

Leu

Pro

90

Glu

Gly

Val

Ile

Asn

170

Ala

Ala

Thr

Leu

Arg
250

Val

Arg

Met

Ile

Gln

75

Asn

Ile

Ala

Thr

Ala

155

Pro

Lys

Met

Ile

Glu

235

Phe

Leu

Leu

Glu

Leu

60

Arg

Asn

Thr

Leu

Thr

140

Asp

Leu

Ala

Glu

Gly

220

Asn

Lys

Ser

Glu

Trp

45

Gly

Arg

Met

Phe

Ala

125

Glu

Ser

Ile

Met

Val

205

Thr

Leu

Synthetic oligonucleotide

tgaccgaggt

tcgeccagag

agtggctgaa

tcaccctgac

tgaacggcaa

ggagacctac

gctggaggac

gaccaggcce

cgtgcccage

cggegacecec

Ile

Asp

30

Leu

Phe

Arg

Asp

His

110

Ser

Val

Gln

Arg

Glu

190

Ala

His

Gln

gtgctgagca

gtgttegeeg

atcctgagec

gagcgeggcece

aacaacatgg

Ile Pro

Val Phe

Lys Thr

Val Phe

Phe Val

Lys Ala

95

Gly Ala

Cys Met

Ala Phe

His Arg

160

His Glu
175

Gln Met

Ser Gln

Pro Ser

Ala Tyr
240

tcatccccag
gcaagaacac
ccctgaccaa
tgcagecgecyg

acaaggcegt

60

120

180

240

300
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gaagctgtac aggaagctga agagggagat caccttccac ggcgccaagg agatcagcect 360
gagctacagc gccggcegece tggccagetg catgggcctg atctacaaca ggatgggege 420
cgtgaccacc gaggtggcect teggcctggt gtgegecace tgcgagcaga tcgecgacag 480
ccagcaccgce agccacaggce agatggtgac caccaccaac cccctgatca ggcacgagaa 540
caggatggtg ctggccagca ccaccgccaa ggccatggag cagatggccg gcagcagcga 600

gecaggcecgee gaggcecatgg aggtggccag ccaggccagg cagatggtge aggecatgag 660
gaccatcgge acccacccca gcagcagcege cggcectgaag aacgacctge tggagaacct 720

gecaggcectac cagaagcgca tgggcgtgca gatgcagege ttcaagtgaa ctagt 775

<210> SEQ ID NO 4

<211> LENGTH: 844

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 4

agatctaaag atggccgtca tggeccceeg caccetggtg ctgetgetga geggegecct 60
ggcectgace cagacctggg ctagectget gaccgaggtg gagacctacyg tgetgageat 120
catccccage ggeccectga aggecgagat cgeccagagg ctggaggacg tgttegeegg 180
caagaacacc gacctggagg tgctgatgga gtggetgaag accaggccca tcectgagecce 240
cctgaccaag ggcatcctgg gettegtgtt caccctgace gtgeccageg agegeggect 300
gecagegeege cgettegtge agaacgccct gaacggcaac ggcgacccca acaacatgga 360
caaggccgtyg aagctgtaca ggaagctgaa gagggagatce accttecacg gegccaagga 420
gatcagectyg agctacageg ceggegecct ggecagcetge atgggectga tctacaacag 480
gatgggcgee gtgaccacceg aggtggectt cggectggtg tgegecacct gegagcagat 540
cgeccgacage cagcaccgca gecacaggca gatggtgace accaccaace ccctgatcag 600
gcacgagaac aggatggtge tggccagcac caccgccaag gecatggage agatggecgg 660

cagcagcgag caggccgecg aggecatgga ggtggecage caggccagge agatggtgca 720

ggccatgagyg accatcggca cccaccccag cagcagegee ggectgaaga acgacctget 780
ggagaacctyg caggcctace agaagcgcat gggcegtgcag atgcageget tcaagtgaac 840
tagt 844

<210> SEQ ID NO 5

<211> LENGTH: 942

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 5

geuuguucuu uuugcagaag cucagaauaa acgcucaacu uuggcagauc uaaagaugag 60
ucuucuaace gaggucgaaa cguacguucu cucuaucauc ccgucaggcc cccucaaagc 120
cgagaucgca cagagacuug aagaugucuu ugcagggaag aacaccgauc uugagguucu 180
cauggaaugg cuaaagacaa gaccaauccu gucaccucug acuaagggga uuuuaggauu 240

uguguucacg cucaccguge ccagugageg aggacugcag cguagacgcu uuguccaaaa 300
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ugcccuuaau gggaacgggg auccaaauaa cauggacaaa gcaguuaaac uguauaggaa 360
gcucaagagg gagauaacau uccauggggc caaagaaauc ucacucaguu auucugcugg 420
ugcacuugcce aguuguaugg gccucauaua caacaggaug ggggcuguga ccacugaagu 480
ggcauuuggc cugguaugug caaccuguga acagauugcu gacucccagc aucggucuca 540
uaggcaaaug gugacaacaa ccaacccacu aaucagacau gagaacagaa ugguuuuagc 600
cagcacuaca gcuaaggcua uggagcaaau ggcuggaucg agugagcaag cagcagaggc 660
cauggagguu gcuagucagg cuaggcaaau ggugcaagcg augagaacca uugggacuca 720
uccuagcucce agugcugguc ugaaaaauga ucuucuugaa aauuugcagg ccuaucagaa 780
acgaaugggg gugcagaugc aacgguucaa gugaacuagu gacugacuag cccgcugggce 840
cucccaacgg gcccuccucc ccuccuugca ccaaaaaaaa aaaaaaaaaa aaaaaaaaaa 900
aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aa 942

<210> SEQ ID NO 6

<211> LENGTH: 942

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 6

geuuguucuu uuugcagaag cucagaauaa acgcucaacu uuggcagauc uaaagaugag 60
ccugcugace gagguggaga ccuacgugcu gagcaucauc cccageggece cccugaagge 120
cgagaucgcece cagaggcugg aggacguguu cgecggcaag aacaccgace uggaggugeu 180
gauggagugg cugaagacca ggcccauccu gagcccocug accaagggea uccugggeuu 240
cguguucacce cugaccguge ccagegageg cggecugeag cgecgecgeu ucgugcagaa 300
cgcccugaac ggcaacggog accccaacaa cauggacaag gecgugaage uguacaggaa 360
geugaagagg gagaucaccu uccacggcege caaggagauc agccugagcu acagegecgg 420
cgeacuggee agcugecaugg gocugaucua caacaggaug ggcegceeguga ccaccgaggu 480
ggccuucgge cuggugugeg ccaccugcega gcagaucgee gacagccagce accgeageca 540
caggcagaug gugaccacca ccaacccecu gaucaggcac gagaacagga uggugceugge 600
cagcaccacce gccaaggcca uggagcagau ggecggeage agcegageagg ccgecgagge 660
cauggaggug gccagecagg ccaggcagau ggugcaggece augaggacca ucggcaccca 720
cceccageage agcegecggec ugaagaacga ccugeuggag aaccugcagg ccuaccagaa 780
gegecauggge gugcagauge agcgcuucaa gugaacuagu gacugacuag ccegeuggge 840
cucccaacgg gcccuccuce ccuccuugca ccaaaaaaaa aaaaaaaaaa aaaaaaaaaa 900
aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aa 942

<210> SEQ ID NO 7

<211> LENGTH: 1011

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 7

geuuguucuu uuugcagaag cucagaauaa acgcucaacu uuggcagauc uaaagauggc 60
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cgucauggece ccccgeacee uggugougeu geugagegge geccuggece ugacccagac 120
cugggccage cugcugaccg agguggagac cuacgugcug agcaucauce ccageggecce 180
ccugaaggece gagaucgcecoce agaggcugga ggacguguuc gecggcaaga acaccgaccu 240
ggaggugcug auggaguggc ugaagaccag gcccauccug agcccccuga ccaagggeau 300
ccugggcuuc guguucaccce ugaccgugece cagcgagege ggecugcage gecgecgeuu 360
cgugcagaac gcccugaacg gcaacggega ccccaacaac auggacaagg ccgugaagceu 420
guacaggaag cugaagaggg agaucaccuu ccacggcgec aaggagauca gccugagcua 480
cagcgeegge geccuggeca gougcauggg ccugaucuac aacaggaugg gegecgugac 540
caccgaggug gecuucggec uggugugege caccugegag cagaucgecg acagcecagca 600
ccgcagecac aggcagaugg ugaccaccac caacccccug aucaggcacg agaacaggau 660
ggugcuggee agcaccaccg ccaaggccau ggagcagaug gocggcagca gcgageaggce 720
cgccgaggee auggaggugg ccagecagge caggcagaug gugcaggeca ugaggaccau 780
cggcacccac cccagcagea goegocggecu gaagaacgac cugeuggaga accugcagge 840
cuaccagaag cgcaugggeg ugcagaugca gcgcuucaag ugaacuagug acugacuagce 900
cegougggeo ucccaacggg cccuccucce cuccuugcac caaaaaaaaa aaaaaaaaaa 960
aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa a 1011
<210> SEQ ID NO 8
<211> LENGTH: 940
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 8
catcatgtct cttgagcaga ggagtctgca ctgcaagect gaggaagece ttgaggecca 60
acaagaggcce ctgggectgg tgtgtgtgea ggetgecace tectectect ctectetggt 120
cctgggeace ctggaggagg tgcccactge tgggtcaaca gatectcece agagtcectca 180
gggagcectee gectttecca ctaccatcaa cttcactcga cagaggcaac ccagtgaggg 240
ttccagcage cgtgaagagg aggggccaag cacctcettgt atcetggagt ccettgtteceg 300
agcagtaatc actaagaagg tggctgattt ggttggtttt ctgetectca aatatcgage 360
cagggagcca gtcacaaagg cagaaatgct ggagagtgtce atcaaaaatt acaagcactg 420
ttttcctgag atctteggea aagectetga gtecttgeag ctggtetttyg geattgacgt 480
gaaggaagca gaccccaccg gccactecta tgtecttgte acctgectag gtetetecta 540
tgatggcctyg ctgggtgata atcagatcat gcccaagaca ggcttectga taattgtect 600

ggtcatgatt gcaatggagg gcggccatge tcctgaggag gaaatctggyg aggagetgag 660

tgtgatggag gtgtatgatg ggagggagca cagtgcctat ggggagccca ggaagetgcet 720

cacccaagat ttggtgcagg aaaagtacct ggagtaccgyg caggtgccegyg acagtgatce 780
cgcacgctat gagttectgt ggggtccaag ggcccteget gaaaccaget atgtgaaagt 840
ccttgagtat gtgatcaagg tcagtgcaag agttcgettt ttettcccat ccctgegtga 900
agcagctttg agagaggagg aagagggagt ctgagcatga 940

<210> SEQ ID NO 9
<211> LENGTH: 308
<212> TYPE: PRT
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<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 9

Ser Leu Glu Gln Arg Ser Leu His Cys Lys Pro Glu Glu Ala Leu Glu
1 5 10 15

Ala Gln Gln Glu Ala Leu Gly Leu Val Cys Val Gln Ala Ala Thr Ser
20 25 30

Ser Ser Ser Pro Leu Val Leu Gly Thr Leu Glu Glu Val Pro Thr Ala
35 40 45

Gly Ser Thr Asp Pro Pro Gln Ser Pro Gln Gly Ala Ser Ala Phe Pro
50 55 60

Thr Thr Ile Asn Phe Thr Arg Gln Arg Gln Pro Ser Glu Gly Ser Ser
65 70 75 80

Ser Arg Glu Glu Glu Gly Pro Ser Thr Ser Cys Ile Leu Glu Ser Leu
85 90 95

Phe Arg Ala Val Ile Thr Lys Lys Val Ala Asp Leu Val Gly Phe Leu
100 105 110

Leu Leu Lys Tyr Arg Ala Arg Glu Pro Val Thr Lys Ala Glu Met Leu
115 120 125

Glu Ser Val Ile Lys Asn Tyr Lys His Cys Phe Pro Glu Ile Phe Gly
130 135 140

Lys Ala Ser Glu Ser Leu Gln Leu Val Phe Gly Ile Asp Val Lys Glu
145 150 155 160

Ala Asp Pro Thr Gly His Ser Tyr Val Leu Val Thr Cys Leu Gly Leu
165 170 175

Ser Tyr Asp Gly Leu Leu Gly Asp Asn Gln Ile Met Pro Lys Thr Gly
180 185 190

Phe Leu Ile Ile Val Leu Val Met Ile Ala Met Glu Gly Gly His Ala
195 200 205

Pro Glu Glu Glu Ile Trp Glu Glu Leu Ser Val Met Glu Val Tyr Asp
210 215 220

Gly Arg Glu His Ser Ala Tyr Gly Glu Pro Arg Lys Leu Leu Thr Gln
225 230 235 240

Asp Leu Val Gln Glu Lys Tyr Leu Glu Tyr Arg Gln Val Pro Asp Ser
245 250 255

Asp Pro Ala Arg Tyr Glu Phe Leu Trp Gly Pro Arg Ala Leu Ala Glu
260 265 270

Thr Ser Tyr Val Lys Val Leu Glu Tyr Val Ile Lys Val Ser Ala Arg
275 280 285

Val Arg Phe Phe Phe Pro Ser Leu Arg Glu Ala Ala Leu Arg Glu Glu
290 295 300

Glu Glu Gly Val
305

<210> SEQ ID NO 10

<211> LENGTH: 939

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 10

augagccugg agcagegeag ccugcacuge aagecggagg aggegeugga ggcegcageag 60
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gaggcgeugg gecuggucug cguccaggeg gcgacgagca gcagcageco gcugguccug 120

ggcacgcugg aggaggucce gacggeggge agcacggacce cgccgcagag cccgeaggge 180

gegagegegu ucccgacgac gaucaacuuc acgcgcecage gecagecgag cgagggeage 240
agcagccgeg aggaggaggg cccgageacg ageugcaucce uggagagecu guuccgegeg 300
gucaucacga agaaggucgc ggaccugguc ggcuuccuge ugcugaagua ccgegegage 360
gagcegguca cgaaggcgga gaugcuggag agcgucauca agaacuacaa gcacugeuuc 420
ceggagaucu ucggcaagge gagcgagage cugcageugg ucuucggeau cgacgucaag 480
gaggcggace cgacgggcca cagcuacguc cuggucacgu gocugggocu gagcuacgac 540
ggccugeugg gcgacaacca gaucaugccg aagacgggcu uccugaucau cguccugguc 600

augaucgcga uggagggegg ccacgegecg gaggaggaga ucugggagga gcugagceguc 660

auggaggucu acgacggccog cgagcacage geguacggeg agecgegcaa geugcugacg 720
caggaccugg uccaggagaa guaccuggag uaccgccagg ucceggacag cgaccceggeg 780
cgcuacgagu uccugugggg cecgegegeg cuggeggaga cgagcuacgu caagguccug 840
gaguacguca ucaaggucag cgcgcgceguc cgcuucuucu ucccgagecu gegegaggeg 900
gegeugegeg aggaggagga gggcegucuga gcegugauga 939

<210> SEQ ID NO 11

<211> LENGTH: 939

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 11

augagccugg agcagcgeag ccugcacuge aageccgagg aggeccugga ggceccageag 60
gaggcccugg gecuggugug cgugcaggee gccaccagca gcagcageoe ccuggugeug 120
ggcacccugg aggaggugece caccgecgge agcaccgacce coccccagag cccccaggge 180
gecagegecu uccccaccac caucaacuuc acccgecage gecageccag cgagggeage 240
agcagccgeg aggaggaggg ccccageace ageugcaucce uggagagecu guuccgcegec 300
gugaucacca agaagguggc cgaccuggug ggcuuccuge ugcugaagua ccgegecage 360
gagcceguga ccaaggccga gaugcuggag agcgugauca agaacuacaa gcacugeuuc 420
ccecgagaucu ucggcaagge cagcgagage cugcageugg uguucggeau cgacgugaag 480
gaggccgace ccaccggcca cagcuacgug cuggugaccu gecugggocu gagcuacgac 540
ggccugeugg gcgacaacca gaucaugccc aagaccggcu uccugaucau cgugeuggug 600

augaucgcca uggagggegg ccacgeccce gaggaggaga ucugggagga gcugagegug 660

auggaggugu acgacggccog cgagcacage gcocuacggeg agceccegceaa geugcugace 720
caggaccugg ugcaggagaa guaccuggag uaccgccagg ugcccgacag cgacccecegec 780
cgcuacgagu uccugugggg cococgegee cuggecgaga ccagcuacgu gaaggugeug 840
gaguacguga ucaaggugag cgcccgegug cgcuucuucu uccccagecu gegegaggec 900
geccugegeg aggaggagga gggceguguga gccugauga 939

<210> SEQ ID NO 12

<400> SEQUENCE: 12
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000

<210> SEQ ID NO 13

<211> LENGTH: 13

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 13

geegecacca ugg

13

What is claimed is:

1. A method of providing insulin expression in a subject
comprising administering an effective amount of a pharma-
ceutical composition comprising a mRNA that encodes insu-
lin to the subject, wherein the mRNA that encodes insulin
comprises:

(1) an increased G/C content relative to a wild type RNA

encoding for insulin; or

(ii) at least one codon of a wild-type sequence recognized

by a rare cellular tRNA is replaced with a codon recog-
nized by an abundant cellular tRNA, and wherein said
rare cellular tRNA and said abundant cellular tRNA
recognize the same amino acid.

2. The method of claim 1, wherein the pharmaceutical
composition is administered by injection.

3. The method of claim 1, wherein the pharmaceutical
composition is administered intravenously, intradermally,
subcutaneously, intramuscularly, topically or orally.

4. The method of claim 3, wherein the pharmaceutical
composition is administered intravenously.

5. The method of claim 1, wherein the mRNA that encodes
insulin comprises an increased G/C content relative to a wild
type RNA encoding for insulin.

6. The method of claim 1, wherein the mRNA encoding
insulin comprises a sequence wherein at least one codon of a
wild-type sequence recognized by a rare cellular tRNA is
replaced with a codon recognized by an abundant cellular
tRNA, and wherein said rare cellular tRNA and said abundant
cellular tRNA recognize the same amino acid.

7. The method of claim 1, wherein the mRNA encoding
insulin comprises at least one chemical modification of the
mRNA.

8. The method of claim 1, wherein the mRNA encoding
insulin comprises at least one nucleotide of the mRNA is
substituted with an analog of the naturally occurring nucle-
otide.

9. The method of claim 1, wherein the mRNA encoding
insulin comprises at least one nucleotide position replaced
with a nucleotide analogue selected from the group consisting
of phosphorus amidates, phosphorus thioates, peptide nucle-
otides, methylphosphonates, 7-deazaguanosine, 5-methylcy-
tosine and inosine.

10. The method of claim 1, wherein the mRNA encoding
insulin comprises a stabilizing 5' untranslated region (UTR)
or3' UTR.

11. The method of claim 1, wherein the mRNA comprises
a 5' cap structure.

12. The method of claim 1, wherein the mRNA comprises
a poly-A tail of at least 50 nucleotides.

13. The method of claim 1, wherein the mRNA is dissolved
in the aqueous carrier.

14. The method of claim 13, wherein the aqueous carrier is
water for injection (WFI), a buffered solution or a salt solu-
tion.

15. The method of claim 14, wherein the salt solution
comprises sodium chloride or potassium chloride solution.

16. The method of claim 1, wherein the pharmaceutical
composition comprises a component selected from the group
consisting of human serum albumin, a polycationic protein,
polysorbate 80, a sugar and an amino acid.

17. The method of claim 16, wherein the pharmaceutical
composition comprises a polycationic protein.

18. The method of claim 1, wherein the mRNA is provided
in a liposome complex.

19. The method of claim 1, further comprising administer-
ing the pharmaceutical composition to the subject two or
more times.

20. The method of claim 1, wherein the composition is
administered by injection and wherein the mRNA is provided
in a liposome complex.

21. The method of claim 1, wherein the subject has insuf-
ficient levels of insulin.
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